


PULSE 
TRANSFORMERS 

MINIATURE STABLE WOUND CORE 

UTC miniature, wound core, pulse transformers 
are precision (individually adjusted under test 
conditions), high reliability units, hermetically 
sealed by vacuum molding and suited for service 
from -70° C. to + 130° C. Wound core structure 
provides excellent temperature stability (unlike 
ferrite). Designs are high inductance type to pro-
vide minimum of droop and assure true pulse 
width, as indicated on chart below. If used for 
coupling circuit where minimum rise time 
is important, use next lowest type number. 
Rise time will be that listed for this lower 
type number .. . droop will be that listed 
multiplied by ratio of actual pulse width 
to value listed for this type number. Block-
ing oscillator data listed is obtained in 
standard test circuits shown. Coupling 
data was obtained with H. P. 212A gen-
erator (correlated where necessary) and 
source/load impedance shown. 1:1.1 ratio. 

APPROX. OCR, OHMS I BLOCKING OSCILLA:OR PULSE 

Type 1-2 3-4 5-6 
No. 

H-45 3 3.5  

H-46 5.5 6.5 7 
H-47 3.7 4.0 4 

H-48 5.5 5.8 6 
H-49 8 8.5 9 

N-50 20 21 22 

H-51 28 31 33 

H-52 36 41 44 

H-53 37 44 49 

H-54 50 58 67 

H-55 78 96 112 

H-56 93 116 138 
H-57 104 115 165 

Width Rise Over Droop 
µ Sec. Time Shoot % 

.05 .022 0 20 10 .35 

HERMETIC MIL-T-27A TYPE TF5SX36ZZ 

DEFINITIONS 
Amplitude: Intersection of /eading Puse edge 
with smootn circe approximating top of pulse. 
Pulse Width: Microseconds between 50% ampli-
tude points on leading and trailing pulse edges. 
Rise Time: Microseconds required to increase 
from 10% to 90% ampliticle 
Overshoot: Per:entade by which first excursion 
of pulse exceeds 1011% amplitude. 
Droop: Percentage reduction from 100% am-
plitude a specified time a`ter 100% amplitude 
point. 
Backswing: Negative swing after trailing edge 
as percentage of NO% amplitude. 

COUPLING C RCUIT CHARACTERISTICS 
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11-60 .124 .14 .05 .05 .016 0 0 30 .05 
N-81 .41 .48 .19 .1 .016 0 0 30 .1 

N-62 .78 .94 .33 .2 .022 0 0 18 .2 
If-83 1.86 2.26 39 .5 .027 2 10 20 .5 
11-64 3.73 4.4 1.33 1 .033 0 12 25 1  

H-65 6.2 7.3 2.22 2 .066 0 15 25 2  

H-86 10.2 12 3.6 3 .087 0 18 30 3  

H-87 14.5 17.5 5.14 5 .097 0 23 28 5  

11-118 42.3 521 14.8 10 .14 0 15 28 10 

Note: 0 = Negliale   

H-45, 46, 60 thru 68 are 3/8 cibe, 1 gram 

k AND SPECIAL UNITS 
I TO YOUR SPECS 

Write for Catalog fer 

full detai`s on these 

and 1000 other stock item 

Over 
Shoot 

20 
30 

30 

30 
15 
10 

10 

10 
10 

10 

5 

5 

Droop Back Imp. In, 
% Swing out, ohms 
0 35 

10 50 
15 55 
20 65 

15 65 
15 35 

10 35 

10 45 
10 50 

10 50 
15 20 
10 10 
10 10 

250  
250 

500 

500 

500 

500 

500 
1000 
1000 

1000 

1000 

1000 
1000 

9.3 .012 0 0 20 50 
8.2 .021 0 0 15 50 
74 .034 0 5 12 100 

7.5 .045 0 20 25 100 

7 .078 0 15 23 100 
6.6 .14 0 10 20 100 

6.8 .17 0 10 20 100 
7.9 .2 0 18 28 200 

6.5 A C 15 30 200 

Vacuum Tube Type Ratio 1:1:1 
•200 VDC - 15VDC 

REG REG. 

PULSE 
OuTPuT 

STAND4R0 TEST CIRCUIT 

Transistor Type Ratio 4 I 

H-47 thru 52, 9116 cube 4 grams H-53 thru 57, 5/8 cube 6 grams 

While stock items cover special units to customer:' 
low level uses only, most needs, ranging from low 
of UTC's production is on levels to 10 megawatts. 
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ADVERTISEMENT SERIES 4 NO. 10 

In two articles that appeared on this page Jack Greene of our Department of 
Applied Electronics, discussed noise factor vs. noise temperature and antenna noise 
temperature. He now demonstrates the extreme importance of environment in 
overall receiving system sensitivity. Environment has been ignored too often 
when in reality, with modern low noise systems, it is often the limiting factor. 

Sensitivity Limitations Set by Ideal Antennas, Masers and Parametric Amplifiers 
The low noise performance of the solid-

state maser and the parametric amplifier 
has been well established. In turn, this ex-
ceptional performance has caused a reap-
praisal of receiving antenna design since, 
in many instances, the antenna noise may 
determine the overall system sensitivity. 
Thus, it is of interest to examine the limits 
on antenna noise temperature present even 
with ideal antennas, and to further examine 
the limits on receiver noise temperature set 
by masers and parametric amplifiers. 
The concepts of antenna noise tempera-

ture and effective receiver noise temperature 
were discussed previously." To summarize, 
the sum of the antenna noise temperature 
and the effective receiver noise temperature 
determines the effective system noise tem-
perature, and therefore the sensitivity of the 
complete system to received signals. Anten-
na noise temperature is a measure of the 
noise power available from the antenna 
terminals per unit bandwidth; it is caused 
by galactic noise and the absorption in the 
antenna environment ( with its concomitant 
radiation) acting on the antenna gain pat-
tern. Effective receiver noise temperature, 
T„ is a term now widely used as a measure 
of receiver sensitivity; it is related to re-
ceiver noise factor, F, by the expression 
= IF — 1)290, and represents the in-

ternally generated excess noise temperature 
of the receiver. 
The noise temperature of an ideal an-

tenna is readily determined if the antenna 
pointing angle, operating frequency, and 
weather conditions are specified. ( A non-
ideal antenna with losses, spillover, and 
minor lobes will have reduced gain and a 
generally higher noise temperature; an 
exact knowledge of the nonideal gain pat-
tern is required to accurately determine the 
noise temperature in this case.1 3 The limit-
ing values for the noise temperature of an 
ideal antenna, assumed located on the 
earth's surface, occur as follows: ( 1) the 
minimum occurs when the antenna is 
pointed vertically upward (minimum atmos-
pheric attenuation) at the galactic pole 
(minimum galactic noise) ; (2) the maxi-
mum occurs when the antenna is pointed 
along the horizon (maximum atmospheric 
attenuation) at the galactic center ( maxi-
mum galactic noise). These limits are 
plotted in the accompanying figure as a 
function of frequency, under the assumption 
of moderate relative humidity in the atmos-
phere. It should be recognized that even for 
a fixed antenna pointing angle, the antenna 
noise temperature will vary with time be-
cause of the varying galactic noise compo-
nent introduced by the earth's rotation, and 
also because of varying weather conditions. 
An ideal receiver has an effective noise 

temperature of 0°K. Present solid-state 
masers approach ideal performance pri-
marily because they are operated in liquid 
helium baths. ( As improved maser materials 
become available, the stringent refrigeration 
requirement can possibly be relaxed without 
a degradation in noise performance.) The 
effective noise temperature obtainable from 
a traveling-wave maser with small input 
cable loss is also indicated on the accom-
panying figure, and in general is somewhat 
larger than the minimum antenna noise tem-
perature. 
The junction-diode parametric amplifier 

has received considerable attention because 
it promises low effective noise temperatures 
without the need for refrigeration. In fact, 
for a lossless diode, the noise performance 
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of an unrefrigerated parametric amplifier 
would closely match that of present masers. 
Unfortunately, available junction diodes do 
have moderate losses, and therefore, their 
room temperature performance departs sig-
nificantly from ideal performance. The noise 
performance expected from one-port ( non-
degenerate) parametric amplifiers operated 
at room temperature with linearly graded 
silicon varactors is also shown on the ac-
companying figure.' As indicated, the use of 
unrefrigerated parametric amplifiers would 
presently be restricted to the lower micro-
wave frequencies in optimum systems. ( The 
noise performance ut the parametric am-
plifier using lossy diodes can be improved 
considerably by refrigeration;' however, this 
requires diodes specifically designed for low 
temperature operation, and such diodes are 
not yet commercially available.) 

In conclusion, limits have been established 
for the noise temperature contributions of 
ideal antennas and available low noise re-
ceivers. The traveling-wave maser is a nearly 
optimum counterpart for an antenna with 
ideal characteristics, and as diode manufac-

10,000 oo,o 

turing techniques improve, unrefrigerated 
parametric amplifiers will seriously chal-
lenge the maser in many system applica-
tions. Finally, although the most sensitive 
receiving system possible is now nearly a 
reality with earth-bound antennas, further 
improvements in receiver noise temperature 
may become necessary for antennas located 
in space, where the antenna noise tempera-
ture generally decreases significantly. 
L "Noise Factor and Noise Temperature," Proc. IRE, 

vol. 46, p. 2A. January 1958. 
2. " Antenna Noise Temperature." Proc. IRE, vol. 

16, p. 45. May 1958. 
3. R. Gardner, " Final Engineering Report on Antenna 

Noise Temperature Study," All. Report No. 330t• 
II, November 1957. ( Performed under Contract 
DA•49•170.se•1547.) 

4. J. C. Greene and E. W. Sant, "Optimum Noise 
and Gain- Bandwidth Performance for a Practical 
One•Port Parametrie Amplifier," submitted for pub. 
lieation in Proc. IRE. 

5. M. Uenohara and W. M. Sharpless, " An Extremely 
Low- Noise 6.Kme Parametric Amplifier Using 
Galli m•Arsenide Point•Contart Diodes," Proc. 
IRE, sol. 47, g,. 2114.2115. December 1959. 
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,Weee eàliMenbC:ZedOMItey 

A DIVISION OF CUTLER-HAMMER, INC 

DEER PARK, LONG ISLAND, N. Y. 
Phone MYrtle 2-6100 

qr 



Type 148P and Type 149P 

-,IJLLGLUre[r3 

of Sprague's 
film capacitors 
for entertainment 
and commercial 
electronics 

are the smallest of Sprague's family of film capacitors. Type 148P and 149P Yellow-Jackets 

are designed for compact radio receivers, test equipment, communications equipment, and 
similar applications. They are especially suited for transistorized and low-voltage tube 

circuits, as well as all other applicable circuits in which size, weight, and cost are impor-
tant considerations. 

Yellow-Jacket capacitor sections are of extended foil design...wound from ultra-thin, espe-

cially selected polyester film and thin gage foil under carefully controlled atmospheric condi-
tions. They are protected against moisture by an outer wrap of polyester film. End seals are of 

a plastic resin which bonds securely with the film wrap in order to assure long service life. 
This construction results in a light-weight capacitor of minimum size, having a distinct 

space advantage over metal-encased, molded, or wax-coated cardboard-case tubulars of 
comparable ratings. 

Yellow-Jacket Type 148P (cylindrical) and 149P (semi-oval) capacitors are recom-

mended for use in applications requiring reliable operation within the temperature range of 
—55 C to +85 C at rated working voltages of 100, 200, 400, and 600 volts d-c. 

For complete technical data on these Yellow-Jackets, write for Bulletin 
2063A to Technical Literature Section, Sprague Electric Company, 
235 Marshall St., North Adams, Mass. 

SPRAGUE COMPONENTS: 

CAPACITORS • RESISTORS • MAGNETIC COMPONENTS • TRANSISTORS • INTERFERENCE FILTERS PULSE NETWORKS 

1-1161-1 TEMPERATURE MAGNET WIRE • CERAMIC-BASE PRINTED NETWORKS • PACKAGED COMPONENT ASSEMBLIES 

PROCEEDINGS OF THE IRE April, 1960 5A 



E ME& AT UM FOR We YEARS 

At Bell Laboratories, M. Uenohara (left) adjusts his reactance amplifier, assisted by 

A. E. Bakanowski, who helped develop first suitable diode. Extremely low "noise" is 

achieved when certain diodes are cooled in liquid nitrogen. 

How basic scientific ideas develop in the 
light of expanding knowledge is strikingly illus-

trated by the development of Bell Laboratories' 

new "parametric" or "reactance" amplifier. 

Over 100 years ago, scientists experiment-

ing with vibrating strings observed that vibra-

tions could be amplified by giving them a push 

at strategic moments, using properly synchro-

nized tuning forks. This is done in much the 

same way a child on a swing "pumps" in new 

energy by shifting his center of gravity in step 

with his motion. 

At the turn of the century, scientists theo-

rized that electrical vibrations, too, could be 

amplified by synchronously varying the react-

ance of an inductor or capacitor. Later amplifiers 

were made to work on this principle but none 

at microwave frequencies. 

First practical diode for amplifier, shown here 

held by tweezers, was jointly developed by 

A. E. Bakanowski and A. Uhlir. 

Then came the middle 50's. Bell Telephone 

Laboratories scientists, by applying their new 

transistor technology, developed semiconduc-

tor diodes of greatly improved capabilities. 

They determined theoretically how the electri-

cal capacitance of these new diodes could be 

utilized to amplify at microwave frequencies. 

They created a new microwave amplifier with 

far less "noise" than conventional amplifiers. 

The new reactance amplifier has a busy 

future in the battle with "noise." At present, 

it is being developed for applications in tropo-

spheric transmission and radar. But it has 

many other possible applications, as well. It 

can be used, for instance, in the reception of 

signals reflected from satellites. It is still another 

example of the continuing efforts to improve 

your Bell System communications. 

BELL TELEPHONE LABORATORIES 

WORLD CENTER OF COMMUNICATIONS RESEARCH AND DEVELOPMENT 
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Electronic Components Division STACKPOLE CARBON CO., St. Marys, Pa. 

how many Resistors 

have you soldered recently? 
It's no trick today to obtain resistors that give everything you need in the 

way of conventional characteristics such as load life, resistance-temperature, 
temperature cycling, and so on. 

But what a whale of a difference when it comes to "solderability"! Try the 

different makes for yourself and see. Whether you solder by hand or by auto-

matic dipping, you'll find that Stackpole Coldite 70+ resistors solder lots 
better, lots faster and lots more surely. 

Just hit 'em with solder and they stay soldered—because they're the only 

resistors whose leads get an extra final solder dip in addition to the usual tin-

lead coating. You get faster production, fewer rejected assemblies. And there's 

less chance of trouble developing after your products reach the field. 

COMPARE THESE "SPECS"! — Write for Stackpole Resistor Bulletin 
giving complete scorecard for Coldite 70+ (cold-molded) resistors in relation 

to MIL as well as commercial specifications. And remember that they give you 

unmatched solderability in the bargain—at no extra cost! 

C*ramage ferromaghetic cores • Slide and 

Snap switches • Variable composition resistors 

Ceramagnet» ceramic magnets • Fixed com-

position capacitors • Electrical contacts 

Bushes for all rotating electrical equipment 

Hundred of related carbon, graphite, and metal 

powder products. 

Led ire/ 7F-
1 / 01,1C4 

fixed composition resistors 
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FIRST Navy Militarized SSB Transmitter 
Generates Cleaner Signal Using 

HERMES CRYSTAL FILTERS 

tel .!* 010°0 
'.• ' 9 ••• • 

i ,  a 

0 0'0 
4 • * o 

o  

*Hermes Electronics (n. 
C.41141.1. 412,a0.8{40.51,11 

CRYSTAL nun ME NM 

Hermes Crystal Filter Model 2MUB, Carrier 
Frequency 2 Mc. Shown approx. 1/2 size. 

Single-Sideband Transmitter, Model AN/WRT-2 
developed by Westinghouse Electric Corporation 

for the U. S. Navy uses Hermes Crystal Filters, 
Model 2MUB and 2MLB. 

Recently installed on the atomic submarine SK1PJACK 

(SSN585), the Westinghouse Electric AN/WRT-2 SSB Trans-

mitter is now standard Navy equipment. 

Single sideband signals are generated in the AN/WRT-2 by 
the selective filter method employing Hermes 2MUB and 2MLB 

Crystal Filters. These 2.0 Mc Crystal Filters not only offer all 

the basic advantages of the filter SSB generation method, but 

reduce the number of heterodyning stages required to translate 

the modulated signal to the required output frequency. The 

attendant decrease in unwanted signal generation results in a 

cleaner signal. The AN/WRT-2 is also a more reliable trans-

mitter because fewer components are used. 

In addition to the 2.0 Mc Crystal Filters, Hermes has also 

supplied SSB units at 87 Kc, 100 Kc, 137 Kc, 1.4 Mc, 1.75 Mc, 

3.2 Mc, 6 Mc, 8 Mc, 10 Mc and 16 Mc. These Crystal Filters are 

presently installed in airborne HF, mobile VHF and point to 

point UHF SSB systems. 
• 

Whether your selectivity problems are in transmission or 

reception, AM or FM, mobile or fixed equipment, you can call 

on Hermes engineering specialists to assist in the design of 

circuitry and the selection of filter characteristics best suited 

to your needs. Write for Crystal Filter Short Form Catalog. 

A limited number of opportunities are available to experi-
enced circuit designers. Send résumé to Dr. D. 1. Kosowsky. 

Her irries 
ELECTRONICS CO. 

75 CAMBRIDGE PARKWAY CAMBRIDGE 42 MASSACHUSETTS 

<0> Meetings with Exhibits 

• As a service both to Members and the 

industry, we will endeavor to record in this 

column each month those meetings of IRE, 

its sections and professional groups which 

include exhibits. 

A 

April 20-22, 1960 
SWIRECO, Southwestern IRE Re-

gional Conference & Electronics 
Show, Shamrock-Hilton Hotel, Hous-
ton, Texas. 

Exhibits: Mr. A. D. Seixas, SWIRECO, 
P.O. Box 22331, Houston, Texas. 

May 2-4 1960 
National Aeronautical Electronics 
Conference, Dayton Biltmore Hotel, 
Dayton, Ohio. 

Exhibits: Mr. Edward M. Lisowski, Gen-
eral Precision Lab., Inc., Suite 452, 333 
West First St., Dayton 2, Ohio. 

May 2-6, 1960 
Western Joint Computer Conference, 

Fairmont Hotel, San Francisco, Calif. 
Exhibits: Mr. H. K. Farrar, Pacific Tel. 
& Tel. Co., 140 New Montgomery St., 
San Francisco 5, Calif. 

May 23-25, 1960 
1960 National Telemetering Confer-
ence, Miramar Hotel, Santa Monica, 
Calif. 

Exhibits: Mr. William Van Dyke, Douglas 
Aircraft Co., Inc., El Segundo, Calif. 

May 24-26, 1960 
Seventh Regional Technical Confer-
ence & Trade Show, Olympic Hotel, 
Seattle, Wash. 

Exhibits: Mr. Rush Drake, 1806 Bush 
Place, Seattle 44, Wash. 

Way 24-26, 1960 
Armed Forces Communications & 
Electronics Association Convention 
and Exhibit, Sheraton-Park Hotel, 
Washington, D.C. 

Exhibits: Mr. William C. Copp, 72 West 
45th St., New York 36, N.Y. 

June 20-21, 1960 
Chicago Spring Conference on Broad-

cast and Television Receivers, Grae-
mere Hotel, Chicago, Ill. 

Exhibits: Mi. Stanley Hopper, Zenith 
Radio Corp., 6001 W. Dickens Ave., 
Chicago 39, III. 

June 27-29, 1960 
National Convention on Military 

Electronics, Sheraton-Park Hotel, 
Washington, D.C. 

Exhibits: Mr. L. David Whiteloek, Bu. 
Ships, Electronics Div., Dept. of Navy, 
Washington, D.C. 

August 1-3, 1960 
Fourth Global Communications Sym-
posium, Hotel Stotler, Washington, 
D.C. 

Exhibits: Mr. Robert O. Brady, Office of 
the Chief Signal Officer, U. S. Army 
Signal Corps, Washington, D.C. 

(Columned on page 104) 
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KAY- KAY 

For high Accuracy- Broad Band Noise Figure Measurement 

SPECIFICATIONS 

STANDARD NOISE HEAD: ( Head A furnished with 
Therma-Node) covers 7 to 1000 mc; output imped-
ance 50 ohms, unbalanced N type connectors. 

Max. VSWR, variab e tuned, 1.1 from 10 to 1000 
mc. 

Max. VSWR, fixed tuned, 1.1 from 10 to 100 mc: 
1.2 from 6 to 300 mc; 1.4 frorr 4 to 400 mc: 
2 from 2 to 500 mc. 

INTERCHANGEABLE LOW FREQUENCY NOISE 
HEAD: (Head Bi : 0:-ers I kc to 350 mc: output J - 
peda nce 50 ohm., unbalanced. 

Max. VSWR 1.1 from 3 kc to 100 mc; 1.2 from 2 
kc to 250 Tic; 1.4 from I kc tc 350 mc. 

AMBIENT SOURCE PROBE for use with A and 
8 Noise Heaas: 

Frequency range-0 to 1000 mc. 

Output impedance-50 ohms, unbalanced. 
Max. VSWR = I I 
Accuracy of indicated temperature-2 EM-d.:1% 

SELECTABLE-IMPEDANCE NOISE HEAD: (Head CI 
covers 0.25 to 400 mc, balanced or unbalanced 
output. Selectable output impedance; of 50, 100 and 
200 ohms are provided. 

Max. VSWR-I.1 from 1 to 75 mc; .2 from 0.5 
to 100 mc; 1.4 from 0.25 to 400 mc. 

Max. VSWR difference between ambient and hot 
sources i; 0.05 ( hot and ambient sources con-
tained in same probe). 

Weight: 8 pounds .n carrying case. 

Dimensions: ! 5 x Sx 4.75 inches. 

Operates on 117 V, 60 cps. 01 24 V dc. 

IC Price: $495.00, f.o.b. factory. 

Low Frenquenzy No sc Head ( B): $ 175.00 
Selected Impedance Head ( C): $ 125.00 

WRITE FOR NEW 
KAY CATALOG 

KAY 

IC M 

Z7iermaAYodc 
Basic Noise Source 

CAT. NO. 770 

Available Noise 
Accurate to • 0.1 

3 Noise Heads 
Cover 1 kc to 1000 mc 

Portable 
Can Be Operated from 

117 V, 60 cycles or 24 V dc 

Through refinement of a basic noise generation technique-
thermal noise from a heated resistive element-the new Kay 
Therma-Nodr achieves high accuracy over an extreme wide 
range of frequencies. Therma-Node's resistive element, con-
tained in the noise head, is heated to a normal 2200°K, gen-
erating adequate noise-power for accurate noise figure meas-
urements to 10 db. Nominal fixed available noise temperature 
ranging between 2000 and 2400°K may be read directly on the 
panel meter to 2% accuracy. A single tuning element, con-
tained in the noise head, provides a fixed range of 2 to 500 
mc, and may be tuned to extend the range to 1000 mc. An op-
tional, interchangeable head extends measurement down to 1 
kc. Ambient termination is supplied. Both heads have output 
impedances of 50 ohms, unbalanced. Both heads (-an be used 
without connecting coaxial cables, thus eliminating cable 
errors. 

A selectable-impedance noise head, covering the range .25 to 
400 nu-, and furnishing output impedances of 50. 100 and 200 
ohms, balanced and unbalanced, is available as an accessory. 

The inexpensive resistive element in the Therma-Node noise 
head has a life expectancy of 10,000 hours in either inter-
mittent or continuous service. Because the fen active com-
ponents in the Therma-Node are solid state devices, its in-
herent stability results in long term accurac and freedom 
from maintenance. 

OTHER KAY NOISE GENERATORS 
Instrument Output Impedance Niairgerier Pelee 
& Cat. No. Rarenile" (nre) (Owns) 1.o.b.faeleri 

.11q4i- .1;,/, 240.8 5-220 0.16 at 50 ohrns ,- t,a. 50. 75. 150. 300, ac 
0-23.8 at 300 ohms bal. 100. 150, 300. 600,w' 

.365., 

.liryd-,Vitfi' 175' A 50-500 0-19 balanced 300 $365.00 

.ihyd-.Mrd. 403.4 3.500 0-19 unbalanced 50 $365.00 

jlegr/-:titli 3000 1.3000 0.20 unbalanced 50 $790.00 

5.400 0.23.8 depending 
on impedance 

unbalanced as specified $1495.00 

Rada-.Uslen 600,6 10-3000 0-20 umbel. nom. 50 $1565.00 
1120-26.500 15.28 or 15.8 waveguide t 

,Ifiaterwce 
1120-26,500 15.28 or 15.8 waveguide $175.00 to 

.11re-,Meles. $595.00 

t Price varies with Microwave Mega-Node used as accessory. 
• Ideal y suited for noise figure measurement in radar communication. 

ICAV ELECTRIC COMAIIPANIr 
Dept. 1-4 Maple Avenue, Pine Brook, N.J. CApital 6-4000 

K A vamosimismarerfflainetraWRISNENan KAY isiMairsrmold 
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TOWER FOOTING 
INSULATORS FOR 
SELF-SUPPORTING 

RADIATORS 
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LAPP 

ANTENNA TOWER 

INSULATORS 

MAST BASE 
INSULATORS RADIO GUY 

INSULATOR 

We at Lapp are mighty 

proud of our record in the 

field of tower insulators. 

Over 30 years ago, the first 

insulated broadcasting tower 

was erected—on Lapp insu-

lators. Since then, most of the 

large radio towers in the 

world have been insulated 

and supported by Lapp insulators. Single base 

insulator units for structures of this type have 

been design-tested to over 3,500,000 pounds. 

A thorough knowledge of the properties of por-

celain, of insulator mechanics and electrical qual-

ities has been responsible for Lapp's success in 

becoming such an important source of radio in-

sulators. Write for description and specification 

data on units for any antenna structure insulating 

requirement. Lapp Insulator Co., Inc., Radio Spe-

cialties Division, 223 Sumner Street, LeRoy, N. Y. 

Lapp 

(C). Meetings ote,Jt  
with Exhibits 

(Continued fri,i arp S.-11 

I n,L,11 st 23-26, 1960 
\\ ESCON, Western Eler tr • SI  
and Convention, Ambassador Hotel 
& Memorial Sports Arena, Los Angeles, 
Calif. 

Exhibits: Mr. Don Larson, WESCON, 
1435 LaCienega Blvd., Los Angeles, 
Calif. 

September 19-21, 1960 
National Symposium on Space Elec-

tronics 8: Telemetry, Shoreham 
Hotel, Washington, D.C. 

Exhibits: Mr. Leon King, Jam-ky and 
Bailey, 1339 Wisconsin Ave., N.W., 
Washington, D.C. 

October 3-5, 1960 
Sixth National Communicat . 
posium, Hotel Utica & Utica \ I tiiii.•i-
pal Auditorium, Utica, N.Y. 

Exhibits: Mr. R. E. Bischoff, 19 West-
minster Road, Utica, N.Y. 

October 10-12, 1960 

National Electronics Conference, 
Hotel Sherman, Chicago, III. 

Exhibits: National Electronics Confer-
ence, Inc., 228 North La Salle St., Chi-
cago 1, Ill. 

October 24-26, 1960 
East Coast Aeronautical & Naviga-

tional Electronics Conference, bird 
Baltimore Hotel & 7th Regim?nt Ar-
mory, Baltimore, Md. 

Exhibits: Mr. R. L. Pigeon, Westinghouse 
Electric Corp., Air \ rill Div., P.O. Box 
746, Baltimore, 

Oct. 31-Nov. 2, 1960 
13th Annual f:on f erence on Elec-

trical Techniques in Yledicine & 
Biology, Sheraton- Park Hotel, Wash-
ington, D.C. 

Exhibits: Mr. Lewis Winner, 152 West 
42nd St., New York 36, N.Y. 

ovember 14-16, 1960 
Mid-America Electronics Convent' 
(MAECON), Municipal Auditorium, 
Kansas City, Mo 

Exhibits: Mr. John V. Parks, Bendix Avia-
tion Corp., P.O. Box 1159, Kansas City 
-IL Mo 

n 55111-

Y oven? ber 15-17, 1960 

Northeast Electronics Research & En-
gineering Meeting (NEREM), Bos-
ton Commonwealth Armory, Boston, 
Mass. 

Exhibits: Miss Shirley Whitcher, IRE 
Boston Office, 73 1 remont St., Boston, 
Mass. 

A 

Note on Professional Group Meetings: 
Some of the Professional Groups con-
duct meetings at which there are ex. 
hibits. Working committeemen on these 
groups are asked to send advance data to 
this column for publicity information. 
You may address these notices to the 
Advertising Department and of course 
listings are free to IRE Professional 
Groups. 
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A
THE G. C. DEWEY CORPORATION 

For scientific researcb and development 

wit!) intellectual integrity 

SCIENTIFICALLY ORIENTED to acieve significant results for govern-
ment and civifian agencies—in tbe broad areas of defense TAnsics ... weapons 
spstem concepts and evaluation ... electronic tecfmologp—dyis organization 
applies creative scientific tiâing... to advanced problems of nuclear and 
plasma pbysics ... to unique computer programming 7,eckiiques ... to origi-

nal electronic design criteria... to systems anafyses tat vneet measure of 
effectiveness standards. 
THE G. C. DEWEY CORPORATION, 202 East ivel_t Street/ N.Y. C. 17 

matTemai icians ant! engineers with advance( aegrees, 
write for information on professional career opportunities. 
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For original equipment, direct replacement 

NEC tubes with new doped-nickel cathode 

6R- P1 0 6R-R8 

E114 

Ereehode Roto, MoNtrnorn 

Plate Volta.. 

le IV) 

Mtmenurn 

Plate 0.19pollon 

77 ( 7E) 

ana./ 
,. (., 

Maximum 

ltegoen/r 

I ( MC) 
El ( V) ll (E11 

2 11 2 2 VeIertat 6.3 0.75 150 - - 1200 

26 394 

amplthet 

Oeillatom 

lEonanuoue) 

6.3 1.0 1000 100 15 2500 

2 C 40 

amplatet 

Oydloty 

Yont•nuoy) 

6.3 0.75 500 4 0.75 3370 

2 C 4 3 

amplillet 

09111olot 

(Conttnuou/ 6 Pol.) 

6.3 0.9 3500 • 12 /.0 3370 

54 6 I 

amplmber 

09.601 ./ 

liontenuoy) 

6.3 0.6 350 10 0.5 3700 

Pola. plate Vol oge ( eb) 

Both tube series described here use 
NEC's new doped-nickel cathode core 
material. This 10-year development 
increases emission without raising op-
erating temperature. Oxide evaporation 
rate is lower than any known core 
material. Operating data show tube 
life is extended up to 50%. 

WIDE-BAND AMPLIFIER TUBES: Development began 
seven years ago with the 6R- R8, which was used 
in Japan's first microwave link. A modification, 
6R-R8C, with very low distortion factor, is used in 

coaxial amplifiers. 6R- P10 Power Amplifier Pentode, 

with high mutual conductance and small capacitance, 

is designed for larger power output. 

,17, Nome 

(othod Rat, i".E. 
and Plate 

).144, 

Voltage 
ib (v) 

Et ( y) 

'Me 

( ,,,, 1 

lb (44) 

Iran, 

tondu/tante 

Ga. ( ) 

Eopat lonce• 

Ineert 0000000 le 

tube. 
Volts 

El ( V) 

Ar, 

II ( a) 

Inpot 

1 

Clorpot 

68.88 
Shore ( yoll 

Pentode 
6.3 0.3 150 13 12,500 7.8 3.2 «oh 4,1 4 0 4 A 

68-88C 
Shaep Ewell 

Pentode 
6.3 0.3 150 13 12,500 7.3 3.2 watt rol A 0 4 A 

68.1.10 
Power arnplolte• 

Pentode 
6.3 0.5 150 36 13.500 10.5 27 - 

2C4 2C39B 

DISC-SEALED TRIODES : NEC designed the first 

disc-sealed tube in 1939, giving NEC many years 

of experience in the design and manufacture of 
this type of microwave tube. Each is a direct re-

placement under all circumstances for the corre-
sponding type. The NEC tube will give longer life, an 

especially important advantage in repeater stations. 

Please write for specification sheets. 

Nippon Elecnic Company ltd Tokyo, Japon 

COMPONENTS / SYSTEMS 



NEW FROM TEXAS INSTRUMENTS! 

INPUT 
DATA 

ANALOG MULTIPLEXOR 
HIGH AND 
LOW LEVEL 

PARALLEL DIGITAC 
DATA GATING 
AND STORAGE 

SERIAL 
DIGITAL 

DATA GATING 

ANALOG 
TO DIGITAL 
CONVERTER 

MASTER PROGRAMMER 
AND 

SYNCHRCNIZER 

1 

EXTERNAL SYNCHRONIZATION 
CONTROL (CPTIONAL) 

PARALEL .OUTPU-S 

ASSEMBLY 
REGISTER 

NRZ PULSE CODE 

1 + 28 VOLTS 

VHF 
TRANSMITTER 

'0WER 
SUPPLY 

AIRBORNE PCM SYSTEM 

High capacity, 1/2 cu ft, PCM telemetry system 

...with system drift nulled out! 

Now you can get the benefits of digital techniques 

— accuracy, speed and reliability — in compact pulse 
code modulation telemetry systems from Texas Instru-
ments. The 25-pound, 1/4  cubic foot package shown 
uses only solid state devices, and may be used to drive 
any of the compact TI transmitters dictated by the 
application. The system multiplexes and encodes 64 
analog channels; and processes five 8-bit parallel 
digital data channels plus a serial digital data channel 
at a nominal bit rate of 200 kc. 
A key feature of the system is its high-speed analog 
multiplexer which handles low- and high-level data, 
or a combination of both, with only a single low-level 

TEXAS 
APPARATUS DIVISION 

amplifier. Overall accuracy of the system is ±0.2570 
— made possible by a unique bi-directional servo loop 
that nulls out system drift. The system is packaged in 
individual modules so that it can be rapidly modified 
to fit the needs of other missiles or space vehicles. 
PCM is only one of several advanced telemetry 
projects at Texas Instruments. Others include the 
development and/or production of analog systems and 
equipments for Bomarc, Corvus, Pershing, Minute-
man, Titan, Centaur, and Project Mercury. 
For detailed information about PCM telemetry or 
other TI missile electronic system capabilities, please 
contact SERVICE ENGINEERING: 

1NSTRUM ENTS 
INCORPORATED 
6000 LEMMON AVENUE 

DALLAS 9. TEXAS 



IRE News and Radio Notes  

CURRENT IRE STATISTICS 
(As of February 29, 1960) 

Membership-79,646 
Sections*-105 
Subsections*-27 
Professional Groups*-28 
Professional Group Chapters-261 
Student Branchest-184 

*See March, 1960 issue for a list. 
t See October. 1959 issue for a list. 

Calendar of Coming Events 
and Authors' Deadlines* 

1960 

6th Nuclear Congress, N. Y. Coliseum. 
New York, N. Y., Apr. 4-8. 

14th Spring Tech. Conf., Cincinnati, 
Ohio, Apr. 12-13. 

Conf. on Automatic Tech., Sheraton-
Cleveland Hotel, Cleveland, Ohio, 
Apr. 18-19. 

Int'l Symp. on Active Networks and 
Feedback Systems, Engrg. Soc. 
Bldg. Auditorium, New York, N. Y., 
Apr. 19-21. 

Int'l Symp. on Active Networks and 
Feedback Systems, Polytechnic Inst. 
of Brooklyn, Brooklyn, N. Y., Apr. 
19-21. 

1060 SWIRECO (Southwestern IRE 
Regional Conf. and Electronics 
Show), simultaneously with the 
Nat'l. PGME Conf., Houston, Texas, 
Apr. 20-22. 

Natl. Aeronautical Electronics Conf., 
Dayton-Biltmore and Miami Hotels, 
Dayton, Ohio. May 1-3. 

URSI-IRE Spring Mtg., Sheraton Park 
Hotel and NBS, Washington, D. C., 
May 2-5. 

Western Joint Computer Conf., San 
Francisco, Calif., May 2-6. 

Symp. on Graduate Programs in Bio-
Medical Engrg., Univ. of Vermont, 
Burlington, May 5-6. 

PGMTT Natl. Symp., San Diego, Calif., 
May 9-11. 

Electronic Components Conf., Hotel 
Washington, Washington, D. C., 
May 10-12. 

Natl. Telemetering Conf., Miramar 
Hotel, Santa Monica, Calif., May 
23-25. 

7th Reg. Tech. Conf. & Trade Show, 
Olympic Hotel, Seattle, Wash., May 
24-26. 

6th Radar Symp., Ann Arbor. Mich., 
June 1-3. 

Inst. on Recent Advances in Solid State 
Devices, Marquette Univ., Milwau-
kee, Wis., June 1-2. 

10th Ann. Cony. of Soc. of Women 
Engrs., Benjamin Franklin Hotel, 
Seattle, Wash., June 9-11. 

Radio Frequency Interference Symp., 
Washington, D.C., June 13-14. 

* 1)L= Deadline for submitting ab-
stracts. 

(Cmainued on page 154) 

ANNOUNCE SYMPOSIUM ON 

SUPERCONDUCTIVE TECHNIQUES 

FOR COMPUTING SYSTEMS 

A Symposium on Superconductive 
Techniques for Computing Systems will be 
held on May 17-19, 1960, sponsored by the 
Information Systems Branch, Office of 
Naval Research. The Symposium will be 
held in the Department of Interior Audito-
rium on C Street, between 18th and 19th 
Streets, N.W., Washington, D. C. 

The purpose of this Symposium is to 
bring together the scientists and engineers 
currently engaged in cryogenic device re-
search in order to present a complete picture 
of the present status ot the applications of 
superconductivity to computers, computing 
systems, and information processing devices. 
Invited papers emphasizing device aspects 
have been solicited from most of the organi-
zations in the United States which are now 
involved in research of this type. Approxi-
tnately 16 to 18 papers will be presented at 
the Symposium including those by repre-
sentatives of the following activities: Bur-
roughs Corp., Duke University, General 
Electric Company, International Business 
Machines Corp., Lincoln Laboratory of 
M.I.T., Arthur D. Little, Inc., University of 
North Carolina, Radio Corporation of 
America, Rutgers University, Space Tech-
nology Laboratory, and Sperry-Rand Cor-
poration. Attendance is open to all interested 
technical personnel. 

Individuals may receive further informa-
tion and a preliminary Symposium program 
when available by contacting: Miss Jose-
phine Leno, Code 430A, Office of Naval Re-
search, Washington 25, D. C. 

RUSSIAN TECHNICAL JOURNAL 

AVAILABLE IN TRANSLATION 

The Society for Industrial and Applied 
Mathematics announces the appearance of 
the first issue of Volume IV of Theory of Prob-
ability and Its Applications. This is a com-
plete translation into English of the corre-
sponding issue of the Russian journal Teoriya 
Veroyatnostei i ce Primeneniya. During 1960 
the Society will publish separately trans-
lations of all four issues of Volume IV ( 1959), 
will begin the translation of Volume V, and 
will publish in bound form full translations 
of Volumes I ( 1956), II ( 1957) and III 
(1958). It is expected that by early 1961 
translations will be appearing within four 
months of publication of the Russian orig-
inal. 

Theory of Probability and Its Applica-
tions is a quarterly journal devoted, as its 
title indicates, to research papers in prob-
ability and statistics, and to related applica-
tions in physics and communication. For the 
most part, the journal has reported the work 
of Russian authors; its translation offers the 
first access to this material in a Western 
language. 

The Society for Industrial and Applied 
Mathematics has been assisted in this trans-
lation project by a grant from the National 
Science Foundation. 

Subscriptions to Theory of Probability 
and Its Applications are being offered at 
$19.00 for four current issues (one year) 
($9.50 to members of the Society, add $3.90 
for subscriptions outside of the U. S. and 
Canada). Inquiries may be addressed to the 
Society at Box 7541, Philadelphia I. Pa. 

AIR FORCE MARS EASTERN NET 
CHOOSES SPEAKERS FOR APRIL 

The April schedule of the Air Force 
MARS Eastern Technical Net, operating 
Sundays from 2 to 4 P.M. EST„3295-7540 
15,715 kc, has been built around the three 
subjects for which hundreds of requests have 
been received over the past few months. 
Through the cooperation of the Philco Tech-
nological Center it is possible to present the 
following series: 

April 3 "Television and Scanning Tech-
niques in the Field of Medical 
Electronics," J. F. Fisher, Engi-
neering Section Manager, Govern-
ment and Industrial Div., Philco 
Corp. 

April 10 "Applications of Tunnel Diodes," 
J. A. Ekiss, Project Engineer, 
Special Projects Group, Lansdale 
Tube Co., Philco Corp. 

April 17 Recess Date. 
April 24 "Transistor Circuit Considera-

tions," H. W. Merrihew, Director, 
Special Course Preparation, Philco 
Technological Center. 

URSI SPRING MEETING 
PROGRAM ANNOUNCED 

The program of invited papers for the 
Spring Meeting of URSI Combined Techni-
cal Session has been selected. In keeping 
with the times, it emphasizes problems as-
sociated with space. The following papers 
will be given: 

"The Transmission Media in Space Com-
munication," I. Katz, Applied Physics Lab., 
The Johns Hopkins University, Baltimore, 
Md. 

"The NASA Communications Satellite 
Programa," L. Jaffe, communications Satel-
lite Program, National Aeronautics and Space 
Administration, Washington, D. C. 

"Advanced Research Project Agency's 
Satellite Communication Systems," E. E. 
Harriman, ARPA, Washington, D. C. 

"Information Techniques in Space Com-
munication," G. E. Mueller, Space Technol-
ogy, Labs. Inc., Los Angeles, Calif. 

"The Role of Ranging Experiments in 
Space Exploration," S. W. Golomb, Jet Pro-
pulsion Lab., California Institute of Technol-
ogy, Pasadena, Calif. 

14A WHEN WRITING TO ADVERTISERS PLEASE MENTION—PROCEEDINGS OF THE IRE April, 1960 



AIEE PLANS SPACE CONFERENCE 

AT DALLAS, TEXAS, APRIL 11-13 

The first special conference on electrical 
engineering in space technology sponsored 
by the American Institute of Electrical En-
gineers will be held at the Baker Hotel, 
Dallas, Tex., April 11-13, General Chair-
man B. J. Wilson, of the Naval Research 
Laboratory, Washington, D. C., has an-
nounced. 

"Electrical aspects of space technology 
have become increasingly significant in 
fields of aero and astro-dynamics, propulsion 
merging with and overlapping those of 
metallurgy, and atomic and solid-state 
physics," Mr. Wilson said. "Those working 
in these fields have become aware of this new 
significance of electrical science and engi-
neering and see the need to utilize the exist-
ing capabilities here to solve space prob-
lems." 

The conference, which is expected to at-
tract leading engineers and scientists, will 
explore electrical engineering aspects of com-
munications, feedback control, electrical 
energy conversion and instrumentation in 
space. It will stress space requirements and 
the capabilities of electrical science and en-
gineering to fulfill these needs. 

Specifically, the conference will deal with 
the national space picture, the space age 
viewpoint on communications, control, elec-
trical energy and instrumentation; specific 
missions, requirements and problems of some 
United States missiles and space vehicles 
and payloads and developments in equip-
ment and component capabilities for space 
applications. 

Several of the most prominent figures in 
the space technology and in the political 
world have been invited to address the two 
and one-half day conference. 

The IRE and the American Rocket So-
ciety will participate in the conference. 

13th ANNUAL ETNIB CONFERENCE 

ISSUES CALL FOR PAPERS 

Plans are now being made for the 13th 
Annual Conference on Electrical Techniques 
in Medicine and Biology, which this year 
will be held in Washington, D. C., October 
31, November 1 and 2, 1960, at thé Sheraton-
Park Hotel. 

As in the past, the meeting will be spon-
sored by the Joint Executive Committee in 
Medicine and Biology representing the In-
stitute of Radio Engineers, American Insti-
tute of Electrical Engineers and the Instru-
ment Society of America. 

The theme of the conference will be the 
application of electronic techniques to ana-
lytical instumentation. 

Scheduled for discussion are the explora-
tion and application of new electrical and 
physical techniques for quantification of 
specific materials, determining molecular 
structure or providing recognizable charac-
terization of materials of biological interest. 
Typical subject areas here are: 

1) Polarography and specific electrodes; 
perm-selective membrane methods. 

2) Electrical generation of titrant coulo-
metric methods. 

3) Nuclear and electron magnetic reso-
nance analysis procedures. 

4) Dielectric dispersion and high-fre-
quency titration. 

5) Mass spectrometry. 
6) Microwave spectroscopy. 
Papers representing original contribu-

tions in these related fields are invited. 
Abstracts (200-500 words in length, 

which can be accompanied by supplemen-
tary illustrations) with author's name, com-
pany affiliation and position title, business 
and home address, telephone contact, and 
brief biographical sketch, should be sub-
mitted in double-spaced typewritten form 
(in triplicate) on or before July 1 to 
the Program Chairman, George N. Webb, 
Room 547—CSB, Johns Hopkins Hospital, 
Baltimore 5, Md. 

RQC SYN.! POSI UM 

SOLICITS PAPERS 

Abstracts of papers to be submitted for 
the Seventh National Symposium on Reli-
ability and Quality Control, jointly spon-
sored by the IRE, the AIEE and the ASQC, 
must be received by May 16, 1960. The 
Symposium is scheduled for January 9-11, 
1961, at the Bellevue-Stratford Hotel, 
Philadelphia, Pa. 

Ten copies of the abstract, of not more 
than 800 words, are required. It should in-
clude the title of the paper (not to exceed 50 
letters, including spaces), the author's name, 
position and affiliation. In the case of more 
than one author, please indicate who will 
present the paper. Ten copies of a biograph-
ical sketch (suitable for publication in the 
PROCEEDINGS) of each author must accom-
pany the abstract. 

Authors will be notified of acceptance by 
June 27, 1960. Final papers will be due Oc-
tober 10, 1960. Submit abstracts and bio-
graphical sketches to R. E. Kuehn, IBM 
Owego, Owego, N. Y. 

NBS PREPARES BIBLIOGRAPHY 

ON RADIO PROPAGATION 

In the past few years the Central Radio 
Propagation Laboratory has been engaged in 
preparing several bibliographies on tropo-
spheric propagation of UHF, VHF, and 
SHF radio waves. It is believed that these 
bibliographies have presented a comprehen-
sive listing of the pertinent literature con-
cerning tropospheric propagation up through 
1958. 

Because of the favorable reception of the 
previous bibliographies, and to fill a long-
felt need, it has been decided to extend the 
scope of this bibliography to include all fields 
of radio propagation. 

Since this is an undertaking of consider-
able proportions, it would be greatly ap-
preciated if any interested reader would for-
ward a list of pertinent references in radio 
propagation, radio astronomy, radio proper-
ties of the ionosphere, etc., to the editor: 
Malcolm Rigby, Editor, Meteorological 
Abstracts and Bibliography, P. 0. Box 1736, 
Washington 13, D. C. 

Calendar of Coming Events 

and Authors' Deadlines* 

(Contilated from page 14A) 

Chicago Spring Conf. on Broadcast and 
Television Receivers, Graemere 
Hotel, Chicago, Ill., June 20-21. 

Conf. on Standards and Electronic 
Measurements, NBS Boulder Labs., 
Boulder, Colo., June 22-24. 

Workshop on Solid State Electronics, 
Purdue Univ., Lafayette, Ind., June 
23-24. 

Natl. Cony. on Mil. Elec., Sheraton 
Park Hotel, Washington, D. C., 
June 27-29. 

Cong. Intl. Federation of Automatic 
Control, Moscow, USSR, June 25-
July 9-

Intl Conf. on Electrical Engrg. Educa-
tion, Sagamore Conf. Center, Syra-
cuse Univ., Syracuse, N. Y., Jul. 

7th Ann. Symp. on Computers and 
Data Processing, Stanley Hotel, 
Estes Park, Colo., July 28-29. 

4th Global Communications Symp., 
Hotel Statler, Washington, D. C., 
Aug. 1-3. 

WESCON, Los Angeles Mem. Sports 
Arena, Los Angeles, Calif.. Aug. 
23-26, (DL*: May 1, R. G. Leitner, 
WESCON Bus. Office, 1435 So. La 
Cugna Blvd., Los Angeles 35, Calif.) 

URSI 13th Gen. Assembly, Univ. of 
London, London, Eng., Sept. 5-15. 

Joint Automatic Control Conf., M.I.T., 
Cambridge, Mass., Sept. 7-9. 

Space Electronics and Telemetry Cony. 
and Symp., Shoreham Hotel, Wash-
ington, D.C., Sept. 19-22. 

Industrial Elec. Symp., Sheraton Cleve-
land Hotel, Cleveland, Ohio, Sept. 
21-22. 

Sixth Natl. Communications Symp., 
Hotel Utica and Utica Municipal 
Aud., Utica, N. Y., Oct. 3-5. (DL*: 
June 1, B. H. Baldridge, 25 Bolton 
Rd., New Hartford, N. Y.) 

Natl. Elec. Conf., Hotel Sherman, Chi-
cago, Ill., Oct. 10-12. (DL*: May 
1960 Prof. T. F. Jones, Jr., School 
of E.E., Purdue Univ., Lafayette, 
Ind.) 

Symp. on Space Navigation, Deshler-
Hilton Hotel, Columbus, Ohio, Oct. 
19-21. 

East Coast Conf. on Aero & Nay. Elec., 
Baltimore, Md., Oct. 24-26. 

5th Ann. Conf. on Nonlinear Magnetics 
and Magnetic Amplifiers, Bellevue-
Stratford Hotel, Philadelphia, Pa. 

Electron Devices Mtg., Hotel Shore-
ham, Washington, D. C., Oct. 27-29. 

13th Ann. Conf. on Elec. Tech. in Med. 
and Bio., Sheraton Park Hotel, 
Washington, D. C., Oct. 31, Nov. 
1-2. 

Radio Fall Mtg., Hotel Syracuse, Syra-
cuse, N. Y., Oct. 31, Nov. 1-2. 

Mid-Amer. Elec. Cony., Hotel Muehle-
bach, Kansas City, Mo., Nov. 15-16. 

1960 NEREM (Northeast Electronics 
Res. & Engrg. Mtg.), Boston, Mass., 
Nov. 15-17. 

PGVC Ann. Mtg., Sheraton Hotel, 
Philadelphia, Pa., Dec. 1-2. 

Eastern Joint Computer Conf., New 
Yorker Hotel, New York, N.Y., Dec. 

* EiL=. Deadline for submitting ab-
stracts. 
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VLF TRANSMISSIONS BEGUN 
BY U. S. NAVAL OBSERVATORY 

The Navy Department announces that 
Naval Radio Station NBA at Balboa, Pan-
ama Canal Zone has begun transmitting 
precise time signals and constant frequency 
on VLF (Very Low Frequency), 18 kilo-
cycles per second. At present the signals are 
transmitted continuously from 0800 to 1600 
Eastern Standard Time Monday through 
Friday. The periods of transmission will be 
lengthened later as the need arises. 

This service was inaugurated in order to 
meet the needs of the Navy for precise time 
signals and constant frequency, and to pro-
vide means for accurate timing needed in 
satellite tracking stations spread over the 
globe. 

Experiments conducted by the U. S. 
Naval Observatory and the Royal Green-
wich Observatory in England have shown 
that time signals transmitted in the very low 
frequency part of the radio frequency spec-
trum, such as the 16 kilocycles per second of 
Station GBR at Rugby, England, and the 
18 kc used at the high power transmitter at 
station NBA in the Panama Canal Zone, 
can be received over long distances to an 
accuracy of five ten-thousandths of a second. 
Recent experiments conducted by the Naval 
Research Laboratory indicate that an ac-
curacy of time measurement of one ten-
thousandth of a second might be achieved. 
The Naval Observatory, Naval Research 
Laboratory, and Naval Communications 
are conducting experiments to improve the 
accuracy of the service. 

Atomic clocks of the cesium-beam type 
are used to measure the frequency of the 
transmissions and to maintain the frequency 
constant to about 1 part in 10 billion. The 
frequency of cesium used is 9 192 631 770 
cycles per second. This experimental value 
was determined jointly by the U. S. Naval 
Observatory, Washington, and the National 
Physical Laboratory, Teddington, England. 

Additional details of the NBA broad-
casts are contained in Time Service Notices 
Numbers 6, 7, and 8 of the U. S. Naval Ob-
servatory. Further information may be ob-
tained by writ ing to the Superintendent. 

OPTICAL SOCIETY OF AMERICA 
TRANSLATES RUSSIAN JOURNAL 

The Optical Society of America has 
announced the translation of Optika I 
Spektroskopiya (Optics and Spectroscopy) 
beginning with the January, 1959 issue. This 
leading scientific journal of the USSR 
Academy of Sciences publishes the work of 
Russian scientists in all branches of optics 
and spectroscopy, including x-ray, ultravio-
let, visible, infrared and microwave, thin 
layer optics, filters, detectors, diffraction 
gratings, elect roluminescence, thermal radia-
tion backgrounds, infrared polarizers, and 
their other applications in science and in-
dustry. 

Optics and Spectroscopy is available free 
to all members of the Optical Society of 
America as part of their membership privi-
leges, and also to all subscribers to the 
Journal of the Optical Society of America who 

are not members of the Society. Membership 
dues, including both Optics and Spectros-
copy and the Journal of the Optical Society 
of America, are $ 13.00 per year. Write to Dr. 
Mary E. \Varga, Executive Secretary, Op-
tical Society of America, 1155 Sixteenth St., 
N.W., Washington, D. C. for the member-
ship application form. Nonmember sub-
scriptions, which include both of the above 
journals, are $25.00 per year. Subscriptions 
should be sent directly to the American 
Institute of Physics, 335 E. 45 St., New 
York 17, N. Y. 

ARMY MARS TECHNICAL NET 
ANNOUNCES APRIL SPEAKERS 

Continuing with its mission of dissemi-
nating technical knowledge by radio com-
munication, the First U. S. Army MARS 
SSB Technical Net announces its speaker 
program for April. The net operates each 
Wednesday evening at 9 P.M. EST on 4030 kc 
upper sideband. 

Arrangements have been made by Ted 
Mathieson, A4FJ, the state MARS Director 
of Virginia, to use First Army tapes in set-
ting up a Second Army Technical Net with 
its nucleus around the Washington D. C. 
area. 

Speakers for April include: 

April 6 "Filter Design and Applications," 
J. L. Prather, Instructor, Radio 
Div., USASCS, Fort Monmouth, 
N. J. 

April 13 "New Semi-Conductors for High 
Frequency Circuits," W. A. Mc-
Carthy, Chief Applications En-
gineer, Semi-Conductor Div., Ray-
theon Mfg. Co., Boston, Mass. 

April 20 "Modern Trends in Electronic In-
strumentation," W. A. Knoop, 
Jr., Partner, Gawler-Knoop Co., 
Roselle, N. J. 

April 26 "Tacan and Similar Aircraft Navi-
gation Systems," W. Loebel, Proj-
ect Engineer, Olympic Radio and 
TV Division of the Siegler Corp., 
Long Island City, N. Y. 

OBITUARIES 

Philip R. Coursey (A'17)(L) died re-
cently at the age of 67. 

Born in 1892 in Wood Green, Middlesex, 
England, he received the B.S. degree, with 
honors, in engineering front University Col-
lege, London, in 1913. After graduation, he 
was Professorial Assistant in the Electrical 
Engineering Department and Research 
Laboratory at University College, lecturing 
and doing research work in electrical en-
gineering and radiotelegraphy. In 1912 he 
became a consulting engineer for wireless 
telegraphy and related fields to the Dubilier 
Electrical Syndicate, Ltd., London. At the 
time of his retirement two years ago he was 
Chief Engineer of Dubilier Condenser Co., 
London, England. 

D. O. McCov 

Mr. Coursey was a Fellow of the Physical 
Society of London, a member of the Wire-
less Society of London, and a member of 
the IEE in England. He was the author of 
several technical papers. 

George Morton Cummings (A'32-M'46-
SW53), former chairman of the St. Louis, 
Mo., Section of the IRE, died recently at the 
age of 64. 

Born March 20, 1895 in Sedalia, Mo., he 
attended grade school and high school there, 
and later attended Washington University 
Night School. From 1912 to 1915 he was em-
ployed by Union Electric Light and Power 
Co., and for a year after that he worked for 
the Wagner Electric Corp. In 1916 he began 
working for Southwestern Bell Telephone 
Co., in St. Louis. He was employed in the 
Engineering Department for many years, 
having been appointed Demonstrations En-
gineer for several states in 1951. In this ca-
pacity he supervised operation and mainte-
nance of equipment used in exhibits and de-
veloped and designed new equipment. 

Mr. Cummings served the St. Louis Sec-
tion of the IRE in various capacities, as 
Vice-Chairman, Secretary-Treasurer, Pro-
gram Chairman and Chairman of the Nomi-
nations Committee. In 1948 he was elected 
Chairman of the Section. 

Dr. D. O. McCoy (A'46-SM'56-F'59), 
Chairman of the Cedar Rapids Section of 
the IRE, died recently at the age of 48. 

He was born 
March 18, 1911 in 
LaPorte City, Iowa. 
His formal academic 
preparation was done 
at the Iowa State 
University, where he 
received the B.S. de-
gree in Mechanical 
Engineering in 1934, 
the M.S. in Physics 
in 1936, a nd the Ph.D. 
in Applied Physics in 
1938. He contributed 

to the application of radio to Naval aircraft 
systems through his research at the Naval 
Research Laboratory from 1938 to 1947. He 
served the Laboratory as head of the Re-
search Section of the Airborne Radio Divi-
sion and later head of the Radar Section of 
Radio Division III. In 1947 he joined the 
Research Division of the Collins Radio 
Company, where his contributions to a 
number of fields were numerous and sig-
nificant. Among his many activities was 
the direction of research and development 
in the fields of radar, electronic counter-
measures, Doppler and phase-locked re-
ceiver techniques, radio astronomy, radio-
celestial navigation, antennas, and me-
chanical engineering. He served on the 
RTCA subcommittee responsible for the 
study of the distance measuring system 
(DM E) to be recommended for civil use. He 
was awarded the IRE Fellow Award for his 
guidance of the research and development 
leading to the radio sextant, an all-weather 
navigation system which utilizes the radio 
emission of the sun and moon. 

Dr. McCoy was a member of Pi Mu Epsi-
lon, Sigma Xi, the American Physical So-
ciety, and the Institute of Navigation. 
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ABOUT WATERLOO .. . 

Shortly after Waterloo, the Duke of Well-
ington received a letter, postmarked St. Helena. 
It was from Napoleon. It read: "Excellency: 
I was amused to hear your recent remark that 
'The Battle of Waterloo was won on the 
playing fields of Eton.' To have won an en-
gagement in Belgium from a field in England, 
you must have been further lack of the battle 
lines than I thought. 

"The real reasons for my defeat were two, 
and Eton was neither. In the first place, the 
radar broke down for two hours in the heat of 

battle. Not even a Napoleon can be ex-
pected to make radar work without Boinac 
tubes.* 

"But I might easily have defeated you, 
faulty tubes and all, had I not been persuaded 
to partake of a bottle of Scotch on the evening 
before the battle. I have reason to suspect my 
drink was tainted. At any rate, on the day 
of Waterloo, I did not display my usual 
energy and decisiveness. 

"It appears, in short, that 'ou owe the 
battle to a bottle. (Signed,) N.' 

The Emperor received a brief reply by re-

turn boat. It read: "Excellency: In view 
of the fact that your loss at Waterloo appears 
to have been less a matter of Eton than of 
Drinking, I am withdrawing my original 
statement. I have released the following in 
its place, which I here submit for your ap-
proval: 

`You .:an mix Scotch and Water 
And Water and Scotch 
But don't whatever you do 
Make the mistake Napoleon did, 
And mix Scotch and Waterloo.' 

(Signed,) Wellington." 

No. .19 of a series... BOMAC LOOKS AT RADAR THROUGH THE AGES 41111MIRIMMINIIIMI 

oma,c makes the finest microwave tubes 
and components this side of Waterloo 
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rCerence cavities; crystal protectors; silicon diodes; magnetrons; klystrons; duplexers; 
pressurizing windows; noise source tubes; high frequency triode oscillators; surge protectors. 

BOMAC 1960 
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1960 IRE INTERNATIONAL 
CONVENTION RECORD 

The IRE INTERNATIONAL CONVENTION 
RECORD, containing all available Conven-
tion papers, will be published in ten parts in 
July, 1960. 

Professional Group members are entitled 
to purchase the Part sponsored by the Pro-
fessional Group to which they belong at the 
special PG rate indicated below. Other parts 
may be purchased at the IRE member rate. 

IRE members may purchase ally part at 
the IRE member rate. However, if a member 
applies for membership in the appropriate 
Professional Group at the same time that he 
places his order, he will be entitled to the 
PG rate. 

Nonmembers and libraries may place 
orders at the nonmember and library rates, 
respectively. Individuals who apply for IRE 

membership at the time they place their or-
ders are entitled to the IRE member rate. 

Subscription agencies are entitled to the 
library rate. 

Clip out the order form and return it, 
with remittance, to the Institute of Radio 
Engineers, Inc., 1 East 79 St., New York 21, 
N. Y. In ordering, be sure to refer to the 
proper columns for subjects and prices. 

Part Sessions Subject and S Professional ponsoring 
IRE Group 

Prices for Members of Sponsoring Professional 
Group ( PG), IRE Members ( M), Libraries and 
Sub. Agencies ( L), and Nonmembers ( NM) 

PG M 

$1.05 

L 

$2.80 

NM 

$3.50 1 38, 46, 53 Antennas & Propagation $0.70 

2 33, 40, 41, 48, 49 Circuit Theory 
Electronic Computers 

1.00 1.50 

1 . 50 

4.00 

4.00 

5.00 

5.00 

4.00 

6.00 

3 8, 16, 23, 32, 39 Electron Devices 
Microwave Theory & Techniques 

1 . 00 

4 1, 9, 17, 25 Automatic Control 
Information Theory 

0.80 1.20 

1.80 

3.20 

4.80 

5.60 

5 

6 

7 

8 

24, 28, 29, 30, 37, 44, 50 Communications Systems 
Space Electronics & Telemetry 

1.20 

7, 18, 22, 27, 31, 34. 35, 
42 

Component Parts 
Industrial Electronics 
Production Techniques 
Reliability and Quality Control 
Ultrasonics Engineering 

1 .40 2.10 7.00 

11, 12, 19, 20, 26„36 Audio 
Broadcast 8t Television Receivers 
Broadcasting 

1 . 00 1 . 50 

1 . 50 

4.00 

4 . 00 

5.00 

5.00 
4, 6, 15, 43, 51, 52 Aeronautical & Navigational Electronics 

Radio Frequency Interference 
Vehicular Communications 
Military Electronics 

1 . 00 

9 
2, 10, 14, 21, 47, 54 Medical Electronics 

Nuclear Science 
Instrumentation 

1 . 00 1 . 50 4.00 5.00 

10 
3, 5, 13, 45 Engineering Writing & Speech 

Engineering Management 
Human Factors in Electronics 

0.80 1.20 3.20 4.00 

$50.00 Complete Set ( 10 parts) $10.06 $15.00 $40.00 

Part 

Number of Copies 

Amount Paid 

Name (Please Print)• 

Shipping Address: 

ORDER FORM 

1960 IRE INTERNATIONAL CONVENTION RECORD 

1 2 3 4 5 6 7 8 9 10 ComSeptlete 

Total 
Remittance 
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Another breakthrough in amplifier noise reduction . . . 

3 low-noise amplifier characteristics 

RECONCILED 
Tolerc nce 

of high source — 
impedance without 

undue increase 

of noise 

voltage. 

A 

High input 

impedance 
(better than 

1 meg-ohm). 

fV5-66A_. Parameter Z 

Source 
-4-VS-68A f 

0 to 40, db, 

5 steps Gain — 10 to 80 db, 8 steps 

10 meg 2input — selectable 10 k or 10 meg 

20 cps to 2 me Freq. Rg. — 20 cps ot 180 kc 

0.7 uV RMS 
'N-is, 

11=1-0 kc 0 ohms 0.2 uV, 10k input & 1.4 uV, 10 meg input 

0.75 uV RMS " 100 ohms 0.3 uV, 10k input & 1.5 uV, 10 meg input 

0.8 uV RMS " 500 ohms 0.8 uV, 10k input & 1.6 uV, 10 meg input 

0.85 uV RMS r. 1 k 1.3 uV, 10k input & 1.7 uV, 10 meg input 

1.9 uV RMS ,r 10 k 4.2 0/, 10k input & 34 uV, 10 meg input 

5.5 uV RMS ,.. 100 k — — — 11.0 uV, 10 meg input 

10 uV RMS OF 1 meg — — — 20.0 uV, 10 meg input 

tomorrow 
is our 

yesterday 

Low 

noise-voltage, 
referred to 

shorted input. 

The three amplifier characteristics illustrated (A, B 

and C) are often considered contradictory, even irrec-

oncilable. True, there are amplifiers which exhibit 

low-noise voltage, referred to the shorted input ter-

minals. Fact is, our VS-64A still holds the record in 

this field — less than 03 mu V RMS over a 60 kc pass 
band. Also, there are many high input impedance am-

plifiers. But never before have low-noise voltage char-

acteristics and high input impedance been combined 

with a highly incompatible third stipulation: tolerance 
of high source impedance, without spoilage of premium 

shorted-input noise performance, by insertion of a com-

paratively large source impedance. 

Two new Millivac low-noise amplifiers — the VS-66A 

and VS-68A — combine all 3 of these most desirable 

characteristics to meet the demands of the Space Age 

for extended communications and control ranges. 

MILLIVAC 
1‘,11C)r.44 (C) 

COHIU 
B R r•-•4 s, 

Box 997 Schenectady, New York 
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1960 Spring Technical Conference 
HOTEL ALMS, CINCINNATI, OHIO, APRIL 12-13, 1960 

Tuesday Morning, April 12 

Opening Address: F. C. Reith, President, 
Crosley Div., and Vice President of il veo 
Corp., Cincinnati, Ohio. 

Session IA 

Panel: Missile and Space Vehicle Re-
entry. 

Chairman: Major General M. C. Dernier, 
Assistant Deputy Chief of Staff, USA F; Di-
rector, Res, and bet,. 

"The Theory of Hypersonic Re-entry," 
Di. R. Hermann, University of Minnesota, 
Director of Rosemount Research Lab., Min-
neapolis, Minn. 

"The Engineering Approaches to the 
Re-entry Problem," Dr. F. R. Ride/I, Arco 
Corp.. Research and Advanced Development 
Div., Wilmington, Mass. 

"Plasma Sheet Characteristics About a 
Hypersonic Vehicle," Dr. H. A. Lew, General 
Elec. Co., Missile and Space Systems Div., 
Philadelphia, Pa. and V. A. ',angel°, Space-
Science Labs., Moorestown, N. J. 

"Performance Capabilities of Lifting 
Hypervelocity Vehicles," Dr. R. B. Hi/den-
brand, Advanced Systems Research, Aero-
Space Div., Boeing Airplane Co., Seattle, 
Wash. 

Session 1B 

Panel: Can ComputersOut-Think People? 
Chairman: J. C. Elms, Vice President and 

General Manager, Avco Corp., Crosley Div., 
Cincinnati, Ohio. 

"One Plus One is Not Necessarily Two— 
A Tutorial Paper on Number Systems," 
A. C. Cook, Application Engineer, General 
Electric Co., Cincinnati, Ohio. 

"Resistor-Transistor Logic in a Large 
Scale Digital Computer," J. N. Conway, 
General Precision Equipment Corp., Libra-
scope Div., Burbank, Calif. 

"An All-Transistor Control Computer for 
Ballistic Missiles," W. E. Lane, The Martin 
Co., Orlando, Fla. 

"A Macro-Module Computer," S. 
Schneider, The Burroughs Corp., Paoli, Pa. 

Tuesday Afternoon—Session 2A 

Panel: Why Will Tunnel Diodes Revolu-
tionize Electronics? 

Chairman: Dr. G. Bruck, Senior Staff 
Scientist, Arco Corp., Crosley Div., Cincin-
nati, Ohio. 

"A Report on the State of the Art" E. O. 
Johnson, RCA, Semiconductor and Materials 
Div., Somerville, N. J. 

Panel Discussion: L. Cuccia, RCA, Har-
rison, N. J., N. J. Golden, Hoffman Electron-
ics Corp., El Monte, Calif.; Dr. C. S. Kim, 

General Electric Co., Syracuse, N. Y.; R. Prit-
chard, Texas Instruments, Inc., Dallas, 
Texas; Dr. A. Puce!, Raytheon Co., Waltham, 
Mass., and Dr. E. R. Steele, Hughes Aircraft 
Corp., Newport Beach, Calif. 

Session 2B 

Panel: The Use of Data Processing in 
Bio-Electronics. 

Chairman: Colonel J. P. Stapp, M.D., Di-
rector of the Aero-Space Medical Lab., 
WA DD, USA F A RDC; Past President of 
the American Rocket Society. 

"Selectively Monitoring Physiological 
Data," M. A. McLennan, Chief, Bio-Elec-
Ironies Sedion, Bio-Physics Branch, Aero-
Space Medical Lab., WADD. 

"Implications of Sotrie Recent Work with 
Skin Resistance," Captain V. H. Thaler, 
USA F (MSC), Aero-Space Medical Lab., 
WA DD. 

"A Biological Dynamic Energy Trans-
ducer," Dr. J. R. Mundie, M.D., Bio-
Acoustics Branch, A ero-Space Medical Lab., 
WA DD. 

"The Contributions of Biology to Elec-
tronic Design," Major J. E. Steele, M.D., 
USA F, MC. 

Wednesday Morning, April 13 

Session 3A 

Panel: Electronic Data Processing Cornes 
of Age ( Building Blocks). 

Chairman: R. G. Counihan, Manager, 
Micro-Machine Development, IBM Corp., 
Kingston, N. Y. 

"Magnetic Tape Techniques in Data 
Processing," B. Has/am, Avco Corp., Crosley 
Div., Electronics Research Labs., Boston, 
Mass. 

"High Speed Logic Using Low-Cost 
Mesa Transistors," R. Lohman, RCA, Semi-
conductor and Materials Div., Somerville, 
N. J. 

"A Switching Applicaiton for PN-PN 
Transistors in Data Processing Machines," 
P. A. Bunyar, IBM Corp., Kingston, N. Y. 
IBM Color Film: "The X- 15-Man into 

Space." 
"Circuit Techniques Used in the LARC 

Computer," L. M. Spandorfer, Sperry Rand 
Corp., Remington Rand Univac Div., Phila-
delphia, Pa. 

Session 3B 

Panel: Objectives and Accomplishments 
of the International Geophysical Year. 

Chairman: Dr. J. Kaplan, University of 
California, Los Angeles; Chairman of the 
U. S. National Committee of the 1957-58 
IG Y, National Academy of Sciences. 

"The Use of Rockets and Satellites as 
Tools to Aero-Space Research During the 
IGY," Dr. R. W. Porter, General Electric Co., 
Corporate Headquarters, New York, N. Y. 

"Towards Our Knowledge of the Earth," 
Dr. G. P. Woo/lard, Department of Geology, 
University of Wisconsin, Madison, Wis. 

"Physical Phenomena of the Cis-Lunar 
Space," Dr. F. Johnson, Lockheed Aircraft 
Corp., Palo Alto, Calif. 

"Oceanography and the IGY," Dr. R. R. 
Revel/c, Scripps Institute of Oceanography. . 

Luncheon Speaker: Major General M. C. 
Demler; Assistant Deputy Chief of Staff, 
USA F; Director, Res. and Dey. 

Wednesday Afternoon—Session 4A 

Panel: Inertial Guidance for Missile and 
Space Vehicle Applications. 

Chairman: Dr. C. S. Draper, Director, In-
strumentation Lab., M.I.T., Cambridge, Mass., 
Chairman, U. S. Inventor's Council. 

"Problems of Precision Inertial Velocity 
Measurements," Dr. J. H. Slater, Autonetics 
Div., American Aviation, Inc., Downey, Calif. 

"Inertiallv Instrumented Interplanetary 
Guidance," il. Winter, Bell Aircraft Corp., 
Avionics Div., Inertial Development Labs., 
Niagara Falls, N. Y. 

"The Application of Inertial Guidance 
Techniques to Stabilization in Orbit," J. J. 
Klien, Lockheed Aircraft Corp., Missile Sys-
tems Div., Sunnyvale, Calif. 

"Inertial Guidance—Present and 
Future," R. C. Berendsen, General Electric 
Co., Defense Electronics Div., Pittsfield, 
Mass. 

"Inertially Derived Rate of Descent 
Measuring System," R. K. Smyth, J. W. 
Montooth, and D. D. Farnum, Autonetics 
DM., North American Aviation, Inc., Downey, 
Calif. 

Session 4B 

Panel: Electronic Data Processi ng Comes 
of Age (Systems). 

Chairman: T. H. Bonn, Senior Staff 
Scientist, Sperry Rand Corp., Remington 
Rand Univac Div., Philadelphia, Pa. 

"The 1171. Program," M. Ehlers, Beck-
man Instrument Corp., Chicago, Ill. 

"Electronic Data Processing at the At-
lantic Missile Range with Emphasis on the 
Azusa Tracking System," R. J. Pepple, 
RCA Data Reduction Center, A F Missile 
Test Center, Cape Canaveral, Fla. 

"A Radar Simulator Design Using Bi-
nary Digital Techniques," Dr. R. J. McNair, 
Amo Corp., Crosley Div., Cincinnati, Ohio. 

"COED—A Device for the Simulation 
of Man/Machine Operations," R. H. John-
son, Bendix Aviation Corp., Systems Div., 
Ann Arbor, Mich. 
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Available in quantities 1-999 from your local 

Philco Industrial Semiconductor Distributor. 

The high frequency response, together with the very low 
saturation voltage of these silicon Surface Alloy Diffused-
base Transistors (typically 0.125 V), permits practical design 
of 5 mc pulse circuits, using conventional saturated switching 
configurations. With non-saturating techniques, pulse rates 
as high as 30 mc are obtainable. The typical switching 
circuit shown above will operate satisfactorily at trigger 
pulse rates up to 15 mc. When triggered with a 4-volt pulse 
at a 10 mc rate, the rise time will be typically less than 24 
musec over a temperature range of —60°C to + 130°C. 
The typical fall time will be less than 36 mi.isec over the 
same temperature range. 

Both of these transistors have demonstrated consistently 
more stable characteristics over a wide temperature range 
than any other silicon transistors available. Both meet the 
environmental and life test requirements of MIL-S- 19500B. 

NEW, MORE COMPLETE DATA SHEETS 
The new data sheets on these transistors, 
for the first time, provide the designer with 
complete information upon which he may 
predict switching speeds in any circuit. 
They also contain the full military environ-
mental and life test specifications, in ac-
cordance with MIL-S- 19500B. Copies are 
available on request. Write Dept. IR-460. 
•Reg. LIS. Pat. Ott. 
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Third Annual Conference on Automatic Techniques 
SHERATON CLEVELAND HOTEL, CLEVELAND, OHIO, APRIL 18-19, 1960 

For the third consecutive year, the 
American Institute of Electrical Engineers, 
the American Society of Mechanical En-
gineers, and the Institute of Radio Engineers 
have joined together to co-sponsor the Joint 
Automatic Techniques Conference. 

The increasing complexity in all special-
ized fields of endeavor makes it difficult to 
identify and understand the unifying theme 
of all modern technologies—automatic 
techniques. As it is envisioned, this confer-
ence draws upon the experiences of a variety 
of industries, obtaining both a general out-
line of certain problems that have confronted 
the industries and a discussion of the auto-
matic techniques and the reasoning that was 
applied in solving the problems. Dealing 
broadly with techniques that have proved 
successful in solving practical problems, the 
conference appeal cuts across both industry 
classifications and job function categories. 

April 18 

Session 1—Automatic Manufacturing 

"Metal Forming Under Electronic Se-
quencing," E. V. Crane, Chief of Special En-
gineering, E. W. Bliss Co., Canton, Ohio. 

"Automatic Assembly," J. F. Stoltz, 

Dept. Chief., Development Engineering, Haw-
thorne Works, Western Electric Co., Chicago, 

"Numerical Control Developments," 
R. G. Chamberlain, Supervisor Program-
ming, Giddings & Lewis Machine Tool. Co., 
Fond du Lac, IVis. 

Session 2—Automatic Inspection and 
Quality Assurance 

"Automatic Gaging," H. L. Boppel, Mgr. 
Autometrology Div., Sheffield Corp., Dayton. 
Ohio. 

"Production Line Testing Programmed 
by Punched Cards," R. E. Wendt, Jr., 
Manager, Advanced Manufacturing Tech-
niques, Headquarters Manufacturing Lab.. 
Westinghouse Electric Corp., Pittsburgh, Pa. 

"Airframe Structural Integrity Testing," 
R. L. Bondurant, Project Engineer, and D. W. 
Jackson, Unit Chief, Wright Air Develop-
ment Center, Wright-Patterson A FB, Ohio. 

April 19 

Session 3—Computer Control for Utility 
and Process Industries 

"Operational Information System at 
Sterlington Steam Electric Station," J. A. 

Reine, Jr., Head, Electrical Maintenance 
Dept., Sterlington Steam Electric Station, 
Sterling/on, La. 

"Problems Encountered and Solved in 
Starting of Computer Controlled Systems," 
W. F. Aiken, Project Engineering Mgr., 
Thompson-Ramo-Wooldridge Products Co., 
Los Angeles, Calif. 

"User-Supplier Relationship in Automat-
ing a Steel Rolling Mill," C. W. Burdick, 
Electrical Env., Engineering & Construction 
Div., Lukens Steel Co., Coatesville, Pa.; N. L. 
Weckstein, Equipment Engineering, Industry 
Control Dept., General Electric Co., Raonoke, 
Va.; and R. A. Hamilton, Application Engr., 
General Electric Co., Philadelphia, Pa. 

Session 4—Automatic Warehousing 

"Automatic Baggage Handling," H. C. 
Warrington, United Air Lines, Denver, 
Colo. 

"Automation As Applied to Book Ware-
housing and Shipping," J. B. Bennett, Jr., 
Vice President, Secretary, and General Man-
ager, The Macmillan Co., New York, N. Y. 

"Automatic Palletization Facilities at 
C and H Sugar Refining Corp., "D. C. Gut-
leben, Mech. Engr., California and Hawaiian 
Sugar Refining Corp., Crockett, Calif. 

Tenth Symposium on Active Networks 
and Feedback Systems 

ENGINEERING SOCIETIES BUILDING, NEW YORK, \. Y., APRIL 19-21, 1960 

The tenth international symposium or-
ganized by the Polytechnic Institute of 
Brooklyn's Microwave Research I nstit ute 
will be held on April 19-21, 1960 in the 
Auditorium of the Engineering Societies 
Building (33 'W. 39 St.) New York, N. Y. 
This Symposium on Active Networks and 
Feedback Systems is cosponsored by the 
Professional Group on Circuit Theory of the 
IRE. The support of the Air Force Office of 
Scientific Research, the Office of Naval Re-
search and the U. S. Army Signal Research 
and Development Laboratory makes it pos-
sible to hold this event without any charge 
for admission or registration. 

This series of annual symposia has been 
attended by as many as 940 Scientists and 
Engineers in past years. Previous topics 
have included: Nonlinear Circuit Analysis 
(1953 and 1956), Modern Network Synthesis 
(1952 and 1955), Information Networks 
(1954) and four others on Millimeter Waves 
(1959), Microwave Techniques, Solid State 
Phenomena and Electronic Waveguides. 
As in the past, authorities will summarize 
the present state of the art and recent out-

standing advances will be presented by re-
search workers from university, industrial 
and government laboratories throughout the 
world. 

Abstracts of all papers, a detailed pro-
gram and registration form are available 
from The Microwave Research Institute, 
Polytechnic Institute of Brooklyn, 55 John-
son St., Brooklyn I. N. Y. 

Tuesday Morning April 19 

The State of the Art and Future Trends 

"Feedback—The History of an Idea," 
H. W. Bode, Bell Telephone Labs., Inc. 

"Active Networks—Past, Present and 
Future," J. G. Linvill, Stanford University. 

"Network Synthesis with Negative Re-
sistors," H. J. Carlin and D. C. Youla, Mi-
crowave Research Institute. 

Tuesday Afternoon 

Feedback Networks and Systems 

"The Methods of Feedback System 
Synthesis—A Survey," J. A. A seltine, Space 
Technology Labs., Inc. 

"Feedback System Evaluation," J. G. 
Truxal and E. Mishkin, Polytechnic Institute 
of Brooklyn. 

"An Appraisal and Critique of a Class of 
Adaptive Systems," I. M. Horowitz, Hughes 
Research Labs. 

"Feedback Systems with Non-Rational 
Transfer Function," A. Papoulis, Polytech-
nic Institute of Brooklyn, and Institut für 
Hochfrequenztechnik, Germany. 

"Signal Transmission in Non-Reciprocal 
Systems," J. H. Mulligan, Jr., New York 
University. 

"A New Design Approach for Feedback 
Amplifiers," M. S. Ghausi and D. O. Peder-
son, University of California. 

Wednesday Morning, April 20 

Synthesis of Active Networks 

"The lise of the Active Lattice to Opti-
mize Transfer Function Sensitivities," R. E. 
Thomas, United States Air Force Academy. 

"Necessary and Sufficient Conditions for 
the Existence of + R, C Networks," B. K. 
Kinariwala, Bell Telephone Labs., Inc. 
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Good anywhere in or out of this world 

This system adds greatly to your credit when applied 
to the development of communications, telemetering, 
control and other devices. Under terms of membership, 
a wide range of toroids, filters and related networks are 
available. These include a complete line of inductors, 
low pass, high pass and band pass filters employing the 
new micro-miniature R/CRO/D ® coils so valuable in 
transistorized circuitry. Typeilfif andfifefilICROIDS 
are micro-miniature counterparts of the popular Burnell 
types TCL and TCH low pass and high pass filters. The 
band pass filter results when cascading a TCL with a 
TCH filter. 

400 cps to 1.9 kcs — % x 1r,i6 x V2 Sizes of..frn:' and 
2 kcs to 4.9 kcs — % x 1% x 1/2 

fiegeCRO/DS 
5 kcs and up — % x x 

Weight of all MLP and MHP Microids—approx. .3 ozs. each 

Send now for your free membership card in the Space 
Shrinkers Club. And if you don't already have our 

eaknees crna 
PIONEERS IN rnicromin.atur,abon OF 
TOROIDS, FILTERS AND RELATED NETWORKS 

Catalogue #104 describing Burnell's full line of toroids, 
filters, and related networks, please ask for it. 
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"Ideal Three-Terminal Active Net-
works," A. W. Keen, Lanthester College of 
Technology, England. 

"Optimum Negative Resistance Ampli-
fiers," D. C. Youla and L. I. Smilen, Micro-
wave Research Institute. 

"Gain-Bandwidth Performance of Max-
imally Flat Negative-Conductance Ampli-
fiers," E. W. Sard, Airbourne Instruments 
Lab. 

"Synthesis of \Vide-Band Amplifiers," 
N. Dedans, Cornell University. 

"High Selective Bandpass Filters Using 
Negative Resistances," M. Kawakami, 
Takeshi Yanagisawa and II. Shibayama, 
Tokyo Institute of Technology, Japan. 

Wednesday Afternoon 

Active Network Concepts 

"Physical Realizability of an Active Im-
pedance," M. Debar!, Société Alsacienne de 
Constructions Mécaniques, France. 

"Generalization of the Frequency-Power 
Formulas of Manley and Rowe," P. Pen-
field, Jr., M.I.T. 

"Bounds on Natural Frequencies of 

Linear Active Networks." C. A. Desoer and 
E. S. Kuh, University of California. 

"Design of Circuits to Tolerate a Range 
of Transistor Parameters," P. E. Merritt, 
Stanford Research Institute. 

"Polytype-Port Active Devices and Net-
works," E. E. Loebner, RCA Labs. 

"Topology and Linear Transformation 
Theory in Active Network Synthesis," E. A. 
Guillemin, M.I.T. 

"Formal Realizability of Linear Net-
works," Y. Oono, Kyushu University, Japan. 

Thursday Morning, April 21 

Time Variable Networks 

"Simulation of Orthogonal Functions," 
C. V. Jakowatz, Geneial Electric Research 
Lab. 

"A Modified Form of the MeIlin Trans-
form and Its Application to the Optimum 
Final Value Control Problem," J. Peschon, 
Stanford Research Institute. 

"The Synthesis of Models for Time-
Varying Linear Systems," J. B. Cruz, Jr. 
and M. E. Van Valkenburg, University of 
Illinois. 

"Periodic Solutions of Nonlinear Differ-
ential Systems," L. Cesan, Purdue Univer-
sity, and Math Res. Group, University of Wis-
consin. 

"On the Properties of an Active Time-
Variable Network: The Coherent Memory 
Filter," J. Capon, Federal Scientific Corp. 

"Acquisition and Tracking Behavior of 
Phase-Locked Loops," A. J. Viterbi, Jet 
Propulsion Lab., California Institute of 
Technology. 

Thursday Afternoon 

Time-Varying Systems 

"I.inear Time Variable Transducers," 
S. Darlington, Bell Telephone Labs., Inc. 

"Perturbation Theory in Time-Varying 
Systems," A. Tonning, Norwegian Defence 
Research Establishment, Norway. 

"Amplification in Nonlinear Reactive 
Networks," W. R. Bennett, Bell Telephone 
Labs., Inc. 

Panel Discussion on Time-Varying Sys-
tems; Moderator: S. Darlington, Bell Tele-
phone Labs., Inc.; Panel: W. R. Bennett, 
L. Cesan, J. A. Ragazzini, A. Tanning and 
R. J. Schwarz. 

Twelfth Annual SWIRECO 
SHAMROCK HILTON HOTEL, HOUSTON, TEXAS, APRIL 20-22, 1960 

Wednesday, April 20 

Session 1 A—Instrumentation I 

"The Responsibility of the Sales En-
gineer," R. C. McKinney, Allied Components 
Inc., Dallas, Tex. 

"To Buy—Or To Build—Laboratory 
Equipment," D. I. Rummer, University of 
Kansas, Lawrence. 

"Instrumentation of an Inertial Guid-
ance System," G. W. Fuller and D. A. Scott, 
Jr., Chance Vought Aircraft, Dallas, Tex. 

"Analog Troque Control of Rate Sensi-
tive Inertial Components Using a Frequency 
Modulated, Heterodyne Read-Out System," 
E. P. Fitzgerald, Chance Vought Aircraft, 
Dallas, Tex. 

Session 1B—Neurophysiology and EEG 

"A Low Cost Method of Securing Inte-
grated EMG in Real Time," II. M. Hanish, 
Litton Industries, Los Angeles, Calif. 

"A Three Channel Electromyograph 
with Synchronized Slow Motion Photog-
raphy," R. W. Vreeland, el al., University of 
California, Medical Center, San Francisco. 

"An Active Low- Pass Filter for Bio-
logical Potential Amplifiers." G. White, 
White Instrument Lab., A ust in, Tex. 

"Analysis of Neuronal Soma Action 
Potentials by the Method of Multiple Paired 
Echoes," R. M. Morrell, Montreal Neuro-
logical Inst., Montreal, P.Q. 

"Short Duration I lormonic Analysis of 
EEG Data," E. S. Krendel, Franklin Inst., 
Philadelphia, Pa. 

Welcoming Luncheon 

Speaker: Dr. R. L. Mt Farlan, Presiden 
of IRE. 

Wednesday Afternoon 

Session 2A—Instrumentation II 

"Automatic Testing of Radio Command 
Guidance Equipment," B. C. Hooker, Chance 
Vought Aircraft, Dallas, Tex. 

"A Digital Timing System for Airborne 
Application," G. P. DuBose and C. E. 
Grubbs, Temco Aircraft, Dallas, Tex. 

Special Bandpass Filters for Instrutnen-
tation and Control Systems," A. N. Mc-
Gown, Jr., White Instrument Labs., Austin, 
Tex. 

"A \Vide Band Squaring Circuit," R. 
Gaertner, Texas Instruments Inc., Dallas, 
Tex. 

"The Energy Necessary for Exploding 
Fine Wires Electrically." S. M. Vakil and 
D. L. Waidelich, University of Missouri, 
Columbia. 

Session 2B—Neurophysiology and EEG II 

"Signal Theory Applied to the Analysis 
of Electroencephalograms," E. Lowenberg, 
University of Texas, Austin. 

"Period Analysis of the Electroencephal-
ogram," N. R. Burch, H. E. Childers, and 
W. A. Spoor, Baylor University College of 
Medicine, Houston, Tex. 

"Averaging and Correlation Techniques 
Applied to Neurophysiological Measure-
ments," H. W. Shi pion, State University of 
Iowa, Iowa City. 

"An Automatic Device to Convert Elec-
troencephalograph Records into Digital 
Form," M. G. Saunders, Winnipeg General 
Hospital, Winnipeg, Man. 

"Expanded Network Concepts for An-
alyzing Bioelectric Potentials," B. Saltzberg, 
Ramo-Wooldridge, Los Angeles. Calif. 

Wednesday Evening 

Session 3A—Space Physiological 
Instrumentation 

"Requirements of Physiological Instru-
mentation for Missile Flight," W. Great-
batch, Taber Instrument Corp., North Tona-
wanda, N. Y. 

"An Automatic Physiological Telem-
etry and Data Conversion System," C. A. 
Steinberg, W. E. Sullivan, and J. T. Farrar, 
Airborne Instrument Labs., Mineola, N. Y. 

Round Table Discussion on Space 
Medicine. 

Thursday Morning, April 21 

Session 4A—Computers 

"Instrumentation of an Analog Seismic 
Correlator," L. C. Cummings, Jr. and F. N. 
Tunas, Humble Oil and Refining Company, 
Houston, Tex. 

"A Real Time Auto Correlator," S. D. 
Hays, Convair, San Diego, Calif. 

"Description of Rice Institute Com-
puter," Dr. M. Graham, Rice Inst., Houston, 
Tex. 

"Engineering Details of Rice Institute 
Computer Memory," T. Schulz, Rice Inst., 
Houston, Tex. 
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C;eaxiat 

CrUe 
is a vital part of 

the Air Force 

Automatic-Tracking 

Antenna System! 

The powerful TLM-18 telemetry antenna now 
in service at the Air Force Missile Center, 
Cape Canaveral, Fla., is used for the auto-
matic tracking of missiles and earth satellites. 
This huge "mechanical ear," specifically de-

signed by Radiation, Inc., Melbourne, Fla., 
has an effective data reception range of over 
1000 miles. 

One of the key parts of this highly sensitive 
device is the MI", 50 ohm, aluminum sheathed 
Styroflex® coaxial cable that links the 60-foot 
parabolic reflector to the receivers. The task 

of carrying missile-to-earth signals from the 
antenna to the control building demands a 

low-loss, high frequency cable with a high 
signal to noise ratio. 

The remarkable characteristics of Styroflex® 
cable not only meet these rigid specifications 

but also have extra operational advantages, 
including long operating life under severe 

conditions and stable electrical properties 
during wide temperature variations. 

Styroflex® coaxial cable has earned an out-
standing record for these qualities in a variety 
of industrial, mass communication and tele-

metering applications. Perhaps this cable can 
answer your particular high frequency cable 
problem. We invite your inquiry. 

PHELPS DODGE COPPER PRODUCTS 

CORPORATION 

300 Park Avenue, New York 22, N.Y. D 
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"Engineering Details of Rice Institute 
Computer Control Section." P. Deck, Rice 
Inst., Houston, Tex. 

Session 4B—Biophysics I 

"An Interpretation of the Effects of At-
mospheric Ions on Behavior," A. H. Fray, 
General Electric, Ithaca, N. Y. 

"A Non-Dispersive Infrared Gaseous 
CO2 Analyzer for Physiological Studies" 
L. E. Baker, Rice Inst., Houston, Tex. 

"Digital Print-Out System for Whole 
Body Scanner," J. W. Beattie and G. C. 
Bradt, Sloan-Kittering Inst. for Cancer Re-
search, New York, N. Y. 

"The Use of Flying Spot Scanning Tech-
niques and Medical Research," L. Hundley 
and P. OB. Montgomery, University of Texas 
Southwest Medical School, Dallas, Tex. 

"An Analog Computer Model for the 
Study of Electrolyte and Water Flows in the 
Extracellular and Intracellular Fluids," 
W. H. Pace, Jr., Tulane University, New 
Orleans, La. 

Medical Electronics Luncheon 

Speaker: Dr. H. Strughold, U. S. Air 
Force School of Medicine, San Antonio, l'ex. 

Thursday Afternoon 

Session SA—Semiconductor Materials and 
Thermoelectricity 

"Methods of Characterizing Semicon-
ductor Surfaces," C. G. Peattie, Texas Instru-
ments Inc., Dallas, Tex. 

"Semiconductor Material Chemistry," 
R. E. Johnson, Texas Instruments Inc., 
Dallas, Tex. 

"Fundamentals of Thermoelectric Power 
Generation," T. A. Harwood, Texas Instru-
ments Inc., Dallas, Tex. 

"Thermostat i ng a Thermoelectric 
Cooler," R. Marlow, Texas Instruments Inc., 
Dallas, Tex. 

"Control Circuit for Thermoelectric De-
vices," A. R. Orsinger, Texas Instruments 
Inc., Dallas, Tex. 

Session 5B—Broadcasting 

"Transistors in T. V. Receivers," R. 
Webster, Texas Instruments Inc., Dallas, 
Tex. 

"Low Power Television Broadcast Tech-
niques," M. Zimmerman, Electron Corp., 
Dallas, Tex. 

"The Ohms-Law Phasor," L. J. N. 
du Trie!. 

"Directional Antennas for VHF Tele-
vision Broadcasting," H. H. Westcott, RCA, 
Camden, N. J. 

"Propagation Characteristics of High 
VHF Signals in the Immediate Vicinity of 
Trees," Dr. A. H. LaGrove, University of 
Texas, Austin, Tex. 

Session SC—Biophysics II 

"Electronic and Computer Techniques 
in the Diagnosis of Cardiovascular Disease," 
W. E. Tones, W. J. Carbery and C. A. Stein-
berg, Airborne Instruments Lab., Mineola, 
N. Y. 

"Automation of Total Physiological 
Sensor Systems; A Reliability and Informa-
tion Content Study," B. J. Bittner and 
W. S. Musgrove, The Kaman Aircraft Corp., 
Colorado Springs, Colo. 

"Factor Analytic Methods in Medical 
Research," L. W. Gaddis and W. B. Michael, 
University of So. California, Los Angeles. 

Periodogram and Autocorrelogram Esti-
mates of Physiologic Circadian Periodicity 
by Electronic Computers—Their Use and. 
Limitations," F. Halberg, M.D., University 
of Minnesota Medical School, Minneapolis. 

"The Micro-Coulomb Method of Ozone 
Measurement," G. M. Mast, Mast Develop-
ment Co., Davenport, Iowa. 

Friday Morning, April 22 

Session 6A—Transistor Applications 

"Therinister Compensation of Tran-
sistorized Crystal Oscillators," O. J. Baltzer, 
Textran Corp., Austin, Tex. 

"A Transistorized Seismic Amplifier 
System," D. Venker, Texas Instruments Inc., 
Houston, Tex. 

"A Transistor Ferrite Core Energy 
Storer," F. M. Crum, Lamar State College of 
Technology, Beaumont, Tex. 

"Transistor Amplifier Feed-Back Sys-
tems," A. Parker, M.I.T., Lincoln, Lab., 
Lexington, Mass. 

"A Practical Approach to Transistorized 

Voltage Regulator Design," E. Wilson, 
Texas Instruments Int., Dallas, Tex. 

Session 6B—Physiology 

"The Use of Square-Wave Electromag-
netic Flow Meter to Pulse an Electrical 
Analogy of the Peripheral Arterial System," 
M. P. Spencer, Wakeforest College, Winston-
Salem, N. C. 

"Odd Problems with the Implanted Elec-
tromagnetic Blood Flow Meter: Analysis of 
Blood Stream Power Loss by Analog Com-
puters and Implanted Flow Meters," F. 
Olmsted, Cleveland Clinic, Cleveland, Ohio. 

"Remote Recording of Physiological Re-
sponses of Subjects Undergoing Large Am-
plitude Vertical Accelerations," E. S. Gor-
don, Armour Research Found., Chicago, Ill. 

"Electronic Indication of Visual Fixa-
tion Point," E. L. Thomas, Defense Research 
Board, Toronto, Ont. 

"Acoustic Properties of lsophageal and 
Artificial Larynx Speech of Laryngecto-
mies," H. L. Barney, Bell Telephone Lab., 
Murray Hill, N. J. 

Engineering Education Luncheon 

Speaker: Dr. L. Griffis, Rice Inst., 
Houston, Tex. 

Friday Afternoon 

Session 7A—Communications 

"VHF Antenna Development," T. R. 
Fouts and J. I. Humphries, Chance Vought 
Aircraft, Dallas, Tex. 

"Regulus II Missile Program Antenna 
Systems," T. R. Fouts and J. I. Humphries, 
Chance Vought Aircraft, Dallas, Tex. 

"A Retarded Surface Wave Antenna," 
E.G. Keifer, Chance Voughl Aircraft, Dallas, 
l'ex. 

"Sequential Detection Technic' ties in 
Pulse Communication and Radar," M. 
Schwartz, Polytechnic Institute of Brooklyn, 
Brooklyn, N. Y. 

"System Design of the FAA Airport 
Surveillance Radar," F. Simonds, Texas In-
struments Inc., Dallas, Tex. 

Session 7B 

Tours of medical facilities in the Houston 
area with inspection of specific equipment 
and projects. 

National Aeronautical Electronics Conference 
DAYTON BILTMORE AND PICK-M IAMI HOTELS, DAYTON, OHIO, M AY 2-4, 1960 

The Twelfth Annual " National Aeronau-
tical Electronics Conference" (NAECON) 
will be held on May 2-4, 1960 at the Dayton 
Biltmore and Pick-Miami Hotels, Dayton, 
Ohio. The theme of the Conference has been 
established as "Electronics Probes the Uni-
verse." In the light of recent events and 
those events planned for the new decade, 

this theme presents a timely background 
for the 1960 Conference. 

The formulation of the papers program 
was highlighted by two advance actions. 
First, twenty session topics appropriate to 
the conference theme were carefully se-
lected. Second, twenty men nationally prom-
inent in the respective session topics were 

invited to serve as moderators. The session 
titles and moderators are listed below. These 
two actions were closely knit by giving each 
moderator the responsibility for organizing 
and selecting the four papers that will be pre-
sented at his session. Another feature is that 
several special sessions were arranged to 
enable "sister" professions to lend a well-
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PUTTING MAGNETICS TO WORK 

Open your eyes to new amplifier designs! 
See how to combine tape wound cores and transistors 

for more versatile, lower-cost, smaller amplifiers 

Tie tape wound cores and transistors into a magnetic-
transistor amplifier, and open your eyes to new design 
opportunities. 

To start with, these are static control elements—no mov-
ing parts, nothing to wear or burn out. Next thing you 
find is that you reduce components' size—your amplifier 
is smaller and costs less. That's because between them 
the core and the transistor perform just about every cir-
cuit function .. . and then some. 

For instance? The core has multiple isolated windings. 
Thus you can feed many inputs to control the amplifier. 
The core also has a square hysteresis loop, and thus acts 
as a low loss transformer. That means you save power. 
In addition, the core can store and remember signals— 
so time delay becomes simple. 

There's no need for temperature stabilization, either. 
The transistor acts only as a low loss, fast, static switch— 
and in this function it has no peer. 

How do you want to use this superb combination? As a 
switching amplifier—or a linear one? In an oscillator? 
A power converter (d-c to d-c or d-c to a-c)? You'll have 
ideas of your own—and if they involve tape wound cores, 
why not write us? Ours are Performance-Guaranteed. 
Magnetics, Inc., Dept. P-81, Butler, Pennsylvania. 

ffIRGIIETICS inc. 
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rounded flavor to the technical program; 
these sessions are "Scientific Education," 
"Radio Astronomy," " Electric Propulsion," 
and "Magnetohydrodynamics." 

In addition to the professional sessions, 
the Conference will also feature a "Student 
Prize-Paper Session" comprised of college 
stu(lent-authors from Region IV. This new 
generation of technical people will deliver 
their papers in the English Room of the 
Biltinore Hotel on Monday, May 2, 1960, 
starting at 9 A.M. 

Monday Morning, May 2 

Session 1—Radio Astronomy 

Dr. F. T. Haddock, University of Michi-
gan. 

Session 2—Solid State Devices 

Dr. I. A. Lesk, Advanced Semiconductor 
Lab., General Electric Co. 

Session 3—Energy Conversion Systems 

Dr. A. M. Zarem, President, Elearo-
Optical Systems, Inc. 

Session 4—Ground Support 

V. de Biasi, Associate Editor, Space 
/Aeronautics Magazine. 

Monday Afternoon 

Session 5—Scientific Education 

Dr. R. Ewell, Vice-Chancellor for Re-
search. University of Buffalo. 

Session 6—Molecular Electronics 

II. V. Noble, Technical Director, Elec-
tronic Technology Lab., WA DD. 

Session 7—Space Reconnaissance Systems 

A. Katz, Electronic Department, Rand 
Corp. 

Session 8—Magnetohydrodynamics 

Dr. A. Kantrowitz, Director, A VCO Re-
search Lab. 

Tuesday Morning, May 3 

Session 9—Space Systems Integration 

I). T. McRuer. Pres., Systems Technol-
ogy. Inc. 

Session 10—Bionics 

J. E. Keto, Chief Scientist, WA DD. 

Session 11—Space Communications 

Dr. W. B. La Berge, Director of Systems 
Management, Phi/co Corp. 

Session 12—Circuits 

C. Wiley, President, Wiley Electronics 
Co. 

Tuesday Afternoon 

Session 13—Interplanetary Environment 

Dr. C. D. Jones, College of Engineering, 
Ohio State University. 

Session 14—Airborne Computers 

Dr. 1,V. Seman, Computation Lab.. 
Harvard University. 

Session 15—Guidance and Control Systems 

Major L. C. Wright ( USA Bureau of 
Research and Development, Federal. Aviation 
Agency. 

Session 16—Antennas and Propagation 

Dr. D. D. King, 1- e- President, Re-
search, Electronic CoMmunications, Inc. 

Wednesday Morning, May 4 

Session 17—Managing Space Systems 

J. R. Moore, Vice- President----General 
Manager. A utonetics. 

Session 18—Microwave Tubes 

Dr. L. .11. Fold. Director, Physics Lab., 
Hughes Aircraft Co. 

Session 19—Telemetry 

J. A. Althouse, Technical Consultant, 
Flight Control Lab., WA DD. 

Session 20—Electric Propulsion 

Dr. IF. J. O'Donnell, Republic .4viation 

1960 Western Joint Computer Conference 
JACK TAR HOTEL, SAN FRANCISCO, CALIF, MAY 3-5, 1960 

The executive committee for the 1960 
Western Joint Computer Conference has 
announced appointments to head commit-
tees preparing for the three-day conference 
1VIay 3-5 at the Jack Tar Hotel in San Fran-
cisco, Calif. 

Robert M. Bennett, Jr., of the IBM Re-
search Laboratory, San Jose, Calif., general 
chairman, has been joined by George A. 
Barnard of Ampex Corp., Redwood City, 
Calif., vice-chairman, and J. P. Fernandez 
of the IBM Product Development Lab-
oratory, San Jose, Calif., secretary-treasurer, 
in announcing the chairmanships. 

Chairman of the technical program is 
Howard M. Zeidler of Stanford Research 
Institute, Menlo Park, Calif. Program vice-

chairman is Jack E. Sherman of Lockheed 
Missile and Space Division, Palo Alto, Calif. 

Chairman of exhibits will be Harry K. 
Farrar of Pacific Telephone & Telegraph 
Co., San Francisco, Calif. 

Heading local arrangements will be Gene 
E. Morrison of Smith-Corona Marchant, 
Inc., of Oakland, Calif. 

Robert A. Isaacs and Roger ‘Vye of 
Philco Corp., Palo Alto, Calif., are chairman 
and vice-chairman for printing and mailing. 

Public relations will be headed by Charles 
Elkind of Stanford Research Institute. 
Normay J. Jones of Friden, Inc., San Lean-
dro, Calif., is public relations vice-chairman. 

D. D. Willard and Earl T. Lincoln of 
IBM Product Development Laboratory are 

chairman and vice-chairman of the publica-
tions committee. 

Heading the registration committee is 
Harold N. Wells of General Electric Com-
puter Laboratory, Palo Alto, Calif. 

Women's activities will be arranged by a 
committee headed by Mary Fraser of 
IBM Research Laboratory. 

Joint sponsors of the 1960 WJCC are the 
Institute of Radio Engineers, the American 
Institute of Electrical Engineers and the 
Association for Computing Machinery. 

Session on Computer Organization Trends 

Chairman: A. J. Critchlow, IBM, Mo-
Imnsic, N. Y. 
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No man-made memory device has 

yet equalled the human brain from 

the standpoint of combined storage 

capacity and random-access time. 

The closest approximation is LFE's 

HD Drum. Within approximately 

one cubic foot, the LFE HD Drum 

stores up to 15 million bits of 

information . . . has a random-access 

time of one-sixth of a second. 

LFE is experienced in the design, 

development and manufacture of 

Data Storage Systems for both 

military and industrial applications. 

Further details about LFE Storage 

Systems may be had by writing the 
Vice President of Marketing. Ask 

for Technical Data Digest No. 6035. 

LABORATORY FOR ELECTRONICS, INC., Boston 15, Massachusetts 

SYSTEMS, EQUIPMENT & COMPONENTS FOR 

AIRBORNE NAVIGATION • RADAR and SURVEILLANCE • ELECTRONIC DATA PROCESSING • AUTOMATIC CONTROLS • GROUND SUPPORT 



"The Historical Development and Pre-
dicted State-of-the-Art of the General Pur-
pose Digital Computer," C. Bourne and D. 
Ford, Stanford Research Institute, Menlo 
Park, Calif. 

"The Harvest System," P. 0. Herwitz 
and J. FI. Pomerene, IBM, Poughkeepsie, 
N. Y. 

"Organization of Computer Systems— 
The Fixed Plus Variable Structure Com-
puter," G. Estrin, University of California, 
Los Angeles, Calif. 

"Horizons in Computer Systems De-
sign," W. F. Bauer, Ramo-Wooldridge Corp., 
Los Angeles, Calif. 

Panelists: G. Amdahl, Aeronutronics 
Corp., Santa Ana, Calif.; M. M. Astrahan, 
IBM, San Jose, Calif.; and J. W. Leas, 
RCA, Camden, N. J. 

Session on Data Retrieval 

Chairman: R. M. Hayes, Electrada Corp. 
"A Multi-Level File Structure for Infor-

mation Processing," L. Miller, J. Minker, 
W. G. Reed, and W. E. Shindle, RCA, Lan-
caster, Pa. 

"Symbolic Logic in Language Engineer-
ing," H. M. Semarne, Douglas .4 in-raft 
Co., Inc., Santa Monica, Calif. 

"The Fact Compiler—A System for the 
Extraction, Storage, and Retrieval of 
Information," C. Kellogg, Ramo-Wooldridge 
Corp., Los Angeles, Calif. 

Panelists: to be announced 

Session on Learning and Problem Solving 
Machines 

Chairman: T. A. Kahn, M.I.T., Cam-
bridge, Mass. 

"Empircal Explorations of the Geometry 
Theorem Machine," H. Gelernter, J. R. Han-
sen, and D. W. Loveland, IBM, Yorktown 
Heights, N. Y. 

"Recognition of Sloppy Hand-Printed 
Characters," W. Doyle, M.I.T., Cambridge, 
Mass. 

"A Suggested Model for Information 
Representation in a Computer That Per-
ceives, Learns, and Reasons," P. H. Greene, 
University of Chicago, Chicago, Ill. 

Panelists: O. Selfridge, M.I.T., Cam-
bridge, Mass.; J. C. R. Licklider, Bolt, 
Beranek, and Newman, Inc., Boston, Mass.; 
and II. J. Bremermann, University of Cali-
fornia, Berkeley. 

Session on Analog Equipment 

Chairman: R. AI. Howe. University of 
Michigan, Ann Arbor. 

"Analog Time Delay System," C. D. 
Hofmann and H. L. Pike, Conrail' Astro-
nautics, Pomona. Calif. 

"DAFT: A Digital/Analog Function 
Table," R. .11. Beck and J. M. Mitchell, 
Packard Bell Computer Corp., Los Angeles, 
Calif. 

"Mathematical Applications of the Dy-
namic Storage Analog Computer," J. M. 
Andrews, Computer Systems, Inc., New York, 
N. V. 

Panelists: to be announced, 

Chairman: R. Minnick, Stanford Re-
search Institute, Menlo Park Calif. 

"Characteristics of a Multiple Magnetic 
Plane Thin Film Memory Device," K. D. 
Broadbent, S. Shohara, and G. Wolfe, Jr., 
Hughes Aircraft Co., Los Angeles, Calif. 

"Unifluxor: A Permanent Memory Ele-
ment," A. M. Renard, Aeronutronics, Van 
Nuys, Calif.; and W. J. Neumann, Reming-
ton Rand Univac„St. Paul, Minn. 

"A Rapid Access Transistor Driven Non-
Destructive Read-Out Memory," D. G. 
Fischer and T. C. Penn, Texas Instruments, 
Inc.. Dallas, Texas. 

Panelists: D. A. Meier, National Cash 
Register, Hawthorne, Calif.; and N. L. 
Kreider, Electrodata, Pasadena. Calif. 

Session on Analog Techniques 

Chairman: H. Skramstad, National Bu-
reau of Standards, Washington, D. C. 

"On the Reduction of Error in Certain 
Analog Computer Calculations by the Use 
of Constraint Equations," R. M. Turner, 
Lockheed Aircraft Corp., Burbank, Calif. 

"The Use of Parameter Influence Coeffi-
cients in Computer Analysis of Dynamic 
Systems," H. F. Meissinger, Hughes Aircraft 
Co., Los Angeles, Calif. 

"Analog Computer Techniques for Plot-
ting Bode and Nyquist Diagrams," G. A. 
Bekey and L. W. Neustadt, Space Technology 
Labs.. Inc., Los Angeles, Calf. 

Pa nelists: to be announced. 

Session on Trends in Computer Applications 

Chairman: T. W. Wilder, Broadview Re-
search Corp. 

"Trends in Computer Applications," 
J. Al. Salzer, Ramo-Wooldridge Corp., 
Canoga Park, Calif. 

"The Outlook for Machine Translation," 
F. L. Alt, National Bureau of Standards. 

"Computers for Field Artillery," L. R. 
van de Velde, Fort Sill, Okla. 

Panelists: C. E. Al iller, Electronic Com-
puting Center, Mn Francisco, Calif; A. R. 
zie, Bank of America, San Francisco, Calif.; 
and G. W. Evans, Stanford Research Insti-
tute. Menlo Park, Calif. 

Session on Logical Design 

Chairman: R. I. Tanaka, Lockheed Air-
craft Corp., Burbank, Calif. 

"Communications Within a Polymorphic 
ntellectronic System," G. P. West and R. T. 

Koerner, Ramo-Wooldridge Corp., Los An-
geles, Calif. 

"Encoding of Incompletely Specified 
Boolean Matrices," T. .4. Do/olla and E. J. 
McCloskey, Jr., Princeton University, Prince-
ton, N. J. 

"A Built-in Table Lookup Arithmetic 
Unit," R. C. Jackson, W. II. Rhodes, Jr., 
W. D. Winger, and ]. G. Brenza, IBM Corp., 
Poughkeepsie, N 1'. 

Panelists: A. Jennings, California Com-
puter Products, Downey, Calif.; D. Aufen-
kamp, General Electric Co., and B. Elspas, 

Session on Components and Techniques Stanford Research Institute, Menlo Park 
Calif. 

Session on Design, Programming and 
Sociological Implications of Micro-

electronics 

Chairman: L. Fein, Consultant, Palo 
Alto, Calif. 

"On Microelectronic Components, Inter-
connections, and System Fabrication," 
K. R. Shoulders, Stanford Research Institute, 
Menlo Park, Calif. 

"On Iterative Circuit Computers Con-
structed of Microelectronic Components and 
Systems," J H. Holland. University of 
Michigan, Ann Arbor. 

"On Programming a Highly Parallel Ma-
chine to be an Intelligent Technician," A. 
Newell, The Rand Corp., Santa Monica, 
Calif. 

"On a Potential Customer for an Intelli-
gent Technician," C. W. Churchman, Uni-
versity of California, Berkeley. 

Session on Analog Applications 

Chairman L. Wade', Chance- Vought 
Aircraft Corp., Dallas, Tex. 

".\\,\TIt.\\ — First Step in Breeding 
the I ) 1( I N. Al .0G," L. A. Ohlinger, Norair 
Division of Northrop Corp. 

"(sing an Analog Computer for Both 
Systems Analysis and Operator Training on 
the Enrico Fermi Nuclear Power Plant," 
R. Kley, Holley Carburetor Co. 

"Real-Tinte Automobile Ride Simula-
tion." R. H. Kohr, General Motors Corp. 

Panelists: to be announced. 

Session on Programming Systems 

Chairman: G. H. Mealy, Rand Corp., 
Santa Monica, Calif. 

".\ New Approach to the Programming 
Problem," W. Orchard-Hays, Corporation 
for Economic and Industrial "Research. 

"The Operator Oriented Language—A 
Computer Language," G. F. Ryckman, Gen-
eral Motors Corp. 

"A Man-to- Machine Communication 
and Automatic Code Translation," A. W. 
Holt and W. J. Turanski, Moore School of 
Electrical Engineering, University of Pennsyl-
vania, Philadelphia (on leave from Remington 
Rand Univac). 

Panelists: to be announced. 

Session on Input-Output and 
Communications 

Chairman: J. A. McLaughlin, IBA!, San 
Jose, Calif. 

"A Line- Drawing Pattern Recognizer," 
L. D. Harmon, Bell Telephone Labs., Murray 
Hill, 

"Automatic Store and Forward Message 
Switching System," J. L. Owings. T. L. 
Genetta, and J. F. Page, RCA, Camden, N. J. 

"The \Ideograph Label Printing System 
Developed for Time, Inc.," B. H. Klyce, 
Time, Inc., New York, N. Y., and J. J. Stone, 
A. B. Dick Co. 

Panelists: J. Svigals, IBM, Los Angeles, 
Calif.; and G. Warfel, Bank of America, San 
Francisco, Calif. 
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It was inevitable 

DIFFUSED SILICON DIODES FROM FAIRCHILD 
THE FIRST— An ultra-fast computer diode: 
Four mi I limicrosecond maximum reverse recovery 
time of this new FD 100 overcomes the diode-
caused speed limitations in computer circuits. Ca-
pacitance is only Zapf at zero volts bias. 

THE REASON—A need and the technology 
to serve it: Fairchild's diffused silicon transistors 
have achieved heretofore unattainable performance. 
Application of these transistors has in turn created 
the need for silicon diodes of similarly outstanding 
performance. 

THE FOLLOW UP—A broad line of high re-
liability diodes: This Fairchild FD 100 diode is 
being followed by others providing industry- leading 
standards in reliability and uniformity— backed by 
a continuing accumulation of statistical data on a 
large scale. 

4300 REDWOOD HIGHWAY • SAN RAFAEL, 

TENTATIVE SPECIFICATIONS — FAIRCHILD FD 100 
25°C Except As Noted 

Symbol Characteristic Min. Max. Conditions 

BV 

1R 
VF 

trF 

Breakdown Voltage 40 volts 

Reverse Current .100 µA 

Forward Voltage Drop 1 v 

Capacitance 2 gift 

Reverse Recovery 
Time To Ir-1 ma 

Maximum Power 200 mw. 
Dissipation 

Temp. Range Operating —65°C to 175°C 
Storage —65°C to 200°C 

IR =100 µA 

VR =30v, 25°C 

a IF =10 mA 

VR —0v 

4 mgs If — 1,—.10 ma 

For full specifications, write Dept. E-4 

SEMICONDUCTOR CORPORATION 
II 

CALIFORNIA • GLENWOOD 6-1130 • TWX SRF 26 

New York Area: Pioneer 1-4770 • Syracuse: GRanite 2-3391 • Philadelphia Area: TUrner 6-6623 

Washington, D.C.: NAtional 8-7770 • Chicago: BRawnIng 9-5680 • Los Angeles: OLeander 5•6058 
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PGMTT National Symposium 
HOTEL DEI. CORONADO, SAN DIEGO, CALIF., MAY 9-11, 1 () 6( 

Welcome and Opening Remarks 
Monday Morning, May 9 

D. Proctor, Chairman of the 1960 PGMTT 
National Symposium. 

A. A. °liner, National Chairman of the 
PGMTT. 

Session 1—Microwave Components and 
Systems 

Chairman: T. N. Anderson, F X R Inc., 
Long Island City, N.J. 

"New Developments in Microwave 
Communications Systems," C. C. Cutler, 
Bell Telephone Labs., Holmdel, N. J. 

"Mode Conversion in Helix Waveguide," 
II. G. Unger, Bell Telephone Labs., Holmdel, 
v. J. 

"Some Properties of Dielectric Loaded 
Slow Wave Structures," G. B. Walker and 
C. G. Engelfield, Univ. of British Columbia, 
Vancouver, B. C., Canada. 

"UHF Strip Transmission Line Hybrid 
Junction," I. Tatsughuchi, Bell Telephone 
Lets., Whippany, N. J. 

"A Variable Slope, Non-Dispersive Mi-
crowave Phase Shifter," G. D. Carey and 
R. E. Horda, Autonetics, Div. of North 
American Aviation, Downey, Cale 
"A \Vide-Band Turnstile Junction and 

Direction Finding Antenna," R. C. Honey 
and J. K. Shimizu, Stanford Res. Inst., 
Menlo Park, Calif. 
"Microwave Phase Analyser," K. D. 

Claborn and R. E. Jones, Bendix Radio, Div. 
of Bendix Aviation Corp., Baltimore, Md. 

Monday Afternoon 

Session 2—Parametric Amplifiers 

Chairman: A. Berk, Research Labs., 
Hughes Aircraft Co., Culver City, Calif. 

"Gallium Arsenic Point Contact Diodes," 
W. M. Sharpless, Bell Telephone Labs., 
Holmdel, N. J. 

"Characterization of Microwave Variable 
Capacitance Diodes," S. T. Eng., Develop-
ment Lab., Hughes Semiconductor Div., New-
port Beach, Calif. 

"A Perturbation Theory for Parametric 
Amplifiers," R. H. Kingston and A. L. 
McWhorter, Lincoln Lab., M.I.T., Lexing-
ton, Mass. 

"A Study of the Optimum Design of 
Wideband Parametric Amplifiers and Up-
Converters," G. L. Matthaei, Stanford Res. 
Inst., Menlo Park, Calif. 

"A Low-Noise X-Band Parametric Am-
plifier," R. D. Weglein, Research Labs., 
Hughes Aircraft Co., Culver City, Calif., and 
F. Keywell, Semiconductor Div., Hughes 
Products, Costa Mesa, Calif. 

"A Four Terminal Low Noise Parametric 
Microwave Amplifier," W. Eckhardt and 
F. Sterzer, RCA, Princeton, N. J. 

"Design and Operation of Four-Fre-
quency Parametric Up-Converters," J. A. 
Luksch, E. W. Matthews and G. A. VerWys, 
RCA, Moorestown, N. J. 

"A Study of the Iterated Traveling-
Wave Parametric Amplifier," C. V. Bell, 
Walla Walla College, College, Park, Wash. 

Monday Evening 

Session 2A—Parametric Amplifiers 

Panel Discussion: A. Berk, Research 
Labs., Hughes Aircraft Co., Culver City, 
Calif.; C. J. Carter, Space Technology Labs., 
Los Angeles, Calif.; J. C. Green, Airborne 
Instruments Lab., Melville, L.I., N. Y.; 
E. M. T. Jones, Stanford Res. Inst., Menlo 
Park, Calif.; N. Uenohara, Bell Telephone 
Labs., Murray Hill, N. J., G. Wade, Stanford 
Univ., Stanford, Calif. 

Tuesday Morning, May 10 
Session 3— Ferrites 

Chairman: N. Sakiotis, Motorola, Inc., 
Scottsdale, Ariz. 

"Non-Linear Effects in Ferrites," M. 
Weiss, Research Labs., Hughes Aircraft Co., 
Culver City, Calif. 

"Ferroxplane Type Materials at Micro-
wave Frequencies," I. Bady, U. S. Army 
Signal Res. and Dey. Lab., Fort Monniorth, 
N. J. 

"Antiferromagnetic Materials for Milli-
meter and Sub-millimeter Devices," G. S. 
Heller and J J. Stickler, Lincoln Lab., 
M.I.T., Lexington, Mass. 

"Design Problems Associated with Rec-
tangular Waveguide Reciprocal Phase-
sh ifters," A. Clavin, RA NTEC Corp, 
Calabasas, Calif. 

"Magnetstatic Modes and Ferrites with 
Conventional Waveguide Geometries," G. 
Rodrigue, Sperry Microwave Electronics Co., 
Clearwater, Fla 

"Wide Band Resonance Isolator," W. W. 
Anderson and M. E. Hines, Bell Telephone 
Labs., Murray Hill, N. J. 

"An Electrically-Variable, Reciprocal 
Ferrite Phase Shifter," R. W. Kordos and 
V. J. Mc Henry, Research Labs. Div., 
Bendix Aviation Corp., Detroit, Mich. 

Tuesday Afternoon 

Session 4—Millimeter Waves and Diode 
Applications 

Chairman: P. Vartanian, Me/abs, Palo 
Alto, Calif. 

"Millimeter Wave Generation," B. Ep-
sztein, Microwave Res. Inst., Brooklyn, N. Y. 
(on leave from Compagnie General TSF, 
France) 

"Millimeter Wave Generation by Para-
metric Methods," G. H. Heilmeier, RCA 
Labs., David Sarnoff Res. Center, Princeton, 
N. J. 

"A Pulsed Ferrimagnetic Microwave 
Generator," B. J. Elliott, T. Schaug- Petersen 
and H. J. Shaw, Stanford Univ., Stanford, 
Calif. 

"Maser Operation at Signal Frequencies 
Higher Than the Pump Frequency," F. R. 
Ames, Airborne Instruments Lab., Melville, 
L. I., N. Y. 

"Generation of Microwaves by Means of 
Esaki Diodes," R. F. Ruts, Research Labs., 
IBM, Poughkeepsie, N. Y. 

"The Large Signal Behavior of a Cavity 
Type Parametric Amplifier," F. A. Olson 
and G. Wade, Stanford Univ., Stanford, 
Calif. 

"A Solid State Microwave Source from 
Reactance Diode Harmonic Generators," 
T. M. Hyltin and K. L. Kotzebue, Texas 
Instruments, Dallas, Tex. 

Wednesday Morning, May 11 

Session 5—Microwave Propagation in 
Plasmas and Solids 

Chairman: L. Goldstein, Univ. of Illinois, 
Urbana. 

"Propagation of Waves in a Plasma in a 
Magnetic Field," W. Allis, Research Lab. of 
Electronics, M.I.T., Cambridge, Mass. 

"Plasma-Electromagnetic I n teract ion, " 
N. Marcuvitz, Microwave Res. Inst., Poly-
technic Institute of Brooklyn, Brooklyn, 
N. Y. 

"Magnetoplasma Effects in Semicon-
ductors," B. Lax, Lincoln Labs., M.I.T., 
Lexington, Mass. 

"Coherent Excitation of Plasma Oscilla-
tions in Solids," D. Pines, Univ. of Illinois, 
Urbana (work done at General Dynamics 
Corp., San Diego, Calif.) 

Panel Discussion: O. T. Fundingsland; 
Raytheon Mfg. Co., Waltham, Mass.; R. 
Gould, California Institute of Technology, 
Pasadena; H. Margenau, Yale Univ., New 
Haven, Conn.; R. F. Whitmer, Sylvania 
Electronic System, Mountain View, Calif. 

Wednesday Afternoon 

Session 6—Filters and Measurements 

Chairman: K. Tomivasu, General Elec-
tric Microwave Lab., Pal; Alto, Calif. 

"Lossy Waveguide Resonators," H. 
Riblet, Microwave Development Labs., Inc., 
Wellesley, Mass. 

"Peak Internal Fields in Direct Coupled 
Cavity Filters," L. Young, Westinghouse 
Electric Corp., Baltimore, Md. 

"Strip Transmission Line Directional 
Filter," R. L. Steven and P.E. Dorato, Air-
borne Instruments Lab., L. I., N. Y. 

"Application of the Smith Chart to 
Problems of Propagation in a Magneto-
Ionic Medium," G. A. Deschamps and W. L. 
Weeks, Univ. of Illinois, Urbana. 

"Microwave Measurements of Electron 
Attachment Rates," -V. A. J. van Lint and 
E. G. Wilkner, General Atomic, Div. of Gen-
eral Dynamics Corp., San Diego, Calif. 

"Fractional Millimicrosecond Electrical 
Stroboscope," W. M. Goodall and A. F. 
Dietrich, Bell Telephone Labs., Holmdel, 
N. J. 

The banquet speaker at the PGMTT 
National Symposium will be W. E. Edson of 
the General Electric Co., Palo Alto, Calif., 
who will speak on "Microwave Power 
Sources of the Future." 
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Oui, General Transistor offre 

GERMANIUM PNP 

2N43A MIL T 19500/18 

2N44A MIL T 19500/6 
2N331 MIL T 19500/4A 
2N404 MIL T 19500/20 
2N416 MIL T 19500/56 

2N417 MIL T 19500/57 
2N425 MIL T 19500/45 

2N426 MIL T 19500/42 
2N427 MIL T 19500/43 
2N428 MIL T 19500/44 
2N464 MIL T 19500/49 

2N465 MIL T 19500/50 
2N466 MIL T 19500/51 

2N467 MILT 19500/45 

GERMANIUM NPN 

2N358A MIL T 19500/63 

2N388 MIL T 19500/65 
2N1310 Guidance 

SILICON PNP 
2N327A 

2N328A Guidance 
2N329A Guidance 
2N1026 Guidance 

des transistors 1U 

---(1-

GENERAL TRANSISTOR CORP. 

LI 

DIODES 

General Transistor also pro-
duces high- reliability gold-
bonded diodes, three of which 
are designed to meet MIL 
requirements: 1N198, 1N277, 
and I.N281. The spec numbers 
are, respectively: MILE 1/700, 

1 993A, and 1 961. 

The semiconductors listed on 

this page are all designed to 

meet MIL specs. 

91-27 138th Place Jamaica 35, New York 



These NPN Germanium Types 

e As witness the deployment 

of General Transistors 

on projects such as: 

BMEWS 

MINUTEMAN 

POLARIS 

/HAWK 

And many other military programs. Why? Reliability. 

General Transistor is now in its fourth year of production on 

quality NPN germanium transistors. We were one of the earliest 

suppliers of germanium NPN transistors, and have from the 

beginning maintained an excellent reputation for highly reliable 
products. Listed are some characteristically fine types. 

Type No. 

Collector-Base Collector 
Punch thru 

Breakdown Cutoff Current 
Vo (Volts) 

VC80 No Its) ICO (4) 

D.C. Current 

Gain tifE 

Alpha Cutoff 
Frequency 
f.b (mc) 

2N356A 40 40 3 35 3 

2N357A 40 40 3 40 6 

2N439 40 35 3 60 8 

2N440 40 30 3 100 12 

2N446A 30 35 2 100 8 

2N4-47A 30 25 2 150 12 

2N595 35 30 2 50 5 

2N596 35 30 2 70 8 

2N1012 50 50 2 60 5 

Typical values 



Also on Military Duty or Al 
e 

...and here's a flight of high voltage types: 

2N1310 2N1311 2N1312 

DISSIPATION RATINGS: 

TOTAL TRANSISTOR 
DISSIPATION AT 25°C 

DERATING FACTOR 

STORAGE TEMPERATURE 

NPN 

GE Alloy Junction 

120 MW 

2 MW/°C 

—65°C to 85°C 

NPN 

GE Alloy Junction 

120 MW 

2 MW/°C 

—65°C to 85°C 

NPN 

GE Alloy Junction 

120 MW 

2 MW/°C 

—65°C to 85°C 

CUT-OFF RATINGS: 

COLLECTOR BASE VOLTAGE (V D) 

EMITTER-BASE VOLTAGE (VE.0) 

COLLECTOR-EMITTER VOLTAGE (V1) 
(PUNCH-THRU) 

COLLECTOR CUT-OFF CURRENT ( lco) 

EMITTER CUT-OFF CURRENT ( 1E0) 

CONDITIONS MIN TYP MAX MIN TYP MAX MIN TYP MAX 

I.:=25 µa 

4=25 µa 

1,=25 µa 

Vc80=5 

VEno=5 

90 v 

20 v 50 v 

90 v 

3 µa 7 µa 

3 µa 7 µa 

75 v 

20 v 50 v 

75 v 

3 µa 7 µa 

3 µa 7 µa 

50 v 

20 v 40 v 

50 v 

7 µa 

7 ita 

D.C. AND SWITCHING RATINGS: 

D.C. CURRENT GAIN (hF) 

D.C. BASE VOLTAGE (Vu) 

D.C. COLLECTOR VOLTAGE (VcE) 

Ic=5 ma VcE=0.25 y 20 
Ic=20 ma V0=0.25 

Ic=5 ma VcE=0.25 
I=20 ma VcE=0.25 

18=10 ma I100 ma 0.2 

0.5 v 

15 

25 

0.2 v 

0.5 I" 

20 30 

0.3 v 

0.2 v 

SMALL SIGNAL RATINGS: 

CURRENT GAIN 
COMMON EMITTER (h,) 

ALPHA CUT-OFF 
FREQUENCY (f.b) 

COLLECTOR CAPACITY (C.b) 

INPUT IMPEDANCE (h 

REVERSE TRANSFER RATIO 
OW (X 10-i) 

OUTPUT ADMITTANCE (hob) 

NOISE FIGURE (NF) 

VcE=5 y f=1 kc 
IE=1 ma 

Vc=5v IE=1 ma 

4=1 ma 
VcF=5 

VcB=5 
4=1 ma 

Vc8=5 
IE=1 ma 

Vce=5 
lE=1 ma 

Vc8=5 
lE=.1 ma 

f=1 mc 

f=1 kc 

f=1 kc 

f=1 kc 

35 

1 mc 

11 µµf 

35 n 

f=1 kc 10 db 
BW= 100 - 

15 

2 iZJ 

30 

1.5 mc 

11 µµf 

35 5/ 

10 db 

15 

2 tio 

40 

2 mc 

35 st 

10 db 

15 

21.05 

Because of the relative newness of these transistors, data is presented in detail. 

GENERAL TRANSISTOR CORP. 



Speaking of Services: GT Hi/Scope Service 

100% Lot Preconditioning 

Let's assume you have equipment which must 

undergo severe environmental conditions...be 

subjected to high mechanical shock and vibra-

tion. To be certain that all the transistors you 

intend to use will withstand this type of expo-

sure, we will set up a preconditioning program 

that will test out every single Lnit before we 

ship to you. 

Special Electrical Parameter 

Testing 

Certain transistor applications are so unusual 

that they cannot be completely described by 

standard parameters. If you are in such a posi-

tion, we will design a test fixture to closely 

approximate actual circuit performance. This 

procedure will provide assurance that 100% 

of the transistors delivered to you will perform 

satisfactorily. 

Special Reliability Testing Programs 

Must your completed systems meet a high 

reliability requirement? If so, you may wish 

special procedures to be established with 

regard to your reliability programs. This is 

another GT service. When necessary, we will 

build such transistors on a specially designed 

production line, check them exhaustively to 

hold tight parameter tolerances, and subject 

large lots to specific and unique life tests. In 

many cases, we have established a program 

so that we ship those units which have high 

survival probability in your application. These 

things we have done, and will do again, at 

your request. Sound helpful ? 

High and Low Temperature Testing 

Standard transistor parameters are generally 

controlled at room temperature. Yet many 

systems must function at other ambients. If 

you have a problem specifying electrical para-

meters at room temperature in a manner that 

will be valid at high or low temperatures, we 

are ready to assist. General Transistor is pre-

pared to run any measurements you dictate, at 

any specified ambient. We can do this on com-

plete production lots if you feel it essential. 

Cost Economies 
Through Parameter Modifications 

Yield has a strong influence on transistor cost. 

To give you the best ecoromies and at the 

same time give you the most desirable quality, 

we offer this working arrangement. At your 

request, General Transistor will suggest slight 

modifications of your specifications which 

will allow us to ship the major portion of a 

production run. We will make the necessary 

measurements and indicate what the various 

parameters should be and what proportions of 

the run will fall into preselected types. If you 

then design your system to use this production 

mix, you will benefit from some genuine 

economies. 

Circuit Design 
If you are starting on a new program, you may 

want some information on what performance 

you can expect from state-of-the-art circuits. 

We will provide you with such typical circuits 

at your request, together with data on the 

performance of our transistor types within 

these circuits. 

Special Selection on Standard 
Catalog Types 

In many instances you may find that a standard 

catalog transistor is about 90% acceptable, 

but still needs improvement in a few parame-

ters. In such a case, please ask us about the 

possibility of getting these improvements. We 

can tell you what increase in specifications is 

feasible, and produce the units to this spec. 

Thus, you get the desired parameters without 

having to redesign or wait for a custom-built 

semiconductor. 

Qualification Approvals 

Let's consider the case where you want to 

design a certain transistor into a system for 

the government, yet a government specifica-

tion does not exist for the transistor. You must 

be ready to substantiate your use of the non-

standard part. Here's what GT can do to help 

your case. We will run a qualification approval 

procedure in the same format we would for a 

military type. Then we'll provide you with this 

necessary data. This will greatly accelerate 

your approval for use of this transistor type. 

Special Coatings or Encapsulations 
In your manufacturing process, do you expose 

transistors to any kinds of solvents or potting 

materials? If so, just let us know. By using 

special highly resistant coatings, we'll make 

sure that the transistor case and markings are 

not vulnerable to solvent attacks. 

Samples with Parameter 

Measurements 
Assume you want to check out the margins in 

a design. You require upper and lower limit 

samples of a certain transistor type. We'll be 

happy to supply you with sufficient samples to 

cover the spread in one or two significant 

parameters. Thus, you can experimentally 

determine the performance of your circuit. 

Special Production Runs 
Assume that your transistor application is so 

unusual that units are not available from 

standard production. What can be done? We 

will analyze your requirements and decide 

whether it would be feasible to make a special 

production run of transistors to meet your 

needs. 

What More? 
This is our HI SCOPE service...or a large part 

of it. Our customers have found it to be 

extremely useful. We think you will, too. If 

there is something still further that interests 

you, why not get in touch with us ? Space pre-

cludes our going into too great detail here, 

but we feel sure you'll find any assistance you 

need at GT. Write or give us a phone call. 

er GENERAL TRANSISTOR CORP. 
91-27 138th Place / Jamaica 35, New York 

1056/3.60/2CM 



1960 Electronic Components Conference 
W ASHINGTON HOTEL, \\ ASHINGTON, D. C., MAY 10-12, 1960 

Tuesday Morning, May 10 

"Welcome," R. L. Henry, Jr., General 
Chairman. 

Session 1—Quo Vadis, 1970 

Nloderator: J. A. Chambers, Motorola. 
"Systems Requirements for Components 

in the Next Decade," F. Lack, EIA. 
"The Components of 1970," H. Stone, 

13ell Telephone Labs. 
"Research for Components of the Next 

Decade," R. Adm. R. Bennett, Chill' of Naval 
Research. 

Tuesday Afternoon 

Session 2—Miniature and Packaged 
Components 

Nloderator: Dr. R. M. Soria, Amp/-no! 
Electronics Co. 

"Recent Advances in Microminiaturiza-
tion, Reliable Components and Cooling Tech-
niques," G. W. A. Dummer, Royal Radar 
Establishment, Great Britain. 

"Ceramic Base I icrocircuits — A 
Heterogeneous Approach to Miniaturiza-
tion," M. H. Kahn, Sprague. 

"High Quality Ultra-Thin Film Ca-
pacitors," S. Grand, Radiation Research 
Corp. 

"Rejection Filters with Distributed 
R&C," A. Smith, Sprague. 

"2D Etched, Formed RC Circuits," J. J. 
Kinsella and F. A. Schweriz, Haloid 
Xerox Inc. 

Tuesday Evening 

Session 3—Special Commemorative Session 
—Signal Corps 100th Anniversary 

Presentation 

Moderator: V. Kublin, USA SRDL. 

Wednesday Morning, May 11 

Session 4—Microelectronic Components 
and Molecular Circuitry 

Moderator: C. W. Curtis, Hughes Air-
craft Co. 

"The Philosophy of Molecular Electron-
ics," Dr. S. W. Herwald, Westinghouse. 

"Materials for Molecular Electronics," 
Dr. Zener, Westinghouse. 

"Systems Aspects of Molecular Elec-
tronics," Dr. Sziklai, Westinghouse. 

"Microelectronics and the Systems De-
sign Engineer," J. R. Black, Motorola. 

"Preparation and Evaluation of Thin 
Film Microcircuits," J. J. Bohrer and G. N. 
Queen, IRC. 

"The Sylvania Microminiature Module," 
G. J. Selvin, Sylvania. 

"Status Report on the Micromodule 
Program," D. Mackey, J. Wentworth, RCA. 

Special Awards Luncheon 

Speaker: Maj. Gen. E. Cook, Deputy 
Chief .S'ignal Officer. 

Wednesday Afternoon 

Session 5—Advances in Components 
and Materials 

Moderator: F. Wenger, USA F-ARDC. 
"Gallium Phosphide Point Contact High 

Frequency Diodes," J. Mandelkorn, 
USA S RD L. 

"4-Laver PNPN Alloy Device," R. Fid-
ler, 13. Carla! and R. Wegner, Tung-Sol 
Electric. 

"Means of Adjusting Resistive Micro 
Elements to the Desired Resistance Value," 
R. C. Langford, Weston Instruments. 

"A Germanium Tunnel Diode," T. R. 
Selig, GE, Syracuse. 

"Physics of Thin Resistive Films," R. 
Conklin, Wright- Patterson AFB, E. R. 
Olson, Ha/ex, Inc. 

"Ferromagnetic and Ferroelectric Ce-
ramics; Matching Characteristics to System 
Needs," Dr. H. W. Welch, Jr., Motorola. 

"Investigation of Columbium, as an Elec-

trolytic Capacitor Anode," C. Peabody and 
A. Lunchick, USASRDL. 

"Ruggedized Traveling Wave Tubes for 
Missile Use," C. E. Bradford and J. P. 
Laico, Bell Telephone Labs. 

Thursday Morning, May 12 

Session 6—Magnetic Components for 
Memory, Logic and Amplification 

Moderator: K. Preston, Bell Telephone 
Labs. 

"New Magnetic Devices for Digital 
Computers," D. H. Looney, Bell Telephone 
Labs. 

"The Ferrite Sheet Memory," R. H. 
Meinkan, Bell Telephone Labs. 

"Lesser Known Properties of Ferrite 
Multiapertured Cores," U. F. Gianela, Bell 
Telephone Labs. 

"Reproducibility of Electrodeposited 
Thin Film Memory Arrays," I. W. Wol.f, 
GE, Syracuse. 

"Magnetic Rod Memory," D. A. Meier, 
National Cash Register. 

"Counter-Wrapped Twistor," R. F. 
Fische and P. Mallery, Bell, Telephone Labs. 

"The Amplifying Properties of Evapo-
rated Magnetic Films," D. W. Moore, 
Servomechanisms, Inc. 

Thursday Afternoon 

Session 7—Achievements in Component 
Reliability 

Moderator: L. Podolsky. 
"DOD Presentation on Components Re-

liability Programs," P. S. Darnell, leading a 
Panel Discussion. 

"Reliability Analysis of an Electronic 
Switching Center," W. P. Karns, Stromberg-
Carlson. 

"Electronic Parts and Reliability Assur-
ance," W. H. von Alven, A RI NC Research 
Corp. 

"Reliability Analysis of Resistor Drift 
Characteristics," B. R. Schwartz, RCA. 
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YOU want to 
amplify 

microvolt-level 
data signals with 

0.1% accuracy... 
and 2,uv stability... 
from DC to 40 KC... 

Choose a KIN TEL 
Widehand DC Amplifier 

The KIN TEL 112A simplifies the design of data 
measurement systems, offers more bandwidth 
and accuracy, reduced maintenance, and none 
of the capacitive balance problems inherent in 
AC carrier equipment. Drift <2 µV for hundreds 
of hours. Gain is 20 to 2000. Gain accuracy is 
0.5%, can be set to 0.01% on individual gain 
steps. Output is -±45 volts and up to 40 ma, 
bandwidth 40 kc, input impedance 100,000 ohms. 
Plug-in attenuators permit use as an integrator, 
+1 amplifier, etc. There's no better way to 
obtain extremely accurate measurement of dy-
namic physical phenomena. Price: 112A with 
112A-A adjustable gain plug-in $625, single am-
plifier cabinet $ 125, six amplifier module $295. 

Representatives in all major cities 

KIN TEL 
- _ 

LcCr=.OrJIcs NC 

5725 Kearny Villa Road, San Diego 11, California 
Phone: BRowning 7.6700 

Industrial 
Engineering Notes 

ASSOCIATION ACTIVITIES 

Dr. Lawrence W. Von Tersch, head pf 
the Electrical Engineering Department at 
Michigan State University, has been 
elected President of the National Electron-
ics Conference scheduled for October 10-
12 at the Hotel Sherman in Chicago. Other 
officers named for the 16th annual NEC, 
in which EIA will participate, were: Ex-
ecutive Vice President, Joseph J. Gershon 
of DeVry Technical Institute; Secretary, 
James H. Kogen of GPE Controls, Inc., 
Treasurer, Dr. Harold E. Elkhorn of Uni-
versity of Notre Dame; Assistant Treas-
urer, Robert J. Parent of University of 
Wisconsin. Elected as NEC Chairman of 
the Board was William O. Swinyard, Vice 
President of Hazeltine Research, Inc. 
Committee chairmen elected were: Ar-
rangements, Benjamin G. Griffith, Tele-
type Corporation; Exhibits, John S. 
Powers, Bell and Howell Company; Fel-
lowship Award, Orville I. Thompson, De-
Vry 'Technical Institute; Finance Policy, 
Dr. John D. Ryder, Michigan State Uni-
versity; Housing, Juergen Roedel, Halli-
crafters Company and International Activ-
ities, George E. Anner, University of Illi-
nois. 

FCC ACTIONS 

The FCC has declined to establish a 
TASO-type organization to complete the 
technical studies of the National Stereo-
phonic Radio Committee as requested by 
EIA on October 15. In a letter to Presi-
dent Hull the FCC stated it wished to pro-
ceed expeditiously with FM stereo and 
that it proposed to issue a Notice of Pro-
posed Rule Making shortly after March 15. 
President Hull had requested the commis-
sion to establish a Government-supervised 
committee similar to the Television Allo-
cations Study Organization in response to a 
request from NSRC and on authorization 
of the EIA Board of Directors. NSRC has 
been unable to complete its studies, he told 
the FCC, because of the non-participation 
of RCA and CBS on legal grounds. He ex-
pressed the belief that these companies 
would participate if a TASO-type group 
were formed. Just what effect the Com-
mission's refusal will have on the future 
work of NSRC was not immediately clear 
but will be determined within the next 
week or so. The NSRC was formed early in 
1959 and carried on extensive technical 
studies under Chairman C. G. Loyd and 
Dr. W. R. G. Baker as Chairman of the 
Administrative Committee. . . . The FCC 
has asked that $2,250,000 of its $ 13,500,-
000 budget request for 1961 be earmarked 
for the most thorough review of UHF yet. 
Although plans have not been firmed up 
for the 2-year study, an FCC spokesman 
said last week the investigation would go 
considerably beyond previous ones on the 
feasibility of moving all or part of TV from 

VHF to UHF. Both transmitting and re-
ceiving operations would be covered. 
Much of the work would probably be 
contracted to private engineering firms, 
EIA learned. The commission also asked 
for $796,645 for research and work on fre-
quency allocation matters. The total re-
quest increased by $2,950,000 over the 
1960 appropriation. 

M I L1TARY ELECTRONICS 

The Navy has made its first public 
demonstration of a new communications 
system which uses the moon as a pas-
sive reflector or relay of radio signals. 
The Moon Relay included teletypewriter 
communications between Washington and 
Hawaii, via the moon, and facsimile trans-
missions using the same method. Admiral 
Arleigh A. Burke, Chief of Naval Opera-
tions said: "The new Moon Relay com-
munications system is the result of many 
years of Navy development utilizing the 
the moon—the least expensive satellite 
known to man." The pilot circuit, linking 
Washington and Hawaii, is an outgrowth 
of the Navy's communication project 
Moon Relay, established in 1956 to de-
velop an experimental communications 
system for evaluation of the moon relay 
technique under operational conditions. 
Capabilities of this experimental system 
presently include multi-channel teletype-
writer and facsimile modes of operation. 
Experimental work is also being done in 
voice communications, but at lower 
priority. 

SPACE LAUNCHINGS 

A precise calendar of upcoming space 
shots was presented by Dr. Abe Silver-
stein, NASA's Director of Space Flight 
Programs. These major scientific, com-
munications, and meteorological launch-
ings through FY 1963 total just under 30 
and include JUNO II, THOR-ABLE, 
SCOUT, DELTA, THOR-AGENA B, and 
ATLAS-AGENA B vehicles. Launchings 
leading up to interplanetary probes in 1963 
in the vicinity of Venus and Mars, using 
the CENTAUR vehicle, will begin this 
year with three interplanetary shots using 
the THOR-ABLE. Next year, nine lunar 
launchings will be made using the DELTA, 
ATLAS-ABLE, and ATLAS-AGENA B, 
and four lunar shots will be made in 1962 
employing the ATLAS-AGENA. The first 
launch of a payload specifically designed for 
the acquisition of meteorological data, 
known as TIROS, will be fired this sum-
mer, Dr. Silverstein detailed. This will be 
followed sometime in late 1961 or 1962 by 

(Continued on page 40A) 

* The data on which these NOTES are based were 
selected by permission from Weekly Reports, issues 
of January 25 and February I published by the 
Electronic Industries Association whose helpfulness 
is gratefully acknowledged. 
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Which of these 

APPLICATION 
NOTES 
can help you? 

#16 WAVES ON TRANSMISSION LINES 

#17 SQUARE WAVE AND PULSE TESTING 

#18 INTRODUCTION TO SOLID STATE DEVICES 

#21 MICROWAVE STANDARDS PROSPECTUS 

#27 BASIC MICROWAVE MEASUREMENTS 

#29 CONVENIENT METHOD FOR MEASURING 
PHASE SHIFT 

3(11 MEASUREMENT OF CABLE 
CHARACTERISTICS 

#34 AC CURRENT MEASUREMENTS 

#36 SAMPLING OSCILLOGRAPHY 

#37 MONITORING A RADIO TRANSMITTER 
SIGNAL WITH AN hp 120A OR 
130B OSCILLOSCOPE 

#38 MICROWAVE MEASUREMENTS 

FOR CALIBRATION LABORATORIES 

#39 STANDARDS CALIBRATION 
PROCEDURES 

#40 HEWLETT-PACKARD ELECTRONICS 
INSTRUMENTATION FOR 
TRANSDUCER APPLICATIONS 

The above involve both theoretical and " how to do it" information, 

illustrated, complete, designed for swift practical application to 

your problem. These and all other APPLICATION NOTES are 
available by calling your 0f representative, or writing hp direct. 
No charge, no obligation. 

HEWLETT-PACKARD COMPANY 
I0240 PAGE MILL ROAD • PALO ALTO, CALIFORNIA, U.S.A. 

CABLE " HEWPACK" • DAVENPORT 5-4451 
HEWLETT-PACKARD S.A., RUE DU VIEUX BILLARD NO. 1, GENEVA 

CABLE " HEWPACKSA" TELEPHONE ( 022) 26. 43. 36. 

FIELD REPRESENTATIVES IN ALL PRINCIPAL AREAS 

62 ,0 

.....rean-zcw-r-row   
j. 
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...01.4EERING TN. FUTURe 

Rion 
advancement 
in instrument 

design 

VERSATILE 
MULTI-RANGE 
METER TESTER Model M-2 

... POWER SUPPLY ... LIMIT BRIDGE 

Precise, self-contained unit for laboratory and pro-
duction use. For DC instrument calibration from 25 
ua full scale to 10 ma full scale, and 0-100 VDC; 
sensitivity and resistance measurement; DC current-

voltage source; limit or bridge measurements from 
0-5000 ohms. Regulated power supply. Stepless 
vacuum tube voltage control. Accuracy exceeds Vscra 
(current), V2 ohm or 1/2 % (resistance). For 115V, 60 
cycle AC. Complete — needs no accessories. Bulletin 

on request. Marion Instrument Division, Minneapolis-
Honeywell Regulator Co., Manchester, N. H., U.S.A. 
In Canada, Honeywell Controls Limited, Toronto 17, 

Ontario. 

Honeywell 
tCL 

TAPER PIN TERMINAL BOARDS 

EASY TO 

MOUNT AND STACK 

Barriers across both faces increase 
creepage path; elongated holes 
facilitate mounting; nesting pro-
jection and recess aid stacking. 
Brass receptacles provide low con-
tact resistance. 14 lbs. min. pull out 
with standard solderless taper pins. 
Molding compound is MAI-60 (Glass 
Alkyd) of MIL-M- 14E. 

New single row Taper Pin Ter-
minal Board available in 10 or 20 
feed-thru type taper receptacles, 
single and double feed-thru con-
nections. Ideal for computer and 
data processing programming, 
multi-channel communications 
systems, etc. 

TPB-20-S 

Gen- Pro boards have passed Navy 
2,000 ft. lb. high shock requirements 
as specified by MIL-S-901B. 

WRITE NOW FOR FURTHER DETAILS 

GENERAL PRODUCTS CORPORATION 
Over 25 Years of Quality Molding 

UNION SPRINGS, NEW YORK TWX No. 169 

  Industrial 
Engineering Notes 

(Continued front rage 38.4) 

a second version of the sanie payload, with 
additional sensing equipment, kmiwn 
NIMBUS. This later satellite will contain 
more instrumentation than TIROS and 
will be stabilized so that the sensors will 
point at the earth throughout the flight 
path, he said. Passive communicatiim ex-
periments known as PROJECT EC110— 
reflecting radio signals from one ground 
transmitting station to another—will " re-
ceive considerable attention in the months 
ahead," Dr Silverstein said. But he cau-
tioned that neither meteorological nor 
communications experiments "in the next 
several years should be considered as an 
early approach to an operational system." 
Rather, he said, these "are experiments 
aimed at furthering the science and tech-
nology in these areas. Operational systems 
will come later and only after the problems 
have been identified and solved." In pre-
senting a broad picture of the national 
space exploration program, NASA's Depu-
ty Administrator Hugh L. Dryden said the 
development of meteorological satellites is 
one of its most important goals. "Still in 
the earliest R&D stage as regards the in-
strumentation," he noted, "the results al-
ready obtained open new vistas to the fore-
caster and research scientist alike." Dr. 
Dryden supported the testimony of Mr. 
Horner. 

Professional fl .4 

Group Meetings 

AERONAUTICAL AND 
NAVIGATIONAL ELECTRONICS 

Akron—December 8 

"Methods of Continuous Radar Per-
formance Monitoring," L. H. Fisher, 
Polytechnic Res. & Dev. Co. 

Boston—January 13 

"Digital Computers for Doppler Data," 
E. Ostroff, Lab. for Electronics, Inc. 

Oklahoma City—December 22 

"The FAA Air Surveillance Radar 
ASR-4," F. W. Simonds, Texas Instru-
ments. 

ANTENNAS AND PROPAGATION 

Boston—January 13 

"A Circular-Linear Polarized Shaped-
Beam Airport Surveillance Radar Anten-
na," A. J. Simmons and C. A. Lindberg, 
TRG, Inc. 

"Measurements of Lunar Reflectivity 
Using The Millstone Radar," G. H. Pet-
tengill, M. I. T. Lincoln Lab. 

(Continued on rage 44A) 
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Here are the plain facts! 
. why it pays to specify and use dependable 

BUSS FUSES 
IT'S A FACT! By specifying BUSS fuses, you 

obtain the finest electrical protection possible — and 
you help safeguard the reputation of your product for 
quality and reliability. 

IT'S A FACT! BUSS fuses have provided 
dependable electrical protection under all service 
conditions for over 45 years—in the home, in industry 
and on the farm. 

IT'S A FACT! To make sure BUSS fuses will 
give your equipment maximum protection, every one 
made is tested in a sensitive electronic device. Any fuse 
not correctly calibrated, properly constructed and right 
in all physical dimensions is automatically rejected. 

IT'S A FACT! Whatever your fuse require-
ments, there's a dependable BUSS or FUSETRON 
fuse to satisfy them. Sizes from 1 500 ampere up and 
there's a companion line of fuse clips, blocks and fuse-
holders. 

IT'S A FACT! The BUSS fuse engineering staff 
will work with you to help you find or develop the best-
suited to your needs. This places the world's largest 
fuse revearch laboratory and its personnel at your 
command to save you engineering time. 

For more information on BUSS and FUSETRON 
Small Dimension fuses and fuseholders, write today for 
Bulletin SFB. 

BUSSMANN MFG. DIVISION, McGraw-Edison Co. University at Jefferson, St. Louis 7, Mo. 

BUSS Fuses are made to protect - not to blow, needlessly. 
BUSS makes a complete trine of fuses for home, farm, commercial, 

electronic, efectricat,. outomolíve and industrial use. 

TRUSTWOR et , MIMES 
ILECTRICA PlIOTECTION 

ticURNi 
fill 
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Oscilloscope Camera 

A completely new oscilloscope record-
ing cantera is introduced by Beattie-Cole-
man, Inc., 1082 N. Olive St., Anaheim, 
Calif. Known as the " Minute Man Oscillo-
tron," it features a Polaroid® Land back 
providing either 60 second prints or trans-
parencies. Attaches to any 5" Oscilloscope. 
Swings out, lifts off for accessibility. Light 
and compact, it is a precision instrument 
built for continuous duty. Wollensak 
75nun f/2, 8, f/I.9 standard or f/I.9 flat-
field lenses are interchangeable. 

Of modular design, it can instantly be 
converted to record a wide range of object-
to-image ratios. Can be removed from os-
cilloscope for other instrumentation pho-
tography. 

Easily attached accessories include: 
Binocular viewing hood; adapter to record 
up to 10 traces on a single frame: 35 min 
pulse camera; 35 mm continuous motion 
magazine; data chamber with watch, 
platen, and counter; data card to record 
in frame; external focusing control; electric 
shutter actuator. 

Price of the basic unit is $250.00. 

Digital Switch Assembly 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

A new modular digital switch assembly 
containing 1 to 16 thin thumbwheel 
switches in either 8, 10 or 12 positions with 
numerical readout has been designed by 
Chicago Dynamic Industries, Inc., Preci-
sion Products Div., 1725 Diversey Blvd., 
Chicago 14, Ill. Series TSD may be posi-
tioned horizontally or vertically with en-
graved numbers or designations to suit. 
The unit is available with either instantly 
replaceable printed circuit wafers for 
quick servicing and low maintenance costs, 
or with fixed wafers if removable feature is 
not required. Switches are manually op-
erated by DeWitt thumbwheels available 
in black or colors for each module. 

Immediate delivery on standard units. 
Prices range from $2.27 to $5.58 per 
module depending upon quantity and type 
of switch. 

Miniature Female Gearhead 
\ new miniature female size 11 gear-

head, Model X-1135, that affords easy 
integration of motor and potentiometers 
through the desired speed reduction has 
been developed by Bowmar Instrument 
Corp., 8000 Bluffton Rd., Fort Wayne, 
I nd. 

The Model X-1135 Gearhead features 
Bowinar's new " l'ostless" construction for 
greater shock and vibration resistance and 
lighter weight. A flange near the potenti-
ometer is an integral part of the gearhead 
housing and is provided with three tapped 
holes for mounting the entire assembly into 
the system. 

Maximum overall length, with motor 
and potentiometer as shown, is 3.780 
inches. The gearhead with adapter and 
flanges is 1.250 inches long, and it weighs 
It ounces. 

An anti-backlash arrangement may be 
provided on the potentiometer shaft to 
prevent lost motion of the unit by first as-
sembling the gearhead to standard Bureau 
of Ordnance mounting holes on the size 11 

motor. The potentiometer is then attached 
by means of standard Bureau of Ordnance 
type "dog" clamps. 

Precision Class 2 gear tolerances per 
AGMA Specification 236.04 and Precision 
ABEC Class 5 or better ball bearings are 
used in the gearhead. 

Additional details may be obtained 
front the firm. 

Inexpensive Ultrasonic 
Cleaner 

The introduction of a $99.95 ultrasonic 
cleaner, the diSONtegrator System Forty, 
by Ultrasonic Industries, Inc., 141 Albert-
son Ave., Albertson, 1..1., N.Y., will bring 
this equipment to a am group of users. 

The System Forty, a half-gallon ca-
pacity model, is the lowest priced ultra-
sonic cleaner available anywhere in the 
world. It compares in power, cleaning tank 
capacity, performance and appearance 
with other ultrasonic cleaners now selling 
for tip to ten times the price. 
The System Forty will disintegrate more 

than fifty distinct classes of soils and con-
taminants in seconds from virtually thou-
sands of different products ranging front 
surgical instruments, watches, clocks and 
false teeth to highly complex electronic 
components used in satellites and missiles. 

The System Forty includes the Model 
G-40C1, a 40 watt generator with an out-
put of 90,000 cps—a suitable frequency 
for small parts cleaning. The cabinet meas-
ures 10" L.X8" W.X5I" H. and features 
only one control knob—a simple push-pull 
activity regulation throttle. The diSONte-
grator System Forty ultrasonic cleaner 
consumes no more current than an ordi-
nary light bulb. 

The generator powers the half-gallon 
capacity cleaning tank, Model T-4-Cl, 
with working compartment measuring 51." 
L. X5I" W. X4" D. The overall dimensions 
are 61" L.X61" W.X64" H. The tank is 
heavy gauge stainless steel deep drawn 
with rounded corners. It is finished with a 
4A grade high polish to avoid soil entrap-
ment in crevices or corners, thereby assur-
ing surgical cleanliness. 

(Continued on rage 148A) 

42A WHEN WRITING TO ADVERTISERS PLEASE MENTION—PROCEEDINGS OF THE IRE April, 1960 



Creative Microwave Technologymum 

Published by MICROWAVE AND POWER TUBE DIVISION, RAYTHEON COMPANY, WALTHAM 54, MASS., Vol. 2, No. 1 

RAYTHEON "M"-TYPE BACKWARD WAVE OSCILLATORS 

Electronically tunable at high power levels 
for a wide range of microwave applications 

Where extensive frequency mobility is re-
quired, the efficient crossed-field, "Me-
type backward wave oscillator is highly 
versatile. Introduced more than eight 
years ago, it has been perfected by 
Raytheon and is now being economically 
mass produced. Hobbing of the slow-wave 
structure, a Raytheon-developed tech-
nique, assures precision construction 
necessary for consistently reproducible 
performance from tube to tube. 

Typical of the "M"-type BWO's available 
from Raytheon is the QK-634A, an X-band 
tube which features all ceramic-and-metal 
construction for reliable operation under 
extreme environmental conditions. 

The QK-634A has a nominal power output of 
200 to 250 watts and is electronically 
tunable over its entire frequency range. 
Precise determination of the radiated 
spectrum is accomplished by adjusting the 
voltage applied to either the anode or 
the sole. Amplitude modulation is also 
accomplished electronically. Small and 
compact, the QK-634A can be mounted in 
any position. 
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Other unclassified BWO's in this series 

Excellence in Electronics 

Typical Operating Characteristics--0K-634A 

Frequency Range   
Power Output   

8,150 to 11,000 Mc 
150 watts ( min.) 

200 to 250 watts ( nom.) 
Output Flange  Mates with UG40A/U 

modified for clearance holes 
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include the QK-625 and QK-659, which cover the 2,500-4,450 Mc band. 

You can obtain detailed application information 

and special development services by contacting: 

Microwave and Power Tube Division, Raytheon 

Company, Waltham 54, Massachusetts 

A LEADER IN CREATIVE MICROWAVE TECHNOLOGY 
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OPP 

INSTRUMENTATION OSCILLOSCOPE 
One Inch 

Miniaturized basic packaged panel mounting 
Cathode Ray Oscilloscope for instrumentation use 
replacing " Pointer Type" meters. Panel bezel 
matches 2" square meter. No. 90901 uses ICP1 
tube. No. 90911 uses IEP1 tube. Power supply No. 
90202 available where application requires. 

JAMES MILLEN MFG. CO., INC. 
MAIDEN 

/deed ifrt 
ANTENNA 

CONNECTIONS 

PHOTO-CELL WORK 

MICROPHONE 

CONNECTIONS 

S-101 

tif)1 / 118ASS..Ser - 

PLATING- OUR-
DISHED CADMIUM 

Pe!, Pius 11001-
11g KATE 10 20 AD. 

CEIgmn.-SItAnti - 
VACUUM WAS I. 

U Ola SIP MUSS 
WS( Pg/AO 

Dong MAU 

SUPPLIED ON 2 CONTACT TYPES 

JONES 
SHIELDED TYPE 

PLUGS 84c SOCKETS 
LOW LOSS PLUGS AND SOCKETS FOR 

HIGH FREQUENCY CONNECTIONS 

For quality construction thruout, and fine finish, see dia-
gram above. 

101 Series furnished with .4", .290". We, u• 
ferrule for cable entrance. Kr.urled nut securely fastens unit 
together. Plugs have ceramic insulation; sockets bakelite. 
Assembly meets Navy specifications. 

202 Series Phosphor bronze knife-switch type 
socket contacts ngage both sides of flat plug con-
tacts—double contact area. Plugs and sockets have 
molded bakelite insulation. 

For full details and engineering data ask for 
Jones Catalog No. 22. 

JONES MEANS PROVEN QUALITY 

P-202.CCT 

S-202-8 

HOWARD B. JONES DIVISION 
CINCH MANUFACTURING COMPANY 

CHICAGO 24, 1:_,LINOIS 
DIVISION OF UNITED- CARD FASTENER CORP 

MASSACHUSETTS 

 e 

Professional 

Group Meetings --' 

(Colitinued front rage 40A) 

Chicago—October 9 

"Combined Antenna-Mixer-Filter Cir-
cuit," E. M. Turner, Wright-Patterson 
AFB. 

Chicago—December 11 

"Some Investigations Performed on an 
Ionospheric-Scatter Test Circuit," J. D. 
Ahlgren, Page Communications Engineers, 
1 nc. 

Los Angeles—January 14 

"Power Handling of Antennas for High 
Altitude Operation," T. Morita, Stanford 
Res. Inst. 

AUDIO 

Chicago—September 11 

"Loudspeaker Enclosure Walls," P. W. 
Tappan, Warwick Mfg. Corp. 

Chicago—January 8 

"Sound Vibrations in a Magnetostric-
tive Tube," R. R. Whymark, Armour Res. 
Foundation. 

(Contglued oft page 47A) 
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SURVIVED INTACT! 
an 18-story impact... 

cushioned in urethane foams 
Unbelievable? Not to the growing list of packaging engineers 
who are specifying urethane foam to protect expensive instru-
ments, lenses, precision parts and fine tools from in-transit jars 
and jolts which often exceed G-forces in excess of an 18-story fall. 
Urethane foam is the same material auto and aircraft makers 

use for shock-absorbing safety padding. Contour cut, die cut or 
molded in place, it is the most efficient impact-absorbing ma-
terial yet invented. 

The "Kudl-Pale" a precision part storage box used in this 
demonstration, is typical of the many versatile packaging ideas 
possible with lightweight, flexible or semi-rigid urethane foams. 
Cost is low; applications infinite! 

19 Nano Products, Inc. 

Write Mobay Chemical Company for 
full details about urethane foam and 
sources of supply. 

MOBAY CHEMICAL COMPANY 
Dept. PI-1 Penn Lincoln Parkway Wast 

Pittsburgh 5, Pennsylvania 

Mobay is the leading supplier cf çuclity chemicals used in the 
mcnufacture of both polyeller nd polyester urethane foams. 

NI 0 BAY 
First in Urethan. Chemistry f-7 
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SOLA AC and DC voltage regulation 

Continuous, automatic, maintenance-free 
Sola Constant Voltage Transformers and Regulated DC 
Power Supplies provide dependable, regulated output 
voltage. Their output regulation is unaffected by wide 
variations in input voltage. 

Sola CV Transformers are static-magnetic regulators 
with completely automatic, continuous regulating action. 
Their response to variations in input voltage is usually 
1.5 cycles or less. They have no moving or renewable parts 

Sola 

Constant 

Voltage 

Transformers 

Standard Sinusoidal Type provides voltage regulation of -±- 1% 
with primary voltage variations as great as ±- 15%. With less 
than 3% total rms harmonic content in their output voltage 
wave, these units are desirable for usé with equipment having 
elements sensitive to power frequencies harmonically related 
to the fundamental. Available in nine ratings, 60va to 7.5kva. 

Normal-Harmonic Type also provides 
-±-1% regulation at somewhat less cost. 
This group has an average of 14% total 
rms harmonic content in its output volt-
ages and is suited to equipment not ex-
tremely sensitive to voltage wave shape. 
The series includes those mechanical 
designs specially engineered for use as 
built-in components. Nineteen stock 
ratings range from 15va to 10kva. 

and require no maintenance. 
Each Sola Regulated DC Power Supply incorporates 

a constant voltage transformer in combination with a 
semi-conductor rectifier and a high-capacitance filter 
section. This combination makes the power supply com-
pact, dependable, and efficient; and assures sustained 
output voltage in the face of pulse or intermittent loads, 
or heavy, short-time overloads. 

Adjustable Sinusoidal Type provides 
-±-1% regulated voltage output—one out-
put adjustable from 0-130 volts and one 
fixed at 115 volts. Has less than 3% total 
rms harmonic content in output voltage. 
Portable for use in shop or laboratory, 
or mount on standard relay rack. 

Electronic Power Type regulators provide 
-1% regulated filament voltage at 6.0 
and 6.3-volt levels; or a combination of 
plate and filament voltages regulated 
-±-3% for ±- 15% input variations. Fila-
ment regulators are available in ratings 
from 2.3 to 25 amps. One model is spe-
cially designed for portable lab or shop 
bench use; it has a 30va rating. Combina-
tion plate/filament regulators, in three 
stock sizes, are designed to operate with 
commonly-used rectifier tubes. 

Custom-designed units can be supplied in 
production quantities in ratings from ¡va 
to 25kva to suit individual specifications. 
Custom designs can include special 
mechanical structures, various voltage 
ratios, special frequencies, compensation 
for frequency variations, multiple output 
voltages, three-phase service. Units can be 
manufactured to military specifications. 

Write for Circular Il-CV for additional information on Sola Constant Voltage Transformers 

Sola Constant Voltage 

DC Power Supplies 

For intermittent...variable 

...pulse... or high-current loads 

Fixed-output-voltage designs are avail-
able in six stock models with ratings 
from 24v @ 6a to 250v @ la. They are 
extremely compact, light-weight, and 
moderately priced in proportion to their 
power output and performance. 

Write for Circular 11-DC 

SOLA 
SOLA ELECTRIC CO. 

Compact, rugged Sola Constant Voltage DC Power Supplies 
provide output regulated within-± 1% over line voltage varia-
tions as great as -± 10%. Their output contains ripple voltage 
of 1% total rms or less. They have exceedingly low output 
impedance. Output is in the "ampere" range. The high, short-
time overload capacity handles intermittent and pulse loads 
without serious voltage drop or damage to components. 

DC for additional information on Sola 

Sola Manufactures: Constant Voltage 

Constant Wattage Mercury Lamp Transformers and Fluorescent Lamp Ba/lasts 

Adjustable-output designs provide a con-
siderable range of regulated dc test volt-
ages. Accessory handles oiler portability 
and permit self-stacking. Six models are 
available with outputs ranging from 5v 
@ 7a to 400v @ 0.6a. 

Power Supplies 

Transformers. Regulated DC Power Supplies, 

A Division of Basic Products Corporation 

4633 West 16th Street, Chicago 50, Illinois, Bishop 2-1414 • In Canada, Sola Electric ( Canada) Ltd., 311 Evans Avenue, Toronto 18, Ontario 



Professional 

Group Meetings 

(Continued front page 444) 

BROADCAST AND 
TELEVISION RECEIVERS 

Chicago—September 11 

"Cold Cathode Tubes for Commercial 
Receivers," A. M. Skellett, Tungsol Elec-
tric, Inc. 

CIRCUIT THEORY 

Chic-ago— October 9' 

"Review of Variable Reactance Ampli-
fier Theory," L. L. Kocsis, Zenith Radio 
Corp. 

COMMUNICATIONS SYSTEMS 

Baltimore—December 8 

"Statistical Communication Theory," 
H. Blasbalg, Electronic Communications, 
hic. 

Chicago—October 9 

"The Sage UHF Communication-
Package, - F. W. Griffith, IL Motorol., 
nc., 

Chicago—December 11 

"Sonic Investigations Performed on an 
Ionospheric-Scatter Test Circuit," J. D. 
Algren, l'age Communications Engineer,-. 
Inc. 

Los Angeles—December 8 

"Digital Communications," C. Lind 
holm, Rand Corp. 

"Digital Communications," R. Sail-
ders, Space Electronics. 

COMPONENT PARTS 

Los Angeles—January 11 

"A New Approach to the Organization 
of a Parts, Material & Process Operation,.. 
L. Jacobs, RCA. 

ELECTRON DEVICES 

Washington—January 18 

"Status of Micro-Electronics," N. J. 
Doctor, I )iamond Ordnance Fuze Labs. 

ENGINEERING MANAGEMENT 

Chicago—November 13 

"Wha t Government and I ndustry 
Should Expect from Each Other," H. Neal, 
Cook Res. 

Chicago—December 8 

"The Future of the Electronics 111(1u:-
try," S. Weeks, Former Secretary oi 
Commerce. 

(Continued on page 484) 

When the first " Mercury" 

astronaut speaks his first 

word fripm outer space, 

it will be picked up by 

Canoga quad helix antenn 

On the basis of capability 

and past experience. 

Canoga was recently chosen 

to devebp all ground 

instrumentation antennas 

for Project Mercury... 

telemetry reception. 

communications and command 

guidance.. from 50 

to 55 units in all. 

We'll be talking to you... 

keep in touch! 

Mr= al 

0a.0000/a subE,chary 01 the Undewoo0 Coroo,ahon 

Va, Nays. Cal.fornat Fort Walton Beach. Florlda 
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BENDIX SR RACK 
AND PANEL CONNECTOR 

with outstanding resistance 
to vibration 

The Bendix type SR rack and panel electrical connector 
provides exceptional resistance to vibration. The low 
engagement force gives it a decided advantage over 
existing connectors of this type. 
Adding to the efficiency of this rack and panel con-

nector is the performance-proven Bendix "clip-type" 
closed entry socket. Insert patterns are available to 
mate with existing equipment in the field. 

Available in general duty, pressurized or potted 
types, each with temperature range of —67°F to +257°F. 

Here, indeed, is another outstanding Bendix product 
that should be your first choice in rack and panel 
connectors. 

SCINTILLA DIVISION 
SIDNEY, NEW YORK 

Resilient Inset • Solid Shell Construclon • Low 
Engagement Forces • Closed Ent's? Soc<e-s • Positive 
Contact Alignment Contacts—heavily gold plated 
Cadmium Plate—clear irridite finish • Easily Pies-
surized to latest MIL Specifications_ 

-* saner 
MIAIIION CORFU/Wu , 

Export Sales and Service: Bendix International Div., 205 E. 42nd St., New York 7, N. Y. 
Canadian Affiliates: Aviation Electric Ltd., 200 Lourentiert Blvd., Montreal 9, OJebec. 

Factory Branch Offices, Burbank, Calif.; Orlando, Florida; Chicago, Illinois; Teaneck, New Jersey; Dallas, Texas; Seattle, Washington; Waengton, D. C. 

Measure fractions of a microvolt...approaching the Johnson noise limit... 
with Beckman DC Breaker Amplifiers. These high gain, low drift amplifiers 
are insensitive to vibrations, provide fast response and feed outputs directly 
to standard recorders. This means you can measure dc and low frequency ac 
voltages which were impossible or too tedious with devices like suspension 
galvanometers. A few applications include use with ultra-precision bridge cir-
c uits for measurement of differential thermocouples, nerve voltages, and other 
extremely low voltages. For detailed specifications write for Data File 9-4-11 

*Note low noise level...less than .003 microvolt 

Beckman. 25 a 
Scientific and Process /Instruments Di1R8i011 iYEARS 

Beekouso Inotrumento, e35- 19e 

0500 Fullerton Rood, rvilertœn, CaRfornia 

Professional 

Group Meetings -' 

pc, pc 17 A) 

INSTRUMENTATION 

• 

Washington—January 11 

Panel Discussion on "The Next Ten 
Vedr,-• in Instrumentation." S. N. Alexan-

R. L. Bowman. National Heart 
Institute of NIB; T. MacAnespie, Glen L. 
Martin Co. 

EDI CAL EI.ECTRON1CS 

Boston—December 8 

"Digital Computer Techniques in the 
Study of the Nervous System," \V. A. 
Clark, Lincoln Lab. M.I.T. 

Boston—January 26 

"Engineering for Surgery," J. J. Ba-
ruch, Bolt, Beranek and Newman. 

Chicago—December 11 

"The Clinical Quantitation of Tone and 
Tremor," J. Brumlik, M.D.; H. Wachs, 
M.D.; B. Boshes, M.D.; M. L. Petrovick, 
B.S.E.E.; Northwestern University Medi-
cal School. 

(Contianed an page 50A) 
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The Most Complete Line o 

COAXIAL 
BROADBAND 
CRYSTAL 
MIXERS 

We have the answers to many unique coaxial 
mixer design requirements. 

• Broadbanding • Low VSWR • Unusual 

Frequency Combinations • Low-Noise Design 
• R.F.- L.O. - I.F. Isolation. 

The expanded line of coaxial mixers from 

EMPIRE represents the solution to these, and 

many other problems. Most types are available 

for immediate delivery from stock. 

WHAT IS YOUR SPECIAL PROBLEM? 

Balanced 
Crystal Mixer • 
Model 8CM-107E 
2500-2900 MC. 

BALANCED MIXERS, Model BCM-107 
For R.F. frequencies from 1000 to 5600 M. 
Models for push-pull or single-ended I.F. inputs. 
Featurilng, over a 15% bandwidth: 

* Input VSWR less than 1.5 to 1, without adjustment. 

* LO. noise cancellation at least 26 DS. 

* Isolation between R.F. and L.O. at least 20 Da 

* L.O. rejection at I.F. terminals at least 30 DB. 

Broadband Crystal Mixer 

Model CM- 107A2 

510-760 MC 

BROADBAND MIXERS, Model CM- I07 

For R.F. frequencies from 225 MC to 8200 MC. 

Featuring over a broad range of frequencies: 

Broadband Crystal Mixer 

Model CM- 107F 

4000-5630 MC 

* Input VSWR less than 2 to 1, without adjustment. 

* L.O. VSWR less than 2 to 1, without adjustment. 

* L.O. re,ection at I.F. output, better than 30 OB. 

* L.O. power requirements 10 MW, with adjustable injection 

feature. 

For complete data, send for Catalog 604. 

EMPIRE DEVICES PRODUCTS CORP. 
AMSTERDAM, NEW YORK 

VICTOR 2-8400 

MANUFACTURERS OF: 

FIELD INTENSITY METERS • DISTORTION ANALYZERS • IMPULSE GENERATORS • COAXIAL ATTENUATORS • CRYSTAL MIXERS 

PROCEEDINGS OF THE IRE April, 1960 
49A 



What's Behind This? 
a major advance in the state of infrared art 

by HRB-SINGER, INC. 

At long last HRB is permitted to admit openly their relationship to 
the revolutionary "Manhattan Strip," taken with IR equipment 
developed at HRB-SINGER. The map-like image was photographed 
under conditions of complete darkness. Amazingly clear, accurate 
and continuous data of the Manhattan terrain resulted. 

IR surveillance equipment which meets military requirements, is 
continually being developed and improved at HRB-SINGER. 
Although RECONOFAX, the trade name applied to HRB IR 
equipment has been employed primarily in aircraft, it could be used 
in other vehicles such as satellites for scanning areas several hundred 
miles wide. 

If you are interested in HRB's outstanding advances in the develop-
ment of new concepts and systems for reconnaissance, surveillance, 
and infrared detection—military and industrial personnel with a 
need to know, contact HRB-SINGER, Dept. L 

ELECTRONIC RESEARCH AND DEVELOPMENT In the areas oft 

Communications • Countermeasures • Reconnaissance • Human Factors • Intelligence 
• Weapons Systems Studies and Analysis • Nuclear Physics • Operations Research 
• Antenna Systems • Astrophysics 

[ER 
HRB-SINGER, INC. 

A suassolArrr OF THE SINGER MANUFACTURING COMPANY 

Science Park, State College, Pa. 

SINGER 

Professional 

Group Meetings 
.41 

(Continued from page 48A) 

M ILITARY ELECTRONICS 

Chii.ago—October 9 

"The SAGE UHF Communications 
Package," F. W. Griffith, II, Motorola, 
Inc. 

Chicago—November 13 

"What Government and Industry 
Should Expect from Each Other," H. T. 
Neal, Cook Electric. 

Indianapolis—December 10 

Election of Officers. 

orthwest Florida—December 15 

"Recent Biological Experiments in Bal-
listics Missiles," D. E. Stuliken, Naval Air 
Station. 

Philadelphia—January 19 

"Sonic Detection Techniques," J. How-
ard and H. West, Naval Air Dev. Center. 

PRODUCTION TECHNIQUES 

Boston—January 12 

"Numerical Control and its Use in In-
dustry Today," H. P. Kilroy, Concord 
Control, Inc. 

Philadelphia—January 20 

"Molectronics," G. Stria', Westing-
house Electric Co. 

"Micro-Modules," J. Wentworth, RCA. 
"Integrated Electronics," R. Lee, Tex-

as Instruments, Inc. 

SPACE ELECTRONICS 

AND TELEMETRY 

Philadelphia—January 20 

"Molectronics," G. Strull, Westing-
house. 

"Micro-Modules," Mr. Wentworth, 
RCA. 

"Micromolecular Circuits," R. Lee, 
Texas Instruments. 

Washington—November 17 

"Electrical Propulsion for Space Mis-
sions," W. Moeckel, Lewis Res. Celle. 
NASA. 

VEHICULAR COMMUNICATIONS 

Los Angeles—January 21 

"MT-59 ITT Mobile Telephone 
Equipment Design and Operation," K. 
Haase, International Telephone & Tele-
graph Co. 

Use Your 
IRE DIRECTORY! 

It's Valuable 
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FEATURES 

N EW . .. FROM INDUSTRY'S BROADEST RECTIFIER LINE 

SILICON 
CARBIDE 
FR ECT1 FI ERS 

• IMPROVED RELIABILITY AT ELEVATED 

TEMPERATURES 

• HIGHER TEMPERATURE PERFORMANCE 

TO 500°C 

• EXCELLENT RADIATION RESISTANCE 

Silicon carbide rectifiers are now available for 

productior requirements. Their inherent higher 

temperattre capabilities (to 500°C) provide 

greater reliability in existing circuitry subject 

to high ambient temperatures. Resistance to 

radiation i3 up to 100 times greater than pre-

viously available in any semiconductor rectifiers. 

SPECIFICATIONS / 500°C. RATINGS (7/ 500°C 

Peak 
Inverse 
Voltage 

Type (volts) 

Maximum 
Inverse 
Current 

lu 
(pa) 

Maximum 
Forward 
Voltage 

@ Specified 
Current 

(volts (ii' mA) 

Maximum 
Average 
Forward 
Current 

lu 
(mA) 

Maximum 
Peak 

Inverse 
Voltage 
(volts) 

TCSIO 100 500 100 100 

TCS5 50 500 100 50 

SPECIFICATIONS (9. 2rc. 

Peak 
Inverse 
Voltage 

TyPe (vol(s) 

Maximum 
Inverse 
Current 

lb 
(ma) 

Maximum 
Forward 
Voltage 

(71.1 Specified 
Current 

(volts @ mA) 

TCSIO 100 10 

TCS5 50 10 a@ too 

ffL. 

SUCON 

1 CARBIDE 

REcT7F,Rs 

- - JI— 
Write for 

Bulletin PB-70 

Tra n it ro n 
electronic corporation • wakefield, massachusetts 

e "L m "Leadership in Seiconductors SEE YOUR LOCAL AUTHORIZED TRANSI IRON DISTRIEUTOR FOR QUANTITIES FROM 1-999 



SPECIFICATIONS: 

200V 400 cps 3 phase 
200 CFM at 3/4" S.P. 
Weight: 3 lb. 8 oz. 
Ambient: 85 °C 
Life: 5000 hrs. 
Environmental MIL-E-54220 
Material MIL-E-54008 
Class F Insulation 

Our Field Engineers will gladly assist you 
in your cooling problems 

Air-Marine motors and cooling units 
have been designed and tested to 
meet the specifications of both the 
military and industry. 

air • marine motors, inc. 
,e,t.AAFj, 

'fre 
369 Bayview Ave. 2221 Barry Ave. 

Amityville Los Angeles 
L.I., N.Y. California 

O xs-
- ORS. 

in Canada AAE Limited, Weston, Ontario 

WRITE TODAY FOR OUR NEW CATALOG 

IRE People 'Iii 
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The appointment of Gordon C. Berry 
(S'43-A'47) as regional sales engineer for 
receiving tubes has been announced by 
C. Byron Fanner, 
sttutheastern region-
al sales manager of 
t he General Electric 
Receiving Tube I )e-
partment. 

In his new posi-
tion, Mr. Berry will 
prepv ide engineering 
liaison with both 
manufacturers of 
electronic equipment 
and with users of 
equipment in the 
commercial and industrial electronics field. 
For several years he has served as a dis-
trict engineer working out of Atlanta on 
two-way radio, microwave, and broadcast-
ing engineering assignments. 
A native of Huntsville, Ala., he is a 

graduate of Georgia Institute of Technol-
ogy from which he received the B.S. degree 
in electrical engineering in 1947. During 
World \Var II he served as a first lieuten-
ant in the Army Signal Corps. 

Mr. Berry is a member of the National 
Society of Professional Engineers. 

G. C. BERRY 

Glen P. Bieging (M'56) with 20 years' 
experience as an executive in military and 
industrial electronics, has joined Packard 
Bell Electronics Corp. 
as vice president, 
marketing, of the 
company's new De-
fense and Industrial 
Group, it was an-
nounced by Richard 
B. Leng, group vice 
president. 

For the last five 
years Mr. Bieging 
has been associated 
with General Elec-
tric as manager of 
product planning for the Heavy Military 
Electronics Department in Syracuse, 
N. Y., and as manager of marketing for 
the Missile and Space Vehicle Depart-
ment, Defense Electronics Division, Phila-
delphia. 

He served as an electronics officer in the 
U. S. Air Force front 1940-50, resigning 
with the permanent rank of major. During 
the Korean conflict he spent one year as 
civilian consultant to the Deputy Chief of 
Staff, Development, Headquarters USAF, 
then moved to Raytheon Manufacturing 
Co., Waltham, Mass., as assistant to the 
vice president for engineering and research. 
He subsequently served as salesmanager 
of Lavoie Laboratories, Morganville, N. J., 
and operated his own company in the elec-
tronics export field. 

G. P. BIEGING 

At Packard Bell Electronics, he will di-
rect marketing and product planning for 
the Defense and Industrial Group which 
comprises the Technical Products Divi-
sion, Packard Bell Computer Corp. and 
Physical Sciences Corp., a subsidiary 
formerly known as Technical Industries 
Corp. 

Mr. Bieging holds a B.S. degree in busi-
ness and engineering from the University 
of Minnesota and was graduated from the 
British Military College of Science. He also 
attended the Air Command and Staff 
School and the Air Communications and 
Electronic Staff Officers School. He is a 
member of the American Ordnance Assn-
dation, Air Force Association, American 
Society of Naval Engineers and the Armed 
Forces Communications Electronics Asso-
ciation. 

The New York Academy of Science an-
nounced the award to the grade of Fellow 
to Roland C. Bostrom (S'49-A'50-M'55) 
for his work in the field of Medical Elec-
tronics. 
A supervisor in the Department of 

Medical and Biological Physics of Airborne 
Instruments Laboratory, Deer Park, N. Y., 
he is known for his work on the Cytoan-
alyzer, an electronic instrument that de-
tects cancer in the shed cells of the body 
by means of the Papanicolaou smear test. 

The Cytoanalyzer is presently under 
evaluation at The National Cancer Insti-
tute of Health, Hagerstown, Md. and the 
Sloan Kettering Institute, New York, 
N. Y. This equipment has been designed 
to detect cancer of the uterus by scanning 
microscope slides bearing the specimen 
cells. 

H. Thomas Bean (M'57), Vice- Presi-
dent of Telecomputing Services, Inc., and 
General Manager of their data reduction 
operations at White Sands Missile Range 
has been elected Chairman of the Execu-
tive Committee of the Holloman Test Di-
rectors Council at the Air Force Missile 
Development Center, N. M. 

In addition to his duties as Adminis-
trator of the data reduction facility at 
Holloman Air Force Base, he is chairman 
of the Management Committee, Data Re-
duction Group, I RIG; and chairman of the 
New Mexico Advisory Committee on Sci-
entific, Engineering and Specialized Per-
sonnel. 

Mr. Bean received the B.S. degree in 
physics from Thiel College. He also has 
been an instructor in physics at Thiel Col-
lege, Chief Physicist for the 7th Naval Dis-
trict, Chief of Data Reduction at Eglin 
Air Force Base, and a member of the Tech-
nical Staff, Space Technology Labs before 
joining TSI in his present capacity. 

He is a member of the American Rocket 
Society and Instrument Society of Amer-
ica. 

(Continued on pule 36.4) 
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FAST 

SWITCHING 

plus 

HIGH CONDUCTANCE 
in 

SILICON JUNCTION 

DIODES 

A DIVISION OF 

CLEVITE 
CORPORATION 

actual size 

Reliability in volume . . . 

SWITCHING TYPES 

New circuit possibilities for low im-
pedance, high current applications are 
opened up by Clevite's switching diodes. 
Type CSD-2542, for example, switches 
from 30 ma to — 35v. in 0.5 microseconds 
in a modified IBM Y circuit and has a 
forward conductance of 100 ma minimum 
at 1 volt. 

Combining high reverse voltage, high for-
ward conductance, fast switching and high 
temperature operation, these diodes ap-
proach the ideal multi-purpose device sought 
by designers. 

GENERAL PURPOSE TYPES 

Optimum rectification efficiency rather 
than rate of switching has been built into 
these silicon diodes. They feature very 
high forward conductance and low re-
verse current. These diodes find their 
principal use in various instrumentation 
applications where the accuracy or repro-
duceability of performance of the circuit 
requires a diode of negligible reverse cur-
rent. In this line of general purpose types 
Clevite has available, in addition to the 
JAN types listed below, commercial 
diodes of the 1N482 series. 

MILITARY TYPES 

JAN 

1N457 

1N458 

1N459 

1N662 

1N663 

1N658 

1N643 

MIL- E-1/1026 

MIL- E-1/1027 

MIL- E-1/1028 

Signal Corps 

MIL- E-1/1139 

MIL- E-1/1140 

MIL- E-1/1160 

MIL- E-1/1171 

All these diodes are available for im-
mediate delivery. Write now for Bulletins 

B217A-1, B217A-2 and B217-4. 

Phone for data and prices. 

CLEVITE TRANSISTOR 
254 Crescent Street • Waltham 54, Mass. • Tel: TWinbrook 4-9330 



• Greatest versatility! 

• Highest accuracy! 

•Widest range! 

NA RDA transistorized 

POWER 
METER 

What's most important to you in a power meter? Accu-

racy? Portability? Independence from line voltage deviations? 

Wide range? Stability? Rapid warm-up? 

Not that you have to make a choice... or a compromise 

...any longer. The Narda Model 440 Power Meter gives you 

all these features! Completely transistorized and powered by 

a nickel-cadmium battery, rechargeable during operation or 

overnight, it offers two low- power scales in addition to the 

five standard scales (see below), a built-in charger with 

MODEL 440 ... $250 

state-of-charge indicator and protec:ion against overchargi-g, 

and freedom from internal heating caused by vacuun tubes. 

Moreover, the 440 provides up to 18 ma bias current, 

enabling you to use the widest selection of bolometers 

thermistors. In short, the 440 is the most ve-satile Lnit 

available to provide accurate direct- reading measuremerts 

of cw or pulsed-power autonatically, over any frequency 

range for which there are bolometer or therrnistor nourts. 

For complete data, contact your nearest Narda representative, 

or write us directly Address: Dept. PIRE-11. 

SPECIFICATIONS 

POWER RANGES: 7 SCALES 

*0.01 MW full scale   —30 to —20dbm 

*0.03 mw full scale   — 25 to — 15dbm 

0.1 mw full scale   — 20 to — 10dbm 

0.3 mw full scale  — 15 to — 5dbm 

1.0 mw full scale   —10 to Odbm 

3.0 mw full scale  —5 to -1-5dbm 

10 mw full scale   O to -1-10CIDM 

*4.5 ma bolometers give best results on these scales. 

Range Switch: 0.01 to 10 mw (full scale) 

Accuracy: 3% of full scale reading 

Bolometers & Thermistors: All 100 and 200 ohm. 

requiring up to 18 ma bias. 

Battery Charger: Built-in; continuous or overnight. 

(Battery operable 16 hrs. before recharge required.) 

4444 rieb the narda microwave corporation 
118-160 HERRICKS ROAD, MINEOLA, L. I., N. Y. • PIONEER 6-4650 
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HYSOL epezr.xy crz(r-rwcpc,l_dri cis car) so h/e 
your instiltion problems 

For over a decade HYSOL chemists and engineers have 

been helping manufacturers solve unique and intricate 

problems of insulation. As a result of this experience, 

Hysol has developed a complete line of epoxy encapsu-

lating compounds. For superior insulation, for outstanding 

moisture, chemical and abrasion resistance, for dependable 

performance . . . there's a Hysol epoxy to meet your 

specifications. Write for the HYSOL "Systems Selector." 

0 ..561 VE 

4PC' 0c, 
q 

HYS eiÀ CORPORATION • OLEAN, NEW YORK 
e 44,C: AL 

Formerly Houghton Laboratories, Inc. 

HYSOL OF CALIFORNIA HYSOL ( CANADA) LTD. 
Los Angeles, California Toronto, Ontario 

IRE People/eic 

(Continued h-oin rage 524) 

Dr. P. S. Christaldi (S'35-A'40-SM '44 
F'52) has joined G-V Controls Inc. of Liv-
ingston, N. J. as Manager of Engineering. 
He has been, since 
1956, Product Nla ' l-
ager, Nuclear Sys-
tems, for Curtiss-
Wright Corp. Prior 
to that he was asso-
dated for eighteen 
years with Allen B. 
DuMont Labora-
tories, Inc. 
H is appoint went 

represents the first 
move in a program 
of expansion and 
diversification planned by G-V Cunt rots. 
following the company's move into ly 
constructed plant in Livisigston. Prusent 
proclucts include thermal relays, electrical 
thermostats, transistorized time ( lelays. 
and wired control assemblies. 

Dr. Christaldi is past Chairman of the 
Northern New Jersey Section of the IRE, 
and the author of a number of papers in 
the electronic field and of the section on 
Oscilloscopes and Electronic Switching of 
the McGraw-Hill Industrial Electronics 
Handbook. 

I'. S. CIII:ISTALDI 

Frank K. Clark Jr. (S'48-A'51- NI '56 ) 
has been appointed chief engineer of the 
M. C. Jones Electronics Co., Inc., it was 
announced by George E. Steiner, presi-
dent of the Jones company and general 
manager of the Scintilla division of Bendix 
Aviation Corporation. 

The Jones company, a subsidiary of 
Bendix, manufactures test equipment for 
monitoring radio frequency coaxial trans-
mission lines. 

Clark joined the Bendix Radio division 
in Baltimore in 1954 and worked on the 
development of high-powered radio trans-
mitters and microwave tube applications. 
Previously he was with Electro Precision 
Products, Inc. and Hazeltine Electronics 
Corporation. 

He is a member of the American Ordn-
ance Association. In 1958 he served as sec-
retary-treasurer of the Baltimore section of 
the IRE and in 1959 was vice chairman. 
He is a 1950 graduate of the University 
of Texas with a B.S. degree in electrical 
engineering. 

The promotion of Paul W. Crapuchettes 
(M'44-F'60) to Technical Director of the 
Litton Industries Electron Tube Division 
was announced recently by Dr. Norman 
Moore, Division General Manager. 

In addition to this Senior staff position, 
he is also Manager of the Magnetron 
Product Line. 

Mr. Crapuchettes was formerly Chief 
Engineer for the Electron Tube Division. 
He has been associated with the Litton In-

(Continued on page 584) 
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AN ACHIEVEMENT IN DEFENSE ELECTRONICS 

N 

WHAT'S BEHIND 
A BMEWS RADAR? 

Years of experience—for as early as 1954, General 
Electric had conceived and developed radar equipment 
capable of detecting ballistic missiles at 1,000 miles. This 
was the forerunner of the AN/FPS-50 surveillance radar 
being provided by General Electric under subcontract to 
RCA for the Air Force Ballistic Missile Early Warning 
System ( BMEWS). 

The AN/FPS-50 radar equipment, with a range in 
excess of 2,000 miles, is a singular example of achievement 
in defense electronics. It is another milestone in General 
Electric's sustained engineering effort to develop and pro-

duce equipment to meet the unprecedented detection prob-
lems posed by ICBM's. 176-01 

73ogrese A Our Most /mpon‘ant Prot/vet 

GENERAL ELECTRIC 

DEFENSE ELECTRONICS DIVISION 

HEAVY MILITARY ELECTRONICS DEPARTMENT 

SYRACUSE. NEW YORK 



The H-58 HustIrv, America's first supersonic bomber, i.s now in production for the 
U. S. Air Force at the Fort Worth, Texas, Plant of the Convair Division of 
General Dynamics Corporation. Carrying a crew of only three, the B-58 is 
designed to operate at altitudes above 50,000 feet and is powered by jour 
General Electric J79 turbojet engines. 

Sprague Awarded Contract 
For Engineering Assistance 

On B-58 Hustler 

The abundance of electronic 

equipment fitted into the small 

dense, supersonic B-58 Hustler 

calls for comprehensive inter-

ference control engineering. To 

obtain on-the-spot assistance 

for this extremely complex en-

gineering problem, the Weapon 

System Manager for the Mach 

2 bomber at Convair's Fort 

Worth Plant has awarded a spe-

cial contract to the Interference 

Control Field Service Depart-

ment of the Sprague Electric 

Company. 

Under the terms of the con-

tract Sprague will assist Convair 

with the integration of both 

electrical and electronic equip-

ment of airborne and ground 

systems into an even more effec-

tive and reliable weapon system. 

Sprague staff engineers assigned 

to the project are already at 

work at the Fort Worth Plant. 

Sprague Interference Control 

Laboratories located in Dayton, 

Los Angeles, and North Adams, 

are supporting the Convair pro-

gram as testing and sampling 

facilities. These laboratories are 

staffed by top interference and 

susceptibility control special-

ists, and are equipped with the 

most advanced instrumentation 

and model shop facilities. 

For assistance with your 

Interference, Susceptibility, and 

Integration problems, write 

Interference Control Field Ser-

vice Manager, Sprague Electric 

Co. at 12870 Panama Street, 

Los Angeles 66, California; 

224 Leo Street, Dayton 4, Ohio; 

or 235 Marshall Street, North 

Adams, Massachusetts. 

IRE People 
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dustries Engineering Department since 
1946. Mr. Crapuchettes was graduated 
from the University of California in 1940. 

Alan F. Culbertson (A'55 -SNI'561 has 
been appointed Director of Engineering at 
Lenkurt Electric Co., I nc., Situ Carlos, 
Calif. 

He will be re-
sponsible for devel-
opment of telecom-
munications and al-
lied systems for 
commercial and gov-
ernment use, as 
well as for support-
ing engineering ac-
tivities including 
component devel-
opment and quality 
control. 

He has been with Lenkurt, a subsidiary 
of General Telephone and Electronics, 
since 1952 when he was employed as an 
applications engineer. He later was man-
ager of transmission engineering and of 
product planning. For the past year and a 
half he has headed the mobile telephone 
group which has developed and marketed 
‘iteic‘ev. systems for vehicular telephone ser-

A. F. CULBERTSON 

'reel (' ub (MA) 

KRYSTINEL 
FERRITES 

K-202 FERRITE CORES 
Now in produrtion quantities, this ferrite 
material designed esperially for use as choke 
cores, tuning cores, threaded cores, cup 
cores, in 30 ke. to 3 me. frequency range. 

• excellent magnetic properties 
• stable shock and aging characteristics 
• low permeability drift with respect to 

temperature . . . consistently uniform 

Krystinel ofters a comprehensive line of 
ferrite material., covering n wide range of 
electronic applications and frequencies. Write 
for Technical Bulletin Series 

K/ 

jec F ox ' ,Loot % ad. Po, t Cht,ter. N.Y. 

KRYSTINEL CORP. 
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Delay lines at ESCare now scheduled, 

produced and inspected under the control of a 

completely automated, electronic IBIVIIIntegrated 

Data Processing System. The new system enables 

ESC to know, within minutes, the status of every 
II 

delay line order. Vital delivery information can 

now be presented with greater precision. Statis-
III I 

tics, now immediately available on production 

runs, serve as invaluable tools in maintaining a 

consistently high quality level. Thus, a new dimen-

sion in quality and flow control is added to excep-

tional research, production and inspection 

facilities; more reasons why the world's leading 

manufacturer of custom-built and stock delay 

lines is... 

WRITE TODAY FOR COMPLETE TECHNICAL DATA. 

CORPORATION 
534 Bergen Boulevard, Palisades Park, New Jersey 

exceptional employment opportunities for engineers experienced 

in computer components...excellent profit-sharing plan. 

Distributed constant delay Imes • lumped- constant delay lines • Variable delay networks • Continuously variable delay lines • Pushbutton decade delay lines • Shift 
registers • Pulse transformers • Medium and low- power transformers • Filters of all types • Pulse- forming networks • Miniature plug-in encapsulated circuit assemblies 
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Crystals are grown by a modified 
Czochralski technique. 

Large Diameter 

SILICON 
for 

INFRARED 
Cut Domes 
and Lenses 

Silicon cut domes and lenses to 8" diameter, with IR transmission to 97% 
(coated), are now available in production and evaluation quantities. Diam-
eters up to 19" will be available in the near future. 

These significantly larger diameters can now be grown as a result of recent 
Knapic research and experimental growing programs. Temperature gradient, 
pressure, and impurity evaporation controls, as well as unique growing 
methods, are the result of original Knapic laboratory work. 

Germanium lenses and domes are also available 

SPECIFICATIONS SILICON GERMANIUM 

• Hardness 
750-2000 (Knoop) 692 (KnooP) 
Excellert Excellent 

• Index of Refraction 3.50 high 4.10 high 

• Melting point 
1420c 958 °c 
Excellent Fair 

• Density 2.3 gm/cm' 5.34 gm/cm' 

• Ease of finishing Excellent— very hard Good 

• Transmission cut-off 
About 20 microns About 23 microns 

Excellent Excellent 

• Reaction to Thermal Shock Good Good 

• Thermal conductivity Excellent Excellent 

• 60 

50 

Z 40 

1— - 30 

u) 20 

< • lo 
ce 

TYPICAL INFRARED TRANSMISSION CHARACTERISTICS OF UNCOATED 

KNAPIC-GROWN SILICON AND GERMANIUM 

2 3 4 5 6 7 8 9 10 11 

WAVE LENGTH (MICRONS) 

Also manufacturer of Silicon and Germanium cry;tals for 
solar cell and semi-conductor de,,ices. 

12 13 14 15 

Write for specifications sheet 

Knapic Electro-Physics, Inc. 
936-40 Industrial Ave., Palo Alto, Calif. • Phone: DAvenport 1-5544 

SALES 
OFFICES 

Eastern-405 Lexington Avenue, New York, N. Y. • Phone YU 6-0360 

Western- 204 South Beverly Drive, Beverly Hills, California • Phone CR 6-7175 

European—#2 Prins Frederick Hendrikla3n, Naarden, Holland • Phone .< 2959-8988 

IRE People 
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Previously, he spent six years with 
merican Telephone and Telegraph's 

Long Lines Dept. in transmission and 
equipment engineering positions. In the 
Navy he served as a communications and 
electronics officer. 

Mr. Culbertson received the B.S.E.E. 
degree from Purdue University. He is a 
member of the American Institute of Elec-
trical Engineers and Eta Kappa Nu. Ile is 
the author of many papers and articles on 
t elecommunica t ions. 

Dr. Donald A. Dunn (S'46-A'52-
s 1'56 ) has been named Director of the 
iii ii I hn'InC(I Research Division of Flitel-
\ I cCullough, Inc., 
Hianufacturer of 
Eimac electron-
power tubes. 

The new div isi' iii 
consolidating into 
an expanded pro-
gram many Eimac 
research activities, 
will headquarter in 
San Carlos, Calif. 
Conducting new and 
advanced techno-
logical research in 
present and new areas of company interest, 
it will contribute new technic-al knowledge 
I, the product development programs of 
Viinac and its subsidiaries, according to 
Executive Vice President Gould Hunter. 

Dr. Dunn, a senior research associate 
:Ind lecturer in the electrical engineering 
department of Stanford University, joined 
Eimac in 1959 as manager of the Support-
ing Research Group. He holds the B.S. de-
gree from California Institute of Technol-
ogy, class of 1946. In addition, he received 
the M.S. and Ph.D. degrees in Electrical 
Engineering and an LL. B. from Stanford. 

He is currently vice-chairman of the 
San Francisco Section of the Institute of 
Radio Engineers and is former chairman 
of the San Francisco Chapter of the Pro-
fessional Group on Electron Devices. 

4:• 

D. A. DUNN 

A. P. Fontaine, executive vice presi-
dent of Bendix Aviation Corporation, has 
allInifineed the appointments of Charles 
M. Edwards (S'41-A'43-M'45---SM'5,3) as 
his assistant and Dr. G. A. Rosselot ( A'41-
M '55) as assistant general manager and as-
sociate director of the Research Labora-
tories division of the company. 

Mr. Edwards, formerly assistant di-
rector in charge of technical activities of 
the Research Laboratories division, will be 
mainly responsible for new product devel-
opment at the corporate level, in addition 
to assisting Mr. Fontaine in other corpor-
ation activities, including engineering and 
r-esearch, sales, and patent activities. 

In 1951 he joined the staff of the Re-
search Laboratories division as a project 
engineer in charge of the development of 

(C,ntinned on page 62.-0 
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NowiliPHILCO offers the only commercially 
available fully-tested mixer diode in the 

70 KIVIC BAND 

10 KmC/SEC. 100 KMC/SEC. 

For Long- Range Space Communications 

and High Resolution Radar Applications 
Just de-classified! A proven mixer diode that, for 
the first time, makes useful the 70 KMC high fre-
quency band of the spectrum! Previously, the high-
est useful frequency was 35 KMC. The 1N2792 
is a reversible crystal designed for optimum low-
noise performance. The crystal is of integral wave-
guide construction with the diode mounted in a 
section of RG-98/U waveguide. It is hermetically 
sealed for resistance to moisture. 

It is primarily designed for high resolution radar 
applications and for long-range high altitude or 
space communications. atmospheric absorption 
prevents jamming from the ground. The Philco 
1N2792 is also well suited for EHF video detector 
applications. 

Philco design and application facilities are at 
your disposal in developing millimeter diodes to 
meet your specific requirements. For complete in-
formation, write Special Components Dept. IR 460. 

Test Frequency 69,750mc 

TYP. MAX. 

Noise Ratio, NRo  2.0 2.5 times 
Conversion Loss, Lc (Note 1)  8.4 10 d b 
RF Impedance, VSWR  1.35 2.0 times 
Crystal noise figure, NF (Note 1)  11.5 13 db 
Note 1: Based on a noise temperature of 5800° K for Roger White 
Noise Source No. GNW-V18. 

1N2792 

GERMANIUM MILLIMETER WAVE 

MIXER DIODE 

IMMEDIATELY AVAILABLE 

PHILCO. 
LANSDALE DIVSION, LANSDALE, PENNSYLVANIA 



Time Delay Relays 

DESIGNED FOR 
YOUR APPLICATIONS 

As represented above, Curtiss-Wright is manufac-

turing Time Delay Relays for your special applica-

tions. Included among the features are: 

Instantaneous resetting contacts • Chatter-free operation 

Voltage and High Temperature compensation • Snap action 

Hermetically sealed • Resistance to severe shock and vibration 

Multiple load contacts 

Our application engineers are available to assist you 

with your individual time delay requirements. Many 

of the features indicated above are presently in-

cluded in our standard relay line. 

ULTRASONIC DELAY LINES Curtiss-Wright produces 
Magnetostrictive Delay Lines featuring delays 
from 5 to 12,000 microseconds, small size, her-
metically sealed, and light in weight. Delay 
lines are designed to meet your application. 

WRITE 

FOR 

COMPONENTS 

CATALOG 

260 A 

COMPONENTS DEPARTMENT • ELECTRONICS DIVISION 

CURTISS o WRIGHT 
CORPORATION • EAST PATERSON, N.J. 

TIME DELAY RELAYS • DELAY LINES • ROTARY SOLENOIDS • DIGITAL 

MOTORS • TIMING DEVICES • DUAL RELAYS • SOLID STATE COMPONENTS 

IRE People 
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the analog computer and control equip-
ment for the Bendix three-dimensional 
flight systems simulator. In 1955 he was 
named to head the computer department 
of the division. 

He received the B.S. and M.S. degrees 
in electrical engineering from Massachu-
setts Institute of Technology, and for five 
years supervised graduate students at 
M.I.T. He is a member of the Engineering 
Society of Detroit. 

Dr. Rosselot, formerly assistant di-
rector in charge of administration of the 
Research Laboratories division, joined the 
staff of the Bendix Products division, mis-
sile section, in 1953, as staff assistant and 
director of engineering. For three years, 
before being appointed to the staff of the 
Research Laboratories division, he was di-
rector of university and scientific relations 
for the Corporation. 

From 1934 to 1953 he was associated 
with the Georgia Institute of Technology 
as director of research. In 1936 he received 
the Ph.D. degree in physics from Ohio 
State University. He is a graduate (cum 
laude) of Otterbein College. He is a mem-
ber of The American Society for Engineer-
ing Education, and the Engineering So-
ciety of Detroit. 

(Continued on row Obi I 

DEPENDABLEww' 

—FREQUENCY-
-CONTROL— 

WITH 

BASSETT 

CONTROL 
CRYSTALS 

for 

• CITIZENS BAND USE 

• AMATEUR and CAP 

• AIRLINE and AVIATION 

• TAXICAB and POLICE 

• MARINE RADIOPHONE 

• MILITARY and MISSILE USE 

plus all other requirements where 
precise and dependable frequency 
control insure successful, economi. 
col operation. 

Available for immediate delivery in any 
type, any frequency, any quantity 

Backed by Over 20 Years Experience 
Complete information and prices on request 

Engineering assistance available 

REX BASSETT, Inc. 
Subsidiary of Savoy Industries, Inc. 

BASSETT BLDG. FORT LAUDERDALE, FIA 
P. O. Box 7127 Phone 1.0gan 6-8416 
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...and it was all done with mirrors! 

Long before the Christian era, military signaling 
with bronze mirrors was standard operating procedure 

in China. This means of communication was 
used by armed forces through the centuries. 

Tropospheric scatter—the most 
advanced communications method today— 

is not done with mirrors. But it is magical how this ultra high 

frequency radio technique hops mountains, oceans 

and other geographical barriers to carry its messages far beyond the 
horizon with unprecedented reliability. 

The name Radio Engineering Laboratories, too, has been carried afar. REL 
is a pioneer in the design and construction of tropo scatter 

communications equipment. You'll find its name on the radio apparatus 
in use or on order by eight out of nine major tropo networks. 

REL's a name you'll want to remember when you need experienced solutions 
to your commercial or military radio communications problems. 

Radio Engineering laboratories•Inc 
A subsidiary of Dynamics Corporation of America 

Dept. I • 29-01 Borden Ave • Long Island City 1, NY 

Creative careers at REL 
await a few 
exceptional engineers. 
Address résumés to 
James R. Day, 
Vice President, Engineering. 
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SILICON POWER RECTIFIERS 
IRE People 

E 

35 TO 250 
AM PS 

35 100 
amps, amps 

250 
amps 

Tarzian high-current line combines 

thermal efficiency with mounting 

versatility and optional base polarity 

The low junction current density of Sarkes Tarzian's high-
current silicon power rectifiers results in longer, more reliable 
operating life. Compare these key Tarzian values with those of 
other comparably rated units, and you'll see why Tarzian 
rectifiers have won such wide acceptance among designers: 

DC CURRENT 
JUNCTION 

SIZE 
THERMAL GRADIENT 
(Junction to base) 

JUNCTION 
TEMP. RISE 

35 amps 

100 amps 

150 amps 

200 amps 

*250 amos 

.375 inch 

.75 inch 

.875 inch 

1.0 inch 

1.125 inch 

9° Centigrade 

5° Centigrade 

7° Centigrade 

9° Centigrade 

11 ° Cénticrade 

60°C Maximum 

60°C Maximum 

60°C Maximum 

60°C Maximum 

60°C Maximum 

*Available with stud mounting only 

In addition to providing for maximum cooling and larger junction 
area, Tarzian's unique case styling produces a compact, 
easily mounted rectifier available in flush or stud mounting types. 
Tarzian high-current silicon power rectifiers are also available 
from stock in your choice of negative or positive base polarity. 

For complete specifications and ordering information, 
contact your Sarkes Tarzian sales representative or write to 
Section 4574 F. Sarkes Tarzian, Inc., Semiconductor 
Division, Bloomington, Indiana. 

SARKES TARZIAN, INC. 
SEMICONDUCTOR DIVISION 

  BLOOMINGTON, INDIANA  

In Canada: 700 Weston Rd., Toronto 9, Ontario 

Export: Ad Auriema, Inc., New York City 

(Continued f roui page 624) 

James C. Elms (SM'56) has been named 
to the position of vice president and gen-
eral manager (defense operations) for the 
Crosley Division, 
vco Corporation. 

Ile will have line 
responsibility over 
all activities in the 
(rosley I ) ivision re-
lating to military 
business, and will 
coordinate and di-
rect the various ac-
tivities as they re-
late to individual 
military programs. 
:\ Ir. Elms was vice 
prusident of ground electroilics and com-
munications for the Division prior to his 
new appointment. 

Before joining Avco's Crosley Division 
ten months ago, he was with the Denver 
Division, Martin Company. as manager of 
its Avionics Department where he was re-
sponsible for the development of guidance 
and control, electronic, electrical and ord-
nance equipment for the Titan ICBM. Be-
fore joining Martin, he was manager of the 
lire control engineering department, Auto-
netics Division, of North American Avia-
tion, Inc., Downey, Calif. 

During World \Var II, he served as an 
officer in the United States Army Air 
Force and was assigned to the Air Service 
Command and then to the Armament Lab-
oratory at Wright Field, Dayton, Ohio. 

Mr. Elms is a native of East Orange, 
N. J. and Phoenix, Ariz. He holds the B.S. 
degree in physics from the California Insti-
tute of Technology and the M.A. degree in 
physics from the University of California 
at Los Angeles. He also served as Research 
Associate at UCLA in the field of geo-
physics. He holds memberships in the 
American Rocket Society (ARS), and the 
Institute of Aeronautical Sciences (IAS). 

The promotion of William Glass (A'54) 
to Manager of the Dayton. Ohio I ) istrict Of-
fice, has been an nou need by the Ampex Data 
Products Company, 
Redwood City, Cal- - 
ifornia. A division 
of Ampex Corpora-
tion, the company 
manufacturers mag-
netic tape record-
ers widely used for 
the acquisition, stor-
age and processing 
of business and sci-
entific data. The 
equipment plays a 
major part in air-
craft and missile testing. In assuming his 
new position, he will supervise technical 
sales and customer relations for the area. 

Before joining Ampex, he was with the 
Applied Science Corporation of Princeton 
(ASCOP). Earlier he did telemetry sys-
tems work for RCA's Patrick Air Force 
Base, Florida installation, and was a re-

(Continued on page 664) 

J. C. Et.ms 

W. GLASS 
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TUNING FORK 
CONTROLLED 

PRECISION 
FREQUENCY 
PACKAGES 

FROM 1.0 TO 4,000 CPS. 

Overall accuracies from ±.05% to ±.O1% over —55°C 

to +85°C range, and to ±.001% from zero °C to +75°C, 
without use of ovens. 

Silicon and germanium transistorized. Sinewave, 

squarewave and pulse outputs. 18, 20, 24, and 28 
volt DC inputs. 

Conservatively designed reliable units, potted in sili-

cone rubber and hermetically sealed, for operaton 
under MIL environmental conditions. 

PHONE EDgewood 3-1700, or TWX WBRY 5103, or 
write: 

PHILAMON LABORATORIES INC. 

90 HOPPER STREET, WESTBURY, LONG ISLAND, N.Y. 
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"A' BATIERI 
ieltslAIORS 

For 

Demonstrating and 

lesting Auto Radios 
IRM4SISIOR OR YIBROOR OPER51ED 

6 Vott or 12 vow. 

New Models o 

... Designed tor testing D.C. 

Electrical Apparatus n Regular A .0 . tines. 

Equipped with Eull•Waye Dryless, tnte 

Disc lye _— 

Rectifier, Assuring Noiserlerence-
Free Operation and teteme tong 

tile and Reliability. 

TYPE 
INPUT 

A.C. Volts 
60 Cycles 

D.C. OUTPUT 
VOLTS AMPERES 

Cont. Int. 

{6 10 201 

12 6 12r 

SHIP. 
WI. 

USER 
PRICE 

610CILIF 110 22 $49.95 • 

620C.ELIT 
6 20 40i 

110 •/' .or. 33 
12 10 20 

$66.95 

SEE YOUR JOBBER OR WRITE FACTORY 
1., NEW MODELS \ NEW DESIGNS v NEW LITERATURE 

• " A" Ba.tery Eliminators • DC•AC Inverters • Ana Radio Vibrators 

AMERICAN TELEVISION d RADIO CO, 
2uality Ploduet., SCÍICC /13/ 

SAINT PAUL 1, MINNESOTA, U. S. A. 

IRE People 

(Continued frote page rt-1.-1) 

search and development engineer for 
Hughes Aircraft, Culver City, California. 

Mr. Glass attended tin I ti'ersity of 
Illituuis, and is active in the I RE's Com-
mit tee on Telemetry and Remote Control. 

Dr. Charles K. Hager ( M'55) has been 
named section manager of Automatic Con-
tr . el- tor Tenwo Electronicn a division of 
Tellico Aircraft 
Corporation. 

Dr. Hager re-
ceived the B.S., 
M S. and Ph.D. de-
grees from the Uni-
versity of Texas. 
Prior to joining 
Temco in June, 
1959, he was direct-
or of applications 
research at Varo 
Manufacturing and 
previously had been 
employed at Convair and Nlaialrel Indus-
tries. Before his promotion to section man-
ager responsible for design and develop-
ment of automatic controls and control 
systems, he was a scientist in Temco's de-
velopment and analysis group. 

C. Is.. I It Gut: 

General Electric's Communication Pro-
ducts Department here , hi 'led Elmer I na l 

W. Hassel (M'49) as id Tone-

Signalling and Fil-
ter Design Engi-
neering. 

The position, 
newly-created. in-
volves responsibil-
ity for design of 
terminal communi-
cation equipment, 
quartz crystals and 
filters for General 
Electric's two-way 
radio, microwave 
and carrier current 
products. 

With G-E since 1951, he has specialized 
in the design and development of selective 
calling communication devices and tone 
signalling equipment. He has an extensive 
background in the field of radio communi-
cations, telephone and telegraphy. 

Following his graduation front Mil-
waukee School of Engineering in 1943 with 
the B.S. degree in electrical engineering, he 
joined the stall of the Office of the Chief 
Signal Officer, Wire Communications Sec-
tion, Engineering and Technical Service, 
Washington. There, he was engaged in 
studies related to the development and 
testing of carrier telephone terminals and 
repeaters, voice frequency telegraph term-
inals and repeaters, speech-plus-duplex 
equipment and amplifiers for the military 
service. 

From 1946 to 1951, he was a faculty 
member of the Milwaukee School of Engi-
neering where, immediately prior to his 
association with General Electric Com-
pany, he was professor of electrical engi-

(Continued on page 69.-i) 

E. W. FIASSEL 

Hermetic 

Seal Corp. 

Glass-to-Metal 

and 

Ceramic-to-Metal 

Seals 

for eel/ 

Electronic Use! 
-‘41 ' Crystal Bases 

Vac-Tite Connectors 

Multiple Headers 

Diode Closures 

49. Transistor Stems 

Single Lead Terminals 

Refrigerant Seals 

Hermetic Seal Corporation is your prime source for 
seals in all sizes, terminations and shapes to fit 
your specifications. Hermetic is the pioneer in this 

specialized field and the originator of more than 
10,000 different seals. Precision quality-control 

from design, manufacture and precious metal 

plating is assured. 

FREE LITERATURE 
ni-L AVAILABLE 

HERMETIC SEAL CORP. 
43 River Road, North Arlington, N. J. 
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# tAC-DC WIDE RANGE CALIBRATOR 
SRIC's versatile AC/DC Volt-Amp-Milliammeter "Self Checking" Model Thach is now 
offered in combination with a general purpose power supply for use as a con-

venient, economically priced, wide range instrument calibrator. The Model Thach has 19 overlapping 
full scale ranges of current and voltage. Operation is almost always at or near full scale for maximum 
accuracy. The power supply (Model Thach-PS) is a regulated source with its controls interlocked with 
the Model Thach. Power to the Thach is automatically shut off when ranges are switched, reducing 
the danger of accidently overloading the calibrator and/or the instrument under test. Output covers 
the full range of the Thach for DC and 60 cps. 50-2500 cps. can be plugged in for operation over a 
broader frequency range. Resolution of the power supply controls is better than .05% for any current 
and voltage range. 

Any Model Thach with range combs. lx or 3x is available for operation with the power supply. 
In addition, existing instruments in the field can be modernized for this same purpose at a small 
surcharge. 

te AC-DC 

par LABORATORY 
STANDARD 

The Model Thach can be used independently as a true RMS measuring 
instrument powered by any appropriate source. It checks its own 
accuracy against an internal standard cell, and is furnished completely 
self contained with a high sensitivity galvanometer. General specifica-
tions are as follows: Accuracy .2% F.S. (.1% at self-check points). 
Ranges 10/20/50/100/200/500 ma; 1/2/5 amps; 1A/5.'10/20:50i 
100/200/500/1000 v. Frequency range DC and 7 cps. to 4 kc. Sensi-
tivity 100 ohms volt. Thermocouple D'Arsonval type. 100 division 6.3" 
hand drawn mirrored scale. Temperature compensated from 20`C. — 
30'C. 1000% manually operated overload protection system. Inde-
pendent of influence of stray magnetic fields. Diamond Pivoted 
with sapphire shock mounted jewels. Furnished with 1 or 2 
thermocouples. Available in two combinations: lx is self 
checking at full scale only: 3x is self checking at 5 
cardinal points including full scale. Size 163/4 " x 
101/2 " x 83/4 " deep. Weight approx. 21 lbs. 

SPECIFICATIONS: 

Model THACH AND THACH-P5 

AC-DC 

GENERAL PURPOSE 

• POWER SUPPLY 
The Model Thach-PS, while designed primarily for operation with the Model 
Thach, can be used independently as a power source for any appropriate appli-
cation. It only has to be disconnected from the Model Thach to become an 
excellent general purpose switch controlled laboratory supply. 

OUTPUT: DC or AC (60 cps normal; 50-2500 cps depend-
ing on input) Voltage: Delivers 0-120% at full 
load and a max. of 0-175% at no load. 1/2/5 v. 
at 300 ma.; 10/20/50 v. at 100 ma.; 100/200/ 
500/1000 v. at 25 ma. Current: 0-5 amps. at 15 
watts max. on low power, or 75 watts max. on 
high power. 

INPUT: 90-135 v., 60 cps single phase, or 115 v. 50-
2500 cps from a regulated source. 

WAVEFORM: 60 cps distortion 2.5% total harmonic con-
tent plus line distortion. 

RIPPLE: Varies from .5% at full voltage and low cur-
rents to a maximum of 2.5% for currents of 1 
ampere or less. At currents above 1 ampere, 
ripple can always be 3% or less if series resist-
ance is sufficient in external circuit and will be 
no worse than 7% for any possible operation. 

RESOLUTION: .05% or better by means of coarse, 
medium and fine controls. 

SIZE: 1234" x 17" x 9" deep. 
WEIGHT: Approx. 59 lbs. 

SENSITIVE RESEARCH INSTRU 
ECTR1CAL 

RPORATIO 



As North American's X-15 — world's most 
advanced manned research craft—parts the cur-
tain of earth's atmosphere, the arts of guidance 
and direction must play a critical role. Sperry's 
Air Armament Division, assigned the Flight 
Data System responsibility for the X-15, is meet-
ing the challenge with inertial guidance gear 

of advanced design, precision and dependability. 
But the problems of inertial guidance are not 

new to Sperry. During the past ten years, over 
25-million Sperry man-hours have been employed 
to develop and produce successful inertial guid-
ance. As a result, the nation has in the Convair 
B-58 Hustler the most thoroughly studied, ana-

lyzed, tested, evaluated and understood inertial 
guidance system in being — plus the advanced 
guidance equipment for the X-15 and for other 
future applications. 
And in addition to work on government spon-

sored space guidance systems and techniques, 
Sperry scientists and engineers are exploring new 
and exotic techniques for gyros, advanced mini-
aturized digital computers, acceleration sensors, 
zero gravity environment systems—in many cases 
involving radical departures from current tech-
nology—with the aim of developing concepts, 
systems and hardware that are ahead of the 
challenges of man in space. 

sl[1111Y 
AIR ARMAMENT DIVISION, SPERRY GYROSCOPE COMPANY, DIVISION OF SPERRY RAND CORPORATION, GREAT NECK. NEW YORK 
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neering and head of the electronics branch 
of the department of electrical engineering. 

Mr. Hassel is a member of the Ameri-
can Institute of Electrical Engineers. He is 
also affiliated with the Lynchburg Society 
of Engineering and Science. 

Frank J. Hierholzer, Jr. (M '58) has been 
named Assistant Department Head of the 
Microtronics Department of Sperry Semi-
conductor, South 
Norwalk, Conn. 

He brings to 
Sperry extensive ex-
perience in semi-
conductors. He was 
Senior Engineer in 
the Solid State Elec-
tronics Engineering 
Section of the 
Materials Engineer-
ing Department of 
Westinghouse Elec- JR. 
tric Corp. He re-
ceived the B.S. degree in Electrical Engi-
neering, with honors, at Virginia Polytech-
nic Institute, the M.S. degree at Stevens 
Institute of Technology, and is completing 
the Ph.D. requirements at the University 
of Pittsburgh. 

An associate member of American In-
stitute of Electrical Engineers, Mr. Hier-
holzer has presented a technical paper to 
AIEE on "Linear Power Amplifier Using 
Dynistors or Trinistors." He has several 
patents in the fields of arc discharge de-
vices and semiconductor applications. 

Watkins-Johnson Co. has announced 
additions to its technical staff engaged 
in research and development on micro-
wave tubes and devices. 

Dr. Boyd P. Israelsen (S'53—A'54— 
S'58), whose attention will be directed to-
ward the development of low-noise travel-
ing wave tubes, was a National Science 
Foundation Fellow and research assistant 
at Stanford Electronics Laboratories. Be-
fore coming to Stanford, where he was 
awarded his Ph.D., Dr. Israelsen was a 
senior research engineer at Jet Propulsion 
Laboratory, Pasadena, working on com-
ponents for missile guidance systems. He 
has the B.S. and M.S. degrees from Cali-
fornia Institute of Technology. 

Dr. Kenneth L. Kotzebue (S'56—M'59), 
who will work on solid-state and electron 
beam parametric amplifiers, was formerly 
a senior engineer with the Apparatus Divi-
sion of Texas Instruments, Inc., Dallas. 
He has made significant contributions in 
the field of parametric amplifiers. He was 
a Bell Telephone Laboratories Fellow at 
Stanford University, where he received his 
Ph.D. last year, and a research assistant at 
Stanford Electronics Laboratories. His 
B.S. degree is from the University of 
Texas and his M.S. degree is from the 
University of California at Los Angeles. 

•:* 

i ;Wed 011 page 70A) 

RADIO INTERFERENCE — FIELD INTENSITY 

MEASURING EQUIPMENT, 375 mc to 1000 mc 

The NEW NM-52A RI -FI instrument developed by 
STODDART to government specifications is now ready for 
immediate delivery. 

Its purpose is to investigate, analyze, monitor and measure to the 

highest practical degree conducted or radiated electromagnetic 

energy to military specifications within the frequency range of 375 

mc to 1000 mc. In addition, the NM-52A is valuable as a highly 

sensitive frequency-selective voltmeter and receiver for numerous 

laboratory and field applications. 

OUTSTANDING FEATURES 

SENSITIVITY OF 1 MICROVOLT ACROSS 50 OHMS, provides up to 40 db 
more than Military Measurement Requirements. 

SINGLE KNOB TUNING. 

RAINPROOF, DUSTPROOF, RUGGEDIZED AND TOTALLY ENCLOSED, for 
all-weather field use or precise laboratory measurements. 

NEW BROADBAND ANTENNA, for rapid detection and measurement of 
radiated energy over entire frequency range. 

NEW POWER SUPPLY, 0.5% REGULATION, for filament, bias and plate 
voltages, and also for use as a standard laboratory power supply. 

OSCILLATOR RADIATION LESS THAN 20 MICRO-MICROWATTS, over 
20 times better than Mil- Specs require. 

TWO DECADE LOGARITHMIC METER SCALE, increases range of voltage 
measurement without change of attenuator steps. 

THREE DETECTOR FUNCTIONS, for peak, quasi- peak or average 
measurements. 

PORTABLE OR RACK MOUNTING, no modification required for labora-
tory, mobile, airborne or marine installation. 

I-F OUTPUT FOR PANORAMIC DISPLAY OR NARROW BAND AMPLIFICA-
TION, for visual presentation or increased sensitivity. 

OVER 100 DB SHIELDING EFFECTIVENESS, increases measurement 
capabilities in presence of strong fields. 

VISUAL PEAK THRESHOLD INDICATOR, for accurate slide- back peak 
voltage measurements. 

CONSTANT BANDWIDTH OVER ENTIRE FREQUENCY RANGE. 

The NM -52A now joins the family of STODDART government 

approved RI -Fl instrumentation covering the frequency range of 30 

cps to to 10.7 kmc to provide the finest RI-Fl measuring equipment. 

Basic Design + Good Instrumentation =- Electronic Compatibility 

serving 33 countries 

in 

Radio Interference 

control 

8hilialialimmuali 'am 

‘‘‘4, 

M.. irial,1911111K 

Send for complete literature 

STODDART 
AIRCRAFT RADIO CO., INC. 

6644 Santa Monica Boulevard 
Hollywood 38, Calif. H011ywood 4-9292 
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3-phase 
50 VA 
Power Supply 

Ultra-stable, fine line characteristics — the 
kind you need and can depend on, are in ELIN's latest 3- phase 

50 VA Power Source! Voltage and current sensing on each leg pro-

vide super-regulated output. Delta and Wye connections are at rear 

panel. Input Voltage, 105-125V, single phase. Input Power 225W. 

Output Voltage ± 0.1%. Output Frequency ± 0.1%. Output Regu-

lation 0.1% Line to Line. Output Distortion 0.2%. Load Power 

Factor up to 0.3 inductive. Write for ELIN Technical Data— today! 

precision power oscillators/voltage calibrators/mu/il-phase power supplies 

11 I. 1111rld ivis i o n 

International Electronic Research Corporation 

145 West Magnolia Boulevard, Burbank, California 

IRE People 
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Formation of an Antenna and Micro-
wave Component Development Group at 
Granger Associates here has been an-
nounced by Dr. John V. N. Granger, presi-
dent. 

Centralized in the new section will be 
the firm's activities in the development and 
manufacture of large parabolic reflector 
antennas, wide-band log periodic antennas, 
antennas for missiles and aircraft and 
associated devices such as multiplexers and 
band-separation filters. 

Dr. Granger said recent additions to 
the engineering staff in this technical area, 
together with new development and fabri-
cation facilities recently added, will in-
crease his firm's emphasis on antenna sys-
tems and associated components and al-
low the initiation of new programs in 
steerable arrays, direction-finding systems 
and microwave circuitry. 

Joining Granger in December to head 
the new group was Dr. Ray Justice (A'55-
SM'58), formerly supervisor of research 
and development on the Radiation Re-
search and Development Section at Con-
vair Division of General Dynamics, San 
Diego, Calif. 

At Convair he directed design and de-
velopment work in the radomes, antennas, 
microwaves, solid-state electronics and in-
fra-red and optics groups. 

From 1944 until joining Convair iii 

1956, he was at Ohio State University. 
There he served at various times as an in-
structor in the Departments of Mathe-
matics and Electrical Engineering. Primar-
ily he was a research associate at the An-
tenna Laboratory of the Ohio State Uni-
versity Research Foundation, conducting 
basic studies in the fields of microwave an-
tennas, arrays and electromagnetic scat-
tering. 

Dr. Justice is a member of Sigma Xi 
and Eta Kappa Nu. He is active in the 
IRE Professional Groups for Antenna and 
Propagation and Microwave Theory and 
Techniques. He is the author of various 
Ohio State University reports and PGAP 
papers on near- field measurements. 

Jack Larsen (M'48-SM'53) has been 
named Manager of the Special Projects 
Department by John F. Brinster, Presi-
dent of General De-
vices, Inc., of Prince-
ton, N. J. 

He is a graduate 
of Princeton Uni-
versity, the Uni-
versity of Michigan, 
and George Wash-
ington University, 
with degrees in 
physics, mathemat-
ics, and law. He 
is a member of the 
District of Colutn-
bia Bar and a registered Patent Attorney. 

(Continued on page 73.4) 
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Tops for Computer Service 

These Raytheon germanium transistors are top choices 
of computer engineers for a number of important 
reasons. They were developed with computer applica-

tions specifically in mind — voltage, gain, and response 
characteristics are optimized for this type of service. 

In medium frequency computer applications, these 
Raytheon switching transistors give you the reliability 
derived from years of production experience. And 
Raytheon's quality control program assures strict prod-

uct uniformity and rigid adherence to specifications. 

Result of all this is an extensive line of computer 
transistors that have set highest industry standards for 
quality and reliability. With the 2N396, which provides 
an internal base to case connection, Raytheon now gives 

you an important addition to a broad line of PNP,NPN, 
subminiature, and high current switching transistors. 
More details are given on the other side of this page. 

Semi conductor Division, Raytheon 
Company, 215 First Avenue, Need-

ham Heights 94, Massachusetts. RAYTHEON) 

RAYTHEON SIA:MICONDUCTORS 



FOR GENERAL APPLICATION . . . THE 2N396 SERIES PNP germanium 
strapped base transistors for general switching service. Temperature 
range -65°C. to + 100°C. Immediate availability. 

EVERYTHING 
YOU 
NEED 
FOR 
YOUR 
SWITCHING 
CIRCUITS 
AVAILABLE 

IN QUANTITY... 

WITH 

TRADITIONAL 

RAYTHEON 

RELIABILITY 

Type 

2N395 
2N396 
2N397 

B VPT f a b 
Max. Volts mc 

15 4.5 
20 8.0 
15 12.0 

HFE1 H FE2 

40 
60 
80 

12 
20 
35 

RSat 

ohms 

2.2 
1.3 
1.1 

A COMPLETE HIGH CURRENT SWITCHING LINE PNP germanium switches 
for 1 amp, high frequency, high gain service. Temperature range -65°C. 
to + 85°C. Long a production item- excellent availability in large volume. 

Type 

HFE1 HFE2 

f a b ave. ave. 
BVPT ave. B lmA 113=10mA 

Max. Volts mc vCB -0.25V "CE= -0.35V 
IC = 150mA 

ohms 

2N658 -16 5 50 40 
2N659 -14 10 70 55 
2N660 -11 15 90 65 
2N661 - 9 20 120 75 
2N662 -11 8 30 min. 50 

0.9 
0.6 
0.45 
0.35 
0.7 

IMPROVED DISSIPATION AT LOWER CURRENT VALUES NPN germanium 
transistors for medium current, high frequency, high gain switching serv-
ice. Temperature range - 65 C. to + 85°C. Immediate availability. 

Type 

2N438 
2N439 
2N440 

,„ 

Max. Volts 

25 
20 
15 

f a b 
MC 

2.5 
5.0 

10.0 

HFEI 

25 
45 
70 

Rst 

ohms 

3.0 
3.0 
3.0 

HIGH RELIABILITY PNP TRANSISTORS germanium transistors for 
medium current, high frequency switching service. Temperature range 
-65°C. to +85°C. Immediate availability. 

Type 

2N425* 
2N426* 
2N427* 
2N428* 
2N404* 
Available to MIL Specification 

BVPT fa b 
Max. Volts mc H FE1 H  FE2 

Fts.t 

ohms 

-30 

-20 
-15 
-24 

4 
6 

11 
17 
12 

30 
40 
55 
80 

15 
18 
20 
30 

See Data Sheet 

2.2 
2.2 
1.3 
1.1 

SUB-MINIATURE TRANSISTORS Sub- miniature transistors for medium 
current, high frequency, high gain switching. Temperature range -65°C. 
to + 85°C. Immediate availability. 

TYPE 

.130" Dia. 
x . 160" High 

.100' Dia. 
x . 130" High 

BFF2 

Max. Volts 

CK 25 
CK 26 
CK 27 
CK 29 

CK 25A 
CK 26A 
CK 27A 
CK 28A 

-30 
-25 
-20 
-15 

f a b 
mc 

4 
6 

11 
17 

HFEI H FE2 

30 
40 
55 
80 

15 
18 
20 
30 

Rs.t 

ohms 

2.2 
2.2 
1.2 
1.1 

Your local authorized Raytheon Distributors 
carry in-stock inventories for immediate delivery. 

SEMICONDUCTOR DIVISION 
RAYTHEON COMPANY 

SILICON AND GERMANIUM DIODES AND TRANSISTORS • SILICON RECTIFIERS • CIRCUIT-PAKS 

ENGLEWOOD CUFFS, N. J., LOwell 7-4911 (Manhattan Phone, Wisconsin 7-6400) • BOSTON, 
HIlIcrest 4-6700 • CHICAGO, NAtional 5-4000 • LOS ANGELES, NOrmandy 5-4221 • ORLANDO, 
FLA., GArden 3-0518 • SYRACUSE, GRanite 2-7751 • BALTIMORE, SOuthfield 1-0450 
CLEVELAND, Winton 1-7716 • SAN FRANCISCO, Fireside 1-7711 • CANADA: Waterloo, Ont., 
SHerwood 5-6831 • GOVERNMENT RELATIONS: Washington, D.C., MEtropolitan 8-5205. 
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Together with Mr. Brinster, he was one 
of the organizers of early research in radio 
telemetering at Princeton University. 
With the University of Michigan, and 
later with the Martin Company and the 
Navy Department, he continued in the 
general field of missile electronics and con-
trol, working on such projects as Matador, 
Mace, Bomarc, Terrior, Jupiter and 
Polaris. He served as consultant to the 
Atomic Energy Commission in the devel-
opment of electronic portions of reactor 
controls for the submarines, Nautilus and 
Sea Wolf. He headed the Navy Depart-
ment's Missile Guidance Section on the 
Polaris Project and was honored with the 
Meritorious Civilian Service Award for his 
contributions to the Navy Department. 
Immediately before coming to General 
Devices, he was a member of the Patent 
Department of the Bell Telephone Labs. 
A member of the New Jersey Patent 

Law Association and the Acoustical and 
Physical Societies, Mr. Larsen holds a 
number of patents in the electronics field. 

The appointment of Paul J. Larsen 
(A'37-M'41-SM'43) as director of govern-
ment relations for Allen 13. Du Mont Lab-
oratories, Inc. has 
been announced by 
Dr. Allen B. Du 
Mont, the cont-
pally's chairman. 
Mr. Larsen will 
maintain liaison for 
Du Mont Labor-
atories with both 
civilian and mili-
tary branches of 
the government for 
its military elec-
tronic systems and 
for its commercial electronic products. He 
will make his offices at Du Mont's Wash-
ington, D. C. headquarters, in the Pennsyl-
vania building. 

Formerly director of Civil Mobilization 
and Defense, Executive Office of the Presi-
dent of the United States, he is a- veteran 
of more than 30 years experience in the 
electronics industry. He comes to Du 
Mont from Hughes Aircraft Company, 
where he was manager of East Coast Oper-
ations and assistant secretary stationed in 
Washington. Prior business and profes-
sional background include his association 
with Borg-Warner Corp. as assistant to the 
president responsible for all governmental 
defense activities. Before that he was asso-
ciate director of Los Alamos Scientific 
Laboratory, and next the director of 
Sandia Laboratory, and consultant to the 
President on activities of the newly formed 
Sandia Corporation. 

He was also associated with Johns 
Hopkins University from 1941-47 and had 
charge of engineering and production 
throughout the United States on radio 
proximity fuses. Prior associations were 
with Baird Television Corp. of England, 

(Continued on pope 7M) 
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NEW.. 
CONVERTS 
AC to DC 
LINEARLY 
from 1 mv to 1000v 

Accuracy of conversion 

Is BETTER THAN 0.25% 

for frequencies 50 cps to 10 KC 

k.p4t.e.A"  pe. To ocidopre-sorve 
ute.i,j,•*Ittà. 

"emedt, ter e Rat; 

Price $4 i0 

BALLANTINE'S LINEAR AC to DC CONVERTER 
Model 710 

The Model 710 Linear AC to DC Converter converts an AC voltage 
to a DC voltage which can be measured with an accurate DC device 
such as Type K Potentiometer, Digital DC Voltmeter, Recorder, etc. 
With such a combination, a wide range of voltages can be measured 
with up to 0.25% accuracy, which is considerably better than accuracies 
of present-day vacuum tube voltmeters. Such a system is more sensitive, 
covers a wider frequency and voltage range, and is much more rugged 
and foolproof than a laboratory standard instrument of comparable ac-
curacy. It is also adaptable for use by untrained personnel and on pro-
duction lines. 
The instrument covers an input voltage range of 1 mv to 1000 volts 

which is divided into six decade ranges. For every decade range the DC 
output varies from 0.1 volt to 1 volt. The input impedance of the con-
verter has a resistive component of 2 megohms shunted by 15 pf to 
25 pf, depending on the range. 

The output of the Model 710 Converter is a linear function of the input 
voltage within each decade. A small error may exist in the decading of 
the input attenuator or in the frequency response of the amplifier. This 
error does not exceed -±0.25% over a frequency range of 50 cps to 
10 KC and -±-0.5% over a range of 30 cps to 50 KC. The upper 
frequency limit of the instrument is 250 KC, at which point the accuracy 
is ±-- 1%. 

The DC output of the converter is single ended and has a maximum 
output emf of 1 volt with a source impedance of approximately 10,000 
ohms. The instrument is the average responding type for distortions as 
much as 30%, but is calibrated in RMS of a sinewave. 

Also available In 19 inch relay rack as Model 710 3/2 Price $455 

Write for brochure giving many more details 

Since 1932 

BALLANTINE LABORATORIES INC. 
Boonton, New Jersey 

CHECK WITH BALLANTINE FIRST FOR LABORATORY AC VACUUM TUBE VOLTMETERS. REGARDLESS OF YOUR REQUIREMENTS FOR 
AMPLITUDE, FREQUENCY, OR WAVEFORM. WE HAVE A LARGE LINE, WITH ADDITIONS EACH YEAR. ALSO AC DC AND OC/AC 
INVERTERS, CALIBRATORS, CALIBRATED WIDE BAND AF AMPLIFIER, DIRECT.READMG CAPACITANCE METER. OTHER ACCESSORIES. 
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SPECTRA ELECTRONICS CORP. 
250 E. 3rd St., Mt. Vernon, N.Y. 

SPECTRA 
( ELECTRONICS ' 

CORP. 
a division of 

) Douglas Microwave Co., Inc. 1)  

communications 0 

tele me try 

countermeasures 
security 

NEW 
DEVELOPMENTS 

,(1) Ultraviolet pulsed energy 
( systems featuring solar 
I blind, millimicroseconds res-

olution; 

(2) ultraviolet density meter 
featuring direct reading and 
high sensitivity. 

(3) non-gyroscopic pitch and 
roll stabilizer featuring no 
moving parts, self-powered. 

Brochure available upon request 

Spectra Electronics Corp. 
250 E. 3rd St., Mt. Vernon, N.Y. 

Kindly send free brochure. 

name 

co name 

address 

city 

Do•ot 

state 

IRE People 
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Warner Bros. Pictures, and arconi 
Wireless Telegraph Co. 

He is a recipient of the Presidential 
Certificate of Merit and Citation and has 
served on the Technical Advisory Panel 
on Aeronautics and the Panel on Nucleon-
ics. 
A fellow of the Society of Motion Pic-

ture and Television Engineers, Mr. Larsen 
is a member of numerous other professional 
organizations connected with aviation, 
missiles, ordnance, and engineering. 

Albert V. J. Martin (SM'56) has left 
the United States to return to his native 
country, France. For 3 years he was assist-
ant Professor of 
Electrical Engineer 
ing at Carnegie In-
stitute of Technol-
ogy, Pittsburgh, l'a. 

Dr. :Martin has 
set up a publishing 
company at 61, rue 
de Maubeuge, Paris, 
9, France. Its first 
product is a tech-
nical magazine en-
titled " Electronique 
et Automatisme," 
the first issue of which appeared in Jan-
uary, 1960. 

Dr. Martin is a member of the Amen-
can Institute of Electrical Engineers, the 
British Institution of Radio Engineers, 
Sigma Xi, and Société Française des Ra-
dioélectriciens. 

•,) 

A. V. J. MARTIN 

Dr. Maurice Nelles ( 1‘1'59) has joined 
American Electronics, Inc., Los Angeles. 
Calif., to till the newly-created post of Vice 
President Engineer-
ing, according to 
Phillip W. Zonne, 
President of the 
firm. In this new 
position, Dr. Nelles 
will direct the en-
gineering planning 
for the corporation 
and its nine divi-
sions on both this 
coast and the At-
la ntic seaboard. 

Immediately pri-
or to joining American Electronics, Inc., he 
was Vice President Research and Develop-
ment and Chairman of the Corporate Pro-
duct Planning Committee of Crane Com-
pany, Chicago. He was also a Director of 
the Hydro-Aire Company division of 
Crane, as well as a Director of Crane, Ltd., 
which operated seven plants in Canada and 
one in England. 

Before his association with the Crane 
Company, he was Director of Research for 
Borg-Warner Corporation, and Director of 
diversification and research development 
for Technicolor Corporation. He has also 
served as Professor and Head of the Aero-
nautical Engineering Department, Uni-
versity of Southern California, Nlanager of 

(Continued on page 76.1) 

M. NELLES 

TURTLE'S BACK 

16, 

ARMAG-PROTECTED 
DYNACOR® 

BOBBIN CORES 
AT NO EXTRA COST! 

Tough-as-tortoise-shell Armag ar-
mor is an exclusive Dynacor de-
velopment. It is a thin, non-me-
tallic laminated jacket for bobbin 
cores that replaces the defects ot 
nylon materials and polyester 
tape with very definite advantage.s 
—and, you pay no premium for 
Armag extra protection. 
Tough Armag is suitable for 

use with normal encapsulation 
techniques on both ceramic and 
stainless steel bobbins. It with-
stands 180°C without deteriora-
tion—is completely compatible 
with poured potted compounds— 
has no abrasive effect on copper 
wire during winding—fabricates 
easily to close-tolerance dimen-
sions—inner layer is compressible 
to assure tight fit on bobbin—does 
not shrink, age or discolor. 

Write for Engineering Bulletins 
DN 1500, DN 1000A, DN 1003 
for complete performance and 
specification data covering the 
wide range of Dynacor low cost 
Standard, Special and Custom 
Bobbin Cores—all available with 
Armag non-metallic armor. 

* TRADEMARK 

DYNACOR 
DYNA COR, IN c. 
A SUBSIDIARY OF SPRAGUE ELECTRIC CO. 

1 1016 WESTMORE AVE.. ROCKVILLE. MARYLAND 
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Component Specification: ARNOLD 

APPLICATIONS' 

We'll welcome your inquiries on your Tape 
Wound Core requirements for Pulse and 
Power Transformers, 3- Phase Transformers, 
Magnetic Amplifiers, Current Transformers, 
Wide-Band Transformers, Non-Linear Retard 
Coils, Reactors, Coincident Current MatriK 
Systems, Static Magnetic Memory Elements, 
Harmonic Generators, etc. 

EitteNIERIN6 DATA 

For data on the various types of Arnold Tape 
Cores, write for these Bulletins: 

SC-107A—Sitectron Cores, Types C, E 
and 0 

TC-101A—Toroidal Cores, of Supermalloy, 
Deltamax and 4-79 Mo-Per-
malloy 

TC-108A—Bobbin Cores 

TC-113A—Supermendur Tape Cores 

ADDRESS DEPT. P-4 

The ARNOLD LINE-UP includes ANY TAPE CORES you need 

SILECTRON CORES BOBBIN CORES 

Arnold produces Silectron C, E and 0 cores, aluminum and plastic cased 
toroidal cores of high-permeability materials, and bobbin-wound cores to 

meet whatever your designs may require in tape thickness, material, core 
size or weight. 

As a fully integrated producer, Arnold controls every manufacturing step 
from the law material to the finished core . . . and modern testing equip-
ment permits 100% inspection of cores before shipment. 

Wide selections of cores are carried in stock as standard items for quick 
delivery; both for engineering prototypes to reduce the need for special 

designs, and for production-quantity shipments to meet your immedi-
ate requirements. 

• Let us help you solve your tape core problems. Check Arnold, too, for your 
needs in Mo-Permalloy or iron powder cores, and for cast or sintered per-

manent magnets made from Alnico or other materials. Just write or call 
The Arnold Engineering Company, Main Offices, Marengo, Illinois. 

ARNOLD 
SPECIALISTS in MAGNETIC MATERIALS 

BRANCH OFFICES and REPRESENTATIVES in PRINCIPAL CITIES 

Find them FAST in the YELLOW PAGES 

7521 0 
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considerations 

outweigh 

cost... 

WESGO 
ULTRA HIGH PURITY 

LOW VAPOR PRESSURE 

BRAZING ALLOYS 

WESGO knows full well the need for quality in 

even so relatively a minor item as brazing alloys 

in vacuum tube construction and will, therefore, 

not compromise with this factor for the sake 

of cost. This high quality is maintained in the 

conventional alloys as well as a series of new 

brazing alloys developed by WESGO specifically 

for vacuum systems use. Brochure with full 

descriptions of standard WESGO Low Vapor 

Pressure Brazing Alloys is available upon request. 

WESTERN GOLD AND PLATINUM CO. 
525 Harbor Boulevard • Belmont, California • Phone LYtell 3-3121 

IRE People 

(Continued f r,an page 74A) 

Research, Allan Hancock Foundation, and 
Professor and Director of the Engineering 
Experiment Station at Pennsylvania State 
University. 

During World War II, he was Deputy 
Director of the War Production Board, 
and Chief Engineer, Office of Production 
Research and Development. He is a mem-
ber of American Society of Mechanical En-
gineers, American Society of Tool Engi-
neers, Institute of Aeronautical Sciences, 
Society of Automotive Engineers, Ameri-
can Rocket Society, America Society of 
Metals, American Institute of Naval En-
gineers, American Institute of Mining, 
Metallurgical and Petroleum Engineers, 
and Trustee of the Midwest Research In-
stitute. 

Dr. Nelles received the B.A. and M.A. 
degrees from the University of South Da-
kota, and a Ph.D. degree from Harvard 
University. 

G. Emerson Pray ( M '41 -SNI '53) has 
been elected a vice president of Ling-
Altec Electronics, Inc. to direct the com-
pany's activities re-
lated to the national 
defense program, it 
was announced to-
day by James J. 
Ling, chairman of 
the board. 

He will operate 
from the Washing-
ton, D. C. office to 
facilitate the com-
pany's negotiations 
of prime and sub-
contracts for its 14 
operating subsidiaries and divisions en-
gaged in governmental work. 
A licensed professional engineer and 

physicist with a background of scientific 
work and experience in company manage-
ment, Mr. Pray recently resigned as assist-
ant to the president and director of govern-
ment operations of Dresser Industries, Inc. 

He holds an electrical engineering de-
gree from Rensselaer Polytechnic Institute 
and the M.S. degree in physics from Rut-
gers University. He has patented many of 
his inventions in the radio, electronic and 
sonic fields, and is a well-known authority 
and lecturer in these areas of scientific re-
search and development. 

Dr. James A. Van Allen (SN1'59-F-60), 
discoverer of the radiation belts surround-
ing the earth which bear his name, has been 
named by the Institute of the Aeronautical 
Sciences to receive the second annual Louis 
W. Hill Space Transportation Award. 

The award was established by the 
Louis W. and Maud Hill Family Founda-
tion of St. Paul for the purpose of "encour-
aging and supporting fundamental re-
search and the early application of new 
knowledge in behalf of the welfare of man-
kind." One of the top awards in the aero-
space field, it includes an honorarium of 
$5,000. ($10,000 if more than one recipient 
is named). 

(( -wannied on mile 78.-) 

G. E. PitAr 
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NOTABLE DEVELOPMENTS AT JPL 

HYPERSONIC WIND TUNNEL 

Ore of the latest research facilities at 

the Jet Propulsion Laboratory is the re 

cently completed, continuous-flow hyper-

sonic wind tunnel. Developed by the Lab, 

this new tunnel generates air speeds up 

to ten times the speed of sound. Its 21 

inch square test section provides accom. 

modation for models up to four feet long 

thus permitting increased model instru 

mentation. This large test section at 

Mach 10 with a continuous uniform air 

O 

flow broadens JPL capabilities in the 

important area of fluid dynamic research. 

To minimize structural deflections due 

to temperature changes and thus the 

time required to reach equilibrium con-

ditions, the entire tunnel structure is 

water cooled and housed in an air con-

ditioned building. Any Mach number 

between five and ten can be precisely 

set by means of flexible stainless steel 

nozzle plates that are positioned to a ten-

thousandth of an inch. Calibration results 

indicated satisfactory solution of the 

design problems encountered. 

The high speed data-acquisition, reduc-

tion, and presentation system is designed 

for high production testing of the nation's 

most advanced missiles and re-entry 

configurations. Stability and control phe-

nomena in new regimes can be studied 

experimentally under carefully controlled 

conditions. 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

JET PROPULSION LABORATORY 
A Research Facility operated fo• the National Aeronautics and Space Administratior 

PASADENA. CALIFORNIA 

Employment opportunities for Engineers and Scierrhsts interested in basic and applied tesearch in these fields: 

INFRA- RED • OPTICS • M1CROVVAVE • SERVOMECHANISMS • COMPUTERS • LIQUID AND SOLID PROPULSION 
• STRUCTURES • CHEMISTRY • INSTRJMENTATION • MATHEMATICS • AND SOLID STATE PHYSICS • 

Send professional resume, with full qualifications and experience, for our immediate consideration 
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INCREMAG® components 
and systems for more 
accurate requirements 

G ENERAL S PECIFI C ATI O NS 

COUNTiNG RATE: up to 100,000 pps max. 

TEMPERATURE RANGE: —55 °C to +125°C 

COUNT PER STAGE: up to 16 max. in 1/2 cubic inch 

NUMBER OF STAGES: as required 

VOLTAGE TOLERANCE: +10% most cases 

CONTACT OUR NEW YORK LABORATORIES FOR DETAILED INFORMATION 

ON APPLICATIONS OF "INCREMAG" COMPONENTS AND SYSTEMS. 

`` Keeping Time GT 
GENERAL 
TM NI E 

With Progress" 

GENERAL TIME CORPORATION 
355 Lexington Ave., New York 17, N. Y. 

LABORATORIES AT 
107 Lafayette St., New York 13, N. Y. • 111 N. Canal St., Chicago 6, III. 

Electronic Products and Systems 

IRE People 
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Dr. Van Allen, who heads the depart-
ment of Physics and Astronomy at the 
State University of Iowa, detected the 
radiation belts on the basis of data ob-
tained by Explorer I. The award citation 
states "By combining simple and direct 
techniques with great ingenuity!, he estab-
lished beyond doubt the existence, intens-
ity and extent of the radiation belts above 
the earth's surface that now carry his 
name." 

Dr. Van Allen will receive the Hill 
Award at the annual Honors Night Dinner 
of the Institute of the Aeronautical Sci-
ences which will be held at the Astor 
Hotel in New York on January 26, 1960. 
He will be present in person to accept. 

Varian Associates has announced the 
appointment of Willis H. Yocom (A'54— 
M'57) as Manager, Wave Tube Develop-
ment. He will head 
research and devel-
opment of all wave 
tubes. 

He received the 
B.A. degree in phys-
ics from Oberlin 
College, the B.S. 
degree in electrical 
engineering from 
M.I.T., and the 
M.S. degree in elec-
trical engineering 
from Stevens Insti-
tute of Technology. From 1942 to 1956 he 
did research and development work for 
Bell Telephone Laboratories. He joined 
Varian Associates' Tube Division in 1956. 

Mr. Yocom holds five patents in the 
microwave tube field including the Basic 
patents on slalom focusing. He is a mem-
ber of Sigma Xi. 

W. H. Yocom 

Homer A. Ray, Jr. (A'45—M '50—SM '55) 
has been selected for the newly-created 
position of Engineering Assistant at Rixon 
Elctronics Inc., ac-
cording to C. J. 
I larrison, Vice Pres-
ident and Opera-
tions Director. In 
this capacity, he 
will assist Mr. Har-
rison in the engi-
neering phases of 
planning and pro-
duction operations. 

Prior to joining 
ing Rixon, he was 
Manager of the En-
gineering Division, Smith Electronics, 
Inc. There, he assisted in the development, 
engineering, drawings, and specifications 
for the Voice of America's proposed new 
East Coast Facility. Before that he was 
Chief Engineer and Director of Photo-
grammetry, Inc., making optical and elec-
tronic instruments primarily for the Navy. 

\Vith Page Communica dons Engineers 
from 1955 to 1956, he was I lead of the An-
tenna Section and Assistant Manager of 

(Continued on page 80A) 

H. A. RAY, JR, 
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Vital to your design orbit! 

ADM r\ ' PRECISION- DRAWN A 

CLOSURES 
Precision Standard Tooling makes the Difference — The HUDSON line provides complete 
versatility for the designer/engineer. The industry's widest range of round, square 
and rectangular closures supplied with dozens of modificatIons to meet unusual 
applications. Standardized designs assure fast delivery and precision quality — 
every time! All finishes available on components of mu metal, nickel-silver, 
aluminum, brass, copper, stainless steel and steel. Call or write for quotations. 

Ask for the 
HUDSON 
CATALOG 
— contains 
complete data 
on HUDSON 
Standard 
Closures 
including MIL 
types. Please 
make request 
on company 
letterhead. 

Hudson Tool at Die Company • Inc 
18-38 Malvern Street, Newark 5, New Jersey 

Precision Metal Components for Electronics, Nucleonics, Avionics and Rocketry 

Telephone: MArket 4-1802 

Teletype: NK 1066 



MINIATURIZATION 
PLIS LOWER COST 
A 

/>. 

Thin Versatile 

Co-Netic and 

Netic Magnetic 

Shielding Foils 

Permit positioning foil-wrapped components A & B closely, 

minimizing interaction due to magnetic fields ... making 

possible compact and less costly systems. 

How thin Co-Netic and Netic foils lower your mag-

netic shielding costs: 
1) Weight reduction. Less shielding material is used 
because foils (a) are only .004" thick and (b) cut and 
contour easily. 
2) Odd shaped and hard-to-get-at components are 
readily shielded, saving valuable time, minimizing 
tooling costs. 

These foils are non-shock sensitive, non-retentive, re-
quire no periodic annealing. When grounded, they 
effectively shield electrostatic and magnetic fields over 
a wide range of intensities. Both foils available from 
stock in any desired length in various widths. 

Co-Netic and Netic foils are successfully solving many 
types of electronic circuitry magnetic shielding prob-
lems for commercial, military and laboratory appli-
cations. These foils can be your short cut in solving 
magnetic problems. 

Cuts readily to any shape with 
ordinary scissors 

Wraps easily 

Inserts readily to convert 
existing non-shielding 

enclosures. 

Shielding cables reduces 
magnetic radiation or 

pickup. 

Wrapping tubes prevents 
outside magnetic 

interference. 

PROTECT VITAL MAGNETIC TAPES 
When accidentally exposed to unpredictable magnetic fields, presto!—yourvaluable 
data is combined with confusing signals or even erased. 

Er 

Thin pliable foil wraps easily 
around magnetic tape, maintain-
ing original recorded fidelity. 

latiezsee 

For complete, distortion-free protection of valuable magnetic tapes 
during transportation or storage. Single or multiple reel Rigid 
Netic Enclosures available in many convenient sizes and shapes. 

Write for 
further details 
today. 

Rigid Netic 
(.014 and up 
in thickness) 
Shielded Rooms 
and Enclosures 
for safe, distor-
tion- free stor-
age of large 
quantities of re-
corded magnetic 
tapes. 

Composite pho-
to demonstrat-
ing that mag-
netic shielding 
qualities of 
Rigid NeticAlloy 
Material are not 
significantly af-
fected by vibration, shock (including dropping or 
bumping) etc. Netic is non- retentive. requires no periodic 
annealing. 

MAGNETIC SHIELD DIVISION PERFECTION MICA CO. 
1322 No. Elston Avenue, Chicago 22, Illinois 

ORIGINATORS or PERMANENTLY EFFECTIVE NETIC CO-NETIC MAGNETIC SHIELDING 

IRE People 

(Continued from page 78A) 

the Page Communications phases of the 
DEW Line Project. He was manager of 
the engineering and procurement phases 
of the NATO Project that installed 
NATO's communications network from 
Paris through Naples to Izmir, Turkey. 

His earlier job experience was with 
The Queen City Broadcasting Corp. of 
Seattle, Wash. as Chief Engineer and also 
as Chief Engineer of the Field Division of 
Developmental Engineering Corp. doing 
research and development work on an-
tennas and instruments. Previously, he had 
a Consulting Engineering Office in Wash-
ington, D. C. in partnership with George 
E. Gautney & Ray, with a practice in 
broadcast and television engineering. 

Mr. Ray was educated at Kent State, 
Kent, Ohio and the University of Cincin-
nati and is a Registered Professional En-
gineer in the District of Columbia. He is 
associated with Broadcasting Magazine, 
and is a member of the American Society 
of Photogrammetry and holds patents in 
this field. 

Hermon H. Scott ( M '35—SM '43—F'52) 
president of H. H. Scott, Inc., Maynard, 
Mass., has been elected chairman of the 
board of directors 
of the Institute of 
High Fidelity Man-
ufacturers. 

The Institute, an 
association of lead-
ing producers of 
component high fi-
delity equipment, 
was formed in 1955 
to educate the pub-
lic about compon-
ent high fidelity 
and to set industry 
standards. Started with 23 members. I he 
Institute membership now numbers more 
than 120 leading manufacturers, recording 
companies and publishers throughout the 
country. 

An electrical engineer with B.S. and 
M.S. degrees from the Massachusetts In-
stitute of Technology, he is a fellow of the 
Audio Engineering Society and the Acous-
tical Society of America. He is credited 
with the design of the lirst modern-type 
sound level meters and the first high 
quality broadcast station monitoring 
equipment. 

Mr. Scott has published numerous 
technical papers on the measurement and 
reproduction of sound and related labora-
tory measuring equipment and holds pat-
ents on many developments in these 
fields. In 1951 he was cited by the Audio 
Engineering Society for "outstanding 
achievement in the field of audio engi-
neering." 

H. H. SCOTT 

Smyth Research Associates, Inc., has 
named Louis G. Trolese (A'30-SM'47-
F'60) Vice President for Engineering. This 
new position reflects the firm's expanded 
activity in the development of electronic 
components and systems. 

(Continued ou page 82A) 
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A TALENT FOR BINARY DATA LINK SYSTEMS 

A 

STROM E RG -CARLSON 

A DIVISION OF GENERAL DYNAMICS 
1400 N. GOODMAN STREET • ROCHESTER 3, NEWYORK 

The application of binary 
data link transmission 
to large or small radio 
networks is made feasible 
by the Stromberg-Carlson 
Automatic Binary 
Data Link. 

The broad capabilities 
of the equipment include: 

• 5-character alphabetical 
address, providing 
over 11 million 
private addresses; 

• automatic response to 
interrogation, 
which provides a 
5-character alphanumeric 
message useful for 
indicating any element 
of a status report such as 
altitude, heading, 
position. 

• Tape readout in the 
airborne unit. 

Detailed 
information 
on request. 

S-C 
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PROVEN RELIABILITY--
SOLID-STATE POWER INVERTERS 

over 260,000 logged hours— voltage-regulated, 
frequency-controlled, for missile, telemeter, ground-

support, 1350C all-silicon units available now— 

ErPlagiC5 
INTER" tee 

E 0E6 
voLIAO o no 

'NO ppLY 
" PO 

Interelectronics all-silicon thyratron-like gating elements and cubic-

grain toroidal magnetic components convert DC to any desired number 

of AC or DC outputs from 1 to 10,000 watts. 

Ultra- reliable in operation (over 260,000 logged hours), no moving 

parts, unharmed by shorting output or reversing input polarity. Wide 

input range ( 18 to 32 volts DC), high conversion efficiency (to 92%, 

including voltage regulation by Interelectronics patented reflex high-

efficiency magnetic amplifier circuitry). 
Light weight (to 6 watts/oz.), compact (to 8 watts/cu. in.), low 

ripple ( to 0.01 mv. p- p), excellent voltage regulation (to 0.1%), precise 

frequency control (to 0.2% with Interelectronics extreme environment 

magnetostrictive standards or to 0.0001% with fork or piezoelectric 

standards). 

Complies with MIL specs. for shock ( 100G 11 misc.), acceleration 

(100G 15 min.), vibration ( 100G 5 to 5,000 cps.), temperature (to 150 

degrees C). RF noise ( 1-26600). 

AC single and polyphase units supply sine waveform output (to 2% 

harmonics), will deliver up to ten times rated line current into a short 

circuit or actuate MIL type magnetic circuit breakers or fuses, will start 

gyros and motors with starting current surges up to ten times normal 

operating line current. 
Now in use in major missiles, powering telemeter transmitters, radar 

beacons, electronic equipment. Single and polyphase units now power 

airborne and marine missile gyros, synchros, servos, magnetic amplifiers 

Interelectronics—first and most experienced in the solid-state power 

supply field produces its own all-silicon solid-state gating elements, all 

high flux density magnetic components, high temperature ultra-reliable 

film capacitors and components, has complete facilities and know how 
—has designed and delivered more working KVA than any other firm! 

For complete engineering data, write Interelectronics today, or call 

LUdlow 4-6200 in New York. 

INTERELECTRONICS CORPORATION 
2432 Grand Concourse, New York 58, N. Y. 

0 II M RilitE ASSOCIOTES 
EASTERN FIELD ENGINEERS for 

— Serving Science and Industry Since 1928 • 

‘. why bother rigging up a test set-
up? Call Burlingame; they-ill tell us 
whether it can be used this way. 

510 So. Fulton Ave. 
MAIN 

Mount Vernon, N. Y. 
OFFICE: 

MOunt Vernon 4-7530 

Syracuse, N. Y. 

GRanite 4-7409 

Philadelphia, Pa. 

SHerwood 7.9080 

• ALLISON LABORATORIES 
• BRUSH INSTRUMENTS 
• CONVAIR INSTRUMENTS 
• ELECTRO-PULSE, INC. 
• EMPIRE DEVICES 
PRODUCTS CORP. 
• HOLT INSTRUMENT 
LABORATORIES 

• HUGGINS LABORATORIES 
• LEVINTHAL ELECTRONIC 
PRODUCTS INC. 
• MENLO PARK ENG. 
• METROLOG CORPORATION 
• NARDA MICROWAVE CORP 
• NM CORPORATION 
• SYSTRON CORPORATION 
• WAYNE KERR CORP 

Woltnam, Mass 

TWinbrook 4-1955 

Washington, D. C. 

Oliver 5-6400 

IRE People 

(Continued from page 80A) 

Peter G. Smee (M'47-SNI'52) has been 
appointed manager of Microwave Systems 
Design for General Electric's Communica-
tion Products De-
partment in Lynch-
burg, Va. The ap-
pointment was an-
nounced by I. T. 
Corbell, the depart-
ment's manager of 
Microwave Engi-
neering. 

Mr. Smee is a 
native of Lincoln, 
England and re-
ceived his technical 
training in the 
United Kingdom. He holds several U. S. 
patents in the communication field. He 
joined General Electric at Electronics 
Park, Syracuse, N. Y., in 1946 and has 
specialized in microwave engineering for 
the past several years. 

I'. G. SMEE 

John M. Thompson (J'27-A'28-M'47-
SM'53) has been named as Vice President 
and General Manager of ITENII,A13, Inc. 
located at Port 
Washington, N. Y. 
He will head the 
activities of this 
concern in the fields 
of environmental 
testing, design, re-
search and develop-
ment. 

He has been lab-
oratory chief of the 
Rouie Air Develop-
nient Center's Test 
Facility Laboratory 
for the past ten years and prior to that was 
associated with Watson Laboratories, Sig-
nal Corps Engineering Laboratories and 
the USVA for a total of 25 years govern-
ment service. 

Mr. Thompson is a senior member of 
the Instrument Society of America, a mem-
ber of the American Institute of Electrical 
Engineers, American Society of Metals 
and Institute of Environmental Sciences 
and associate member of the American 
Society of Heating, Refrigeration and Air 
Conditioning Engineers. 

J. NI. l'uomPsoN 

MMD€SD€D€D€M 

Use Your 

IRE DIRECTORY! 

It's Valuable 

D€D€D€DMMYYD€D€D€D€ 
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TARGET... 
better than 
99.99% 

switch log 
transistor 
survival 

CBS NPN" germanium switching transistors are being 
delivered to a military project specification with an 
objective of 99.99% survival in 1000 hours. This means 
that only one transistor in 10,000 can fail due to param-
eter changes . . . and catastrophic failure rate is even 
lower. 

CHECK THESE SPECIAL RELIABILITY CONTROLS 

100% PRODUCTION 
• Every crystal identified 

throughout production 

. Die thickness maintained 
within 0.00005 inch 

• Contamination eliminated by 
"dry-box" assembly 

. Microscopic inspection of all 
critical operations 

• Aging at 100°C for 200 hours 

• Temperature cycling from 
—65° to 85°C 

• Detergent bomb testing at 
100 psig 

• Radiflo testing to 10' 12 
standard cc/sec 

RELIABILITY 
• Voltage-biased, 55°C on 1000 

hour life 

. Storage, 85°C on 1000 hour life 

. Intermittent operation, 
150 mw for 1000 hour life 

. Samplings 100 times larger 
than MIL- T- 19500A 

• Product identified with crystal 
for field survival analysis 

ENVIRONMENTAL TESTING 

• Shock, 500 G for 1 midisecond 

. Vibration, 20 G for 20-2000 cps 
• Soldering of leads, 260*C for 

10 sec 

• Fatigue of leads, 16 oz pull. 
three 90° arcs 

YOUR INQUIRIES INVITED 

Inquiries regarding your special reliability require-
ments for NPN germanium switching transistors are 
invited. Please call direct . . . or your local sales office. 

CBS semiconductors 

CBS ELECTRONICS, Semiconductor Operations • A Division of Columbia Broadcasting System, Inc. 

Sales Offices: Lowell, Mass., 900 Chelmslord S1., GLenview 4-0446 • Newark, N. J., 231 Johnson Ave., TAlbert 4-2450 • Melrose Park, Ill., 1990 N. Mannheim 
Rd., EStebronk 9-2100 • Los Angeles, Calif., 2120 S. Garfield Ave., RAymond 3-9081 • At/anta, Ga., Cary Chapman & Co., 672 Whitehall St-, JAekson 4-7388 

Minneapolis, Minn., The Heimann Co., 1711 Hawthorne Ave., FEderal 2-5457 • Toronto, Ont., Canadian General Electric Co., Ltd., LEnno« 4-6311 
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Recorded Events, 
only when referred to 

Time... 
have significance! 

...and with today's accelerating 
technology, the need for the most 
accurate time reference available 
becomes more acute. It is available 
... and free; the standard time and 
frequency transmissions of the 
National Bureau of Standards radio 
stations WWV and WWVH are 
accurate to better than 1 part in 50 
million and are placed at the dis-
posal of anyone having a receiver 
capable of tuning to one or more of 
the transmitting frequencies. 

The new Model WWVT receiver, 
designed especially for remote oper-
ations under extreme environmental 
conditions, is a highly-sensitive 
crystal-controlled instrument capa-
ble of utilizing WWV and WWVH 
transmission. 

Model 
WWVT 

A 6-position dial swilches inedustily to any 
Standard Frequency- 2 5, 5, 10, 15, 20 or 
25 Inc. It is small, light- weight and rugged 
—sealed metal case and potted components, 
all transistorized and battery operated, and 
has better than 2 inv sensitivity. Priced at 
$690.00. Model \VWVTR ( rack mount) 
$725.00 

Send for bulletin #159A which details many 
free services available from WWV & WWVH. 

V 

SPECIFIC PRODUCTS 
Box 425, 21051 Costanso, Woodland Hills, Calif. 

1 Section 
Re 

  Meetings 

Aram,. 

"Computer Activities in Europe and Russia," 

Dr. N. R. Scott. University of Michigan. 1 / 19/60. 

ALA1HOGORDO-HOLLOMAN 

"Teaching Machines and Tomorrow's Educa-
tion," Dr. R. F. Mager, Fort Bliss Human Research 

Unit. 1/18/60. 

ALBUQUERQUE-LOS ALAMOS 

Conducted tour of Lovelace Radiation Labora-
tory plus four papers by Dr. White of Lovelace 
Foundation. 11 / 17 /59. 

"For Better Conversations," Dr. J. P. Molnar, 
Sandia Corp. Fellow Awards Dinner meeting. 
2/1/60. 

ATLANTA 

"Quantum Electronics," Dr. M. W. Long. 
Georgia Tech. 1/22/60. 

BALTIMORE 

"Military and Industrial Applications of In-

frared," A. H. Canada, Institute for Defense An-
alyses, Washington, D. C. 2/1 /60. 

BAY OF QUINTE 

"Theory of Relativity,' Dr. G. A. Harrower. 
Queens University. 1 /20/60. 

CENTRAL FLORIDA 

"Infrared Technology & Physics," Dr. S. S. 

Ballard, University of Florida. 1/14/60. 

CENTRAL PENNSYLVANIA 

"Fission, Fusion and the Future." F. A. 

Kramer, Public Service Electric, Gas Co. 11/17/59. 
"The USSR Forges Ahead." Dr. J. L. McLucas, 

Singer, Inc. 12/15/59. 
"Trends in Electronic Instrument Design," 

Roy Mershon, Weston Instruments Co. 1/19/60. 

CHICAGO 

"Hot Electrons from Cold Cathodes." Dr. 
A. M. Skellet, Tung-Sol Electric, Inc. 9/11/59. 

"SAGE—A Data Processing System for Air 
Defense," S. J. Hansen and C. A. Zraket, Mitre 
Corporation. 10/9/59. 

"Molecular Engineering, the Future of Elec-
tronics." Dr. G. C. Sziklai, Westinghouse Electric 
Corp. 11 / 13/59. 

"The Place of Ionospheric Scatter in World 

Communications." W. H. Collins and K. E. Oit-
tinen, Page Communications Engineers, Inc. 
12/11/59. 

"Circuit Design Using Tunnel Diode Devices," 
Dr. K. K. N. Chang, RCA Labs. 1 /8 /60. 

CHINA LAKE 

"Parametric Amplifiers," Dr. C. J. Carter, 
Space Technology Lab. 11/9/59. 

"Electron Microscopes," DI. Ernst Bauer. 

U. S. Naval Ordnance Test Station. 1 / 11 /60. 

CLEVELAND 

"Thermo Electricity," C. J. Frank, Westing-
house Electric Corp. I / 21/60. 

COLUMBUS 

Inspection Tour—Electronics Laboratories 
Facility, North American Aviation. Comments by 
David Leonard of the Company. 2/9 /60. 

DALLAS 

"Tactics of Air Launching a Ballistic Missile for 
Satellite Reconnaissance," Eaton Adams, Convair 
Fort Worth. 1/19/60. 

"Esaki and Other Special Diodes," G. C. 
Dacey, Bell Telephone Labs. 2/4/60. 

"Information Theory," W. A. Youngblood. 
niversity of Texas. 2 / 11 /60. 

(Continued on page 88.-l) 

MINCOM 
announces a new double-duty 

magnetic tape system 

the MHO° 

records & reproduces 6 SPEEDS 

Greater bandwidths at lower 

speeds in both analog and 

pulse recording/reproducing 

(for example, 500 kc at 60 ips). 

All in one compact standard 

rack. Details? Write for brochure. 

...WHERE RESEARCH IS THE KEY TO TOMORROW 

MINCOM DIVISION 

3 
COMMPANY 

M INNESOTA 
M INING AND 
M ANUFACTURING 

COMPANY 
2049 South Barrington Avenue, Los Angeles 25, Calif. 

• HIGH FIDELITY 
• HAM RADIO 
• MARINE 
• INSTRUMENTS ktati 
Over 150 do-it-yourself electronic kits 
are illustrated and described in this 
complete Heathkit Catalog. 

DO-IT-YOURSELF... IT'S FUN 
IT'S EASY & YOU SAVE UP TO 1/2! 

HEATH COMPANY I DAY ST ROM 
o um. 

Benton Harbor 4, Michigan 

Please send the FREE Heathkit Catalog 

NAME  

ADDRESS 

CITY ZONE STATE 
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NEW, UNIQUE RCA 

5-KW FM TRANSMITTER 

UTILIZES 4CX5000A 

CERAMIC TETRODE 

RCA has recently developed a unique 

new 5-KW FM transmitter which 

utilizes the new technique of multi-

plexing. This provides simultaneous 

transmission of two or more program 

channels on the same RF carrier to 

meet increased demands of FM sta-

tions for additional program services. 

The PA stage of the new BTF-5B 

transmitter is composed of a single 

Eimac 4CX5000A ceramic tetrode. 

which produces the 5000-watt output. 

This tetrode offers high power gain 

and excellent stability to assure faith-

ful transmission of the broadband 

multiplex signals. 

That's why the 4CX5000A was the 

logical choice of discriminating RCA 

engineers. Its many exclusive ceramic 

design features help to make possible 

this conservatively rated, high power, 

air-cooled transmitter. 

These ceramic extras are now avail-

able in more than forty Eimac tube 

types — used in many types of com-

munication, pulse and industrial 

equipment. 

EITEL-McCULLOUGH, INC. 

ç±" 

,) 
San Carlos, Cal lornla 
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Nothing is NEWER than 

like G-E Shadow Grid... 

anode...New products 

New engineering: direct-

MEANS LOWEST-NOISE PENTODE! 

The new Shadow Grid tube is an advanced concept ap-
plied by General Electric. It makes possible high-gain 
pentode performance at a low noise level found up to 
now only in triodes. Electron flow is channeled between 
the wires of the screen grid. There is minimum contact 
of electrons with grid. Consequently, noise-producing 
screen current is held to a minimum. A plate-to-screen 
current ratio of 25 to 1 can be obtained with new General 
Electric Type 6FG5 for TV tuners. 

A 

 -42  

o 

o 
o 
o 

Electron flow from cathode 
past control grid is guided by 
electrostatic field in the vicin-
ity of 

Shielding grid (A) into streams 
passing between the wires of 

Screen Grid (B), thus bypass-
ing the screen grid and contin-
uing to the plate. 

uo lOO aso 

TUBE VOLTAGE IN VOLTS 

ACTUATES RELAYS DIRECTLY! 

General Electric's new 7427 cadmium-sulphide photo-
conductive tube is so sensitive to light variations, and 
can handle so much current (400 mw max dissipation), 
that the tube will operate a relay without amplification. 
Your costs are reduced. Spectrum of the 7427 matches 
the human eye. Check performance below: 

MAX. POWER 
DISSIPATION 

0 SECOND DARK < 
RES ISTA NCE 13 MEGA. 

Left: average charac-
teristics. Type 7427 

 AC (RMS) oper-
ation 

- - - - DC operation 

Note this new tube's 
high sensitivity to light, 
with large current ca-
pacity. In series with a 
relay, the G-E 7427 helps 
form a simple, economi-
cal circuit which will 
handle scores of light-
ing, industrial, other 
control functions. 



tubes . New concepts 

New materials like 5-ply 

like 7427 phototube. 

heated cathode in 3DG-4. 

CUTS HEAT IN TV RECEIVERS! 

Less heater power...less total power for set...less heat 
generated! The new General Electric 3DG4 power rec-
tifier tube with direct-heated cathode brings you all 
three benefits. Special 3-ply cathode requires no fila-
ment, teams up with a new high-internal-reflectance 
plate material for maximum efficiency. Total power 
required is 42% less than the 5V3. Compare: 

Heater power 
Total watts in tube 
Bulb temperature 
Output current 

NO "HOT SPOTS" ON ANODES! 

General Electric has pioneered the use of 5-ply bonded 
material for tube anodes. Greatly superior in heat con-
duction and radiation, the new material prevents the 
formation of "hot spots" when tubes are running f ull-
load. Gives sustained top-performance capability to a 
large and growing list of G-E receiving types. 

NEW 3DG4 5V3 Copper promotes the even 
12.5 w 19.0 w distribution and faster dis-

29 50 sipation of anode heat. Iron 
171 C 206 C for strength. Aluminum 

350 ma 350 ma for surface protection. 

RECEIVING TUBE DEPARTMENT OFFICES: 

New York, WI 7-4065. 6. 7. 8....Boston, DE 2-7122. ... Washington. EX 3-3600.. Chicago, SP 7-1600 

Dallas. RI 7-4296 .... Los Angeles. GR 9-7765, BR 2-8566 .... San Francisco, DI 2-7201. 

Progress Is Our Most important Product 

GENERAL ELECTRIC 



IF relays cause you as much trouble 
as they do us, you will undoubtedly 

welcome information on how to get rid 

of them. Probably the most fashionable 

way to do the switching is to use tran-

sistors, and as a public service Sigma 

hereby offers some application data 

toward this end. The Search for Truth 

must go on. 

Right off the bat, it must be con-

ceded that transistors have the edge in 

several important physical and dy-

namic respects. Relays are certainly 

bigger, heavier and slower, and their 

useful life is nowhere near infinite — 

primarily because they all have such 

old-fashioned things as moving parts. 

Nor are relays immune to unlimited 

shock and vibration (the best we've 

been able to do on a subminiature 

type, and keep it operating within 

spec, is 30 g's to 5000 cycles). 

There are a few things relays are 

good for, however, even though 

"Relayized" may never sell a single 

product. For instance: signal circuits 

can be isolated from load circuits . . . 

signal and load can be AC or DC, in 

HOW TO AVOID 

RELAYS* 

, 

any combination ... circuits with high 

voltage to ground present no particular 

problems, and relatively high voltage 

loads can be handled . . . inductive 

loads can be switched " off" when 

they're supposed to be off. On " sliding" 

or slowly varying signals, the right re-

lay will also provide clean, positive 

switching and it won't fry if the circuit 

develops a mild defect. It is true, if not 

grammatical, to say that a relay is many 

orders more " off" and several orders 

more "on" than those other things. 

The fact that relay contacts more 

closely approximate the ideal switch — 

no ohms one way and infinite ohms 

the other way— also means something 

when dry circuit switching is your 

problem. With loads in the order of 0.1 

microwatt, a properly designed relay 

can provide dependable switching. 

Further, if 3- position, polar, center-
stable switching (Sigma " Form X") is 

needed, a single relay will do the job. 

And if the requirement calls for having 

the switch "remember" and stay in the 

last switched position, a polarized, 

magnetic latching relay (our " Form Z") 

will do just that without stand-by 

power. 

There are also such considerations 

as cost (where the switching is of the 

pinball machine variety), stability as a 

function of temperature, and amplifica-

tion (10,000:1 load to signal ratio), 

that lean in favor of relays. But the 

main ones are those mentioned earlier 

—which we're banking on to keep us 

from going bankrupt this year. In the 

meantime, we're looking around for 

diversification possibilities — something 

in a good solid state, perhaps. 

*or, Ten Easy Steps to Utopia. 

SIGMA INSTRUMENTS, INC. 

94 Pearl St., So. Braintree 85, Mass. 
An Affiliate of The Fisher-Pierce Co. (since 1939) 

:geonieligniturd. 
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DENVER 

"Telebit-Digital Telemetry on Explorer VI," 
Dr. G. E. Mueller, Space Technology Laboratories. 
11 / 19 59. 

"Large Scale Electronic Computers and Sci-
entific Computers," Dr. J. J. Sopka. National Bu-
reau of Standards. 1/21,60. 

DETROIT 

"Surgical Techniques for Reconstructing the 
Middle Ear," Dr. II. F. Schuknecht, Ilenry Ford 

Hospital; " Psychophysical Studies of Hearing," 
W. P. Tanner, Jr., University of Michigan Rerwarch 

Institute. 1 /8„'60. 

ELMIRA-CORNING 

"Advances in Screen Structure and Data Dis-

tribution for the ELF Display System," Dr. E. A. 
Sack, Westinghouse Electric Corp. I 11, on. 

"Recent Advances in Field Emission," Dr. 
F. Charbonnier. Lintield Research Institute. 2 / I 60. 

Es. ¡'Aso 

"Technical Training Is Now Being Auto-
mated." Dr. R. F. Mager, Fort Bliss Human Re-
search Section. I /7/60. 

"Automation for Quality Control Testing of 
Electron Tubes," R. A. McNaughton, Sylvania 

Electronic Tubes. 1 / 19 /60. 

EVANSVILLE-OWENSIIInto 

"Nuclear Radiation & Electronic Equipment." 

J. R. Crittenden, G.E. Co. I /20 60. 
"The Next Twenty Vears in Space." Dr. I.eo 

Steg, G.E. Co. 2, 10/60. 

FLORIDA WEST Cl/AST 

"IRE—A Look at Headquarters," Dr. R. L. 
McFarlan, IRE President. 2 '8/60. 

FORT HUACIll CA 

"Log Periodic Antennas." Dr. Duhamel. Col-
lins Radio Co. I 25 M. 

FORT WORTH 

"Moon Bounce Communications Systems," 

Dr. A. Straiton, Univ. of Texas. I IS nO. 

GAINESVILLE 

"Current Problems in Intrared Physics and 
Technology," Dr. S. S. Ballard, University of Flor-

ida. 2/10/60. 
IlAmturoN 

"The Vidicon and Related Tubes," F. Town-
send, Westinghouse Elec. Corp. I, 11,60. 

"A Bright Radar Display System," Dr. T. W. 

East, Raytheon Canada, Ltd. 2/8/60. 

I lAwAii 

"Engineering Aspects of the Integrated Fire 

and Police Department Communications System," 
I larold Chun. Honolulu Police Department. 

10/14/59. 
"Novel Compression and Expansion Methods 

for Audio and Video Use," W. R. Aiken, Kaiser 

Engineers. II / 11/59. 
"Ionospheric Scatter Systems," J. S. McLeod, 

Page Communications. I / 13/60. 

HOUSTON 

Business meeting. 1/19/60. 

HUNTSVILLE 

"Pulse Duration Modulation Techniques," 

Dr. T. G. Antzack, Electro-Mechanical Research, 

Inc. 1/28/60. 

(Continued on page 92A) 
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Model FIM being toq'd to check radiated interference against MIL-I-26600 

FIELD INTENSITY RECEIV SYSTIM 
CALIBRATE() MICROWAVE 

The complete integrated Model FIM includes: 

QA monitoring unit.. Meter indicates average, peak 
or quasi peak value of r-f signals. Outputs for 
video, audio and recorder. 

OR-F Plug In Tuning Units. Four units cover the 
frequency range 1000 to 10,000 mc. UNI-DIAL 
tuning control tunes both the receiver and 
internal signal calibrator. 

°Calibrated Antenna System complete with tripod 
and a calibrated omni-directional Broadband 
antenna or a separate directional antenna to 
match each R- F tuning unit. 

Use this precision instrument for antenna pattern 
and shielding analysis, r-f power and voltage meas-

urements, determination of field intensity, signal 
propagation patterns and other microwave 
parameters. 

r e • 

ERIE LIFETIME SERVICE 
@N ALL POLAR» 
INSTRUMENTS 

POLARAD 
ELECTRONICS 
CORPORATION 

MAIL THIS CARD 

for specifications. 
Ask your nearest 
Polarad represen-

tative ( in the 
Yellow Pages) for 
a copy of " Notes 

on Microwave 
Measurements." 

Determines absolute level of radiation, 
leakage and interference by comparison 

with an internally generated CW signal. 

Also measures signal susceptibility 

POLARAD ELECTRONICS CORPORAT4ON: 

Please send me information and specifications on: 

Model FIM Calibrated Microwave 
Field Intensity Receiver 

E Model N-1 Precision Noise Generator 
(see reverse side of page) 

My application is 

Name  

EP 

Title   Dept  

Company 

Address  

43-20 34th Street, Long Island City 1, N. Y. ,c P.E.C. 
Representatives in principal cities. 

City  Zone State 



New from Polarad... 

PRECISION 
NOISE 
GENERATOK 
01 kc to 500 mc 

01 to 20 db, adjustable 
0 0.25 db output accuracy 
Q Long-life, low-maintenance noise tubes 

e Stable output 
\oise output constant over 
entire frequency range.Main-

tains set level into any termi-

nating impedance. 50 to 

10.000 ohms. 

2.7 

o 
18 

14 

11C MC 10 MC '00 MC 500 MC 

Production line noise figure measurements, made rapidly 

and accurately u it h Polarad Model N-1. 

The Polarad Model N-1 is a small, compact, portable noise 
generator witn easy-to-operate controls. The Model N-1 
(Digitized variable output level controls — 0 to 20 db. Cali-
brated db steps — fine vernier between each step ) is 
entirely self-contained, including power supplies. Use it 
for direct noise figure measurements of vacuum tube or 
transistor amplifiers, receivers and oscillators. 

Postage 
Will be Paid 

by 
Addressee 

No 
Postage Stamp 

Necessary 

If Mailed in the 

United States. 

BUSINESS REPLY CARD 
First Class Permit No. 18, Long Island City 1, N.Y. 

POLARAD ELECTRONICS CORP 

43-20 34th St., Long Island City I, N. Y. 

MAIL THIS CARD 

for specifications. 
Ask your nearest 
Polarad represen-1 tative ( in the 
Yellow Pages) for 
a copy of " Notes 
on Microwave 
Measurements." 

FREE LIFETIME SERVICE 
ON ALL POLARAD 
INSTRUMENTS 

POLARAD 
ELECTRONICS 
CORPORATION 
43-20 34th Street, Long Island City 1, N. Y. 
Representatives in principal cities. 

P.E.C. 



One of a series 

Payoff in portable photons 

Samarium-145, Samarium-153, Gadolinium-153. 
Scientists at the General Motors Research Laboratories began three 
years ago to measure and re-evaluate the nuclear characteristics 
of these rare earth isotopes — their half-lives, photon emissions, 
thermal neutron cross sections. 

Conclusion: the radioisotopes had attractive possibilities in industrial 
and medical radiography, emitting almost pure gamma rays or 
X-rays ( photons) in the low energy range of 30 to 100 key. 

The transition from research to hardware came through two key 
developments. First, cermet pellets were fabricated using only a few 
milligrams of the rare earth oxides. Then the irradiated pellets 

were packaged in special bullet-size holders. 

The resulting small, sealed radiographic sources are now being 
field and laboratory tested. Two excellent applications: "inside-out" 
checks of hollow shapes inaccessible to X-ray tubes, and radiography 
of thin steel sections and low density materials such as 
aluminum or human bone. For example, a recent medical 
milestone was a chest radiograph of a living person made with 
a Sm 153 source. The portable exposure unit to shield the source 
weighed only 18 pounds. 

This isotope radiography program is but one example of the work under-
way in GM Research's modern isotope laboratory — work that means, 
through science, "more and better things for more people." 

General Motors Research Laboratories 
Warren, Michigan 

Useful range for radiography 

Sm ," 

Se" 

o 0.5 1.0 1.5 

Aluminum thickness (inches) Sm" exposure unit. 



TNII- la analysi. ot 18 IRIG FM/FM channels 
wdh slight ore-emohasis. 

known for 
speed and 
accuracy 

Panoramic 
TELEMETRY 

TEST 
INSTRUMENTS 

A range of reliable equipments for 
• Subcarrier Spectrum tests 
• Telem,try Package Cieckout 
• Subcarrie, discriminator and oscillator 
c a libration 

• Data reduction frequency reference 
• rower Spectral Density Plots 

NEW, Model TMC-411 Simultaneous 11-
Poirt Frequency Calibrator. Transistorized, 
miniaturized. Long term accuracy .001% 
provides 11 equally spaced frequencies 
within all IRIG FM/FM channels, 18 simul-
taneous channel outputs. Source for data 
reduction multiple frequency references. 
Only 7" high. 

Model TMI-la, 350 cps to 85 kc: for rapid 
monitoring of all or any part of subcarrier 
spectrum, checks pm-emphasis, analyzes 
subcarrier, cross talk, VCO deviations, etc. 

Model TMC-1: 1) Sets up TM 1-la for quick 
checks of each IRIG charnel for deviation, 
spillover, etc. 2) furnishes channel end lim-
its and center markers for precise deviation 
dialysis 3) 3 point calibrator for all IRIG 
channels, accuracy 0.02%. Model CHS-I 
performs Model TMC-1 use # 1 only. 
All these . . plus fast, versatile Spectrum 
Analyzers ( subsonic thru microwave), Power 
Spectral Density Analyzers ... Panadaptors 
... for expanded applications. 

Write, wire, phone today for detailed 
technical bulletins on the equipment 

you need. Ask for NEW CATALOG DI-

GEST . . . and get on our regular mail-

ing list for THE PANORAMIC ANA-
LYZER- featuring application data. 

... 

CERTIFIED 
r SPECIFICATIONS ( 

Panoramic 
RADIO PRODUCTS INC. 

522 South Fulton Ave. • Mt. Vernon, N.Y. 
°Wens 9-4600 

Cables: Pano,smic, Mt. Vernon, N.Y. State 

Section 

Meetings 

(Continued friiin rage 88.4) 

ITIIACA 

"Electronic Beam Parametric Amplifiers," Dr. 

Robert Adler, Zenith Radio Corp. 1 14 60. 

"The Response of Electronic Equipment to 
Acoustic Noise Fields," N. Doelling, Bolt Beranek 

& Newman, Inc., 2/11/60 

KANSAS CITY 

Business meeting. 12 8 59. 
"Sound Transmission in Ocean Waters and 

Some of Its Problems," C. M. Wallis, University of 

Missouri. 1/12/60. 

LITTLE ROCK 

"Significance of Noise and Noise Figure in 

Radio Communication," Alden Packard. AR & T 
Electronics, Inc. I 18 60. 

"Methods of Characterizing Semiconductor 

Surfaces," Dr. C. G. Peattie, Texas Instruments, 
Inc. 2'15 60. 

LONDON (ONTARIO) 

"The D.R.T.E. Digital Computor." C. D. 
Florida, Department of National Defence, Ottawa. 

1/5/60. 
LONG ISLAND 

Introduction to Lecture Series. Dr. C. J. 

Mundo, Jr. Arma Corp.; "Psycho-Acoustics," Dr. 

W. Rosenblith, MIT. 101/59. 
"Spectroscopy and Biological Cell Structure," 

Dr. L. Ornstein, Mt. Sinai hospital. 10/8/59 (2nd 

of Lecture Series). 
"Neurophysiology of Human Control Proc-

esses," Dr. H. Grundefest, Columbia University. 

10/15/59 (3rd of Lecture Series). 
"Cell Structure and the Electron Microscope," 

Dr. K. R. Porter, Rockefeller Institute. 10/22/59 

(4th of Lecture Series). 
"Neurophysiology of Sight," Dr. H. Hartline. 

Rockefeller Institute. 10/29/59 (5th of Lecture 
Series). 

"Electronic and Computer Techniques in Diag-
nosis of Heart Diseases," W. E. Toiles. W. Carbery, 

C. Steinbery, Airborne Instruments Laboratory. 
(6th of Lecture Series). 11/5/59. 

"Strategy of Deterrence," Harry Davis, Rome 

Air Development Center. 1/12 60. 

Los ANGELES 

"Aerospace Power for National Security." Gen. 

O. J. Ritland, ARDC. 2 A/60. 

LOUISVILLE 

Tour of Standiford Field Radar Flight Control 
Center with comments by the F.A.A. Staff. 8/27/59. 

"WAVE's New Building and Facilities." 

Wilbur Iludson, WAVE. 9/24 59. 
"Jet Aircraft Control and Flight Simulator," 

V. M. Valine, Kentucky Air National Guard. 

10;22/59. 
"Lighting of Radio and Television Towers," 

O. W. Towner. WHAS. 11 '20 59. 

Lutitioc K 

"IlMellefelICe at a Common Tower," David 
I.and, Motorola. I / 26/60. 

M IAMI 

"Electronic Education and Engineering in 

India," Dr. P. H. Craig, U. S. State Department. 

1 /15/60. 
M ILWAUKEE 

"Radiometry," Ted Seling, A. C. Spark Plug 
Co. Presentation of Fellow Award. 1/20/60. 

MONTREAL 

"Measured Retaliation." M. Jennings, Ray-

theon Corp. 1/20/60. 

(Continued on rape 94A) 

New ROHN 
SELF SUPPORTING 

COMMUNICATION 
TOWER 

*130 It. in height, fully self-supporting! 

*Rated a true HEAVY-DUTY steel tower, 
suitable for communication purposes, 

such as radio, telephone, broadcasting, 

etc. 

*Complete hot- dipped galvanizing after 

fabrication. 

*Low in cost—does your job with BIG 
savings— yet has excellent construction 
and unexcelled design! Easily shipped 

and quickly installed. 

FREE details gladly sent on request. 
net ,rrsen a I mies coast-to-coast. 

RO H N Jranufacturing Co. 

I116 Limestone, Bellevue, Peoria, Illinois 

"Pioneer Manufacturers of 
Towers of All Kinds" 
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TRANSISTORS 
HIGHER CURRENT THAN EVER BEFORE FOR MILITARY AND COMMERCIAL USE 

2N1518 2N1519 2N1520 2N1521 2N1522 2N1523 

Maximum Colleictor Current (Amps.) 25 25 35 35 50 50 

Maximum Collector to Base Volts, 
Emitter Open, Max lc° 4ma 50 80 50 80 50 ao 

Minimum Open Base Volts 
(I-Amp. Sweep Method) 40 so 40 so 40 so 

Maximum Saturation Volts at 
Maximum Collector Current 0.7 0.7 0.6 0.6 0.5 0.5 

Gain at lc at 15 Amps. 15-40 15-40 17-35 17-35 22-45 22-45 

Minimum Gain at Maximum 
Collector Current 12 12 12 12 12 12 

Thermal Resistance Junction 
to Mounting Base (°C/Watt) 0.8 0.8 0.8 0.8 0.8 0.8 

Newark, New Jersey 

1 180 Raymond Boulevard 
Tel: Mitchell 2-6165 

Characteristics at 25°C Maximum Junction Temperature 95°C 

Chicago, Illinois 

5750 West 51st Street 

Tel: Portsmouth 7-3500 

A new family of high current transis-
tors featuring the 50-ampere 2N 1 522 

and 2N1 523. Two 25- and two 35. 
ampere types round out the line. All 

thoroughly tested and completely re-
liable. Available in production quanti-

ties. Call or write your nearest Delco 
Radio sales office for full product in-

formation and applications assistance. 

DELCO 
RADIÓ 

Division of General Motors 
Kokomo, Indiana 

Santa Monica, California 

726 Santa Monica Boulevard 
Tel: Exbrook 3-1465 

Detroit, Michigan 

57 Harper Avenue 

Tel: TRinity 3-6560 
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Noise spectrum analy-
sis using internal 
video smoothing filter. 
Noise envelope aver-
age vs. frequency 
seen in readily inter-
preted plot. Internal 
marker pips are 500kc 
apart. 

more applications 
maximum economy 

0I 

See 
0 1.Z 

0,0 
, 

PANORAMIC'S 

SPA-3/25 
SPECTRUM ANALYZER 

200cps-25mc 

One compact, low-cost unit for 

all these uses . . . and MORE: 

Video Band Analysis 
Broadband Noise Studies 
Communications Channel Analysis 
Telemetry Subcarrier Channel Analysis 
Frequency Response Plotting of filters, video 

networks, to 15mc, etc. ( with companion 
sweep generator Model G-6) 

Combining the most desirable features of a 
whole series of equipments, Panoramic'; 
"workhorse" Model SPA-3/25 features: 

• 0-3mc sweep width continuously cali-
brated • Variable center frequency control 
cailibrated from 0 to 23.5 mc • Ad¡ustablr 
resoultionT selectivity, 200cps to 30kc • 
Variable sweep rate lcps to 60 cps • Lin. 
40db log and square law amplitude scale; 
• High sensitivity: 20uv full scale • Cali-
brated 100 db input attenuators 

Also available: Model SPA- 3, 

200cps-I 5mc. Some at SPA-3/25, 

except variable center frequency 

control is calibrated 0 to 13.5mc. 

Write, wire, phone NOW for detailed 

specification bulletin . . . NEW Catalog 

Digest . . . and regylar mailing of " THE 

PANORAMIC ANALYZER," featuring 

application data. 

• 

the poneer 

Is the leader 

Panoramic 
RADIO PRODUCTS, INC 

/dependable 

CERTIFIED 
SPIDFICAIIONS 

1" 7:trfr it 

—we 
522 So Fulton Ave • Mount Ve-non, N.Y. 

°Wens 9-^E00 
Cables Fono,-' v • State 

BOESCH 

Section 

Meetings 

I 

NDI NM , 

"Ladies Nite," Dinner Meeting and Dance. 
12 14 59, 

"Supervisory Control to Hydro- Electric 

Plants," M. Gladden, Newfoundland Light & Power 

Co. 1 '21/60. 

NEw Voss: 

"Wall Street Analyst's Look at Electronics," 

Discussion by Panel consisting of G. Edgar, M. 

Loeb; M. Heilbrun, Rhoades & Co.; A. Cohn, 

Radie & Co.; Miss P. Shulder. Merrill Lynch, 

Pierce. Fenner & Smith, Inc. 12 2/59. 

NORTII CAROLINA 

"Sampling Techniques for Automatic Wave-

form Analysis," M. R. Sundquist, Bell Telephone 

Labs. Presentation of Fellow Award. 1 / 15 ' 60. 

"Subscriber Line Data Transmission Systems," 

,I. Grunfelder, Western Electric Co., inc. 
' (ill 

NORTHERN .\LBERTA 

"Filters and Duplexers," Dr. W. V. Tilston. 
Sinclair Radio Labs. 1 19 '60. 

NORTHWEST FLORIDA 

"Recent Biological Experiments in Ballistics 

Missiles," Dr. D. E. Stullken, NATC. Pensacola. 
12/15 .59. 

OKLAHOMA CITY 

Tour of Amplitron Installation and Air Naviga-

tion Facilities, Will Rogers Field. Oklahoma City. 

1 12 60. 

"Use of Transistors in Seismic Work," J. D. 

Delbridge, Shell Oil Co. 2 9 60. 

- • - 

BOESCH 
subminiature 

toroidal 
coil winders 

MODEL SM 

SNI winds 

ORLAND', 

"Current Problems in Infrared Physics & Tech-

nology," Dr. S. S. Ballard, University. of Florida; 
Film: " Bomarc Weapon System." 1,1.1, 60. 

"Considerations in Design and Use of Direct 

Writing Recording Systems," Dr. A. Miller. San-
born Co. 1/20/60. 

"Facts About IRE Ileadquarters—Present Ac-

tivities and Future Plans," Dr. R. L. McFarlan, 

IRE President. 2/1/60. 

Seminar on "The Role of a Nuclear Reactor in 

a University," Dr. T. J. Thompson, MIT: Dr. 

W. Kerr, University of Michigan; W. J. Clapp, 
Florida Power Corp.; Dr. W. B. Harrison, Georgia 

Tech.: Dr. Glenn A. Greathouse, University of 

Florida; Dr. J. A. Wethington, University of Flor-

ida. Presiding was Dr. Walter II. Zinn, General Nu-

clear Engineering Corp. 2 13 4,0-

OrrAwa 

"Design Problems in Developing Oscillo-

scopes," M. B. Crouch, Tektronix, Inc. 1/14/60. 

Five different subjects by University Students. 

Presentation of Fellow Award. 2 '460. 

PHILADELPHIA 

"Design of the UNIVAC-LA RC System," .1. P. 

Eckert. 11. Lukoff and A. B. Tonik of Remington 

Rand. 1 /6 /60. 

PHOENIX 

"Signal-Flow Graphs in Sampled-Data Sys-

tems," Dr. J. M. Salzer. Ramo-Wookbidge Corp. 

I 19 60. 

PI lrSBuJRGhi 

"Instrumentation—Past and Present," R. D. 

Wyckoff. Gulf Research and Development Corp. 
10/5 /59. 

"The System,. Approach to Molecular Elec-

tronics," Dr. A. 'W. McCourt, Westinghouse Air 

Arm Division, 10/19 59. 

Field tour of Greater Pittsburgh Airport Air 

Traffic Control Center. 11 /9 59. 

"Recent Developments in Thermoelectric Cool-

(Confinard On Palle 96.4) 

fi? 

NEW MINITOR 

1/1 I.D. toroids. New MINITOR 
winds I/:12 " I.D. Write for complete data. 

BOESCH MANUFACTURING CO., INC., DANBURY, CONN. 

crimp-type, snap-locked contacts 

Modular 

connector 
feed-thru, multiple insert 

Makes possible the design 

of lighter and more com-

pact equipment. Each insert 

holds 35 contacts. Frames 

available for 5 or 8 inserts. 

ESURNIDY For complete information, write: DIATOM DIVISION, BURNOT-Norwalk, Conned. 
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engineer knows.. 

CaD 
recorders prove what every 

. SIMPLICITY MEANS RELIABILITY 

What simpler and more reliable actuating device can 
you employ in an amperage-voltage-frequency record-
ing instrument than a d'Arsonval galvanometer . . . a 
trouble-free horseshoe magnet and a coil of wire? The 
same is true of the exclusive "recti/rite"® system . . . 
a simple, shock resistant trigonometric linkage that 
straightens the arc described by the galvanometer 
metering arm, changing curvilinear motion to recti-
linear motion. 
All the other "recti/riter" recorder features which 
contribute to this instrument's multi-industry accept-
ance and hardworking reliability are equally simple: 
The optional a-c or d-c drives couple directly with 
chart speed change gears to allow ten chart speeds; 
all routine operations and adjustments are performed 
"up front"; the non-corrosive, honed metal alloy pens, 
closed ink system, and large capacity ink well give 
you long, consistent writing performance. 

A-c and D-c Voltage Ranges 
Frequency Ranges   
Five Cycle Pen Response 
D-c Milliampere Range 5 ma 

Ask the TI engineer about customized recorders for 
your OEM applications. Don't settle for any re-
corder until you know all the facts on the complete 
"recti/riter" recorder line. 

With all their simplicity and reliability, "recti/riter" 
recorders are offered in extremely wide and useful 
Basic Recorder Ranges (Dual channel recorders offer 
combination of any two ranges): 

Two Cycle Pen Response 
D-c Milliampere Ranges  'At ma to 100 ma 
A-e Ampere Ranges  0.25 A to 25 A 
D-c Ampere Range 100 mv for use with standard shunts 
Expanded Scale A-c Voltage Ranges  80-130 V, 

160-260 V, 320-520 V 
 10 V. to 1000 V 

50, 60, 400 cps 

TEXAS INSTRUMENTS 
INCORPORATED 

GEOSCIENCES & INSTRUMENTATION DIVISION 

3509 BUFFALO SPEEDWAY • HOUSTON 6, TEXAS • CABLE: TEXINS 

The proved "recti/riter" 
recorder is a companion to 

the new "servo/riter"* 
recorder. 

"serveriter" is a trademark 

at Texas Ilstruments 

320 



new rapid tests 
of SSES 
transmissions 
with ONE compact 
multi-purpose 
spectrum analyzer 

...simple 
...versatile 

...low-priced 
Now, in one convenient package, all the 

equipment you leed to set up, adjust, 
monitor, trouble-shoot 5513 and AM trans-

missions! 

• 60 db dynamic range 

• 60 cps hum sidebands measurable to 

—60 db 

• Stable tuning head with 2 mc to 40 

mc range with direc• reading dial 

• Sensitive spectrum analyzer with pre-

set sweep widths of 150, 500, 2000, 

10,000 and 30,000 cps with auto-
matic optimum resolution 

• Continuously variable sweep width up 

to 100 kc 

• Two-tone generator with separate 
audio oscilloto-s with independent 

frequency and amplitude controls. 
Outp.it 2 volts max. per tone into 

600 ohm load 

• Internal calibrating and self checking 

circui.'ry 

Ask for new Catalog Digest and the 
PANORAMIC ANALYZER 

522 So. Fuit,- Ave. • Mt. Vernon, N. Y. 
OWens 9400 

Cables. Pano.am,c, Mt. Vemon, N. Y. State 

Section 

\ Meetings 
• 

(CMIt ¡MOM ¡ read! page 

lag Devices and Power Generation," Dr. S. J. 
Angell°, Westinghouse Electric Corp. 12 7 59. 

"The New Sound" A special non-technical 
non-cononercial demonstration of new and old 
techniques for recording by a special RCA demon. 

stratum team. 12 14 59. 

PORTLAND 

Tour of Tektronix Plant. 12/17,59. 
Demonstration lAyture on the ESIAC Alge-

braic Computer, by Dr. M. Morgan. Electro-
Measurements, Inc. 1 23 60. 

"Time Division in Communication." K. Searcy, 

Pacific Telephone 8: Telegraph Co 2 10 60. 

Panel discussion on "An Impedance Plethys• 
mograph-Instrumentation and Clinical Applica-
tion" and "A Myograph, Instrumentation and 
Clinical Application," Panel nwmbers: Loren Park, 
Dr. R. J. Underwood, Dr. R. E. Rinehard, and 

Dr. D. Michael. 2, 11, 6(1. 

Qr•Eur:c 

"The Case for Special Quality Tuber." D. S. 
Simkins, Rogers Electronic Tubes and Components. 

I 27 60. 
R Era NA 

Conducted tour of Regina Airport Radar In-

stallation. II .27 59. 

Ri stE ricA 

"Interface Problems in System Desigii," 

A. Kunze, Rome Air Develipinent Center. I 26 60. 

SALT LAKE CI IY 

"A New Look At Relativity,' John Ander,on, 

Retired. I I 3 59. 
"Traveling Wave Tube Oscillograpli, - Dr. 

R. Grow, Universit o I tab. 12 8 

Wide Band 

Amplifier 

Model 530 

GENERAL DESCRIPTION 

The Model 530 Wide Band Amplifier has 
been designed to fill a need for an ampli-
fier used principally for voltage amplifica-
tion of CW or pulsed signals. 

This model has many applications in the 
laboratory and also for television distri-
bution systems. It may be used to 
increase the output from signal sources 
within its frequency range, and its band-
width of 300 mc's makes it ideal for 
amplifying millimicrosecond pulses. 

PRICE $330. 

"Pulse Doppler Radar," A. W. Vodak, Sperry 

Utah Engineering Lab. I 14,.60. 

SAN ANTONIO-AUSTIN 

"Parametric Amplifiers," Dr. K. Kotzebue. 
Texas Instruments. 10/16/59. 

"Electronic Circuitry for Ultrasonic Applica-

tion," \V. A. Gunkel, Southwest Research Institute. 

11 /20/59. 
"Maximizing Information Rate in Data Sys-

tems," Dr. W. A. Youngblood, University of Texas. 
12 ' 12, 59. 

"Techniques of Audio Frequency Measure-
ments," Hoyt Foster. Kelly AFB. 12 18 59. 

Presentation of Fellow Award. 1/22 (xl) 

SAN M EG° 

"Electroluminescence," S. H. Boyd, Strom-

berg- Carlson. 1 6 60. 

'Optimization of Airborne Special-purpise 
Computers." R. Williamson, Libra,cope. 2 3 60. 

Sc IIE N ECT AM' 

"Digital Shaft Encoders," R. Knapp. RPI. 

1/21 60. 
"The Scavenger Amplifier," Dr. \V. K. Volkers, 

Millivac Instrument Corp. 2 9,60. 

SugEvEeogT 

"Microwave Communications, - A. K. I ischel 

and Mr. Davis. Collins Radio. I 5 60. 
"Transistor Characteristics and Circuits," 

Prof. E. W. E. Owen. Louisiana State University. 

2/2,60. 
Sot ' rit BEND-MISHAWAKA 

"Doppler Navigation Radar," R. E. Tolletson. 
Collins Radio. 924 59. 

"The IRE in the Space Age," 13r. Ernest 
\Veber, IRE President. 10 14 59. 

Tout of RCA Whirlpo,i1 Research Laboratorie, 

witli comments by Di. D. Cutler. 10 29 59. 
"Nlagnetics -- Key to Modern Contnil," E. V. 

\Vier. Magnetics. Inc. 12 3 59. 

(C,ittirtired on page 

IONS 

10 KC to 300 MC 
18 db 
135 ohms 
150 ohms 

SPECIFICAT 

Bandpass 
Voltage Gain 
Input Impedance 
Output Impedance 
Max. Output Power 
(into Matched Load) 
Max Output Voltage 
(into Matched Load) 

Max. Peak Pluse 
Output 

Rise Time 
Dimensions 

Gain Control 
Tube Complement 

INSTRUMENTS FOR INDUSTRY. Inc. 

101 New South Road, Hicksville, L. I., N.Y. 

.08W 

3.5 Vrms 

7 V pos. or neg. 
Less than 2x109 sec 
19" front panel- 16" 
wide, 9" deep 31/2 high. 
Power supply included. 
Provided on front panel 
Two cascaded stages of 
eight 6AK5 

so mere nith Re. 
Julin Hick. in an   or..end e ..... uleie reinnie Periunnel. iii. 101 Neu noun. Neu lurk. 
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GENERAL-PURPOSE OSCILLOSCOPES 
introduce TEKTRONIX QUALITY to the 

DC-to-450 KC RANGE 

The Tektronix Type 503 and Type 504 are the first 
of a family of new oscilloscopes for the 
DC-to-450 KC application area. 

• Both feature high reliability, simple operation, 
light weight. 

• Each excels in performance characteristics in its class. 

• Both now established as production instruments. 

Prices 

TYPE 503 

TYPE 504 

$625 
525 

f.o.b. factory 

Tektronix, Inc. 
P.O. Box 831 • Portland 7, Oregon 

Phone Mitchell 4-0161 • TWX—BEAV 31 I • Cable: TEKTRONIX 

TEKTRONIX FIELD OFFICES: Albuquerque, N. Mex. • Atlanta, Go. • Baltimore (Towson, Md) • Boston(lexengton, Moss.) • Buffalo, N.Y. • Chicago (Park Ridge, Ill.) • Cleveland. Ohio • Dallas, Texas • Dayton, 
Ohio • Denver, Colo. • Detroit (Lathrop Village, Mich.) • Endicott ( Endwell, N.Y.) • Greensboro, N.C. • Houston, Texas • Kansas City (Mission, Kan.) • East Los Angeles, Cold. • West Los Angeles, Calif. • Min 
neapoLs, Minn. • New York City Area (Albertson, LA., N.Y. • Stamford, Conn • Union, NJ ) • Orlando, Fla • Philadelphia, Pa. • Phoenix, (Scottsdale, Ariz.) • Son Diego, Calif. • Son Francisco ( Polo Alto, Cold.) • St. 
PetersForg, Flo. • Syracuse N.Y • Toronto ( Willowdale, Ont.) Canada • Washington, D.C. ( Annandale. Yo.) 

TEKTRONIX ENGINEERING REPRESENTATIVES: Hawthorne Electyanict, Portland. Oreg. • Searle,Washington. Tektronix is represented in twenty averser.s co...lines by qualed engineering organizations. 

TYPE 503 

The Type 503 is a differential- input X-Y oscilloscope with the additional 

features—linear sweeps, dependable triggering, sweep magnifier, bright 

trace, amplitude calibrator—desircble for general-purpose applications. 

FREQUENCY RESPONSE 
dc to 450 kc 

VERTICAL AND HORIZONTAL 
AMPLIFIERS 

Differential input at all attenuator 
settings. 

1 mv/cm to 20 v/cm in 14 

calibrated steps. 

Continuously variable between steps, 
and to approximately 50 y /cm 
uncalibrated. 

Constant input impedance at all 

sensitivities ( standard 10X probes 
con be used). 

SWEEP RANGE 
1 user/cm to 5 sec/cm in 21 

calibrated steps. 

Sweep time adjustable between steps, 
and to approximately 12 sec/cm 
uncalibrated. 

SWEEP MAGNIFICATION 

12, X5, X10, X20, and X50 
Magnification. 

AMPLITUDE CALIBRATOR 
500 my and 5 my peak-to-peak 

square-wave voltages are available 
from front panel. 

3-KV ACCELERATING POTENTIAL 

5.inch Tektronix crt provides bright 

trace, 8- cm by 10- cm viewing area. 

EASY TRIGGERING 

Fully automatic, amplitude- level 
selection on rising or falling slope 
of signal, or free- run ( recurrent). 
AC or DC coupling, internal, 
external, or line. 

REGULATED POWER SUPPLIES 

All critical dc voltages electronically. 
regulated, plus regulated heater 
supplies for the input stages 

of both amplifiers. 

SIZE AND WEIGHT 

13l/z" h, 9',' w, 21 1/2 " d — 
approximately 29 lbs. 

TYPE 504 

The Type 504 has the basic features desirable for most general-purpose 

applications — sensitive vertical amplifier, linear sweeps, easy trigger. 

ing, amplitude calibrator. 

FREQUENCY RESPONSE 
dc to 450 kc 

VERTICAL AMPLIFIER 

5 mv/cm to 20 v/cm in 12 
calibrated steps. 

Continuously variable between steps, 
and to approximately 50 v/cm 
uncalibrated. 

Constant input impedance at all 

sensitivities ( standard 10X probe 
can be used). 

SWEEP RANGE 

1 fisec/cm to 0.5 sec/cm in 18 

calibrated steps. 

Sweep time adjustable between steps, 
and to approximately 1.2 sec/cm 
uncalibrated. 

AMPLITUDE CALIBRATOR 

500 my and 25 my peak-to- peak 
square- wave voltages ore available 
from front panel. 

HORIZONTAL INPUT 

0.5 v/cm, with variable attenuotor. 

3-KV ACCELERATING POTENTIAL 
5- inch Tektronix crt provides bright 
trace. 8-cm by 10- cm viewing area. 

EASY TRIGGERING 

Fully automatic, amplitude- level 

selection on rising or falling slope 
of signal, or free- run ( recurrent). 
AC or DC coupling, internal, 
external, or line. 

REGULATED POWER SUPPLIES 

All critical dc voltages electronically-
regulated, plus regulated heater 
supplies for the input stages of the 
vertical amplifier. 

SIZE AND WEIGHT 

13 1/2" h, 91/4 " ve, 21 V," d— 
approximately 29 lbs. 

Rack-mounting models will be available, of course! 
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extreme 
sensitivity 
10 mc to 
44,000 mc 

MORE USEABLE SENSITIVITY 
BAND RF SENSUTIVITY* 

—95 to — 105 dbn 
—93 to — 100 dbm 

10 — 420 MC 
350 — 1000 MC 
910 — 2200 MC —93 to — 100 dbm 
980--4500 MC —80 to — 90 dbm 
4.5 — 10.88 KM: —00 to — 95 dbm 

10.88 — 18.0 KMC —70 to — 90 dbm 
18.0 — 26.4 KMC —63 to — 85 dbm 
26.4 — 44.0 KMC to — 85 dbm 
"measured whcn signal and noise equal 2X noise 

Using one tuning head which contains one 
triode and two Klystrcn osc Ilators, Model 
SPA-4 offers more exclusive advantages for ap-
plications demanding extreme sensitivity, sta-
bility, versatility, accuracy. 
• Three precisely calibrated amplitude scales-
40 db log, 20 db linear, 10 db power. 

• Two independent frequency espersion ranges 
—continuously adjustable-0-70 mc and 0-5 
mc. Negligible internal frequency modulation 
permits narrow band analysis of FM prob-
lems. 

• Variable I.F. bandwidth from I kc to 80 kc. 
• Push-button frequency selectos. 
• Synchroscope output with 40 db gain. 
• Accurate meastrement of small frequency dif-

ferences. A self-contained marker oscillator, 
mod .dated by a calibrated external generator, 
provides accurate differential marker pips as 
close as 10 kc. 

T,emcridous !lc" ibility and mans, unique ad-
vances of Panoramic s compact SPA-4 make it 
unsurpassed for , if.ually analyziig FM. AM and 
i..ulscd signal systc-ns: instabil'ties of oscillators; 
noise spectra; detect on of parasit cs; studies of 
harmonic outputs, raar systems and other sig-
nal sources. 

Write. wire or phone today for 
\ detailed SPA-4 bulletin. 

• w. 
Jill it 

I" 

Panoramic 
RADIO PRODUCTS INC. 

522 Sc. Fulton Ave. • Mount Vernon. N. Y. 
°Wens 9-4600 

Cab', , Pa - 0 Mt. A/colon N. Y. State 

Section 

Meetings 
_ 

(Contsnned from tam^ 96.-l) 

SOUTH CAROLINA 

"The Development of the Modern Electron 
Tube," Dr. W. R. Ferris, University of South 

Carolina, 2/5 (60. 

SvgActsi, 

"Centralized Railroad Traffic Control," C. F. 
Mulranen, N.V. Central R.R. 1 / 21 /60. 

TOLEDO 

"Tomorrow's Communications," D. F. Jones 

and R. F. Palomo, Ohio Bell Telephone Co. 1 ,14 60. 

TUCSON 

"Log Periodic Antennas." Dr. R. II. Du Ham. 

mel, Collins Radio Co. I 26 60. 

TULSA 

":5 Low Phase Distortion Seismic Amplifier," 

Dr. II. B. Ferguson. Jersey Production Research 

Co. 1 21 60. 

VIRGINIA 

"High Power Radiation Hazards 

J. N. Payne. U. S. Naval Weapons Lab 

(Ill 
1 S 

WASHING ION 

"IllleRGILed Electronics." Dr. D. A. Jenny, 

RCA laths. 1,2n nO. 
"How Are We Conserving Our Natural Re• 

source The Radio Spectrum?" panel disms,ion 
with Commodore E. M. Webster. Moderato'. Panel 

members: T.A.M. Craven, FCC; Capt. P. Miles, 

Wfice of Civil Del ens,. & Mobilization; W. FL Wat 
Lins, FCC. 2 I . 60. 

WILLI ANISIll OLT 

'English t'ontributions to Television." F. Rut-

ter, \Vestinghouse Electronics. 1 27 PO. 
"Propulsion for Space Flight," Dr. E. Petrick 

.,nd II. Szymanowski, Curt \\* right Corp. 2 .1 60. 

Wwimer:i; 

"Transient Response ' pun Frequency Re• 

spouse by Digital Computer Method," M. It, 

University of Manitoba; " Mercury Arc Rectiti, 
Rectifier Transformers and Rectification Syste 

M. Mayer, University of Manitoba. 12 2 So. 

"Antenna Research," Dr. W. V. Tilson. Sin. 

clair Radio Lab. I 20 60. 

SUBSECTIONS 

BUENAVENTURA 

"Some Aspects of Instrumentation for Balli-t 

Missiles and Other Rockets," John Master, 

Pacific- Missile Range: "Closed Circuit TV :old 
Swept Band Transmission Sleasuring Set DCIlloll. 

stratus," S. Wilson, Hallamore Electronics Co. 

I / 13/60. 

CAPITOL 
RADIO 

ENGINEERING 
INSTITUTE 

Advanced Home Study and Residence Courses 
in Electronics, Automation and 

Industrial Electronics Engineering Technology 

j ice II,,,,, éril y or 
Resident r uirfoq by eriling to: Dept. 2604G 

specify 

EAST My 

"Iligh Speed Data Reduction," J. Russell, 

Lawrence Radiation Lab. 10..5 59. 

EASTERN NORTH CAROLINA 

"Soil Moisture Content by Neutron Scatter-

ing," W. F. Troxler, Troxler Electrical Lab. Elec-

tion of officers. 1 /8/60. 
"Semi-conductor Charged-particle Detectors," 

J. L. Blankenship, Oak Ridge National Lab. 

2/12/60. 

FAIRFIELD COUNTY 

"Technical Manpower. A Vital Resource," 
Dean A. H. Jacobson. Pennsylvania State Uni-

versity. 1 / 21 /60. 

KITCHENER-WATER1.0 0 

"Reproduction of Ileart Sounds," L. M. Stein-

berg, University of Toronto. I 25 60. 

(*Old i oui rage 102.4) 

For the highest 

RELIABILITY 

IN PRECISION 

COMPONENTS 

FAIRCHILD 
GYROS 

PRESSURE 
TRANSDUCERS 

ACCELEROMETERS 

POTENTIOMETERS 

CONTROLS CORPORATION 
'. COMPONENTS DIVISION 

225 Park Avenue till F Restore/Ion Blvd 
Hicksville, L I , N. Y Los Angeles. Cal. 

A Subsidiary of Fairchild Camera and Instrument Corporation 

Pioneer in Electronics Engineering Instruction 
Since 1927 

EC l'D Accredited 
Terhnical Institute 

Curricula 

3224 16th St, N. W. Washington 10, D. C. 
Approred for Veteran Training 
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• 
• Ç-K ak reports on 

and d 

tical pu 
... sunshine for the plastics man who worries ... organic chemistry 

the question of whether or not instrumentation people really need ultra-fast film 

Infrared detectors for sale 

Our involvement in infrared detectors has deepened. 
Pictured at the top of this page are, respectively, the sim-

plest kind of Kodak Ektron Detector with a rectangular 
sensitive area of any reasonable dimensions, available either 
in a 3-pin miniature cable socket or unmounted with re-
solderable leads; an "immersed" detector with detecting 
substance deposited on the plano surface of a radiation-
collecting lens; a detector mounted in a Dewar for cooling 
by cryostat. We also deposit detecting substance in sepa-
rated or intricate configurations as ingenuity, under neces-
sity's goad, may provide. 

Since any of these physical forms can now be provided 
with any of six different kinds of lead sulfide or lead selenide 
depositions, as governed by spectral sensitivity, response 
time, temperature, and ambient humidity, the print gets 
quite fine in a folder we are publishing this month to guide 
the selection of Kodak Ektron Detectors. 
A free copy is available from Eastman Kodak Company, Appa-

ratus and Optical Division, Rochester 4, N. Y. It is designed to make 
the sale with minimum further correspondence. To give you an idea, 
the off-the-shelf, one-only price scale starts from $14.50. 

Corruption can be arrested 

n-OH 

CH3—N--CH3 
CH, i 
I 
N--P=0 

OH 

C3117 
i 
Ç=0 

tw,,,9-000- C8H17 & 43 1 

HPT 

0-000-6 

RMB 

HO-i.)CH3—N—CH3 ÓH 

OPS will arrest corruption will arrest corruption will arrest corruption THBP will arrest corruption 

When plastics stand up to cracking, crazing, embrittlement, 
gumming, and discoloration with the passage of time and 
sunshine, it's OK to credit the integrity of the maker's name. 
The concept of integrity is more readily grasped than is 

the principle that every C-C bond, every O-H bond, every 
C-CI bond, every C =N bond, has its own price—a photon 
of ultraviolet radiation just right in energy to snap it. Thus 
corruption of plastics, a chain reaction like other corrup-
tions, begins. A rival substance that grabs off the u-v pho-
tons first and degrades their energy will delay the corruption 
for a long time. 

Other corruptions, initiated by atmospheric oxygen, can 
be delayed by compounds that stop the action by supplying 
hydrogen at a critical juncture. Of course, choice in inhibitors 
is greatly restricted by many considerations of physical and 
chemical compatibility. 

Obviously, we think we have made a good choice in these 
new ones: 

Eastman Inhibitor OPS (p-Octylphenyl Salicylate), at I to 5% 
levels, a preventive of the photo-oxidation that forms dele-
terious carbonyl groups in polyethylene and polypropylene. 

Eastman Inhibitor HPT (Hexamethylphosphoric Triamide), 
very pale, water-soluble, a liquid u-v inhibitor for use with a 
heat stabilizer in poly(vinyl chloride) at 1 to 2%. 

Eastnian Inhibitor RMB (Resorcinol Monobenzoate), a non-
coloring u-v inhibitor at 1% levels for transparent cellulose 
acetate butyrate. Superior to phenyl salicylate. Also pro-
tects cellulose acetate, cellulose acetate propionate, poly-
styrene, poly(vinyl chloride), and ethylcellulose. 

Eastman Inhibitor THBP (2,4,5-Trihydroxybutyrophenone), 
an antioxidant for polyolefins and various paraffin waxes. 
May be added in solid form directly during the milling 
process, or in solvent solutions to dry powders or melts, at 
0.01 to 0.1% concentrations. Especially valuable for ab-
sence of stain at the low concentrations. 

Isn't it fun how in the chemical industry practically everybody is 
simultaneously practically everybody else's customer, supplier, and 
competitor! Data sheets and development samples (for those in a 
position to evaluate them) from Eastman Chemical Products, Inc., 
Kingsport, Tenn. (Subsidiary of Eastman Kodak Company). 

Man passing out dotriacontane 

The atomic physicists are looking for substances against 
which polarized free electrons can bounce without having 
their spins inverted. The physicists want to coat a substance 
like that on the walls of evacuated glass vessels. It should 
have no free or unpaired electrons, no crystal structure. To 
an electron scooting by, such a molecule should appear 
magnetically inert. The small residual pressure tolerable in 
the vessel should be mostly of rubidium vapor and not of 
the non-inverting substance. Also the coating must have 
good transmittance at around the 8000A wavelength of the 
radiation fed to excite the rubidium. 

"Optical pumping," the theme these experiments share, 
has to do with the manipulation of quantum levels so that 
emission from the excited alkali metal atoms can be tuned 
with great elegance. Pressure to improve understanding of 
the phenomena comes from the need for instrumentation to 
study the Van Allen radiation belts and for satellite-borne 
atomic clocks to check out Einstein's old predictions about 
the meaning of time as told from a moving timepiece. 
Some little samples of non-inverting substance were passed 

out at a recent optical pumping conference by a man who 
may well have bought the material from us as Dotriacontane 
(Eastman 3555). Spermacetti wax once had a role in physics 
as the material of the standard candle which defined candle-
power. When chemists attacked it, they found cetyl palmi-
tate, CI6H330C0C161-131. We have to make a long, uniform, 
inert, homogeneous molecule out of that. In effect, the two 
oxygens the whale put in the middle of the molecule are re-
placed by hydrogens. That is Dotriacontane. The climax, if 
any, will come when word filters through that it has done 
the job. 

The moral is that with some 3800 organic compounds to milk, we 
need never be at a loss for words. They're all stocked by Distillation 
Products Industries, Eastman Organic Chemicals Department, 
Rochester 3, N. Y. (Division of Eastman Kodak Company). 

1600—no waiting 

How come after all those promises we have made to in-
numerable instrumentation people over the years that some 
day there would be 16mm, 35mm, and 70mm film as fast as 
Kodak Royal-X Pan Recording Film now is—Index 1600— 
how come we now find ourselves in the ridiculous position 
of being able to make it at a greater rate than they're buying 
it? How come? 

Don't they know that a note or phone call to Eastman Kodak 
Company, Photo Recording Methods Division, 
Rochester 4, N. Y., will set up the channel 
to supply it through a local dealer? 

Price quoted is subject to change without notice. 

This is another advertisement where Eastman Kodak Company 

probes at random for mutual interests and occasionally a little 

revenue from those whose work has something to do with science 
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BASIC • 
BUILDING 
BLOCKS 
FROM KEARFOTT 

ELECTROHYDRAULIC 

SERVO VALVE 

Kearfott's unique approach 
to electrohydraulic feed-
back amplification design 
has resulted in a high-
performance miniature 
servo valve with just two 
moving parts. Ideally 
suited to missile, aircraft 
and industrial applications, 
these anti- clogging, 
2-stage, 4-way selector 
valves provide high fre-
quency response and 
proved reliability even 
with highly contaminated 
fluids and under conditions 
of extreme temperature. 

TYPICAL 

CHARACTERISTICS 

Quiescent Flow ....... 0.15 gpm 
Hysteresis 3% of rated curent 
Frequency Response 

3 db @ 100 cps 
Supply pressure....500 to 3000 psi 
Temperature-Fluid & Ambient 

— 65° F to + 275° F 
Row Rate Range .._ .3 to 10 gpm 
Weight   10.5 ounces 

Write for complete data. 

tO 
Miniature lek, Precise 
Floated Angle 
Gyro Indicator 

BASIC 
BUILDING 
BLOCKS 
FROM KEARFOTT 

o 

14 11* 

FERRITES 
Kearfott's Solid State 
Physics Laboratory formu-
lates, fires and machines 
permanent magnet ferrite 
materials of various com-
positions. Typical high-
efficiency array utilizes 
Kearfott PM-3 ferrite ma-
terial with specially de-
signed pole pieces to pro-
duce a design both smaller 
and lighter than other 
arrays of equivalent mag-
netic field strength. Be-
cause magnets may be cus-
tom engineered to specific 
requirements, user is not 
restricted to stock magnet 
types, thereby providing 
greater latitude in param-
eters for focusing arrays. 
Pole pieces may also be 
provided according to 
specification, with the 
added assurance that, be-
cause of special Kearfott 
design techniques, B axial 
magnetic fields approxi-
mately 10% higher than 
those generally obtained 
in standard types may be 
produced. 

TYPICAL 

CHARACTERISTICS 

Peak Magnetic 
Field Strength 

Period 
Length 
Inside Diameter 

of Pole Pieces 
Outside Diameter 
Weight 

1200 gauss 
0.560 in. 
5.64 in. 

0.400 in. 
2.0 in. 
3.2 pounds 

Write for complete data. 

20 Second 
Synchro 

BASIC 
BUILDING 
BLOCKS 
FROM KEARFOTT 

INTEGRATING 

TACHOMETERS 
Kearfott integrating ta-
chometers, special types of 
rate generators, are almost 
invariably provided inte-
grally coupled to a motor. 
They feature tachometer 
generators of high output-
to-null ratio and are tem-
perature stabilized or 
compensated for highest 
accuracy integration and 
rate computation. Linear-
ity of these compact, light-
weight tachometers ranges 
as low as .01% and is usu-
ally better than ::I. .1%. 

TYPICAL 

CHARACTERISTICS 

Size 11 
(R860) 

Excitation Voltage (400 cps) 115 
Volts at 0 rpm (RMS)   .020 
Volts at 1000 rpm (RMS)   2.75 
Phase shift at 3600 rpm   0° 
Linearity at 0-3600 rpm .....07 
Operating Temperature 
Range  —54' + 125° 

Write for complete data. 

GP KEARFOTT DIVISION 
GENERAL PRECISION INC. 

LITTLE FALLS. NEW JERSEY 

Midwest Office: 23 W. Calendar Ave., La Grange, Ill. 
South Central Office: 6211 Denton Drive, Dallas, Texas 

Weit Coast Office: 253 N. Vieedo.Avenue, Pasadena', Calif. 

Engineers: Kearfott offers challenging opportunities in advanced component and system development. 
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TYPE 

ege 

SIZE 
RESISTANCE 

(ohms) 
WATTAGE TC 

Nencapsu leaatiloend. 
and 
sorption. 
ments 
Char. 

F 11 s Fusiion s iGslafu-

sion sealed to leads 
has zero moisture ab- 

Exceeds require- 
of MIL- R- 10509C, 

B. 

:_elli 
. 4é, a, , 
• 41-,Pi P 

NF60 

NF65 

100 to 100 K 

100 to 360 K 

1,/ e 70°C ,8 • 

14 e 70°C. 
-±-.03%/` C. 

- , :-,i' C. frcrn J , 
to + 1j C. 
ref. to 25°C. 

Fixed film. Extremely low N 
noise level. 0.1 micro-
volt/volt. Derating to 

1400C. Average resistance 
change after 5000 hrs. is 
less than 1%. Exceeds MIL-R- 
10509B, Char. X specs. 

— I :" 

N20 

- N25 
N30 

10 to 500 K 

10 to 1.5 meg. 

30 to 4.2 meg. 

1/2 e 400C. 
1 q f 40° C. 

2 ef 40° C. 

-.±.03%/° C. 
from - 55° C. 
to + 105°C., 
ref. to 25°C. 

S Fixed film: high tempera-
ture. Less than 0.35% 
resistance change after 

1000 hrs. of load-life tests at 
max. dissipation. Exceeds 
MIL- R- 11804C, Char. P. 

S20 
S25 

S30 

10 to 500 K 
10 to 1.5 meg. 

30 to 4.2 meg. 

° 120°C. 40 C. 

Y2 1 
1 2 

2 4 

-±.03%/' C. 
from - 55°C. 
to + 235' C., 
ref. to 25° C. 

R Power. Essentially non-
inductive in high-frequen- 
cy operations. Inherent 

noise level less than 0.1 mi- 
crovolt per volt. Exceptional 
moisture resistance and 
overload capacity. Exceeds 
MIL- R- 11804C. 

R31 

R33 

R35 

R37 

R39 

10 to 70 K 

30 to 150 K 

20 to 300 K 

20 to 500 K 

40 to 1 meg. 

7 @ 40°C. 

13 @ 40° C. 

25 @ 40° C. 

55 @ 40°C. 

115 @ 40° C. 

±.-.05%/° C. 
from - 55°C. 
to + 235°C., 
ref. to 25°C. 

Why you save ounces and inches with 

Corning MIL resistors 
Fuse a tin oxide coating to a piece of special glass. Spiral 

a helix in it. Attach leads. You have a unique resistor, 

smaller and lighter than other designs. 

Why unique? Because the coating is an integral part of 

the glass base. It cannot come off or change its position 

during jarring or jouncing. 

This simple, rugged, extremely reliable resistor will take 

all the environmental stresses created by the space age with-

out changing its performance a whit. 

The construction has exceptional low-noise and stable-

temperature characteristics. 

Above all, they are small. They are light. 

The coupon will bring you complete technical data. Ad-

dress: Corning Glass Works, 542 High Street, Bradford, Pa. 

For orders of 1000 or less, contact your distributor serviced 
by Erie Distributor Division. 

CORNING ELECTRONIC COMPONENTS 

CORNING GLASS WORKS, BRADFORD, PA. 

Please send data sheets on 111 NF DN DS [1] R 

Name  

Company  

Address   

City   Zone   State  
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fyx makes computers 

REMEMBER 

Pictured above is a typical 
FXC coincident current memory 
stack; appearing, at left, one 
of the memory planes used in 
its assembly. 

Time was when the problem of "remembering" placed practi-
cal limitations on the speed and capacity of computers. Not 
so, today, because of a FXC-developed component called the 
coincident current memory stack. Main reason for the out-
standing success of this important advancement in magnetic 
ceramics rests in EXC's ability to meet the computer industry's 
requirements for ferroxcube cores for recording heads . . . 
pulse transformers . . . coincident current planes, stacks 
and similar precisely engineered products. Call EXC's Com-
puter Engineering Dept. whenever you need help on a 
ferroxcube application. 

FE 
50 East 

Say 

ferroxcube 

when you 

need ferrite. 

FERROILCUBE 
CORPORATION OF AMERICA 

Bridge Street, Saugerties, New York 

Section 
Meetings 

(Continued from page 98A) 

LANCASTER 

"Some Aspects of Metallurgy in Semiconduc-
tors," Dr. F. D. Rosi, RCA. 12/9/59. 

LAS CRUCES-W HITE SANDS 

"Tracking Earth Satellites with Minitrack," 
P. A. Lantz, National Aeronautics and Space Ad-

ministration. 2 /9 /60. 

M EMPHIS 

"Manufacture and Precision of Radio Crys-
tals," Dr. Charles Ray, University of Tennessee. 
Election of officers. I /30 '60. 

M. 

MONMOUTH 

"Useful Energy from Controlled Fusion," Dr. 
A. Heald, Swarthmore College. 1 / 20 '60. 

NEw HAMPSHIRE 

"Medical Electronics." A. M. Grass, Grass 
Instrument Co. 1 /20/60. 

NORTIIERN VERMONT 

"Submarine Electronics," Corn. J. G. Gillmore, 
S. Naval Submarine School. I / 18 /60. 

ORANGE BELT 

"IODIC Propulsion." Y. C. Lee, Aerojet Gen-

eral. 10/13/59. 

"Quality Instrument Manufacturing," W. D. 
Meyers, Hewlett-Packard. Tour of California Poly-
technic Electronic Laboratory Facilities. 11 / 10/59. 

Tour of Kaiser Steel Fontana Plant and Plant 
Communications. Mr. Klussman, Kaiser Steel. 

1/11/60. 

PANAMA CITY 

Business meeting. 2/10/60. 

PASADENA 

"Tunnel Diodes," Dr. C. J. Carter, Space 
Technology Labs. I /8/60. 

READING 

"Industrial Communications," H. Campbell. 
GAI-Tronics Corp. Tour of Semi-conductor depart-
ment of Western Electric Company plant in Laurel-

dale. 11/18/59. 
"Project Vanguard—A Step Into Space," H. F. 

Eckenroth. Martin Co. 12/11 /59. • 

RICHLAND 

"Elements of Reliability," A. L. Ruiz. G. E. Co. 

11 /4/59. 
"The Precision Measurement of Extremely 

High Voltages," H. V. Larson. G. E. Co. 1 /27/60. 

SAN FERNANDO VALLEY 

"You Take the Eyewitness, Give Me the Phys-
ical Evidence," Prof. L. V. Jones. Tour of Anheuser-

Busch Brewery. 1 / 13 /60. 

SANTA ANA 

"Earth Movements," John Healy, Seismologi-

cal Lab. 1/12/60. 

W ESTCHESTER 

"Application of Electronics to Photogtam-

metric Techniques in Modern Map Making," M. M. 
Thompson, U. S. Department of Interior. 1/20/60. 

W ESTERN NORTH CAROLINA 

Two films: "Crystals—An Introduction" and 

"Brattain on Semiconductor Physics." 1 / 22/60. 

Use Your 
IRE DIRECTORY! 

It's Valuable 
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A pulse transformer. Wire wound in careful coils. Metals, magnetic materials and dielectrics 

combined in careful ratios, spacings and dimensions. The result: a device with precise param-

eters— pulse shape, rise, fall times, ripple, backswing, overt hoot, life. What sets this one apart? A 

unique thing — Carad capability. Capability gained n designing and building hundreds of special 

pulse ranstormer types to exact specifications. Weights from ounces to hundreds of pounds. 

Ratings from 10 volts to 500 kv. None of these extremes lre considered limits at Carad. For 

pulse transformers of any type you will find it worth your wnile to invest.gate Carad capability. 

CAPAD CORPORATION 2850 Bay Road • Redwood City • California 
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OUR 
TRAVELLING WAVE TUBES 
UNLIKE THE ANGEL FISH, 
ARE NOT AS BROAD . 
AS THEY'RE LONG 
BUT 
THEY DO HAVE 
EXTREMELY WIDE 
BAND 
WIDTH! 

We have a wide selection of Low Noise 

Tubes, Intermediate (medium power) 

Tubes and Power Tubes, covering 

many frequency bands. For further 

details and information concerning 

any of our range of thermionic tubes 

for industry, write to the Company. 

'ENGLISH ELECTRIC' 
AGENTS THROUGHOUT THE WORLD 

• 

• 

• 

• 

• 

• 

• 
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COMMUNICATION 

MEASUREMENT 

N EWS 
Another Example of ROHDE & SCHWARZ Contribution to Precise Measurement. 

PRECISION DECADE FREQUENCY 
MEASURING SYSTEMS 
Generate and measure frequencies from zero 
to kilomegacycles. Basic component is frequen-
cy synthesizer which generates continuously 
variable frequencies of extreme stability and 
accuracy derived from a single standard 
frequency. 

• Fast, direct reading of 
frequency on three dials 
calibrated in megacycles, 
kilocycles and cycles. Ver-
nier reading in millicycles 
can be added. 
• Smallest crystal control-
led step 10 cps. 
• Suppression of spurious 
harmonics better than 
60 db. 
• Accuracy 2 x 109/day with 
Type XSB Standard. 
• Short time stability ap-
proximately 1 x1010. 
• System comprises a num-
ber of component units 
which can be combined in 
various ways in accord-
ance with desired range 
and applications. 

Write for Bulletin DFS. 

Write for 

New Catalog 

36-page catalog describes 
complete line of Rohde & 
Schwarz precision elec-
tronic measuring and 
testing equipment. 
Write for your free 
copy of Catalog-MT. 

R 0 u 

POLYSKOP ELECTRONIC TEST 
INSTRUMENT FOR TWO AND 
FOUR TERMINAL NETWORK 
MEASUREMENTS 
Displays two separate 
quantities such as im-
pedance and gain as 
functions of frequency 
in the form of contin-
uous curves. Frequency 
range: 500 kc to 400 mc. 
Instrument contains a 
sweep signal generator, 
precision variable attenuator, electronic 
switch, crystal marker generator and large 
screen oscilloscope which provides a complete 
precision measuring system. 
Applications include laboratory and product-
ion testing of band-pass filters, limiters, all 
types of amplifiers, television receivers, at-
tenuators, discriminators and coaxial cables. 

Write for Bulletin SWOB. 

DIAGRAPH 
30 to 2400 mc. Plots, in-
stantaneously and ac-
curately by means of 
a light spot, complex 
impedances and admit-
tances directly on Smith 
charts. Eliminates tedious measurements and 
involved calculations. Instrument can also be 
used as a phase meter over its frequency range. 
Applications: impedance measurements on 
semi-conductors, antennas, filters, receivers, 
amplifiers. 

Diagraph is available in three models: ZDU 
covering frequency range 30 mc to 300 mc and 
ZDU (420) from 30 to 420 mc; ZDD from 300 mc 
to 2400 mc. Overall accuracy is better than 3% 
for amplitude and 1.5° for phase angle. 

Write for Bulletin Diagraph. 

ROHDE Egt SCHWARZ 
111 Lexington Ave., Passaic, New Jersey 

Telephone: PRescott 3-8010 

Cable Address: ROHDESCHWARZUSA 
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ENGINEERED TO WITHSTAND 20 G VIBRATION 

;;iiv RCA-7650   ant -7651 Ceranic-Melil Beam PowcrTales piom.se dependable operatin Even whan sLbjected It vibrational accelerations well over 20g. 

When you're designing equipment for missile use, you can't take chances. You must be sure 
you're using the toughest tubes you can get. That's why the exceptional ruggedness of RCA-
7650 and RCA-7651 is so important to you. 
These two unique new ceramic-metal beam power tubes will actually withstand 20 g vibra-

tional acceleration without adverse effect. In fact, both types have successfully undergone vari-

able-frequency vibration tests ( 20-2000 cycles) with peak accelerations of twice that amount! 
Resistance of these tubes to vibration as well as to shock means dependable operation during 
the critical moments of launching and after. No wonder missile-equipment designers are so 
enthusiastic about these new tubes. 

Both RCA-7650 and RCA-7651 feature a coaxial electrode structure which makes them 
adaptable to either coaxial-cylinder or parallel-line circuits. Both utilize RCA's exclusive grid-
making technique for precision grid line-up and exceptional structural rigidity. Capsule data on 
these two forced-air-cooled types are shown in the adjacent chart. Technical bulletins on these 
types are available from RCA Commercial Engineering, Section D-35-Q, Harrison. N. J. For 
further information about these tubes and other RCA Ceramic- Metal Power Tubes. contact the 
RCA Field Representative at our office nearest you. 

de RADIO CORPORATION OF AMERICA lee® Electron Tube Division Harrison, N. J. 
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Government Sales: Harrison, N. J., 415 S. 5th Street, HUreboldt 5-3900; Dayton 2, Ohio, 224 N. Wilkinsor St., BAldwin 6-2366; Washington 6, D.C., 2625 "K" St., NW., District 7-1260 
Industrial Tube Products Sales: Detroit 2, Michigan, 714 New sente • Tinley 5-5600; Newark 2, N. J., 744 Broad St., HUmboldt 5-3900; Chicago 54, Illinois, Suite 1154, 

Merchandise Mart Plaza, WHitehall 4-2900; Los Angeles 22, Calif., 6355 E. Washington Blvd., RAymond 3-8361 
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Space Electronics: "That which 
is characterized by extension 
in all directions," "of or per-
taining to an electron or elec-

trons," are Webster's definitions of space and electronics. 
Modern usage combines the two words, and in their modern-
ity, as a single term, they have taken on a broad and very im-
pertant scientific meaning. This, April, issue of the PROCEED-

's reports a comprehensive and detailed definition of the 
term "space electronics" in its modern connotation. 

For many months the public press has been filled with dis-
quieting discussions of the pros and cons of the status of mis-
siles and the entire "space program" of our nation. While dis-
cussion rages (and Generals disagree) it is fortunate that the 
scientist and the engineer move ahead with the task of finding 
the answers to many perplexing, interesting, and exciting 
problems. 

The treatment of the subject to be found in this volume of 
the PROCEEDINGS resulted from an idea suggested by former 
Editor Ryder. The Editorial Board finding merit in the idea 
asked Conrad H. Hoeppner, Chief Scientist of Radiation Inc.. 
to organize the issue. The wisdom of the Editorial Board's 
decision is demonstrated by the 53 impressive papers that 
he has assembled. Mr. Hoeppner is to be congratulated on the 
excellence of his work, and its results. The cover illustration 
for this issue was also Mr. Hoeppner's idea; he assisted and 
guided the preparation of the art work. He has added this 
chore to his other responsibilities as Editor, and as Chairman 
of the Prolessional Group on Space Electronics and Telemetry. 

It is reassuring to learn of the extensive progress of re-
search and investigation by the foremost workers in the area 
of space electronics. This issue marks another milestone in 
the IRE array of Special Issues. 

Headquarters: IRE marks its continuing growth by the acqui-
sition of the building at 984 Fifth Avenue; it is adjacent to 
and on the north side of its present building, 1 East 79th 
Street, in New York City. IRE now owns a group of three 
buildings on the northeast corner of Fifth Avenue and 79th 
Street. All originally belonged to the family of Irving S. 
Brokaw, famous 19th century clothier. 

The Institute took occupancy of the initial building at 1 
East 79th Street in 1946, and acquired the adjoining building 
at 5 East 79th Street in 1954. As is evident from the Table of 
IRE Growth, the necessity for additional space in the future 
becomes self evident. The purchase of 984 Fifth Avenue pro-
vides this space. There are no immediate plans for occupying 
the building, which is presently still in use as a private 
dwelling. 
A study of the statistics in the Table yields some interest-

ing results. At the end of 1953 Headquarters floor space 
was approximately 0.4 square feet per member. The time 
had arrived to provide additional space. Again, at the 

end of 1959 the same floor area per member has been reached 
and the new building acquired. Assuming a continuation of 
the efficient use of facilities the building just added should 
provide adequate floor space until the membership reaches 
124,000. The acquisition of the new building thus assures that 
the rapid growth of IRE activities and services may continue 
unabated during the coming years. It is startling to discover, 
however, that if the recent rate of growth is maintained, the 
figure of 0.4 square feet per member may again be reached as 
early as 1965. A similar study of the data of the Table gives 
very roughly the figure of 1.8 square feet of Headquarters per 
page of publications and would indicate approximately 27,000 
pages as the publication output in 1965. The Table would 
also predict a Headquarters staff of 260 in that year. The fig-
ures probably mean nothing in an Institute as dynamic as the 
IRE, but it's still fun to speculate. 

TABLE OF IRE GROWN 

12/31/45 12/31/53 12/31/59 

IRE Membership 
PG Members 
IRE Sections 
IRE Annual Expenses 
Publication Output (pages) 
Headquarters Staff 
Headquarters Floor Space 

(sq. ft.) 

15,782 37,134 79,162 
0 21,797 87,027 

36 71 105 
S175,000 81,300,000 $3,300,000 

1,882 8,360 17,968 
32 85 170 

15,668 31,293 48,946 

The building was purchased with IRE funds which were 
accumulated gradually over the years under a program of 
careful financial management. Our thanks go to our astute 
Treasurer, W. R. G. Baker, and to our Executive Secretary, 
George Bailey. 

Better Paper: Beginning with the February issue, as an ex-
periment. the same type paper has been used in the editorial 
section as had previously been used in the advertising section 
only. The principal difference is that the new paper has a 
glossy finish, providing a noticeable improvement in the repro-
duction of line drawings and halftones. In addition, the new 
paper is slightly heavier; thus the ink on one side of the sheet 
does not show through as much on the other side of the page. 
The new paper will tend to become more yellow with age, 
especially if exposed for long periods to sunlight, however, 
the amount of yellowing that is likely to occur to a bound vol-
ume in the library over a fifty year period will not be serious. 

Convention Record: Now that the 1960 International Conven-
tion has taken its rightful place in IRE history, it is appropri-
ate to issue a reminder that the Convention Record is no 
longer distributed free of charge. For your convenience a tear 
out order blank will be found on page 18A of this issue.— 
F.H., Jr. 
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J. A. Ratcliffe ( M'29—A'32- F'53) was born in Bacup, 
England, on December 12, 1902. He studied physics at 
Cambridge University and received the B.A. degree in 
1924. He at once started research work, under E. V. Apple-
ton, in the Cavendish Laboratory and assisted him, and 
M. A. F. Barnett, with their early experiments on radio 
waves reflected from the ionosphere. Soon afterwards Dr. 
Appleton left Cambridge and Mr. Ratcliffe continued his 
ionospheric researches, first alone, and later with a group 
of research students. 

During World \Var II, he worked with the Telecom-
murications Research Establishment (T.R.E.) which was 
concerned with the design and development of Airborne 
Radar. When the war was over he returned to his radio re-
search at the Cavendish Laboratory. He was joined there 
by Martin Ryle, who very soon established his own research 
group of Radio Astronomers. 
- Mr. Ratcliffe is at present a Fellow of Sidney Sussex 

College and a Reader in Physics in the University of Cam-
bridge. On October 1, 1960. he will become Director of 
Radio Research in the Department of Scientific and In-
dustrial Rearch ( D.S.I.R.). He will leave the University 

J. A. Ratcliffe 
Vice President. 1960 

and will assume control of the Radio Research Station, 
Slough, which has had its terms of reference extended to in-
clude exploration of the upper atmosphere and outer space 
by radio and nonradio methods. 

His research, and that of his research group, has been 
concerned almost entirely with the physics of the iono-
sphere. He has been particularly interested in the magneto-
ionic theory (on which he has written a book), ionospheric 
cross modulation, the diffractive reflection of radio waves 
from an irregular ionosphere, horizontal movements of ir-
regularities in the ionosphere, the computation of electron 
distributions in the ionosphere, and theories of the forma-
tion of the F layers. 

Mr. Ratcliffe was made a Fellow of the Royal Society 
in 1951, and a Commander of the Order of the British 
Empire (C.B.E.) in 1959. He is at present President of the 
Physical Society and Vice-Chairman of the Electronics and 
Communications Section of the Institution of Electrical 
Engineers. He is Chairman of the British National Com-
mittee for Scientific Radio which is responsible for arrang-
ing the XIIIth General Assembly of URSI in London in 
September 1960. 
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Space Electronics* 
CONRAD H. HOEPPNERt, FELLOW, IRE 

In lieu of the usual "Scanning the Issue" page, the organizer of this special 
issue presents below an introduction to the subject of this issue, followed by a 
brief outline of the contents.— The Editor. 

THE SPACE AGE 

A
NE\V AGE is beginning in the history of man-
kind—an age in which man is no longer confined 
to his planet, but is free to travel through the 

infinite vastness of space. At first he will find this new 
freedom dangerous and the environment hostile, but as 
his knowledge increases and he attains mastery of space, 
the freedom to travel will become safe and the environ-
ment friendly. In the new age are limitless possibilities 
for adventure, exploration, business, pleasure and war. 
The capability to explore space has developed largely 

through the military efforts of the United States and 
Russia. While the art of rocketry is old, it has only re-
cently been exploited to the point of space travel. In 
World War II, German scientists demonstrated a 
weapon of potentially great effectiveness in the rocket 
which we know as the V-2. Both the United States and 
Russia have employed these scientists on their respec-
tive rocketry programs and have added their own man-
power and other resources to make the programs effec-
tive. Peaceful and scientific uses of space probes and 
satellites have developed through the International 
Geophysical Year plans and then through the establish-
ment in the United States of the National Aeronautics 
and Space Administration. The struggle now is to ob-
tain more thrust per pound from chemical fuels and to 
augment or replace chemical fuels with nuclear and 
electronic means of propulsion. As these efforts meet 
more and more success, larger payloads of equipment 
and men may be taken deeper into space—and re-
turned. 
While initial efforts are to obtain more thrust per 

pound, such a result must be obtained in a manner which 
will insure reliability and safety. The many hazards of 
space, among which are dangerous radiation and colli-
sion with other objects traveling at high speed, must be 
surmounted. In order to sustain life, a closed regenera-
tive cycle for producing food, water and oxygen must 
be perfected and it must function, even in the event 
that initial supplies are inadvertently destroyed. After 
survival of a journey in a space vehicle to the moon or 
another planet, suitable places in which to live must be 
found, developed and maintained. These places are 
likely to be underground caves instead of the glamorous 

• Original manuscript received by the IRE, January 11, 1959. 
t Radiation Inc., Melbourne, Fla. 

"bubbles" so often portrayed by fiction writers. Other 
unpleasantness and hardships of living on extrater-
restrial bodies will develop, but human ingenuity will 
triumph and eventual success in the colonization of 
other bodies in space is certain. 
Man is a self-sufficient species on earth. There are 

many portions of his own planet not adequately ex-
plored and certainly not colonized. It was not really 
necessary that he explore and colonize the Americas. 
He needn't make expeditions to the Poles in order to 
live amply. It is intrinsic in the nature of man, however, 
that he is not content with past accomplishment. He 
must continue to strive for the unattainable and he will 
not rest even when he has possessed every secret of the 
universe. 

We will become space travelers! 
\Ve will establish adequate reserves of energy (enough 

thrust per pound) for travel through space and with the 
necessary reliability and safety to transport human 
beings. We will develop protective measures against 
radiation, collision and other hazards. We will produce 
suitable regenerative cycles for food, water and oxygen 
to sustain life reliably. We will provide rapid transporta-
tion to man-made satellites, natural satellites, and other 
planets, and we will develop adequate and even luxuri-
ous living accommodations to colonize other extrater-
restrial bodies. These accomplishments, however, will 
demand still greater efforts from the men and nations 
of the earth. Present efforts fall short by orders of mag-
nitude. In the United States, for example, space efforts, 
measured in dollars, are approximately one quarter of 
the automobile production. These efforts must increase 
over one-hundred fold before space travel is common! 

W HY EXPLORE SPACE? 

Certainly, it has been the military advantage of inter-
continental ballistic missiles which has spurred the de-
velopment of vehicles capable of the exploration of 
space. Space vehicles, too, have military values both for 
surveillance and as weapons. Participation in the Inter-
national Geophysical Year also has led to the uses of 
rockets and satellites for obtaining scientific data. The 
physical knowledge of the space surrounding the earth 
and of the earth itself was increased. Political prestige 



436 PROCEEDINGS OF THE IRE April 

has further been a stimulus to the development of space 
vehicles. The Russian successes have caused the 
United States to increase its rather minimal space ex-
ploration program. Then, of course, there are new ter-
ritories to "homestead" and new sources of wealth in 
minerals and raw materials to be discovered. Whether 
the reasons for space exploration be as listed above, or 
whether they be for satisfying man's curiosity and his 
desire to advance, space exploration has begun. It now 
remains for us to examine how it shall continue. 

PLANS FOR SPACE EXPLORATION 

Initial exploration of space was with unmanned 
probes, viz.: high-altitude rockets, satellites, and deep-
space exploration vehicles. These were supplemented 
by the terrestrial-based measurements of optical astron-
omy, radio astronomy, and cosmic particles. These 
methods will continue, but unmanned space probes will 
be followed closely by manned vehicles. Such vehicles 
will travel first around the earth, then to satellite space 
stations, to the moon, later to other planets, to their 
moons, and to the planetoids. Combinations of manned 
and unmanned space probes will also be useful. One 
plan for visiting the moon calls for the landing of sev-
eral unmanned alternate vehicles on the moon to insure 
the safe return of passengers when the manned vehicle 
finally arrives. 

Satellite space stations are a likely development and 
will serve as refueling stations for further travel, as well 
as for terrestrial communications. These stations may 
be both near and far from the earth. A moon base would 
certainly be a desirable launching point for further 
space probes and is an ideal base for radio and optical 

astronomy. 
Planetoid bases with their lesser gravities may be ex-

tremely valuable for space exploration. They have suffi-
cient volume to provide living quarters and raw ma-
terials for construction. Their masses may be used as 
I rotection from the radiation hazards as well as particle 
impacts. Their greatly eccentric but highly predictable 

orbits make them ideal for further travel to planets. 
As to the planets, both Mars and Venus present the 

possibility of colonization. Mercury may also be habita-
ble. Other planets, because of their high gravity or re-
mote locations, will require much more in the way of 
propulsive energy and protection for landings or ex-

ploration and may be quite unsatisfactory for habita-
tion. The moons of Jupiter and Saturn are more likely 
targets for exploration and colonization than those 
planets themselves. 

In the exploration of space, the role of electronics is 
most vital. Electronic measurement and transmission 
of data are the forefronts of our exploration effort. Re-
cording and analyzing equipment are also largely elec-
tronic. Many new equipments and systems are needed 

for measurements, telemetry, recording and processing. 
The techniques developed in the past for rocketry must 

be extended and improved. The need to reduce size, 
weight and power requirements of the equipment is 

paramount in the light of our present feeble rocketry 
capability. 

COMMERCIALIZING SPACE 

The first uses of satellites probably will be for sur-
veillance. The photographs of the back side of the moon 
taken by Russian scientists are a typical example. Opti-
cal surveillance as well as infrared, radio, and radar 
surveillance of the earth and other bodies are in demand 
for military applications, for surveying and for predict-
ing and possibly controlling the weather. A second use 
of satellites is likely to be the relaying of communica-
tions, permitting a vast increase in the number of intra-
earth message channels. Multiple station coverage may 
be controlled for relayed communication as well as for 
recorded and delayed communication. Satellite useful-
ness will undoubtedly be extended to include radio and 
television rebroadcasting with worldwide coverage. This 
extensive scope of broadcasting will bring about in-
teresting and revolutionary changes in the methods of 
handling and regulating these facilities. The satellites 
will also widen our research horizons, as will coloniza-
tion of the moon and other planets. Astronomical data 
may be better and more easily obtained on the moon 
than it is on earth. The ease of providing a vacuum for 
manufacturing and experimental processes is an obvi-
ous advantage. Thermal insulation and the obtaining 
of low temperatures are radically simplified from condi-
tions on the earth. As a result, it is likely that the space 
experimental laboratory will differ greatly from its 
earthly counterpart. Also possible are new manufactur-
ing processes that may produce improved life on earth 
as well as in space. 

FUTURE PROBLEMS 

The space age has barely begun, yet almost insur-
mountable problems have developed. More and more 
serious problems may be expected in the future. 

At first will be the scientific problems. Physical, 
chemical, biological, and medical laws and limitations 
will be widened and stretched, possibly beyond our 

present expectations. On the electronic side, radio-
frequency propagation anomalies which are not now 
suspected will undoubtedly be discovered. The new 
space environment will cause design and operating 

changes in practically every branch of electronics. 
However, these technical problems may well be ob-

scured by man-made problems unless we formulate regu-
lations and legislation designed to govern the activities 
of the astronaut. There must be laws common to the 
many participating countries and additional laws to 
govern the new encounters in space. International agree-
ments which have been heretofore difficult, if not im-
possible, to make are necessary to prevent chaos. The 
social problem of people living in close quarters for 
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long periods of time with mental strains, boredoms, etc., 
racial or national prejudices, and the possibility of new 
nations and new governments must be considered. A 
careful and considered program of space law is a neces-
sity. 

In the area of electronics there will be the frequency 
allocations to prevent interference, and, of course, in 
radio and television broadcasting, who is to regulate the 
quality of the programs? As a matter of fact, will the 
Federal Communications Commission of the United 
States permit unattended satellite repeater broadcasting 
stations? What will happen to the "spheres of local 
interest" which the FCC has fought valiantly over the 
years to preserve? Installing unattended repeater radio 
and television broadcast stations all over the United 
States would be far more economic at the present time 
than using a repeater satellite. Licenses, however, are 
not presently granted for this purpose. Also, what is to 
prevent the unauthorized use of a repeater satellite, a 
use which may interfere with its normal purpose? It is 
accessible from every point over half the globe. 

Applications of electronics which were not even con-
ceived a year ago are already realities. It is these prob-
lems and scientific aspects of space exploration with 
which the current issue of the PROCEEDINGS OF THE 
IRE is concerned. 

THE APRIL, 1960, SPACE ELECTRONICS ISSUE 

Many of the equipments and techniques used in space 
research and satellite programs are adaptations of those 
employed in earlier rocket experiments, but on the 
other hand, some are new. In this latter category is 
electronic propulsion. Early in the issue this subject is 
introduced, its merits discussed, and comparisons are 
made with existing chemical propulsion systems. 

In the categories of navigation and guidance, a brief 
introduction to the solar system is presented and meth-
ods of navigation and guidance for interplanetary 
travel are given. In addition, the use of satellites for 

navigation of ships, planes and other vehicles on the 
earth's surface is treated. A theoretical article is pre-
sented in which the author develops the thesis that 
present inertial guidance systems may improve by as 
much as two orders of magnitude. 

Communication from point to point on the earth. 
from earth to satellite, to interplanetary traveler, and 
to other planets is considered. In this very broad field 
of communications, only a few representative and di-
verse subjects could be included. Tracking and surveil-
lance papers are presented which illustrate a small por-
tion of this field. 

Telemetry in space is examined from a number of as-
pects. As usual, the paramount problem is that of trans-
mitting as much data as possible for as great a distance 
as possible with a minimum of equipment. 

A representative group of papers representing instru-
ments and measurements has been chosen, ranging 
from those necessary to maintain and direct the vehicle 
to those used to discover the physical conditions in outer 
space. 

While space electronics is introduced to readers in 
this issue of the PROCEEDINGS OF THE I RE, the TRANS-
ACTIONS of the Professional Group on Space Electronics 
and Telemetry will continue to present these subjects 
to its members. Six basic divisions of the PGSET are 
active in collecting and disseminating information in 
the following categories: 

1) Telemetry and Remote Control. 
2) Space Instrumentation. 
3) Space Communications. 
4) Space Navigation. 
5) Electronic Propulsion in Space. 

6) The Effect of Space Environment on Equipment 
and Living Things, Including Humans. 

If any of these subjects is of interest, a cordial invitation 
is extended to our readers to continue that interest with 
the PGSET and its TRANSACTIONS. 
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The NASA Space Sciences Program* 

Summary—This report, prepared in April, 1959, summarizes the 
objectives of the space sciences program of the U. S. National Aero-
nautics and Space Administration and the immediate and long-range 
plans for carrying the program out. The report is divided into several 
broad areas: atmospheres, ionospheres, energetic particles, electric 
and magnetic fields, gravitational fields, astronomy, and biosciences. 
Included in the discussion is a review of present knowledge and 

existing problems in each of the above areas. 

it
r 1HE U. S. National Aeronautics and Space Ad-

ministration is developing a national space sciences 
program on as broad a basis as possible. In the 

planning and programming, advantage is being taken 
of the advice of many specialists and experts in the 

scientific community. In the conduct of satellite and 

space probe experiments, broad participation of the sci-
entific community and industry, along with government, 
is planned, and steps are being taken to secure such 

participation. The developing program has captured 
and increased the momentum in space research de-
veloped during the International Geophysical Year. 
The present status of the national space science pro-

gram is described in the following sections. For con-

venience, the subject of research in space has been di-
vided into several broad areas: Atmospheres, Iono-

spheres, Energetic Particles, Electric and Magnetic 
Fields, Gravitational Fields, Astronomy, and Bio-
sciences. For each area, the principal scientific objectives 
are stated, followed by a review of present knowledge 
and existing problems to be solved. Each section closes 
with a statement of the long-range program and of the 
immediate program now under way. 
The subdivision used is one of convenience only. 

Actually, the various areas are related in many complex 
ways. Investigations of the various interrelationships 
are a very important part of the search for a better 

understanding of many puzzling phenomena. 
It is recognized that the national space sciences pro-

gram is subject to continuing review, amplification, and 

modification as work progresses and scientific data and 

results are obtained from currently-orbiting space 
vehicles. Moreover, desired scientific experiments must 
continuously be matched with the present and future 
capabilities and availabilities of vehicles, supporting 

technology, and facilities. 

ATNIOSPHERES 

Objectives 

To determine and understand the origins, evolutions, 

* Original manuscript received by the IRE, December 2, 1959. 
Prepared by the Office of the Asst. Dir. for Space Sciences, Natl. 
Aeronautics and Space Admin., Washington 25. D. C., April 16, 1959. 

natures, spatial distributions, and dynamical behaviors 

of the atmospheres of the earth, moon, sun, and planets; 
and their relations to the medium of interplanetary 
space. To investigate atmospheric phenomena associated 
with interactions between photons, energetic particles, 
fields, and matter. To understand the relations between 
the earth's upper atmosphere and its surface meteor-

ology. To evaluate atmospheric effects on instrumented 
and manned space flight. 

Present Knowledge 

The Earth's . 11mosphere: The structure, i.e., tempera-

ture, pressure, and density, of the earth's upper atmos-
phere is partially known from indirect observations and 
from rocket soundings at New Mexico, Fort Churchill, 
Canada, in the Arctic, and on the equator. Up to about 
110 km altitude, density and pressure both fall off by 
a factor of roughly 10 for every 10- mile increase in 
height. At higher altitudes, the rate of decline in den-
sity and pressure is markedly slower. Starting from the 
ground, temperature falls steadily with height until 
at about 12 km (in temperate latitudes) the temperature 
reaches a minimum of about — 55°C. With increasing 

altitude, the temperature then rises again to a maximum 
of about 0°C at between 50 and 60 km. After that, 
there is a sharp decline in temperature to probably less 
than — 75°C at between 80 and 85 km height. Through-
out the E and F regions of the ionosphere, kinetic tem-

perature rises to 1000°C or more, and perhaps to above 
2000°C. The structure parameters vary with both time 

and geographic position. Pressure, for example, varies 
by a factor of at least two at 100 km and by a factor of 
six or more at 200 km. Indications from rocket measure-
ments are that variations by orders of magnitude in 
pressure and density may be expected at F-region alti-
tudes and higher. 
The composition of the atmosphere is essentially the 

same from sea level up to the E region at 100 km. Small 
amounts of ozone are created by solar ultraviolet radia-
tion, the. maximum concentration being found at be-

tween 25 and 30 km in the daytime. In the E region and 
above, molecular oxygen dissociates to atomic form. 
Rocket observations at Fort Churchill have shown a 

marked diffusive separation of argon relative to nitrogen 
starting at altitudes between 100 and 120 km and in-

creasing into the lower F region. 
Rocket wind measurements and indirect ground-

based observations have indicated fast-moving winds at 
all levels of the upper atmosphere. Typical speeds are 

20 to 50 meters per second between 30 and 120 km, 
while speeds higher than 100 meters per second have 
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been measured. In general, the winds are from the West 
and strong in winter and from the East and weaker in 
summer. Marked wind shears have been observed in the 
E region of the ionosphere. 

The Sun's Atmosphere: The sun's atmosphere may ex-
tend with decreasing density throughout the solar sys-
tem. At a distance of about 20 solar radii (nearly 0.2 
Astronomical Units) the atmosphere is still directly ob-
servable by its blurring effects on the radio stars seen 
through it. Near the earth's orbit, it is estimated that 
this atmosphere contains several hundred protons per 
cubic centimeter and has an electron temperature of 
250,000°K. 

The Moon's Atmosphere: The moon lacks any ap-
preciable atmosphere, although a highly rarefied iono-
sphere has been indicated by radio astronomical ob-
servations. 

Planetary Atmospheres: Mercury has no observable 
atmosphere, and Pluto is too faint for an atmosphere to 
be detected through the terrestrial atmosphere. Atmos-
pheres have been observed on each of the other planets 
and on one of Saturn's satellites. 

Venus is covered by an extensive atmosphere of 
which CO2 is the primary constituent. H20 has not been 
identified there although it may be present below the 
opaque cloud cover which envelops the entire planet. 
The temperature of the top of the cloud layer has been 
measured with a thermopile as about 0°C. Radio-
astronomy measurements indicate a temperature of 
nearly 300°C lower in the atmosphere. 
The Martian atmosphere is tenuous compared to the 

earth's, but H20 and dust clouds have been observed 
there. The surface pressure has been estimated at ap-
proximately eight per cent of the earth's sea- level at-
mospheric pressure. 

The atmospheres of the major planets (Jupiter, Sat-
urn, Uranus, and Neptune) contain large amounts of 
H. and, presumably, He. Their spectra are dominated 
by bands of CH4 and NH3. The atmospheres of Jupiter 
and Saturn have a marked banded structure and exhibit 
differential rotation as does the solar photosphere. In 
addition, Jupiter shows such puzzling features as the 
famous red spot, white spots, and lightning-like radio 
emissions. 

Existing Problems 

The Earth's Atmosphere: Major problems connected 
with the earth's atmosphere are exemplified by the fol-
lowing questions, the answers to which are known only 
partially or not at all. 

1) What are the primary sources of energy affecting 
the high atmosphere, and at what altitude levels are 
these energies deposited in the atmosphere? 

2) What is the average structure of the atmosphere 
above 80 km over the entire globe; and what are the 
variations in the structure parameter with respect to 

season, time of day, geographic location, and solar ac-
tivity? 

3) What is the detailed composition of the atmos-
phere above 100 km? At what altitude, if any, do the 
light gases H, H2, and He predominate over 0, N2, 

and N? 

4) What are the detailed dynamics of the high at-
mosphere, including the general circulation? 

5) What is the relation of the Great Radiation Belt 
to the heating of the upper atmosphere, and what other 
sources and sinks of energy are there? 

6) What is the energy budget of the low atmosphere 

and what is its relation to cloud cover and weather sys-
tems? 

7) What are the relations between the earth's surface 
meteorology, its upper atmosphere, and solar activity? 

8) What is the origin and history of the earth's at-
mosphere? 

The Sun's Atmosphere: Similarly, these questions re-
late to the sun's atmosphere. 

1) What is the composition of the solar atmosphere, 
particularly at planetary distances? 

2) What are the density and temperature of the sun's 
atmosphere as a function of distance from the sun? 

3) How does the sun's atmosphere interact with 
those of the earth and the other planets? 

The Moon's Atmosphere: In this context, two major 
questions about the moon are raised. 

1) Has the moon a trace atmosphere and, if so, what 
is its composition? 

2) If the moon does have a trace atmosphere what 
are its origins, dynamics, and entrapment near the 
moon's surface? 

Planetary Atmospheres: Finally, the following ques-
tions arise concerning the atmospheres of the other 
planets. 

1) What are the major constituents of the planetary 
atmospheres? 

2) What are the surface pressures and densities? 
3) What is the altitude variation of their atmospheric 

structures? 

4) What are the atmospheric components that might 
support earth-type life? 

5) Do their atmospheres contain oxidizers available 
for combustion? 

6) Does Venus's atmosphere contain 11 20? 
7) Of what does the cloud cover of Venus consist? 
8) What causes the apparent changes in transparency 

of the Martian atmosphere, so-called " blue clearing"? 
9) What is the nature and cause of the famous red 

spot on Jupiter? 

10) What is the nature and origin of the rings about 
Saturn? 

11) What are the important dynamic features of 
these atmospheres? 

12) Has Pluto an atmosphere? 
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Program 

Long-Range: Over-all, long-term plans for achieving 
the above objectives include: 1) instrumented satellite 
stations around other planets; 2) rocket probes deep in-
to the atmospheres of other planets including soft land-
ings onto the surface with automatic and, eventually, 
manned recording stations; 3) probes deep into the solar 
atmosphere; 4) special probes for measuring the density 
and nature of gas and dust particles in interplanetary 
space and within comets; and 5) extensive theoretical 
studies to understand the basic natural phenomena tak-
ing place within the atmospheres. 

Immediate: Short-range plans include extensive and 
intensive studies of the structure and composition of the 
earth's atmosphere from 80 km to several hundred kil-
ometers by direct measurements with sounding rockets 
and with satellites. Diurnal, latitudinal, and temporal 
variations in these parameters will be determined and 
will be correlated with the energy and momentum bal-
ances in the earth's upper atmosphere. Models of the 
earth's atmosphere will be formulated for 1) providing 
basic data needed in understanding ionospheric, auroral, 
and other phenomena, 2) providing guidance in the 
study of the atmospheres of other planets, and 3) pro-
viding essential information in the engineering design of 
the man-in-space launching, guidance, and recovery sys-
tems. 

Short-range plans for studies up to 80 km include a 
large number of synoptic rocket flights and several 
cloud-cover satellites to establish the relationship be-
tween surface meteorology and the structure and dy-
namics of the upper atmosphere. These data are vitally 
needed to improve weather forecasts and to permit 
eventual control of certain aspects of the weather. 

Immediate steps in the atmospheres research program 
are: 1) initiation of extensive instrumentation and sys-
tems development contracts for measuring atmospheric 
structure and composition at gas densities of from 1 to 
10-13 atmospheres; 2) adaptation of currently available 
atmospheric-structure instruments for an unmanned 
earth satellite; 3) continuation and improvement of 
IGY rocket soundings to determine the vital factors in 
the large variations noted in the IGY atmospheric-
structure flights; 4) the development of an inexpensive 
synoptic meteorological rocket system to permit rapid 
collection and analysis of data up to 80 km; 5) rocket 
test flights for proposed satellite instrumentation sys-
tems; 6) launching of the remaining Vanguard meteoro-
logical satellite to study radiation balance in the earth's 
atmosphere; 7) completion of the test phases and flight 
phase of the ABMA radiation balance satellite; and 
8) the launching of a 12-foot inflatable sphere to obtain 
satellite-drag data from which atmospheric densities can 
be computed. 

IONOSPHERES 

Objectives 

To determine and understand the sources, natures, 
spatial distributions, and dynamical behaviors of the 
ionized regions of the solar system, including the iono-
spheres of the earth, moon, and planets. To investigate 
ionospheric phenomena resulting from interactions be-
tween photons, particles, ions, and magnetic, electro-
static, and electromagnetic fields. To understand rela-
tions between solar activity and the terrestrial and 
other planetary ionospheres, magnetic fields, and upper-
atmospheric current systems. To evaluate ionospheric 
effects on instrumented and manned space flight, in-
cluding communications. 

Present Knowledge 

The terrestrial ionosphere, which extends from an al-
titude of 60 km into interplanetary space, is formed by 
the ionization of neutral particles, primarily by radia-
tion emitted from the sun. The density of ionization is 
not uniform. The altitude regions of maximum ion 
density during daytime are designated D, E, F1, and 
1:3. Additional sporadic ionization can occur at various 
levels, particularly in the E region. Normal D-region 
ionization extends roughly from 60 to 85 km, with maxi-
mum values no greater than a few thousand electrons 
per cubic centimeter. Average altitudes at which maxi-
mum densities in the E, Fli and F2 regions occur are 
105, 150, and 300 km, corresponding to concentrations 
of 1.5, 2.5, and 20 X105 el/cm3. These values are for a 
summer day in New Mexico during the period of maxi-
mum solar activity. Gradients in the lower E and F1 
regions are roughly 104 el/cm3 per km. Very recent re-
sults indicate that the concentration above the F2 re-
gion experiences a very gradual decrease to a value of 
103 el/cm3 at a height of 10,000 km. 
At night the density of ionization in the D, E, and F1 

regions decreases by at least an order of magnitude. The 
concentration decreases by less than this factor in the 
F2 region, with the result that the nighttime ionosphere 
shows a single F region predominant with comparatively 
little ionization below 170 km. 
The E-region altitude is relatively insensitive to lati-

tude. However, the F-region height is greatest over the 
equator and decreases by 100 km at temperate latitudes. 
Ionospheric irregularities are strongly dependent on 
geomagnetic latitude, with extremely irregular condi-
tions occurring in the auroral zones. The electron density 
varies strongly with the solar sun-spot cycle, by as much 
as one order of magnitude in the F2 region. The major 
ionized constituents of the E and F regions are nitric 
oxide and atomic oxygen, respectively. 
The ionosphere makes possible communication over 

large distances by reflection of frequencies below the 
critical frequency. Typical values of these critical ire-
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quencies are 3 to 4 mc for the E region and 5 to 15 mc 

for the F region. It should be emphasized that since 
ionospheric structure is dependent upon diurnal, sea-
sonal, latitude, and solar effects, so are its propagation 
characteristics. In the lower ionosphere, such phenom-
ena as photoemission, diffusion, and the rectifying ac-
tion by antennas result in charging space vehicles with 
potentials up to 20 volts. 

Very little is known about the ionospheres of other 
planets. There are indications of thunderstorms on 
Jupiter and possibly Saturn and of auroras on Venus. 

Existing Problems 

Although ionospheric structure is being studied by 
vertical-incidence radio soundings from surface stations, 
this method gives results only up to the F-region maxi-

mum and provides only integrated effects. Past experi-
ence has shown that rocket and satellite measurements 
of electron density vs actual height are needed to inter-
pret surface ionosphere sounding records correctly, and 
thus permit their use on a practical synoptic basis. 

Since rocket measurements have not been made in 
sufficient number above the F2 region and since they 
have intercepted only an extremely small portion of the 
ionosphere for small time intervals, the most important 
unknowns are the details of ionospheric structure, par-
ticularly above the F2 region, as a function of time, sea-
son, latitude, and solar and cosmic activity. Collision 
frequencies and the ionic composition (particularly at 
low mass numbers) require special investigation. 

Present knowledge of ionospheric-propagation char-
acteristics requires extension. Needed are: explanations 
for anomalous fading effects; polar diagrams of upcom-
ing and downcoming waves and of waves along the mag-
netoionic ducts; experimental verification of the theories 
of whistler and Z-mode propagation; the frequencies at 

which heavy ions influence propagation (hydromagnetic 
waves); and investigation of the probable existence of 
very low frequency windows useful for interplanetary 
communications. Definition of ionospheric structure and 
propagation characteristics is important to such prob-
lems as the calculation of tracking errors in AICBM 
radars and the choice of communications frequencies. 
The interaction between charged particles in the 

ionosphere with space vehicles is one of the least under-
stood phenomena of space flight. Measurements of ve-
hicle charge, particularly in the Great Radiation Belt 
and in regions where photoemission effects can become 
serious (exosphere), are needed to compute possible 

electrical drag and missile-trajectory errors. 
Propagation characteristics of the exosphere and the 

intensity and nature of cosmic noise need investigation, 
particularly in the frequency range which is most af-
fected by the ionosphere. These data are important to 
radio-astronomy observations from space vehicles. 

Since so little is known about other planetary iono-

spheres, discovery and survey-type investigations of 
them are needed first. Then their structure and propaga-
tion characteristics also will need to be studied. 

Program 

Long-Range: The over-all program will exploit cur-
rent techniques for determining the terrestrial iono-
spheric structure, its propagation characteristics, and its 
influence on space flight, by observation from below, 
within, and above. New techniques for evaluating the 
least known parameters will be developed. All of the ap-
plicable methods will then be used for the study of other 

planetary ionospheres. Eventually, propagation sound-
ing stations may be established on the surface of the 
moon. All the data will then be applied to understand 
the interrelations between solar activity, magnetic 
fields, the aurora, the Great Radiation Belt, and other 
phenomena. 

Immediate: The immediate program is concerned with 
obtaining electron-density profiles at altitudes above 
the F2 layer by propagation experiments in sounding 
rockets. Then, latitude and temporal variations of this 
parameter will be obtained by use of a satellite beacon. 
Topside sounders in satellites will be used for synoptic 
studies of electron density in the outer ionosphere. This 
technique promises less ambiguity than that obtained 
from satellite beacons. Present knowledge of electro-
magnetic propagation will be extended by the inclusion 
of VLF receivers in polar-orbiting satellites and space 
probes. Ion-spectrum studies will be extended to lower 
mass numbers and higher altitudes by the inclusion of 
RF mass spectrometers in space probes and satellites. 
Direct measurements using devices such as antenna 
probes, ion probes, and electric field meters will be made 
in rockets and satellites, to define more precisely ion-

ospheric structure and to study the interaction between 
the ionosphere and space vehicles. 

ENERGETIC PARTICLES 
Objectives 

To determine and understand the origins, natures, 
motions, spatial distributions, and temporal variations 
of particles having energies appreciably greater than 
thermal. To understand their relation to the origin of 
the universe. To understand interactions between such 
particles, fields, photons, and matter. To evaluate pos-
sible hazards to life and other effects of energetic parti-

cles and photons on instrumented and manned space 
exploration. 

Present Knowledge 

Cosmic rays are an important constituent of the ener-
getic charged particles which are known to be present in 

space. It is now certain that cosmic rays consist primar-
ily of high-energy hydrogen nuclei, plus a small percent-
age of energetic nuclei of heavier atoms. The heavier 
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cosmic rays are largely energetic helium nuclei but in-
clude masses up to that of iron. It has been determined 
that the cosmic-ray energies cover at least the range 
from a few billion to a billion billion electron volts. Over 
this energy range the spectrum is such that the cosmic-
ray intensity falls rapidly with increasing energy. Be-
cause of this spread of individual particle energies, and 
because of the magnetic field of the earth, fewer cosmic 
rays strike the earth's upper atmosphere at the equator 
than at higher latitudes. 
On striking the atmosphere, the cosmic rays produce 

many secondary particles including electrons, many 
types of mesons, and fragments of atomic nuclei. Most 
of these secondaries are absorbed by the atmosphere, 
but a few reach the earth and some scatter back out of 
the atmosphere. The intensity of these secondary par-
ticles just above the atmosphere is comparable with the 
cosmic-ray intensity but decreases as the distance above 
the atmosphere increases. The cosmic ray intensity is 
not a constant but varies with the sun spot cycle and 
with magnetic storms and solar flares. 

Another group of energetic particles in space com-
prises the particles which produce auroras. These par-
ticle streams contain electrons having energies over at 
least the range from a few hundred to a few thousand 
electron volts. Also present are hydrogen nuclei having 
energies over about the same range as the electrons. On 
striking the atmosphere, these particles ionize and xcite 
the air atoms producing the light we see as auroras. 
A third class of energetic particles known to exist in 

space comprises the Great Radiation Belt. These par-
ticles are in a belt surrounding the earth at latitudes less 
than 70° and at altitudes between about 600 and 30,000 
miles. The intensity of the radiation in the belt is thou-
sands of times that of the cosmic rays. It seems clear 
that the radiation belt is the immediate source of the 

auroral particles. 

Existing Problems 

Among cosmic-ray problems, important phenomena 
to investigate are: The sources of the primary cosmic 
rays, the processes by which the particles obtain their 
high energies, their distribution in space, their varia-
tions in intensity and composition with time, their ener-
gy spectrum particularly at lower energies, their inter-
relations with the auroral and radiation belt particles, 
their effects on both animate and inanimate objects, and 

their detailed composition including the possible pres-
ence of antimatter. 

In the field of auroral particles, the following are un-
known: The origin and acceleration mechanisms of 
these particles, their presence or absence in space and 
near other planets, their rapid variations in intensity 
and spatial distribution, their detailed composition, and 
their relations with cosmic rays, radiation belt particles, 
magnetic fields, the sun, the ionosphere, and with upper-

atmosphere processes. 

Among the unknowns associated with the Great Radi-
ation Belt particles are: The composition and energy of 
the particles, their origins, their lifetime, their spatial 
extent, their possible variations in composition and in-
tensity, their effects on animate and inanimate objects, 
and their relations to cosmic rays, auroral particles, 
magnetic fields, the sun, and upper-atmosphere proc-

esses. 

Program 

Long-Range: In situ measurements using deep space 

probes will be made from the close proximity of the sun 
to the limits of the solar system. Extensive measure-
ments in the vicinity of the planets, especially the earth, 
will be made to determine the interaction of the ener-
getic particles with the atmospheres and fields of these 
bodies. These measurements will require satellite orbits 
around the earth, the moon, and other planets. The 
establishment of an observatory on the surface of the 
moon or on some other planet might be necessary, de-
pending on the data previously acquired by artificial 

satellites. 
Immediate: In the near future, the measurements of 

energetic particles will be pursued with satellites and 
rockets in the vicinity of the earth and with interplane-
tary probes. These measurements will be aimed at de-
termining the interactions of these particles with the 
earth's atmosphere and field, their interactions with in-
terplanetary fields, the types and energies of these par-
ticles, their spatial distribution, and the origin of the 

energetic particles. 
The immediate program includes, specifically, meas-

urements of 1) the cosmic-ray intensity in interplane-
tary space; 2) time and latitude cosmic-ray intensity 
variations; 3) the composition and spatial extent of the 
Great Radiation Belt; 4) the cosmic-ray energy and 
charge spectrum; and 5) the nature of the particles pro-
ducing auroras. 

ELECTRIC AND MAGNETIC FIELDS 

Objectives 

To determine and understand the origins, natures, 
methods of propagation, spatial distributions, and tem-
poral variations of magnetic and electric fields through-
out the universe. To understand interactions between 
these fields and matter in space, and the influence of 
existing fields on solar and planetary atmospheres. To 
use these fields in the investigation of the internal con-
stitution of astronomical bodies. To evaluate their ef-
fects and interactions on instrumented and manned 
space exploration. 

Present Knowledge 

The earth's main magnetic field is approximately that 
of a dipole located at the earth's center but tilted at an 
angle of 11 degrees with respect to the earth's axis. The 
strength, orientation, and uniformity of the main field 
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varies slowly with time. This is called secular variation. 
The field at the earth's surface is also geographically ir-
regular because of differences in the geology of the 
earth's crust. These irregularities are called anomalies. 
On a time scale of months rather than years, the above 
features appear constant at a given location. I lowever, 
using a time scale of days, hours, or minutes, a sensitive 
instrument shows that the field is practically never con-
stant at any location on the earth's surface. These vari-
ations are usually classified as: diurnal the variations 
that occur in 24-hour cycles and appear similar from 
day to day; magnetic disturbances—large variations that 

are not a daily event, in which the field changes are often 
highly irregular for periods of several or more hours over 
either small or large areas of the'earth's surface; mag-
netic storms— large variations which occur more or less 
simultaneously over the entire surface of the earth; 
sudden commencements or impulses abrupt changes in 
the magnetic field which sometimes precede magnetic 
storms; pulsations—sinusoidal oscillations of the mag-
netic field, with wave periods ranging from fractions of 
a second to five minutes and frequently persisting for 
one or more hours and sometimes as long as a half a 
day. The magnitude and frequency of occurrence of 
these variations are functions of geomagnetic latitude. 
The largest diurnal variation is observed at the mag-
netic equator. The largest disturbance and storm vari-
ations occur in the auroral zones in association with vis-
ible auroras. Sudden commencements and impulses 
tend to be world-wide. Pulsations are most prominent 
in high latitudes and reach their greatest magnitude in 
the auroral zones. 
From the study of surface measurements and from 

theory, it is believed that these variations are caused 
primarily by electric currents in and above the iono-
sphere. The currents are attributed to the dynamo action 
of tides and winds in the ionized gas and to the influx of 
particles from the sun. Recent thinking on hydromag-
netic phenomena has led some theorists to believe that 
interactions between the outer portions of the earth's 
field and the motion of solar gas clouds also contribute 
to the variations. It has not, however, been possible to 
prove any theory or establish an understanding of the 
phenomena solely from surface measurements. Here lies 
the importance of direct measurements from space 
vehicles. 

Sensitive magnetometers have been successfully flown 
into and through the E region. These flights demon-
strate the existence of electric currents in the lower iono-
sphere at the magnetic equator and in the auroral zones 
and showed the expected decrease in field intensity with 
altitude. More than anything else, they show the need 
for more measurements. 
The magnetic fields of the sun and other stars have 

been • studied intensively, but it cannot be said that 
there is concrete knowledge of their strength and form. 

Indirect measurements and theories permit a wide 

range of possibilities. Galactic field intensities have been 
estimated from theoretical considerations and the study 
of light polarization; values between 10-3 and 10-6 
gauss have resulted. Theoretical studies of planetary 
fields (other than the earth's) apparently do not exist, 
and methods of indirect measurement have not been 
found. 
An electric field exists between the earth and its iono-

sphere, corresponding to an average potential difference 
of 290,000 volts. There is no direct knowledge of the ex-
istence of magnitude of electric fields outside the iono-
sphere. Theories of the origins and accelerations of au-
roral particles and cosmic rays allow a wide range of 
possibilities for interplanetary electric- field values. 

Existing Problems 

The unknowns of most urgent interest are usually 
those which are most apparent. The most apparent un-
knowns in magnetic field phenomena are the sources of 
field variations and the relationships between these vari-
ations and other solar-terrestrial phenomena. It is 
known that some variation is due to ionospheric cur-
rents; but the existence, location, and strength of pos-
sible electric currents above the ionosphere are not 

known even though their existence appears probable. 
Strictly speaking, the cause of ionospheric currents is 
not known; and even less is known about probable 
causes for currents above the ionosphere. 
The form of the earth's main field is known, at least 

approximately, close to the earth; but at distances of 5 

to 15 earth radii, where the field is most effective in 
guiding solar particles, radical departures from predic-
tion can be expected. The field may expand and contract 
in response to motions of solar and interplanetary gas 
clouds. These distortions may in turn propagate as hy-
dromagnetic waves down to the ionosphere and even to 
the earth's surface. The possibilities can only be consid-
ered speculative until field measurements are made in 
the outer reaches of the earth's field. 
At some distance, the earth's field will blend with in-

terplanetary and/or interstellar fields. Estimates of in-
terplanetary fields range from 10-3 to 10-6 gauss. The 
strength and orientation of these fields is especially im-
portant to the understanding of how solar particles 
reach the earth. 

Theories concerning magnetic fields on other planets 
are practically nonexistent. One reason for this scientific 
void is probably the lack of understanding of why the 
earth has a magnetic field. It is generally thought that 
the earth's main field is due to dynamo currents in the 
liquid core, but the form and cause of these currents is 
still an open question which may be related to the initial 
formation of the earth. This lack of understanding is, 
however, one of the principal reasons for obtaining 
measurements of the fields of other planets which 
formed under different conditions and have a different 
composition. Similar thoughts suggest that knowledge 
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of the moon's magnetic field would be a major step 
toward determining how it formed as an earth satellite. 

Direct measurements of the electric fields exterior to 
the earth's ionosphere and in interplanetary space are 
important to the eventual understanding of how cosmic 
rays and auroral particles are accelerated and from 

whence they come. 

Program 

Long-Range: Results from satellites, probes, and rock-
ets to be flown in 1959 will be an important factor in de-
termining the long-range program for studying the 
earth's fields. One can, however, anticipate that an im-
portant item will be establishing an earth satellite ob-
servatory which will include instruments for measuring 
particle flux and solar radiations as well as magnetic and 
electric field instruments such that direct correlations 
can be made between the various phenomena. Also 
rocket soundings into the ionosphere will continue to be 
used to study details of ionospheric currents more thor-

oughly. 
The fields of the moon, Mars, and Venus will first be 

measured from probes making close approaches and 
eventually from packages landing and serving as ob-

servatories. 
Probes will be shot at the sun to obtain solar field 

measurements as close to the sun as feasible. 
In all measurements, except the rocket soundings, the 

experimental intent will be to obtain both the absolute 
magnitude and the direction of the magnetic field meas-
ured. It will be more difficult to separate the ambient 
electric field from that caused by an electric charge on 

the space craft. 
Theoretical analyses and correlations between elec-

tric and magnetic field phenomena and other phenom-

ena will be an integral part of the program. 
Immediate: The short-range magnetic-field program 

includes: 

1) a number of small sounding rockets with proton 
magnetometers for studying ionospheric currents, 

2) two sounding rockets primarily for flight testing of 
newly-developed Rb-vapor magnetometers and 
for information on radiation belt currents, 

3) a space probe to the moon with a Rb-vapor mag-
netometer for measuring electric currents and the 
form of the earth's field at great distances, inter-
planetary fields, and the moon's magnetic field. 

The program also includes instrument development 
—the most significant being the development of Rb-
vapor magnetometers by Varian Associates. It is also 
anticipated that simpler magnetometers which can de-
tect only the existence of a perceptible field will be 
placed in several rockets and space vehicles as secondary 

experiments. 

GRAVITATIONAL FIELDS 

Objectives 

To determine and understand the origins, natures, 

methods of propagation, spatial distributions, temporal 
variations, and effects of gravitational fields throughout 
the universe. To determine and understand the external 
form and internal constitution of the earth, planets, and 

stars. To determine and understand the relations be-
tween gravitational and electromagnetic fields. To eval-
uate effects of gravitational fields of different magni-

tudes, including weightlessness, on instrumented and 

manned space exploration. 

Present Knowledge 

At the present time, the best theory of the nature of 
gravitation is Einstein's general theory of relativity, 
which asserts that the force which we recognize as grav-
ity results from a distortion of space-time. An essential 
part of this theory is the idea that mass as determined 
by gravitation will be found to be proportionate to mass 
as determined by inertia. Other theories have been pro-
posed, especially by George D. Birkhoff. 

There are three tests of the general theory of relativ-
ity. The first of these is the motion of the perihelion of 
Mercury, which amounts to 43 seconds of arc per year, 
agreeing quantitatively with Einstein's prediction. The 
second is the bending of light in the sun's gravitational 
field. It has been measured numerous tintes, and the re-
sults have generally been found to agree with Einstein's 
predictions; but, in view of the smallness of the effect 
(only 1.75 seconds of arc), there is still room for reason-
able doubt about the confirmation. 
The third effect is the shift of light toward red wave-

lengths in a strong gravitational field. This is doubtfully 
observed in the sun, where it is confused by mass mo-
tions of gases. A red shift is observed in some white-
dwarf stars, but even there it cannot be said unequiv-

ocally that this is not an effect of mass motion. 
It is further believed that the force of gravity is pro-

portional to the density of matter in the universe. Since 
the universe is expanding, this means that changes of 
the order of one part in ten billion per year ought to ex-
ist in the force of gravitation. 
With respect to the gravitational field of the earth, 

this problem would be solved fully if we knew all the 
harmonics into which the field can be subdivided. There 
is one zero harmonic which amounts to the product of 
the gravitational constant by the mass of the earth, and 
which has at the present time the value of 3.9868 with 
an uncertainty amounting to one part in 100,000. There 
are three possible first harmonics which arise from the 
displacement of the center of the earth from the center 
of our present coordinate system. This displacement is 
believed to amount, at the present time, to no more 
than 100 meters. There are five second-degree harmon-
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ics, of which one harmonic of zero order is intimately 
related to the flattening of the earth and has been 
measured with great precision from the motion of the 
node of 1958 Beta 2 (Vanguard I). Coefficients so ob-
tained correspond to a flattening of 1/298.3. Two of the 
remaining four are necessarily zero; and the other two 
have been doubtfully evaluated with an amplitude of 
about 4 mgals. 

Of the seven third-degree harmonics, the zonal har-
monic of zero order has very recently been measured, 
and appears to have a value of 5.6 mgals at the surface 
of the earth. The other six have been estimated crudely 
from gravity data. An estimate of 5 mgals has been 

made for the fourth zonal harmonic. It is known that 
the size of these harmonics is proportional to the stresses 
at the interior of the earth roughly at the rate of 1 mgal 
to 10 kg per square centimeter. 

In the case of Mars, the zero harmonic (the mass) is 
0.1076 that of the earth. Nothing is known with respect 
to first harmonics. The second harmonic is determined 
from the flattening which is found to be 1/192 from the 
satellite motions, and 1/77 from visual observation. 
Masses and flattenings for Jupiter, Saturn, Uranus and 
Neptune are available in the same way, but no higher 
harmonics are known for any of these planets. 

The sun's mass is accurately determined by the mo-
tions of the planets. Nothing is known about any other 
higher harmonics. 

Measurements of various double stars yield masses 
which are found to fall into the range of from one tenth 
to fifty times the solar mass. The flattening, which 
ranges from zero up to the limit of instability, is known 
for a few eclipsing binary stars. 

The gravitational field of the galaxy as a whole has 
been deduced from the rate of galactic rotation. It is 
found to be equivalent to several hundred billion solar 
niasses. The gradient of the galactic field which meas-
ures the flattening of the galaxy has also been deter-
mined from the gradient of galactic rotation near the 
sun. 

The nature of the intergalactic gravitational field is at 
present completely unknown; it is not even certain that 
a replusion does not exist at sufficiently great distances. 

Existing Problems 

With respect to the fundamental nature of gravita-
tion, the principal problem is to find some peculiarity of 
the law which would serve to control the formulation of 
satisfactory theories. Such a peculiarity might consist, 
for example, in a small deviation from strict equality of 
gravitational and inertial mass, or in a velocity of propa-

gation, or in something in the nature of a shielding such 
as is observed with magnetism. Any one of these effects 
would give us a clue to the best direction to look for a 
more fundamental understanding. 

Within the framework of the Newtonian Law, the 
classic problem is that of the long-time stability of a sys-
tem such as the solar system. The problem may be for-
mulated in this way: As we think of time of the order of 
109 years, do the orbital planes of the planets tend to ap-
proach one another? Do the eccentricities tend to de-
crease? If so, then, of course, we understand the architec-
ture of our present solar system; if not, then we have an 
important clue which can someday be used to discover 

how it was initially formed. The problem of the stability 
of the solar system has engaged some of the best mathe-
maticians since the days of Lagrange and Laplace, who 
found that stability could be guaranteed for times of 
the order of 108 years. 
With respect to the gravitational fields of the planets, 

one problem is that of the presence of iron cores in the 
planets. At the present time, the large density (approxi-
mately 5) found for Mercury indicates a large iron core. 
It is hard to put this in an orderly relation with the den-
sity of Mars (about 3.9) and the moon (about 3.3). In 
particular, if correct, this density means that the iron 
core found in some planets cannot represent a pressure 
modification of ordinary silicate rock. A second test of 
the pressure modification idea is furnished by the den-
sity of Venus, which is just at the critical level. In both 
cases, it appears possible that further observational 
data would reverse the conclusions which have been 
drawn. 

The gravitational field of the earth is closely related to 
a series of interesting problems. In the first place, the 
zero harmonic is essential for the study of space trajec-
tories. Next, the internal constitution of the earth mani-
fests itself through variations in the higher harmonics. 
In particular, a state of hydrostatic equilibrium in the 
interior of the earth demands the value of 1/297.3 for 
the flattening of the earth. The discrepancy between 
this and the observed value of 1/298.3 is a major prob-
lem in determining the structure of the earth. If the dis-
crepancy is due to mechanical strength in the interior, 
then it may be related to the observed large values of 
some of the higher harmonics. 
At the present time, two independent and contradic-

tory theories have been offered for the inner structure of 
the earth and for the formation of mountain ranges. 
The first of these, which we might call the plastic theory, 
envisions a viscous interior in which slow convection 
currents of a few centimeters per year exist, and moun-
tain ranges, such as those around the Pacific, are formed 
as the result of drag on the underside of the continents. 
The other theory, which we may call a crystalline 
theory, considers that the earth is slowly contracting as 
it cools, and attributes the formation of mountains to 
crumpling. At the surface of the earth, the problem of 
verifying or disproving the "basic hypothesis of geod-
esy," namely that the product of gravity anomalies in 
milligals times areas in square kilometers does not ex-
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ceed 30 for any extensive patches, is one of the most im-

portant that can be set up. 

Program 

Long-Range: For the study of the fundamental nature 

of the gravitational field, two avenues are opened by 
our ability to launch satellites and space probes. The 
first of these is the ability to try experiments on a scale 
of hundreds and thousands of kilometers by probing the 

fields of planetary masses with bodies capable of being 
accurately observed. This is significant because gravita-
tional fields, except that of the earth, are almost un-
measurable in laboratory-scale experiments. The second 

avenue results from the fact that the periods of artificial 
satellites are so much shorter than those of the moon 
and other natural satellites that we can observe in a few 
years a number of revolutions corresponding to thou-
sands of years for natural satellites. By the first avenue, 
we hope to find the links which must exist between the 
theory of the electromagnetic field and the gravitational 
field. It is planned, in particular, to test the equality of 
gravitational and inertial masses by experiments in 
space on a colossal scale, which are a repetition of the 
experiment of Galileo in the Leaning Tower of Pisa. An 
attempt will be made to devise experiments which will 
reveal the velocity of propagation of gravitation, if any. 

It is planned to determine the masses of the inner 
planets by direct observation of probes passing near 
them or possibly around them. These probes will, at the 
same time, help to determine the value of the astronom-
ical unit, the fundamental meter-stick of the solar sys-
tem. 

It is planned to test the hypothesis that gravitational 
attraction depends on the average density of matter in 
the universe and that, therefore, it is slowly weakening 
as the universe expands. For this purpose, an atomic 
clock on the ground can be compared with a gravita-
tional clock of some kind. A proposal for a gravitational 

clock consisting, in effect, of a high satellite with a very 
well measured orbit is being studied. 

It is planned to employ moon probes to obtain im-
proved values for the over-all mass of the moon and for 
the moments of inertia about its three principal axes. A 
determination of the strength of the materials in the 
moon's interior will be attempted from this information. 

It is planned to measure the mass of Venus and of 
Mercury in order to test Bullen's idea about the nature 
of the cores of the planets. 

Using the second avenue, it is planned to observe the 
motions of close satellites of the earth over a long pe-
riod and to make a precise comparison with theory, 
searching for systematic trends in the inclination and 
the eccentricity, which might shed light on the history 
of the solar system. 

Immediate: There are several phases of the short-term 
gravitational field program: 

1) Studies are now being made on existing satellites 
with the object of determining the low harmonics of the 

earth's field from tracking data. 
2) Preparations are made for equipment for a special 

geodetic satellite which will be capable of refining the 
observations on the harmonics, and of determining in-
tercontinental distances with high precision. It will 
clearly be possible to carry the study of the form of the 
geoid much further than has been possible to date. 
The information developed in 1) and 2) above will be 

applied to the question of the basic hypothesis of geod-
esy. This hypothesis, as formulated by some theorists, 
is in essence that the low harmonics of the earth's gravi-
tational field have amplitudes of a meter or so. The hy-
pothesis is not universally accepted; other theorists con-
sider that the amplitudes are of the order of scores of 
meters. A decision between these two hypotheses is im-
portant because Fleiskanen, in particular, proposes ex-
tensive work based on Stokes' theorem—work which is 
warranted only if the basic hypothesis is satisfied. This 
information will also be used in an attempt to evaluate 
hypotheses of convection in the mantle. These hypoth-
eses seem to go with the ideas of the first- mentioned 
school of theorists, and it may be possible to decide be-
tween these hypotheses and the alternative contraction 
hypotheses on the basis of our information. 

3) It is planned to put in orbit a satellite carrying a 
very precise clock in order to test a theory of Einstein 
which predicts a change in the clock's speed with a 
change in the strength of the earth's gravitational po-
tential. If successful, this would constitute a new test 
of the general theory of relativity, and so improve our 
understanding of the nature of the earth's gravitational 

field. 

ASTRONOM Y 

Objectives 

To determine the spatial distributions of matter and 
energy over the entire universe, and to understand their 
cosmological origins, evolutions, and destinies. To ob-
serve from above the earth's atmosphere the spectral 
distributions of energy radiated from objects in the 
solar system, in this and other galaxies, and in the inter-
vening space, with emphasis on observations that are 
prevented or compromised by the absorption, back-
ground emission and refraction of the earth's atmos-
phere. To determine and understand the structure and 
the surface features of the planets. To determine the ef-

fects of meteors, radiations, and other astronomical in-
fluences on instrumented and manned space exploration. 

Present Knowledge 

The field of astronomy may be divided broadly into 
five categories: 1) the solar system, 2) the stars, 3) inter-
stellar matter, 4) the characteristics of stellar aggre-
gates, such as clusters and galaxies, 5) the history and 
evolution of the universe and its various components. 

The Solar System: The dark bodies orbiting around 
the sun may be classified as planets, satellites, minor 
planets or asteroids, and comets. The nine planets, in-
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cluding the earth, differ primarily in size and in tem-
perature. The smallest ones, such as Mercury, have too 
little gravitation to retain any atmosphere, while the 
larger planets, such as Jupiter and Saturn, have ex-
tremely dense atmospheres. Those planets closest to the 
sun have, of course, quite high temperatures, whereas 
the most distant planets are very cold. With respect to 
the amount of atmosphere and to temperature, Venus, 
Earth and Mars are intermediate, and these three plan-
ets are considered to be the only ones that might nat-
urally support any form of life. Earth may be the only 
planet on which conditions are so ideal as to favor the 
evolution of intelligent life. Asteroids and most of the 

satellites of planets are small bodies, ranging from dust 
particles to boulders a few hundred miles across. The 
comets are loose agglomerations of rock and gas that 
spend most of their time in the far reaches of the solar 
system and approach the sun at infrequent intervals. 
The asteroids and comets are probably the debris left 
over from the formation of the planets some five billion 
years ago. 

The Stars 

It is now known that the stars are gaseous bodies 
composed of about 75 per cent hydrogen by weight, 25 
per cent helium, and traces of the remaining elements. 
Most stars derive their energy from the conversion of 
hydrogen into helium deep in the stellar interior where 
temperatures and pressures are extremely high. This 
energy is transferred to the outer layers of the star by 

radiation and convection; there the emerging light is af-
fected by the constituents of the stellar atmosphere, pro-
ducing the observable stellar spectrum. This spectrum, 
together with independent information concerning the 
star's luminosity and mass, is the basic datum from 
which all knowledge of the star's structure must be de-
duced. A significant stellar characteristic is the fairly 
well defined correlation between surface temperature, as 
evidenced by a star's spectrum or color, and intrinsic 
luminosity. The form of this temperature-luminosity 
diagram has yielded much information concerning the 
nature of stellar atmospheres. From the study of spec-
tra it is found that the chemical constituents are ap-
proximately constant from star to star; however, other 

parameters vary widely. Surface temperatures range 
from 1500°K to more than 50,000°K. Stellar diameters 
vary from less than 0.01 to more than 500 times that of 
the sun; masses range from 0.1 to 50 solar masses; and 
intrinsic luminosities vary by a factor of a hundred mil-
lion. The outer layers of a star are far from being in 
equilibrium. This is obvious in the case of the sun, 
where sunspots and their accompanying magnetic fields, 
intense hot spots called flares, and eruptions from the 
surface, called prominences, indicate large-scale thermal 
and magnetic instabilities. The cause of these instabili-
ties and, more basically, the reason for their twenty-two 

year periodic variation are not yet understood. Other 
stars show even more striking examples of instability; 

stars which pulsate with periods of days or even hours; 
others which exhibit large, highly-variable magnetic 
fields; and, finally, the novae and super-novae, which 
are subject to catastrophic explosions. 

Interstellar Matter: The material between the stars 
has a composition similar to the stellar composition, in 
the form of individual atoms and radicals and small dust 
particles, or grains. The space density of this material is 
a few atoms per cubic centimeter and except near hot 
stars it has a kinetic temperature of about 100°K. In 

spite of the low density, the total mass of interstellar 
matter in the Milky Way is approximately equal to the 
total stellar mass. This material has a profound effect 
on stellar observations because its scattering reduces the 
intensity of starlight passing through it, and because it 
superposes interstellar absorption lines on stellar spec-
tra. In addition, the material has a marked tendency to 
occur in clouds near hot, luminous stars, which them-
selves are often found in clusters. In these cases, the in-
terstellar clouds are illuminated and become visible as 
reflection nebulae. If the nearby stars are hot enough to 
excite the gas, an emission nebula results, emitting ener-
gy primarily in the lines of hydrogen and of some of the 
trace constituents. In these nebular complexes, the 
density may be as high as a thousand atoms per cubic 
centimeter, and the kinetic temperature is usually about 
10,000°K. Knowledge of the interstellar medium has in-
creased rapidly since the development of radio astron-

omy. Radio-frequency emission has been detected from 
the neutral hydrogen in the insterstellar gas, and has 
proved to be a valuable tool in probing distant parts of 

the galaxy. Thermal RF radiation has been observed 
from emission nebulae, and RF synchrotron radiation 
has been measured from nebular remnants of super-
novae explosions. The polarization of starlight has indi-
cated the existence of magnetic fields in the interstellar 
medium which may play an important role in the pro-
duction of cosmic rays. 

Star Clusters and Galaxies: Stars tend to occur in mul-
tiple systems of two to six stars and in clusters of tens 
to many thousands. The study of such clusters has been 
valuable because the members presumably have com-

mon origins and histories and thus present homogeneous 
populations suitable for statistical analysis. On a larger 
scale, stars are clustered into galaxies containing billions 
of members. In appearance, these galaxies range from 
the smaller systems, which are spherical, ellipsoidal or 
irregular, and composed of fainter stars and little inter-
stellar gas, up to the massive, highly-flattened spiral 
galaxies which show a great deal of complex structure. 
Our galaxy, the Milky Way, is an example of the latter 
type. It consists of a central spheroidal nucleus of stars, 
surrounded by a round stellar sheet, quite thin com-
pared to its diameter. Within this sheet, the galactic 

plane, the brightest stars, and most of the interstellar 
material are concentrated into spiral arms. The sun is 
within such an arm. However, in addition to these 
stars, there is a second group of stars having different 
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temperature-luminosity and velocity characteristics 
which are spherically distributed about the galactic nu-
cleus. These so-called Population II stars are quite simi-
lar to the stellar populations of the smaller elliptical 
galaxies. It appears that spiral structure with its associ-
ated interstellar material and bright stars may be a su-
perficial and rather recent phenomenon superposed on 
an older and more fundamental stellar population of 
which all galaxies are composed. 

Stellar Evolution: With the possibility in mind that 
there are stars with different ages and histories, the dif-
ferences between the temperature-luminosity diagrams 
of different groups of stars, and especially of different 
star clusters, may be interpreted as being due to age and 
evolutionary differences as well as to small variations in 
chemical composition. The presently available evidence 
points to the following picture of galactic and stellar 
evolution. The original material of the universe coa-
lesced into discrete globs or proto-galaxies and, in turn, 
stars and star clusters condensed out of these globs. 
After the initial period of star formation, those galaxies 
which had no excess material, or which lost their excess 
material through intergalaxy collisions, evolved into the 
elliptical galaxies. In the remainder, the excess material 
collapsed into flat sheets in which star formation has 
continued at a slower pace up to the present time. Star 
formation can occur when a local inhomogeneity in a 
dense interstellar nebula becomes large enough and 
dense enough to contract due to self-gravitation. The in-
terior pressure and temperature eventually becomes suf-
ficiently high to support thermonuclear reactions and 
the gas becomes self-luminous, after which radiation 
pressure prevents the accumulation of appreciable inter-
stellar material. The size and luminosity of the new star 
are determined by the amount of material accumulated 
before energy production begins. Multiple star forma-
tion from a single cloud is common. In some cases, the 
nebular material remaining around a new star condenses 
into planets. Single stars not surrounded by planetary 
systems are probably rare. Stars consume themselves by 
an ever accelerating process of converting hydrogen into 
helium until the hydrogen is «exhausted. At this point 
the internal support of the star due to radiation pressure 
is removed and the main body collapses, while a tenuous 
outer atmosphere expands to tremendous proportions to 
preserve dynamic balance. The main body contracts un-
til the central temperature and pressure become high 
enough to support the conversion of helium into heavier 
elements with an accompanying release of energy. Dur-
ing this evolution, the star may pass through phases of 
dynamic instability where pulsation occurs. Eventually 
the star has no more energy resources left to support its 
mass and an implosion occurs, producing a nova. The 
post-nova stellar core may then settle down into an ex-
tremely dense sub-luminous white dwarf star until it 
goes out completely. 

Current Problems 

The Sun: The sun is the only star on which we can 
study small regions of the surface and atmosphere. For 
this reason, and because solar radiation profoundly af-
fects the physical conditions in the earth's atmosphere, 
the sun is an object of prime importance for detailed 
study. To gain a better physical picture of the condi-
tions in the undisturbed sun, more accurate measure-
ments are needed of the solar constant and of the energy 
distribution in the entire solar spectrum, not just in the 
region observable from the surface of the earth. Also, 
particularly because of its effect on terrestrial condi-
tions, a long-term study of the disturbed sun in all wave-
lengths, especially in very short optical wavelengths 
and in very long radio wavelengths, is of great impor-
tance. 

The causes and nature of the phenomena occurring in 
the solar atmosphere and their effects on physical con-
ditions in interplanetary space are of vital importance 
in the climatology of the planets. Some basic problems 
involve the propagation of disturbances through the 
solar atmosphere, the role of convective transport of 
energy in this atmosphere and the origin, support and 
heating of the chromosphere and corona. 

The Solar System: There are still many pertinent 
questions concerning the physical characteristics of the 
planets and the other constituents of interplanetary 
space. More information is required on the percentage 
concentration of oxygen, water vapor, and other impor-
tant gases in planetary atmospheres; the physical prop-
erties of the planetary surfaces; and the structure of 
planetary interiors. Since the maximum intensity of the 
thermal radiation from the planets occurs in the infra-
red, it is obvious that studies in these wavelengths are 
important for deriving the physical characteristics of 
the planetary surfaces. The important band spectra 
from planetary atmospheres tend to occur in the infra-
red also. In addition, even those absorptions in the re-
gion of the spectrum accessible from the earth's surface 
are partially obscured by similar molecules in the ter-
restrial atmosphere. Finally, the information needed on 
the structure of planetary interiors can best be derived 
by studying the effects of these planets on nearby satel-
lites. Artificial satellites which should eventually prove 
particularly useful for this purpose. 

An interesting question is that of the existence of a 
permanent interplanetary gas. If this exists, is it pri-
marily the interstellar gas through which our solar sys-
tem is moving or is it matter ejected from the sun or 
part of the solar atmosphere? The existence of such a 
nebula would provide a laboratory for studying general 
nebular properties, and for studying at first hand a 
gaseous nebula surrounding a star. In addition, the ex-
istence of a solar nebula may also limit our study of 

nebulae elsewhere in the stellar system. 
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Stellar Physics: More accurate information is needed 
on fundamental quantities such as stellar masses, radii, 
and luminosities. For stars much hotter or much cooler 
than the sun, the luminosities must be extrapolated 
from the very small spectral region accessible from the 
surface of the earth to the regions which contain the 
predominant energy output of these objects. In the field 
of stellar atmospheres, more information is needed on 
the relative importance of radiative transfer as com-
pared to the transfer of energy by mass motion, and on 
the origin and effects of stellar rotation and magnetic 
fields. Important information on these problems is pro-
vided by the relative energy output in widely separated 
regions of the stellar spectrum. Our current knowledge 
of stellar composition, structure, and evolutionary proc-
esses depends upon spectroscopic observations in a rela-
tively limited region of the spectrum. It is obviously de-
sirable to extend our observations over the entire elec-
tromagnetic spectrum. These observations are especially 
important for the hot stars which are in rapid evolution. 
Both their maximum energy output and the spectral 
lines which are critical for studying the abundances of 
important elements in these stars are in the currently-
inaccessible ultraviolet. 

Interstellar Medium: In the study of the interstellar 
medium, the question of the energy balance has been re-
opened by recent rocket investigations, which show 
more ultraviolet energy being released by radiative 
processes than had been previously supposed. Addition-
al information is needed regarding the nature of inter-
stellar grains, their absorption and scattering of star-
light in a wide range of wavelengths, particularly in the 
infrared, and their interaction with the interstellar mag-
netic fields. In studies of the interstellar gas, astrono-
mers have been handicapped by the lack of observation 
in the ultraviolet portions of the spectra where the prin-
cipal spectral lines of the interstellar gases lie. These da-
ta promise to supply vital information on the chemical 
composition, the distribution relative to galactic fea-
tures, and the mass motions and excitation processes 
which play an important role in the evolution of our 
galaxy. 

Star Clusters and Galaxies: Star clusters, galaxies, and 
clusters of galaxies constitute the large-scale building 
blocks of the universe. The role and mechanism of these 
associations remain questions basic to the solution of 
the origin and evolution of our universe. The individual 
properties of the star cluster and the galaxy such as 
mass distribution, mass-luminosity ratio, angular mo-
mentum, gas and dust concentration, and energy bal-
ance are typical of the parameters needing study. At 
present, we have little knowledge of the nature and 
density of the material in intergalactic space, as ob-
servations in the visible spectrum have proved incon-
clusive. It is desirable to carry the observations into ul-
traviolet portions of the spectrum, where higher absorp-

tion can be expected to greatly increase the sensitivity 
of these measurements. Current theories in cosmology 
depend strongly upon the correct interpretation of the 
red shift. It is desirable to determine if this red shift is 
a constant over the whole electromagnetic spectrum, 
and also if it is a linear function of distance. Since the 
red shift for very distant galaxies is sufficient to shift 
the normally-observed spectral features into the unob-
servable infrared, detailed studies of the ultraviolet re-
gion of nearby galaxies and the infrared of very distant 
galaxies are essential to the detection of possible evolu-
tionary effects during the billion or more years it has 
taken the light from the further galaxies to reach the 
earth. 

Program 

Long-Range: The great distances of astronomical ob-
jects outside of the solar system mean that they are both 
small in angular dimensions and apparently faint. 
Hence, for wavelengths shorter than one meter, the ob-
jects require long periods of observation with large radi-
ation collectors having good angular resolution and ac-
curate pointing. Radio-astronomical observations in 
wavelengths beyond the ionospheric limit require ex-
tensive antenna arrays to achieve good resolution. 
Thus, until an observatory on the moon is possible, ex-
periments in this wavelength region will be limited to 
the sun and to low-resolution reconnaissance surveys. 
In the short-wave radio regions, astronomical sources 
are weak. It is possible that the development of large 
inflatable balloons will provide the necessary collecting 
area for observations in this region. To provide the 
necessary pointing accuracy and observing time for ex-
periments in the infrared, optical, ultraviolet and X-ray 
regions of the spectrum, development has begun on an 
orbiting stabilized platform. It will be possible to point 
this platform toward any point in the sky and to hold 
it in that direction for periods from a few minutes to an 
hour, with sufficient accuracy to allow continued obser-
vations of individual celestial objects. The satellite will 
contain instruments of moderate size which can be com-
pletely controlled from the ground, thus providing a re-
motely operated observatory which can perform most 
of the functions of a ground-based observatory. Al-
though the sky above the earth's atmosphere will be 
dark, the presence of sunlight scattered within the 
vehicle itself may be disturbing. The eventual estab-
lishment of an astronomical observatory on the moon 
will eliminate this difficulty, since the moon itself can 
provide an effective shield against the sunlight. More-
over, the establishment of an observatory on the moon 
will undoubtedly make feasible larger equipment than 
can be placed on a satellite-borne platform. The execu-
tion of these programs will require the development of 
not only a stabilized platform and its pointing controls, 
but also specialized optical equipment and radiation re-
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ceivers for particular wavelength regions, especially 
adapted for a particular program, and improvements in 
telemetering techniques so that transmission to ground 
stations of spectroscopic data of adequate scope and 
resolution will be possible. For planetary studies, the 
planetary satellites and planetary probes planned for 
the atmospheres program will also be useful for provid-
ing information on the surface conditions and interior 
structures of the planets. 

Immediate: The immediate program includes the ex-
ploration of the moon; reconnaissance measurements in 
the ultraviolet region of the spectrum to determine the 
brightness and positions of interesting regions of the 
sky; preliminary testing of equipment and techniques 
to be used later on the stable platform; and studies of 
the sun in the ultraviolet and X-ray region with pointing 
controls somewhat less stringent than those to be used 
for the stable platform. The reconnaissance will continue 
and extend to the southern sky the survey of the newly-
discovered extended emissions in the far ultraviolet in 
order to determine the nature and sources of these 
emissions. Stellar photometry measurements will be 
made in the near and far ultraviolet spectral regions to 
extend the magnitude systems to these wavelengths. 
Emphasis is being given to observations in the previ-
ously unexplored far ultraviolet and high-energy 
gamma-ray spectral regions. Studies of the solar ultra-
violet and X-ray spectra will include their long-term 
variations, line profiles, distribution across the disk, and 
the spectra of the coronal X-ray emissions. In addition, 
long-wavelength radio receivers will be placed in satel-
lites to study the brightness distribution of the sky in 
these wavelengths, the spectrum of the sun and its vari-
ation, and the absorption of the earth's ionosphere at 
various heights. 

BIOSCIENCES 

Objectives 

To determine the effects on living terrestrial organ-
isms of conditions in the earth's upper atmosphere, in 
space, and in other planetary atmospheres. To deter-
mine the effects of flight through space on living organ-
isms. To investigate the existence of life throughout the 
solar system, and to study in detail whatever extra-
terrestrial life forms exist. 

Problems 

The opportunity now exists to conduct fundamental 
life-sciences research in satellites and space probes. In 
such research, conditions in space and conditions during 

flight through space enter as new experimental vari-
ables. Principal interest lies in the components of the 
space and space-flight environment that are irrevocably 
different from the terrestrial, such as radiation and the 
altered gravity state. The former is qualitatively and 
quantitatively different from terrestrial radiation and 
looms as a far more important problem than originally 
thought. The latter offers the possibility of elucidating 
biological processes known to be effected by weight or 
apposition of one part against another, such as cell divi-
sion and organogenesis. These and other areas of study 
could be carried out in satellites or space probes from 
which specimens under study could be recovered. 
More specifically, fundamental experiments on living 

organisms in the satellite environment or in other types 
of space vehicles and stations should be conducted to 
cover the following general topics: 1) Animal navigation 
and orientation, 2) Mitosis and embryology, 3) Plant 
morphogenesis, 4) Geotropic response of plants to 
altered gravitational fields, 5) Biological rhythms and 
cycles, 6) Altered gravitational effects on blood circula-
tion in animals, 7) Vestibular physiology, 8) Neuro-
pharmacology—effects of tranquilizers, motion sickness 
drugs, etc., 9) Effects of cosmic radiation, 10) Toler-
ance limits for combined stresses, 11) Physiological and 
psychological deterioration, 12) Effects of acceleration 
and deceleration. 
There has been considerable speculation about the 

possibility of the existence of extraterrestrial life forms. 
The debate ranges from whether or not life exists on 
Mars and Venus, and if so in what form, to whether or 
not spores and similar life forms can survive the rigors 
of interplanetary space. Investigations of these topics 
must, for the most part, await observations which can 
be made on direct samples and studied in space labora-
tories of the future. It is conceivable, however, that with 
proper and specialized instrumentation and remote 
sampling techniques it may be possible to obtain evi-
dence of primitive or complex organic material without 
the presence of a scientist and a laboratory in the sample 
area. Elaborate instrumentation and the recovery of 
records, or advanced telemetering techniques could pro-
vide information about the nature of biochemicals on 
the planets. 

Program 

The program in biosciences is still being formulated. 
Immediate steps include a series of discussions with 
leading bioscientists to firm up important initial lines of 
attack. 
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NASA and Industrial Property' 
HYMAN HURVITZt, MEMBER, IRE 

Summary—The purposes and powers of the National Aeronautics 
and Space Act are described briefly, particularly as they affect the 
electronics industry, as an introduction to a more extended discussion 
of the provisions of the Act relating to patent rights and rights to 
trade secrets and proprietary information generally. The stringent 
nature of the latter provisions is stressed, and adverse effects of 
strict construction and enforcement on the electronics industry 

analyzed. Mitigating regulations under which the Act will in fact be 
administered are discussed. 

INTRODUCTION 

rI- --1 HIS PAPER concerns itself generally with the 
National Aeronautics and Space Action of 1958 
(Public Law 85-568), hereinafter referred to as 

the Space Act. More particularly, we shall be concerned 
with the effect of the Space Act on industrial property, 
such as patent rights, confidential information, and 
trade secrets. We shall endeavor to derive the legal, 
business, and economic consequences of the Space Act 
as these might flow from the terms of the Act itself, and 
from the interpretations of the Act being accorded to it 
by its current administrators. 
The Space Act establishes a civilian agency, called the 

National Aeronautics and Space Administration 
(NASA). The Act provides for an Administration, and 
for a National Aeronautics and Space Council which 
exercises high level or policy control of NASA. The 
latter is presided over by the President of the United 
States, and includes among its members the Secretary 
of State, the Secretary of Defense, the Administrator, 
the Chairman of the Atomic Energy Commission, and 
others. Its basic function is to set policy for NASA. In 
terms of corporate organization, NASA has, as Chair-
man of its Board, the President of the United States, 
and on its Board of Directors some of the highest of-
ficers of the United States Government, although pro 
forma the Council is not part of NASA. The Council is 
also a coordinating agency between NASA, DOD, and 
scientific agencies of the Government. 

A basic function of NASA is to conduct "aeronautical 
and space activities" sponsored by the United States, 
except those activities which are "peculiar to or prima-
rily associated with the development of weapon systems, 
military operations or the defense of the United States." 
The exclusion extends to research and development 
"necessary to make effective provision for the defense 
of the United States." These latter functions remain the 
responsibility of the Defense Department. 
The term "aeronautical and space activities," which 

constitute functions of NASA, are very broadly defined 
in the Act, and NASA is not restricted by the terms of 

* Original manuscript received by the IRE, December 2, 1959. 
t Hurvitz and Rose, Patent Attorneys, Washington, D. C. 

the Act to activities having a direct or necessary relation 
to outer space. NASA personnel insist that the broad 
language of the Act was intended merely to minimize 
restriction on activities of NASA, without any intention 
of involving NASA in activities not concerned with 
outer space. Despite these protestations, the Act itself 
provides that, apart from defense activities, NASA has 
cognizance of aeronautical as well as space activities and 
that its objectives, in these fields, are 1) to expand 
human knowledge of phenomena in the atmosphere and 
space, 2) to improve the usefulness, performance, speed, 
safety, and efficiency of aeronautical and space vehicles, 
3) to develop and operate vehicles capable of carrying 
instruments, supplies, and living organisms through 
space, 4) to establish long-range studies of the benefits, 
opportunities, and problems involved in aeronautical 
and space activities, 5) to preserve the United States as 
a leader in aeronautical and space science and tech-
nology, 6) to convey information concerning its accom-
plishments to defense agencies where these accomplish-
ments have military value or significance, 7) to receive 
from the military agencies all information which may 
have value or significance to NASA, 8) to cooperate with 
other nations in peaceful application of aeronautical and 

space activities, and 9) to promote the most effective 
utilization of scientific and engineering resources of the 
United States, with close cooperation among all inter-
ested agencies of the United States, in order to avoid un-
necessary duplication of effort, facilities, and equipment. 
The Act defines "aeronautical and space activities" as 

meaning 1) research into and solution of problems of 
flight within and outside the earth's atmosphere, 2) de-
velopment, construction, testing, and operation for re-
search purposes of aeronautical and space vehicles, and 
3) any other activities which may be required for the 
exploration of space. The Act defines "aeronautical and 
space vehicles" as meaning aircraft, missiles, satellites, 
and other space vehicles, manned and unmanned, to-

gether with related equipment, devices, components, 
and parts. 

It immediately becomes apparent that the purpose of 

the Act, as stated in the Act itself, is not restricted to 
space activities. NASA is empowered, and in fact di-
rected, to concern itself with aircraft, and with related 
equipments, devices, components, and parts, and to im-
prove the usefulness, performance, speed, safety, and 
efficiency of aeronautical vehicles. It follows that NASA 
may, within the terms of its authority, concern itself 
with such things as telemetering, communication sys-
tems, guidance systems, radar systems, navigational 
systems, and, in terms of devices and components, may 
concern itself with the entire electronics industry. 
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A further function of NASA which has not received 

attention heretofore relates to point 9); i.e., that NASA 
is to so conduct the aeronautical and space activities of 
the United States as to contribute to the most effective 
utilization of scientific and engineering resources of the 
United States in order to avoid unnecessary duplications 
of effort, facilities, and equipment. Since the purpose of 
the Act in relation to aeronautics, space activities, and 
any adjunct thereto, is extremely broad, it is not far 

afield to state that the Act provides authority to regi-
ment the scientific and engineering resources of the 
United States. Avoidance of the duplication of effort in 
telemetering, for example, or in radar, or in radio com-
munications or the avoidance of unnecessary duplica-
tion of effort, facilities, and equipments in these fields, 
imply powers having far reaching implications. This is 
not to say that the power will be utilized to the extent 
for which the Act provides authority, but merely that 
the authority exists and that the Council is of suf-
ficiently high level that if NASA decided to exercise the 
authority granted to it, there would be no one to inter-
vene unless Congress should decide to modify the Act 

or to repeal it. 
The Act provides that it shall be the duty of the 

President, as a member of the National Aeronautics and 
Space Council, to survey all significant aeronautic and 
space activities of all agencies of the United States en-
gaged in such activities. Obviously, this includes the 
Defense Department. The Act further orders the Presi-
dent, as follows: He shall develop a comprehensive pro-
gram of aeronautical and space activities to be con-
ducted by agencies of the United States, and designate 

and fix responsibility for the direction of these activities. 
Fie shall provide for effective cooperation between 
NASA and the Defense Department in respect to such 
activities, and specify which activities may be carried 
on by both agencies, notwithstanding assignment of 

primary responsibility to one of these. The latter pro-
vision obviously provides for concurrent jurisdiction of 
defense matters in NASA and the Defense Department 
should the President decide that this is necessary or ad-
visable. Moreover, the President is empowered to re-
solve differences among the departments as to whether 
a particular project is or is not an aeronautical and space 
activity. Since aeronautical and space activity is so 
broadly defined as to include almost any conceivable 
activity in the field of science, enormous vistas are 

opened up. 

PATENT PROVISIONS 

We have reviewed the purposes, functions, and 
powers of NASA, as provided by the Space Act, as a 
prelude to discussion of the patent provisions of the 
Act. Were these powers and functions restricted to the 
field of space activities, i.e., to satellites, space plat-
forms, interplanetary travel, and the like, provisions of 

the Act relating to patents and to industrial property 
generally would not be of primary interest to the 

greater part of the electronics industry. However, since 
the Act is so broadly worded that there is no field of 
science in which its voice may not be heard in due 
course, and since there are few scientific functions of the 
Defense Department which NASA may not absorb or 
parallel eventually, the patent provisions and the in-
dustrial property provisions of the Act acquire great 

significance. 
Section 305 of the Act provides that "whenever any 

invention is made in the performance of any work under 
any contract of the Administration and the Administra-
tor makes certain determinations, the invention and 
patents predicated thereon shall be the exclusive prop-
erty of the Government." This in itself appears to be 
similar to provisions found in the Atomic Energy Act, 
but involves a policy which is not followed by the De-
partment of Defense. It becomes pertinent, then, to 
consider the meanings of the terms " invention," " made," 
"performance," " work," and "contract." The act is ex-
plicit in defining some of these. For example, the term 
contract is defined in Section 305(j)(2) of the Act, as 
follows: "The term contract means any actual or pro-
posed contract, agreement, understanding, or other ar-
rangement, and includes any assignment, substitution 
of parties or subcontract executed or entered there-

under." 
One who enters into a contract may. as a general 

proposition of law, agree to forego rights to patents 
which may arise in its performance. It is his privilege to 
refuse to enter into the contract if he does not wish to 
forego his rights to patents. A departure from previously 
known practices arises in the words " proposed contract." 
The term can well be construed to mean that one who 
submits a proposal to NASA, thereby and without a 
contract or any understanding, or any consideration of 
any kind, transfers rights to patents to NASA. A further 
area worthy of thought relates to the term "subcon-
tract," which is not defined. Is a supplier to a NASA 
contractor per se a subcontractor, and thereby one who 
performs work under a contract with NASA? 
We may envisage, for the sake of example, a course of 

action in which a company interested in electronics 
makes a proposal to NASA, the proposal being suf-
ficiently vague that NASA may refuse to consider that 
it includes a conception of an invention. The company 
is now a "contractor" by virtue of having made the pro-
posal. It is then given some encouragement to proceed 
by NASA, at some expense to itself, to develop its pro-
posal to completion in respect to means and methods. 
It soon has a complete conception of an invention, 
which it has completed while a contractor. NASA is 
pleased with the proposal but decides to award a con-
tract to perform the work thereunder to a competitor, 
on the ground that the latter is better qualified for the 

purpose. Under the terms of the Act, NASA can take 
full right, title, and interest to the invention so made, 
and refuse to compensate the contractor for his efforts. 
It is true that under the terms of the Act the Adminis-
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trator is not required to take full right, title, and in-
terest, as we shall see, but he is required to take at least 
a royalty-free licence. 
The term "made" when used in relation to any in-

vention, means 1) conception, or 2) first actual reduc-
tion to practice. One who merely conceives of an in-
vention and who does no more can thereby have for-
feited all rights to the invention to NASA if he is an 
NASA contractor. One who conceives of an invention 
prior to making a proposal thereon to NASA has made 
an invention prior to such proposal, and at that point 
the invention is his own. On submitting the proposal he 
has entered into a contract, but since the invention was 
made prior to entering into the contract, the inventor 
may retain his rights. If the inventor actually reduces 
to practice following the proposal, without an NASA 
contract, and certainly if he receives a contract and 
thereafter reduces to practice, he forfeits his rights to 
the invention, because he has reduced to practice while 
a contractor. 
The Act does not define the word invention, but in 

specifying what reports shall be provided under NASA 
contracts, provides for "a written report concerning any 
invention, discovery, improvement, or innovation." 
This would appear to go further than does the Defense 
Department. An innovation may be a very slight thing, 
whereas an invention goes beyond what can be expected 
of a man skilled in the art in which he is working. Fur-
thermore, the report is required to contain " full and 
complete technical information," a requirement which 
should be considered in relation to the further require-
ment that NASA disseminate the information which it 
collects. The Defense Department has not heretofore 
generally required full and complete technical informa-
tion concerning inventions, but has usually been satis-
fied with sufficient information to enable a patent ap-
plication to be prepared. There is a great distinction be-
tween information which is sufficiently detailed to form 
a basis of a patent application, and full and complete 
technical information. The latter may well be inter-
preted to mean complete design information, or manu-
facturing information. If NASA makes a practice of ac-
quiring full technical information and disseminating the 
same, a great mass of heretofore proprietary informa-
tion may eventually become public. 

Section 305 provides that inventions made in the per-
formance of work under a contract with NASA shall be 
the property of the United States, and that if such in-
vention is patentable, a patent shall be issued to the 
United States upon application made by the Adminis-
trator. These words, if taken at face value, might indi-
cate that the Administrator is to apply for patents in 
his own name. This may be merely lax language in the 
statute, since heretofore under United States law the 
primary applicant for Letters Patent has been the in-
ventor or inventors, unless he or they were dead or 
mentally incompetent. In the case of the death of an in-
ventor, his executor or the administrator of his estate 

may file in his name, and in the case of an insane inven-
tor, his guardian may file. There is, however, one addi-
tional situation in which a person other than an inven-
tor may become an applicant for patent. Rule 47 of the 
Rules of Practice of the U. S. Patent Office provides 
that "whenever an inventor refuses to execute an appli-
cation for patent, or cannot be found or reached after 
diligent effort, the person to whom the inventor has as-
signed or agreed in writing to assign the invention, or 
who otherwise shows sufficient proprietary interest in 
the matter, justifying such action, may make applica-
tion for patent on behalf of and as agent for the inven-
tor." We may, therefore, find, in cases where conflict 
arises as to whether or not an application is to be filed, or 
to whom it belongs, that the Administrator will, pur-
suant to Rule 47 of the Rules of Practice in the United 
States Patent Office and pursuant to the authority pro-
vided in the Act, file on behalf of the inventor, and as 
his agent. 

Section 305 provides for certain fact determinations 
to be made by the Administrator, upon the basis of 
which he may apply for a patent, covering work done 
under an NASA "contract." The contractor may dis-
pute such fact findings. In summary, if the Administra-

tor finds that 1) the person who made the invention was 
employed or assigned to perform research, develop-
ment, or exploration work and the invention is related 
to the work he was employed or assigned to perform, or 
that it was within the scope of his employment duties, 
then whether or not the invention was made during 

working hours or with a contribution of the Govern-
ment, or the use of Government facilities, equipment, 
materials, allocated funds, information proprietary to 
the Government, or services of Government employees 
during working hours, the patent belongs to the Gov-
ernment; 2) where the person was not employed to in-
vent or to perform research and development or explo-
ration work, but the invention is nevertheless related to 
the contract, or to work or duties he was employed or 
assigned to perform and was made during working 
hours, or with a contribution from the Government of 
the sort referred to in situation 1) above, NASA is au-
thorized to seize the patent rights involved, and, in the 
terms of the Act, the Administrator "may apply for a 
patent." 

In essence, under situation 1), inventions of research 
and development personnel working under a NASA con-
tract almost inevitably belong to the United States so 
long as the invention is related to the work of the con-
tract, even if it is made on the inventor's own time, 
with his own money, and with no contribution from the 
Government. Situation 2) goes beyond situation 1) in 
that any invention made by personnel not hired to do 
research and development, and working under an NASA 
contract, belongs to the United States if the work is re-
lated to the contract, but then only if the work was 
done during working hours, or with a Government con-
tribution of one of the types specified in situation 1). 
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Considerable confusion may arise in respect to NASA 
contractors who have personnel working in part on 
NASA contracts and in part on commercial or Defense 
Department contracts. This may readily occur in re-
spect to supervisory personnel and consultants. We 
need only envisage, for example, a telemetry group with 
one NASA contract, one Defense Department Contract, 
and an allocation of company money, working on three 
subjects, all relating to telemetering. The group super-
visor makes an invention during working hours, of pri-
mary application to the Defense Department contract. 
The invention is certainly related to the work on the 
NASA contract, since both relate to telemetering. Is the 
company subject to the Space Act, in respect to that in-
vention, or can it retain commercial rights as normally 
provided in Defense Department contracts? 
Under Section 305(c) of the Act, the Commissioner of 

Patents is required to refuse to issue patents which he 
believes have "significant utility" in the conduct of 
aeronautical and space activities, unless an applicant on 
request files a statement under Oath, setting forth the 
full facts concerning the circumstances under which 
such invention was made and the relationship of the in-
vention to NASA contracts. 

After the statement under Oath is filed, the Adminis-
trator is given 90 days to request that the patent be is-
sued to the United States. If he does not do so, the pat-
ent issues to the applicant. If he does so, however, the 
applicant may contest his findings by filing a request for 
a hearing before a Board of Patent Interferences, which 
acts as an appellate tribunal in this respect. From the 
determination of the latter each party to the controver-
sy may appeal to the Court of Customs and Appeals. 

Even if the Administrator takes no action within the 
90 days allowed, and the patent issues to the applicant, 
the matter may be reopened by the Administrator with-
in five years, if he has " reason to believe the statement 
filed by the applicant contained any false representation 
of any material fact." Note that fraudulent representa-
tions are not required. Innocent but false representa-
tions are adequate. 
The Administrator is authorized to waive his right to 

acquire full rights in inventions, for the United States, if 
he determines that " the interest of the United States 
will be served thereby." But his waiver can in no case 
go so far as to waive a royalty-free license in favor of 
the United States and foreign countries with which the 
United States has commitments in this respect. 
The Administrator, under Section 305(g) of the Act, 

can issue licenses under United States patents acquired 
and can protect his title and rights. He can also require 
holders under which the Government holds a license to 
protect such inventions or discoveries. It is not clear 
whether the Administrator may sue for infringement, 
require patentees to sue for infringement, or grant li-
censes subject to royalty payments. In general, under 
Defense Department procedures, the Government has 
never asked for a royalty, nor sued anyone for infringe-

nient, nor required any holder of patents under which 
it had rights to sue for infringement. 

PROPRIETARY INFORMATION 

The impact of the Space Act on proprietary rights 
goes farther than its impact on patent rights. Section 
303 of the Act provides that " information obtained or 
developed by the Administrator in the performance of 
his functions under the Act shall be made available for 
public inspection," except security matters and informa-
tion authorized to be withheld by Federal statute. The 
word "shall" appears to be one of command. 

Section 102(c) provides for interchange of information 
between Defense Agencies and NASA on a two-way ba-
sis. The Defense Agencies are thus required to supply 
NASA with information, which the latter is required, 
not authorized, to make available for public inspection. 
Under Section 203(a)(3) NASA is required to provide 

for the " widest practicable and appropriate dissemina-
tion of information concerning its activities and the re-
sults thereof." 
The extent to which proprietary information, such as 

manufacturing drawings, design information, perform-
ance data, and the like, will be disseminated and made 
public, under the quoted directive, remains to be seen. 
However, the Act, by its terms, gives the Administra-
tor little leeway. It states that the information "shall 
be made available for public inspection." 
The writer predicts that the provisions of the Act re-

lating to patents will, as actually administered, be found 
to be certainly no more burdensome than is the Atomic 
Energy Act, and probably to rather closely parallel the 
Defense Agency practice. The situation with respect to 
dissemination of information, on the other hand, may 
prove to be the sorest point of all, and one which is far 
more directly of interest to many contractors than are 
the patent provisions. It is within the personal experi-
ence of the writer's firm to have received requests from 
the Defense Department for full manufacturing infor-
mation concerning a client's proprietary product, which 
had been bought off the shelf, on the basis that this was 
required in order to enable the agency concerned to 
comply with the Space Act. Because of this there seems 
to be a current opinion, existing at least in some elements 
of the Defense Department, that the Space Act requires 
changes in procedures in the Defense Department. 

CONTRI BUTIONS AM.:\ RDs 

Section 306 of the Act authorizes the Administrator 
to make monetary awards. He may do this on his own 
initiative, or upon application of a person or firm, and 
the amount of the award and the terms upon which the 
amount may be awarded are left to the discretion of the 
Administrator. The award must be for a scientific or 
technical contribution to NASA, which is determined 
by the Administrator to have significant value in the 
conduct of aeronautical and space activities. An Inven-
tions and Contributions Board is established, before 
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which hearings may be had by applicants for awards, 
and has the function of transmitting to the Administra-
tor its recommendations as to the terms of awards to be 
made. 

The factors which the Administrator shall take into 
account, in making an award, are defined by the Act as 
follows: 1) the value of the contribution to the United 
States, 2) the amount of money which the applicant 
has expended on his own account for the development 
of the contribution, 3) the amount which the United 
States has paid toward such expenditure, except that in 
the case of an officer or employee of the Government 
salary will not be considered to be such a contribution. 

As a consideration for the receipt of such an award, 
the applicant is required to surrender all claims pertain-
ing to the contribution which he may have against the 
United States Government or against foreign govern-
ments which have suitable agreeements with the United 
States. 

Awards of less than $ 100,000 appear to be within the 
sole discretion of the Administrator, but awards exceed-
ing $ 100,000 require the consequent concurrence of the 
Congress, which the Congress can convey by failing to 
object for 30 days after notice to it of intention to grant 
the award, these 30 days to subsist within a regular ses-
sion of the Congress. 

GENERAL OBJECTIONS 

The patent provisions and the proprietary rights of 
the National Aeronautics and Space Act have been ob-
jected to by the Electronic Industry Association. The 
basic grounds of objection is that the provisions of the 
Act "may well constitute a first step in the direction 
leading to the destruction of the American system of 
patents and trade secrets." 

As the patent system is presently established, a long 
subsisting statute (28USC1498) provides that "when-

ever an invention described and covered by a patent of 
the United States is used or manufactured by or for the 
United States, without license of the owner thereof, or 
lawful right to use or manufacture the sanie, the owner's 
remedy shall be by action against the United States in 
the Court of Claims for the recovery of his reasonable 
and entire compensation for such use and manufacture." 
The quoted statute in effect provides the United 

States with a license, not royalty free, under every 
United States patent. It also provides the patent holder 
with a procedure for obtaining a reasonable royalty for 
violation of such patent by the United States, or in its 
behalf by a contractor, and since the statute provides 
the sole remedy for the patent holder, no contractor 
need concern himself with the possibility of an injunc-
tion preventing him from fulfilling a Government con-
tract, and the Government in no case can be impeded 
in procuring equipment, by virtue of any subsisting 
patent rights. The Government is primarily financially 

responsible for patent infringement. It can seek reim-
bursement from a contractor who has infringed without 

the concurrence of the Government, in certain cases. 
The electronics industry recognizes that the Govern-

ment must adopt procedures which shall assure the 
Government that it will not be required to pay exces-
sive amounts for equipment which it purchases, and it 
is only fair that it should not pay a royalty on equip-
ments which it has paid for developing, or toward which 
it has paid in considerable amount for development. It 
is for this reason that the electronics industry generally 
feels that it is reasonable that the Government receive 
a royalty-free license on inventions made in carrying 
out research or development work, where the latter is 
required by a contract with the Government. Industry 
feels that there can be no objection to the Government 
filing for and receiving patents based on research which 
Government has financed, as a protective measure, to 
prevent subsequent inventors from obtaining patents 
on the same inventions. However, industry feels that 
many of the inventions made by industry in the course 

of performance of research and development contracts, 
and under which the Government receives free licenses, 
in fact are made because of a wide area of experience ac-
quired by the contractor without Government support. 
Where a contractor has acquired a great deal of knowl-
edge and experience, and developed unusual capabilities 
in certain technical fields, it can be reasonably argued 
that further inventions made in this field are not fully 
paid for by the Government merely because the con-
tractor is operating under a Government contract. It is 
therefore felt that to require contractors to convey to 
the Government full right, title, and interest to inven-
tions made by them in the course of performance of a 
Government contract can be, in effect, confiscatory. 

Specifically, the industry feels that giving exclusive 
title to the Government for every invention, made in 
the performance of any work under any relationship 
which may exist with NASA, whether or not the Gov-
ernment contributes to the work, or to the invention, 
and whether or not the invention relates to space activi-
ties, presents an excessive tax on industry and does not 
take account of the realities of the many situations 
which may arise. 

Industry further feels that in providing that the Com-
missioner of Patents police all patent applications relat-
ing to aeronautics and space activities, and in granting 
him power to refuse to issue any patents thereon unless 
the applicant therefor clarifies his relationship with re-
spect to NASA, and further requiring certain costly ap-
pellate procedures where there is a difference of opinion, 
involves placing a heavy burden not only on firms hav-
ing some sort of contractural relation with NASA, but 
also on firms which do not have such relations. The elec-
tronics industry also feels that it is highly inequitable 
to subject a contractor who enters into a contract with 

NASA, or who submits a proposal to the Administrator, 
or who becomes a subcontractor of an NASA contractor, 
to the danger of having his trade secrets, engineering in-
formation, design and manufacturing information, and 
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the like, published and disseminated, regardless of 
whether or not compensation is afforded therefor. 

Industry does not feel that the contributions awards 
sections of the Act provide an adequate remedy, since 
in fact they do not provide any legal remedy, but mere-
ly provide the Administrator with authority to grant 

cash awards, within his own discretion. 

EMPLOYMENT AGREEMENTS 

The question of the conditions under which the Gov-
ernment obtains patent rights, pursuant to the Space 
Act, deserves some further analysis than has been given. 
These conditions are established by Section 305(a) of 
the Act, in two clauses, and the provisions specify that 
when an invention is made in the performance of any 
work under any contract of the Administration, and the 
Administrator makes certain fact determinations, the 
invention shall belong to the Government. This portion 
of the Act requires that the invention involved "be made 
in the performance of any work under any contract of 
the Administration." However, clause ( 1) goes on to 
state that the Administrator can obtain title to the in-
vention whether or not the invention was made during 
working hours, whether or not the invention was made 
with a contribution by the Government or the use of 
Government facilities, equipment, materials, allocated 
funds, information proprietary to the Government, or 
services of Government employees during working 
hours. It is a bit difficult to see how an invention can be 
made under an NASA contract, without allocation of 
Government funds, at least, so that these provisions of 
the Act appear to be contradictory; i.e., the invention 
must have been made under a contract with NASA, yet 
the Government need not have contributed in any way 
to the invention, i.e., need not have paid for the work 
nor provided facilities or equipment, or provided infor-
mation. Also, whereas this section states in its initiating 
phrase that the invention must be made in the perform-
ance of work under a contract of the Administration, 
the following phrases do not make reference to contri-
butions by NASA, but rather to contributions by the 
Government, which represents a much broader source 
for contributions. What is probably intended by this dis-
turbing language is that if a contractor enters into a 
prime contract with NASA, or submits a proposal to 
NASA, or if a subcontractor submits a proposal to a 
contractor of NASA, or enters into a sub-contract with 
a contractor of NASA, and if he thereafter makes (con-
('eives or first reduces to practice) an invention solely 
with his own funds, facilities, information, and the like, 
and without any contribution from the Governinvnt, 
that the invention nevertheless belongs to NASA, if 
NASA can trace some relationship of work done under 
the NASA contract, to the invention in question. The 
precise scope of this relationship is not defined, and pre-
sumably a relationship of subject matter is intended. 
The preceding clause ( 1) involves a person who made 

an invention and was employed or assigned to perform 

research, development, or exploration work, and in such 
case the invention is required to be "related" to the work 
he was employed or assigned to perform. Clause (2), 
however, relates to persons who are not hired to invent 
or to do research. The inventions of such persons never-
theless belong to NASA if the invention is " related to 
the contract, or to the work or duties the party was em-
ployed to perform, and was made during working hours, 
or with a contribution from the Government of the sort 
referred to in clause 1." Such inventions might very well 
not belong to the employing company under employ-
ment contracts in effect, since many companies have 
employment contracts which exclude from their scope 
inventions not falling within the scope of the company's 
business, or providing for retention of certain employee 
rights under certain conditions, and since many com-
panies do not have invention agreements with employ-
ees who are not hired to do research and development, 
or who are not primarily engineers. Additionally, out-
side consultants are often treated differently than are 
full time employees, in these respects. 

It therefore appears to be incumbent on contractors 
who expect to do work for NASA to tighten their em-
ployment agreement policies to conform to the provi-
sions of the Act, in respect to employees and consult-
ants. In the first place, employees must have inventions 
agreements, whether or not the employees are engineers 
or are assigned to do research and development work, if 
they might conceivably make an invention. Secondly, 
the inventions agreement should have no exceptions 
therein to the classes or types of inventions which the 
employer can capture, however reasonable these might 
appear to employer and employee. Any exception can 
lay the groundwork for a claim by NASA to an inven-
tion which the employer has acquired no legal right to 
convey. 
The material presented herein develops those aspects 

and possible interpretations of the Act which are the 
most unfavorable from the point of view of industry. 
We have indicated briefly that the Act may be adminis-
tered more favorably than is suggested by these ad-
verse interpretations, but we also stress that it is not 
good Government to pass legislation which is subject to 
unfavorable interpretation, so that future Administra-
tors thereof, or courts, could at will implement the legis-
lation in a manner which is distinctly unfavorable to 
those affected by it. At the same time, it is unfair to de-
scribe the unfavorable possibilities inherent in the lan-
guage of the Act without discussing the relaxing regula-
tions under which the Act is currently being imple-
mented. These have been promulgated recently and are 
found in Vol. 24, No. 212, of the 1-..ederal Register, pp. 
8788 to 8790. 

It will be recalled that the Act gives the Administra-
tor power to waive certain patent rights; i.e., he can 
take a royalty-free license, and need not take the entire 
right, title, and interest in any patent, if he believes the 
interests of the United States will be served thereby. 
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Thus, the Administrator has established as policy that 
he may waive his right and assume that such waiver is 
in the interest of the United States, where "(a) the 
stimulus of private ownership of patent rights will en-
courage the development of the invention to the point 
of practical application earlier than would otherwise be 
the case, or (b) there are substantial equities justifying 
the retention of private rights in the invention." 
Waiver will not be granted where an invention is pri-

marily adapted for and especially useful in the develop-
ment and operation of space vehicles and missiles, or 
where an invention is of basic importance in research in 
this field, except that in the latter case the Administra-

tor may grant a waiver on such terms as seem to him 
appropriate. 

A prima facie case is made out for waiver, 1) where the 
invention was conceived prior to and independently of 
entering into an NASA contract, but was first actually 
reduced to practice in the performance of work under a 
NASA contract, and the invention is covered by a 
United States patent issued or application filed prior to 
the award of the contract, 2) where nonprofit organiza-
tions are involved and certain fact situations exist, 
3) where the invention has incidental utility for NASA, 
but substantial promise of commercial utility, 4) where 
the invention is directed specifically to a line of business 
of the contractor with respect to which the contractor's 
previous expenditure of funds has been large in com-
parison with the amount of funds supplied by NASA. 

This portion of the regulation points up the urgency 
of filing patent applications on inventions before pro-
posals incorporating the inventions therein are sub-
mitted to NASA, since such a procedure clearly brings 
one within the waiver provisions, if the invention is in 
the proper category. 

The regulations proceed to discuss conditions under 
which a waiver, once granted, can be voided by the Ad-
ministrator. Waiver granted for a new conception for 
which a patent application has been filed, or waiver 
granted because the invention relates to a line of buci-
ness of the contractor in which it has expended consid-

erable funds, are not subject to voidability. To provide 
an example, a contractor in the field of telemetry, who 
conceives a new invention in this field, who applies for 
a patent thereon, and who thereafter proposes the in-
vention to NASA as a subject for a research and de-
velopment contract, would be very likely to retain 
patent rights subject to a free license on behalf of the 
Government, and such patent rights would not be sub-
ject to future voidance. 

A waiver granted in respect to an invention which 
does not enjoy freedom from voidability must be con-
firmed by certain acts or practices of the patent owner, 
which must take place on or before the end of the fifth 
year from the grant of the patent, or the end of the 
eighth year from the date of acceptance of the waiver, 
whichever is sooner. The Act, in such case, requires 

1) development of the invention to the point of practical 

application, or 2) making the invention available for 
licensing either royalty free or at a reasonable royalty 
basis, or 3) some equitable excuse for failing to fulfil the 
stated conditions. 

Little would be gained by a full discussion of all the 
details of the regulation in respect to waivers, in an ar-
ticle of this character, but enough has been said to indi-
cate that the actual practice of NASA under the present 
Act may rather closely parallel, in final and net effect, 
the Defense Department practice under its present pro-
curement regulations (ASPR). 

It further seems reasonable to assume that the entire 
Administration of the Act, insofar as it relates to propri-
etary or industrial property will be administered in a 

manner which appears reasonable and equitable to the 
Administrator, and, in respect to patents, that the De-
fense Department practice will be paralleled insofar as 
the Act permits discretion, and even in respect to those 
portions of the Act which are not presently dealt with 
by the regulations. One of the practical reasons for such 
a conclusion is that NASA cannot hope to obtain the 
services of sufficient patent attorneys to enable it to 
capture any large volume of inventions. It must con-

centrate on the most important inventions. Further-
more, NASA must deal with contractors over long time 
periods, and in any dealings between any parties, at-
tempts to depart from equitable principles by one of the 
parties is not good business practice. 
The portions of the Act which have not been ameli-

orated by the regulations, and in respect to which the 
Administrator appears to have relatively small scope for 
amelioration, relate to the publication provisions of the 
Act, and to the capture of technical information from 
contractors and their subsequent publication. Insofar as 
the Act is inconsistent with the Copyright statutes, it 
may well be that the Act supersedes these. It is the be-
lief of the writer, however, that, in due course, regula-
tions will be established in respect to publication, which 

will be reasonably unobjectionable and will conform 
more or less with Department of Defense practices, with 
which industry has learned to live. 

It might also be well to stress that the waivers prbvided 
for by the regulations are not granted as a matter of 
right, but rather that the fact situation provides a prima 
facie basis for a waiver. The Administrator is entitled, 
in each case, to take all the facts into consideration and 
to make a finding in each case, and, in fact, is required to 
so do by the Act. It therefore follows that a case may 
have to be made out by contractors for a waiver in re-
spect to each invention for which a waiver is sought, 
and therefore that contractors must be very careful to 
make and keep records consonant with allegations that 
a waiver in a given case is in the interest of the United 
States, and that no peculiar equities in favor of the 
United States and against a waiver have arisen in con-
nection with the conception or the reduction to practice 
of the invention, or by virtue of the contractor's own 
commercial practices. 
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A Comparison of Ion and Plasma Propulsion* 
S. W . KASHt 

Summary—Several important features and parameters of ion 
and plasma accelerators for propulsion are compared. Estimates for 

the thrust of individual ion and plasma acceleration units are given. 
Impulse measurements for a collinear electrode plasma accelerator 

are presented. The maximum thrust for an ion gun does not depend 
on the diameter of the beam, but primarily on the accelerating volt-
age. Because of the relatively small thrust of the ion accelerator, a 
greater number of them will be required for a given total amount of 
thrust. Estimates indicate that the ion accelerator may be somewhat 

more efficient; however, further experiments are needed to deter-
mine the efficiency of both types of accelerators. Beam neutralization 
is a problem peculiar to the ion accelerator. Considerable research 
and development may be necessary to provide a satisfactory method 

for neutralizing the ions. An estimate of the power for neutralization 

is made. The variation of efficiency with specific impulse is discussed. 
Further experiments are needed to determine the most efficient 

ranges of specific impulse for both types of accelerators. Erosion is a 
serious problem in electrical propulsion; however, for a plasma ac-
celerator it may actually be utilized to provide the propellant material. 

INTRODUCTION 

/
T has been amply demonstrated, that if adequate 
low-weight power plants were available, it would be 
advantageous for many space missions to use pro-

pellant velocities obtainable only by electromagnetic 
acceleration. A number of methods for accelerating 

ionized material have been proposed. Two of these, for 
which electromagnetic forces provide most of the ac-

celeration, are ion drive and plasma drive. 
Basically in all ion-propulsion schemes, ions or 

charged particles are produced and then electrostat-
ically accelerated. The accelerating electric fields are 
provided by an arrangement of suitably biased elec-
trodes. Provision must be made for the elimination of 
electrons of an amount equal to the positive charge and 
with velocities comparable to that of the positive 
charge. In plasma-propulsion devices, a neutral plasma 
discharge is produced and accelerated by rapidly vary-
ing intense magnetic fields. The accelerating magnetic 
fields are often provided by the discharge of large cur-
rents through the plasma and associated circuit ele-
ments. The large currents are supplied from special low-
inductance high-capacitance electrical storage units. 
How do ion drive and plasma drive compare? Which 

is likely to provide the superior propulsion system? 
These questions must ultimately be answered experi-
mentally. It is quite possible that particular applications 
will be found for which each system is peculiarly suited. 
It is worthwhile to explore some of the salient features 
of ion-drive and plasma-drive accelerators, and to coin-

* Original manuscript received by the IRE, November 2, 1959. 
1. Missiles and Space Division, Lockheed Aircraft Corp., Palo 

Alto, Calif. 

pare several important parameters, including specific 
thrust, efficiency, specific impulse, neutralization and 

erosion. 

SPECIFIC THRUST 

A quantity of importance for electromagnetic propul-
sion systems is the thrust developed per unit area. This 
will be referred to as the specific thrust, Tap; it affects 
the efficiency and mass flow rate and is dependent on 
the specific impulse. It is apparent that too low a specific 
thrust will require a large accelerator area and will ad-
versely affect the efficiency and weight of the accelera-

tor. 
The specific thrust can be expressed conveniently in 

terms of Maxwell stresses, that is, in terms of the elec-
tric and magnetic fields set up in the accelerators. We 
can estimate the electric and magnetic fields, respec-
tively, for ion- and plasma-drive devices and compute 
from these results the maximum T„. 

Ion-Drive Specific Thrust 

In an ion-drive device (see Fig. 1), positive ions are 
produced at an anode and accelerated by an electric field 
toward a negatively-biased grid or cathode. Figurative-
ly, we may imagine electric field lines emanating from 
the accelerating cathode and terminating on the ions. 
The tension along the field lines accelerates the ions 
backward; simultaneously, the cathode and attached 
rocket are accelerated forward. The forward thrust on 
the rocket is obtained from the forces between the cath-
ode and the ions through the electric field tension. Per 
unit area of accelerator, this tension is 4.42 X10-7 E2 
dynes/cm2, where the field at the cathode E, is expressed 
in volts/cm. Only field lines ending on ions contribute 
to the thrust. If the ion current is less than the maxi-
mum value, some of the field lines from the cathode will 
end on the anode and the thrust will be reduced. If E, 

represents the field at the anode, Ta, will be propor-
tional to E 2 

For simplicity, let us assume the usual idealized one-
dimensional case, with a separation, d, between the 
anode and cathode and a voltage drop, V„ from the 

anode to cathode. In the absence of any ion current, the 
field between the anode and cathode will be uniform 
(equal to Vc/d) and the potential will vary linearly. In 
this case, Ea= E, and Ta5= 0. As the ion current density, 
j, is increased, some of the field lines will no longer ter-
minate on the anode, but on the intervening ions in-
stead. The potential will vary more slowly near the 
anode, and hence more rapidly near the cathode; the 
field at the cathode will be increased and the field at the 
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anode decreased. As j increases further, a value will be 
reached for which all field lines emanating from the 
cathode terminate on ions and no lines terminate on 
the anode. The field at the anode will then be zero and 
no more ions can be accelerated. The current density is 

said to be space-charge limited and the electric field at 
the cathode is now at a maximum. 
The space-charge-limited case (j=j„) is readily ana-

lyzed. First, equate the electric tension 4.42 X10-7 E' 
with the momentum flux nmv, where m and y are the 
mass and velocity, respectively, of the ions, and n is the 

number of ions per second crossing a square centimeter. 
(The current density is simply n times the charge e per 
ion, or eT„/mvc.) Now, express E and y in terms of the 
potential drop V and the distance x and integrate. The 
resulting familiar expression shows that the potential 
varies as the distance to the 4/3 power. Accordingly, the 
field at the cathode, which is now at a maximum, is 

4/3 the zero current value and the maximum T.„ is 
7.86 X 10-7 ( Ve/d)2 dynes/cm' or 16.4 X 10-" ( V,/d)" 
pounds/foot7. 

It should be emphasized that this result is entirely in-
dependent of the mass or charge of the particles. As an 
example, for an applied voltage of 10,000 volts and an 
interelectrode spacing of one centimeter the specific 
thrust is at most only 0.16 pound/foot7. For singly 
ionized cesium ions, this would provide a velocity of 
1.2 X107 cm/second and a maximum current density of 
4.7 ma/cm7. 

Plasma-Drive Specific Thrust 

In comparison with ion propulsion, a greater com-
plexity of devices is available for plasma propulsion. 
Figs. 2-4 show three different electrode configurations 

capable of accelerating plasma. In each of these, a plas-
ma introduced into the discharge region or produced by 
the discharge, is accelerated by the interaction of the 
current in the plasma and the current in the fixed part 
of the discharge circuit. Generally, the current elements 
in the parts of the circuit nearest the plasma contribute 
the most to the acceleration. 

In the collinear electrode plasma accelerator (see Fig. 
2), the principal force arises from the repulsion between 
the current element in the plasma and the antiparallel 
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Fig. 2—Collinear electrode plasma accelerator. 
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Fig. 4—Plasma pinch accelerator. 

current element in the adjacent portion of the circuit. In 
the coaxial electrode system (see Fig. 3), the acceleration 
is provided by the repulsive interaction between the 
disk-sheet plasma current and the current in the central 
electrode. For the pinch accelerator, shown in Fig. 4, the 

accelerating force arises from the attractive self-inter-
action of the axially symmetric current sheet. Here the 
radial component of the current in the plasma contrib-
utes directly to the thrust; the axial component con-
tributes indirectly through plasma compression and 

heating, much as in chemical propulsion. 
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For each system described, pulsed action is presumed 
and no steady magnetic fields are applied. In operation, 
large currents are obtained from the discharge of low-
inductance high-energy capacitors. With careful design, 
the rate of rise of the magnetic field and the plasma con-
ductivity can be sufficiently large so that there is little 
penetration of the magnetic field into the plasma during 
the acceleration. In this case the magnetic field in effect 
acts as a piston, and, for a field of H gauss, the magnetic 
pressure or T„ is 0.04 II2 dynes/cm'. For example, for a 
field of 10,000 gauss, the specific thrust would be ap-
proximately 4 X 106 dynes/cm', or 8.3 X 103 pounds/foot2. 

Limitation on Ion Specific Thrust 

As shown above, the specific thrust of an ion accelera-
tor depends only upon the electric field intensity at the 
accelerating electrode, and is largely determined by the 
voltage and spacing between the cathode and the anode. 
The voltage itself is determined by the specific impulse 
and the mass of the ion. For example, with singly ionized 
cesium ions and an /„ of 104 seconds, a voltage of about 
7000 volts is required. Thus, to maximize T„ it is neces-
sary to minimize the interelectrode spacing. 

Ion optics sets a limit on how small the interelectrode 
spacing d can be. Let D be the beam or cathode aperture 
diameter; we presume that to reduce erosion the aperture 
does not contain grid wires. As is the case for electron 
guns,' when d/D is less than unity, the field pattern 
within the ion beam should be different from that in the 
absence of the cathode aperture, and the average cur-
rent density should be less than the space-charge-lim-
ited value based upon parallel-plane electrode theory. 
Furthermore, when d is less than D, there will be in-
creased divergence of the beam. Thus, if a low-diver-
gence high-intensity beam is to be obtained from the 
whole anode area, the interelectrode spacing should be 
larger than the beam diameter. With an accelerating po-
tential of 104 volts, corresponding to an I„ of 12,000 
seconds for singly ionized cesium, and with a beam di-
ameter and interelectrode spacing of, say, one centi-
meter, a maximum specific thrust less than 100 dynes/ 

cm2 is to be expected. 
Argon-ion beam experiments2 support the ion-optics 

considerations presented above. In these experiments, 
the equivalent perveance was measured for a number of 
circular-aperture arrangements at three different inter-
electrode spacings d. Table I lists microperveance values 

for the arrangement near maximum at all three spac-
ings. The diameter of the cathode aperture is 1.0 inch, 
and the d values are based upon the beam profiles given 
by Harrison.' The last column presents the product 
p(d/D)2 and shows the departure from parallel-plane 

' J. R. Pierce, "Electron guns," in "Theory and Design of Electron 
Beams," D. Van Nostrand Co., Inc., New York, N. Y., ch. 10; 1949. 

2 E. R. Harrison, " Investigation of the perveance and beam pro-
files of an aperture disc emission system," J. Appi. Phys., vol. 29, 
pp. 909-913; June, 1958. 

3 Ibid., p. 911, Fig. 5. 

electrode theory at the smallest d/D value. For d/D 
=1.5, µ is close to the value predicted for parallel-plane 
electrodes. Although at d/D 0.5 the current density is 
considerably less than the parallel-plane space-charge-
limited value, the perveance (total current/voltage/2) 
itself is actually larger and is probably near maximum. 
It appears preferable, nevertheless, to use a larger spac-
ing such as d = D, in order to reduce erosion. 

TABLE I 

VARIATION OF MICROPERVEANCE WITH d/D RATIO 

Case 

h 

d/D p(d/D)2 

0.5 
1.0 
1.5 

5.9 
2.3 
1.1 

1.5 
2.3 
2.5 

Consideration may be given to the use of smaller 
diameter beams with correspondingly smaller interelec-
trode spacings. For example, for a 3-mm diameter beam 
with a 3-mm interelectrode spacing and an accelerating 
voltage of 10 kv, the maximum specific thrust would be 
873 dynes/cm2, corresponding to a maximum current 
density of 52 ma/cm2. It is interesting to note that for a 
given accelerating voltage and a fixed d/D ratio, the 
total thrust remains constant and independent of beam 
diameter. This results from the fact that the increase in 
T, is exactly compensated for by the decrease in beam 
cross section. Thus, the total number of ion guns for a 
given vehicle thrust will not vary greatly with ion-beam 
diameter. For an accelerating potential of 10 kv and 
with d = D, the maximum thrust per ion gun is 62 dynes, 
and about 7200 of them would be required to produce 
one pound of thrust. 
To reduce radiation losses, smaller diameter beams 

are preferable. There are several factors, however, which 
provide a lower limit on the beam diameter or interelec-
trode spacing. For one, smaller diameters require larger 
current densities to be drawn from the ion source, which 
in turn requires a somewhat higher anode temperature,' 
and may also increase the erosion of critical electrode 
surfaces. Again, for a given voltage there is a minimum 
electrode separation set by the electrical-breakdown 
voltage gradient. 

Limitation on Plasma Specific Thrust 

For a plasma accelerator, the specific thrust depends 
upon the magnetic field intensity. In turn, the magnetic 
field is determined by the discharge current and geom-
etry. If I is the current (in amperes) and d is a charac-
teristic electrode dimension (in centimeters), H is of the 

order of I15d and T„ is of the order of 10-3 (l/(1)2 
dynes/cm2. Now d can be of the order of a centimeter or 
less and / of the order of 105 amperes; hence, T„ can be 
of the order of 107 dynes/ce. 

1 J. B. Taylor and I. Langmuir, "Vapor pressure of cesium by the 
positive ion method," Phys. Rev., vol. 51, pp. 752-760; 1937. 
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In practice, such a high specific thrust cannot be 
achieved. Whereas the electric fields in an ion device act 
continuously, the magnetic fields in the plasma devices 
described act only intermittently. If we assume that the 
field is effective only 0.1 per cent of the time, the plas-
ma-drive specific thrust is of the order of 104 dynes/cm'. 
This is well over one order of magnitude greater than 
the maximum Te,, of an ion-drive device. 

For a given peak current, the specific thrust will de-
crease with increasing aperture of the plasma accelera-
tor, somewhat as it does with the ion accelerator. How-
ever, the plasma accelerator is not space-charge-limited, 
and a greater amount of power can be utilized in a single 
unit to accelerate a greater amount of propellant. It is 
possible to build a plasma accelerator with an effective 

area of between 10 and 100 square centimeters and still 
maintain a high specific thrust. Thus, a single plasma ac-
celerator may be capable of providing a thrust of 0.1 
pound or more. 

Measurements on the Specific Thrust 
of a Plasma Accelerator 

Experiments have been performed with a collinear 
electrode plasma accelerator, and measurements of im-
pulse and efficiency have been made.' The specific 
thrusts obtained are in accord with the values estimated. 
In essence, the device (see Fig. 2) consists of a pair of 
collinear discharge electrodes connected to a low-
inductance high-energy capacitor. The leads between 
the capacitor and the electrodes are arranged to keep 
the inductance of the discharge circuit as low as possible 
and also to provide the accelerating force for the plasma. 

In operation, the region around the electrodes was 
evacuated and the capacitor was charged to a high volt-
age. A discharge was initiated by the introduction of 
plasma between the electrodes. For one set of measure-
ments, the plasma for the discharge was produced by 
exploding a fine wire mounted between the electrodes 

and at right angles to the plane of the discharge circuit. 
In a second set of measurements, the discharge was initi-
ated by the introduction of a minute amount of gas be-
tween the electrodes, with the major portion of the 
plasma being supplied by the electrodes themselves. 
With the exploding-wire system a number of firings 

were made using different materials and different diam-
eter wires. The vaporization of the fine wire was ac-
complished by discharging a small capacitor through it. 
Impulse measurements obtained are shown in the sec-
ond column of Table II. The mass of the wire vaporized 
is shown in the third column, and the effective specific 
impulse determined from the impulse and wire mass is 
shown in the fourth column. The final column presents 
the efficiency obtained by comparing the computed 
kinetic energy of the ejected plasma with the initial 

6 S. W. Kash and W. L. Starr, "Experimental Results with a 
Collinear Electrode Accelerator and a Comparison with Ion Acceler-
ators," presented at American Rocket Society Meeting, Washington, 
D. C., November, 1959, paper no. 1008-59. 

energy stored in the main capacitor. As can be seen, the 
smaller-size wires yield the greater specific impulses and 
greater efficiency. Higher velocities and efficiencies than 
those presented should be possible by further improve-
ment of the system. 

For the expendable electrode system a small piston 
was used to admit a minute amount of triggering argon 
gas through a hole in the upper electrode. The impulses 
obtained were not sensitive to the amount of gas ad-
mitted, and as little as six micrograms of argon was ade-
quate to trigger the discharge. The major portion of the 
propellant was obtained by erosion of the electrodes. 

TABLE II 

RESULTS OF IMPULSE MEASUREMENTS FOR THE 
EXPLODING-WIRE SYSTEM 

Wire size 

Measured 

impu lse 
(dyne• 
seconds) 

Mass of 
wire 

(mg) 

Effective 
specific 
impulse 
(seconds) 

Efficiency 
(per cent) 

1 mil platinum 
5 mil nichrome 
1 mil tungsten 
2 mil tungsten 
5 mil nichrome 

1380 
1620 
1800 
1750 
1750 

0.90 
6.4 
0.83 
3.3 
6.4 

1530 
260 
2210 . 
540 
279 

21 
4 

39 
9 
5 

TABLE Ill 

VARIATION OF IMPULSE WITH VOLTAGE FOR THE 
EXPENDABLE ELECTRODE SYSTEM 

Capacitor 
voltage V 

Measured 
impulse / 

// V2 
(arbitrary CV2// 

(kv) (dyne .seconds) un its) (cm/second) 

15 160 0.711 15.5X106 
20 320 0.800 13.8 
25 416 0.655 16.8 
32 832 0.812 13.5 
35 960 0.783 14.0 

The impulse measurements for this system are shown 
in Table III. Analysis shows that both the impulse and 
the mass eroded from the electrodes should be propor-
tional to the square of the initial voltage. The propor-
tionality between the impulse and the square of the 
voltage is experimentally demonstrated by the results 
shown in the third column of Table III. A further conse-
quence of the analysis is that both the specific impulse 
and the efficiency should be independent of the initial 
voltage. The specific impulse can be changed by vary-
ing the composition and/or the spacing of the electrodes. 
Column four presents the effective velocity if the ef-

ficiency were one hundred per cent. With an assumed 
efficiency of 40 per cent the effective velocity computed 
from these data is about 6X106 cm/second. For this ve-
locity the propellant mass ejected for a 35-kv firing is 
computed to be about 160 micrograms. With less than 

six micrograms of gas needed to trigger the discharge, 
over 96 per cent of the propellant is thus provided by 
the electrodes. 
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The data obtained with the collinear electrode sys-
tem agree with the specific-thrust estimates made 
earlier for plasma accelerators. The end-on area of this 
device is of the order of 10 cm' and the firing time is of 
the order of 10-5 seconds. With about 103 dyne • seconds 
for the total impulse, the specific thrust is 107dynes/cm2. 
For a firing rate of one per second, the collinear electrode 
device produces between one and two grams of thrust. 
Only several hundred firings per second are necessary to 
produce a pound of thrust. This might be accomplished 
by a single device operating at this rate or by several 
similar devices operating at lower repetition rates. 

Suggested Ways for Improving the Specific 
Thrust for Ion Drive 

Two ways have been proposed for increasing T, for 
an ion accelerator. In the first, heavy-charged particles 
are suggested in lieu of ions. This would require the use 
of higher voltages to obtain the necessary specific im-
pulse and would presumably yield more mass for a given 
current density and hence more thrust. The second way 
suggested is to use a double-grid accelerate-decelerate 
system to overcome the space-charge limitation on the 
current density. 

In both of these schemes, higher voltages would be 
used to obtain the larger gradients necessary for an in-
crease in T„. Unfortunately, if both the voltage and the 
voltage gradient are increased, electrical breakdown will 
ensue. Experiments have shown' that for vacuum insu-
lation the maximum voltage and maximum voltage-
gradient are interrelated. The results of these high-volt-
age breakdown experiments are shown in Fig. 5. Large 
gradients of the order of several million volts per centi-
meter can be sustained for voltages below 20 or 30 kv. 
Conversely, large voltages of the order of 1 million volts 
can be sustained only for small gradients, about 105 
v., cm or less. Over a fairly wide range of voltage break-
down, the product of the voltage and voltage gradient 
is sensibly constant. 

The breakdown data apply to cold, well-polished and 
outgassed metal surfaces, and result from a cascading of 
cathode electron emission and subsequent bombard-
ment at the anode, and from ion and photon emission 
and subsequent bombardment of the cathode. Much 
smaller gradients and voltages can be sustained, with 
heated irregular surfaces, such as a porous tungsten 
anode and a partially-eroded cathode, and, of course, the 
deliberate presence of ions. Voltage gradients averaged 
over the plane of the cathode will be well below 105 
volts cm for applied voltages of the order of 10 kv. 

If a higher voltage can be had only at the expense of 
a lowered voltage gradient, it is clear that little if any 

J. G. Trump, " Insulation strength of high-pressure gases and of 
vacuum," in " Dielectric Materials and Applications," John Wiley 
and Sons, Inc., New York, N. Y., pp. 147-156; 1954. 
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Fig. 5—Vacuum breakdown voltage between a one-inch stainless-
steel ball and a two-inch stainless-steel disk. ( After Trump.,) 
The lower curve has been added to illustrate the approximate 
constancy of the product of the breakdown voltage and the 
gradient. 

increase in T,„ can be obtained with a double-grid ac-

celerate-decelerate system. In the heavy charged-par-
ticle accelerator, n, will actually be decreased; for even 
if efficient means were available to provide the micron 

or submicron particles with the maximum charge pos-
sible, accelerating voltages of the order of a million 
volts or more would be required to obtain a satisfactory 
specific impulse. This would entail a serious reduction 
in the voltage gradient and thus an even greater reduc-

tion in T„. 

NEUTRALIZATION 

For the continued operation of an electrical propul-
sion system it is necessary to maintain charge neutrality 
on the vehicle. This requires the ejection of as many 
electrons as positive ions. Furthermore, the electrons 
must leave the space vehicle with about the same speed 
as that of the ions. For a plasma-drive device these con-
ditions are automatically satisfied. On the other hand, 
for an ion-drive device special provision must be made 
to supply the neutralizing electrons. 

It is not obvious that large-area ion beams can be ef-
ficiently neutralized. Neither an analytical nor an ex-
perimental demonstration to this effect has yet been 
presented. The major difficulty arises from the large 
disparity between the ion and electron masses. Experi-
ments have shown that the current in a pencil-thick ion 
beam can be neutralized by a peripheral thermionic 
electron source. 7 However, these experiments have not, 

R. C. Speiser and C. R. Dulgeroffi "Cesium Ion Motor Re-
search," presented at Air Force Office of Specific Research Second 
Symposium on Advanced Propulsion Concepts, October, 1959; to be 
published. 



1960 Kash: A Comparison of Ion and Plasma Propulsion 463 

as yet, shown that charge neutrality was established 
downstream in the ion beam. This requires measure-
ments to show that the ions and electrons have achieved 
the same axial velocity. It is possible, and indeed quite 
likely, that the neutralizing electron currents obtained 
in the experiment constitute a sparser but faster elec-
tron beam. 

It has been pointed out that if an ion beam is sur-
rounded by an annular thermionic electron source, elec-
trons can be drawn into the beam with large radial ve-
locities and with average energies of about 2000 volts.' 
This, of course, represents a serious loss of energy and 
would occur at the expense of ion-beam energy. How-
ever, it has also been recognized that the presence of 
other electrons would reduce the electrical potential 
within the ion beam and reduce the energy loss. One 
estimate reduces the acquired electron energy to about 
half," which still represents a considerable energy loss. 
Since the potential on the axis of a long cylinder of 
charge depends on the charge per unit length, the poten-
tial on the axis will also be fairly independent of beam 
diameter. 
A complete analysis of the neutralization problem has 

apparently not yet been made. It is quite possible that 
if the ion beam were surrounded by an extremely copi-
ous supply of electrons, the neutralization within the 
beam would be sufficiently complete and the electrons 
would acquire only a few volts of energy upon being 
drawn into the beam. There is a practical difficulty in-
volved here in that the electron source is also space-
charge limited and a large potential gradient and/or 
large electron source area is needed to get a sufficient 
electron current. Fortunately, the electron mass is 
small, so that more modest gradients than needed for an 
equivalent ion-current density will suffice. If the elec-
tron-emitting area is comparable to the ion-source area, 
and if its distance to the center of the ion beam is com-
parable to the ion-interelectrode distance, then a poten-
tial of only a few hundred volts will be needed to obtain 
the necessary electron current. 
We may expect, then, some balance to be achieved by 

which the potential at the center of the ion beam rela-
tive to the electron-emitting surface is slightly above 
that necessary to provide the neutralizing electrons. 
There will still be a substantial energy loss in the form 
of electron kinetic energy. It should be possible, in prin-
ciple at least, to reduce this further by the use of special 
electron accelerating surfaces at the electron source. 
Modest voltages below 100 volts would probably be suf-
ficient. Thus, the loss to radial electron kinetic energy 
might be reduced, although at the expense of greater 
complexity of design and operation. 

8 E. Stuhlinger and R. Seitz, "Some problems in ionic propulsion 
systems," IRE TRANS. ON MILITARY ELECTRONICS, vol. MIL-3, pp. 
27-33; April, 1959. 

G. G. Cloutier and T. W. Johnston, "Charge Neutralization in 
an Ionic Rocket," RCA Victor Co., Montreal, Que., Canada, Res. 
Rept. No. 7-811-1; August, 1959. 

EFFICIENCY 

The kinetic power and mass-flow rate per unit area 
are readily expressed in terms of the specific impulse 
and specific thrust. With I„ in seconds and T„ in 
dynes/cm', these are, respectively, 

P„ = 5 X 10-8g1„T„ watts/cm2 

Map = T„/gI„ gm/cm2 seconds. 

For a cesium-ion accelerator with an accelerating volt-
age of 10 kv and an anode to grid spacing of only one 
centimeter, hp= 1.2 X104 seconds, a maximum Ts, = 78 
dynes/cm2, a maximum P„=47 watts/cm', and a maxi-
mum M„= 6.5 micrograms/cm' seconds. For a plasma ac-
celerator with a comparable 1ap and a magnetic field of 
only 104 gauss, and operating only 0.1 per cent of the 
time, the maximum T„„= 4000 dynes/cm2, the maxi-
mum P„= 2350 watts/cm2, and the maximum M ap= 340 
gm/cm2 seconds. 
P„ represents the power usefully converted. To ob-

tain the efficiency one must take into account all other 
power required or lost. For the ion drive this includes 
power radiated by the anode and surrounding struc-
ture, power for neutralizing electrons, power to vapor-
ize and ionize the ions, and power lost because of sput-

tering. For the plasma drive this includes the power to 
produce the plasma, power radiated by the plasma, pow-
er lost in the electrical circuits and so forth. Account 
must also be taken with each system for any loss of un-
accelerated propellant material. 

One of the largest power losses for an ion accelerator 
results from thermal radiation from the anode ion 
source, the thermionic electron source and nearby 
heated exposed surfaces. As pointed out earlier, reducing 
the ion-beam aperture need not reduce the thrust, but it 
certainly can reduce the amount of exposed anode radi-
ating surface. This reduction will be offset somewhat by 
the need for a higher anode-surface temperature to pro-
vide the increased current density. Consider a 5-mm di-
ameter cesium-ion gun operated at 10 kv. This would 
require an anode current density of 19 ma/cm2 and 
would give an average voltage gradient of 20 kv/cm, 
both realistic values. The energy flux in the ion beam 
would be about 37 watts. For the current density indi-
cated, an anode temperature of about 1400°K would be 
required. This would radiate about 20 watts/cm2 for a 
total of about four watts. We should expect that the 
surrounding thermionic electron emitter will contribute 
at least an equal amount to the radiation flux. Thus, the 
radiation loss will be at least 20 per cent that of the 
kinetic energy in the ion beam. This must be consid-
ered a lower limit. If one uses larger diameter beams, 
the same thrust can be obtained, but with a consider-
ably larger radiating anode surface. On the other hand, 
we may expect conduction from an array of small high-
temperature anodes to bring some of the surrounding 
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structure to a high temperature, so that there may well 
be significant radiation losses from surfaces other than 
the ion anode and electron cathode. 

If we suppose that the neutralizing electron source is 
a simple emitting surface with no special accelerating 
electrodes, then the electrons will acquire radial kinetic 
energy of as much as 1000 ev per electron. If we assume 
further one electron per ion, the neutralizing electrons 
will carry away an amount of energy about ten per cent 
that of the ion beam energy. This energy will not, of 
course, contribute significantly to the thrust. 

Erosion losses are difficult to estimate. The amount 
of erosion can no doubt be reduced by better ion optics; 
but this most likely requires a reduction of the total 
beam current with a corresponding reduction of beam 
power and over-all efficiency. Let us assume a modest 
erosion loss of, say, two per cent; that is, we assume 
that only two per cent of our ions strike the cathode. 
These collisions will, by sputtering, release an amount 
of material between five and ten times that of the inci-
dent ions. This material will not contribute appreciably 
to the thrust. We should also add to this one to two per 
cent of the mass efflux for the loss of un-ionized cesium 
vapor. The loss of unaccelerated material in effect re-
duces the specific impulse or thrust of the propellant by 
at least ten per cent. To compensate for this, the veloc-
ity of the ions can be increased one or two per cent, 
which would require an additional power increment of 
two to four per cent. Again, this may be an optimistic 
estimate. The sputtering process will also release elec-
trons, most of which will be drawn to the anode, where 
they will give up their acquired energy. This can con-
tribute to the anode heating and need not be considered 
an energy loss. 
Some additional power will also be required to va-

porize and ionize the cesium, but this should be quite 
small, less than one per cent. Collecting the more favor-
able estimates of power loss caused by radiation, neu-
tralization, erosion, and ion production, one obtains an 
efficiency of between 70 and 75 per cent. A shortcoming 
of this estimate on over-all efficiency is that to a large ex-
tent it presupposes that the various losses cited can be 
independently minimized. In general, this may not be 
possible. For example, the electrode configuration that 
minimizes erosion may also yield a reduced thrust. As a 
second example, higher current densities may be accom-
panied by faster destruction of the anode and by greater 

loss of un-ionized propellant. 
In considering the efficiency of a plasma-drive device, 

we can conveniently divide the problem as follows. How 
efficiently can the electrical energy be delivered from 
the storage unit to the plasma acceleration unit, and 
what fraction of the energy delivered goes to produce 
useful kinetic energy? Because of the transient nature 
of the system, an exact analysis is extremely difficult. 
To transfer energy efficiently from the capacitance 
storage unit to the plasma acceleration unit, the charac-
teristic impedance of the storage unit and the resistive 

impedance of the plasma circuit should be comparable. 
Otherwise, a substantial fraction of the energy will be 
reflected back into the storage unit and the system will 
oscillate or ring. Fortunately, an exact matching of im-
pedances is not necessary. Even for a 50 per cent mis-
match, about 90 per cent of the energy will be trans-
ferred during the first cycle, and additional energy will 
be transferred in subsequent rings of the system. 

All fixed resistance and inductance of the system can 
be lumped with the capacitor storage parameters. The 
resistance of the plasma itself is at first largely ohmic in 

nature and provides the heating necessary to produce 
and ionize the plasma. This resistance quickly falls with 
rising plasma temperature. During the acceleration of 
the plasma, the resistive component results from the 
rapidly changing inductance of the plasma discharge 
portion of the circuit. Because the discharge inductance 
is very small, the impedance ratio in present laboratory 
systems is low (between 0.01 and 0.1) and there is con-
siderable ringing of the system. By proper design of the 
total system it should be possible to increase the im-
pedance ratio to over 0.1. Even with a ratio of only 0.1, 
about 30 per cent of the energy is transferred during 
each pulse, and about five pulses are required to transfer 
over 80 per cent of the energy. 

Not all of this will go into useful kinetic energy of the 
plasma. Some of it is required to produce the plasma, 
and a good portion of it will contribute to heating the 
plasma and circuit elements. The fraction converted to 

plasma kinetic energy will depend upon the design of 
the electrodes and storage unit, and upon the amount 
and type of plasma. With proper design, well over 70 
per cent should go into plasma kinetic energy. Accord-
ingly, we may expect that the over-all conversion of 
stored electrical energy to plasma kinetic energy should 
be 50 per cent or better. Indeed, in the plasma thrust 

experiments mentioned earlier, where the design was 
far from optimum, efficiencies of over 30 per cent have 
been obtained. 

SPECIFIC IMPULSE AND EROSION 

For the collinear electrode plasma accelerator, both 
analysis and experiment indicate that the efficiency and 
the specific impulse are not affected by the specific 

thrust. How the efficiency varies with I„ is not certain, 
but it appears that it should still increase somewhat 

with increasing I. There undoubtedly exists a range of 
I„ for which the efficiency is near maximum. 

In ion drive, the need for a high-temperature ionizing 

surface limits the range of I. At large I, because of 
the voltage-breakdown limitations discussed earlier, an 
increase in the voltage necessitates roughly an inverse 
decrease in the voltage gradient. As a result, the ratio 
of the power in the ion beam to the power radiated 
varies roughly as the inverse cube of I„. On the other 
hand, at low I„, since the anode-to-cathode spacing 
cannot be indefinitely reduced, the voltage gradient is 
proportional to the voltage. Hence, the ratio of beam 
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power to radiated power varies approximately as I. 
Thus, the efficiency of an ion accelerator decreases 
rapidly at both high and low 

A comparable situation for plasma drive would exist 
if, for example, power were required for a steady-state 
magnetic field. This, however, can be avoided by a 
suitable design of plasma accelerator. Thus, the ef-
ficiency of a plasma-drive device need not fall with 
operation at lower specific thrust. Further experiments 
are needed to determine the efficient ranges of Is, for 
both ion and plasma devices. It may be added that, 

because of its intermittent type of operation, a plasma-
propulsion unit should operate efficiently over a wide 
range of thrust. • 

Erosion presents a particularly serious problem for 
electrical propulsion devices. In ion drive, erosion can 

seriously impair the efficiency and reliability of the 
accelerator.0 Because of erosion, an accelerating cath-
ode in the form of a grid mesh does not appear very 
suitable. Good focusing geometry may reduce the 
erosion to a small amount. However, this may entail 
an increase in the anode-to-cathode distance with a 
corresponding decrease in the specific thrust and ef-
ficiency. 

Erosion need not be as serious a problem for plasma 
drive. In fact, as shown experimentally with the col-
linear electrode plasma accelerator, erosion can be em-
ployed to provide the major portion, if not all, of the 
propellant material. 

1° S. Naiditch, " Experimental Ion Sources for Propulsion," pre-
sented at American Rocket Society Meeting, San Diego, Calif., 
June, 1959, paper no. 833-59. 

Comparison of Chemical and Electric Propulsion 
Systems for Interplanetary Travel* 

C. SALTZERt, MEMBER, IRE, R. T. CRAIG , AND C. W . FETHEROFFt 

Summary—The basic mission parameters which are required for 
the evaluation of engine performance for interplanetary flights are 

defined. The engine parameters are also defined, and the relation 
between these parameters is formulated. The possibility of achieving 

much larger payload fractions by the use of electric propulsion sys-
tems, as opposed to the use of chemical propulsion systems, is indi-
cated. Methods of calculating impulsive orbit transfers between cir-
cular orbits, escape and entry from satellite orbits using low thrust, 

and optimized powered transfer between heliocentric orbits are 
given in the Appendix. 

INTRODUCTION 

AFUNDAMENTAL problem in present-day space 
flight is attainment of adequate payload. This 
problem originates in the limitations of the 

chemical propulsion systems utilized. In search of 
methods to circumvent such limitations electric propul-
sion techniques are presently the object of considerable 
interest. Historically, improvement in space vehicle 
performance has come about through increase in pro-
pellant specific impulse. Since electric acceleration 
techniques are known to produce extremely high-parti-
cle velocities in related sciences, the extension of such 
electric techniques into the propulsion field is quite 

* Original manuscript received by the IRE, December 21, 1959. 
Portions of the material in this paper have been obtained through 
the sponsorship of the Propulsion Lab., Wright Air Dey. Center, Air 
Res. and Dey. Command, USAF. 

t Thompson Ramo Wooldridge Inc., and Case Inst. of Tech., 
Cleveland, Ohio. 

$ Thompson Ramo Wooldridge Inc., Cleveland, Ohio. 

natural. The availability of high specific impulse is not 
an unmitigated attribute, however, since in electric 
propulsion techniques the energy required to accelerate 
the propellant is no longer contained in the propellant 
itself. Such energy is provided by a solar or nuclear 
electric supply which, with today's technology, has 
considerable weight. This weight must be considered in 
evaluating the gains provided by use of high specific-
impulse electric propulsion systems. 
The object of this paper is to set forth the basic 

parameters and to evaluate the capabilities of electric 

propulsion systems. Comparisons will be drawn with 
capabilities of conventional chemical systems. This 
evaluation can best be carried out by considering 
specific missions. The missions selected for this analysis 
are the Earth- Mars and the Earth-Venus missions. The 
engines, as characterized by specific mass, exhaust 
velocity, mass flow rate, and thrust, will be discussed in 
the following section. The definition of the mission and 
its mathematical formulation will be given in the third 
section. The comparison and evaluation are in the last 
section. The details of the calculations are given in the 
Appendix. 

The results of such an analysis are important in two 
ways. First, the mission capabilities of electric propul-
sion systems being studied can be determined, and 
second, some guidance in the selection of desirable 
directions for research can be obtained. 
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PROPULSION SYSTEM PERFORMANCE PARAMETERS 

The rocket engine operates by ejecting mass. In elec-
tric systems, charged particles are accelerated by elec-
tric, or electric and magnetic, fields and expelled. The 
substance expelled is called the propellant. In chemical 
systems, the expellant is energized by a thermochemical 
reaction which uses the propellant. If M is the rocket 
mass, 3,./ is the time rate of change of rocket mass, is 
the effective propellant or exhaust velocity relative to 
the rocket, and .T is the thrust force due to the rocket 
engine, then 

= eu. (1) 

The thrust force per unit mass of the rocket, j", is de-
fined by 

= F. (2) 

If a is the acceleration vector and if all forces except the 
thrust force are ignored, it follows from ( 1) and (2) that 

ed= er. (3) 

It should be noted that à =i if no other forces are acting. 
This is the well known rocket equation. For the case 
where the velocity, direction and rate of propellant flow 
are constant, (3) can be written as a scalar equation, and 
integrated immediately to get 

11/0 

AV = vi — Vo = C 10g — 
Aft 

(4) 

where the subscripts 0 and 1 refer to the initial and 
terminal values respectively, y is the velocity, and Av 
is called the characteristic velocity. This may be written 
in terms of the specific impulse I as 

Mo 
Lv = goI„, log  

M1 
(5) 

where Mo/ilii is called the mass ratio, and the specific 
impulse is defined by 

Igp = = - • 
go 

(6) 

Two systems of units are commonly used for defining the 
specific impulse. In one, F is in pounds force and it, is in 
pounds mass per second, and the specific impulse is in 
pounds force per pounds mass per second. In the other 
system which will be used here, Fis in pounds force and 
th is in pounds weight per second. Although both sys-
tems give the same numerical value for the specific im-
pulse, in the second system, the specific impulse is in 
seconds. 
An approximate indication of the terms on which 

specific impulse can be exchanged for mass flow rate 
for a given characteristic velocity can be obtained from 
(5). In general, a slight change in the specific impulse 
can be balanced only by a large change in the mass ratio. 

For electric propulsion systems, the specific impulse 
ranges approximately between 1000 and 20,000 seconds 
for practical purposes, while for chemical systems, the 
specific impulse is under 500 seconds. Thus, for a given 
Av the electric system requires considerably less pro-
pellant mass than a chemical system. Eq. (5) also 
makes evident that when extremely large àv's are re-
quired, typical of ambitious missions, the use of very 
high specific-impulse electric systems is the only way 
by which impossibly large mass ratios can be avoided. 

However, the conclusion that the payload is larger 
for an electric propulsion system than for a chemical 
propulsion system is not necessarily valid, because for 
an electric system the mass M „, of the power source and 
acceleration system is an important factor. The parame-

ter used for this factor is the specific mass which is de-
fined by 

a ---- M,,/ P, 

where P is the jet power: 

P = 1/2(— 

(7) 

(8) 

The values of a considered in the literature range from 
five to fifty kilograms per kilowatt. 
A more detailed analysis of a propulsion system is 

made in the following way. The vehicle is regarded as 
consisting of two parti. One part is the structure of mass 
M. and payload of mass M L which are independent of 
the propulsion system. The other part is the propulsion 
system of mass MpR which consists initially of a power 
plant of mass M,„' , a propellant mass At,,, and a mass 
AV which accounts for the remainder of the propulsion 
system, including the accelerating device. This last mass 
is assumed to be proportional to the maximum available 
thrust and is described by the specific mass 

- M. 11 F MaX • (9) 

These masses are illustrated in Fig. 1. Also, for this 
detailed analysis, a' is defined only with reference to 

the power source; i.e., 

a' = M„,'I P„ 

MPR 

Ms 

Structure 

M'w 

Power Plant 

M' s 

Accelerator 

Propellent 

(10) 

(a) 

Fig. 1—Schematic of vehicle mass distribution. (a) Electric 
propulsion system. (b) Chemical propulsion system. 
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where P. is electrical power output. In addition, the 
efficiency factors k and n are used to bridge the gap be-
tween the designer of the electric propulsion system and 
the mission analyst. The parameter is the proportion 
of propellant utilized, and the parameter n is the ratio 
of the directed kinetic energy to the total electric energy 
input. In these parameters, the total mass of the pro-
pulsion system M rk can be represented as 

1 

M PR = P/ f( - 111)(11 eFo., ( 11) z o 

where P is the jet power and T is the duration of the 
jet operation. If the rate of mass flow is constant, 

= (ce'P/n) — (A 1/E) (12) 

For the purposes of this paper, it will be assumed that 
the first and third terms are proportional or that OF„,„„ 
is negligible with respect to (aP). Thus, by ( 7) the equa-
tions corresponding to ( 11) and ( 12) are 

MP,? = aP f [— Andi, (13) 

and for a constant rate of mass flow 

Mph, = aP (14) 

where it is assumed that is set equal to 1.0, its maxi-
mum possible value. It should be noted at this point 
that the terms e and e which, for convenience in this 
paper, have been lumped together or assumed to be 
unity, are actually prime design parameters of electric 
propulsion devices. The degree to which these parame-
ters are minimized or maximized, as appropriate, is a 
measure of the excellence of the particular thrust unit 
considered. 
Two additional parameters which describe the vehicle 

are the payload ratio (11 Ho) and the structure factor 
K. If .1/,, is the total initial mass of the vehicle, then K 
is defined by 

318 
K =   

Mu — Mi 
(15) 

For the purposes of this paper. the value of K will be 
assumed to be 0.05. In terms of the mission and engine 
parameters, two questions can be asked. First, what is 
the capability of an electric propulsion system for a 
given range of values of these parameters, and how do 
such electric propulsion systems compare with the pres-
ent and anticipated chemical propulsion systems? Sec-
ond, for a given mission, what would be desirable values 
for these parameters? 

M ISSION DEFINITION 

Satellites and probes, both manned and unmanned, 
can be used for a variety of purposes, e.g., scientific in-
vestigation, meteorology, communication relays, and 
navigation, to mention a few. The first step for any of 

these is to boost the vehicle into space. This must be 
done chemically, because the thrust for electric propul-
sion systems is too low. The second step consists of one 
or more orbit changes. For some purposes, a third step, 
landing on Earth or some other body, may be required. 

For missions considered in this paper, namely the 
Earth-Mars and Earth-Venus missions, it will be as-
sumed that the vehicle starts from a circular orbit 
about the Earth at an altitude of 200 miles. The first 
class of missions will consist of a transfer from this 
close-in orbit about Earth to satellite orbits about Mars 
and Venus. The other class of missions will include the 
return from the target planet to a 200-mile orbit about 
Earth. A simplified model will be used. It will be as-
sumed that all the orbits are coplanar and that per-
turbing forces will be neglected. The mission parameters 
considered are the duration of the mission and the 
payload fraction. 

Because a particular mission can be accomplished 
many ways, the problem of optimization arises. Some 
of the possible objectives are to minimize the total radia-
tion dosage, cost, or take-off weight per unit payload 
weight. For the above missions, the optimization cri-
terion will be to maximize the payload fraction. The 
power source will not be considered a part of the pay-
load. 
The electric propulsion system considered will be 

power limited, and it will be assumed that the rate of 
mass flow, the specific impulse, and the direction of 
thrust can be regulated, subject only to the power 
limitation. The use of such an idealized propulsion sys-
tern is of interest for the following reasons. First, no 
propulsion system can give a better payload fraction 
then the idealized system with the same maximum 
power. This gives an upper bound for the performance of 
electric propulsion systems. Second, a standard is set 
which shows how much is lost because of the use of a 
less flexible propulsion system. This gives some in-
dication as to whether the development of more flexible 
engines should be considered. 
The powered mission will be considered as consisting 

of two types of maneuvers. One of these will be the 
escape from or entry into a circular orbit about a planet, 
and the other will consist of a transfer from the orbit 
about the sun of the starting planet to the orbit about 
the sun of the planet which is the objective. The escape 
or entry maneuver will be regarded as occurring in an 
inertial frame, i.e., a coordinate system, in which 
Newton's laws hold, and whose origin is the center of 
the planet considered. This maneuver will consist of 
imparting a velocity to the vehicle, starting from a 
circular orbit about a planet, which is sufficient to en-
able it to escape from the gravitational influence of that 
planet. At the termination of this maneuver, it will be 
assumed that the effect of the gravitational force of the 
planet is negligible, and that the velocity of the vehicle 
relative to the planet is zero. For the entry maneuver 
it will be assumed that the vehicle is at rest, relative to 
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the planet, at a distance at which the gravitational force 
of the planet is negligible. The second maneuver will be 
regarded as occurring in an inertial frame whose origin 
is at the center of the sun. Each maneuver will be con-
sidered as occurring in the gravitational field of a single 
body which is a point mass. Since the mass of each body 
whose motion is of interest is negligible by comparison 
with the mass of the body whose field is considered, 
the field will be considered as a central field, whose cen-
ter is at the attracting body, and for which the field 
force per unit mass or acceleration due to gravity is 

ar = 
r2 

ao= 0, 

(16) 

(17) 

where r and O are polar coordinates with the origin at 
the center of the field, a,. and ae are the radial and cir-
cumferential components of the acceleration, and µ is 
the numerical value of the acceleration at unit distance 
from the center of the field. The orbits of Venus, Mars, 
and Earth were taken as being coplanar and circular 
with radii which would give the accepted values for 
their energies. The method of calculation utilized is 
readily applicable to a much more precise model, which 
includes perturbing forces, noncircular orbits, etc. 
However, the comparative capability of electric and 
chemical propulsion systems can be evaluated from this 
simplified model and will be adequate for the purposes 
of this paper. 
The performance of chemical propulsion systems will 

also be calculated using the above model. In addition, 
it is assumed that the thrust force for the chemical 
system is impulsive, i.e., that the time integral of the 
thrust per unit mass is the change in vehicle velocity. 
This means that the burn-out time is taken as being 
sufficiently small so that the change in position is 
negligible during this time. With this assumption, the 
velocity increment in the direction of thrust due to the 
propulsion system is given by (4). The velocity incre-
ment required will be such that the velocity of the 
vehicle, after the escape is effectively completed, is the 
velocity in the transfer orbit. The impulse at the point 
of intersection of the transfer orbit with the orbit of the 
target planet will be sufficient to change the orbit of 
the vehicle from the transfer orbit to the orbit of the 
target planet, and to place the vehicle in a circular orbit 
about the target planet. The velocity increment will be 
used as a measure of the mission requirements for chem-
ical propulsion systems. 

For electric propulsion systems, another parameter 
was suggested as a measure of mission requirements by 
Irving and Blum,' ,2 in connection with their elegant 

J. H. Irving, " Low-thrust flight: variable exhaust velocity in 
gravitational fields," in "Space Technology," H. Seifert, Ed., John 
Wiley and Sons, Inc., New York, N. Y., pp. 10-01 to 10-54; 1959. 

1 . H. Irving and E. K. Blum, "Comparative Performance of 
Ballistic and Low-Thrust Vehicles for Flight to Mars," presented at 
the Second Annual AFOSIZ Astronautics Symp., Denver, Colo.; 
April. 1958. 

variational formulation of the thrust-programming 

problem. By ( 1) and (2) 

m,f2 = 

where f and C are the scalar magnitudes off and C. If 
this equation is divided by (8) the result may be written 

112 2P 

Let M o and MI be the initial and terminal masses re-
spectively. An integration yields 

= IT di. 
Mi Mo o 2P 

Since f and P may be varied independently, M it, and 
thus the payload, will be a maximum if P is always as 
large as possible. For the power-limited engine, this 
implies that P is fixed at its largest value. Hence 

where 

—milli= [1+ °M  (18) 

1 fT 
J = —2 o f2d1. (19) 

The value of J used for a mission is the value obtained 
for a thrust program which accomplishes the desired 
mission and maximizes MI/Mo. In terms of the specific 
mass, (18) becomes 

M 1 = (1+ 
Mo 

Since 

(20) 

= ML Ms 4- M., (21) 

it follows that the payload fraction 

ML MI Mtv Ma 
= 

MO MO Mo Mo 

or by (20) 

M L = (1+ M  aJf 11 — •/' — 11± • 
Mo M,„ Mo Mo 

If the payload fraction is regarded as a function of 
(M./M o), then a straightforward calculation shows 
that the payload fraction is a maximum when 

Mev 
= VaJ — aJ, 

Mo 

and the maximum value is 

ML ____ 
— = (1 — N/ofJ)2 — — • (22) 
Mo Mo 
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This analysis is valid only for the idealized engine for 
which the specific mass is independent of the maximum 
power level. An analogous procedure has been developed 
for the case where the specific mass is a function of the 
power leve1.3 The evaluation will be based on the assump-
tion that ( IL. _1/0) is optimum, thus permitting the 
use of ( 22). 

To include the effect of the structural factor, ( 15) is 
solved for M,//110: 

M., 
  K(1 
Mo 

mL\ 
JO' 

(23) 

and the result is substituted in (22). Solving the result-
ing equation for the payload fraction yields 

Mc (1 — -VaJ) 2— K 

1 — K Mo 
(24) 

for the electric propulsion system. 
For the chemical engine 

.M1 = M L .111.„ (25) 

and by (4) 

ML Aft M. 
= e—Ar/C  

Mo Mo M0 Mo 

By substituting in this equation the value of 111/A/0, 
given by (23), the value of the payload fraction is 
found to be 

e—aric _ K 

Mo 1 — K 
(26) 

for the chemical engine. The methods for calculating 
optimized values for Av and J for various missions are 
given in the Appendix. 

SUMMARY AND CONCLUSIONS 

The first step in ascertaining the capabilities of chem-
ical propulsion systems is to obtain the minimum 
velocity increment as a function of trip duration for 
the mission under consideration. Fig. 2 presents such 
minimized velocity increments for transfer from a 
satellite orbit around the Earth to a satellite orbit 
around the target planet. For all round-trip missions 
concerned, the unpowered waiting time in a satellite 
orbit at the target planet is not included in the mission 
durations shown. The details of the methods of calcula-
tion utilized in deriving these data are those shown in 
the Appendix. 

In a similar manner, when electric propulsion systems 
are considered, minimized values of the acceleration 
integral J must be derived. Values of J derived for 
individual mission maneuvers are shown in Fig. 3. 

3 "Advanced Space Propulsion Systems, Mission Analysis and 
Propulsion System Matching," New Devices Labs., Thompson Ramo 
Wooldridge Inc., Cleveland, Ohio, WADC Tech. Rept. 59-365; July, 
1959. 
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Fig. 3—Values of J required vs duration of powered 
flight for several maneuvers. 

These maneuvers include escape from a 200-mile cir-
cular orbit about Earth, escape from circular satellite 
orbits about Venus and Mars, and transfer from the 
heliocentric orbit of Earth to the heliocentric orbits of 
Mars and Venus. The values of J and T, for entry into a 
satellite orbit, are the same as those for escape, and the 
mission parameters for transfer between heliocentric 
orbits are independent of the direction of transfer. Fig. 3 
thus provides sufficient information about the various 
maneuvers which use low-thrust propulsion, so that the 
requirements for a complete mission may be ascertained. 
It should be noted that the values of J presented are 
optimum values for the heliocentric transfers and close 



470 PROCEEDINGS OF THE IRE .1pril 

to optimum for the planetary escapes and entries. It 
is also of interest to note that the escape maneuver re-
quirements for J are of the same order of magnitude as 
the heliocentric transfer requirements. 
From the results for the individual maneuver the 

optimized value of J for a complete mission can be ob-
tained; such results are shown in Fig. 4 for escape from 
an Earth satellite orbit to entry into a satellite orbit 
about Mars and Venus. The curves drawn are for one-
way missions; for an optimized round-trip, the values of 
J and T are twice those of a one-way trip. 

In order to compare the capabilities of electric and 
chemical propulsion systems, the payload fraction 

(.I/L .11,) which can be obtained for a given duration 
1' has been chosen as the figure of merit. For chemical 
systems the payload fraction depends primarily on the 
srecific impulse. For pufroses of this paper, specific 
impulses of 300, 400, 500 and 1000 seconds were selected. 
A specific impulse of 300 seconds is typical of present-
day propulsion systems, while 500 seconds can be re-
garded as an upper limit. A specific impulse of 1000 
seconds can be regarded as possible for thermonuclear 
propulsion systems which use hydrogen as a propellant. 
These high specific impulses were chosen to provide a 
"more- than-fair" consideration of conventional propul-
sion techniques. It should be pointed out, however, that 
even if such impulses are attained, doing so at the struc-
tural factor (i.e., K=0.05) utilized herein is most un-

likely. 
In considering electric propulsion systems, the specific 

mass a was used as parameter, and values of a from 5 to 
50 kg/kw were considered. The results obtained for sev-
eral missions are shown in Figs. 5 through 8. It is obvi-
ous in these results that electric propulsion systems can 

VI 

.001   

o TDO 3 10 son 
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600 

Fig. 4—Total acceleration integral J for an Earth satellite orbit-
to-target planet satellite orbit mission, one-way trip. 

provide outstanding mission capabilities for sufficiently 

low values of a. 
A number of points are of interest in these payload 

fraction figures. First, an important difference is evident 
between electric and chemical systems. For chemical 
propulsion the payload fraction improves with increas-
ing mission duration only up to a fixed point; beyond 
this point an increase in mission time decreases the 
payload. For electric propulsion, a longer mission al-
ways results in a larger payload, although the rate of 

increase is less for longer times. 
Second, it is evident that for equal mission durations 

electric systems can meet or exceed the performance of 
500-second chemical systems. This is even more pro-

nounced for the longer round-trip missions. If somewhat 
longer durations for the same mission are allowed, the 
electric system far surpasses the chemical. For example, 
consider the Earth- Mars round trip in Fig. 7. Power-
plant specific masses of 20 kg/kw are certainly feasible 
today, and such a powerplant roughly equals the pay-
load capability of a 500-second chemical system at its 
optimum payload time. If the allowed mission duration 
is increased 50 per cent, the electric system can carry 
approximately three times more payload than the 
chemical system. If realistic chemical systems are con-
sidered (i.e., 300- to 400-second impulse) they are not at 
all competitive, nor are chemical systems competitive if 
optimistic predictions on a are considered. ( In the 
literature, power plant specific masses of 5 kg/kw are 
presented as feasible in the power range above 10 kw.) 
A final point to be considered is the use of the electric 

power source for purposes other than propulsion, once 
the destination satellite orbit at a target planet has 
been established. If this power source is utilized for 
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vehicles on a one-way Mars mission. Structural factor, K =0.05. 
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communication, data processing, etc., it might be fair to 
include its weight, aP, in the payload fraction rather 
than in the propulsion system as in the previous figures. 
The results for such a calculation are given in Fig. 9. 
The payload fractions shown here compare to the ones 
previously shown in Fig. 5 for the identical mission. 
It is evident that such considerations emphasize the 
desirability of electric propulsion systems. 

It should be noted that the acceleration integrals 

presented in Fig. 3 provide a means for the reader to 
construct payload capabilities for Venus and Mars 
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vehicles on a one-way Venus mission. Structural factor, K =0.05. 

.70 

.60 --

.00 - 

.10 — 

o 

Chemical, 
Vehicle,' 

1  
200 

Electric 
Vehicles 

ICOR 
SEC 

110 • Sai SEC 

soo SEC\ 

I I 1 1 1 

a- so 

400 600 000 1000 1200 

MISSION DURATION (Days) 

Fig. 7—Comparison of payload capabilities for electric and chemical 
vehicles on a round-trip Mars mission. Structural factor, K=0.05. 

missions other than the ones presented herein. For ex-
ample, by entering a highly elliptical satellite orbit 
about Venus, an orbit whose eccentricity is nearly one, 
payload fractions much higher than those shown in 
Fig. 6 would be obtained. Entry into planetary satellite 
orbits other than those used in this paper can be deter-
mined by computing new J characteristics using the di-
mensional method of the Appendix. 

APPENDIX 

Orbits in an Inverse-Square Central Field 

The results of this section are required for the calcula-

tion of the initial and terminal conditions, as well as the 

.6 

.s— 

o o  

a, 5 KG/KW 

lectr ic 
Vehicles 

a •-• 10 

Chemical 
Vehicles 

a 20 
1000 SEC 

500 SEC 

1010 200 300 400 500 61)0 

MISSION DURATION (1.1 lys) 

Fig. 8—Comparison of payload capabilities for electric and chemical 
vehicles on a round-trip Venus mission. Structural factor, K =0.05. 

T MISSION DURATION IN DAYS 

Fig. 9—Comparison of payload capabilities for electric and chemical 
propulsion vehicles on a one-way Earth-Mars mission where the 
electric power plant is considered part of the payload. 
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velocity increment and transfer time for impulsive orbit a circle; for 0 <e < 1, the orbit is an ellipse; for e = 1, the 
transfer. orbit is a parabola; and for e> 1, the orbit is a hyperbola. 

In polar coordinates, the radial and circumferential The velocity y in polar coordinates is given by 

components of acceleration are 
1,2 = 2 ± (re , (37) 

— re. (27) 

1 d and by (34) it is 
au = (r2é) . (28) 

r dl 

133, (46) and ( 17), the equations of motion for a particle 
whose mass is small with respect to the central mass are 

— re = — — 
r2 

1 d 
— — (r20) = 0. 
r dl 

(29) 

(30) 

Since the angular momentum of the particle per unit 
mass is defined by 

h = r20, 

(30) can be integrated immediately to yield 

h = 2.26 = constant. 

If ( 29) is written in the form 

h2 
f — — — = 

r3 r2 

2,2 = 2(E ± (38) 

A particle is said to have escape velocity yo if its trajec-
tory is a parabola, i.e., if e = 1. By (36) this means that 
E = O. Hence, by (38) the escape velocity at a point is 

(39) 

For a circular orbit, the circular velocity vo is obtained 
(31) from (33) by noting that 0. Thus the angular mo-

mentum ho in a circular orbit is 

(32) 

(33) 

and multiplied by t, it can be integrated directly to yield 

r2 _ = E, 
2 

1 ( h2 

r2 
(341 

where E is a constant of integration. Since the terms on 
the left are the kinetic and potential energy per unit 
mass respectively, E is the energy per unit mass, which 
is constant. Again, by (32) 

dr dO h dr 

dO r2 dB 

Thus, (34) becomes 

—do) = 72-2. L2E r ( r—h 

/ dr \2 r4 r 

if the reciprocal of the radius is introduced as the de-
pendent variable, this equation can be integrated by 
separation of variables to yield 

h2/1.‘ 
r =   (35) 

1 ± e cos (0 — Bo) For elliptic orbits several parameters will be consid-
ered. The length a of the semimajor axis is half the 
sum of the minimum and maximum distances from the 

2Ele center of the field to the orbit. These distances are given 
e2 = 1 ± (36) when cos (0 —00) assumes the values 1 and — 1 respec-

P2 
tively. Thus, by (35) 

where 

ho2 
= 

r3 r-

Or 

ho = N/bir. 

Since the velocity has no radial component, 

and hence 

ré = — 

Vo V —  • 

(40) 

(41) 

and 00 is a constant of integration. This shows that the 
trajectory or orbit is a conic section with eccentricity e 
and focus at the center of the field. For e= 0, the orbit is 

it may be noted that (32) can be given another interpre-
tation. The element of area swept out by a vector from 

the origin to the particle is 

and hence 

1 
dA = — r2d0, 

2 

dA 1 

= —dl 2 h • 
(42) 

h2 ( 1 1 h2 
a = (43) 

2µ 1 + e 1 — e) g(1 — e2) 
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The length b of the semiminor axis is given by 

b2 = a2(1 — e2) =   (44) 
122(1 — e2) 

Since the area of an ellipse is rrab, the period r of a par-
ticle in an elliptic orbit is obtained by integrating (42). 
This gives 

2A 27rab a 3 1/2 

= — = — — = 27 
h 

The mean angular velocity m is 

27 1/2 

== in ( ) — . 
r a3 

(45) 

(46) 

In cartesian coordinates with the x axis parallel to 
the major axis and the origin at the midpoint of the 
major axis, the parametric equations of the ellipse are 

X = a cos 4), 

y = b sin 0, (47) 

where cb is the angle between the x axis and the vector 
from the origin of the cartesian coordinates to the par-

ticle. By considering the areas swept out by the radius 
vectors in both coordinate systems, the time 1, required 
for the particle to move from a point closest to the center 
of the field to another point on its orbit, can be seen to 
be 

— e sin qh. (48) 

The time of transit between any two points of the tra-
jectory can be computed by using this formula two 
times. A similar formula using hyperbolic functions can 
be obtained for hyperbolic orbits. If (36) is solved for E, 
a comparison with (43) yields 

(49) 

This equation also holds for hyperbolic orbits provided 
a is allowed to assume negative values. 

Impulsive Orbit- Transfer Between Circular Orbits 

To change orbits impulsively at a point requires that 
the particle velocity to in the first orbit be changed im-

pulsively to the velocity ti required in the second orbit. 
Let Eo, ho, and El, hi, be the energies and angular mo-
menta per unit mass in the first and second orbits re-
spectively. Since no work is done by the field forces in an 
impulsive change of velocity, the work done which 
equals the change in kinetic energy is 

àE= E1 — Eo = 4(1.12 — vo2) = — to)•(ti ± to. (50) 

If the velocity increment required is denoted by 

— (51) 

then 

AE = 1.M• (i'0 + V-1), 

or 

,CLE = 4(àv) 2 -F i)o•Ai). (52) 

If the initial orbit is a circle, the angular momentum 
in the second orbit is the product of the radius and the 
component of ti in the direction of to, i.e., 

or 

hence 

e. 
àh = Iii — ho = 

4 

r (At•—); vo 

rom  Ae• Do = (53) 

Substituting for the last term in (52) yields 

1 voàh 
AE = — (3,02 

2 

This can be written 

(à,v y 2AE 
— • 
t'o VO2 

(54) 

By (38) and (41) the energy per unit mass in a circular 
orbit is 

1 1 

/17'0 z',, - — == V02, 

2 r 2 

and the angular momentum per unit mass in a circular 
orbit is 

Thus 

Izo == no. 

àv )2 (— AE 
— = — + 2 —). 
Vo Eu 1701 

(55) 
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By (49) the energy per unit mass of the transfer orbit is 

E,. — 
ti 

Since the velocity of the transfer orbit and the velocity 
of the initial orbit are parallel, Do • àf.) = yew, and (52) be-

comes 

Hence 

But 

Thus, 

AE = 1-(3,1,)2 yo(3,y). 

Ay 
— = — 1 4/1 — • 
VO , V02 

AE = 2 1 \ 

2 \ re re ) 

Ft« 
vo2 = — • 

re 

—1+ 
ve 

2(r,,,/re 

V 1 -I- (r„,/re) 
(57) 

A similar calculation for the transfer to the Mars' 

orbit yields 

Avi 2 
— = 1 — (58) 
Dm Y I -I- (r„,/re) 

The escape from the satellite orbit about Earth and the 
transfer from the heliocentric Earth's orbit to the Hoh-
mann orbit can be combined in the following way. It is 
assumed that the velocity imparted to the vehicle in the 
field of Earth is such that when the vehicle has effective-
ly escaped, i.e., when the potential energy of Earth's 
field is negligible, the remaining velocity is the velocity 
increment Ay required for the transfer to the Hohmann 
orbit. The energy of the vehicle, relative to Earth, will 
be I(v)2, and the velocity y which the vehicle must have 
is, by (38), 

1 
v 2 =. 2 (à02 I, 

2 roe 

where me is strength of Earth's field, and ree is the radius 
of the circular satellite orbit about Earth. If ye, is the 
escape velocity from the orbit in Earth's field, then by 
(39) the required velocity is 

V2 = (A v)2 v.e2. (59) 

The vehicle has a velocity in the circular satellite orbit 
about Earth, which by (39) and (41), is Yee/N/1 Hence, 
the total velocity increment Ave, required for escape 

from the close-in orbit and transfer to the Hohmann 

orbit, is 

Aye = -V(Ay)2 vse2 — — • (60) 

For the transfer from the Hohmann orbit to the helio-
centric Mars' orbit and entry into a circular satellite 
orbit about Mars, the velocity increment Vm required 

is 

D' 
Avm = 1/042 V.m2 — 8L- • 

N/2 

(61) 

The total velocity increment AvT required for the mis-

sion is: 

Ayr = Aye ± m. (62) 

The time T required will be half of the period of the 
Hohmann orbit which is by (45) and (56) 

T — (63) 
2[ 2;4 

For other transfer orbits (48) is used. 
The value of AVT used for a given T is the smallest 

possible value. This was obtained by computing Avr as 
a function of T for several values of the transit angle. 

The envelope of this family of curves gave the minimum 
Ayr for a given T. The time spent in satellite orbit about 
Mars and Venus is not included in these calculations. 

For round trips, Ayr and T were doubled. 

Escape and Entry Using Low Thrust 

Studies made by Lawden,4 Benney,5 Tsien," and 
Irving' indicate that constant circumferential thrust 
per unit mass is very close to optimum, and constant 
tangential thrust per unit mass is nearly as close to 
optimum. The figures used for escape from earth are 

those obtained by Irving and Blum.2 For a mission start-
ing from a close-in orbit about the earth, and ending in a 
close-in orbit about the target planet, the value of J is 
the sum of the values of J for the individual maneuvers. 
Since there are no dissipative terms, the reversal of the 

thrust program for escape gives the thrust program for 
entry. From the graph of J, as a function of T., the 
thrust acceleration f can be computed from 

r, 
J, = f fdt = iT,J2. (64) 

o 

4 D. F. Lawden, "Optimal escape from a circular orbit," Astronaut. 
Acta, vol. 4, no. 3, pp. 218-233; 1958. 

6 D. J. Benney, "Escape from a circular orbit using tangential 
thrust," Jet Propulsion, vol. 28, pp. 167-169; March, 1958. 

6 H. S. Tsien, "Takeoff from satellite orbit," A RS Journal, vol. 
23, pp. 233-236; July—August, 1953. 
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The equations of motion for constant tangential thrust 
per unit mass are 

where 

— 

v = 

le ft 
;73 ± = 

r2 V 

1 dh fh 

r di ry 

/r2 _L (_ 
--17-71T 

(65) 

(66) 

(67) 

The initial conditions are those for a circular orbit: 

t = 0, r = ro, er = 0, h -= (68) 

At t= Tr the terminal condition is 

E = El= l[iI2 (— j— --= 0, 
hi)2 

(69) 

where the subscript I refers to the values at escape. The 
solution of this problem is obtained by integrating the 

equations of motion numerically, and monitoring the 
value of the energy. 

f the radius of the circular orbit is taken as unity and 
the period in the circular orbit is taken as the unit of 
time, the value of ,u is, by (45), 

= 

The initial conditions become at t = 0 

ro = 1, to ---- 0, ho =-- 21r, 

and the terminal condition remains El = 0. The equa-
tions of motion retain their form. In these units, 

Je = Je(Te) (70) 

is independent of the radius of the initial circular orbit, 
as well as the strength of the central field; hence, the so-
lution for escape from Earth can be used to give the 
escape or entry from or into a circular orbit, using con-

stant tangential thrust per unit mass, for any central 
field. A direct calculation yields 

je= ( g r) go, roe 

T. = 4/(-r1( e)Te, 
roe gom 

J. fi goe 3( ro, 

'V \ Poe / \ Pot, / 

= V( roe) ro, 

where Te, T., and T„ are the escape times; Je, J., and 
J„ are the values of one-half the integral of the square 

of the thrust per unit mass; goe, go„„ and go„ are the ac-
celerations due to gravity at the orbits around the plan-
ets; and roe, ro„„ and roe are the radii of the initial orbits 

about Earth, Mars, and Venus, respectively. Since the 
altitude of the Earth orbit is 200 miles and the other 

orbits are at altitudes of one- tenth of the radii of the 
planets, the above formulas become ' 

J„, = 0.154J, 

T„, = 1.2657', 

= 0.708J, 

T, = 1.136T, 

(75) 

The Approximation of J for Interplanetary 
Orbit Transfer 

The calculation of J requires the determination of 
that trajectory 

which makes 

a minimum, where 

an(l, by (40), 

J =- 1/2 j f2dt 
o 

f2 = fr2 • f92, 

(76) 

(77) 

(78) 

(79) 

h2 
f — — — (80) 

r3 r2 

1 dh 
fe = 

r di 

r(0) =-- ro 

f(0) = 

Ji(o) = Vpro 

r(T) = 

f(T) = 

h(T) = -Veal 

(81) 

(82) 

The conditions give the requirements for transfer in 

a central field from a circular orbit of radius ro to a cir-
cular orbit of radius r1. Although the calculations have 
been formulated for the field due to a single body, this 
formulation can be extended to include the gravitational 
forces exerted by several bodies and other perturbing 

forces, as well as transfer between noncoplanar orbits. 
(74) The transit angle can also be prescribed. In the form 
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given above, the problem is a classical problem of the 
calculus of variations, and the Euler variational equa-
tions are a sixth-order system of nonlinear, ordinary 
differential equations. Some integrals have been ob-
tained by Irving and Blum, but the solutions can be ob-
tained only by numerical integration. This requires a 
trial and error process for determining three additional 
initial conditions, for which the particular solutions 
have the desired terminal values. In these calculations, 

the terminal conditions must be satisfied very closely, 
or large errors will result in the values of J obtained. 
Studies have indicated that J is extremely sensitive to 

terminal conditions. 
The method used in this paper for the minimization 

of J is a direct method analogous to the Rayleigh- Ritz 
method. A family of trajectories which exactly satisfies 

the initial and terminal conditions is used, and J is mini-
mized with respect to this family by a gradient method. 
Results obtained on a medium-size digital computer 
using this method have shown this procedure to be 
much more efficient and accurate than use of the Euler 

equations. The details of the method and the error anal-

ysis will be given elsewhere.' 
The values of J and the transfer time selected for the 

total specified mission time T are those values for which 
the sum of the J's for the separate maneuvers is a mini-
mum. This sum was obtained by first determining 
Jr+Je as a function of Te for various values of the 
parameter ( /se+ TT) where the subscripts e and T re-
fer to Earth escape and heliocentric transfer from the 
Earth's orbit to Mars' orbit respectively. The mini-
mum values of (Jr+Je) for various fixed values of 
(T-+ Tr) were used in the same way with the Mars es-
cape curve of J„, as a function of T„, to determine 
the minimum of (L±Jr-I-J.), for a fixed value of 
(Te-I-Tr+T„,). Similar calculations were made for the 
Venus trip. For round trips, the values of J and T were 

doubled. 

C. Saltzer, "A variational method of determining optimum 
thrust program to accomplish coplanar orbit transfer," unpublished; 
1959. 
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Electrostatic Propulsion* 
STAFF OF THE RAMO-WOOLDRIDGE RESEARCH LABORATORY 

Summary—The thrust (newtons) developed by a system which 
accelerates a space charge limited flow of ions of specific charge 

q, m (coulombs per kilogram) through a voltage V is given by 
F---(27r/q)E0V2R2= N/2m/qVzP. R is an aspect ratio of ion beam 
diameter to acceleration distance xo, and P is a diode perveance 
(amp/volts3/2). Lines of electric force extend from charges in transit 
across the diode to charged surfaces of the accelerator electrode, 
on which the thrust is thus purely electrostatic. Alkali metals have 
favorable characteristics for use as propellants because their ions can 
be produced for small energy expenditure near 100 electron-volts per 
ion by surface contact ionization, while porous tungsten with pore 
size less than one micron is an efficient and convenient emitting sur-
face. For practical values of thrust (F>0.01 lbf = 2.25 X10 new-
tons) and specific impulse ( h>2000 seconds) alkali metal thrust 
devices will operate at a few kilovolts and require R>>1. But for 
R 3, unipolar ion beams will reverse their direction of flow within 

a few xo. Mathematical solutions to the neutralization problem for 
the case of one-dimensional flow of mixed ion and electron beams 
are presented assuming no energy exchanges by collisions or plasma 
instabilities. These show a periodic spatial potential distribution of 
wavelengths 0.027 xo for cesium, corresponding to time fluctuations 

of the potential at the plasma oscillation frequency in a frame of 
reference moving with the ions. Electrons having a Maxwellian dis-
tribution of velocity at 1000°K have an average velocity much 
faster than the ions, and for this case it appears that no time inde-
pendent solution exists. The injection of electrons from strips spaced 
2d apart and placed edgewise in the beam is analyzed under the 

hopeful assumption that there are no potential fluctuations along the 
direction of ionic motion. Electrons oscillate transversely across this 
direction in a potential trough having a depth midway between the 

cathode strips equal to 21i0d2/9x02. The electron current density is 
75d/x0 times greater than the cesium ion current density. It is con-

cluded that numerous closely-spaced electron injectors must be 
used, and that the total electron circulating current must be orders of 
magnitude greater than the ion current. Finally, if particles having 

much smaller specific charge than elemental ions could be copiously 
produced and accelerated, practically useful thrusts could be gained 
from pencil beam at Rez 1. The complications of neutralization would 
then probably be eliminated. 

THE electrostatic thrust engine in its simplest 
form is a diode in which charged particles emitted 
by one electrode are accelerated and transmitted 

by another into space. If a voltage is applied in the ab-
sence of charged particle emission there is no current, 
no work is done, no power is required to maintain the 
potential difference, the electrostatic forces on the elec-
trodes are equal and opposite, and there is no thrust. 

* Original manuscript received by the IRE, December 14, 1959; 
revised manuscript received, December 30, 1959. A portion of the 
research reported in this paper was sponsored by the Propulsion Lab., 
Wright Air Dey. Ctr., Air Res. and Dey. Command, U. S. Air Force, 
under Contract No. AF33(616)-5919. 
t Res. Lab., Ramo-Wooldridge Div. Thompson Ramo Wool-

dridge, Inc., Canoga Park, Calif. The following present and former 
members of the technical staff contributed to the work described in 
this paper and its preparation: L. M. Frantz, D. Geffen, C. D. 
Hendricks, J. C. Lair, D. B. Langmuir, G. M. Nazarian, J. M. Sellen, 
H. Shelton, P. Stehle, H. M. Wachowski, and R. F. Wuerker. 

When we cause a current of ions to flow and be ac-
celerated across a potential drop, power is expended and 
a thrust is exerted equal to the rate of change of mo-
mentum of the ions. The forces on the electrodes can no 
longer be equal and opposite; the detailed manner in 
which the unbalance occurs is shown by Fig. 1 and the 
equations which define space-charge-limited flow. For 
one-dimensional flow these are Poisson's equation, 

d'V 
= — 

dx  so 

the conservation of energy, 

qV = 4mr2, i.e., v = -V2q1T/M, 

and the equation of continuity, 

J = nqv = constant for all x. 

(1) 

(2) 

(3) 

(MKS units will be used and the symbols are defined at 
the end of the paper.) 
These lead to the familiar Child's Law, 

4 1/2q V 312 
= € / 0 . 

9 m s' 
(4) 

The conservation of momentum defines the thrust per 
unit area, 

F . 
—= Mv = Jvm/q 
A 

E. • 0 

Xe 

E • - grad V I 

CAPACITOR POTENTIAL 

CHILD' S POTENTIAL 

4 V. ,- E • -- 
3 x.  

(5) 

Fig. 1—The potential distribution in a parallel plane diode with and 
without space-charge-limited current flow. 
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which can be combined with the preceding equation to 

F 8 V' 
— = — €0 — • (6) 
A 9 x2 

This last expression, except for a numerical factor of 
16/9, is the electrostatic force per unit area on either 

plate of a parallel-plate capacitor, 

1 V' 
= — Eo — • 

A capacitor 2 x2 

Both the factor of 16/9 and the presence of an unbal-
anced force on one electrode are consequences of the 

nonuniform field along the direction of current flow. 
Fig. 1 compares the linear potential distribution across 
a capacitor with the curve distribution for space-
charge-limited flow. The former has a constant gradient 

E= — V 0/. xo, but the field for Child's potential has a 

space dependence, 

1/3 

E(x) = — —4 . 
3 xo xo 

The field is zero at the emitting electrode but is 4/3 
stronger than a uniform field at the accelerating elec-

trode, 

4 Vo 
= — — — • 

3 xn 

On squaring these fields, we find no force on the emit-
ting electrode and the factor of 16/9 noted above in the 
force on the accelerating electrode. The thrust per unit 
area is simply an electric stress on an electrode caused 

by lines of force which terminate on the charged sur-
face. At the other ends these lines terminate on space 
charge in transit. The thrust on an electric rocket is 
thus found by integrating the electrostatic pressures on 

the charged surfaces of its engine, in close analogy to 

the manner in which the thrust on a chemical rocket 
may be found from a complete inventory of pressure 
forces over the surfaces of its combustion chamber and 

nozzle. 
ASPECT RATIO AND PERVEANCE 

Eq. (6) can be put into the form, 

F = 8 tov2 A = 27r eopi D = 

9 x02 9 x 

27r 
—60V2 1) 
9 

(7) 

where R=D/xo is the "aspect ratio" of the diode. D is 
the diameter of a circle having the same area as the 
emitting region of the diode, and xo is the acceleration 

distance, i.e., the diode spacing. 
The total thrust of a space-charge-limited electro-

static system is therefore a function only of the total 

voltage and the aspect ratio of the beam. The relation-
ships are shown in Fig. 2. While the total thrust is the 
same for all charge- to- mass ratios for a given V and R, 
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Fig. 2—Thrust as a function of the aspect ratio and the acceleration 
voltage. The number accompanying each line is the delivered 
thrust in dynes. The scale at the right indicates the correct ac-
celeration voltage for a specific impulse of 5000 seconds for a 
given charge-to-mass ratio in the particles to be accelerated. A 
dashed line indicates that for Cs ions (e/m =7.5 X106 coulombs 
per kilogram) an acceleration voltage of l.7 kilovolts is desired 
for a specific impulse of 5000 seconds. 

the specific impulse (i.e., the exit velocity)' is not. The 
latter must usually be set at a value which will meet re-
quirements of optimum rocket performance. For an ion 

of given q/m, the voltage V is therefore fixed by con-
siderations of the rocket mission and the power supply, 
as discussed elsewhere [1]. The value of the aspect 

ratio R is then determined by the required total thrust. 
The aspect ratio is closely related to the perveance, a 

familiar vacuum tube parameter defined as follows: 

P // V3/2 amps/(volts) 312. 

For a space-charge-limited diode, 

2q = 1.83 X 10-6 R2 for electrons, 
P €0 V — R2 

9 on = 0.37 X 10-8 R2 for Cs ions. 

This equation relates the purely electrical quantity P to 
the geometrical parameter R. While an ionic thrust de-
vice will seldom, if ever, actually have a plane parallel 

configuration, the aspect ratio provides a basis for com-
parison of any system having a known perveance with 
an equivalent plane diode. R is, specifically, the ratio 
of diameter to spacing of a circular plane diode which 
would have the sanie perveance as the system under 

consideration. Implicit in this definition is the fact that 
for the same q/ m all space-charge-limited diodes of a 
given shape have the saine perveance regardless of their 

actual size. 
As discussed in a later section, ions in a broad beam 

injected into free space will come to rest and reverse 

' Specific impulse equals exhaust velocity divided by the accelera-
tion of ertvity. 

(8) 
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their motion within a distance approximately equal to 
the spacing of the equivalent diode. This spacing is 
thus effectively the "turn-around distance," and is a 
property of any monoenergetic ion beam in which mo-
tion and potential variation occur only along a single 
direction. The aspect ratio may thus be regarded as the 
ratio of beam diameter to turn-around distance, and is 
a useful parameter in discussions of charge neutrali-
zation. It should be noted that when a beam is ex-
panded the diameter and the turn-around distance in-
crease in proportion, so that R is invariant. 

It is apparent from (7) and Fig. 2 that R>>1 for al-
most any practical ionic thrust system using alkali ions. 
On the other hand, R <1 for most ion and electron 
beams encountered in practice. For example, a cathode 
ray beam with a current of 1 milliampere at 10,000 volts 
has an aspect ratio of about 1/40. For a thrust of 0.001 
pound, using 1000 volt ions, R=25 (ion velocity 37 
km/second for cesium, specific impulse = 3800 seconds, 
current = 0.084 ampere). 

PRODUCTION OF IONS 

The optimum exit velocity for an ionic propulsion 
system requires accelerating voltages ranging from a few 
kilovolts down to less than 1000 volts for some applica-
tions, provided singly charged elemental ions are used 
[1]. If high propulsive efficiencies are to be obtained, the 
power expended in forming an ion must be a small frac-
tion of that required to accelerate it. An ion source with 
an energy consumption prior to acceleration of about 
100 electron volts per ion, or less, is therefore desired. 
Values in this range have been experimentally obtained 
from the ionization of alkali metals on hot surfaces of 
high work function [2]. While encouraging efficiencies 
from gas discharge devices have also been reported [3], 
only surface ionization of the alkalis is discussed below. 
The phenomena of surface ionization were studied in 

early classic experiments [4], [8] by placing a hot tung-
sten filament in a region filled with the vapor of an alkali 
metal. If the surface work function is higher than the 

ionization potential of the alkali atoms, the atoms lose 
an electron to the tungsten when they are adsorbed. 
After a period of residence on the surface, they evapo-
rate as positive ions if the applied electric field permits. 
If the work function becomes lower than the ionization 
potential, the ionization process is much less effective 
and most of the alkali evaporates as neutral atoms. 
Since the effect of adsorbed alkali is to reduce the work 
function of tungsten, the ion-emitting state can be 
maintained only when the tungsten surface is slightly 
covered (less than about 4- per cent) with adsorbed al-
kali. Below this degree of surface coverage, the rate of 
ion evaporation is almost exactly equal to the rate of 
arrival of atoms from the vapor. The rate of ion emission 
will rise in exact proportion to the arrival rate if the 

vapor pressure is increased, but the surface coverage on 
the tungsten . will also rise. If pushed too far, this effect 

will lower the work function too much. For a given 
tungsten temperature, there is thus a maximum ion-
emission current density. Attempts to increase the cur-
rent beyond this point, or to reduce the temperature, 
cause the surface to change to the atom-emitting condi-
tion. We denote by Tc the critical temperature in de-
grees Kelvin at which the transition between the pre-
dominantly atom-emitting and ion-emitting conditions 
occurs. The tungsten temperatures required for ion cur-
rent densities J amperes/cm' were found by early work-
ers in this field [4] [8] to be as follows: 

For 

cesium, 

rubidium, 

potassium, 

log10 J = 8.99 — 14,350/T0; 

logic J = 9.15 — 15,700/Tc; 

log10 J = 6.37 — 11,300/Tc. 

(9) 

Numerical values based upon these equations are tabu-
lated in Langmuir [5], [6]. 
The energy consumption consists almost entirely of 

losses caused by thermal radiation and this increases 

much more slowly than the ion current as 7', is raised. 
The efficiency of ionization therefore improves at high-
er current densities. In references cited above measure-
ments up to 0.002 ampere/cm' for cesium and some-
what less for potassium and rubidium are reported. The 
ionization energy requirement for cesium at this current 
density is about 1000 ev/ion. While extrapolation of (9) 
indicated that the energy consumption might be as low 
as 45 ev/ion at 0.1 ampere/cm', no actual experimental 
data were available. It was of interest to know whether 
such high-current densities could, in fact, be drawn with 
high ion-to-atom ratios, and also whether the efficien-
cies would be as predicted by extrapolation. 

Direct measurements at high-current densities have 
been reported by Shelton, Wuerker, and Sellen [2]. The 
tungsten was a filament 0.002 inch in diameter, and the 
collectors consisted of three coaxial cylinders 2 mm ill 

diameter. 

Fig. 3 shows how the current density of emitted ions 
varied as the filament temperature is raised through the 
critical temperature. Fig. 4 shows the current variation 

with voltage for potassium ions. The result is a typical 
diode characteristic. Relatively high voltages and small 
spacings were required to overcome the space-charge 
current of massive ions, and the saturation is limited by 
vapor pressure (i.e., the rate of arrival), not by surface 
temperature. In Fig. 5 the saturation current density, 
that is, the density in the presence of an excess of voltage 
and with tungsten temperature higher than To, is plotted 
vs the equilibrium vapor temperature. One can see that 
cesium, rubidium, and potassium ion current densities 
above 100 ma/cm2 were achieved, and that the results 
are in good agreement with those expected from the 
known vapor pressures of the alkalis. 

These results confirm that the ion-emitting proper-
ties of the tungsten surface which had been observed at 
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low current densities function as expected for currents 
1 to 200 times higher. Precise measurement of the critical 
temperature 7', at the higher ranges has not been pos-
sible, however, because of difficulties which plague ex-
periments at high ion current densities. Temperature 
measurements on filaments as small as 0.002 inch are 
not satisfactory. Pvrometry is inaccurate because of fila-
ment vibration and measurements of temperature from 
the power input to the filament are uncertain because 
back bombardment by secondary electrons, which con-
tributes significantly to the power, cannot be accurately 
estimated. 

It is reasonably certain from the measurements that 
tungsten at 1450°K will support an ion current density 
of 25 ma/cm2 with cesium and rubidium ions, giving an 
ionization energy consumption of 160 ev/ion, an accept-
able value for practical purposes. The variation with 
temperature undoubtedly is close to that predicted 
from (9), so that values substantially below 100 ev/ion 
can doubtless be realized if the practical problems of 
handling higher current densities can be solved. While 
less than satisfactory from a scientific point of view, 
these statements are probably adequate for purposes of 
ionic propulsion in the present state of development. 

Practical thrust devices, as are discussed below, will use 
emitters much less simple than clean filaments in cylin-
drical geometry, and the value of Tc will be affected by 
changes in geometry, surface structure, and cleanliness. 
Moreover, problems more serious than exact knowledge 
of emitter temperature will dominate the field for a long 
time to come. 

THE POROUS PLUG EMITTER 

The line source in cylindrical geometry used in the ex-
periments described above is not adapted for propulsion 
purposes. The production of an approximately uni-
directional beam of ions with high mass flow rate raises 
serious problems in connection with supplying the neu-
tral cesium to the hot surface. The electrical complica-
tions resulting from a high vapor pressure of cesium in 
the accelerating region are obvious. Also, leakage of 
neutral cesium from the exit apertures would cause ap-
preciable wastage of mass. Such considerations have led 
many workers in the field to introduce the alkali vapor 
from the rear side of the emitter. Staggered ribbons, 
tungsten wire screens containing powders, and porous 
tungsten plugs have been tried [7]. 

The important questions are: 1) can an adequate mass 
flow be maintained at reasonable pressure; 2) can high 
enough current densities be drawn, and at temperatures 
which give ionization efficiencies comparable with those 
obtained using tungsten filaments; and 3) is the fraction 
of the alkali which escapes as neutral atoms sufficiently 
small? 

Theoretical and experimental investigations of these 
questions will be described. 

THEORY OF THE POROUS PLUG 

We have cesium vapor proceeding from a supply at 
suitable pressure through a thickness of porous tungsten 
to an emitting surface, and wish to compute the fraction 
of atoms supplied which emerge as atoms, having failed 
to be ionized. We imagine the porous tungsten substruc-
ture to consist of long parallel tubes, of length L and 
radius a, with each tube servicing a plane emitting sur-
face of radius R=3a. It will be convenient to study first 
the phenomena inside the tube, then the subsequent 
events on the emitting surface. 

Inside the tube there are two phases of flow at the 

constant temperature of the tungsten, a volumetric 
phase of gaseous cesium atoms in the Knudsen regime 
and a surface phase diffusing along the wall under a con-
centration gradient. Wall coverage by the surface phase 
is never weak enough to permit appreciable internal 
ionization, which is therefore neglected. The two phases 
being coupled by the adsorption isotherm of Langmuir 
and Taylor [8], we can write Knudsen's equation for 
the flow rate I„ through the volumetric phase, the dif-
fusion equation for the flow rate L, through the surface 
phase, and form the quotient at x-= L, 

( \ 4 —a2 eXp 62 327,3" } (10) 
LIz-L = —3 Del 

This gives the proportion of emerging atoms which 
reach the end of the tube in the volumetric phase and 
are delivered un-ionized through the orifice. The bal-
ance continues to diffuse in the surface phase onto the 
disk-shaped emitting surface. In ( 10), al is the surface 
concentration of a complete monolayer of cesium on 
tungsten, el = 3.6 X1014 atoms/cm2. A word is required 
on the appropriate value of the temperature-dependent 
surface diffusion coefficient Ds, which is taken to be 
2 X10-4 cm2/second at 1600°K. A sequence of two delay 
periods determines this coefficient: the residence time 
at a site while awaiting escape from confinement in the 
adsorption potential, and the travel time to the adjoin-
ing site after escape is accomplished. While the trap-
escape process depends exponentially on the tempera-
ture, the transit process depends more weakly on the 
square root of the temperature. At low temperatures the 
exponential dependence is controlling, but at about 
1000°K the delay in transit comes to predominate. Ac-
cordingly, at T = 1600°K, Ds is almost insensitive to 
temperature, and has a value smaller by an order of 
magnitude than would be found by extrapolating ex-
ponentially from the low-temperature data. 

Before leaving the flow phenomena inside the tube, 
we should estimate the cesium vapor pressure which 
can supply a suitably strong surface phase to the ioniza-
tion surface, and from that result in a current density of, 
for example, J=0.01 ampere/cm2. By choosing a pore 
radius a = 0.2 12, we can make the proportion of neutral 
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emission in ( 10) negligibly small, and by choosing 
L=0.015 inch and T= 1600°K to conform with practi-

cal experimental conditions, we can compute p = 5.0 mm 
Hg from the flow equation. This value of cesium vapor 
pressure is in equilibrium with the liquid at 350°C, and 
is manageable in practice. It confirms the validity of ap-
plication of Knudsen's equation in the argument leading 
to ( 10). 

Finally, we turn back to the portion of the flow in sur-
face diffusion at the end of the tube, which migrates on-
to the disk-shaped emitting plane. We have the data of 

Taylor and Langmuir for rates of atom and ion emission 
and their dependence on the fraction of surface covered, 
which fraction decreases from a maximum at the tube 
outlet to a minimum at the outer periphery of the disk. 
Because of the space-charge limitation on ion emission, 
the ion current density is uniform. The atomic emission 
is not electrically limited and varies radially with the 
coverage over the disk in a distribution which may be 
integrated to give the total atom emission from the sur-
face of the disk. At a current density J=0.01 ampere 

/cm2, these computations lead to Table I. 

TABLE I 

Pore 
Radius 
( M icrons) 

Percentage of Neutral Atoms 
Emitted 

At 1500°K At 1600°K 

1.0 From Orifice 7 22 
From Disk 4-7 9-15 

Total 11-14 

0.8 From Orifice 
From Disk 

Total 

5 
3-4 

31-37 

15 
7-9 

8-9 22-24 

0.6 From Orifice 3 9 
From Disk 2-3 5-6 

Total 5-6 14-15 

0.4 From Orifice 1 4 
From Disk 1-2 3 

Total 2-3 7 

0.2 From Orifice 0.3 
From Disk 1 

Total 1 2 

This compilation shows that the percentage of neu-
tral atoms emitted falls rapidly as the pore radius is re-

duced from 1.0µ, becoming acceptable at radii a = 0.2 IA, 
and that it is advantageous to choose an operating tem-
perature just above the critical temperature. 

EXPERIMENT ON THE POROUS PLUG 

Successful operation of porous tungsten emitters of 
cesium ions have been reported. Dulgeroff, Speiser, and 
Forrester [9] obtained a beam current of 0.0021 ampere, 

corresponding to a current density of about 0.012 
ampere/cm2 at the emitter, which was porous tungsten 
of 70 per cent theoretical density operated at 1575°K. 
Experiments by H. Shelton and J. M. Sellen have been 
directed toward measuring the fraction of neutral cesium 
atoms emitted from porous tungsten as the ion current 
density is increased. A heated tungsten probe is placed 
in the beam emitted from the plug and biased elec-
trically so that it cannot receive the ionic component. 
Atoms incident on the probe are ionized, and the sec-
ondary ionic current from the probe is thus a measure 
of the atomic emission from the plug. At current.densi-
ties of 0.0003 ampere/cm2, the neutral emission from the 
plug was measured to be smaller than 5 per cent. Ionic 
current densities of 0.003 ampere/cm2 have been drawn 
from a plug supplied at a cesium vapor pressure of 1 mm 
Hg, but, at this and higher densities, experimental cir-
cumstances prevented measurement of the associated 
atomic component. Special efforts were made to work at 
relatively low voltages of no more than a few hundred 
volts, but sputtering of cesium nevertheless occurred. 
Small interelectrode spacings were necessary to draw 
the higher current densities, and the full flow of ionic 
cesium collected and built up on the surfaces. Both 
the plug and the probe received substantial currents of 
atomic cesium sputtered from the electrodes. 

It is believed that by choosing vapor temperature and 
plug temperature such as to keep the plug surface in the 
ion-emitting condition, much higher ion current densi-
ties can be drawn from porous tungsten plugs. Unam-
biguous proof of this and quantitative measurements of 
the atom-to-ion ratio will require great pains, particu-
larly with respect to disposing of the mass transported 
by the ion beam and avoiding extraneous flows of ce-
sium. 

CHARGE NEUTRALIZATION 

The emission of many amperes of positive ion current 
from a space ship having a capacity of perhaps a milli-
microfarad or less obviously imposes a severe require-
ment for maintaining the potential of the system in bal-
ance. A current of negative ions or electrons must be 
emitted in such a way as to meet simultaneously two 
separate conditions: 1) the net current from the space 
ship must be zero; 2) the space charge must be neutral-
ized throughout the entire volume of the ion beam with 
sufficient accuracy to prevent serious loss of momentum 
or actual reversal of ion flow. The first condition pre-
sents no serious problem, since an electron beam can be 
ejected with the total desired current with small expen-
diture of energy and negligible transfer of momentum. 
But the neutralization of the ion beam throughout its 
volume appears to involve experimental and theoretical 
difficulties. 
The following discussion first summarizes the behav-

ior of unneutralized ion beams, and then presents theo-
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retical results for some simple configurations of a neu-
tralized beam for which analytical solutions can be 
found. While these idealized models do not adequately 
represent the real problem, they clarify some of the dif-
ficulties which must be overcome. 

ONE-DIMENSIONAL THEORY OF 
UNNEUTRALIZED BEAMS [10] 

Consider an emitter electrode at a positive potential 
Vo, an accelerating electrode at zero potential spaced at 
xo, and a final electrode also at zero at a spacing xi from 
the accelerator. The current injected from the left is 
limited by Child's Law for the accelerating potential Vo 
and the spacing xo. 

4 /-2i 1703/2 

= 9 €1 / m xo2 

In the space between the two electrodes at zero poten-
tial, the injected current produces a distribution of posi-
tive potential which depends on the ratio of the spacings 
xi/xo in the injection and acceleration regions. As xi is 
increased from zero, the distributions are at first sym-
metrical about a maximum at the mid-distance x1/2. 
The space is weakly charged and all of the incident cur-
rent is transmitted. We will call these Class I potentials; 
they are sketched in Fig. 6, curves a, b, and c. As x1 con-
tinues to increase and approaches 2.82 xo, Vi,soo. ap-
proaches Vo, a limiting case, shown by curve c, which 

is unstable against upward fluctuations of the incident 
current or of the spacing xi. Should either of these occur, 
the distribution jumps discontinously and irreversibly 
to curve d, which is a Class II potential, associated with 
space-charge-limited current. The incident current is 

Fig. 6—Potential listr butions produced by injection ut monoener-
getic ions into a region bounded by parallel planes at zero poten-
tial. The ions come to rest at potential Vo. The parameter which 
distinguishes the curves may be taken to be either the magnitude 
of the injected current density or the spacing xo to a third plane, 
to the left, which is held at potential Vo and emits space-charge-
limited ions. 

partially reflected and contributes twice to the local 
space charge in the region to the left of the potential 
maximum, at which a virtual source has formed. Class 
II distributions are then found as xi increases toward 
infinity and these finally result in total reflection of the 
incident current. The ions will come to rest and reverse 
their motion at a distance 0.707 xo from the accelerating 
plane. Let xi now be decreased. The space-charge-lim-
ited situation and the Class II potential distribution 
persists, the fraction of transmitted current increases, 
and the virtual source shifts to the right. At x1= 2x0, we 
have curve e, a limiting case for which the fraction of 
ions reflected is zero. This condition is unstable against 
downward fluctutations of the incident current or the 
spacing xl. Should either of these occur, total transmis-
sion is established and the potential jumps discontin-
uously and irreversibly to curve f, a Class I distribution 
for which xi =2xo and Vt.= Vo. 

Partial reflection cannot occur for x1 < 2x0, and total 
reflection must occur for x1= x, which is the case 
of an ion beam injected into infinite space. When 
2xo<xi < 2.82xo, there is total transmission for Class I 
potentials and partial reflection for Class II potentials; 
but the two types of distribution cannot both exist to-
gether. Class I potentials are generated as x1 increases 
through this interval; when the pattern of Class II is 
established, it persists while x1 is returned through the 
interval ill the decreasing sense. Practically, the largest 
value of x1 which permits total transmission is just 
smaller than the instability at xi = 2.82 xo, and must be 
reached in the increasing sense of xi. 

Neutralization must obviously be accomplished with-
in a distance no greater then 2.82 xo from the injection 
plane. In a real configuration, as contrasted with the 
ideal plane diode, this requirement still applies if xo is 
taken as the " turn-around distance," the spacing of the 
equivalent diode which would produce the same cur-
rent density at the sanie voltage as the ion beam under 
consideration. The actual beam might have been 
formed, for example, by the merging of a number of 
various beams, and a decelerating field might have been 
applied after the initial acceleration. 

In sum, the foregoing analysis results in the following 
dilemma. In view of the dependence of thrust on aspect 
ratio, the requirement is for a broad beam with a large 
aspect ratio. But to broaden the beam indefinitely is to 
reduce it to one dimension, and a consequence of the 
one-dimensional analysis is the abrupt reflection of an 
unneutralized beam. 

NARROW UNNEUTRALIZED BEAMS 

The turn-around phenomenon described above in one-
dimensional terms will occur only in a broad ion beam 
in which the diameter is considerably greater than the 
turn-around distance. If the aspect ratio R 1, the 
beam will diverge but will not turn around [11]. The 



484 PROCEEDINGS OF THE IRE April 

angle of divergence of a ray on the outside of the beam 
from the original direction of motion is given for small 

B, by elementary considerations, as follows: 

0 •_-•• 0.24R kln [— 1/2 jç 

where r is the radius of the expanded beam and ro is the 
initial beam radius. The contours of such beams are 
plotted in Fig. 7. The beams become essentially conical 
beyond a short distance (- 10 x0) from the orifice. Such 
beams will flow to very great distances from their 
source without turning back, even though no charge 
neutralization exists. Most beams of charged particles 

which are encountered in practical applications such as 
cathode ray tubes, mass spectrometers, and nuclear ac-
celerators have aspect ratios much smaller than one. 
Beam power tubes such as klystrons and traveling-

wave tubes require the highest perveance possible, and 
their beams are often prevented from expanding by 
longitudinal magnetic fields. Even in such cases, the 
maximum perveance achievable in a cylindrical beam 
corresponds to an aspect ratio of about 3 [ 11], the limit 
being established by the fact that ions on the axis of the 
beam are brought to rest by the space-charge repulsion. 
This represents the onset of the turn-around effect in the 

transition region of moderate values of R. 

Fig. 7—Profiles of freely expanding beams for various aspect ratios 
(solid lines), and pro-file of an expanding slab beam (dashed line) 
whose thickness (2y0) is equal to its acceleration distance (x0). 

SLAB BEAM 

The behavior of a slab beam, narrow in the y direc-
tion but unlimited in z, can be calculated approximately 
from elementary considerations since the outward field 
E, at all points along a given trajectory will be con-
stant as long as the angle of divergence is small. If 
the width of the beam is 2yo and the acceleration dis-
tance is xo, the angle of divergence from the x axis of a 
ray at the outside of the beam will be 

o. (-21( 
\ Xo / \ Xo / 

The trajectory is a parabola. If the acceleration distance 
equals the beam width, the divergence will approach 
one radian at a distance of only about 10 acceleration 
distances, and the rate of increase will still be high. The 
behavior is completely different in magnitude from 
that of the pencil beam, and appears to offer little hope 
of relief from the essential problem of neutralizing high-
perveance high-aspect ratio beams. With high-aspect 
ratios, it is essential that charge neutrality be achieved 
throughout the volume of the beam. 

Recapitulating, we have discussed three possibilities 
for the unneutralized case: broad beams, pencil beams, 
and slab beams. The broad beams have large aspect 
ratios but, turn around within a distance of the order of 
the equivalent diode spacing, as was shown from a one-
dimensional argument. The pencil beams have small 
aspect ratios but a gentle conical divergence which en-
ables them to flow to great distances without turning 
around. An intermediate class of slab beams offers mod-
erate aspect ratios but has a bad divergence behavior. 
The low aspect ratio beams can deliver appreciable 

thrust only when a large number are operated in parallel 

(e.g., 2500 beams for each of which R=1 to give a thrust 
corresponding to R=50). But the suggested arrange-
ment fails because of the interaction of the parallel 
beams. A group of parallel narrow beams are equiva-
lent to a broad beam and will encounter the same turn-
around difficulties. 

THEORY OF NEUTRALIZED BEAMS IN ONE DIMENSION 

We now take up neutralized beams, assuming that 
electrons are added to the ionic flow. The simplest case, 
in which the electrons have a unique initial velocity, is 
discussed first. The more realistic case of a thermal dis-
tribution of initial velocity is then examined. Finally a 
model in which electrons oscillate perpendicular to the 
direction of flow is discussed. 

ELECTRONS EMITTED WITH UNIQUE VELOCITY— 
ONE-DIMENSIONAL FLOW [18] 

If we define a potential V, associated with the initial 
electron velocity MO), the conservation of energy yields 

2e 
ve(x) = — [V, ± V(x)] 1/2 = r,(0) [1 ± V(x)/V,1 1/2. 

me 

We shall ignore variations in ion speed and take 
v„ = ( 2e Vo/m„)". We also assume a current balance 
JP=PPVP= — Je =  — pee, so that the vehicle will remain 
neutral. \Vhen these relations are substituted into 
Poisson's equation, we obtain 

eV pp 
= [1/7(x) — 1], (11) 

60 
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where 

y(x) r(x)/v p = -yo[l V(x)/Ve] 1/2. 

If yo= 1, corresponding to equal initial ion and elec-
tron velocities, we have ideal charge neutralization 
since V=0 is the solution satisfying V(0) = V'(0) = 0. If 
7001, there will be variations in the potential which 
can be determined by integrating ( 11). The qualitative 
nature of these variations can be easily deduced. If the 
exit speed of the electrons is less than that of the ions, 
then yo<1 and V"(0) > O. Since we require 1/1(0) = 0, 
the potential curve rises as x increases until the electron 
speed equals that of the ions at position xi where 
-y(xi) = 1 and the curve has an inflection. Since V"(x) is 
positive for 0 <x <xi, this region contains an excess of 
negative charge. Beyond xi, -y is greater than one, so 
V"(x) is negative, and an excess of positive charge is 
present. The curve reaches its maximum at a position 
x„, such that the positive charge accumulated between 
xi and x„, is just sufficient to cancel the negative charge 
between 0 and xi. The potential at larger values of x 
symmetrically retraces itself until the electron speed 
reaches its original value v(0) at x =2x„,. We are thus 
led to a periodic solution of which the amplitudes at the 
inflection point and maximum are easily obtained from 
(11). Setting V"(x) equal to zero yields 

Vin = (1/y02 — 1) V, = a2(1 _ ,y02)v 

a2 m,,/m„. 

To calculate V,„„„ we obtain the first integral of ( 11), 

dV = 2p,,j2 V, 
[(1 ± V/ Ve)'/2 — 1] — VI , ( 12) 

dx ) Eo yo 

and set V' equal to zero with the result, 

so that 

4 
Vmax = — (1 — 'yo) V,. = 4a2(1 — yo) Vo, 

'yo2 

V,„„,,/ Vini = 4/(1 ± yo). 

For yo = 0, i.e., ve=0, Vo takes on its largest value 
4a2=4me/mp and Vmax/ Vint has the value 4. As yo ap-
proaches 1, approaches zero and VD./ Vinf the 
value 2, the curve becoming a sinusoid of low amplitude. 
A similar discussion can be given if the electrons are 

initially moving faster than the ions, up to a certain 
point. In this case, -yo> 1 and the potential distribution 
curves downward as x increases. A potential minimum 
at x„, has a depth given by the above formula for 
which continues to be a valid result for the extremum as 
'yo increases from unity to larger values. 

4 
V,„;„/Ve = — — (-yo — 1). 

.702 

This ratio becomes — 1 when yo = 2. The electrons are 
then brought to rest at x„,. For larger values of -yo, a 
fraction r of the incident electrons is reflected and we 
must modify ( 11) which becomes 

d2 V = p,, ril + IA/ 
-y(x) — — 1], (11a) 

dx2 fo  

differing from the case of no reflection only by the pres-
ence of the factor ( 1 + r)/(1 — r). Our previous formulas 
involving yo and V. uncombined will still be valid for the 
case of reflection if yo is replaced by yo(1 —r)/(1+r). 
We now have 

or 

r = (-ye — 2)/(7o ± 2) yo > 2. 

Returning to the first integral of ( 11) and integrating 
again, the exact solution has been obtained by Nazarian 
for the case of no reflection, i.e., -yo < 2, 

2 V,,1/2 j 1 — yo(1 + V/ V.,) 1/2 
X =   COS- 1   „yoopp/€0) 1/2 .  

T-

'Yo 

[( (2d—x17- )211/2 

(2ep/e0) 1/2 V „1/2 
O < x < x„,, 

with (dV/c1x)2 as given in ( 12). The upper sign is taken 
for 'yo < 1 and the lower one for 'yo>!. We find the loca-
tion of the inflection, 

j 2 1 _ (1 _ .yo)} 
xi/x,„ = 

2 

and the spatial period X, 

4iraV01/2 
X = 2x„, =   (13) 

(2Pp/€0) 1/2 

having used the relation V,,1/2/-yo =a Vo". Thus X is in-
dependent of the initial electron velocity in the range 
0<70<2 where there is no reflection and completely 
periodic solutions exist. Two forms of expression for X 
are of particular interest. First, using Child's law, we 
find 

X = 2I/23/raxo = 13.3axo 

= 0.027x0, for cesium. 

Thus, because of the factor a, (ac, = 2.02 X 10-e), the 
space wavelength is much smaller than xo the distance 
through which the ions are accelerated. The second 
form of X is obtained by expressing ( 13) in terms of v„ 
instead of Vo. Thus, 

X2 = 4r242/w2„1„„,,,a, w2pia„„,„ = epn/Eom,., 
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so that in a frame of reference moving with the ions 
there occur periodic variations with time of the potential 
with exactly the plasma frequency. 
The exact solution for the case of reflection, i.e., 

-yo> 2 is 

X = 

V" 2  

(2/3„/Eo) 1/2 
{cos-1 [2(1 -F V/V.) 1/2 — 1] 

2R dd: ) 211 / 2 

(2pn/€0)1/217„1/ 2 

Comparing with the fixed value of x„, for the case of no 
reflection, we find 

(Xm) re fl 1 
  = —2 'Yo -Yo > 2. 

(Xm)no ten 

O < x < 

At (x„,)refi the periodic solution corresponding to "yo = 0 
joins on smoothly to the solution just found for the re-
gion 0 <x < x„„ and starts off with the value — V,. Fig. 8 
shows a family of potential distributions generated as 
the parameter 'yo varies from 0 to 2 which is the domain 
of no reflection, and beyond 2 where partial reflection 

must occur. 

ELECTRONS EMITTED WITH A MAXWELLIAN 
DISTRIBUTION OF VELOCITIES [191 

With an arbitrary distribution f(x, v) of electron 
speeds we have, for the forward current, 

j , = — e f f(x, dv = — ev(x) f f(x, v)dt, = v(x)p,(x) 
o o 

so that v(x) the mean speed in the distribution replaces 
the speed v,.(x) of the unique velocity case. Thus, the 
condition for ideal neutralization is 

= v(0). 

l'or a Nlaxwellian distribution at the origin, 

f(0, vo) = A exp (— m„v02/2kT) V 0 > 0, 

the condition becomes 

= (2kT / irm,)" 

If v(0) < vp, the argument for determining the steady-
state potential proceeds exactly as for the unique ve-
locity case except that we now speak of the mean elec-
tron speed. The velocity distribution is alternately 
shifted from lower to higher values of v, v(x) oscillating 
in value around vp. The form of the distribution at vari-
ous locations can be sketched as shown in Fig. 9(a). Pe-
riodic potential solutions have been obtained by an ap-
proximation method for this case of v(0) <vp but will 
not be presented here. 

NOTE CHANGE OF SCALES AT 

DASHED CURVE IS LOCUS OF INFLECTIONS 

X • 3,/-2- ea it.. 

Fig. 8—One-dimensional potential distribution in an ion beam into 
which monoenergetic electrons have beeen injected parallel to 
the direction of ion flow. yo is the ratio of initial electron to ionic 
velocity. Reflection of electrons occurs if -yo>2. The wavelength 
X«xo. 

Zru.j 
t 

(2ev(‘ji'l 
e(,) 

Al" X = X, 

t t 
,r e(.) 1-2  !Pt *Cp..) 
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Fig. 9—(a) Distribution function at different locations for the case 
v(0)<v„.(b) Distribution function at exit and potential minimum 
for the case v(0)>vp. The shaded portion is contributed by those 
electrons which eventually reach xm,„. 
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It might be thought at first that the situation for 
v(0) > v„ is also similar to that of the corresponding 

unique velocity case, with the improvement that reflec-
tion can be interpreted properly as a separation of low-
energy electrons from high-energy ones, rather than im-
properly by artificially attributing different behavior to 
electrons having identical energies. Arguing by analogy 
with the unique velocity case, we would expect the po-
tential to fall as x increases and the electrons to be 
slowed down. However, this would result in continuous 
reflection of those electrons with sufficiently small ini-

tial velocities, and it is therefore the transmitted frac-
tion of electron current which we must equate to the 
ion current leading to 

eo(x„,) = — .1/v(x) 

and we need v(x) < v„ to give the potential a positive 
curvature. The question is whether y for the electron 
distribution at the minimum can be less than v„ as a 
consequence of the potential energy barrier, —eV,. 
[Fig. 9(b)]. The answer to this question is in the nega-
tive since from Liouville's theorem we find 

f(x„„ = A exp (— ntev,,,2/2kT) exp (eV„,/kT) r„,> 

so that, in fact, 

v(x„,) =- v(0). 

It is as though the potential barrier in the metal, cor-
responding to the electron work function, were in-
creased and extended further out into space. The elec-
trons would be emitted from this new "metal" in a 
Maxwellian distribution having precisely the same 

mean speed as the distribution emitted from the actual 
metal. The "work function" has increased by the 
amount — c17„, with a corresponding decrease in the 
emitted electron current as expressed by the factor 
exp (eV„,/kT). 

So if v>v„ originally, then no matter how far the po-
tential were to fall, y would remain unchanged. The 
only change in y v„ would result from the accelerating 

effect of the field on the ions, which effect would be 
negligible in practice since —eV„, must be of order kT 
or smaller to enable an appreciable fraction of the elec-
tron current to pass the barrier. We arrive at the impor-
tant conclusion that if the electrons are emitted with a 
Maxwellian distribution of velocities, our one-dimen-
sional model leads to stationary potentials only if at the 
exit plane the mean electron speed is less than the ion 
speed. 
The condition will not be satisfied for most ion pro-

pulsion systems using alkali ions. At 1500°K, the mean 
electron speed will be 120 km/second, corresponding to 

a specific impulse of 12,000 seconds. A cesium ion volt-
age of 10 kilovolts would be required to match this elec-

tron velocity. These velocities are higher than the opti-
mum values for many applications envisaged for ionic 
propulsion. 

It is clear from the above discussion and from other 
obvious facts that the one-dimensional solutions of the 
neutralization problem have little if any relation to the 
practical case. The electrons cannot be introduced from 
an ideal plane source nor can their velocities be suffi-
ciently small to satisfy the mathematical conditions 
postulated above. If the beam is not extremely well neu-
tralized, positive potentials will develop which will ac-
celerate electrons to speeds many times that of the ions. 
Multiple reflections of electrons will be essential to 
maintain current and charge equality. 
A neutralization model which provides for multiple 

reflections of the electrons is that of transverse injec-
tion. Electrons are injected into the ion stream with ini-
tial directions which are perpendicular to the motion of 
the ions and oscillate back and forth across the ion 
beam under the influence of space charge fields. In or-
der to provide equal ion and electron currents in the ex-
haust, the electrons can drift along the propulsive axis 
at a mean rate equal to the ion velocity. The behavior 
of electrons and ions in such a neutralization scheme 
leads to the simplified model of bipolar flow which is 
discussed in the following section. 

NEUTRALIZATION WITH TRANSVERSE 
FLOW OF ELECTRONS 

A second example of bipolar space and charge dynam-
ics for which solutions may be easily obtained is the 
one-dimensional flow of electrons across an infinite slab 
of positive charge, as illustrated in Fig. 10(a). Electrons 
flow back and forth along the y direction from y=0 
to y = 2d, and the potential V=0 on the planes at these 
extreme positions. The positive charge is assumed to be 
fixed in space and of uniform density pp in the region 
between y=0 and y= 2d, and electrons are emitted with 
zero energy from these two planes. Poisson's equation, 
combined with others for continuity and conservation 
of energy, becomes 

d2F — P+ .1„ 

dy2= €04/ 2eV 

where Jg is the total electron current density flowing in 
both directions; i.e., the total current flux. If the total 
negative charge flowing back and forth is equal to the 
total positive charge in the slab, d V/dy vanishes at 
the boundaries, from Gauss' theorem. Solutions of the 
bipolar flow equation under these conditions are identical 
with those in ( 11) to ( 13) if -y is taken as the ratio of J. 
(along y) to J„ at the point of maximum electron ve-
locity at the bottom of the potential trough (y =d). The 
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ig. 10—Summary of the properties of a slab beam of ions across 
which space-charge-limited electrons, oscillate transversely, as-
suming that no potential variations occur along the axis of the 
beam. To prevent some ions from coming to rest, the electron 
emitting planes must be less than about 3.vo apart, and J,, the 
total transverse electron current density must be much larger 
than the ion current density, J. 

ratio of electron to ion current densities is given by 

/Al d 

2 3ty m xo 

and the depth of the potential trough is 

d2 
VI/ Vo = 0.090 — • 

x02 

(14) 

(15) 

The properties of solutions of this type have been dis-
cussed by Naiditch, et al. [12]. 
A family of solutions results from the boundary condi-

tions prescribed, two of which are illustrated in Fig. 
10(b) and 10(c). The first consists of a single excursion 
in V, having maximum value VI, as one moves from 

y=0 to y = 2d. The second solution has only half the 
wavelength (i.e., d), and an excursion in V which is 

of that for the first solution. The succeeding solutions 
have wavelengths of 2d/n, and excursions in V of 
Vi/n2. The parameter which is varied as one moves 
throughout this family of solutions is J,, the electron 
current density. If the electron current density for 
which the first solution results is denoted as Ji, the 
current densities for succeeding solutions with n wave-
lengths across the slab are given by Li/n. The required 
magnitude of Jel relative to J, the ion current density, 
is indicated in Fig. 10(d). 
The relationships presented in Fig. 10 permit pre-

liminary estimates of the performance of a hypothetical 
transverse neutralizing system to be readily stated. 
Imagine a square uniform emitting area of side L, 
transmitting space-charge-limited ions from a source 
at acceleration distance xo«L. Let the electron 
emitters be ribbons mounted edgewise to the beam 
between which electrons travel transversely. Let the 
spacing between ribbons be 2d, and the width of the 
ribbons be d. The total electron emitting area counting 
both sides of the ribbon is then L2, for any value of d. 
The total electron current, for cesium ions, will be 
75 d/xo times the ion current. By reducing d, the total 
electron current and the potential fluctuations in the 
neutralized beam will be reduced at the cost of added 
complexity of the ribbon structure. When d=3.3x0, the 
analysis in Fig. 10 shows that V1= Vo and that the ions 
in the center of the beam would come to rest. Actually 
the assumption of uniform ion space charge makes the 
analysis not valid in this range, and the actual upper 
limit on d as set by onset of ion turn-around will be 
smaller than 3.1ro. 
The treatment to this point has assumed that 

V= I7(y), and that no fields exist in directions other 
than the y direction. The placement of conducting 
planes at y = 0 and y = 2d would provide that the condi-
tions a v/ax = 0 are, at least, met at the boundaries of 
the ion stream. The slab of charge, however, is neither 
infinite nor fixed, but is, in reality, a finite ion beam 
emerging from the acceleration region. With such an 
ion beam, axial electric fields exist which may be com-
parable with or larger than the fields in the y direction, 
and electrons, accelerated into the positive charge by 
these space-charge fields, may possess velocities along 
the axial direction of the same magnitude as their 
velocities transverse to the ion flow. The velocities of 
such electrons along the axial direction would be many 
times greater than ion velocities and the condition of 
electron drift velocities equal to the ion velocity would 
not be realized. 

Thus, while the special situation of bipolar flow with 
spatial dependence in only the transverse direction 
provides revealing information about the qualitative 
nature of the neutralization problem, the existence of 
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variations in V, I)+, and J, in the x direction demands 
that the study of the motion encompass these com-
plicating features if an adequate solution is to be found. 

HEAVY PARTICLE PROPULSION 

The problem of charge neutralization could be 
greatly simplified if particles of higher mass-to-charge 
ratio could be used. The difficulties of small electrode 
spacings would also be avoided, but a large number of 
new problems would also be introduced [ 20]. 

After converting the exit velocity to a specific im-
pulse, we can combine (2) and (7) to give 

( m 2 

F = — fog' —) (1,)1R2. 
18 q 

For fixed aspect ratio and specific impulse, the thrust 
available from a beam is thus proportional to (m/q)2. 
The advantage of high m/q lies in the opportunity to 
make R small. As pointed out in Fig. 7 and the asso-
ciated discussion, a beam for which R1 will penetrate 
to a great distance into space, thus avoiding problems 

of turn-around of ions. If an equal electron current is 
projected in the same general direction, neutralization 
would presumably occur in a sufficiently remote, dif-
fuse, and large region to make detailed mechanisms and 
space-charge disturbances irrelevant. 

Fig. 2 shows the numerical values which apply if cur-
rent is space-charge limited. 
A method of charging and accelerating ion particles 

has been described by Shelton, Hendricks, and Wuerker 
[13]. The particles are charged by projecting them onto 
the surface of a conducting point maintained at a high 
potential. Theoretically, the maximum charge which 
can be placed on the particles is limited by the onset of 
field emission. If the limiting field strength is El, the 
minimum mass-to-charge ratio for a spherical particle 
of density e is 

— =  
q 3E0E1 

The experimental value of EI is reported by Müller in 
connection with his work on the field emission micro-
scope [14] at Er-- 101° volts per meter for positively 
charged surfaces. The highest values of surface fields 
actually achieved and reported by Shelton, Hendricks, 
and Wuerker are about 2.5 X109 volts per meter. This 
would correspond to a mass-to-charge ratio of 0.01 
kilogram per coulomb on a 0.1-micron radius sphere, and 
to a velocity of 14 km/second (1,-1400) with an ac-
celerating potential of 106 volts. For higher I,, smaller 
particles would have to be used. In these experiments, 
the particle numbers were small, and present techniques 

are inadequate to produce a particle flux of sufficient 
magnitude to be useful. 
A method which has been proposed for obtaining 

many particles with low m/q ratio is that of charging 
liquid droplets. Zelany [ 15] found that when the sur-
faces of liquids are subjected to high fields, they become 
unstable and eject sprays of small, charged droplets. 
At any small surface irregularity, the field strength is in-
creased (fixed potential) and hence the tension of the 
surface due to the electric field is increased at the ir-
regularity. The increase in tension further distorts the 
surface and the process continues until a point of liquid 
emerges from the surface. A fine spray of charged 
droplets issues from the liquid point. Schultz [ 16], 
Hendricks [ 17], and others have investigated charged 
liquid droplets as the possible working substance in an 
electrostatic, heavy-particle, thrust-producing device. 
Hendricks has measured diameters and charges of a 
sample of about 1000 droplets, finding many having a 
useful q/m, but a wide spread of lower values also. 

In order to prevent the voltages from reaching un-
reasonably high values (i.e., many megavolts) particles 
considerably smaller than one micron must be used. 
A large extension of present techniques in electrical 

acceleration and ion optics will also be involved. While 
a value of aspect ratio R close to unity provides an 
attractively narrow beam compared to those required 
with elemental ions, it is very large relative to present 
practices in high voltage dc accelerators. A beam cur-
rent of one milliampere at one mev has an aspect ratio 
of about 1/1000 for electrons, and 1/140 for protons. 

CONCLUSION 

Although electrical forces are sufficiently familiar, 

they have not yet been used to propel a space vehicle. 
The problems of efficiently producing and initially ac-
celerating an ionic flow satisfactorily uncontaminated 
with neutral atoms appear to be essentially solved. 
Ion optics and sputtering, which have not been dis-
cussed in this paper, are problems which have not yet 
received adequate attention. Although their solution is 
vital to the achievement of adequate service life, they 
may be regarded presently as subordinate to the central 
problem of actually demonstrating significant thrust. 
The crucial importance of such a demonstration is 
pointed up by the following considerations: 1) all ex-
periments thus far reported have been limited to low-
aspect ratio, the perveances being two to three orders 
of magnitude smaller than those required for a practical 
device; 2) the experiments conducted at low perveance 
cannot be scaled up or operated in parallel because the 
high perveance beam raises problems different in kind 
from those encountered at low perveance; and 3) the 
problem of neutralizing a high perveance beam remains 
to be solved theoretically and experimentally. 
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NOMENCLATURE AND NOTATION 

Italic Symbols 

a = radius of a representative pore in a 
porous tungsten emitter; 

A = area; 
D = diameter, or representative length asso-

ciated with the emitting area of an 

electrode; 
De =the coefficient of surface diffusion for 

cesium on tungsten; 
E, Ex, E„, E,= the electric field and its rectangular com-

ponents; 
F= thrust; 
I = electric current; 
g= acceleration of gravity; 

I. --- volumetric portion of a gaseous flow 
rate; 

I.= adsorbed surface portion of a flow rate; 
J = electric current density, amperes per 

unit area; 
k= Boltzmann's constant; 
L = length of a representative flow path 

through porous tungsten; 
/1;/ = mass flow rate per unit area from an elec-

trostatic thrust engine; 
in, m5, me= mass of a particle, and of an ion and 

electron, respectively; 
n= numerical density of particles; 
= perveance; 
q = charge per particle; 
R = aspect ratio of a beam of particles, or 

transverse dimension divided by the ac-
celeration distance; 

r, ro= radius of a gently expanding pencil beam 
and its initial value; radius of a small 

sphere; 
T = temperature, degrees Kelvin; 
= that temperature of an emitter at which 

the ionic emission predominates over the 
atomic emission; 

y, e„, y,. = velocity of a particle and of an ion and 
electron, respectively; 

V= electric potential; 
Vo= the value of the potential drop across a 

diode accelerator; 
V„= the potential which is associated with an 

electronic velocity; 
x, y, and z= Cartesian coordinates—x is taken as the 

direction of space dependence in all one-
dimensional treatments; 

xo = the spacing of a diode accelerator; 
= a spacing downstream of a diode accel-

erator. 

Greek Symbols 

a2= ratio of electronic to ionic mass; 

[11 

121 

131 

[41 

151 
161 

171 

181 

191 

70 = ratio of electronic to ionic velocity, and 
its initial value, in the one-dimensional 
problem; 

eo the permittivity of empty space; 
X = a spatial period or wavelength; 

p, p„, pe= charge density, and density of ionic and 
electronic charge, respectively; 

cri = surface concentration of a monolayer of 
cesium on tungsten; 

=density of a small particle; 
comas.= the angular frequency of oscillations in 

a plasma. 
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Photon Propelled Space Vehicles* 
D. C. HOCKt, F. N. McMILLANt, AND A. R. TANGUAYt, SENIOR MEMBER, IRE 

Summary—The interplanetary trajectories of vehicles propelled 

by solar radiation pressure are analyzed, and are shown to be log-
arithmic spirals if thrust direction is constant with respect to the 

vehicle-sun line. The required thrust may be obtained with a solar 

sail. 
Sail size as a function of trip time to Mars is determined for solar 

thrust, oriented tangent to the trajectory. 
Solar propulsion is compared with chemical and electrical propul-

sion. It is shown that a solar-sail-powered space vehicle on a journey 
from earth to Mars operates with a payload and flight time penalty 
when compared with a ballistic vehicle. However, the work capacity 
per unit weight of a solar sail is calculated to be superior to an elec-
trical engine, which in turn is vastly superior to a chemical engine 
when the work is compared on the basis of equal flight times. 

,NTR(,...T.,. 
F

ORBES' showed that a logarithmic spiral is the 
space trajectory which results when thrust is ap-
plied tangent to the flight path, and when the 

magnitude of thrust is proportional to the inverse square 
of distance to the sun. Since the required thrust is small, 

the use of a solar sail is suggested. In this paper it is 
shown that the application of an inverse square thrust 
tangent to the flight path results in a special case of a 
more general class of logarithmic spiral trajectories. 

Although some questions have been raised concerning 
the practical feasibility of solar sail vehicles for space 
travel, comparison with other continuous-thrust engines 
indicates that solar sailing must be given serious con-

sideration in the light of present-day technology. 

NoTATtox 

r = distance from sun to vehicle, 

O= longitude angle measured from the point where 
logarithmic spiral trajectory intersects the orbit 

of earth, 
p = solar sail tilt parameter = (tan 0)-l= Fr/Fe, 

A = area of sail, 
Fr= force per unit mass along radius vector, 
Fe= force per unit mass perpendicular to radius vec-

tor, 
e=angle between tangent to spiral and radius 

vector, 
q= constant in logarithmic spiral curve, r = 

= ( tan ,3) -1, 
=gravitational constant of the sun. 

S=solar constant, 
m= total mass of vehicle, 
t = time, 
y = velocity. 

* Original manuscript received by the IRE, December 11, 1959' 
t Res. Div., Radiation Inc., Orlando, Fla. 
' G. F. Forbes, "The trajectory of a powered rocket in space," 

J. Brit. Interplanetary Soc., vol. 9, pp. 75-79; March, 1950. 

Dots denote a differentiation with respect to time; 
subscripts o denote initial conditions; and subscripts f 

denote final conditions. 

EQUATIONS OF MOTION 

If the applied thrust is zero, and forces are resolved 
along a radius vector to the sun and perpendicular to 
the radius vector (circumferential), then the equations 
of motion in a central force field are: 

— r02 4- 11- = 0, 
r2 

1 d 
— —(r2Ó) = 0. 
r di 

(1) 

(2) 

When forces per unit mass Fr and Fe are applied in 
the radial and circumferential directions respectively, 

then ( 1) and (2) become: 

(3) 
r2 

1 d 
— — (ré) = Fe. 
r (It (4) 

Assume that the trajectory is a logarithmic spiral of 

the form 

r = (5) 

where 1/q= tan 0=a constant. The geometry of the 
situation is described in Fig. 1. 

Fig. 1—Geometry of logarithmic spiral trajectory. 

— o„ 
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Eqs. (3) and (4) may then be solved for r and 0 as Thus, 

functions of time. Time differentiation of (5) provides: 

f = gré, 

= qté + qrû = g(i0 + ro). 

(6) 

(7) 

After performance of the indicated differentiation in (4), 
Fo is shown to be 

Fo = 2tà r0 = (té 1.0) ± i0. (8) 

Substitution of (8) into ( 7) yields 

f = q(F0 — f0). (9) 

Now, t in (9) may be set equal to the t in (3) so that: 

F,. + ré2 — = gFo — qtú. (10) 
r2 

Now let the sail apply forces per unit mass F,. and Fo in 
a constant ratio p, such that 

Fo 1 
— = — = tan 4), (11) 
F, p 

where ci) is the angle between the sail normal and the 
radius vector to the sun. 4) is also the angle of incidence 

of sunlight on the sail, as shown in Fig. 1. By combining 
(6), ( 10), and ( 11), we obtain: 

Fe(P — q) ré2(1 q2) = —At • 
r2 

and 

gei  
Fo = 

r2(q2 qp 4- 2) 

F, = PqM  

r2(q2 qp ± 2) 

Eq. ( 13) may be integrated to yield 

e3121° = 3/2q Ki(q — p) e3121°., 
(1 + g)2 

where 0=0,, when 1=0. 
Thus (5) and (21) yield 

(19) 

(20) 

(21) 

q K (g — p) 
7212 == 

3- 1/4 + 1+ r.312. (22) 
2 1 + q2 

TANGENTIAL THRUST 

In the case where the force is applied tangent to the 
rocket path, then g equals p, 0=0, and ( 19), ( 20), and 
(21), (22) respectively reduce to: 

m p2 

=   (23) 
2r2(p2 ± 1) 

(12) PP  
Fo = (24) 

2r2(42 ± 1) 

Since solar pressure falls off as 1/r2, let Fe= KI/r2. 
Then ( 12) may be solved for e, which yields 

02 __ p + Kicq — + Ki(q — p) 

and, since 

then 

From (8): 

or 

and 

r1(1 q2) 1 + g2 
e- 3q6 ; (13) 

20 L =  1 1- e ± Ki(q ( - 39)e-", (14) 

— 3/202. (15) 

qré2 K1 
Fo = 2gré2 — 3/2r02 = — = — (16) 

2 r2 

q Ki(q — p) _ 
r2 2r2 1 -I- q2 

(Ai  
= 
q2 qp ± 2 

(17) 

e31" = 3/2p ,V ± ± e"12Ptio, (25) 
1 

r312 = 3/2p  I + r.312. (26) 
p2 

SAIL AREA AS A FUNCTION OF TRIP TIME 

The case of thrusting tangent to the trajectory results 
in larger sail areas than necessary, but serves as a simple 
illustration of the method of determining the sail size. 
Later, we will show sail areas obtained for optimized 
tilt angles. 

Fig. 2 represents the geometrical and force relation-
ships of the sail with respect to the incident and reflected 
radiation from the sun. 

A sail of area A is oriented so that light incident upon 
it makes an angle 4, with the normal to the sail. The 
projected area of the sail, perpendicular to the incident 
radiation, is A cos 4). If S is the solar constant at Earth, 
and S cos çb the radiation pressure normal to the sail, 

then the component of force in the radial direction 
must equal mF,. Thus, 

p2 M  

(18) SA cos' cp — 
2r2 p2 + 1 

(27) 
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RE FLEcTED 
LIGHT 

Fig. 2—Geometrical relationship of the sail to the incident and re-
flected radiation from the sun and resultant forces. 

If the journey starts at Earth and ends at Mars, then 

and 

and 

rf = 1.524 AU, ro = 1.000 AU 

= 0.0002959 (AU)3/day2, 

(p2 + 1)112 

34.16 days 
(33) 

The resultant area of sail required per unit mass is 
given in Table I in cm2/gram and in ft2/1b for various 
transfer times to Mars. The transfer angle, B, measured 
from the start of the logarithmic spiral trajectory, is 
also listed. 

TABLE I 

AREA OF SAIL PER UNIT MASS (CM2/GM) OR PER UNIT WEIGHT 

(FT2/LB) AND TRANSFER ANGLE AS FUNCTIONS OF TRANSFER 

TIME FOR THRUST APPLIED TANGENT TO TRAJECTORY 

Transfer 
time 

(days) 

where r is now understood to be one astronomical unit   
and m is the total vehicle mass. Since tan ck = 1/p, then 80 

100 
150 

cos =  _ (28) 200 
250 
300 

and 

SA = 
2r2 

The area of the sail required per unit total 
mass is 

Mm [ (1,2 + 1)1/2 

A 1 it (p2 ± 1)1/2 

ni S 2r2 

(29) 

vehicle 

(30) 

Since2 S is 0.89 X10-4 dynes,/cm2 at r equal to 1.50 X10 13 
cm, and ti is 1.32 X 1026 cina/sec2, then 

A (p2 1)1/2 

— = 0.33 X 104  cm2/gm. (31) 

In order to evaluate it as a function of trip time to 
Mars, rewrite (26) as 

r1312 — ro3/2 
[ P it. (32) 3/2µ"2 (p + 1)112 

2 C. D. Hodgman, Ed., "Handbook of Chemistry and Physics," 
U. S. Chemical Rubber Publishing Co., p. 2626; 1947. 

(p21_1)1S 

0.427 
0.342 
0.228 
0.171 
0.137 
0.114 

Sail area per unit mass or 
earth weight 

cm2 
gm 

ft2/1b 

Transfer 
angle, 
O in 

radians 

77 X102 
97X102 
140X102 
190X102 
240X102 
300 X102 

37X102 
47X102 
70X102 
94 X102 
110 X102 
150 X102 

0.9 
1.2 
1.8 
2.4 
3.1 
3.7 

The increase in sail area as journey time increases is 
explained in the term cos3 in (27). Although the re-

quired solar force decreases in magnitude as p decreases 
(i.e., as the spiral angle cte increases), the corresponding 
reduction in effective sail area causes a net increase ill 
required sail size. However, the energy necessary to 
inject the space vehicle into the spiral orbit is greater 
for shorter transfer times. Hence, optimization on a 
complete vehicle systems basis is indicated. 

VEHICLE ACCELERATION 

The total acceleration per unit mass (FT) provided by 
the sail for the cases of tangential thrust may be de-
termined from: 

and 

FT2 = Fr2 Fe2 (34) 

cm p 
F= — — 296 

2r2 (p2 + 1)112 sec2 %/p2 + 1 
• (35) 
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This acceleration decreases as the vehicle travels farther 
from the sun. Table II lists the g's acceleration ex-
perienced by the sail in the vicinity of Earth and in the 
vicinity of Mars, as a function of transfer time. 

TABLE II 

ACCELERATION ON SAIL AS A FUNCTION OF TRANSFER TIME 
WHEN THRUST IS APPLIED TANGENT TO TRAJECTORY 

"Fransfer Time 
(days) g's at Earth g's at Mars 

80 
100 
150 
200 
250 
300 

13 X10-5 
10 X10-6 

6.9X10-5 
5.2 X10-5 
4.1X10-5 
3.4X10-6 

5.6X10-s 
4.5X10-5 
3.0X10-5 
2.2 X10-6 
1.8X10-5 
1.5X10-5 

THE APPLICATION OF NON-TANGENTIAL THR UST 

From the foregoing equations, a sail tilt parameter, 
p, and hence the sail tilt angle, 0, may be computed, 
thus minimizing the sail area for a given trajectory 
(i.e., for a given value of q). In general, these minima 
occur for tilt angles in the neighborhood of 30° to 40° 
with the optimum tilt angle increasing as fi approaches 
90°. Fig. 3 shows the sail area per unit weight plotted 
against the tilt angle q) for trajectories having 0 angles 
of 80° and 85°. It is immediately evident that sails sized 
for tangential thrust applications are excessive when 
compared to minimum sail areas, although the transfer 
times are slightly less. Fig. 3 also shows that the trans-
fer time has a strong dependence upon the angle e 
and a weak dependence upon the angle 4). Thus, it is 
better to consider a trade-off between sail size and 
trajectory path than between sail size and sail tilt angle. 

Fig. 4 shows that some control over flight time may 
be achieved by changing the tilt of the sail. By fixing a 
sail design point slightly above the minimum, the 
transit time may be increased or decreased by five to 
ten days with a small change in sail tilt. Of course, if 
the sail is originally set at minimum flight time for the 
given area and trajectory, then the transit time can 
only be increased by a sail tilt angle-change in either 
direction. 

SOLAR SAIL PROPULSION COMPARED 
TO CHEMICAL PROPULSION 

Fig. 3--Sail area required vs sail- ¡ It angle for trajectories 
from Earth to Mars. 
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Fig. 4—Transfer-time vs sail- tilt angle, at constant sail area 
for trips from Earth to Mars. 

an additional increment of velocity, à V (see Fig. 5), 
must be applied to turn the velocity vector into the 
logarithmic spiral velocity requirement, where 

Because the photon-powered vehicle has a very low 
A V' = V E2 [(1 2q2 ± 2 ) acceleration capability (typically 10-4 to 10-5 g's), it 

cannot leave the Earth under its own power. Some addi- q 2 q p 2 

tional energy must be added to inject the vehicle into a 2q2 ± 2 V 2] 

sin 2 . (36) logarithmic spiral trajectory. The speed of a vehicle in a — 2 sn 
a' qp + 2 

logarithmic spiral trajectory is nearly the speed of a 

vehicle in a circular orbit at the same distance from the If à V is applied after escape from the Earth, the total 
sun, but with a change in direction. After the vehicle velocity budget needed to enter a logarithmic spiral is 
has escaped from the gravitational field of the Earth, 6.97 mps (Earth escape velocity) plus V. After escape 
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Fig. 5—Velocity coupling from orbital velocity to Earth to 
velocity of vehicle in log spiral. 

the vehicle already has earth orbital velocity, and A V 
adjusts the direction. Fortunately, the burnout velocity, 
Vb, need not be the sum of 6.97 mps plus à V, if fuel is 
burned near the surface of the Earth. The minimum re-
quired burnout velocity (Vb) may be calculated by the 
following equation: 

vb2 = 6.97e v>2. (37) 

Then 

AV.= Vb —  6.97, (38) 

where a 17„ is the velocity increment needed, in addition 
to escape velocity, at burnout. Both a V and a Vb are 
listed in Table III. 

TABLE III 

COMPARISON OF SOLAR SAIL VEHICLE WITH A BALLISTIC 
VEHICLE FOR FLIGHTS TO MARS 

Injection 
angle 

75° 
80° 
85° 

à V 
(mps) 

4.8 
3.2 
1.6 

Vb 
(mps) 

Injec-
tion 
pay-
load 

(pounds) 

Sail 
weight 

(pounds) 

Transfer Time 
(days) 

Solar 
sail 

vehicle 

8.5 
7.7 
7.2 

580 
860 
1100 

110 
110 
76 

143 
208 
404 

Ballistic 
vehicle 

94 
125 
not 

possible 

The same a V„ may be used to inject a ballistic vehicle 
of the same weight into an interplanetary (elliptical) 
trajectory. As an example, assume that a 1200-pound 

vehicle is boosted to 6.97 mps near the surface of the 
Earth. Let a V„ be supplied by a chemical rocket which 
is part of the 1200 pounds. After burnout, the rocket is 
dropped and the remainder is designated as injection 
payload (IPL). For the photon-powered vehicle, the 
injection payload includes the weight of the sail. 
A comparison of the times of flight for a photon-

powered vehicle and a ballistic vehicle, injected into 
their respective heliocentric orbits with the same initial 
conditions, is also shown in Table III. The times of 
flight are longer for the solar-powered vehicle, and the 
useful payload is less since the sail weight is part of the 
injection payload. 
Assuming a sail density of 2 X10-4 lb/ft2, the weight 

of the sail is listed in Table III. While these weights are 
not excessive, it can be seen that the controllable sail-
area may limit the size of solar sail vehicles. 

SOLAR SAIL WORK COMPARED TO ELECTRICAL 
ENGINE WORK 

Assume a hypothetical electric engine which has a 
power output capability of 0.1 kw per second per pound 
of engine weight, and an efficiency of 70 per cent. After 
a determination of the optimum specific impulse for a 
particular mission is made, the mass ratio, power, and 
finally, the engine weight may be computed. 
With the above engine set as a standard, a com-

parison between a solar sail and electrically powered 
vehicles is shown in Table IV. Here the sail-powered 
vehicle shows a payload weight advantage. It thus ap-
pears that in some instances the solar sail-powered 
vehicle is worthy of more consideration. 

TABLE IV 

COMPARISON OF AN ELECTRIC POWERED VEHICLE WITH 
A SOLAR SAIL VEHICLE 

T1 
(days) 

Optimized 
specific 
impulse 
(seconds) 

Injection 
payload 
(pounds) 

Propellant 
for 

electric 
powered 
vehicle 

(pounds) 

Solar 
sail 

weight 
(pounds) 

150 
200 

6500 
7500 

542 " 
822 

249 
300 

97 
100 
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Interplanetary Navigation* 
G. M. cLEmENcEt 

Summary—The similarities and differences between interplane-
tary navigation and navigation on the earth are discussed. It is shown 
that in interplanetary space, position-fixing can be accomplished by a 
simple extension of the techniques already familiar to all navigators; 
but, when very close to the destination, other techniques are more 
suitable. 

I NTRODUCTION 

Y interplanetary navigation is meant the art of 
getting a ship from one planet to another, par-
ticularly from the earth to the nearest planets, 

Venus and Mars, and back again. In many respects it re-
sembles navigation on the earth. There are the same 
three phases: departure, midcourse, and arrival, each 
with its separate problems, and the navigator is in-
terested in the same things, namely, his position, course, 
speed, and time. 
There are also some important differences between 

interplanetary navigation and earthbound navigation. 
Most important of them is the force of gravity, which 
dominates all other considerations in all three phases of 
a voyage. At departure and arrival, considerable power 
is needed to overcome gravity: in .midcourse, gravity is 
an important aid. Indeed, with proper planning, gravity 
can be made to provide all the transport required in 
midcourse, shipboard power being needed only for small 
changes in course, and for attitude control, thus achiev-
ing maximum economy of power at considerable sacri-
fice of time. For example, a voyage to Mars or Venus in 
free flight would require about half a year, which could 
be considerably reduced by using shipboard power for 
acceleration during the first half of the journey and de-
celeration for the remaining half. 

Another important distinction is that whereas earth-
bound navigation usually involves a man on board, 
interplanetary navigation does not, at least after depar-
ture. It is beyond the capacity of any man, even with 
the assistance of a good calculating machine, to make 
the necessary observations, calculations, and decisions 
that are necessary for safe arrival, in the short time that 
is available for making them. The navigation system 
and control must be completely automatic. If a man is 
aboard, it is conceivable that he might be permitted to 
make a limited number of very general decisions, such 
as, for example, to circle his destination instead of land-
ing, or to return home before reaching his destination, 
but any decision requiring much technical reasoning 
must be avoided, because it will not be practicable for 
him to acquire the necessary experience in advance of 
his first voyage. 

lI) le 

*Original manuscript received by the IRE, November 23, 1959. 
t U. S. Naval Observatory, Washington, D. C. 

THE GRAVITATIONAL FIELD 

The gravitational field of the solar system is difficult 
(or impossible) to visualize accurately, but a rough two-
dimensional analog of it may be easily conceived. Imag-
ine a large circular sheet of thin elastic material 
stretched over a rigid horizontal hoop. Place a heavy 
weight representing the sun in the center of the sheet, 
which will then take a bowl-like shape; the shape of the 
plastic sheet represents the gravitational field of the 
sun. A small object placed anywhere on the sheet will 
roll at once into the sun, somewhat as a body would 
move in the actual solar system if released almost any-
where in it. Now take a marble representing Jupiter, 
1/1000 as massive as the sun, and make it roll in a circle 
around the inside of the bowl, at such a speed that it 
neither spirals in to the sun nor climbs up to the edge 
of the bowl. The actual orbits of the planets differ 
slightly from circles, but not perceptibly so on a scale 
that could be reproduced for our model. In the model, 
the depression in the sheet caused by the weight of 
Jupiter represents the gravitational field of Jupiter, 
and must be thought of as extending over the entire 
sheet, quite deep at Jupiter itself and very shallow at 
moderate distances, but nevertheless perceptible all 
over the bowl. A small object now dropped on the sheet 
will usually roll into the sun as before, but if it happens 
to fall sufficiently close to Jupiter it will roll into Jupiter, 
or, if given the proper distance and velocity, may con-
tinue to roll around Jupiter, becoming a satellite. Jupiter 
goes once around the sun in 12 years. 

One-fifth of the distance from the sun to Jupiter is 
the earth, 1/300 as massive as Jupiter, circling the sun 
once a year, with its gravitational field superposed on 
those of Jupiter and the sun. A little inside of the earth 
is Venus, of about the same size, and a little outside is 
Mars, about 1/10 as massive as the earth. Venus goes 
around the sun in 225 days and Mars in 687. Beyond 
Jupiter are Saturn and other planets, and inside of 
Venus is Mercury. 
The three stages of the navigational problem on the 

sheet, limited to gravity alone, are as follows. At de-
parture it is necessary to give a sufficient velocity to the 
ship, about 7 miles per second, to make it escape from 
the depression caused by the earth, and such a direc-
tion that it will take its own orbit around the sun, coin-
ing as near as may be to, say, Mars during its first trip 
around. A direct hit is not to be expected, because under 
the most favorable conditions the accuracy of aim re-
quired is much like aiming at a dime at a distance of 
160 yards. Therefore, some midcourse guidance will be 
required. As Mars is closely approached, some decelera-
tion will be necessary for a soft landing. 
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CHARTING THE SOLAR SYSTEM 

A chart of the solar system is as necessary for inter-
planetary navigation as one of the surface of the earth 
is for earthbound navigation. The solar system must be 
charted in three dimensions instead of two, and since the 
bodies in the system are all in rapid motion relative to 
one another, the chart takes an unconventional form. 
It consists of a timetable or ephemeris showing the co-
ordinates of the sun and planets at such short intervals 
of time that they may be gotten for any instant by 
interpolation. These tables, together with a short list of 
the coordinates of a few dozen bright stars, suffice for all 
purposes. The construction of such tables has been one 
of the principal duties of the Naval Observatory for 
more than a century. They are presently available for 
some of the planets a century into the future, and for all 
the bodies of interest to the year 1972, with adequate 
precision for any interplanetary voyage. 

Probably the most convenient system of coordinates 
to use is one of ordinary rectangular coordinates cen-
tered in the sun, with the astronomical unit as the unit 
of distance. The astronomical unit is very nearly the 
distance from the earth to the sun (about 90,000,000 
miles) and it is more convenient than any other for inter-
planetary distances. In such a system, the actual co-
ordinates of the stars would not be given. The stars are 
so remote that from any place in the solar system they 
may be regarded as fixed beacons in the sky, and their 
direction cosines are more convenient than the actual 
coordinates would be. 

DEPARTURE 

The departure of an interplanetary ship is in all re-
spects similar to that of a multistage rocket with two ex-
ceptions. First, a great deal of calculation must be done 
in advance to determine the optimum orbit, which will 
depend very considerably on whether the midcourse is 
to be traversed under power or not, and which, in early 
voyages at least, will be planned so that the ship will 
travel the shortest practicable distance. The problem is 
one of compromising between power consumption and 
time required for the voyage, and a very great range of 
ways of making the compromise is possible. Having once 
decided on the orbit, the second exception appears: there 
is in general only one possible instant of time of depar-
ture when the conditions can be fulfilled. Of course, for 
times of departure very near the optimum one, only 
small increases of power and/or small increases in the 
duration of the voyage will be necessary. Probably a 
moderate compromise in a particular case would be one 
requiring variations of a few per cent in quantity of fuel 
and duration of the voyage. A typical departure sched-
ule might read, depart between 22 and 23 hours on any 
night during the week of August 24, 1960. In such a 
case, provision would have to be made for varying the 
direction of departure by a few degrees depending on 
the date and on the time of day. 

MIDCOURSE NAVIGATION 

In order to reach Venus or Mars in free flight, it 

would be necessary to control the direction at departure 
to a few seconds of arc, and the velocity to comparable 
precision, say a part in a hundred thousand. Since it is 
not to be expected that this precision will be attained, 
it will be necessary to determine the position, course 
and speed, and to make alterations of course and prob-
ably of speed during the voyage. The more frequently 
these alterations are made, the smaller they need be, 
and the less total energy will be required for such pur-
poses, up to the point where the alterations become so 
frequent as to be random in character. 

Translated into astronomical terms, the determina-
tion of position, course and speed is equivalent to the 
determination of the orbit, and of the position of the 
ship in it. Broadly speaking, there are two possible tech-
niques. The first is Doppler radar and ranging, which is 
best done from the earth, with a transponder in the 
ship, and is most useful during the first few days of a 
voyage, when the motion of the ship is principally away 
from the earth, that is, principally along the line of 
sight. The technique becomes useless when the ship is 
moving nearly at right angles to the direction of motion 
of the earth, as it will be during later stages of the voy-
age. In this case it is necessary to employ angular meas-
urements, which can best be made from the ship itself, 
and which should be used at all stages of a voyage, pro-
vided the ship is not too close (say 100,000 miles) to the 
earth or to its destination. 

Utilizing angular measurements from the ship, there 
is no reason why a continuous indication of position 
should not be obtained by completely automatic means, 
using trackers and computers within the ship, and com-
municating the results both to those on board and back 
to the earth. Course and speed can be obtained with all 
necessary precision by comparing positions obtained at 
different times, and these also can be calculated auto-
matically. 
The principle of position-finding in interplanetary 

space is as follows. Suppose that a planet is observed at 
some instant in coincidence with a star. It follows that 
the ship must be somewhere on a line joining the star 
and planet. If another planet is observed simultaneously 
in coincidence with another star, another line is estab-
lished intersecting the first one, and the ship's position is 
at the intersection. In practice the problem is not quite 
so simple, because it is not convenient to observe coin-
cidences of planets with stars, but the principle is easily 
generalized. What is done in practice is to measure the 
angle between a planet and a star in the same general 
region of the sky. The star is so far away that it may be 
considered to be infinitely distant. The observation then 
locates the ship on the surface of a cone having its ver-
tex at the planet and its angle equal to twice the ob-
served angle. A similar observation of another star and 
planet locates the ship on another cone, which in general 
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intersects the first one in a curved line. In order to fix 
the position of the ship along this line, a third similar ob-
servation is needed (see Fig. 1). It is not necessary, how-
ever, to observe three distinct planets; two will do if a 
suitable choice of stars is made. Also the sun can be 
used in place of a planet. The planets that are nearer to 
the ship give more precise indications than distant ones 
do, and within the inner reaches of the solar system the 
most valuable objects will be Mars, Venus, the earth, 
and the sun, although Jupiter and Saturn may be used 
on occasion. It turns out that there are just enough suit-
able planets in the system to make the technique a con-
venient one. 

For position-finding by angular measurements, it is 
not necessary to have a clock on board. A fourth obser-
vation of the same type as the other three suffices to de-
termine the time with sufficient precision, since the 
four cones of position can intersect in a single point at 
only one instant of time. It will, however, probably be 
convenient to carry a clock, which need not be a very 
precise one; a clock keeping time to a few seconds a year 
is easily provided and is amply precise. 
The position-fixing will be very rough by earthbound 

standards. In the middle of the voyage, errors of 20,000 
miles will not be uncommon, but such errors will have 
no more serious consequences than errors of a mile do 
on the earth. They correspond to changes in direction 
of about a minute of arc, which is a convenient order of 
magnitude for effecting changes in course. 
Knowing the position, course and speed, a calculation 

made on board will show whether the ship and its in-
tended destination are traveling on courses that inter-
sect or not, and whether they will arrive at the intersec-
tion at the same time or not. If not, further calculation 
will be required to show whether the course or the 
speed, or both, should be changed, aid by how much. 
The calculations are elaborate ones using many sig-
nificant figures, and cannot possibly be made in the re-

quired time without a good stored-program electronic 
calculator. 

Fig. 1—Three cones of position showing (in black) lines intersecting 
at position of ship. (Official U. S. Navy photograph.) 

ARRIVAL 

As the destination is approached within say 100,000 
miles, a different technique of navigation must be em-
ployed. Although angular measurements are ideal for 
position-fixing at great distances, it is not possible to 
rely on them when landing. At this stage, the distance 
and velocity of the ship relative to the landing field must 

be known with high precision, and it will be desirable to 
employ radar ranging and Doppler radar, using signals 
transmitted from the ship. It will be necessary to take 
into account the relative orbital velocity of the destina-

tion, and its rotational velocity as well, unless a land-
ing is to be made at one of the poles. The rotational ve-
locity of Mars is known already with enough precision, 
but the same may not be true for Venus. Venus is 
perpetually covered with dense clouds, and no perma-
nent markings on the surface have ever been observed 
with certainty. Perhaps special observations at short 
range will be necessary for determining its rotational 
velocity. 
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Navigation Using Signals from High-
Altitude Satellites* 

ALTON B MOODY t 

Summary—If electronics can be satisfactorily applied to celestial 
navigation, a system having universal coverage without weather 
limitations might be produced. Radio stars are not a promising pos-
sibility, but the sun and moon are being tracked by the U. S. Navy 
Radio Sextant, AN/SRN-4, to provide limited coverage. Universal 
coverage might be achieved by the addition of artificial earth satel-
lites. Satellites in orbits a few hundred miles from the earth might be 

used in some form of piloting system, but orbit-prediction problems, 
limited coverage by individual satellites, and computer complexities 
are serious obstacles to be overcome by such a system. A different 

approach would be to place three or four satellites in orbits at an op-
timum distance somewhere between 1000 and 12,000 miles from 
the earth to serve as artificial celestial bodies in a system that would 

be a natural evolution from traditional celestial navigation methods. 
A stabilized directional antenna operating with a receiver capable of 
accepting signals from both the satellites and the sun would provide 
angle measurement data both for fixing the position of the craft and 
also for establishing a north reference. The degree of sophistication 

of the user equipment would differ with requirements. 

INTRODUCTION 

N
OW that the novelty of artificial satellites of the 
earth has worn off, the question is logically being 
raised as to their practical utility for purposes 

other than pure research. Natural celestial bodies which 
have been available throughout recorded history may 
provide some guidance. These bodies, in addition to pro-
viding light and heat and serving certain other useful 
purposes, have been used for navigation to assist travel-
ers on land, at sea, and in the air to fix their positions 
and determine direction. 

Celestial navigation has been attractive because it 
provides universal coverage over the entire world with 
essentially uniform accuracy adequate to meet the re-
quirements of the navigator. Its principal disadvantage 
has been its dependence upon clear weather. Other 
shortcomings have been the lack of a fully satisfactory 
horizontal reference for making the observations, and 
the need for lengthy computations to reduce the ob-
servations to positional information related to the ob-

server. 
Electronics has aided materially in the solution of 

these last two problems, but what of the larger problem 
of weather limitations? Here, too, electronics has had a 
significant role. Radar, loran, radio ranges of various 
types, Decca, the radio direction finder, and other elec-
tronic piloting aids have contributed significantly to the 
removal of the weather limitation. However, to a greater 
or lesser extent these aids are limited by geographical 

* Original manuscript received by the IRE, November 23, 1959. 
t U. S. Navy Hydrographic Office, Office of Naval Operations, 

Washington, D. C. 

siting problems, propagation patterns, logistic consid-
erations, vagaries of propagation over long paths within 
the atmosphere, ionospheric effects, the need for inter-
national cooperation, diplomatic considerations, an-
tenna destruction by weather or future enemy action, 
the threat of possible countermeasures, lack of military 
security, and high installation and maintenance costs. 
Electronics has also been used to produce two excellent 
types of dead reckoning systems, Doppler radar and 
inertial, but these are not wholly adequate because, be-
ing dead reckoning systems, their results degrade with 
time and distance traveled. 
Can celestial navigation and electronics be combined 

to produce a system having the universality of celestial 
and the all-weather capability of electronics, with essen-
tial freedom from the limitations encountered by pres-
ent systems? This is a subject worthy of consideration. 

ELECTRONIC CELESTIAL NAVIGATION USING NATURAL 
CELESTIAL BODIES 

Discrete sources of cosmic radio energy, commonly 
called "radio stars," have been studied with this in 
mind.' Angle measurement would be utilized in the tra-
ditional manner of celestial navigation. However, the 
signal received from known natural sources is weak, and 
decreaKs rapidly as wavelength is decreased. As wave-
length increases, the angular sensitivity of a tracking 
system decreases. Studies taking into account various 
considerations such as receivers, antennas, source char-
acteristics, atmospheric attenuation, and refraction 
indicate an optimum wavelength region centered at 
about 4 cm. For a practical navigation system of suit-
able accuracy an antenna diameter of more than 15 feet 
would probably be necessary to overcome atmospheric 
emission effects. A considerable amount of research 
would be needed to accomplish this. Eventually such a 
system might evolve, but radio stars are not promising 
as a means of providing a satisfactory electronic celestial 
navigation system in the near future. 

Both the sun and moon have been satisfactorily 
tracked by means of the Radio Sextant, AN/SRN-4, 
developed for the U. S. Navy by the Collins Radio Com-
pany. The installation aboard the USS Compass 
Island is shown in Fig. 1. Two optimum wavelength 
regions have been identified. At 8.7 mm the angular 
sensitivity of an antenna of given size is relatively great, 
and solar dynamic activity is not troublesome, but the 

G. R. Marner, "Automatic radio-celestial navigation,* J. Brit. 
Inst. Navigation, vol. 12, pp. 249-259; July/October, 1959. 
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Fig. 1—Radio Sextant , Sk \ 1 (courtesy of Collins Radio 
Company). (Official U. \ ilVy photograph.) 

operation is adversely affected by rainfall. At a wave-
length of 1.9 cm the system is affected less by severe 
rainfall, and an antenna only slightly larger than at 8.7 
mm is needed. At wavelength longer than 2.0 cm, solar 
dynamic activity effects are great enough to be trouble-
some. Although the moon has been successfully tracked, 
as indicated, the inclusion of this capability adds con-
siderably to the complexity of the system. 

Although the sun and moon have been used success-
fully by the Navy, these bodies are not always avail-
able. The length of the periods when neither is available 
increases as latitude increases, becoming maximum at 
the poles, where intervals as long as two weeks occur 
during which neither body is above the horizon. 

It is appropriate, therefore, that the possibility of us-
ing artificial earth satellites be explored to determine 
the practicability of using a modest number of them to 
provide a system that will meet navigational require-
ments at a price the user will be able and willing to pay. 

ELECTRONIC CELESTIAL NAVIGATION USING 
ARTIFICIAL EARTH SATELLITES 

The ability to place satellites in orbit and receive sig-
nals from them over a long period of time has been 
amply demonstrated. The experience with Sputnik III 
and Vanguard I are notable examples. There remain to 
be explored, however, the requirements for a naviga-
tional satellite, and the problem as to whether or not 
these requirements can be met at reasonable cost. 

First, what are the parameters that might be meas-
ure(l? The possibilities can be summarized as 

1) Distance and its time derivatives, 
2) Altitude and its time derivatives, 
3) Azimuth and its time derivatives. 

The measurement of distance and its time deriva-
tives is essentially a piloting problem, the position of the 
observer being established with respect to the satellite. 

Further, if the distance at nearest point of approach is 

determined, direction is also established and one ob-
tains a fix. A fix might also be obtained by means of 
simultaneous distances from two or more satellites, or a 
running fix by two distances of the same satellite after a 
satisfactory change of azimuth. 
One method of determining distance would be by 

direct measurement using primary radar. From a mili-
tary standpoint this is not attractive because of the 
need for transmission by the user. The same problem 
would arise with respect to secondary radar using a 
transponder in the satellite. Additionally, a saturation 
problem might be involved if a large number of users 
interrogated the satellite at the same time. Jamming by 
a future enemy would not be difficult. 

A more attractive method of determining distance 
would be by measurement of the Doppler shift in fre-
quency of CW transmissions from the satellite. This 
method has been used successfully in the United States 
and the USSR to determine the positions of satellites 
from known positions on earth. The Doppler frequency 
change at any moment could be determined only if one 
knew the exact frequency of transmission, but if the 
variations of the Doppler effect throughout a passage of 
the satellite were measured and analyzed, knowledge of 
the exact frequency of transmission would not be 
needed, as long as it remained reasonably stable during 
the period of observation. 

Analysis of the Doppler information to extract useful 
navigational information would require computational 
facilities of considerable complexity. Use of Doppler 
favors orbits relatively close to the earth. As the radii 
of orbits increase, the Doppler effect becomes smaller 
and less sensitive to the position of the observer. Also, 
unless stabilization or tracking is used, the antenna 

would have to be reasonably omnidirectional. This 
would favor relatively long wavelengths if adequate 
collecting area were to be provided with reasonable 
power. As wavelength increases, unpredictable iono-
spheric phase shifts and atmospheric refraction become 
a greater probability. If multiple frequencies are used to 
provide corrections, added complexities are encoun-
tered. In order to prove the feasibility of a satellite navi-
gation system using Doppler techniques, it will be neces-
sary to indicate solutions in the areas mentioned above 
and to demonstrate ability to predict orbits with an ac-
curacy considerably better than attained to date. This 
problem is discussed in more detail later. Studies along 
these lines are presently being pursued under a U. S. 
Navy contract. 
A completely different approach to the possible use of 

satellites for navigation, presently under study, is to 
consider them as celestial bodies and to use the tradi-
tional angle-measurement approach of optical celestial 
navigation. As commonly practiced, this involves meas-
urement of the altitude (angular distance above the 
horizontal) of two or more bodies simultaneously, or of 
one body with a sufficient time separation of observa-
tions to allow for an adequate change of azimuth. Each 
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observation establishes a circle of position with the geo-
graphical position of the body (the terrestrial position 
at which the celestial body is vertically overhead) as 
the center and the zenith distance as radius. A small 
portion of this circle in the vicinity of the observer is 
called the "Sumner Line," or line of position. The com-
mon intersection of two such lines fixes the position of 
the observer. 
At the distances of natural celestial bodies, their 

change of apparent position is essentially that caused by 
daily rotation of the earth upon its axis. For moderate 
altitudes, this requires the availability of at least two 
celestial bodies for wholly satisfactory results. With a 
single body, a wait of several hours between observa-

tions permits introduction of unpredictable dead reck-
oning errors that can be intolerably large. At the faster 
rates of satellites, the running-fix principle is more at-
tractive. 
A single body might provide a celestial fix by simul-

taneous measurement of any two of the quantities, 1) 
altitude, 2) rate of change of altitude, 3) azimuth, and 
4) rate of change of azimuth. Methods involving azi-
muth and rate of change of azimuth have been virtually 
unused because this information has not been available 
to the required accuracy. Likewise, rate of change of 
altitude of natural celestial bodies involves advanced 
averaging techniques. However, with the higher rates 
involved with artificial satellites, this parameter is 
worthy of consideration. One feature of using altitude 
and rate of change of altitude that is particularly attrac-
tive is that the two sets of curves involved are always 
orthogonal to each other, which is the ideal situation in 
celestial navigation. Whether rate of change of altitude 
can be determined satisfactorily without undue com-
plexity of equipment has not been established. 

It is well established, however, that navigation using 
simultaneous altitudes of two bodies, or successive alti-
tudes of the same body, can provide a satisfactory navi-
gation system without complicated averaging processes. 
Further, this method lends itself to hand computation 
methods which are well understood by navigators every-
where. The method is commonly used daily with nat-
ural celestial bodies. The use of satellites would require 
adequate electronic equipment for measurement of the 
parameters involved. No analysis of results would be 
needed. The computation required to convert the meas-
ured parameters to position of the observer, or to pro-
vide guidance, could be performed electronically where 
this is desirable without adding greatly to the complexity 
of the equipment. 

Although details relating to exact procedures and 
specifications for almanacs and sight reduction tables 
have not been worked out, these are problems which 
differ in no important respects from those which have 
already been adequately solved for celestial navigation 
using natural celestial bodies. 
This method, then, is a logical evolution of the 

celestial navigation commonly practiced today, and it 

involves no untried principles. Its success depends pri-
marily upon the ability to predict future positions of 
satellites with sufficient accuracy, and since the size of 
the orbit is not critical, an optimum value can be found. 
The orbit problem is discussed in more detail later. 

If angle measurement is to be used in a satellite navi-
gation system, stabilization and a directional antenna 
will be needed. This requirement adds complexity and 
cost to the equipment, but poses no serious technical 
problems. If short microwaves are used, the Radio Sex-
tant, AN/SRN-4, can be used with relatively minor 
modification. This equipment, already developed, in-
cludes satisfactory stabilization and a directional an-
tenna. The use of this equipment would obviate the 
need for long feasibility studies and time-consuming de-
velopmental work. It would also permit utilization of 
the sun, and possibly the moon, to extend coverage and 
provide a system of limited availability if artificial satel-
lites were to be eliminated either by natural causes, in-
ternal failure, or possible enemy countermeasures. The 
success of the Radio Sextant is due largely to the efforts 
of Drs. D. O. McCoy and Gene Marner, both of Collins 
Radio Company. 

Stabilization and a directional antenna make possible 
a highly important north-reference capability not avail-
able in other methods. They also reduce the complexity 
of equipment needed in the satellites; this is an im-
portant consideration in view of their inaccessibility for 
service in the event of malfunction or failure. 

ORBITS 

The type of satellite navigation system selected is 
closely related to the orbit problem; this may well be 
found to be the controlling consideration. Questions of 
orbital predictability, coverage, and number of satellites 
required are basic considerations. 
The predictability of satellites launched to date has 

not approached the requirements for navigation. The 
perigees of available satellites have all been within a 
few hundred miles from the surface of the earth. The 
nature and magnitude of the disturbances to such orbits 
have not been fully defined. It is well known, however, 
that unpredictable effects caused by lack of precise 
knowledge of the gravitational field of the earth and 
variable atmospheric effects have posed serious prob-
lems. Astronomers who have been close to the predic-
tion problem of satellites launched to date are not 
optimistic of an early solution. 
As orbits increase in size, the disturbing gravitational 

and atmospheric effects become progressively less pro-
nounced. However, as orbit radius increases, perturba-
tions caused by gravitational attractions by the various 
natural celestial bodies increase. At very large radii 
these disturbances become excessive and difficult to 
predict. This would indicate that there is some inter-
mediate radius which will prove optimum from a pre-
diction standpoint. This radius has not been established, 
but it will undoubtedly be measured in thousands of 
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miles, in addition to the radius of the earth. This is in 
sharp contrast to the orbits of satellites launched to 
date, all of which have had perigees relatively close to 
the earth. When compared with these, the satellites in 
the optimum orbit can be considered "high altitude." 
These are the satellites anticipated in the title of this 
article. 
An important consideration in determining the num-

ber of satellites needed is the coverage provided by one 
such body. At a distance of 400 miles from the surface 
of the earth, a satellite can be seen simultaneously over 
less than 5 per cent of the surface of the earth. This in-
creases to about 10 per cent at a height of 1000 miles. 
25 per cent at 4000 miles, about 35.5 per cent at 10,000 
miles, and about 50 per cent at infinity. Fig. 2 shows the 
percentage of the earth's surface over which a satellite 
is observable at one time. 
Another approach to the coverage problem is to con-

sider the width of the belt in which a satellite can be ob-
served during a passage around the earth. At 400 miles 
from the earth this is about 45°, at 1000 miles it is about 
88°, at 4,000 miles about 120°, at 10,000 miles about 
143.5°, and at infinity about 180°. 
Where some form of distance measurement is in-

volved, the belt within which the satellite can be ef-
fectively used for navigation might be somewhat less 
than the radio visible belt because of limitations in the 
distance at which distance measurement provides a 
satisfactory parameter. 

If the running-fix principle is to be employed with a 
series of observations of a single body, it is desirable to 
consider the width of the belt in which the azimuth 
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changes by some established number of degrees during a 
transit. If 90° is used as the minimum change in azimuth 
(90° between observations being the optimum), the belt 
is about 36° at 400 miles from the surface of the earth, 
57° at 1000 miles, 101° at 4000 miles, and 134° at 
10,000 miles. During one revolution of the satellite, the 
earth would rotate on its axis about 25° for a satellite at 
400 miles, 30° for one at 1000 miles, 60° at 4000 miles, 
and 140° at 10,000 miles. Fig. 3 shows the widths of the 
radio belt, width of the belt in which azimuth changes 
more than 90°, and earth rotation during one orbital 
period for various orbits. 
The faster motion of a satellite at low altitudes is an 

advantage to any method involving a time derivative, 
but it also imposes a more stringent time requirement. 
Thus, the time tolerance for an error of 0'.1 in subsatel-
lite position is less than 0.03 second for a satellite 400 
miles from the earth. This increases to nearly 0.035 
second at 1000 miles, 0.067 second at 4000 miles, and 
0.155 second at 10,000 miles. An error of 0'.1 in orbit 
prediction may be too large for a high accuracy naviga-
tion system. 
An error in the height prediction introduces a parallax 

error which is significant where angle measurement is 
involved. Parallax error is maximum at the horizon and 
decreases to zero at the zenith. If a parallax error of 0'.1 
can be accepted, the tolerance in height prediction is less 
than half a mile for a satellite at a distance of 400 miles 
from the surface of the earth, a little more than half a 
mile at 1000 miles, about 1.3 miles at 4000 miles, and 
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Fig. 2—Percentage of earth's surface in which a satellite 
can be seen at one time. 
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during one orbital period. 



504 PROCEEDINGS OF THE IRE April 

a little more than 4.1 miles at 10,000 miles. 
Thus, it appears evident that the problems of predict-

ing future positions of satellites and providing adequate 
ephemeridal information are greater for satellites 
relatively close to the earth than at a distance of several 
thousand miles. Not only are small orbits most difficult 
to predict, but the accuracy requirements are greatest 

for these orbits. 
The number of satellites required for a navigation 

system derends upon the parameters to be measured, 
the distance of the satellites from the earth, interrela-
tionship of the orbits and the satellites in their orbits, 
and the duration and frequency of the intervals during 
which no fix is available. It appears evident from the ge-
ometrical considerations discussed earlier that for any 
type system, the number of satellites needed if large pe-
riods of unavailability are to be avoided is greater at 
orbits close to the earth then for those at a distance of 
several thousand miles. 
f the system requires a relatively long period of ob-

servation to establish a fix, the number of satellites will 
be greater for a given fix frequency. The maximum 
needed would be for a system requiring satellites rela-
tively near the earth and a full pass of a satellite to 
establish a fix. The minimum would be required for a 
system using high-altitude satellites and providing 
continuous fixing capability during passage of a satellite 

above the horizon. 
The number of satellites needed for any system can 

be kept to a minimum by judicious selection of the orbits 
and the positioning of the bodies within the orbits. 
However, the value of this device is somewhat limited 
by the lack of capability to place a satellite precisely in a 
predetermined orbit. Because of differences in orbits, 
variations in precession and rotation of the orbits can 
be expected to nullify any planned relationship of posi-
tion of satellites with respect to each other. The one ele-
ment of the orbit that can be controlled with sufficient 
accuracy is inclination to the equator. It appears from a 
preliminary study that a family of orbits at progressive 
angles of inclination will best serve the needs of any type 

system. 
If infrequent periods of nonavailability of several min-

utes is acceptable, with occasional periods of more than 
an hour, a preliminary investigation indicates that a 
high-altitude system with three to four satellites can 
provide satisfactory coverage. The coverage can be 
further improved if the system can also utilize natural 
celestial bodies. If the ability to reduce differences in the 
launching of satellites in predetermined orbits is demon-
strated, the number of satellites can be decreased. 
Any statement of the number of satellites needed for 

a given system should be evaluated in terms of the cov-

erage it provides and its dependence upon capabilities 
theoretically possible but not yet demonstrated. 
One final consideration relating to the size of the or-

bits concerns the tracking to provide ephemeridal data. 
Both optical and electronic tracking are probably desir-

able. The required number of tracking stations decreases 
with the distance of the satellite from the earth because 
of the greater area over which such satellites can be 
seen. At distances of only a few hundred miles from the 
surface of the earth, and also at distances at several 
tens of thousands of miles from the earth, the unpre-
dictable nature of the perturbations would require that 
a closer watch be kept on the satellites. 

Thus, all factors favor an orbit that avoids both ex-
tremes of distance from the earth. While the limits of 
the desirable range of orbits have not been definitely 
established, preliminary study from available data 
seems to indicate that the optimum distance lies some-

where between about 1000 miles and 12,000 miles from 
the surface of the earth. Use of this range would make 
possible the development of a system utilizing short 

microwaves so that the sun and possibly the moon 
might be used with the satellites to increase coverage. 
Such a system would be a natural evolution—actually 
a relatively short step—from systems already well de-

veloped. 
The use of satellites in orbits thousands of miles from 

the earth appears to preclude the use of distance and 
its derivatives as the primary method of navigation by 
satellites. However, there are so many areas of uncer-
tainty yet to be resolved if any practical navigation 
system using satellites is to evolve, that it is premature 
and unrealistic to pursue any one possibility to the ex-
clusion of others until a clear superiority is demon-
strated. The optimum system might even prove to be 
one providing both piloting and celestial capabilities, 
perhaps with somewhat overlapping ranges of applica-

tion. 

THE HIGH-ALTITUDE SATELLITE 

What are the requirements for a high-altitude satel-
lite to meet the needs of a navigation system based 
upon angle measurement and possibly its time deriva-
tives, and providing high-accuracy north reference? 

Perhaps the first consideration is one of wavelength. 
It has been pointed out previously that use of short 
microwaves will permit use of the sun and possibly the 
moon to augment the coverage of artificial earth satel-
lites and to provide partial coverage if satellites should 
become unavailable. 1-lowever, considerations of the 
satellite system itself favor a short microwave frequency 
to provide adequate directivity in the user's receiving 
antenna, without an unsatisfactorily large antenna. 

The use of short microwaves increases the transmitter 
power requirements over what they would be in the 
UHF and VHF region, but these requirements are not 

excessive. 
The use of short microwaves avoids the major propa-

gation difficulties related to frequency instability and re-
fraction as the signals pass through the ionosphere and 
lower atmosphere of the earth. Studies in this area car-
ried out on Navy contracts have yielded sufficient in-
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formation to conclude that this will not be a problem, 
as it can be expected to be if longer wavelengths are 
used. 

The function of the transmitter in the satellite would 
be to provide a CW signal of adequate power for track-
ing. Since it has no other function, it can be of relatively 
simple design, enhancing the probability of a long, use-
ful life. 

Batteries, solar cells, fuel cells, and thermionic con-
verters are possible power sources, but a combination 
of solar cells and batteries appears most attractive at this 
time. This is a proven combination. If the protective 
covering of the solar cells can be omitted, as seems prob-
able, a considerable saving in weight can be effected. 
Some form of nuclear power may eventually be avail-
able for use in satellites. 

If the orbit were exactly circular, and the satellite 
always maintained the sanie orientation with respect to 
the earth, the transmitting antenna could be shaped so 
that all users within the entire area of illumination on 
the earth would receive the signal with equal intensity. 
To achieve this would require a launching capability 

beyond that anticipated in the near future, and satellite 
stabilization about at least two axes. Even if successful 
stabilization is achieved, its use would add complexity 
and increase the probability of failure. A realistic ap-
proach is the use of an antenna with a pattern as nearly 
omnidirectional as possible. Circular polarization is de-
sirable to avoid polarization error. The design of a suit-
able antenna is reasonably straightforward and no 
major problem would be anticipated in this area. 
The weight of the transmitter, with adequate protec-

tion against vibration and shock during launching, and 
with suitable provision for removal of heat from the 
satellite during operation, should be within the capabil-
ity of available launching devices and probably not more 
than 30 to 50 pounds. 

USER EQI" PNI ENT 

The size and complexity of the user equipment for a 
celestial navigation system based upon CW signals 
from high-altitude satellites would depend upon the 
parameters to be measured, the acceptable period of 
time between fixes, the accuracy requirements, and the 
degree of sophistication desired in the readout. One fea-
ture of the use of relatively simple high-altitude satel-
lites is that a wide choice of user equipment capability 
is possible with the same signals. This might vary from 
relatively simple equipment providing altitude and 
azimuth of moderate accuracy for hand computation, as 
with traditional celestial navigation, to highly complex 
equipment providing continuous position information 
or actual guidance according to a predetermined sched-
ule. There is no reason to doubt that accuracy require-
ments can ultimately be achieved by means of such a 
system. 

The first equipment could logically be expected to be 
an evolutionary development of the Radio Sextant, 

AN/SRN-4. There are two major components of this 
instrument. One is the tracking unit, consisting of the 
antenna and its scanning mechanism, the receiver, the 
tracking servos, and the angle readout system. The 
other major component is the Schuler-tuned stabiliza-
tion system and north reference. 
The properties of the receiving system, of course, are 

closely related to the transmitter power requirements. 
ln satellite tracking, the transmitted power require-
ment can be kept to a minimum by the use of very nar-
row bandwidth. The phase-lock type receiver, first de-
veloped by the Jet Propulsion Laboratory for missile 
tracking purposes, offers a promising solution. In con-
trast, sun tracking involves very wide RF bandwidth. 
Consequently, a receiver designed for tracking both ar-
tificial satellites and the sun should have the capability 
of operating in both the narrow-bandwidth phase-lock 
mode and the wide-bandwidth radiometric mode. A 
number of components could be common to both modes 
of operation. Since the phase-lock frequency tracking 
loop is of optimum design to phase-track an incoming 
signal accurately, it provides the optimum method of 
extracting the Doppler signal, if this proves desirable. 
A time standard of such accuracy that only occasional 

resetting by means of time standard broadcasts appears 
feasible. 

The readout system to provide altitude and azimuth 
would be designed in accordance with accuracy require-
ments of the individual system. 

As pointed out earlier, the complexity of the user 
equipment can vary between wide limits to meet differ-
ent requirements. The simplest equipment would pro-
vide only altitude and azimuth for use in any manner 
that such information obtained optically is used. To 
this might be added a suitable computer with the capa-
bility of determining a fix by the running- fix principle, 
simultaneous observation of two or more bodies, or by 
altitude and rate of change of altitude. During the rela-
tively brief and infrequent periods when a fix would 
not be available, the dead reckoning might be main-
tained by hand plot, hand computation, mechanical 
dead reckoning equipment, or by a more sophisticated 
system such as Doppler or inertial, according to require-

ments. Many of the elements of a high-grade inertial 
system would already be available within the receiving 
and stabilization system. The ultimate system would 
have the added capability of providing guidance in ac-
cordance with a previously inserted track and time 
schedule. 

The system discussed would be suitable for use aboard 
a surface ship. It could also be used by a submarine, 

with the requirement that a parabolic antenna of mod-
erate size be exposed periodically above the surface for 

brief intervals to obtain a fix. Between fixes, positional 
information would be provided by a high-grade, built-in 
inertial system. Aircraft and even missiles might be able 
to use the system, perhaps with some loss of accuracy 
to meet space and weight requirements. 
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CONTRIBUTIONS OF HIGH-ALTITUDE 
SATELLITE SYSTEM 

Certain contributions might be expected from a high-
altitude satellite navigation system of the type dis-

cussed. These are summarized as follows: 
1) Continuous all weather position-fixing capability 

with universal coverage of uniform accuracy. 
2) A continuous north reference in all weather. 
3) Great flexibility in user equipment to meet dif-

ferent requirements. 
4) High potential accuracy. 
5) A passive system without ground-based trans-

mitter problems. No transmission of any kind would be 

required from the surface of the earth. 
6) A virtually jam-proof system. 
7) A system combining use of artificial earth satellites 

with at least one natural celestial body to provide flexi-
bility, extend coverage, and reduce the possibility of 

successful countermeasures by a future enemy. 
8) Maximum utilization of satellites by using orbits 

at such distance that a minimum number would be 
needed, and these having a small number of relatively 
simple, reliable components to reduce obsolescence and 

increase useful life. 
9) Limited ground facilities required. Because of the 

high, stable orbits, the only ground facilities required 
would be launching equipment, one radio and perhaps 
three optical tracking stations, and orbital computa-
tion and dissemination facilities. None of these would 
be of great complexity with the possible exception of the 
radio tracking station, and a suitable one is already in 
existence in the U. S. Navy-owned Feather Ridge sta-

tion in Iowa. 

10) The system could be provided as a short, orderly 

evolution of methods and equipment already developed, 
using principles in common use daily by navigators 

everywhere. 

CONCLUSION 

A preliminary study indicates that the development 
of a celestial navigation system using a small number 
of artificial earth satellites at an optimum distance ex-
pected to be somewhere between 1000 and 12,000 miles 
from the surface of the earth is feasible, and that such a 
system could be developed as a logical evolution of tra-
ditional celestial navigation and the Radio Sextant, 
AN/SRN-4, developed for the U. S. Navy for use with 
the sun and moon. It is entirely possible that the cost of 

development and maintenance of such a system, partic-
ularly if use is made of natural celestial bodies, would 
be less than that of a ground-transmitter system provid-
ing world-wide coverage. 

If the need for a navigation system based upon signals 
from satellites is established, it would appear most logi-
cal to utilize the advantages of relatively high-altitude 
stable orbits and the work already done in developing 
the Radio Sextant and studying short microwave propa-
gation through the atmosphere, rather than to pursue 
development of a system of more uncertain future. 
However, it is premature to rule out other possible 
methods of utilizing satellites for navigation until a 

clear superiority is demonstrated. 
The opinions or assertions in this paper are those of 

the author and are not to be construed as official, or re-
flecting the views of the Department of Defense, the 
Navy Department, or the naval service at large. 
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A Satellite Doppler Navigation System* 
W. H. GUIERt AND G. C. WEIFFENBACHt 

Summary—It is shown that a satellite Doppler navigation system 
can provide navigation to at least one-half mile accuracy from a single 

pass of a satellite, provided that proper use is made of the full Dop-
pler curve. While not extensively discussed, a satellite Doppler navi-
gation system is presented which conveniently provides navigators 
with all necessary inputs for position calculation, including up-to-date 
orbital data. The main body of the paper presents the results of a 

comprehensive error analysis which proves the feasibility of achiev-
ing navigational accuracies of one-half mile using such a system 
under realistic conditions. 

I. INTRoot-crioN 

/N late 1957 and early 1958, the authors made a 
study of the feasibility of tracking satellites utiliz-
ing only the Doppler shift of radio signals trans-

mitted from the satellite.' These studies indicated that, 
when properly utilized, each segment of the received 
Doppler curve provides useful information about the 

track of the satellite, and that in order to gain the maxi-
mum information from the Doppler data, the data 
should be used in a direct calculation of the six orbit 
parameters rather than used to compute intermediate 
parameters such as the slant range and time of closest 
approach. With this approach, and utilizing all of the 

Doppler curve for determining the track of a satellite 
(orbit elements), it was found that a single Doppler 
curve, received during a single pass of the satellite by a 
single receiving station, was sufficient to determine the 
orbit of the satellite to reasonable accuracy. 

Table I indicates the results of a determination of the 
orbit of Sputnik I from a single Doppler curve.2 In de-
termining this orbit, the theoretical equation for the 
Doppler shift including ionospheric refraction effects 
was written as a function of the six orbit elements and 

two more parameters representing, respectively, a 
"vernier correction" to the satellite's transmitter fre-
quency and a parameterization of the electron density 
of the ionosphere. The eight parameters were then var-
ied until the theoretically computed Doppler shift 
agreed (in the " least squares" sense) with the experi-
mental Doppler shift received from the 20-inc trans-
mitter of Sputnik I. For comparison, the values of the 
orbit elements determined by two British agencies are 

* Original manuscript received by the IRE, November 23,1959. 
This work was supported by the Department of the Navy, Bureau 
of Ordnance, under Contract NOrd 7386. 

t Applied Physics Lab., The Johns Hopkins University, Silver 
Spring, Md. 
' W. H. Guier and G. C. Weiffenbach, "Theoretical Analysis of 

Doppler Radio Signals from Earth Satellites," Applied Physics Lab-
oratory, The Johns Hopkins University, Silver Spring, Md., Bum-
blebee Series Rept. No. 276; April, 1958. 

2 "Letters to the Editors," Nature, vol. 181, p. 1525; May 31, 
1958. 

given." The British orbital data was believed to be the 
most accurate data available for Sputnik I at that time, 
and was compiled by the British from many sets of data 
including both interferometric and Doppler data. For 
this pass, it can be seen that surprisingly accurate val-
ues for all six of the orbit elements were obtained. 

TABLE I 

ORBITAL DATA 
SPUTNIK I- 20 MC 

Estimated experimental error: +4 cps 
RMS fit to data: +1.6 cps 
Approximate ground range: 73 statute miles 
Minimum angle of arrival from horizon: 20° 
Time of closest approach: 23:47 GCT, 

October 21,1957 
38°41'N 
75,59,w  

Latitude of receiver: 
Longitude of receiver: 

Orbit Element Doppler De-
termination Reference 3 Reference 4 

Period 95 minutes 95 minutes 
38 seconds 36 seconds 

Eccentricity 0.053 0.053+0.001 
Inclination 64° 10' 64° 40' + 10' 
Argument of perigee 43° 30' 
Latitude of perigee 38° 20' N 36° + 3° N 40.9° N 
Longitude of as-
cending node 289° 291.6° + 0.3° 

u5 minutes 
34 seconds 
0.048+0.002 
65° 

These N-it I ties for the orbital elements were taken from References 
3 and 4 and were given for October 15. Using their values for the 
secular variations, the values for October 15 were extapolated to 
October 21 for purposes of comparison. 

Clearly, the constraint on satellite tracking that only 

a single Doppler curve is to be used is not appropriate if 
the main objective is to determine the orbit of a satel-
lite accurately. This constraint was imposed solely to 
illustrate the large amount of information that can be 

obtained from a single Doppler curve. However, if the 
problem inverse to satellite tracking is considered, 
namely determining the location of the receiving sta-

tion assuming a known satellite orbit (navigation), the 
ability to use a single Doppler curve becomes highly 
significant, since then a " navigation fix" can be ob-
tained every time a satellite passes within range of the 
navigator. Furthermore, since navigation requires de-

termining only two parameters (latitude and longitude) 
instead of the six orbital parameters of the satellite, a 
very large increase in the accuracy of the measurement 
can be expected. 

3 Staff of the Milliard Radio Astronomy Observatory, Cambridge. 
Eng., Nature, vol. 180; 1957. 
' Staff of the Royal Aircraft Establishment, Farnborough, Eng., 

Nature, vol. 180; 1957. 
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Such an approach to navigation was suggested in 
early 1958 by Dr. F. T. McClure. Shortly thereafter, 
initial studies on the expected accuracy of surface navi-

gation, utilizing the radio Doppler shift in a manner 
completely analogous to the above example of Doppler 
tracking, indicated that this method could result in 

navigational accuracies of better than one-half mile. 
In the present report, the main emphasis is placed 

upon the feasibility of achieving Doppler navigation 
fixes to an accuracy of one-half mile rather than upon 
the design and development of such a navigation sys-
tem from the over-all system point of view. However, for 

purposes of orientation and background information, 
Section II contains a brief description of a satellite Dop-
pler navigation system which adequately supplies the 
proper inputs to the navigator, such as orbital data. The 
main body of the paper is contained in Section III, 
which presents the results of various feasibility studies 
of Doppler navigation within the purview of the system 
as outlined in Section I I. This section includes an anal-
ysis of pertinent sources of error including bias errors 
that are not of a statistical nature. Section IV contains 

a summary of the results and some comments on the use 
of such a system for navigation. 

II . ELEMENTS OF THE NAVIGATION SYSTEM 

An operational Doppler satellite navigation system 
should consist of 1) a network of satellites in orbit about 

the Earth at altitudes optimum from the standpoint of 

accuracy of both satellite tracking and of navigation, 
2) a network of stations supplying tracking data to a 
computing complex for maintaining accurate ephemer-
ides of the network of satellites, 3) a means for supplying 
to individual navigators the ephemeris of each satellite, 
and 4) independent navigating gear designed to receive 
the Doppler data from the satellite and to determine a 

navigational fix from these data. 
The number of satellites that are required and the 

orientation of their orbits depend upon the maximum 

allowable time interval between opportunities for ob-

taining a fix. One satellite in an approximately circular 
polar orbit at an altitude of 400 nautical miles provides, 

anywhere on the Earth, the opportunity to obtain a 
navigational fix at least twice a day. It can also be 
shown that four satellites, in circular 400- mile orbits, 
can provide sufficient coverage for most of the Earth to 
obtain a navigational fix at intervals of about one and 
one-half hours. The altitude of the satellites should be 
sufficiently high to be little affected by air drag, in order 
to guarantee sufficient lifetime in orbit and to insure the 

capability of accurate tracking in the presence of the 
random variations in drag that would be troublesome at 

lower altitudes. On the other hand, for any given pass of 
the satellite, the accuracy of the navigation fix decreases 

with satellite altitude. Furthermore, Doppler data cov-

ering all of a satellite pass is required to obtain the maxi-

mum accuracy of a navigational fix. The total time that 

the satellite is visible increases with altitude, thereby 
increasing the time necessary to get sufficient Doppler 
data. Satellite altitudes between 400 and 500 nautical 

miles appear to be about optimum. 
Each satellite would radiate very stable CW signals 

from which the Doppler shift would be measured by the 
navigator. In Section III it is shown that frequency 
stabilities of the order of 1 part in 108 are required. It is 

shown that if the Doppler shift is received simultane-
ously on two frequencies, a continuous real-time correc-
tion for ionospheric refraction can be made that does 

not require prior knowledge of the electron density pro-
file. Frequencies in the 200- to 400-mc region appear to 

be satisfactory for providing sufficiently accurate refrac-

tion corrections and yet are not so high as to preclude 
the use of transistorized oscillators and transmitters. 

Finally, it can be shown that a transmitter power of 
about 100 milliwatts at these frequencies can give ample 

signal strength on the ground with simple antenna sys-
tems (such as a vertical dipole over a ground plane). 

It would be highly desirable to provide the ability for 
each satellite to give the navigator its own ephemerides. 
Consequently, each satellite should contain a memory 
which would receive from an injection station on the 
ground its most recently computed orbital parameters 
and/or ephemeris. Thereafter, until new orbital data is 

injected, the satellite orbits around the Earth trans-
mitting on two very stable harmonically related fre-

quencies, and periodically reads out the injected orbital 
data from its own memory. Besides being a convenient 
method for identification and a supplier of orbital data 
to the navigator, the use of a satellite memory allows 

very frequent updating of the orbit. No matter how ac-
curately the forces acting on the satellite are known, the 
accuracy of a computed satellite ephemeris decreases 
with the length of time that it is predicted into the fu-
ture. With the use of such an injection station—satellite 
memory system—it becomes feasible to update the orbit 

of each satellite twice a day, which may be required to 
maintain satellite ephemerides to an accuracy compat-
ible with one-half- mile navigation accuracy. Further-
more, since the ephemerides need cover only relatively 
short time intervals, complete minute-by-minute list-

ings of satellite positions can be stored without the 
memory's weight and size becoming a burdensome fac-

tor. 
Finally, since the stable oscillator in the satellite can 

be used as a clock, and the satellite memory can be 

used to store time corrections to this clock, as well as 

orbital data, the satellite can also transmit a time-syn-
chronizing pulse and a correction to this time pulse. In 
this way the navigator (or any receiving station) can 
be supplied an accurate time standard on a world-wide 

basis. With the addition of the time standard, the injec-
tion station monitors the time pulses from the satellite, 

and determines a time correction with reference to 
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some accepted standard. The injection station then 
transmits to the satellite twice each day the latest or-
bital data received from the computing center and the 
digitalized time correction. By now, the navigator re-
ceives during any single satellite pass all the inputs re-
quired for accurate navigation. He receives Doppler 
data on two harmonically related frequencies, from 
which refraction-corrected, or "vacuum," Doppler data 
can be obtained; he receives an accurate time check from 
which his own frequency and time standards can be 
calibrated; and finally, he receives the necessary orbital 
data, from which, together with the Doppler curve, he 
can compute his position. 

Clearly, the accuracy of the satellite orbital data 
must be compatible with the requirements of naviga-
tional accuracies. Since the navigation satellites de-
scribed above transmit all data necessary to perform 
Doppler tracking of the satellite, it is natural that the 
tracking system utilize the Doppler shift for computing 
the satellite orbit. The authors have reported elsewhere 
on the ability of a network of Doppler receiving stations 
to supply data for tracking satellites to an accuracy 
better than one-half-mile.".6 Presently it appears that 
no more than ten tracking stations are needed to sup-

ply ample data for updating the orbit every twelve 
hours, and the degree to which fewer stations can be 
used is only dependent upon the state of knowledge of 
the forces acting on the satellites. 

Basically, the navigation gear required to receive the 
satellite signals and compute the navigator's position 
consists of a dual frequency receiver, a mixer to com-

bine the two received frequencies for elimination of the 
refraction effects in a manner outlined in Section III, 
instrumentation to reduce the Doppler data to digital 
form, and a computer to determine the position of the 
navigator that provides a best fit between the received 
Doppler data and the theoretically computed Doppler 
shift. The sophistication of the computer can vary from 
the one extreme of hand calculations when lower ac-
curacy is sufficient and time is available, to highly ac-
curate, high-speed special-purpose digital computers 
for supplying the final navigational fix in printed form, 
essentially as soon as the pass of the satellite is com-
plete. 

In summary, a typical sequence of operations that 
might occur in an operational Doppler satellite naviga-
tion system is outlined as follows. 

1) Tracking stations receive, reduce, and record in 
coded digital form, a vacuum Doppler curve for any 
pass of any satellite within receiving range (above the 
horizon). This information is transmitted to the corn-

W. H. Guier, "Numerical computing problems in the Doppler 
tracking of near earth satellites," Proc. Meeting Math. Committee 
USE Organization, San Francisco, Calif.; August 1, 1958. 

6 W. H. Guier and G. C. Weiffenbach, "The Doppler determina-
tion of orbits," Proc. Natl. Aeronaut. and Space Admin. Conference 
on Orbit and Space Trajectory Determination, U. S. Naval Research 
Laboratory, Washington, D. C.; March 12, 1959 (in press). 

puting center by, for example, commercial telegraph or 
TWX. 

2) The computing center uses the vacuum Doppler 
data from many such passes for each satellite to calcu-
late oribital data at 12-hour intervals for nominally one 
day in advance. This information is transmitted to the 
injection station. 

3) Nominally twice a day, as each satellite passes 
within range of the injection station, the station trans-
mits the orbital data and time correction to the satel-

lite. These signals first erase the satellite memory unit 
and then read in new orbital parameters and a new time 

correction. Injection of data for a full day, at 12-hour 
intervals, provides the requisite accuracy of the orbital 
data and time correction, and provides for one failure to 
inject without incapacitating that satellite. 

4) The satellite retransmits data received from the 
injection station once each minute, otherwise the two 
harmonically-related frequencies are transmitted con-
tinuously and un modulated. 

5) A navigator need only turn on his receiving equip-
ment at a time when a satellite is due to pass within 
range. His equipment receives and records the vacuum 

Doppler data. From these data and with time and fre-
quency corrections supplied by the time standard from 
the satellite, the navigator's latitude and longitude are 
computed. 

The above section has attempted to outline very 

briefly the over-all concepts and functions of a satellite 
Doppler navigation system. In Section III, some of the 
details of the computing procedures necessary to obtain 
the latitude and longitude are presented when they are 
pertinent to the error analysis of the navigational fix. 
Other than to note that all equipment and hardware are 
well within the present state of the art, no details of the 
instrumentation are discussed in this report. Some as-
pects of the instrumentation are discussed in other 
papers appearing in this same issue.7 

III. PROOF OF FEASIBILITY AND ERROR ANALYSIS 

When the satellite orbit is known, a measurement of 
the Doppler curve in the vicinity of zero Doppler shift 
allows a determination of the time and the line-of-
sight range to the observer at the point of closest ap-
proach. Consequently, the position of the navigator 
could be determined relative to the satellite orbit and, 
hence, his position on the Earth. The fact that the Dop-
pler shift caused by motion of the satellite transmitter 
contains this information is well known. This principle 
has been used for years to determine the miss distances 
of CW homing missiles, and satellite tracking as well as 
navigation proposals have been made utilizing this 
principle. What has not been generally recognized is 
that by a more generalized and sophisticated analysis, 

G. C. Weiffenbach, "Measurement of the Doppler shift of radio 
transmissions from satellites," this issue, p. 750. 
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information contained in the whole of the Doppler shift 
can be extracted to yield navigational accuracies com-
petitive with the best existing navigation systems. 
Two factors contribute to the accuracy which can be 

achieved by satellite Doppler navigation. The first is 
the well-known fact that frequency and time are two of 
the physical variables most readily measured with very 
high precision. The second factor, and this is the one 
that appears to have been largely overlooked, is the fact 
that there is tremendous redundancy in the information 
contained in the shape of the entire Doppler curve. The 
position of the navigator can be determined not only 
from the time and slope of the curve at the point of 
maximum slope, but also from a comparison of the 
Doppler shift at any two points on the curve. Thus, in 
principle, each pair of data points on the entire Doppler 
curve can be considered to provide a determination of 
the navigator's position and each of these determina-
tions is more or less statistically independent. In prac-
tice, the optimum use of this redundant data is ac-
complished through the employment of curve fitting 
techniques such as the method of least squares. 
The above, somewhat idealized, picture is, of course, 

true only when the errors are statistical in nature. Ac-
curacy can be gained by adding more and more data 
points only up to the point where unknown biases in the 
data produce errors comparable to the accuracy ob-
tained by using redundant data. For this reason, con-
siderable emphasis has been placed on error analyses 
which include errors of a nonstatistical nature such as 
frequency drift, ionospheric refraction, etc. 

It is impossible within the scope and length of this 
paper to report in detail on all the error studies that 
have been made to date by the authors and their col-
leagues. Consequently, reporting of results has been 
limited to those studies which lend understanding 
to the present approach to satellite Doppler navigation, 
establish the theoretical feasibility of obtaining accura-
cies to better than one-half mile, and exhibit sources of 
error that place limitations on the quality of instru-
mentation that is necessary. In Section III-A, the prob-
able error arising only from errors of a statistical nature 
is given as a function of the ground range. In Section 
I II-B various possible errors of a nonstatistical nature are 
considered. 

A. Errors Contributed by Random Noise— Ultimate Ac-
curacy 

If one assumes that all the factors which might con-
tribute to systematic or biasing errors can be ac-
counted for, the accuracy of the system is only limited 
by the random errors arising from experimental noise. 
Consequently, an error analysis was performed in which 
all sources of error were ignored except the fundamental 
experimental random noise—the underlying thought 
being that the accuracy achievable under these condi-
tions should roughly indicate the ultimate accuracy of 

the system. 

Since Doppler navigation is based upon a frequency 
measurement, experimental noise appears as random 
errors in the measured frequency as a function of time. 
Estimates indicate that for a satellite at a 400 mile alti-
tude with transmitter powers of about 100 mw, the 
RMS frequency error for any given statistically inde-
pendent data point should be less than 0.5 cps at 100 
mc, or about two to three parts in 109. This estimate was 
made assuming that "white" frequency noise existed 
and that the circuit time constants were such that a 
statistically independent data point could be taken 
once every second. However, the analysis given below 
did not utilize the maximum number of data points 
allowable under this assumption because 1) the maxi-
mum number of data points is so large (between 600 and 
800) that computation methods available at the time 
were not adequate to handle so much data in a reason-
able computing time, 2) approximate scaling laws exist 
for estimating the error for any number of data points, 
once the computations are performed with sufficient 
data points to provide a valid sample of the noise, and 
3) it was not known at the time of the analysis what the 
autocorrelation time of the frequency noise would be in 
practice, and to be conservative, only data points sep-
arated by more than tell seconds were considered sta-
tistically independent. The results of the error analysis 
made under the conditions stated above will now follow. 
The equations for the Doppler shift, as a function of 

the navigator's position, transmitter frequency, and 
time, are given in the Appendix. If the navigator is 
moving relative to the Earth during the time of the 
satellite pass, his position and his navigation error must 
be carefully defined. The main emphasis in this report 
is placed upon surface navigation (ships at sea), and 
therefore, the navigator's velocity is low and should be 
known with reasonable accuracy. Consequently, the 
navigator's position is defined to be his geodetic lati-
ude and longitude at some chosen time to during the pass 
of the satellite. With this definition, the Doppler shift 
has been written in the Appendix in terms of the quan-
tities 

00, Xo = geodetic latitude and longitude of the 
navigator at the time to, 

&OW, M(t) = change ill latitude and longitude of the 
navigator during the pass time of the 
satellite relative to 00 and Xo. 

It was assumed throughout, unless otherwise stated, 
that &(t) and SX(t) contained negligible error, and that 
the navigation error was defined to be the error result-
ing in cbo and ?to. 
The error analysis was divided into two parts. First, 

a theoretical study was made based upon the usual tech-
niques of curve fitting analysis. In this analysis it was 
assumed that about 50 data points were used, and the 
RMS frequency error was chosen to be 5 parts in 109. 
The results of this analysis are indicated in Fig. 1 as the 
solid, dashed, and dash-dot curves. 
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Fig. 1—Contribution of frequency noise to navigational error, 
as a function of ground range. 

Second, a simulation was made in the following way. 
The expected Doppler frequency curve was computed 
assuming some position (seo and Xo) for the navigator. 
From this " theoretical" Doppler curve, 47 data points 
were chosen and random numbers, representing experi-

mental noise, were added to the theoretical data to 
form synthetic experimental data. The magnitude of 
the noise was chosen to be the equivalent of a frequency 
error of about 5 parts in 10'. Then, forgetting the posi-
tion initially chosen for the navigator, his location was 
estimated to be that value of (Po and Xo which produced 
the least squares fit between the theoretical Doppler 
curve and the synthetic experimental data. In this way, 
the error in position introduced by the experimental 
noise could be estimated through a direct simulation of 
the navigator's computations and demonstrated that in 
practice computing procedures could be designed to 
achieve the surprisingly low error that is possible. The 
results of this simulation are indicated as circled dots in 
Fig. 1. 

The results presented in Fig. 1 show the general char-
acteristics that have been found in all error studies 
where only random noise is present. First, it can be 
seen that the error for most ground ranges is sufficiently 
low so that random noise cannot be a significant factor 
in achieving navigational accuracies of one-half mile. Sec-
ond, in the few samples tried where synthetic data were 
used and actual navigation computations performed, 
the results agree quite well with the theoretically esti-
mated error, lending confidence to the computer pro-
grams designed for navigation. Third, the navigational 
error becomes large at ground ranges such that the 
satellite appears above the horizon only for short times, 
and also at small ground ranges where the satellite 
passes nearly overhead. This is as expected since 1) 
when the satellite is always on the horizon, the deter-
mination of along-track error (latitude for a polar orbit) 
is difficult, and 2) for overhead passes the determina-
tion of the cross-track error (longitude for a polar satel-
lite) is difficult since the slant range changes very little 
for changes in cross-track position when near the plane 
of the satellite orbit. 

In an absolute sense, Fig. 1 does not represent the 
ultimate accuracy if all possible data points are used, 
transmitter power is increased to its practical limit, 
and more sophisticated curve fitting techniques are 
used. For order-of-magnitude calculations, a useful 
approximation is the following: if the RIVES frequency 
error for each independent data point is Crf, and the num-
ber of data points is N, the errors given in Fig. 1 can be 
scaled by N/47/N•a)10.5. For example, assume the 
ultimate to be about one independent data point per 
second, and the RMS noise level to be 0.05 cps. At a 500-
nautical mile ground range with a 400- mile satellite, the 
pass lasts for approximately 12 minutes or about 700 
data points are received. Using, from Fig. 1, a naviga-
tional error of 0.1 nautical mile for 47 data points 
and 0.5-cps noise level, a true ultimate  accuracy 
could be stated to beof the order of 0.1 -V47/700 • 0.05/0.5 
=0.003 nautical mile-2f20 feet. Clearly, this number is 
only of academic interest because, without going to ex-
treme complexity of instrumentation and computing 
techniques to eliminate the obvious errors due to non-
statistical biases, the statistical errors will contribute 
negligible error to the total navigation error. Applica-
tions such as those described by R. R. Newton in this 
issue justify the extreme care necessary to make the 
system as accurate as possible. 

In summary, it can be seen that, for all practical pur-
poses, statistical errors will not contribute a significant 
error to satellite Doppler navigation (except at the two 
extremes in ground range) when the system is economi-
cally designed to yield navigation accuracies of 0.5 nau-
tical mile accuracy. Several possible sources of nonsta-
tistical or biasing errors will now be considered. 

B. Errors Contributed by Nonstatistical Biases 

From the foregoing discussion, it can be seen that the 
inherent error in the system is well below one-half mile 
if careful accounting is made of all nonrandom sources 
of error. Several such sources of error are considered 
that are nonstatistical in nature. 

1) Ionospheric Refraction: A major source of error in 
all satellite radio tracking schemes is ionospheric refrac-
tion. For purposes of studying its effect upon the Dop-
pler shift, the ionosphere can be replaced by an equiva-
lent index of refraction.L8 Since the Doppler shift of the 

satellite signal is basically the time rate of change of its 
electromagnetic path length, the Doppler shift is al-
tered from what it would be in the absence of the iono-
sphere. 

In the Appendix the equations for the Doppler shift 
in the presence of the ionosphere are given where the 
ionospheric contributions are stated in terms of a power 

series in the inverse of the transmitter frequency f. 

8 J. A. Stratton, "Electromagnetic Theory," McGraw-Hill Book 
Co., Inc., New York, N. Y., p. 327; 1941. 
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Above 200 inc, the first term of the power series is usu-
ally all that is important. Using the mathematical ex-
pression for the first term that is given in the Appendix, 
the ionospheric contribution to the Doppler shift can 

be calculated and a typical result is shown in Fig. 2. 
The contribution shown in Fig. 2 was based upon the 
assumption that the electron density is only a function 
of altitude with a maximum density of 106 electrons per 
cubic centimeter at an altitude of 50 nautical miles. 
The navigational error produced by ionospheric re-

fraction can be understood qualitatively by noting that 
the maximum slope of the Doppler curve is a rough 
measure of the slant range, and that refraction has a di-

rect effect upon this slope. Since the effect of refraction 

is to decrease the slope, the refraction error will be such 
as to place the navigator further from the satellite sub-

track than would be true if the ionosphere were absent. 

To illustrate, a computation was performed similar to 
the calculations described in Section Ill- A. A synthetic 
Doppler curve was computed as before, but a refraction 
contribution was introduced in addition to the random 
errors simulating noise. The position of the navigator 
was then determined assuming that this refracted syn-

thetic Doppler curve was a true experimental curve 
which contained no refraction. The results indicated 
that at a ground range of 500 nautical miles and a 
transmitter frequency of 200 mc, the navigational error 
was approximately 2 nautical miles. Furthermore, it 

was found that the best attainable fit of the refracted 
synthetic Doppler curve by the unretracted theoretical 
Doppler curve was about 2 cps RMS, as opposed to a 
fit of about 0.2 cps RMS when the refraction contribu-
tion was not included. 

Studies on the effects of refraction such as above indi-
cated that the refraction contributions could not be ig-
nored for transmitter frequencies as high as 500 mc. 
Furthermore, a cursory glance at the degree to which the 

electron distribution in the ionosphere could be pre-
dicted, so as to make an a priori correction for refrac-
tion, indicated that such predictions were not suffi-

ciently reliable to reduce the refraction errors depend-
ably below one-half mile.9 Since it was felt that it was in-
advisable to use satellite transmitter frequencies of the 
order of 1000 mc for the navigation system, studies 
were made to determine the degree to which the iono-
spheric effects could be eliminated experimentally by 
the use of two transmitter frequencies and thereby take 
advantage of the dispersive effect of the ionosphere. 
From the Appendix, it can be seen that the Doppler 

shift in t he presence of the ionosphere is of the form 

.1* a(1) 0(1) 
AfCf I = - — k(t) —± ± • • • . f f2 

(1) 

9 E. L. Crow and I). H. Zacharisen, " Pilot Study of the Prepara-
tion of World Maps of F2 Critical Frequencies and Maximum Vsable 
Frequency Factors," National Bureau of Standards, Boulder, Colo.; 
NBS Rept. 5560; February 28, 1958. 
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Fig. 2—Refraction contribution to Doppler shift, as a function of 
time, for several values of ground range. Transmitter frequency is 
200 mc. 

Noting that this form is true at each instant of time, it 
is clear that simultaneously measuring the Doppler 
shift at two different frequencies affords sufficient data 
to eliminate the first order refraction term, so that the 

result yields the vacuum Doppler shift plus only second 
order contributions of refraction. Eq. (2) indicates the 
trivial algebra necessary to eliminate the first order re-

fraction contribution, and, of course, could be done in 
real time by frequency multipliers and a mixer provided 

/I and 12 are harmonically related. 

fl a 1 
A(10.1 1 = — + — + (—) 

C 112 

12 a I. 

Af2(12 1 1) = /*) - 
C f2 122 

1 
(.1.23tf2 — fiàfi) = — (122 f12) — + 0(_). (2) 

C f1,2 

In these equations, li(1) is the time rate of change of the 
slant range from navigator to satellite as a function of 
time and contains all the information that is contained 

in the vacuum Doppler shift. 
From the above discussion it can be seen that the ef-

fects due to refraction can contribute navigational errors 
only in second order when two frequencies are used, for 
example, 200 ilic and 400 mc, and, consequently, a large 
step is made towards eliminating the ionosphere as a 
source of error. Table II gives an estimate of the rela-

tive magnitudes of refraction contributions as a func-
tion of frequency, and it can be seen that, based upon 
these data, two frequencies above 200 mc should be 

adequate to reduce the errors due to refraction to below 
0.5 mile, remembering that the first order effect at 200 
mc produced an error of about 2 miles. 
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In estimating the quantities appearing in Table II, 
no attempt was made to include effects such as winds 
and turbulence that can occur in the ionosphere, nor to 
include extremes that can occur at rare times during 
magnetic storms, etc. Consequently, there is still some 
question as to how small the residual refraction effects 
are under some circumstances. Nevertheless, it appears 
at the present time that for the large majority of cases 
the use of two frequencies can sufficiently eliminate the 
errors due to ionospheric refraction to below one-half 
mile. 

TABLE II 

REFRACTION CONTRIBUTIONS TO THE DOPPLER SHIFT 

f (flic) Vacuum term* 
(cps) 

First order Second order 
term* (cps) term* (cps) 

50 
100 
200 
500 

1,250 
2,500 
5,000 
12,500 

10 0.5 
5 0.08 
2.5 0.01 
1.0 

* These are typical maxima of these quantities for a given Dop-
pler curve and do not necessarily occur at the sanie time. 

2) Frequency and Frequency Drift Error: Studies were 
made on the navigational error produced by instabilities 
in the frequency of the satellite transmitters and/or 
the navigator's local oscillator. First, it was found that 
when an unknown but constant frequency error oc-
curred, no significant navigational error resulted so long 
as the navigator's position was computed by allowing 
the frequency of the satellite ( more properly, the beat 
frequency between the satellite's transmitter and the 
navigator's local oscillator) to be an adjustable param-
eter, so that the navigational fix was determined by a 
three parameter fit to the experimental Doppler curve 
instead of a two parameter fit. 

The fact that a three parameter fit produces no sig-
nificant increase in navigational error over and above a 
two parameter fit, even when no frequency error exists, 
is due principally to the fact that the entire Doppler 
curve is used. When the entire curve is used, the shapes 

of the changes in the Doppler shift as a function of time 
that result from changes in frequency, latitude, and 
longitude, are completely different and, therefore, fre-
quency, latitude, and longitude are "orthogonal" param-
eters. Consequently, the use of the whole of the Doppler 
curve not only provides redundant statistics for increas-
ing the navigational accuracy, but also eliminates the er-
ror due to an unknown but constant frequency error. 
Because absolute accuracy of the various oscillators in 
the system would be expensive to achieve and maintain 

in practice, it was decided very early that a three param-
eter navigation calculation would always be necessary. 
Consequently, in all error analyses, including those 
quoted above, a three parameter calculation was made. 

If either the satellite transmitters or the navigator's 
local oscillator change in frequency significantly during 

the pass of the satellite, the resulting navigation error 
is not so easily eliminated. Table Ill indicates the error 
that results from various drift rates of the oscillators, 
and again these figures were arrived at by simulating 
navigation (three parameter fit) using synthetic experi-
mental data as outlined for previous calculations. 
From Table III it can be seen that a stability of one 

part in 108 per hour is sufficient to allow navigation to 
one-half mile accuracy. Since such stabilities are not 
difficult to attain, no further attempt was made to 
study ways of reducing the errors by, for example, 
progressing to a four parameter fit. 

TABLE lii 

NAVIGATION ERROR ARISING FROM FREQUENCY DRIFT 
GROUND RANGE =400 NAUTICAL MILES 

Drift Rate Latitude Error 1.oulgittule Error Total Error 
(parts in 108/hr.) ( nautical miles) ( nautical miles) ( nautical miles) 

O 

10 
50 

0.08 
0.12 
0.15 
1.13 

0.1 
0.19 
0.80 
2.86 

0.13 
0.23 
0.86 
3.08 

3) Error in the Navigator's Velocity: An obvious 
source of error, which is of a nonstatistical nature, is an 
error in the navigator's velocity which, in effect, is an 
input to the computation of position. This error does 
not appear to be serious, however, unless special applica-
tions such as aircraft navigation are contemplated. It 
seems probable that a ship, for which accurate naviga-
tion to one-half mile is important, would know its ve-
locity relative to the Earth to within one or two knots. 
Since the relative motion of the ship is only important 
during the pass time of the satellite ( 10 to 15 minutes), 
this means that the error in the position relative to ybo 
and AO should be less than 0.5 nautical mile. Further-
more, as was the case for an unknown frequency, the 
alteration of the Doppler shift due to a velocity error of 
the navigator has a shape with time that is somewhat 
different than that caused by change of the parameters 
cko and Xo. Consequently, velocity errors produce changes 
in the Doppler curve that are partially orthogonal to the 
navigator's position. Therefore, the full effect of the 
velocity error is not felt in the navigational error. Typi-
cal navigational errors appear to be about one-half to 
two-thirds of the total error accrued in the ship's posi-
tion during the pass time of the satellite, and, conse-
(iuently, a two-knot velocity error produces about a 
one-fourth to one-third nautical mile navigational error. 

Another possibility obviously exists for those ships for 
which accurate navigation is crucial. A crude autopilot 
could be used to measure velocity during the time that 

the satellite is above the horizon, and thereby reduce 
velocity errors to a negligible factor. 

4) Miscellaneous Sources of Error: There are many 
sources of error that have not yet been mentioned. Such 
errors as uncertainty in the altitude of the navigator, 
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errors introduced by multipath reception of the signal 
(e.g., reflection of the signal from the satellite by the 
water when the satellite is low on the horizon), the 
existence of more than one solution for the navigator's 
position, and many others, have been considered and do 

not appear to be serious. However, in studying them, 
several interesting facts have emerged which are worth 
mentioning. 

First, altitude errors do not appear serious, since, for 
surface navigation, altitude (particularly at sea) is 
known to much better than a tenth of a mile. Such small 
errors make a negligible contribution. Signal propaga-
tion errors such as multiple path reception can be elim-
inated by building antennas that have nulls at the 
horizon, or by discarding data from the beginning and 
end of a pass. The amount of Doppler data lost by not 
receiving the signal below a few degrees elevation is not 
serious since, as emphasized previously, so many data 
points are received that the loss of these data are of 

little consequence. 
Many sources of error that are significant to other 

types of navigation are not pertinent here. For example, 
since no angle measurements are involved, stabilizing 
of antennas is not required. Furthermore, no knowledge 
of the local vertical is needed, nor is a knowledge of 
true north. 

Finally, an in point arises when considering 
the possibility that more than one position of the 
navigator yields the same fit of the experimental data. 
It was found that if the navigator was so ignorant of his 
approximate position that an attempt was made to find 
a position on the wrong side of the satellite subtrack, a 
minimum in the mean square fit of the Doppler data 
with respect to frequency, latitude, and longitude could 
be found. However, for this false minimum, the fit of 
the data was very poor as compared to the fit obtained 
on the correct side of the satellite subtrack. This poor 
fit arises because the rotation of the Earth gives the 
navigator an extra component of velocity relative to the 
satellite that changes sign when going from one side of 
the satellite subtrack to the other side. Consequently, 
if the navigator should find the false fit to the data, indi-
cated by large residuals between the theoretical Dop-
pler curve and the experimental data, the true position 
can be found by shifting to the other side of the satellite 
subtrack. To this date, no other false solutions have 
been found. 

IV. CONCLUSIONS 

It has been shown that when full use is made of the 
Doppler data, satellite Doppler navigation to an accu-
racy of one-half nautical mile is theoretically feasible. 
The necessary satellite instrumentation is attainable in 
the present state of the art. The satellites should con-
tain two transmitters at different frequencies, say 200 
and 400 mc, and should have a stability of about one 
part in 108 and power levels of about 100 mw. To supply 

the necessary inputs conveniently to the navigator 
and allow for updating the satellite orbits frequently, 
the satellites should contain a digital memory with 
means for receiving orbital data and time corrections 
from an injection station, and a means for serially read-
ing out the memory and modulating at least one of the 
transmitters with these data together with a time syn-
chronizing signal obtained from the satellite's oscillator. 
This allows the navigator to receive the time pulse with 
its correction and the orbital data necessary to perform 
the calculation of position. A system of three to four 
satellites in the proper orbits allows a navigation fix at 
least once every two hours. 

It has been indicated that the main contributors to 
the navigational error are the various sources of biases, 
and not the fundamental experimental noise. Use of the 
whole Doppler curve, furthermore, allows for a three-
parameter fit of the experimental vacuum Doppler data, 
the latitude and longitude of the navigator, and a 
vernier correction to the frequency. The use of a three-
parameter fit makes it unnecessary to hold absolute 
accuracy of the satellite and navigator's oscillators. 
The second-order refraction effects that remain when 
two frequencies are used may be the major source of 
error, particularly in special circumstances when mag-
netic storms are present or when navigating in the 
auroral regions. However, for typical ionospheric condi-
tions, the use of two frequencies to eliminate first order 
refraction effects is sufficient to allow one-half mile ac-
curacy. 

Navigation by such a satellite Doppler system has 
many obvious advantages. The system is all weather, 
passive, and accurate. The navigator does not need to 
have knowledge of local vertical or the direction of 
north. Since no angle data are needed, special antenna 
arrays are not needed nor do the problems of antenna 
bore-sighting or stabilization arise. Depending upon the 
navigational accuracy required, the navigator can em-
ploy various degrees of sophistication in his instrumen-
tation and computing equipment. 

In conclusion, one further remark is worth mention-
ing. Assuming the existence of a reliable world-wide 
navigation system which has an accuracy of one-half 
mile, its optimum use is mapped to at least this accu-
racy. As discussed in another paper in this issue, a more 
careful application of the same principles would pro-
vide the means for such accurate mapping of the world. 

APPENDIX 

EQUATIONS FOR THE DOPPLER SHIFT IN THE 

PRESENCE OF THE EARTH'S IONOSPHERE 

This Appendix presents the derivation of the Doppler 
shift (including first-order refraction effects) as a func-
tion of the geodetic position of the navigator, the time, 
the satellite frequency, and the ionospheric electron 
density. The notation used is discussed, the major as-
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sumptions necessary for the derivation are listed, a 
derivation is given of the first two terms in the series ex-
pansion of the refracted Doppler shift in powers of one 
over the transmitter frequency, and finally, the detailed 
expressions for the vacuum Doppler shift are given. 

A. Notation 

t = time 
ys(t), z(t) = Cartesian coordinates of the satel-

lite in a right-handed system where 
the origin is at the earth's CG. the 
x-z plane coincides with the Green-
wich meridian, and the x-y plane 
coincides with the earth's equatorial 
plane 

(1)(t) = geodetic latitude of the navigator 
X(t) = geodetic longitude of the navigator 

00, Xo = geodetic latitude and longitude of 
the navigator at a time to, chosen to 
be some time during the pass of the 
satellite 

a, fo=semimajor axis and flattening of 
navigator's datum 

x„(t), yn(t), z„(t) = Cartesian coordinates of the navi-
gator in the above coordinate sys-
tem 

p(t) =instantaneous slant range between 
the navigator and satellite 

N(x, y, z) = electron density in the ionosphere 
per cubic centimeter 

e = electronic charge in esu 
ni =electron mass in gm 

fN(x, y, z) = ionospheric plasma frequency 
N/N(x, y, z)e2/7rm 

n(x, y, zif) = equivalent refractive index of iono-
sphere 

f= satellite transmitter frequency 
c= velocity of light in vacuum 

P(t) = optical path of CW signal from 
satellite to navigator 

Pg(t) = geometric path of CW signal from 
satellite to navigator 

ds = differential arc length along some 
defined path P 

ow —. terms of order E or higher 
È(t)= time derivative of g(t) 

Af(fi t) = Af(Xo, cpo, fit) = refracted Doppler 
shift. 

B. Assumptions 

1) The satellite transmitter frequencies are above 100 
mc. 

2) The effects of the ionosphere can be described to a 
sufficient approximation for f> 100 mc by ascrib-
ing to the ionosphere an equivalent index of re-
fraction given by 

n(x, = rx, y, 012 

f 

and the phase velocity of the signals transmitted 
from the satellite is given by v=c/n(x, y, z). 

3) The change in altitude of the navigator during the 
pass of the satellite is negligible, i.e., surface navi-
gation is assumed. 

4) Relativistic effects are negligible. 

C. Refracted Doppler Shift Represeneed as a Power Series 
in 1/f 

Using the above assumptions, when both transmitter 
and receiver are moving slowly compared to the speed 
of light, the Doppler shift is given by 

f d 
,Cif(f t) = — — — f n(x, y, z I Dds(x, y, z), (3) 

c dl 

where the optical path P(t) is defined as that path for 
which 

n(x, y, zi f)ds(x, y, z) 

is an extremum in comparison with all possible paths 
that begin at the satellite and end at the receiver. Conse-
quently 

nds — f nds = O(I) OP), (4) L(0-Falqi) P 
where W(t) is any path that lies close to P(t). 
To start the development of the Doppler shift, Wit), 

in a power series in 1/f, (4) can be applied by identify-
ing SP(t) with the small difference in the optical and geo-
metric paths when f > 100 mc. Noting first that 

lim n(f) = 1 and hm P(I) = Pg(t), 1/1—.0 
it is reasonable to suppose that 8P(t)=P(t)—Pg(t) 
=0(1—n). Thus, when the refractive index n lies close 
to unity, as it does when f > 100 mc, (4) becomes 

fn(x, y, zi pds(x, y, z) 
P(t) 

= f n(x, y, zl f)ds(x, y, z) [( 1 — n)2]. 
Paw 

Rewriting the above equation, 

fP(t) 

n(x, y, zi f)ds(x, y, z) 

=f pQ(ods(x, y, z) — f [1 — n(x, y, zi f)]ds(x, y, z) 
g(i) p 

± [0(1 — 0 21 

= p(0 — f (1 — n)ds 0[(1 — 
Pu(e) 

(5) 
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where p(t) is the geometric slant range from navigator 
to satellite, and is independent of n(x, y, zIf). 

Again, noting that for f > 100 mc, 

fN(x, y, i) 1, 

and 

1 — n(x, y, z f) = 

Thus, 

n(x, y, z f)ds(x, y, z) 

(fîf + 0 Rf7141 

1 
= p(t) — — f Mds(x, y, z) R ill. (6) 

2.1.2 rn(t) 

Substituting (6) into (3) yields the required power series 
to first order." 

f 1 
AV I 0 = — P(1) ± f fN2(x, y, z)ds(x, y, z) 

zfc l'g ( I) 

+ 
(7) 

D. Dependence of the Vacuum Doppler Shift on the Posi-
tion of the Navigator 

It was established in Section III that it is sufficient 
to define the navigator's position to be the value of the 
geodetic latitude and longitude of the navigator at 
some instant of time to that occurs approximately in 
the middle of the pass of the satellite." Let this position 
be denoted by 

<thi = 
)to = 

and let 

80(i) = — 

8X(t) = X(I) — X(i0), 

= 

k(I) = 8(i). 

(8) 

Then, under the above assumptions, to a sufficient ap-
proximation, 

-Vcos2 -I- ( 1 — fu) 2 sin' Op 

Eu(44 I = (ct,o) cos et) 

4.(00 I I) = — 1.e.(4,0) sin 0(1)4(1) 

a 

x0(00, X0 

X0 

(cko, Xo 

in(o. 

in 4. 

I) = I 1) cos x(r) 
1) = 4„(iko J I) cos X(t) — y„(t))1/4(1) 
t) = en(0 0 sin X(t) 
= e„(oo I I) sin X(t) x0(t)i(t) 

t) = en(4,0)(1 — fD)2 sin 4,(i) 

1) = E„(001 t)(1 — f p) 24)(1) • 

(9) 

(10) 

Using the above equations, the Doppler shift is given 
by 

13(40, X01 I) = { [x„(t) — a..(1)]2 + [y,(1) — y„(1)]2 [z„(t) — Z(t)j 2 / 1/2 

(A-8 + (Y8 — Yn)(jea — Sin) + (Ze z0)(1 — 
X01 i) = 

p(4)0, X0 I r) 

From ( 7) it can be seen that the zeroth order terni is 
the vacuum Doppler shift and the first order term is a 
correction to the vacuum Doppler shift due to the pres-
ence of the ionosphere. Noting that the plasma reso-
nance frequency fx is proportional to the square root of 
the electron density, it can be seen that ( 7) exhibits the 
well-known fact that, to a good approximation, the re-
fraction contribution to the Doppler shift is propor-
tional to the time rate of change of the total number of 
electrons along the signal path. 

The above power series has been rigorously proved by one of the 
authors (W. H. Guier) to be correct to third order under. the above 
assumptions and proved to first order when the second assumption 
has been removed. There appears no reason to believe that such a 
representation of the refracted Doppler shift to higher order is not 
valid. 

Substituting (11) into the expression for the vacuum 
Doppler shift, — f(0, Xolt)/c, yields the required de-
pendence of the Doppler shift on the geodetic position 
of the navigator. 
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n Clearly, for aircraft navigation, this definition must be gen-
eralized to be useful. While introducing no essential complications in 
theory, such considerations are beyond the scope of this paper. 



PROCEEDINGS OF THE IRE 517 

Electrically-Controlled Demand-Thrust Rockets 
for Satellite Guidance* 

DOUGLAS D. ORDAHLt 

Summary—Satellites which can be positioned precisely in space 
will be required for the space research programs of the near future. 
The information obtainable with such vehicles will be of immediate 
importance to both military and basic scientific research programs. 
Typical applications include meteorological observations, communi-
cations, atmospheric research and, ultimately, soft-landing vehicles 
for manned space travel. To accomplish accurate control of orbit 
and/or attitude with rocket motors requires extremely precise regu-
lation of thrusts, generally in the range between 0 to 1 or 0 to 10 
pounds. It must be possible to turn these control forces on and off in a 
few milliseconds repeatedly or intermittently over periods of from 
several months to perhaps several years. For use in such applications, 
rocket units have been investigated which employ the combination 
of storable-liquid propellants and demand-thrust injectors capable of 
complete remote control. An experimental model of a 0- to 10-pound 
thrust engine has been successfully demonstrated. Three types of 
electrically actuated control systems are being investigated. These 
systems employ direct solenoid control, a magnetic ram hydraulic 
booster, and a microptunp with a hydraulic servomechanism. Guid-
ance signals of 50 microamps are used to regulate power to the 
engine controls. 

I NTROD( •( TION 

A
TTAI N M ENT of the objectives of both the scien-

tific and military space programs requires use of 
a rather large number of satellites and space 

vehicles which can be guided over relatively long pe-
riods of time after the main propulsion engines have 
separated or shut down. The applications include satel-
lites for meteorological observations, communication 
relays, probes for atmospheric research, soft-landing 
vehicles for moon and planetary probes, and, ultimate-
ly, manned space travel. The types of guidance prob-
lems encountered include, 1) the relatively simple task 
of correcting elliptical orbits into the more stable circu-
lar paths, 2) the more sophisticated establishment of a 
preselected orbit, and 3) the very precise task of posi-
tioning a satellite with respect to orbital shape, direc-
tion, elevation, and attitude for observation of specific 
points on earth or areas in space. 

Because of the well-publicized weightless, frictionless 
conditions which prevail, satellite or space vehicle 
guidance must be accomplished by the application of 
reaction forces including cases where such devices as 
gyro stablization may be used. In contrast to the ex-
tremely large thrust required to place a vehicle in orbit, 
the forces required for even relatively major correc-
tions to vehicles weighing as much as 1000 pounds are 
only in the region of 10 pounds thrust. In addition, ex-
tremely precise control is required over the thrust level 

*Original manuscript received by the IRE, November 23, 1959. 
I. U. S. Naval Ordnance Test Station, China Lake, Calif. 

and action time to prevent errors of over-correction. 
Interpreting these problems in terms of the specific re-
quirements that must be provided by the rocket sys-
tem shows that 1) the response times in reaching thrust 
level must be no longer than 10 milliseconds, 2) the 
propulsive force must be delivered either in extremely 
reproducible short impulses or must respond rapidly 
and accurately to the demand for any required thrust 
level within the capacity of the engine, and 3) the sys-
tem must be completely storable and capable of inter-
mittent response for periods of as much as one year or 
more. In addition to these requirements the highest ef-
fective impulses available are required to maintain the 
weight and volume of the satellite vehicle at the prac-
tical minimum. 

DEVELOPMENT OF DEMAND-THRUST ENGINES 
USING STORABLE LIQUID PRiWELLANTS 

In the past two years, research on variable-thrust 
storable-liquid propellant propulsion systems (under-
taken originally in connection with advanced air-to-air 
missile work) resulted in the development of a simple en-
gine which could be turned completely on or off or ad-
justed to any desired thrust level on demand. This de-
velopment used storable hypergolic liquid propellants, 
pressure pumped to a variable area injector which 
maintains proper balance in the flow of an oxidizer and 
fuel at all thrust levels. Most of the work has been car-
ried out using such propellants as unsymmetrical di-
methylhydrazine and red fuming nitric acid; however, a 
rather wide variety of propellant combinations can be 
used successfully providing they are hypergolic with 
short ignition delays. Nonhypergolic propellant combi-
nations could be used with the provision of an adequate 
ignition system. An example of the reliability and dur-
ability of the design is indicated by the typical experi-
ence with one 3500-pound thrust engine having an ac-
cumulated test time of over six hours with no signs of 
deterioration. 

As the requirements for satellite and space vehicle 
guidance became known, the concept of the storable 
demand-thrust engine was extended to include a series 
of very small engines such as the 0- to 10-pound motor 
shown in Figs. 1 and 2. This particular engine weighs 
less than one pound and operates at a combustion cham-
ber pressure of 200 psi. A series of test firings in the 
static test stand shown in Fig. 2 has demonstrated in-
stantaneous ignition, smooth combustion, complete 
shut-off on demand without leakage, and no evidence 
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Fig. 1—Zero- to 10-pound variable thrust engine. 

Fig. 2—Zero- to 10-pound variable thrust motor operating in the 
static test stand. Flame is colorless. 

of deterioration after an extended period of operation. 
Response times with suitable electrical power are esti-
mated to be less than 10 milliseconds. An interesting 
discovery is that in all the tests made the flame has 
been completely colorless except during start-up and 
shut-down. The motor shown in Fig. 2 is actually oper-
ating at full thrust. 

CONTROL METHODS FOR INTEGRATED SYSTEMS 

An optimum design for a 0- to 10-pound demand-
thrust engine is estimated to require no more than 0.1 
watt of power for the electrical controls. However, the 

familiar problems of weight, size, and response optimi-
zation are encountered and proper selection of a control 
circuit depends to a significant degree on the particular 
application. Where suitable electrical power is avail-
able, direct solenoid actuation is a reasonable choice to 
achieve high rates of response. On the other hand, sys-
tems may be required which use hydraulic pressure or 
other forms of control to minimize power consumption. 
With these considerations in mind, several other 

methods are under development for actuation of the 
demand-thrust motors. It should be noted at this point 
that some navigation systems will require linear thrust 
level control, particularly where closed-loop servos are 
employed, and some systems will require predeter-
mined impulses to be delivered in a square wave pat-
tern. In the system diagram shown in Fig. 3, pressur-
ization of the liquid propellants is accomplished by a 
helium gas bottle, and, as the fluids are expelled, thin 
metal bags collapse to prevent sloshing, much as in a 
toothpaste tube. An amplifier and a secondary power 
supply are used to build up the control signal sufficient-
ly to operate the solenoid coil at the desired rate of re-
sponse. A typical power supply for this application 
would comprise a 12-volt nickel-cadmium battery 
weighing 0.75 pound and a solar cell recharge system 
which would weigh as much as 4 pounds. The magnetic 
amplifier would be of the 2- or 3-stage transistor type 
weighing 0.5 pound and furnishing 2 watts to the 
solenoid coil controlled by an input signal of 50 micro-
amps. The solenoid coil used requires 1-.5 watts for 
operation and weighs 0.25 pound. 
The diagram shown in Fig. 4 illustrates the use of an 

electrohydraulic actuator for driving the injector. This 
design would use hydraulic pressure on an enlarged 
area on the base to move the injector pintle. The elec-
trical power would drive the solenoid actuated piston to 
increase or decrease the hydraulic pressure as required. 

This pressure would oppose the fuel pressure acting to 
close the piston. Thus, as the position of the small 
solenoid or magnetic piston is retracted, the pressure 
drops and the pilule closes, reducing or stopping the 
thrust. 
The system illustrated in Fig. 5 makes use of hy-

draulic control of the injector obtaining the hydraulic 
pressure front a micropump. Use of this system pre-
sumes that sufficient electrical power would be avail-
able front other components in the vehicle to operate 
the pump. The electrically actuated servo valve would 
be one of a type currently available and would require 
only 10 milliwatts from the guidance systems for con-
trol. The micropump used in this design requires a 
power input of 50 watts and produces a flow rate up 
to 0.025 gallon per minute at 1000 psi. 

TYPICAL APPLICATIONS 

Among the typical applications that have been 
studied for small demand-thrust motors, is the type of 
vehicle shown in Fig. 6. Such a vehicle will use 12 small 
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Fig. 3—Zero- to 10-pound variable thrust propulsion system with 
direct electrical actuation. 
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Fig. 5—Zero- to 10-pound variable thrust propulsion system with 
hydraulic servo controls. 
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Fig. 4—Zero- to 10-pound variable thrust propulsion system with Fig. 6—Typical research satellite using six pairs of opposed demand 
electrohydraulic actuation, thrust jet motors for position control. 

engines for position or short term attitude control. A 
typical application is for a 22,300-mile or 24-hour orbit 
civil communications satellite to maintain a fixed posi-
tion. To permit the use of a parabolic antenna for mini-
mizing transmitter output, such a satellite would need 
to be at least approximately oriented toward appropri-
ate ground receivers. Other possible applications for 
vehicles such as the one illustrated are for earth and 
space scanning devices and scientific satellites which 

can be programmed into several different orbits. 
Somewhat larger electrically controlled demand 

thrust engines (in the range of 5000 to 10,000 pounds 
thrust) would satisfy the requirements for a soft-land-
ing vehicle to place an instrumented payload on the 
moon and would ultimately be useful in bringing one 
or more satellites together at a point in space. Such 
vehicles which can maneuver effectively in space would 
require a main lift (or retarding) motor and several 
smaller units for attitude control. Demonstration ve-

hicles have been designed which could be electrically or 

radio controlled from the ground in flights as high as 
50,000 feet from the earth. These vehicles could be used 
primarily to carry out experimental investigations on 
the integration of control, actuation, and propulsion 
systems. The variable- thrust propulsion units required 
for this type of experimental vehicle have already been 
designed and tested. In addition, the operation of in-
jectors for engines of 0- to 20,000-thrust capacity have 
been demonstrated successfully. 
A final application of immediate interest to the mis-

sile and space vehicle designer is that the small demand 
thrust motor shown in Fig. 1 uses so little propellant 
that it is suitable for a number of detailed high altitude 
studies of motor and propellant performance using rela-
tively inexpensive vacuum chambers to get much of 
the data which was heretofore possible only from large 
elaborate installations. This unit is being used to inves-
tigate advanced designs for electrically actuated con-

trol systems and propellant performance characteris-
tics at simulated altitudes up to 250,000 feet. 
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Inertial-Guidance Limitations Imposed by Fluctuation 
Phenomena in Gyroscopes* 
GEORGE C. NEWTON, JR.t, MEMBER, IRE 

Summary—Because of recent improvements, inertial guidance 
is becoming increasingly important to space and missile programs in 

connection with the navigation of mobile bases and the launching of 
vehicles. Gyroscopes are an important component of inertial sys-
tems. In order to see if much room remains for further improvement, 
the performance limitation imposed by thermal fluctuations in gyro-
scopes is examined. This is done because experience in electronics 
shows that thermal noise is the ultimate performance limitation in 

sensitive instruments such as radio receivers and galvanometers. 
It is found that a system limited only by thermal noise in its gyro-

scopes would have several orders of magnitude more precision than 
that indicated in published performance data. This must mean that 
other factors are limiting performance of gyroscopes, and investiga-

tion of several of these shows that bearing noise may be an important 
one. In conclusion, since gyroscopes do not yet come near to attaining 
the performance limits set by thermal noise, there may be much room 
left for their further improvement. 

1NTRoDucTioN 

D
URI NG the past decade, the concept of inertial 
guidance has been transformed from a vision in 

the minds of a few pioneering engineers and 
scientists to a practical reality that must be taken into 

account in the planning of all present and future space 
programs. The initial use of inertial guidance has been 
largely restricted to earth-bound vehicles in the form 
of aircraft, submarines, and, most recently, ballistic 
missiles. I low large a role inertial systems of navigation 
will play in the space programs of the future, and the 
exact functions that may be performed by such systems, 
will be determined, in part, by the accuracies that can 
be obtained. Therefore, it is important to know how 
accurate such systems are likely to become as the result 

of further improvements in their basic components. 
This paper analyzes the performance limitations im-
posed on inertial-guidance systems through fluctuation 
phenomena in gyroscopes and their associated stable 
platforms— two basic and related elements in such 

systems. 
An intertial guidance system is used to determine 

continuously the velocity and position of a vehicle rela-
tive to some external frame of reference but without the 

aid of information from external sources. Basically, this 
may be done by carrying in the vehicle a local reference 
frame that bears a known relationship to the external 

one. Vehicle accelerations measured in this local ref-
erence frame can be processed to obtain velocity and 
position information referred to the external coor-
dinates. For example, if the two frames were sets of 

* Original manuscript received by the IRE, December 2, 1959. 
t Electronic Systems Lab., Dept. of Elec. Engrg., Massachusetts 

Institute of Technology. Cambridge, Mass. 

rectangular axes maintained parallel to each other and 
the external one was fixed in inertial space, then the 
velocity and position of the vehicle could be obtained 
by successive integrations of accelerations measured 
along the axes carried by the vehicle. However, because 
instruments for measuring acceleration are also sensitive 

to gravity, it is necessary to compensate for this factor. 
Furthermore, it is frequently desirable to navigate in 
terms of an external-coordinate system moving relative 
to inertial space. This is expecially true of earth-bound 
vehicles such as aircraft, submarines and missiles in 
which navigation is done relative to earth coordinates. 
Gravity and the need to navigate in moving coordinates 

are two factors which greatly complicate inertial navi-
gation systems. 

In order to provide an internal-coordinate system that 
bears a known relationship to the navigational (or ex-

ternal) coordinates, it is generally convenient to use 
some form of stable platform inside the vehicle. A 
stable platform isolates the internal reference frame 
from angular motion of the vehicle. The platform itself 
may act as a local reference frame and have accelerome-
ters mounted directly on it, or it may be simply a 
stabilizer for a reference frame that exists numerically 
in a computer. In certain systems for aircraft and sub-
marine navigation, the stable platform may be ar-
ranged to seek the local vertical; then, in effect, by 
comparing this vertical with the initial vertical, the 
angular displacement of the vehicle along its desired 
track around the earth can be determined. \ lotion per-
pendicular to this track can be determined from in-

tegration operations applied to a cross- track acceler-
ometer signal. 
The above is a brief description of the inertial-

guidance concept. Because of the many possible con-
figurations that guidance systems may take and be-

cause of the complexities of any practical system, this 
brief description will have to suffice for purposes of this 
paper. The interested reader may refer to the litera-

ture" for more details. The extent to which inertial-
guidance concepts will be used in space flight is critically 
dependent upon the accuracy that can be achieved. 

With present accuracies, it is doubtful if inertial schemes 

could be used exclusively for the navigation of space-

C. F. O'Donnell, " Inertial navigation," J. Franklin Inst., vol. 
266, pp. 257-277, 373-401; October and November, 1958. 

2 J. M. Slater and D. B. Duncan, " Inertial navigation," Aeronau-
tical Engrg. Rev., vol. 15, pp. 49-52, 57; January, 1956. 

W. Wrigley, R. B. Woodbury, and J. Hovorka, " Inertial Guid-
ance," Institute of Aeronautical Sciences, SMF Fund Paper No. 
FF-16 presented in January, 1957. 
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craft from one orbit to another. However, elements of 
such systems, e.g., the stable platform, may be useful 
for isolating star-tracking devices from vehicle motion 
and for the other functions analogous to the autopilot 
of a conventional aircraft. For manned spacecraft it 
may be necessary to provide artifical gravity through 
vehicle rotation. Such rotation would necessitate a 
more elaborate type of autopilot than ordinary air-
craft use, and some form of stable platform would be 
most useful. 

PR ECIS ION OF STABLE PLATFORMS 

The heart of an inertial-guidance system is the stable 
platform which establishes the coordinate system for 
making acceleration measurements. Errors in the posi-
tion of the stable platform would be directly reflected 
into errors in the computed position if the platform 
failed to maintain its prescribed position in relation to 
inertial space or the navigational coordinate system. 
Because of the key importance of the stable platform 
as a subsystem in an inertial navigator, an autopilot or 
a star- tracker, the remainder of this paper will be 
devoted exclusively to the question of platform posi-
tional accuracy. 
The accuracy of a stable-platform system is largely 

determined by its precision. This situation results from 
the fact that great pains are taken to eliminate sys-
tematic errors through calibration procedures and 
through elaborate error compensation schemes. As the 
result of the care taken to eliminate systematic errors 
and as the result of the great improvement that has 
been made in the precision of the gyroscopes used to 
sense platform angular deviations, it has been possible 
to achieve accuracies in platforms that are satisfactory 
for many of the purposes for which they may be used in 
earth-bound vehicles. 

Consider one of the angular coordinates of a stable 
platform Os,. Fig. 1 shows the characteristic behavior of 
an ensemble of platforms 1 through n. Although initially 
aligned so that the angles are zero at t= 0, at some later 
time there is a distribution in platform positions. 
Assuming no systematic errors, the average position 
across the ensemble will, of course, be zero. However, 
any particular plat form will deviate from the average 

Time, 

Tr 

Fig. 1—Random behavior of an ensemble of stable platforms. 

position of zero in an unpredictable manner. The stand-
ard deviation crop will be used in this paper to charac-
terize the spread of platform positions about the mean 
value. This standard deviation will be found to contain 
an unbounded term which builds up as the square root 
of time. Attention will be focused on this term to the 
exclusion of all others, since for large values of T,. it will 
predominate. In practice, when the standard deviation 
of the platform position has grown to a maximum 
permissible level, it will be necessary to reset the plat-
form back to zero by means of auxiliary equipment such 
as a star sight. 

OPERATION OF STABLE PLATFORMS 

A stable platform is basically a carriage for acceler-
ometers or other equipment which is isolated from the 
vehicle's angular motions by means of appropriate 
gimbals. At least two, and sometimes three, gimbals in 
addition to the platform itself are used to permit the 
vehicle to have sufficient freedom for angular maneuver 
without disturbing the platform. If the platform sus-
pension system were completely free of all friction and 
if the gimbals making up the suspension system were 
without inertia, then the mass of the platform would 
maintain its initial alignment in inertial space irrespec-
tive of vehicle maneuvers. However, in a practical sys-
tem, three or four servomechanisms are used to drive 
the gimbals and platform in order to overcome friction 
and inertia effects. These servomechanisms are operated 
by error signals derived from gyroscopic instruments 
mounted on the platform. 

In order to study the fundamental behavior of a 
stable platform, a simplified version will be used. Fig. 2 
shows a single-degree-of- freedom platform driven by a 
single servomotor and amplifier from an error signal 
derived from a single-degree-of-freedom gyroscope of 
the integrating type. The function of this platform is to 
remain stationary in space in spite of vehicle maneuvers 
calling for angular rotation around the vertical axis cg. 
It will be assumed that there is ito angular motion 
around either of the other two orthogonal axes c1 and 
C2. Fig. 3 is a more detailed view of the integrating 
gyroscope which is used to sense angular motion of the 
platform and thereby to provide an electrical signal 
for actuating the platform servomechanism. This gyro-
scope operates on the principle that a torque about the 
gimbal axis (p2 in Fig. 2) is required to balance the 
precession of the angular momentum of the gyroscope 
caused by a platform angular rate. This balancing 
torque is provided by viscous friction between the 
gimbal and the instrument case, which is rigidly at-
tached to the platform. This means that an angular rate 
of the platform will cause an angular rate of the gimbal. 
lowever, any tilt angle 0, of the gimbal which is built up 

as the result of the gimbal angular rate is detected by 
an electrical pickup which sends a signal to the am-
plifier driving the servomotor. As a result of this signal, 
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the servomotor causes the platrorm to " unwind" and 
thereby restore the gimbal to its neutral position. By 
design, the tilt angle is kept small for all normal operat-

ing conditions. 
Other kinds of gyroscopes could be used for sensing 

platform angular motion and generating correction 
signals. However, the single-degree-of-freedom inte-
grating gyroscope shown in Figs. 2 and 3 is commonly 
used for this purpose in today's art. The perfection of 
this type of instrument has brought about a consider-
able improvement in the performance of stable plat-
forms. This improvement has resulted primarily from 
the flotation of the gimbal by the damping fluid, thereby 

making possible a nearly frictionless suspension of the 
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Fig. 2—Schematic diagram of gyroscopically-stabilized 
single-degree-of-freedom platform. 

ROTOR 

¡PLATFORM 

----PLATFORM ANGLE Bp 

SERVOMOTOR 

VEHICLE ANGLE 

8c 

VEN IC LE 
STRUCTURE 

TORQUE GENERATOR ROTOR 

TORQUE GENERATOR STATOR 

BALANCE MIT 
ADJUSTMENT FORKS 

DAMPER ELFARA 

GINBAL FLOAT SHELL 

ASE 

GTRO ROTOR 

GIMBAL ANEA.E 

SIGNAL GEŒRATOR ROTOR 

GIMBAL 
SE1aue 'BALANCE NUTS 

*Put ANIS 

OUTPUT AXIS 
(OA, 

GRAM  SEMIC 

GENERATE* STATOR 

SPIN REFERENCE AXIS 
.I/A1 

1.1 mot 

Fig. 3—Pictorial view of floated, integrating gyroscope. 
(Courtesy, M.I.T. Instrumentation Laboratory.) 

gimbal in the instrument housing. That is, flotation 
has eliminated to a very large degree coulomb-friction 
effects which previously introduced large uncertainties 
in instrument and platform performance. It is not the 
purpose of this paper to go into the intricacies of the 

analysis and the design of integrating gyroscopes, 
these being well covered by the literature.' 

In order to clearly define the angles which will be 
referred to throughout the remainder of the paper, 
Fig. 4 shows three sets of rectangular coordinate axes. 
The set s; refers to axes fixed in inertial space. The set 
c; is attached to the vehicle and the set pi to the plat-
form. Because we are considering a simplified case of a 
single-degree-of-freedom platform, the axes s3, C3, p3 
are assumed aligned. The angle Op is the angle between 

the 32 axis and the p3 axis; this angle measures how 
far the platform has turned with respect to inertial 
space. The angle 0, measures how far the vehicle has 
turned with respect to inertial space and is the angle 
between the s2 and c2 axes. 

ANALYSIS OF PLATFORM BEHAVIOR 

Ideally, the system shown in Fig. 2 should operate to 
produce a platform angle at all times equal to the de-
sired angle which in this paper will be assumed to be 
zero. In practice, the .platform angle O„ will depart from 
zero with the passage of time. This departure is ran-
dom, since all systematic errors are assumed to be 
eliminated, and it is most easily characterized in terms 
of the standard deviation cre, of an ensemble of plat-
forms. 

Fig. 4—Orientation of reference axes showing platform 
angle 0„ and vehicle angle O. 

4 C. S. Draper, W. Wrigley, and L. R. Grohe, "The Floating In-
tegrating Gyro and its Application to Geometrical Stabilization 
Problems on Moving Bases," Institute of Aeronautical Sciences, 
SMF Fund Paper No. FF-13; presented in January, 1955. 
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How do factors such as thermal fluctuations in the 
gyroscope, spin-axis bearing noise, servomotor-torque 
fluctuations, and vehicle angular maneuvers affect the 
standard deviation crop? The analysis that answers this 
question is based on Fig. 5, which shows a block diagram 
of the platform system of Fig. 2. In this diagram, s 
stands for the Fourier-transform complex variable. The 
summing point within the integrating gyroscope block 
represents torque summation around the gimbal axis. 
A control torque M, for positioning the platform is 
balanced against the gyroscopic torque to yield a net 
torque which tilts the gimbal. However, in order to 
account for thermal and other fluctuations, a torque 
fluctuation Alf is added at this point. The net torque 
tilts the gimbal at a rate determined by the viscous-
damping coefficient fp. This tilt velocity occurs with a 
time lag rp which is equal to the moment of inertia J, of 
the gimbal about its axis divided by h. Integration 
(represented by division by s) of the tilt rate yields 
the gimbal tilt angle Or,. 
The servomechanism of Figs. 2 and 5 is assumed to 

be a dc motor which is directly connected to the plat-
form and whose armature voltage is controlled by an 
amplifier. Stabilization is provided by the armature 
back emf or by its synthetic equivalent derived from 
tachometric measurement of the armature velocity. The 
motor-driving torque is assumed to be linearly related 
to the gimbal tilt angle and is given by k„09, where it, 
is the over-all gain of the pickup and amplifier of Fig. 2. 
This torque is summed with a platform torque dis-
turbance and a torque equivalent to the vehicle's rate 
of change of angle in order to form the net torque avail-
able to drive the platform relative to inertial space. The 
platform-torque disturbance accounts for noise in the 
servoamplifier, friction effects and load disturbances 
acting on the platform. The net torque divided by the 
effective damping coefficient fp of the motor gives the 
platform's angular velocity 9,, providing the time lag 
associated with the motor and platform moment of 
inertia J„ is accounted for. The time constant r„ is the 
inertia J„ divided by the damping !,,. It is assumed that 
the reaction torque of the motor on the vehicle produces 
negligible motion of the latter. The angular rate 14 of 
the platform feeds back to the gyroscope gimbal through 
the angular momentum II of the gyro rotor. This closes 
the platform-stabilization loop. The platform angle 
„ is simply the integral of the angular rate e„. 
Long-term errors in the platform angle can be cor-

rected for by a reset mechanism, schematically shown 
in Fig. 5. Assuming that some independent means of 
determining a space reference angle O., such as a star-
tracker, is available, the error between this angle and the 
platform angle can be used to generate a control torque 
M, which drives the platform (through the gyroscope) 
to the null condition. For reasons of convenience or 
necessity, the external reference angle may be available 
only intermittently, and this accounts for the switch in 

Fig. 5. Another way of asking the question concerning 
fluctuation effects is: How long may the period T, be-
tween platform resets be before the standard deviation 
(rep of the platform angle exceeds an assigned limit? 
The block diagram of Fig. 5 can be manipulated into 

the form of Fig. 6, where the influences of the several 
sources of platform-rate fluctuations are indicated by 
means of transmission functions terminating at a com-
mon summing point to form the platform rate 9„. From 
Fig. 5, these transmission functions are found to be 

W9(s) 
K„ -- 4,7-„s3+ rp)S 2 K„-'s + 1 

(KJ„) -1 (ros + 1)s 
Wd(s) = 

Kj-ir„rps3 If„-1(r, rp)s2 K„ (-1)'s + 1 

Ky- (rüs 1).s2 
147,(s) = 

K„-'7„r„s3+ Kji(r„ rp)s' K,r's ± 1 

where the velocity constant K, of the servomechanism is 

k„ 
K, = — (2) 

and the other constants are as defined above. (A sum-
mary of the nomenclature appears as Appendix I.) 

Because it has been assumed that no systematic 
errors exist and that the desired platform angle is zero, 
only random fluctuations 1111( of gimbal torque, plat-
form torque Md, and vehicle angle 0, will be present. 
These fluctuations cause a random fluctuation of the 
platform angular rate 2„. Although these fluctuations 
have stationary probability distributions, those of the 
platform angle 0„ do not because initially the angle is 
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Fig. 5—Block diagram of stable-platform system. 
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set to zero and then, with the lapse of time, the angle 
wanders off from zero, as shown in Fig. 1. This situation 
is a nonstationary one and, unless a certain condition 
prevails, the standard deviation of the platform angle 
will grow without bound as a function of time because 
of the integration in going from rate to angle. This 
phenomenon is closely related to the random walk 

problem.5 
The basic problem is best described in terms of Fig. 7 
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Fig. 7- Basic time-varying system tom' in platform stabilization. 

where a linear system characterized by its weighting 
function w(t) is initially at rest. After I = 0, it is con-
nected to random input signal x(t), which is drawn from 
a stationary process. x(t) has zero mean value. The out-
put y(t), which was initially zero, assumes random 
values for time positive. How can the output be char-
acterized as a function of time? By means of ensemble 
averages the rills value (or standard deviation) of the 
output can be expressed in terms of the auto-correlation 
function of the input and the system weighting func-
tion. In the frequency domain the result can be ex-

pressed zis6 

1 f jun 

a2(T,) = — dsW(— s, T,)117(s, T ,)4,g,(s) (3) 

where 4388 (s) is the power-density spectrum of the in-

put x(t) and 

Tr 

W (s, T,) = f die-at2v(t) (4) 
o 

W(s, T,) is a time-varying transmission function. 
A general analysis usually stops at this point because 

of the complexity of the time-varying transmission 
functions and the resulting difficulty in carrying out 
the integration (3). However, because the w(t) of in-
terest in the case of stable platforms is a simple in-
tegration, it is possible to carry the analysis further. As 
shown in Appendix II, the unbounded term in cr2(T,) 
can be evaluated by contour-integration methods. 
Since all other terms are bounded, one obtains the 
general result 

him °"( Tr) = [2714.(0)]1"Tr li2 as T, oc (5) 

which shows that the long-term growth of the standard 
deviation of the output of an integrator is proportional 
to the square root of the product of time and the 
amplitude of the input power-density spectrum at zero 
frequency. This result will now be used to determine 

6 S. Chandrasekhar, "Stochastic problems in physics and astron-
omy," Revs. Mod. Phys., vol. 15, pp. 2-89; January, 1943. 

See, for example, J. H. Lolling, Jr. and R. H. Baffin, " Random 
Processes in Automatic Control," McGraw-Hill Book Co., Inc.. New 
York, N. Y. pp. 238-239; 1956. 

the standard deviation cro„ of the platform angle for 
thermal noise in the gyroscope as the only fluctuation. 

THERMAL NOISE 

ust as a resistor is a source of thermal noise, so is a 
viscous damper in a mechanical system. The noise in 
systems containing resistors, whether mechanical or 
electrical, may be calculated if we assume each resistor 
to have a white- noise source embedded within itself. 
The power-density spectrum of the noise associated with 
a mechanical resistor or damper is 

KT 
44m.rr(s) = — 

7r 
(6) 

lere the subscripts stand for the thermal fluctuation 
moment, since this is the spectrum of the moment that 
thermal agitation produces within the damping fluid 
and that is effective in driving the gimbal. Here K is 
Boltzmann's constant and T is the absolute tempera-
ture; f, is the coefficient of viscous damping associated 
with gimbal rotation. 

If this thermal noise is the sole source of fluctuations, 
then from Fig. 6 we see that the power-density spec-
trum of the platform angular rate caused by thermal 
fluctuation moments is 

4),„r(s) = Wa( — s) Wo(s)(1)11/7.(s). (7) 

This relationship follows from the general properties of 
linear systems that are subjected to stochastic signals. 
Using ( 1), (6), and ( 7), one obtains 

KT fg 
4 27,7(0) = — • H2 

Thus, from (5), the thermal noise influence on the 
platform position is expressed by 

fre„r/N/T, = H-LV 2 K (8) 

providing that T, is large. In these expressions, II is 
the angular momentum of the gyroscope rotor and the 
subscript T is used to denote thermal fluctuation. 

Let us now establish an order of magnitude for the 
platform fluctuation using the above general result. 
Substituting in the parameter values for a typical gyro-
scope from Table I and putting in the numerical value 
for Boltzmann's constant, we get the following ex-

pression: 

«OpT N/2(1.38 X 10-'6)350(2.0 X 104) 

= 1.0 X 105 

rad 
= 0.440 X 10-9  

sec' 12 
(9) 

This result can be made more meaningful by considera-
tion of how long a time it would take for the standard 
deviation of the platform angle to grow to one minute 
of arc assuming that the only source of fluctuations is 
thermal agitation of the damping fluid. This time turns 
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TABLE I 

PARAMETERS FOR A TYPICAL INTEGRATING GYROSCOPE7 

Rotor moments of inertia 
(around spin axis) 

Rotor mass 
Rotar angular velocity 
Rotor angular momentum 

[Amplitude of power-densi-ty spectrum of bearing axial 
wander at zero frequency 

Moment of inertia of gimbal 
(including enclosed equip-
ment) 

Viscous-damping coefficient 
of gimbal 

Operating temperature 

40 gm cm° 

25 gm 
2500 rad/sec 
1.0 X106 dyne cm sec/rad 

1.0 X 10-' cm/(rad/sec)u° 

100 gm cm° 

2.0 X104 dyne cm sec/rad 

350° K 

out to be 13,900 years. Thus, it is seen that the po-
tential performance of a gyroscopically stabilized plat-
form is very great indeed. 

Published performance data' indicate that under 
laboratory conditions the standard-deviation figure 
aepr/VT, is of the order of 5.0 X10-6 rad sec-"2. This 
means that the realized performance of gyroscopes, at 
least to the extent that published data are available, is 
several orders of magnitude below that potentially 
available from the viewpoint of thermal noise. As 
electronics engineers, we know that radio receivers and 
galvanometers6 are thermally limited, and it seems 
natural to seek similar performance from other elec-
trical and electromechanical instruments such as gyro-
scopes. 

INFLUENCE OF OTHER FLUCTUATIONS 

The large discrepancy between the published perform-
ance and the potentially-available performance, if 
thermal fluctuations are taken to be the ultimate 
limitation, suggests that other influences may be sources 
of the much larger fluctuations which are apparently 
limiting existing gyroscopes. In discussion of other possi-
ble sources, vehicle maneuver angles 0„ and platform 
torque disturbances Md are first eliminated from con-
sideration, since the vehicle angular velocity 6,(t) and 
the torque disturbances must be characterized by 
power-density spectra which are finite at zero frequency. 
This follows from the fact that the stochastic compo-

7 The Kearfott Company, Inc., "Floated rate integrating gyros," 
Control Engrg., vol. 6, p. 134; October, 1959. This advertisement 
gives standard-deviation data for Kearfott Model M2516-01A-A 
gyroscopes. Knowing that the standard-deviation data are based on 
readings approximately eight minutes apart permits one to arrive at 
the estimated figure cited above. The data of Table I approximately 
correspond to the parameters of this gyroscope. 

The Sperry Gyroscope Company's SYG-500 floated integrating 
gyroscope is described in its Publication Number CA-60-0001 dated 
November, 1959. The published performance curves for this instru-
ment, which has five times the angular momentum of the Kearfott 
instrument, correspond to a standard deviation figure that is substan-
tially comparable to that quoted in text. 

G. [ sing, "A natural limit for the sensibility of galvanometers," 
Phil. Mag., vol. 1, pp. 827-834; April, 1926. 

nents of these signals, which are the only components 
being considered, have no de terms and also do not 
wander off from zero like integrated noise signals. From 
the transmission functions, ( 1), it is noted that Wd(0) is 
zero and that s-tWe(s), for s = 0, is also zero. This 
means that, from Fig. 6, the power-density spectra of 
the components of the platform velocity caused by 
these signals is zero at zero frequency and, therefore, 
there can be no long-terni growth of the standard de-

viation of the platform position from these sources. 
Returning to gimbal-torque fluctuations, it would 

appear that there are a number of possible sources in 
addition to thermal noise. One is the control torque 
generator and associated equipment. Although this 
may be important in present gyroscopes, there is no 
theoretical reason why fluctuations from this source 
cannot be made comparable to the thermal- noise fluc-
tuations in the damping fluid. Therefore, this source 
will not be discussed. 

Another source is the interaction of acceleration 
forces (including gravity) with center-of- mass wander 
of the rotor caused by bearing noise. Almost all of the 
gyroscopes manufactured today employ ball-bearings 
for supporting the rotor. The aspect of bearing noise 
that affects gyroscope performance is not the acoustical 
one but rather the lower-frequency wander of spin-axis 
location. In the presence of gravity and acceleration 
fields, stochastic movement of the rotor center along 
the spin axis produces random moments that result in 
a random drift of the platform. 

In order to arrive at an order of magnitude for the 
effect of bearing noise, information on t he low- fre-
quency wander is needed. A limited amount of test 
data available to the writer indicate that the power-
density spectrum of the axial displacement of precision 
ball bearings in the sizes used in gyroscopes is relatively 
flat near zero frequency. Furthermore, the amplitude 
77b2 of the spectrum in this region is of the order of 

[ 10 MM 2 

(rad/sec)' /21 • 

The gimbal moment caused by axial displacement of 
the rotor is 

Mfb = mrazab (10) 

where m, is the rotor mass, az is the acceleration-gravity 
component that is normal to the spin and gimbal axes, 
and ab is the axial displacement of rotor caused by 
the bearings. From Fig. 6 and the data given above, 
the zero-frequency value of the sprectrum (1)tipt, of the 
platform rate caused by bearing noise is 

4'97,0) = (mraab)2W02(0)• (11) 

Using ( 1) and (5) together with ( 10), we get 

CrOpb ( en razn b 
—.(27r)' 12   

H 
(12) 



526 PROCEEDINGS OF THE IRE April 

For a 1-g acceleration, a gyroscope with the parameters 
of Table I (next page) is characterized by an accelera-

tion-bearing-noise standard deviation of 

«Opb (271") 11225(980)1 X 10-6 

Vir = 1.0 X 105 

rad 
= 0.614 X 10'  

secli2 
(13) 

This figure is a factor of ten less than the standard-
deviation figure inferred from published performance 
data for a gyroscope with similar parameters. Thus, 
bearing noise alone does not fully explain the published 
performance but it comes much closer to doing so than 
does thermal noise. It should be noted that in space 

flight accelerations will be near zero, causing bearing-
noise fluctuations associated with acceleration to be 
much reduced. 

In addition to the axial-wander phenomena, bearing 
noise may produce randomness of the platform angle 

through other mechanisms, either singly or in com-
bination. Dynamic unbalance, fluctuating gyroscopic 
torques, and bearing nonlinearities are examples. It is 

recommended that future studies of gyroscopically-
stabilized platforms include analyses of these effects 
with the objective of improving the correlation between 
theory and observed behavior. 

Discuss ION 

A gyroscopically-stabilized platform has been shown 
to drift away from its desired angular orientation even 
though all systematic errors have been eliminated or 
compensated for. This drift is random in nature and 
is caused by randomness of platform angular rate. 
Angular-rate randomness presumably is the result of 
many influences, but the most significant ones are those 
that produce power-density spectra of the platform rate 
that are non-zero for zero frequency. Such influences 
produce random errors in platform position that in-
crease with the square root of time. Analysis shows that, 
for a platform stabilized by an integrating gyroscope, 
platform-torque disturbances and vehicle angular mo-
tions are not significant in the build-up of platform error. 
However, certain random components of gyroscope 
gimbal torque do cause error build-up. In particular, 
the error build-up has been quantitatively related to 
torques produced by thermal fluctuations ( Brownian 
movement) in the damping fluid and to torques pro-
duced by acceleration and gravity acting on center-of-
mass shifts caused by spin-axis bearing noise. 
The error build-up caused by thermal fluctuations 

in the damping fluid is small. On the basis of parameter 
values for a medium-sized gyroscope, more than 100 
centuries would go by before the platform-error stand-
ard deviation would exceed one minute of arc if thermal 
fluctuations were the only source of error. Published 
data for gyroscopes in current production imply error 
performance that is inferior to an ideal thermally-

limited gyroscope by about four orders of magnitude (or 
by eight orders of magnitude if the time to build up a 
prescribed standard deviation is the criterion). 
The error build-up caused by mass shifts induced by 

ball-bearing noise is quite large when the earth's 
gravitational field or an equivalent acceleration is act-
ing on the instrument. However, this source of error 
does not fully explain the published test data referred 
to above. It is therefore concluded that additional ex-
planations for these data should be sought. 
The major conclusion of this paper is that no funda-

mental barrier to a vast improvement in stable plat-
form performance exists if the same phenomenon that 
limits the sensitivity of radio receivers and galvanome-
ters also proves to be the basic limitation on gyroscope 
performance. This phenomenon is thermal noise and, 
so far, inertial-guidance engineers have not been limited 
by it because other, less fundamental, sources of fluc-
tuations have been so much larger. Stable platforms 
that are used on space vehicles may perform somewhat 
better than those used on earth-bound vehicles, be-
cause the effect of one of these other sources will be 
greatly reduced in view of the diminished influence of 
acceleration and gravity. 

It should not be concluded from this paper that it is 
possible to achieve the levels of performance that are 
indicated by the thermal- noise limitation either by 
existing approaches or by any new scheme that may 
be devised in the future. The requirements on systemat-
ic error elimination become increasingly severe as the 
random errors are reduced. To make a thermally-
limited platform of practical use requires the systematic 
component of the platform-rate error to be of the order 
of one second of arc per century, for the example given 
above. 
On the other hand, it is reasonable to conclude from 

this paper that a continued effort to improve stable-
platform performance is justified. Such an effort should 
be twofold. First, the improvement of existing gyro-
scopes and associated equipment should be continued. 
Incorporation of hydrodynamic (gas) bearings is an 
example of one step in this direction. Second, the search 
for new ideas for obtaining a stable angular reference 
should be pressed forward with vigor. Each of these 
new ideas should be analyzed theoretically, and those 
which look promising should be put to epxerimental 
test. 

APPENDIX I 

NOMENCLATURE 

az = effective acceleration (including gravity) 
normal to gimbal and spin axes 

e = base of natural logarithms 
h= viscous-damping coefficient of gimbal 

h = platform-servomotor damping 
11=angular momentum of gyro rotor 
.4=gimbal moment of inertia 
Jp= platform moment of inertia 
.1,.= moment of inertia of rotor 
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j=- square root of minus one 
K = Boltzmann's constant 
Kt,= velocity constant of platform servomecha-

nisms 

k„= platform-servomechanism gain (torque per 
unit angle of gimbal tilt) 

Me = control torque applied to gimbal axis 
Md= platform-torque disturbance 
Mi= torque fluctuation about gimbal axis 
my= mass of gyro rotor 

s= complex frequency used in Fourier trans-
forms 

T = absolute temperature 
Tr= time to platform position reset 
t = time 

W(s, Tr) = filter time-varying transmission function 
w(t)= filter-weighting function 

x = input of filter 
y = output of filter 
ab=axial displacement of rotor caused by bear-

ing noise 
nb2= amplitude, at zero frequency, of the power-

density spectrum of rotor axial displacement 
caused by bearing noise 

Oc= vehicle angle with respect to inertial space 
eg= gimbal-tilt angle 
0 „ = platform angle with respect to inertial space 
u = standard deviation of filter output 

asp =  standard deviation of platform angle Op 
=power-density spectrum of input to filter 

11,4 (s) = power-density spectrum of platform angular 
rate 

14= platform angular rate with respect to inertial 
space 

cur = wheel-spin angular velocity. 

APPENDIX 11 

DERIVATION OF (5) FOR U(Tr) 

The weighting function w(t) of Fig. 7 that corresponds 
to an integrator is 

7(41) = 1 

w(t) = 

for ≥ 

for t < O " 

Subsituting this into (4) yields 

(14) 

1 - e 
W(5, T,.) =   (15) 

Placing this time-varying transmission function into 
(3) gives 

172(n) = 1 f dsF(s T,) 
2rj 

where 

- 2 - 
F(s, Ty) = lim 27r   (exx(s). 

.-0 [ (s - €)(s E) 

The splitting of the double-order pole at s =0 into two 
first-order poles at -± E is justified by regarding the in-
tegration that gives rise to this pole as the limit of the 
weighting function 

w(t) e-" for t 

lo(t) = 0 for t < Of 

that is reached when e=0. 

A line integral of the type ( 16) can be evaluated by 
separating the integrand into two components: 

Fit (s, Tr) = hm 2r r  C13xx(S) 

L (s - E) (s e) 

and 

F2(s, Tr) = hm 
e--.0 

(18) 

27r r  ean. — 1 4,xx(s). (19) 
L — Exs + 

The contribution of each component is evaluated sep-
arately by contour integrals consisting of the imaginary 
axis and large semicircles centered on the origin. 
Since T,. is positive and real, a semicircle in the left 
half-plane is used for F1 and in the right half-plane for 
F2. This choice of contours ensures, in each instance, 
that the contribution to the integral along the semi-
circle approaches zero as the radius approaches in-
finity. Then, use of the residue theorem shows that 

a2(Tr) = EKim - E K2b (20) 

where KI„, is the residue of F1 at the pole at s„, in the 
left half-plane and 1(2„ is the residue of F2 at the pole at 
s„ in the right half-plane. Each summation includes all 
of the poles of a particular function in its indicated half-
plane. 
The residues associated with poles of ci).(s) contribute 

terms of the type c(1_ e-Tr) where c is a constant. 
These are bounded as T,. approaches infinity. The only 
unbounded terms arise from the poles at + e. Let the 
residues at these poles be indicated by K1. and K2, re-
spectively for the functions F1 ( pole at - e) and F2 (pole 
at +e). Then, 

hm [0.2(T r)] = lirn [K1. - K2.]. (21) 

But 

r 1 — e-er' i K1. _ 
L 2€ 

— IC2 = 27r r 1 _ e--*T1 
I._ 2€ eb..(€). (22) 

(16) Substituting these values into (20) and taking the 
limit as e goes to zero yields (5). 9 

le W. B. Davenport, Jr. and W. L. Root, "An Introduction to the 
Theory of Random Signals and Noise," McGraw-Hill Book Co., 

(17) Inc., New York, N. Y., p. 69, (4-83); 1958. This source gives an 
equivalent expression to (5) in the time domain. 
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The Astronautic Chart* 
ROY C. SPENCERt, FELLOW, IRE 

Summary—The Astronautic Chart is a nomograph or alignment 
chart so arranged that a single straight line marks off values of the 
velocity, mass, mean distance, period, and acceleration of any two-
body orbiting system. It is illustrated with numerous examples of or-
bits of planets about the sun, moons about their planets, and artificial 
earth satellites. 

All scales give correct values at the extremities of the minor di-
ameter of the elliptical orbit. In the case of binary stars where the 
masses are comparable, the scales also give correct values of the 

total mass, total separation, relative velocity, and relative accelera-
tion. 

I NTRODUCTION 

AUNCH1NG of the twenty-two artificial earth 
, satellites and lunar and space probes during the 

  first two years of the space age has again focused 
attention of students and scientists on the laws of 
Kepler and Newton that control the paths of the 
planets around the sun and of natural satellites around 
their planets. These laws apply as well to the motions of 

artificial satellites. 
The specialist in celestial mechanics or space travel 

deals with orbit problems that become very intricate 
when precise answers are needed. But a general under-
standing of the physical laws and their application is 
much easier to attain. In fact, with the aid of the 
Astronautic Chart'-' inserted between the pages of this 
issue, the would-be astronaut can quickly obtain an 
appreciation of the motions within the solar system. 
This simple graphical device shows at a glance the in-
terrelations among distances, orbital periods, and 
masses, as well as velocities and accelerations. 
The diagram is a nomograph or alignment chart, so 

arranged that a single oblique line gives the charac-
teristics of a particular orbit. The oblique lines illus-
trate numerous systems of bodies in orbital motion; 
other lines may be drawn to solve problems concerning 
possible future satellites, or asteroid orbits. 

Thus, in Fig. 1 the five vertical scales indicate the 
following, from left to right. 

JI 

* Original manuscript received by the IRE, December 23, 1959. 
Revised from a paper published in Sky and Telescope, vol. XVII, no. 
11; September, 1958. 
t The Martin Co., Baltimore Div., Baltimore, Md. Formerly with 

Sylvania Electric Products Inc., Waltham, Mass. 
R. C. Spencer, "The Astronautic Chart for Planets and Satel-

lites," Sylvania Electric Products Inc., Waltham Labs., Waltham, 
Mass., Rept. No. A58-7B; March, 1958. 

2 R. C. Spencer, " Derivation of Formulas for the Astronautic 
Chart," Sylvania Electric Products Inc., Waltham Labs., Waltham, 
Mass., Rept. No. A58-7C; June, 1958. 

3 R. C. Spencer, "Fundamental Constants and Tables for Earth 
Satellites," Sylvania Electric Products Inc., Waltham Labs., Waltham, 
Mass., Rept. No. A58-7C; September, 1958. 

Numerical values of astrophysical constants used in references 
1-3 were obtained from C. W. Allen, "Astrophysical Quantities," 
University of London, Athlone Press, London, Eng.; 1955. 

V is the mean orbital velocity, in kilometers per sec-
ond. For a circular orbit, this is the constant speed of 
the moving body. If the orbit is an ellipse, V is the 
geometric mean (square root of the product) of the 
velocities at perihelion and aphelion, or at perigee and 
apogee. 

Ai is the mass of the central body, in terms of the 
sun's mass as a unit. Strictly speaking, this is the 
combined mass of the two bodies, but for graphical 
purposes the mass of any planet or satellite can be re-
garded as negligible compared to the mass of its pri-
mary. (Only our moon has a mass as great as 1/80 of its 
central body.) 
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Fig. 1—Simplified portion of the Astronautic Chart. The 
earth-sun solution is horizontal. 

a is the mean distance from the primary body, ex-
pressed in astronomical units or kilometers. In the 
case of an elliptical planetary orbit, this is the arith-
metic mean (or average) of the perihelion and aphelion 
distances. One astronomical unit (A.U.) is the mean 
distance of the earth from the sun, about 93 million 

miles. 
P is the period of orbital revolution, expressed in 

years at the top. This scale is successively changed to 
days, hours, and minutes to fit the short periods in the 
lower part of the chart. Since the mean angular velocity, 
do/dl, is 360° divided by the period, we could construct 
such a scale collinear with the period scale. For example, 
a period of 90 minutes yields a mean angular velocity 

of 4° per minute. 
g is the "mean" acceleration toward the central body, 

expressed in centimeters per second each second. For 
example, in the case of Jupiter, this is the velocity of 
free fall toward the sun, one second after starting from 
rest, of a body at Jupiter's distance from the sun. 
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USING THE CHART 

As an example of the use of the Astronautic Chart, 
consider the planet Saturn, which moves around the sun 
in a period of about 294 years. Lay a straightedge 
across the chart, passing through the points marked 
"sun" on the M scale and just below 30 years on the P 
scale. Extended to the left, this straight line shows that 
Saturn's orbital velocity is some 94 kilometers per 
second. From the intersection with the middle scale, 
the mean distance of Saturn from the sun is about 9.5 
astronomical units, and the right-hand scale shows that 
the planet's acceleration toward the sun is much less 
than 0.01 cm/seconc12. 
There are corresponding lines drawn through the sun 

for the other principal planets, front Mercury to Pluto, 
as well as for a representative asteroid, ('eres. 

In the lower part of the chart, each planet is indicated 
at the proper place on the mass scale. Through the 
planet symbols are drawn straight lines giving chart 
solutions for some of their satellites. The line for 
Jupiter's brightest moon, Ill (Ganymede), provides the 
following information: orbital velocity, about 11 kilo-
meters per second; distance from Jupiter, over a million 
kilometers; period, seven days; and acceleration toward 
the planet 11 cm/second2. 
There is quite an overlap for some members of the 

solar system in both acceleration and velocity. For in-
stance, the acceleration of our moon toward the earth 
approximates that of Mars toward the sun. Also, the 
velocities of the earth's present artificial satellites are 
about the same as the orbital velocity of Uranus around 
the sun. 

ARTIFICIAL SATELLITES 

An important use of the chart is the solution of prob-
lems involving earth satellites, whether natural or 
artificial. Two shaded lines run diagonally through 
the earth symbol on the mass axis, one for the moon, the 
other for a hypothetical satellite that would just graze 
the earth's surface. The double triangle bounded by 
these lines is the chart area including all possible earth 
satellites closer to us than the moon, that is, the 
cislunar area. 

Three actual satellites have been plotted, 1957a, 
1958a and 1958e, showing the range of initial period of 
the earlier artificial satellites. A typical moon shot, con-
sisting of a narrow elliptical orbit reaching out to the 
moon, would be indicated by a line from the earth to a 
point marking approximately half the moon's distance. 
The solution for the proposed "one-day" satellite, which 
will hover over a particular point on the equator, will be 
a line through the one-day period. 

Space-travel enthusiasts who expect that some day 
man-made satellites will be circling other planets to 
observe them close at hand will find use for the chart 

of Fig. 2, where minimum satellites have been plotted 
for all planets except Pluto and Venus. Each such 
satellite is presumed to circle its primary just above 
the surface we see, whether that surface is solid, as on 
Mercury and Mars, or gaseous, as on Jupiter and 
Saturn. 

The minimum-satellite velocities differ widely, yet 
their periods are of the same order, ranging from over 
four, hours for a minimum satellite of Saturn to 84.5 
minutes for one of the earth. This is because the period 
for a spherical planet depends only on the planet's 
density. All spheres with the earth's density would 
have minimum-satellite periods of 84.5 minutes. A 
sphere of ice, whether 10 miles in diameter or the size of 
Jupiter, would have a period of about three hours and 
27 minutes for such a grazing moonlet. This raises the 
question, " Is the interior of Jupiter made of ice?" 
On the full-sized Astronautic Chart, the extension of 

any minimum-satellite line to intersect the accelera-
tion ( É) scale indicates the surface gravity of the planet; 
for example, 980 cm/second 2 for the earth. (This ap-

proximation would be exact if the planet were spherical 
and nonrotating.) 

Attempts will eventually be made to establish a 
circumlunar satellite orbit by slowing down the velocity 
of a rocket which is about to miss the moon's surface. 
The Astronautic Chart also serves to answer numerical 
questions about the orbits of such artificial satellites 
concerning the natural satellites of planets. As an exam-
ple, a line has been drawn in the minimum-satellite chart 
for a minimum circumlunar vehicle. From this we see 
that a rocket ship just clearing the lunar surface would 
require about 110 minutes to make a trip around the 
moon. The reader may easily find the orbital velocity 
and period of a rocket revolving around the moon at a 
distance above its surface of, say, 900 kilometers (2638 
kilometers from its center). 

KEPLER'S AND NEWTON'S LAWS 

The three middle scales for mass, mean distance, and 
period provide a solution for Kepler's third or harmonic 
law, which holds for elliptical as well as circular orbits: 

a3 GM 

p2 
(la) 

in which G is the constant of gravitation. 

If the mass il were uniformly distributed throughout 
a sphere of radius a and density p, then M= (4/3)7rpa3. 
On substituting this in ( la), we obtain 

pP2 = 37r/G, (lb) 

indicating, as was mentioned earlier, that the mean 
density depends only on the period. 

Design of the chart is facilitated by expressing the 
variables in ( la) in terms of the V and g that appear at 
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Fig. 2—Minimum satellite orbits of planets (and moon). Orbits of the one-day earth satellite and the moon have been included. 

the sides of the chart. One writes the expressions for 
velocity and centripetal acceleration in the case of 
uniform circular motion discussed in elementary 
physics: 

V = 27a/P; g = V2/a. 

By rearrangement, 

a = 1/2/g; P/ 27r = a/V = V/g. (2,3) 

Newton's Law of Universal Gravitation states that 
g = G 111/a2, whence 

GM = a2g = .174/g. 

Note that (2)-(4) are of the form V"/g. 

(4) 

CONSTRUCTION OF THE CHART 

Many readers are familiar with the multiplication 
nomograph or alignment chart for an equation of the 
form z=xy. Thus, in the simplest form, x and y are 
parallel logarithmic scales with the same logarithmic 
base, while the scale for z is placed midway between 
them with a logarithmic base half as great. 

Actually, there is some flexibility in the choice of the 
logarithmic bases, as shown in the diagram of Fig. 3 
for the case of z=x"y. Choose any convenient base .1 for 
the cycle from I to 10 of the x scale. Then divide by n 
as shown on the left. On the right, any convenient 
parallel base B is shown for scale y. The intersection of 
the diagonals of the parallel line segments A /n and B 
are then marked off to find the horizontal position and 
length of the base C for z. 

It can be shown from the construction that the posi-
tion of the z scale is determined by 

D = A/(A nB) (5) 

where D is the fraction of the distance from the left-
hand scale to the right-hand one. Furthermore, 

C = AB/(A nB), 

where C is the base length (height) of the z scale. 
These expressions can now be applied to ( 2), (3), and 

(4), each of which is of the form z= 17" Xl/g. For con-
venience, let the logarithmic base for V, the left-hand 
scale of the Astronautic Chart, be of unit length, repre-

(6) 
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Fig. 3—Nomograph for z=x"y, with C, A, and B the 
respective logarithmic scales. 

sented by 1. For the right-hand scale, we adopt a base 
half as long, represented by 1. Our choices make 
A = 1 and B 

In (4), ( 2), and (3), n has the values 4, 2, and 1, for 
the M, a, and P scales, respectively. Substituting these 
values in the expressions above for D and C gives 
Table 1 for use in Fig. 4. 

Scale 

TABLE I 

V 

Position 

Base 

0 1/3 

1 1/6 

a 

1/2 2/3 1 

1/4 1/3 1/2 

ug 

The reader who wishes to subdivide further the scales 
of the Astronautic Chart will find the proper values in 
any scale of logarithms to the base 10. 

Further information about nomograms may be found 
in such texts as Douglass and .Adams, 5 and Mackey.6 

EXTENSION TO ELLIPTIC AND BINARY ORBITS 

The three middle scales naturally apply to elliptic 
orbits because they solve Kepler's third law. However, 
after including in the chart the additional scales for V 
and É on the basis of circular orbits, the author was 
agreeably surprised to find that they were also exact at 
the extremities of the minor diameter of the ellipse. 
Thus, in Fig. 5, the circular orbit is "equivalent" to the 
elliptical orbit in period and major diameter. The orbits 
intersect at the extremities of the minor diameter BB' 
of the ellipse, at which points the accelerations are 
equal and the velocities are the same in magnitude, 
whence the term "circular velocity." 

Newton pointed out that, in a binary system con-
sisting of two niasses m1 and m2 revolving about their 
common center of gravity, Kepler's law still holds if 

6 R. D. Douglass and D. P. Adams, " Elements of Nomography," 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1947. 

C. O. Mackey, "Graphical Solutions," John Wiley and Sons, 
Inc., New York, N. Y.; 1936. 

Vg 

i j. 

Fig. 4—Construction of the Astronautic Chart. 

Fig. 5—Equivalent circular and elliptic orbits. 

M is the sum of the masses and a is the mean separation. 
It now appears that the V and g scales also hold at the 
extremities of the minor diameter of the relative ellipse, 
providing they represent sums of corresponding scalar 
magnitudes (or vector differences). 

Originally the author had inserted several orbits of 
binary stars, such as Capella and Sirius, but later he 
decided to omit them in order to simplify the chart 
and restrict its illustrations to the solar system. But 
whether the reader is interested in earth satellites, inter-
planetary exploration, double stars, or a combination 
of these, the Astronautic ('hart can be used to study 
them further. 
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A Study of Natural Electromagn etic Phenomena 
for Space Navigation* 

R. G. FRANKLINt AND D. L. BIRXt, MEMBER, IRE 

Summary—A study has been carried out for the United States 
Air Force investigating the use of natural electromagnetic radiation 

in the space environment for navigational purposes. Radiations from 
the sun, the stars, and interstellar space in both the visible and RF 
portions of the spectrum and also cosmic rays have been investigated. 

Emphasis has been placed on the measurement of velocity in 
space utilizing the Doppler phenomenon. Equipment and techniques 

useful in deriving velocity information from Doppler shift measure-
ments are described and figures for expected accuracy are derived. 
Other passive techniques having possible application to space naviga-
tion such as the measurement of total solar radiation and solar di-
ameter are briefly discussed. 

INTRODUCTION 

HE Franklin Institute has been engaged in a 
study of natural electromagnetic radiation for a 

  period of approximately one year. Radiations 
from the sun, the stars and interstellar space in both 
the optical and radio frequency portions of the spectrum 
have been investigated, with the aim of determining 
their value to space navigation, particularly in the 
measurement of velocity utilizing the Doppler phe-
nomenon. In this paper, sources and techniques useful 
in deriving velocity information from Doppler shift 
measurements are described and figures for expected 
accuracy are derived. These data are then compared in 
accuracy with results of two other passive techniques, 

the measurement of total solar radiation and of solar 
diameter. 
Whenever there is relative motion between a source 

of radiation and an observer, the radiation observed is 
shifted in wavelength an amount [IX, which is propor-
tional to the relative velocity according to the equation 

7..X1 
AX = X1 — X2 = — (1) 

where 

y = relative velocity of source with respect to ob-
server, 

c=- velocity of light, 

Xi = wavelength of radiation observed with no relative 
motion, 

X2 = wavelength observed with relative motion. 

* Original manuscript received by the IRE, December 2, 1959. 
This study has been supported by the USAF, Wright Air Develop-
ment Center, Dayton, Ohio, under Contract No. AF 33(616)-5898. 
t Labs. for Research and Development, The Franklin Institute, 

Philadelphia, Pa. 

This equation permits the measurement of the radial 
velocity of a space vehicle with respect to a source of 
radiation, provided that Xi is known, and LIX can be 
measured. The velocity error (5v depends on the ac-
curacy of the measurement of XI and X2 and is given by 
the formula 

2aX 
#5z, = 

Xi 
(2) 

where SX = error in the determination of wavelength. 
The suitability of Doppler methods of velocity deter-
mination therefore depends on the magnitude of 6X 
which, in turn, is influenced by the intensity and shape 
of the spectral lines and the measuring equipment 
characteristics. As for the lines themselves, the most 
desirable characteristics are high intensity and good 
sharpness (narrow width). 

CHARACTERISTICS OF SPECTRAL LINES 
IN THE OPTICAL REGION 

Aller' has outlined the causes of broadening of spec-
tral lines. The most important of these for our present 
discussion is the Doppler effect, whereby lines are 
broadened due to the random kinetic motion of the 
atoms, the turbulence of large masses of gases in the 
atmospheres of the heavenly sources, and the axial 
spin of the source if the light is integrated from all 
parts of the source. Aller derived an expression for the 
halfwidth of the line, broadened only by Doppler ef-
fects: 

àX = 7.16 X 10-7X V -t-- (3) 

where 

AX= the halfwidth of the line, 

X = the wavelength of the line, 

T= the temperature (° K), 

¿z= the molecular weight of the radiator (or ab-
sorber). 

The lines are broader, therefore, for longer wavelengths 
and higher temperatures, and for the lighter elements. 

L. H. Aller, "Astrophysics," The Ronald Press Co., New York, 
N. Y., ch. 8; 1953. 
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The shape of the spectral lines at the center is largely 
determined by Doppler effects, whereas other causes, 
e.g., radiation and collision damping, fix the shape at 
greater distances from the center of the line. Analysis 
of the Doppler effects shows that even narrow lines have 
comparatively flat tops. Therefore, for wavelength de-
termination, the sides of the line should be utilized 
wherever possible. 

With regard to intensity, the sun is the only source 
which provides adequate energy for high-accuracy 
spectroscopic measurements. The Babcock magneto-
graph,' for example, is able to provide an equivalent 
velocity resolution of one meter per second in Doppler 
measurements, using the sun as the source. The radia-
tion received from even the brightest stars, however, is 
approximately only 1 X 10-i° as intense. Stars differ 
greatly on the basis of both apparent intensity and 
spectra. They may be classified according to their 
spectra which in turn are a function of the star tempera-
ture. Table I lists the spectrum classes of the main se-
quence stars, the associated temperatures and some of 
the more characteristic features of each class. Each class 
is further subdivided, as BO, Bi, • • • , B9. 

By assuming that the sun and the stars radiate as 
black bodies, the fraction of the total emittance over 
any given wavelength range can be calculated from 
the radiation laws 

1) W bb = UT4, (4) 

where 

Wbb =the total radiant emittance of a black body at 
the temperature T, 

T = absolute temperature (°K), 
= the Stefan- Boltzmann constant; 

dWbb c1X-5 
2) = =, 

ec2ixr _ 1 (5) 

where 

WA =spectral emittance at the wavelength X over a 
bandwidth AX, 

c2= first and second radiation constants. 

From this, the spectral irradiance .lid, over the wave-
length band [IX of a source is given by 

IVA 
H.x = X IL, (6) 

Wb,, 

where H„ is the total irradiance of the source on the 

earth. 
In the case of the sun, H„ the solar constant is 0.14 

watt/cm2, and for a star of zero bolometric magnitude, 
FL has been determined to be 2.27 X10-12 watts/cm'. 

2 H. W. Babcock, "The solar magnetograph," Astrophys. J., vol. 
118, pp. 387-396; November, 1953. 

TABLE I 

SPECTRUM CLASSES AND THEIR CHARACTERISTICS 

Spectrum 
Class 

Mean 
Color 

Temperature 
Characteristic Features 

0 23,000°K 
BO 21,000 

AO 11,000 

FO 7,300 

GO 5,900 
KO 5,280 

MO 3,590 

The Still is a G2 star. 

Faint He lines present. 
He lines intense, reaching a maximum in 
B2 stars and fading out in B9 stars. 

H lines reach a maximum; metal lines 
begin to appear. 

H lines fade out; metal lines. especially 
Ca (H and K), increase. 

Metal lines appear in great numbers. 
Metal lines are most prominent; Ca 
(H and K) reach a maximum in-
tensity; molecular bands appear. 

Bands of Tio are prominent. 

The spectral irradiance over a bandwidth of 1 A has 
been calculated for various wavelengths from the sun 
and from stars of zero bolometric magnitude and differ-
ent spectrum classes. These are given in Table II. In-
cluded also are the wavelengths of maximum energy 
calculated by the relationship 

X„,a„ = (2.8971/T) X 107 A. (7) 

The last column lists the apparent visual magnitudes. 
For stars other than those of zero bolometric magni-

tude, the irradiances may be calculated from the 
formula 

m2— m1= 2.5 log — 
L2 

where m2 and m1 are the visual magnitudes of the un-
known and standard star (of zero bolometric magnitude) 
of the same spectral class, and L1 and L2 are the in-
tensities of the unknown and standard stars respec-
tively. Since the unknown star is being compared to a 
standard star of the same temperature, L1 and L2 may 
represent their respective irradiances at any wavelength. 
These data for some of the .brightest stars appear in 
Table III. 

While there is much general information as to the lines 
to be found in stellar spectra, such as the excellent 
group of photographs published by Morgan, Keenan, 
and Kellman,3 there is a scarcity of definite photo-
metric data on the line profiles. Hiltner and Williams' 
have published data for eight stars in their " Photometric 
Atlas of Stellar Spectra." Fig. 1 is a reproduction of a 
trace for Rigel in the region of the Ca II H and K lines 
at 3968 and 3934 A, and of H T and H1 lines at 4340 A 
and 4102 A. Fig. 2 shows a similar trace for Sirius. The 
spectra of cooler stars exhibit many lines, as can be 

3 W. W. Morgan, P. C. Keenan, and E. Kellman, "An Atlas of 
Stellar Spectra," University of Chicago Press, Chicago, III.; 1943. 

4 W. A. Hiltner and R. Williams, " Photometric Atlas of Stellar 
Spectra," University of Michigan, Ann Arbor, Mich.; 1946. 
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TABLE II 

SPECTRAL IRRADIANCE OF STARS OF ZERO BOLOMETRIC MAGNITUDE 
(WATTS/CM2/A) 

Spectral 
Class 

Temperature 
°K 

H„x 
X4000A 
10-16 

fLx 
X5000A 
10-" 

H„x 
Alp 
10-16 

H4 
X5p 
10-" 

114 
X10/I 
10-1° 

AMHX 
A 

Apparent 
Visual 

Magnitudes 

BO 21,000 1.66 0.84 0.078 0.167 0.011 1,317 2.8 
B5 16,000 2.65 1.46 0.156 0.369 0.024 2,069 1.4 
AO 11,000 3.70 2.75 0.381 I.064 0.0726 2,708 0.6 
AS 8,700 4.19 3.18 0.681 2.10 0.143 3,408 0.2 
FO 7,300 3.90 3.41 0.855 3.47 0.241 3,915 0.0 
F5 6,400 3.41 3.36 .053 5.00 0.352 4,457 0.0 
GO 5,900 2.84 3.12 .172 6.26 0.449 4,910 0.5 
G5 5,570 2.51 2.90 .276 7.19 0.518 5,267 0.1 
KO 5,280 2.37 2.88 .362 8.46 0.610 5,912 0.17 
K5 4,550 1.63 2.36 .59 11.90 0.943 6,898 0.6 
MO 3,590 0.696 1.40 .83 23.49 1.826 8,048 1.2 
M5 2,800 0.06 0.36 .63 4.85 0.405 10,350 2.4 
G2(sun) 5,760 1.5 X10" 1.9 X10" 7.6 X 101° 4.0 X10" 29X10'° 5,030 -26.7 

TABLE Ill 

SPECTRAL IRRADIANCE OF SOME BRIGHT STARS 
(WATTS/CM2/A) 

Star Class 
Visual 
Mag-
nitudes 

Sirius 
Canopus 
ti Centauri 
Vega 
Rigel 
Achernar 
Spica 
Arcturus 
Altair 
Deneb 
Fomalhaut 
Betelgeuse 
Pollux 

AO 
FO 
BI 
AO 
B8 
B5 
B2 
KO 
A5 
A2 
A3 
Al2 
KO 

-1.6 
-0.9 
0.9 
0.1 
0.3 
0.6 
1.2 
0.2 
0.9 
1.3 
1.3 
0.9 
1.2 

H.x 
X4000A 
10-16 

Star 
H„x 

X5000A 
10-18 

Star 
H„x 
Alp 
10 16 

Star 
14 
X5p 

28.0 Sirius 21.0 Betelgeuse 3.6 Betelgeuse 41.5 
8.9 Canopus 7.8 Sirius 2.9 Arcturus 8.2 
8.1 ¡I Centauri 5.1 Canopus 1.9 Sirius 8.1 
6.7 Vega 4.3 Arcturus 1.3 Canopus 7.9 
6.3 Rigel 3.9 Vega 0.6 Vega 1.7 
5.5 Achernar 3.0 Rigel 0.5 Rigel 1.4 
4.7 Arcturus 2.8 tt Centauri 0.4 Pollux 1.3 
2.3 Spica 2.4 Altair 0.35 Altair 1.1 
2.2 Betelgeuse 2.4 Achernar 0.3 tt Centauri 0.9 
1.8 Altair 1.7 Spica 0.23 Achernar 0.8 
1.6 Deneb 1.2 Deneb 0.22 Deneb 0.7 
0.77 Fomalhaut 1.2 Fomalhaut 0.22 Fomalhaut 0.7 
0.37 Pollux 0.45 Pollux 0.21 Spica 0.5 

seen from Fig. 3 (a) and 3 ( b), which are copies of a 
representative portion of the photometric traces of the 
spectra of Procyon and Arcturus. 

ACCURACY OF VELOCITY DETERMINATION 
IN THE OPTICAL REGION 

As can be seen from Table Ill, the radiation available 
from the stars for Doppler measurements is small. An 
instrument of high resolution and dispersion is neces-
sary to permit accurate measurements, and detectors of 
great sensitivity are necessary to record small line dis-
placements. 
The common technique used in measuring Doppler 

shift is that of employing two receiving channels sep-
arated by a fixed frequency interval and situated on 
either side of the center of the line to be measured. The 
outputs of the two channels are compared as the pair is 
moved across the line, and at the instant a null is ob-
tained (when the outputs of both channels are equal) 
the center line frequency is deduced as being midway 
between the two channel frequencies. Any shift in line 
frequency necessitates a corresponding shift of the two 
channels in order to reestablish a null. With such a 

Star AlOp 
10-1° 

Betelgeuse 
Arcturus 
Sirius 
Canopus 
Vega 
Rigel 
Pollux 
Altair 
¡I Centauri 
Achernar 
Deneb 
Fomalhaut 
Spica 

3.08 
0.6 
0.6 
0.55 
0.12 
0.09 
0.09 
0.08 
0.05 
0.05 
0.05 
0.05 
0.03 

system, it has been shown5 that, to a good approxima-
tion, the change in flux falling on the balanced detector 
system caused by a displacement dit of an absorption 
line is given by 

dL = 2aExdX, (8) 

where 

dL= the change in flux, 
a = the fraction of radiation absorbed at the center of 

the line, 
Ex = flux emerging from the spectrograph at X (with-

out absorption), 
dit = the displacement of the line. 

The total flux falling on the detectors is 

L = ExAX(1 - a/2), (9) 

where 

L -- the total flux, 
AX = the halfwidth of the line. 

5 "The Franklin Institute Fourth Quarterly Engineering Report 
on the Study of Electromagnetic Phenomena for Space Navigation," 
Philadelphia, Pa Contract AF 33(616)-5898, Project No. 8(623- 
5219); June 30, 1959. 
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The ratio of the change in flux to the total flux is there-
fore 

dL 2aExdX 2adX 

L ExAX(1 — a/2) AX(1 — a/2) 

It is evident from this equation that narrow, strongly 
absorbing lines are best suited to velocity measure-
ments. The above derivation assumes that the half-
width of the line and the width of the signal channels 
are approximately equal. 

The equation given below relating the various param-
eters involved in the detection process has been derived 
by the workers at the General Precision Laboratory.6 

v) = 1 JGer _D 
ES ( IV — 

X ExaSV 2t L 

(10) 

In this equation 

u(V)=error in velocity measurements, 
c= velocity of light, 
X = wavelength of the light used, 
S= spectral sensitivity of the detector tubes, 
G=gain of the detector tubes, 
e = the charge of an electron, 
t = the smoothing time, 
= the dark current of the detector tubes, 

W= the bàndwidth of the signal channel (exit slits 
of the spectrograph), 

AX = halfwidth of the absorption line. 

The flux Ex emerging from the spectrograph system is 
a function of the irradiance of the source, the area of 
the collecting telescope, and the attenuation of the 
optical system. It may be represented by 

Ex =- H4dA0t, (12) 

where 

H„,dX= the irradiance of the source, 
O = the area of the telescope collector, 
e= the attenuation of the optics. 

The errors in the measurement of the velocity cr(V) 
vs the diameter of the collecting telescope were com-
puted by the use of this equation for Sirius and for 
Rigel, Figs. 4-6, using the parameters indicated in the 
figures. It may be seen that detectors of the highest 
quality are essential by comparing Figs. 5 and 6, where 
computations were made for Rigel using different tube 
parameters. 

SYSTEMS FOR DOPPLER MEASUREMENTS 

While it is not our present aim to propose a specific 
design for an instrument, certain features can be out-
lined and suggestions made on the basis of an examina-

O "Interim Engineering Report on the Study of Electromagnetic 
Phenomena for Space Navigation," General Precision Laboratory 
Inc., Pleasantville, N. Y., Contract No. AF 33(616)-5487; January, 
1959. 
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tion of the preceding results. Such an instrument should 
have the following components: 

1) A collecting telescope. From Figs. 4-6, it can be 
seen that little is to be gained by increasing the di-
ameter of the collector above 8 or 10 inches which would 
therefore be a practical compromise between efficiency 
and weight. 

2) The spectrograph. In order to attain the neces-
sary dispersion and resolution an echelle-prism system 
might be used to advantage, since such a system com-
bines high dispersion and resolution with efficiency. 

3) A slit system in the focal plane of the spectro-
graph. This slit system would be so constructed as to 
divide the radiation from a line, permitting the flux 
from each half to fall on a detector. The output from 
the two detectors would be balanced at zero velocity. 

4) Detectors. As pointed out above, the detectors 
must be of the highest quality. 

Because of the low signal level, it is interesting to 
examine the effect of using more than one line by em-
ploying more than one slit in the detector assembly. The 
total change in the flux for n lines in the same spectral 
range would then be n times the average change for one 
line or 

dL = 2115tExdK, 

and ( 12) becomes 

C_ 
XntrExS 

/Ge 
ii1 2 [ ID -I- nExS (II' — 

éiAX 
2 . (13) 

For any given star, Ex and dX will remain essentially 
constant over a small wavelength range, but a may 
vary from 1 to O. Fig. 7 shows the effect of varying a 
for H„x = 1 X10-16 watts/cm2 A, for different values of n 
(heavy curves). The other parameters are as indicated in 
the figure. It can be seen that asa decreases, the velocity 
error a( V) increases rapidly with a limiting value of M 

when a= O. Thus it is necessary to use only those lines 
having large values of a, and weakly absorbing lines 
must be excluded. To illustrate this, assume that the 
value of a remains constant (a= 0.9). If one slit is used, 
o-(V)= 153 meters per second as shown by X on the ap-
propriate curve. If 2 slits are used, cr( I') = 96 meters per 
second. Similarly, for n=5, 10, 20, and 30 slits, the values 
of cr( V) are 56, 37, 25, and 20 meters per second, as 
shown by the points marked X in the figure. 

But if a is also varied when several slits are used, the 
velocity errors may be increased. Assume the following 
values of a for the various values of n: 

n1-1.(walt/cm2 A) 

1 1X10-16 0.9 
2 2 X10-" 0.8 
5 5 X10-" 0.6 
10 1000-16 0.4 
20 20X10-'6 0.2 

a( V)(meters 
per second) 

153 
112 
90 
98 
144 
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Fig. 7— Velocity errors vs absorption factor for various 
levels of stellar irradiance. 

These points appear in Fig. 7 as A, • • • A. It is evident 
that for the values of a chosen for this illustration, the 
optimum number of lines is five or six. If more than this 
number are used, the velocity error increases. 

This type of calculation was also performed using the 
spectrum of Procyon from 3990 A to 4020 A, part of 
which is reproduced in Fig. 3(a). It was assumed that the 
narrowest and most absorptive line would be chosen 
when only one slit is used. In this case, a= 0.7 and cr(V) 
is 121 meters per second. This point is On = 1 on the 
curve for //„x = 2.15 X10-'6 which is the value in watt 
/cm2/A of the irradiance of Procyon at X = 4000 A. For 
the next most absorptive line, a = 0.6, reducing the 
average of a to 0.65. Similarly, the average a was taken 
for the 43 lines in the spectral range under consideration 
and the velocity errors were calculated. These points 
appear in Fig. 7 as 0 • • • O. In this case, little is to be 
gained from the use of more than ten lines. 

THE HYDROGEN 21-CM LINE 

The degree to which the hydrogen line may be em-
ployed in determining the velocity of a space vehicle is 
also dependent upon the intensity of the line, its sharp-
ness, and the angular extent and location of the sources. 
Most of the lines found to date are of rather complex 

structure due to thermal motions and other turbulence 
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within the clouds, and also to differences in radial veloc-
ity of the various clouds along the line of sight. In emis-
sion, the sharper lines range in width from 120 kc to 
170 kc, corresponding to a velocity range of 24 km/sec 
to 34 km/sec. Quite often, the lines are much broader, 
and some widths are found ranging from 800 kc ( 160 
km/sec) to 1 mc (200 km/sec). Absorption lines, where 

found, have characteristics much more suitable for 
Doppler measurement. Fig. 8 (see Hagen, et al.') shows 
the line configuration obtained when viewing the Cassi-

100 *K 
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Fig. 8—Profile type of absorption measurement. (Two 21-cm hydro-
gen line profiles are shown, one for the direction of the Cassiopeia 
A source and one for a comparison position taken approximately 
1° away.) ( See Hagen, et al.7) 

opeia A source. The absorption lines exhibit widths at 
the half-power points of only 20 to 25 kc. The much in-
creased sharpness of lines in absorption is attributed to 
the greater angular resolution obtained through the use 
of discrete sources. The angular size of the Cassiopeia A 
source is estimated at only 6 minutes of arc which would 
correspond to the beamwidth of a 500-foot antenna. 
This equivalent small beamwidth restricts the amount 
of hydrogen cloud viewed, so that smaller random ve-
locity and Doppler shifts due to cloud motion are in-
cluded. 
The energy available from 21-cm sources is also small, 

necessitating the use of large antennas and highly stable 
radiometer-type equipment with long integration times, 
in order that the signal may be distinguished from the 
noise background. Brighter sources which have been dis-
covered to date provide peak antenna temperatures in 
the neighborhood of 100°K. Most of the sources, how-
ever, provide energy levels much less than this. In order 
to provide a signal-to-noise ratio of at least 10.0, when 
the antenna temperature is 80°K the receiving equip-
ment must be so designed that the equivalent noise 
temperature is below 8.0°K. Another factor entering 
into the receiver design is the band-pass. It has been de-
termined that in order to provide good definition, the 
band-pass should be no larger than 5 kc. However, this is 

7 J. P. Hagen, S. E. Lilley, and E. F. McClain, "Absorption of 21 
cm radiation by interstellar hydrogen," Astrophys. J., vol. 122,, pp. 
361-375; November, 1955. See p. 369. 

subject to some variation for our purposes, as we shall 
see later. Therefore, according to the definition of an-
tenna temperature as Ta, 

Ta = kf —  (14) 

where 

P= power received by antenna, 
k= Boltzmann's constant, 

Af = receiver band-pass. 

If 41 = 5 kc, the input power corresponding to an anten-
na temperature of 80°K is only 5.5 X 10-18 watts, and the 
noise level for good measurement capability should not 
exceed approximately 10—'9 watts. 
The ordinary form of the radiometer equation postu-

lated by Dick& for the rms fluctuation in antenna tem-
perature when looking at a radio source is 

1 
àT = [(F — 1)To+ TA]T/2 V—Br (15) 

where 

F= noise figure for signal and image bands, 
B predetection bandwidth, 
r = integration time, 
To = ambient temperature, 
TA=antenna temperature of radio source. 

Noise figures of 8 db (F= 6.3) are readily realized, giving 

a receiver noise temperature (F-1) To of 1550°K. 
Using a source antenna temperature of 80°K, and a 
5-kc band-pass, the above equation shows that an inte-
gration time of 100 seconds results in a detectability 
(S/N= 1) of 3.6°K. Recent reports on the successful ap-
plication of maser preamplifiers at 21 cm indicate that 
receiver noise temperatures at least as low as 50°K are 
realizable. In this case, a band-pass of 5 kc and an inte-
gration time of 100 seconds would permit a detectabil-
ity of 0.3°K, showing an improvement of better than 
10:1. 

These figures on sensitivity can now be applied to the 
problem of determining the accuracy with which line 
shift, and hence velocity, can be measured. The method 
of detecting line position will be assumed to employ de-
tection channels on either side of the line being meas-
ured, similar to the technique described for optical fre-
quencies. Work has been done on optimum channel 
widths and separation to provide best sensitivity. 9 It 
will suffice to point out briefly that the bandwidth of the 
filters and the separation between them should be of the 
order of magnitude of the halfwidth of the line. Under 
these conditions, it can readily be shown that for small 

8 R. H. Dicke, "The measurement of thermal radiation at micro-
wave frequencies," Rev. Sci. Ins/v., vol. 17, pp. 268--275; July, 1946. 

9 P. M. Schultheiss, C. A. Wogrin, and F. Sweig, "Time frequency 
measurement of narrow band random signals in the presence of 
wide band noise," J. App!. Phys., vol. 25, pp. 1205-1036; August, 
1954. 
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displacements AT of the line, having a depth T ex-
pressed in units of antenna temperature, the power in 
one channel will increase approximately by an amount 
kT4f, and the power in the second channel will decrease 
by a like amount, giving a total change in input power 
of 2knf. This will cause an equivalent temperature 
change at the input of the receiver of 

2kT,Af 2TAf 
AT =  

kB 
(16) 

where B= the receiver band-pass. 
Now it has been shown that with an integration time 

of 100 seconds, a detectability of 3.6°K is well within the 
capability of an ordinary radiometer, and with a maser 

preamplifier, detectabilities of at least 0.3°K are pos-
sible. The band-pass of the receiver should be adjusted 
as nearly as possible to correspond to the halfwidth of 
the line being measured. Referring once again to Fig. 8 
it is found that this value for the Cassiopeia absorption 
line is approximately 4 km/sec which at the frequency 
of 1421 inc corresponds to 19 kc. T has the value of 80. 
Substituting these values in ( 16) and noting that in-

creasing the receiver band-pass to 19 kc changes the de-
tectability from 3.6°K to 1.8°K, we find an uncertainty 
in the measurement of line position of 45 meters 
per second ( 148 feet per second), and with a maser 
(r= 0.15°K), an uncertainty of only 3.7 meters per 
second ( 12.2 feet per second). In measuring velocity by 
means of Doppler shift, the difference between the 
shifted and the unshifted line must be determined so 
that the uncertainty in velocity measurement should be 
twice the above values or 90 meters per second ( 296 
feet per second) and 7.4 meters per second ( 24.4 feet 
per second), respectively. 
At the present time, the hydrogen line at 21 cm is still 

the only line that has been detected in interstellar space 
by radio techniques. A number of other lines have been 

predicted, however. Data thus far gathered indicate 
that the diatomic molecules, especially hydrides, are 
the important molecules of interstellar space. Radiation 
from these molecules has been predicted throughout the 
millimeter wave region, and far infrared. Unfortunate-
ly, the detection of millimeter lines is very difficult com-
pared with the 21-cm line because of equipment limita-
tions, absorption in the terrestrial atmosphere, the re-
duced abundance of the molecules, the reduced-state 
temperature of the molecular energy levels defining the 
millimeter transitions and the lack of bright point 
sources in the sky at these frequencies. Improved equip-
ment and satellites are certain to overcome the first two 

objections. Hence, the detection of these lines is not 

considered hopeless. At present, however, an appraisal 
of their value to navigational problems in space is im-
possible. It does appear fairly certain that, because of the 

rarity of these lines, the intensity of radiation received 
even in outer space at these wavelengths will be far less 
than that due to hydrogen, thereby raising considerably 

the performance level required of the equipment. Cos-
mic rays have also been examined, but have been found 

not to hold any immediate promise for space navigation, 
primarily because no discrete sources are available, and 
no discrete line spectra exist for the measurement of 
frequency shifts. 

SoLAR RADIATION AND SOLAR DIAMETER 

Solar radiation has been suggested as a means of de-

termining the distance of a space vehicle from the sun. 
This information coupled with angle measurements on 
the sun and planets would permit the determination of 
vehicle position in space. Press has estimated that the 
total uncertainty in measuring the earth-sun distance 
with such a scheme would be 10,000 miles.'" For veloc-
ity, our primary interest would be in the change in radi-

ation power with time. Therefore, the absolute magni-
tude of solar radiation is unimportant. Constancy of 
radiation with time, on the other hand, is extremely im-
portant. 

Power radiated from the sun and intercepted by a de-
tector may be approximated from the black body law as 

P = 
ail DT4 

r D2 

where 

= Stephan- Boltzmann c( 1stiii, 
A„=area of sun, 
A D = area of detector, 
T= temperature of the suit, 
D =distance from the sun, 

(17) 

and the rate of change of this power with time is given 
by 

dl' 2o-,4 8,4 DT4 

(ID ir 
(18) 

Radial velocity with respect to the suit is therefore given 
by 

AP 1 
V = X  

At dP 

dD 

(19) 

Table IV lists the radiation power and rate of change 
with distance for the neighborhoods of Earth, Venus, 
and Mars. 

TABLE IV 

(AREA or DETECTOR = 1 CM2) 

P (watts 

dP (watts ) 
-- 

dD meter 

Earth Venus Mars 

0.14 

1.74 X10-'2 

0.18 

2.41 X10-'2 

0.118 

1.58 X10-12 

112 S. Press, "An application of solar radiation to space naviga-
tion," Arro-Space Engrg., vol. 17, pp. 51-54; November, 1958. 
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The procedure in making measurements of radial ve-
locity with respect to the sun would be that of taking 
distance measurements at two different times, and di-
viding the distance change by the time interval. Accord-

ingly, 

— D2 
V=  

Ti — T2 
(20) 

Assuming that errors exist in both the time and dis-
tance measurements, the resulting error in velocity is 

given by 

àDi àD2 (DI — D2)à T1 (DI — D2),C,T2 
A V =  

— T2 T1 — T2 (Ti — T2)2 (Ti — T2)2 

and, assuming that àDi =àD2, and à T2, 

2àD 2,C,T(Di — D2) 
à V =     • (21) 

— T2 (T1 — T2)2 

It becomes apparent that the velocity error is dependent 
upon the time interval between readings. If the velocity 
may be considered as a slowly changing quantity so that 
readings may be taken over intervals which are large 
compared with the accuracy of measurement, the error 
may be controlled. For a time interval of 100 seconds, 
and a photocell detectivity of 10-4 watts (6X101 meters), 

the velocity uncertainty at the distance of the earth 
from the sun would become approximately 

2 X 6 X 105 
AV =  — 12 km/sec (39,000 feet/second). 

100 

Turning now to the problem of measuring distance 
and velocity through angular measurements of the sun's 
diameter, the distance error for a given error in angular 
measurement is given by 

dàa 
AD =  

« 2 
(22) 

where 

d = diameter of the sun, 
a= angular diameter of the sun in radians. 

Taking the earth-measured angular diameter of the 
sun as 0.0093 radian and the diameter as 13.9 X108 
meters, the error in the measurement of the earth-sun 

distance for each second error in angular measurement 
is 

AD 
13.9 X 108 X -ir 

(0.0093)2 X 3600 X 180 

= 7.8 X 107 meters (48,500 miles). 

Assuming an angular error as 0.1 second (which is realis-
tic in view of present equipment), 

àD = 7.8 X 106 meters 

and the error in determining radial velocity with a 100-
second interval between readings would be given as be-
fore: 

2àD 2 X 7.8 X 106 
AV —  

— T2 100 

= 156 km/sec (510,000 feet/second). 

CONCLUSIONS 

Reviewing the results of the past study, a number of 
conclusions can be drawn. First of all, cosmic rays do 
not appear feasible as an aid to space navigation, pri-
marily because no discrete sources of radiation are avail-
able and no discrete line spectra exist. Studies of other 
radiation in the visible and radio regions reveal that the 
primary difficulty is one of extremely low signal levels. 
To illustrate, the brightness temperatures of 21-cm 
sources range from 0° to 100°K. Viewing an 80°K source 
with a 50-foot antenna and a receiver band-pass of 5 kc, 
one would have a signal level of only 5.5 X 10-" watts. 
At optical wavelengths, the power available from the 
brightest stars in the region of 5000 A is approximately 
1 X10-" watts/A if viewed through a 10-inch telescope. 
The sun, of course, is an exception. When viewed under 
the same conditions, a quite adequate power level of 
9.5 X10-4 watts/A is obtained. 

Except for the sun, then, it is obvious that in meas-
uring Doppler shifts with such low-level signals, special 
detection equipment with high sensitivity and long time 
constant is required in order to distinguish the sig-
nal from the noise. If the assumption is made that the 
detection limit occurs when the signal is equal to the 
noise, the capabilities of various systems can be com-
pared as in Table V where the noise level is expressed in 

TABLE V 

SYSTEM COMPARISON 

Optical Doppler 

Source 

Sun 

Sirius 

System Integration 
1 i me Noise Level 

Babcock Magneto-
graph 

10-inch Telescope 
Detection System 
Similar to Magneto-
graph 

100 seconds 

100 seconds 

3 feet/second 

60 feet/second 

Radio Doppler ( 21 cm) 

Cassio-
peia A 

Cassio-
peia A 

Radiometer 
50-foot Antenna 

50-foot Antenna 
with Maser 

100 seconds 

100 seconds 

148 feet/second 

12.2 feet/second 

Other 

Sun 

Sun 

Total Radiation 

Diameter Measure-
ment 

100 seconds 

100 seconds 

39,000 feet/second 

510,000 feet/second 
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terms of equivalent velocity in feet per second. This 
noise level varies inversely as the square root of the out-
put integration time for the radio and optical systems. 
Consequently 100 seconds was chosen as a convenient 
value upon which to base our comparison. In instances 
where longer times can be tolerated, an equivalent im-
provement in detectability may be expected up to the 
point where equipment instabilities become a problem. 
It should be pointed out that where velocity is derived 
from measurements of total solar radiation or solar di-

ameter, the error varies inversely as the time interval 
between measurements. So-called " integration time" 
has therefore a special connotation in these cases. 
Taking into account the number of available sources, 

the energy available, and the complexity and size of 
equipment, it appears that natural radiation in the opti-
cal range of frequency holds the greatest promise for 
early successful application to space navigation. Excel-
lent detectors are available in this range, but low signal 
level still persists as a major problem. 

The Optimization of Astronautical Vehicle Detection 
Systems Through the Application of 

Search Theory* 
NORMAN S. POTTERt, SENIOR MEMBER, IRE 

Summary—A generalized theory of detection system perform-
ance is developed and applied to the analysis of collision warning and 
the optimal allocation of search effort for astronautical vehicles. The 
kinematic basis of the relative frequency of intercepts with randomly 
moving particles is presented. The pronounced variation in warning 
system effectiveness if the possible contact space is uniformly 
scanned is displayed by investigating the functional behavior of the 
weighted mean acquisition range and cumulative probability of de-
tection by some minimal detection barrier in the hypervelocity 
closure rate, low signal amplitude operational environment. Fixing 
the search system frame time, it is shown that the probability of 
acquiring a closing particle by some critical range determined by the 
system response delay may be made independent of the bearing 
angle of the relative approach path by choosing search system dwell 
times that are proportional to the second or fourth power of the mean 
anticipated closure rate, the exponent being dependent upon whether 
the sensor is active or passive. 

The rational choice of the frame time is investigated in terms of 
the information rate out of the sensor and the requirements of the 
decision-making apparatus. The latter is assumed to be an unsatu-
rated, bandwidth and memory limited data processing subsystem. 
The probability of track retention and the variance of the best esti-

mate of the contact-bearing angle are related to the cumulative 
probability of detection. It is shown that the required system reaction 
times are in conflict with the optimal detection system information 
rates. 

* Original manuscript received by the IRE, December 2, 1959. 
t Weapons Systems Res. Lab., W. L. Maxson Corp., New York 

18, N. Y. 

The very important case of contacts between astronauts and 
other objects independently moving on trajectories defined by a 

generalized central force field is separately considered. It is shown 
that while a true collision contact is only possible in trivial cases, as 
viewed by the astronautical vehicle the relative terminal approach 

trajectory of the particle is essentially confined to a surface defined 
by reasonable navigational system outputs. The confinement of the 
search to this restricted region of contacts makes the problem of de-

tection in such an unfavorable environment far more amenable to 
solution than is possible with omnidirectional coverage. 

I. INTRODUCTION 

I IE obvious stringent weight and space restric-
t ions which obtain in the design development of 

  conventional airborne detection systems are nec-
essarily accentuated if the equipments are intended for 
astronautical vehicles. Unfortunately, while the means 
of solution to problems such as those of anticollision 
warning decline with the possibility of implementing ef-
fective sensors, the situation with regard to astronauts 
is further aggravated by the hypervelocity closure rates 
and minuscule size of meteors that will frequently be 
the subjects of detection. Since sensor improvements of-
fer little in the way of adequate enhancement of the 
signal levels themselves, alternate solutions in terms of 
the extraction of more information from such signals as 
may be present, or an increase in the efficiency of the 
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detection process through optimal allocation of the 
search effort, must be sought. This paper is concerned 
with the latter. 
To this end, statistical models which are descriptive 

of most cases of interest, or at least those that are amen-
able to general analysis, are investigated. As an approxi-
mation to the kinematic environment created by spo-
radic meteors, rectilinear randomly-oriented motion of 
observer and targets is assumed. It is reasonable to ex-
pend the greatest search over those regions of the rela-
tive observer space that are the most likely sources of 
contacts. The question as to how this is best accom-
plished will be examined at length with the aid of the first 
statistical model, and an optimal scan program which 
can be computer-ordered through operation upon navi-
gation system inputs will be derived. 
The preceding model is of utility in discussing search 

during near-terrestrial powered flight and, indeed, ap-
pears to provide a meaningful description of the proba-
bility density of contacts for conventional vehicles. 
Representative problems for the latter, to which much 
of what is to follow is applicable, are the provision of 
anticollision warning, or the determination of the ran-
dom target search to be performed by an interceptor in 
the absence of adequate ground control. However, for 
reasons of fuel economy, the overwhelmingly greater 
portion of any space flight must be unpowered and 
would tend to involve trajectories that are largely de-
scribed by the kinematics of motion in an isolated cen-
tral force field. Accordingly, the purely random distri-
bution is later discarded and the nature of contacts be-
tween objects that are randomly distributed in space, 
but whose motion reflects the bias introduced by a com-
munal gravitational field, is investigated. 
The issue of anticollision warning has been touched 

upon above. The density of objects of other than natural 
origin is now vanishingly small, and undoubtedly will 
remain so for any foreseeable future. Beyond this, there 
is an understandable diversity of opinion regarding the 
frequency and magnitude of the danger of contacts with 
meteors. Tabulations of earth impacts markedly favor 
the extremely small particles and suggest, in highly 
qualitative, generalized terms, that impacts of astro-
nautical vehicles with particles of sufficient size to be 
catastrophic should be comparatively rare. However, 
the extent of the commitment of the national industrial 
potential and human resources to any space exploration 
enterprise is such as to motivate against the admission 
of elements of chance. In brief, no rationale is needed 
at this time for the theoretic consideration of the warn-
ing problem in a study devoid of commentary upon spe-
cific sensor equipments, or the various courses of action 
that suggest themselves should such warning be ac-
complished. Indeed, the feasibility, or even desirability, 
of responses such as an evasive perturbation of the tra-
jectory of the astronaut must remain unexplored. 

II. THE STATISTICS OF PARTICLE DISTRIBUTION 
AND DETECTOR PERFORMANCE 

A. The Density of Contacts as a Function of Bearing 
Angle 

The distances involved are so vast that, over the more 
modest detection ranges attainable by any sensor that 
can be envisioned for such application, and the moder-
ate sampling times that would obtain, observable mo-
tions will be effectively linear. Further, at least for par-
ticles originating in our solar system, their velocities will 
tend to span some reasonably narrow spectrum of values 
in a given region of space. Accordingly, it is not unrea-
sonable to construct the required statistical model upon 
the hypothesis of rectilinear motion of all objects under 
consideration, and to assign to the particles some mean 
representative velocity. The latter is not a necessary re-
striction and, should it later prove possible to assign 
some probability density function to the velocities that 
may obtain, the results could be appropriately modified 
to yield a joint density function of the velocity and the 
bearing angle 0. The phrase " bearing angle" is used in 
this paper to indicate the angle described by the longi-
tudinal axis of the vehicle and the radial line from the 
observer to the point in space in question, and measured 
aft from the positive sense of the velocity vector. In 
particular, it is not intended to infer thereby that planar 
motions alone are under consideration. 

The mean number of collision contacts to be made 
along a given bearing line, or rather in a solid angular 
cone of apex angle SO, is readily shown to be proportion-
al to the closure rate at a. To demonstrate this, we con-
sider a sphere of contacts of arbitrary radius p, and note 
that no particle of a given heading angle can enter un-
less its relative velocity vectorV is so oriented as to point 
in toward the sphere. That is, the angle between the 
negative of V and the unit radial vector n must be 
acute. To a first-order differential approximation, all 
contacts made in some unit time interval must lie with-
in the relative space volume ( — V•n)p2Se which is swept 
by the moving observer. The required mean number is 
found by multiplying the preceding expression by the 
product of the space density of particles and the proba-
bility density of the heading angle in question, both of 
which are constant by virtue of the assumption of ran-
domness. If, in particular, the particle is on a collision 
course, the normal and reversed relative velocity vec-
tors are coincident and the scalar product is reduced to 
I VI, which was to be shown. It should be noted that the 
resultant expression is functionally dependent upon fi 
only to the extent that the closure rate is dependent. 
Koopman [ 1] extensively discusses the above for planar 
motion and develops the kinematic basis of detection 
more fully than is required here. 

Certain nonquantitative observations can be made at 
this time to clarify the intent and structure of the sub-
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sequent discussion. It will be shown presently that, all 
else being equal, the cumulative probability of detection 
by some minimal admissible range declines very mark-
edly with closure rate. Accordingly, the relative veloc-
ity, and therefore the distribution of the search effort, 
figure prominently. From the above, performance is 
poorest where it is needed most by virtue of the distri-
bution of the mean density of contacts, unless the alloca-
tion of detector dwell is optimized in some sense. To this 
end, a statistical model of detector performance will 
now be developed. 

B. The Analytical Model of an Idealized Detector and 
System Optimization 

in the brief investigation which follows, no appraisal 
will be made of such considerations as the significance of 
the total information content of a sequence of signals. 
Techniques of noise discrimination through kinematic 
analysis of the implied motion of a signal source over 
some sampling interval are representative of such refine-
ments. However, highly sophisticated data processing 
equipments involving extensive system memory and 
computer bandwidth would appear to be largely pre-
cluded from application in astronautical vehicles. Ac-
cordingly, the detection criteria assumed here consist 
of, at most, a redundancy counter or its equivalent. 

Empirically derived data and theoretic analyses sug-
gest that even in the absence of the scintillation induced 
by a physically dense propagating medium, the input 
signal power is Rayleigh distributed. That is, the 
probability density of the scan-to-scan fluctuation is 

exp ( — S/3), S and S denoting, respectively, the in-
stantaneous and mean received signal powers. The dwell 
time of the scanner will necessarily be so brief in this in-
stance that a high order of signal correlation over that 
interval may be assumed, in contrast with the individual 
interrogations which may be regarded as statistically in-
dependent trials. Integrating the density function from 
some threshold S. to the point at infinity, the single-
glimpse probability, exclusive of later information 
losses, is found to be of the form exp 
The preceding material, as well as the analysis set 

forth in this section, has been discussed far more exten-
sively in Potter [2], which also investigates the issue of 
the performance degradation caused by data-handling 
subsystem limitations that lead to information loss. 
Though not discussed here, unavoidable restrictions up-
on computer sophistication must degrade the system 
performance. 

Let the cumulative probability of detection Pat range 
R be required. Writing the single glimpse probability at 
the Xth interrogation as 4,,-p[R+6+(n —X) Vt], where 
V is the relative range rate, t is the search period, the 
time interval between successive samples of a given sub-
sector of the relative space, and 15 is a small range incre-
ment which, physically interpreted, reflects the fact that 

the last scan may, with equiprobility, occur anywhere 
within the interval 

or 

(R, R), P = 1 — (1 — ex), 
X=-1 

In ( 1 — P) =-- E In ( 1 — ex). (1) 
x=1 

The introduction of (5 will now be seen to be a device 
to effect the transition from a discrete to a continuous 
functional representation since the expected value of 
In (1—P) is its mean with respect to (5 taken over the 
half-open interval over which (5 is defined. It may be 
shown through application of the mean value theorem 
[2] that if, as is the case in this instance, the sampling 
rate is high the asymptotic relationship In (1—P) 
(A-An ( 1 — P) obtains. As used here, the bar superscript 
designates a weighted mean value. Assuming, then, the 
validity of the preceding inferred asymptotic behavior, 

in ( 1 — P) 

1 " 
= - E In 11 — [R ± ô ± (n — X)Vt)J!aô 

O 

1 = n  f 

— E ip kip V t (n-X)V In [ 1 — (p) (2) 

or, discarding the bar notation and accomplishing the 
indicated summation, 

1  u+.vt 
P = 1 — exp In ( 1 — e(p))dp] 

= 1 — exp [ ( f — .11?-1- ) In ( 1 — e(p))dp 
R nn 

= 1 — (1 — PR)/ (1 — Pu+,,v(), (3) 

where PR, PR_F„Vt denote cumulative detection proba-
bilities for search from the point at infinity to the ranges 
indicated in the subscripts. Since n Vt, the relative range 
traversed during the detection process, is large, PR+„y, is 
necessarily small with respect to P and PR, so that one 
must have P PR. 

Adopting the latter approximation, one may now con-
veniently particularize the resultant general expression 
to the case of Rayleigh signal power densities. Writing 
S„,/.7S=ap', where y is 2 or 4 according to whether the 
sensor is passive or active, a is a parameter that is func-
tionally dependent upon detector and particle charac-
teristics, and p is their instantaneous relative range, 
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1 . 
P = 1 — exp [— f In ( 1 — e-aP")dpi 

vi le 

[ R { i  r 
/ =i_ exp in ( 1 — e--1c/p} 1 

VI Rau' Ra  

R 
-= 1 — exp [— — N(x)1, 

vi 

where x= Ra and 

(4) 

1 
N(x) = — f In (1 — (5) 

x x 

Eq. (4) may be cast into a somewhat more convenient 
form which relates the single glimpse and cumulative 
detection probabilities at some specified range to one 
another by noting that, for Rayleigh signals, if en de-
notes the single glimpse probability at range R, at any 
other range p 

= Wei" exp en-1)/R.1. 

Accordingly, 

and 

a =- (In eiri)/e, 

p = 1 — exp [— — N(In" ett--.)]• (6) vt 
Certain observations regarding the choice of scan 

rates in automatic tracking systems may now be made. 
Detection is generally followed by at least a brief inter-
val of tracking which may even be integral with the de-
tection process if the decision as to the reality of a con-
tact is predicated upon whether or not its apparent tra-
jectory is erratic. At least in anticollision systems, tra-
jectory analysis is necessarily inherent to the detection 
process, since contacts of interest are characterized by 
consistent relative closure. However, the optimization 
of the sampling rate to yield the greatest attainable 
cumulative probability of detection in the classical 
sense, the assurance of a recognizable signal by some 
specified relative range, will be seen to be at wide vari-
ance with the sampling rates indicated by tracking con-
siderations alone. The latter will now be discussed, while 
optimization of the cumulative detection probability 
will be deferred to a subsequent portion of this paper. 
The admissible prediction time, the interval over 

which the implied track of an object is projected be-
tween successive scans or attempts at correlation, is 
necessarily limited in tracking systems of the type that 
would be appropriate for inclusion in an astronautical 
vehicle. The sophistication of the scan-to-scan correla-
tion process and, in turn, computer bandwidth, grows 
with the prediction interval, since the region of uncer-
tainty or envelope of potential positions of the contact 
is a monotone increasing function of the time between 
successive signals. Accordingly, the expected number of 
detections relating to a particular contact per unit pe-

riod of time provides a measure of performance in the 
large class of systems in which the likelihood of retention 
of track and the quality of the data processing subsys-
tem output are critically dependent upon the density 
of the sequence of available samples. 

In what is to follow, T denotes the time interval of in-
terest, while the performance of the detector at the 
given range is defined by the single glimpse probability 

eR, attained with a scan rate such that successive in-
terrogations occur at intervals I. if, through variation 
of the scan rate, this latter quantity assumes the value 
t', then, if the mean signal to root-mean-square noise 
voltage ratio of the integrator output is taken as pro-
portional to N/e, n, the expected number of successful 
interrogations of the contact may be approximated by 
T/t' As is apparent, the validity of the preceding 
expression is contingent upon an interrogation rate that 
is sufficiently high to insure that the change in the ob-

server-contact relative geometry is inappreciable over 
the total sampling time. 
The first and second derivatives of n(t') with respect to 

t' may be exhibited in the form 

an 
— = — — in (4," e) , 

1 an( I Ti 
— = — — — 2 ± — In (Ike)) — — 

e (9112 e at' t" (7) 

n' (I') vanishes at the origin and the point at infinity, 
and it, as well as its first derivative, is continuous else-
where. Therefore, the extremals are the positive, finite 
zeros of the derivative. The latter vanishes if, and only 
if, the logarithmic term does, indicating that, all else 
fixed, the dwell time during an individual interrogation 
should be so chosen as to yield a single glimpse proba-
bility of e-1 at the desired range, if the mean time be-
tween successive contacts is to be minimized. That the 
choice is the unique optimum in this sense follows im-
mediately upon noting that the second derivative is 
negative definite when the first derivative vanishes. 

Before turning briefly to the analysis of the quality 
of the output data as a function of the information rate 
provided by the sensor, it should be pointed out that 
other reasonable optimization criteria may be hypothe-
sized. For example, instead of seeking to maximize the 
number of successful interrogations of the contact ob-
tained over some time interval, as has been done above, 

the sampling rate may be so chosen as to maximize P, 
the probability that at least one successful interroga-
tion results. That is, because of stringent bandwidth and 
storage restrictions, the data processing logic may be so 
arranged as to discard the trajectory if, on account of a 
continuous succession of fruitless interrogations, the 
prediction time, measured from the last contact, ex-
ceeds some predetermined figure. 

It is apparent that, subject to the same assumptions 
and notation used above, 



1960 Potter: Optimization of Astronautical Vehicle Detection 545 

= 1 — (1 — eRfie)ri", (8) 

partial differentiation of which with respect to t' shows 
that the extremals are the zeros of 

y = (1 — eRtie) In ( 1 — 1/IR"') — #ll 'i" In ;pi?". (9) 

From inspection, they are determined by allowing the 
resultant single glimpse probability to assume the 
values 0, ¡, and 1. The first and last are physically 
meaningless, since the indicated sampling intervals are, 
respectively, infinitesimal and infinite. Indeed, consid-
eration of the limiting behavior of (8) shows that they 
are minima so that, by virtue of the continuity of P, it 
must follow that system performance is uniquely opti-
mized in this sense by choosing the signal integration 
times in such a manner that, all else fixed, it is equiprob-
able that an individual interrogation succeed or fail at 
the desired relative range. 
The conflict among the optima is apparent since the 

ratio of the maximum information rate sampling inter-
val to that derived immediately above is In 2 for both 
passive and active search. Further, if Po, to and P, 7 de-
note the cumulative detection probabilities and sam-
pling intervals associated respectively with the former 
and the latter choices of optimization criteria, (6) yields 

exP [— «NW] 

P = 1 — exp [— — N(In'/' V7 (10) 

Po = 1 — 

from which, eliminating R/ V, 

Po = 1 — ( 1 — P)(llin 2)N ( 1)IN ( I11 111 2) . (11) 

Numerical analysis of the function N(x) reveals that the 
exponent N(1)/N(In'fr 2) In 2 is 0.67 or 0.83, according 
to whether the search conducted is active or passive. 
However, in both instances, it then follows that P al-
ways exceeds Po. 
The specific nature and quality of the data to be de-

rived by the sensor-computer may vary considerably 
from estimation of the bearing angle alone to compara-
tively sophisticated analyses of the implied trajectory 
of the contact. If the errors in the determination of any 
appropriate, related quantity are randomly distributed 
in each observation and a best estimate is to be formed 
upon the basis of some sufficiently lengthy sequence of 
interrogations, a reasonable figure of merit for the ap-
praisal of system performance is the influence upon the 
variance of the failure of the sensor or the data process-
ing subsystem to obtain or achieve the correlation of 
the necessary observations. Alternately stated, as the 
number of available observations that relate to a given 
contact decline, the variance of the resultant best esti-
mate of the desired quantity must increase. 
The further statistical study of the choice of the rate 

at which the potential contact space is to be interro-
gated requires a sampling theorem [3] which states that 

if the variance and the probability of obtaining each of 
a series of n observations is fixed, which is in accord with 
the assumption that the observer-contact relative geom-
etry is essentially invariant during the sampling inter-
val, the ratio p of (7,2, the anticipated variance of the 
best estimate based upon a sequence of trials whose 
length is statistical, to o-2, the idealized variance based 
upon estimates in which all interrogations were success-
ful is, for n large, inversely proportional to the proba-
bility p of obtaining an individual observation. If the 
data processing subsystem is assumed not to degrade 
the sensor-provided information, p is precisely the single 
glimpse probability of detection #. In a sense, the pre-
ceding states that, as the idealized number of samples 
increases, the expected variance of the resultant best 
estimate is inversely proportional to the expected num-
ber of samples available for analysis. Demonstration is 
required despite the obvious appeal to instinct, since it 
is only infrequently that the expected value of a func-
tion of a statistically distributed variable is equal to the 
function of the expected value of the variable. 

In this instance the function is 1/x, where the argu-
ment assumes positive integral values, X, the probability 
of X being 

— 
X 

since its distribution is Bernoullian. 
Writing «2 in the form k/n, where k is some unspeci-

fied function of the particle and the sensor-computer 
system, and forming the weighted mean of expressions 
of the form k/X, 1 < X < n, 

2 cr, 1 
P = 

cr2 1 — (1 — 

n k ( n 
• E —  X X ),po. - e>"-)1(—). (12) 

Since # must be bounded away from zero if the problem 
is to be physically meaningful, the cumulative probabil-
ity of obtaining at least one observation, appearing in 
the denominator of the right side of ( 12), approaches 
unity in the limit. Replacing n/X by the exponential in-
tegral appearing in the summation below, it suffices to 
consider 

p S( li )1,0(1 — 1,1,)n—k f IX I ndi. (13) 
X o 

Upon inversion of the order of summation, (13) as-
sumes the form 

_t 

P f (4,e In)>(1 — e"-x ( n )} di 
o X 

f[ — — e-,1"41"— — %GP 1dt. (14) 
o 
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Neglecting for the moment the issue of the admissabil-
ity of the inversion of the order of integration and the 
limiting process, since [1 —Inn vanishes in the limit, 
only the behavior of 

4e(n) = [ 1 — ( 1 — e-un)k[n (15) 

for n large is of interest. Taking the logarithm of both 
sides of ( 14), application of l'Hospital's rule yields 

In [ 1 — ( 1 — 
1n4=   

1/n 

— n2tY(— e-"") 
112 

1 — ( 1 — e-'1"))// 
(16) 

Accordingly, the integrand goes to e-et whence, by 
ference,p 1/11,, which was to be shown. However, for all 
n the integrand is continuous and approaches its limit 
uniformly over any finite subinterval of the region of in-
tegration. Further, for all a, 0 <a < IP, e-ag is integrable 
and dominates for positive t and, in turn, the inte-
grand. These conditions are sufficient for the inversion 
of the limit to be admissible, thereby establishing the 
result. 

In an idealized system, the signal-to-noise voltage 
ratio and, in turn, the standard deviation of the indi-
vidual estimate of a directly observed quantity, such as 
the bearing angle of the contact, may be taken as in-

versely proportional to the square root of the integra-
tion time. On the other hand, the standard deviation of 
the best estimate varies inversely as the square root of 
the number of observations, where the latter is directly 
proportional to the sampling rate if, as has been hypoth-
esized, the time interval over which the sequence of in-
terrogations must be made is specified. It follows, then, 
that the variance of the best estimate obtainable, if all 
the interrogations are successful, is independent of the 
sampling rate. Accordingly, the statistical theorem de-
rived above states that the dependence of the antici-
pated variance upon the sampling rate is determined 
only by the functional dependence of the single glimpse 
probability upon that latter quantity. In particular, the 
variance of the best estimate increases with the sam-
pling rate. By way of an example, the variance in a 
maximum information rate system will be greater by a 
factor of e/2 than that in which the probability of at 
least one observation during the stipulated time interval 

is optimized. 
It is apparent from the preceding discussion that the 

hypervelocity closure rates and short reaction time re-
quirements, which necessitate high sampling rates, sub-
stantially influence detection system performance be-
yond the more obvious purely geometric degradation 
that will be investigated next. Certainly the choice of 
an appropriate sampling rate is seen not to be an ele-
mentary consideration in this instance and, from the 

preceding, it should be as small as is consistent with the 
over-all response times of the detection system and the 
kinematic behavior of the astronautical vehicle. 

III. SOME IMPLICATIONS OF THE PRECEDING 

A. The Dependence of Detection Performance Upon the 
Closure Rate 

The influence of the unfavorable operational environ-
ment defined by hypervelocities and low signal ampli-
tudes may be displayed in several ways. Qualitative 
physical reasoning as well as the preceding quantitative 
analysis indicate that the mean acquisition range k? will 
decline as the situation is further degraded. Utilizing 
the continuous representation of the detection process 
developed above, the probability density of acquisitions 
is the two-branch function —(dP/dR)/P(0) for R > 0 
and the null function for R negative, k? then assumes the 
form 

1 C iR_dP\ dR 
=   

P(0) 0 dR 

1 
= — hm RP(R) 1 (17) 

P(0) 0 

the right-hand side of which results from integration by 
parts. P(R) is a bounded function so that RP(R) van-
ishes at the lower limit. Further, P(R) goes to zero for 
R large and the logarithmic function in the integrand 
in P(R) may be replaced by its exponential part. 
L' Hospital's theorem may then be applied to 

1 
hm { 1 — exp [— f In ( 1 — e- — «P")dpil / 1 

R 1? 

1 
hm { 1 — exp [— — f e-aedp]} / —1 • (18) 
R—. go VI R 

The differentiation process yields R2c-"717/, which 
goes to zero so that the weighted mean detection range 
is merely the ratio of the integral of the cumulative 
probability function over the entire positive half axis 
and its value at the origin. 

Let R(v) and k( V) represent mean ranges derived 
under conditions of closure rates y and V, respectively. 
If the ratio of the velocities v/ V assumes some constant 
value k, but each becomes indefinitely large, the nature 
of the dependence of k? upon the relative velocity may 
be investigated by examining the behavior in the limit 

of the ratio, 

R(v) 

7-?( V) 1 — e(lIkV0F(0) 

{1 e ( t IF (0) } 

fo [1 — eolkroF (R)]dR 

f: [1 e(IIVI)F(R)]dR 

(19) 
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where F(R) denotes the logarithmic integral which ap-
pears in P(R). 
As V becomes sufficiently large, the exponentials in 

(19) may be replaced by the first two terms of their 
Maclaurin developments, from which the product of 
the bracketed expressions is seen to be unity. Accord-
ingly, the sensitivity of the weighted mean range to 
moderate changes in closure rate, such as would be in-
troduced by variation of the bearing angles under con-
sideration, declines at hypervelocities. 

In general, sophistication of the analysis of detection 
system performance is readily shown to be of declining 
utility with small signal amplitudes in that the weighted 
mean range ceases to be a complex function of the rela-
tive motion, and increasingly conforms to the elemen-
tary range equations. That is, considering R as a func-
tion of the signal power 3, a change to kS alters the initial 
mean acquisition range by a factor of e". This follows 
immediately from an argument similar to that used 
above. Writing 

1 . 
1 — exp [— j In ( 1 — e-afets)dp] 

V/ o 
_ =   

R(S) 1 . 
1 — exp [— f In ( 1 — e-aelks)dp] 

VI 

— exp [—( —R X (Ravi (k3) 11'))1dR 
Vt 

r I R 
exp [—( —Vi (Ra'll S'1'))1dR 

, (20) 

which, following a change of variable of the form 
R/c=ck in the above integrals, may be written 

1_ exp [— In ( 1 — e-°<e)dct.] 
o 

--- 
T?(S) (= kS)' 1' 

1 — exp [ VI---- In ( 1 — e-ald4] 
o 

As -S- becomes sufficiently small, the exponentials in (21) 
may be replaced by the first two terms of their Maclaur-
in development, leading directly to the required result. 
It should be noted that the conclusion is not contingent 
upon the assumption of a Rayleigh model, since the rea-
soning would proceed in an identical manner for all 
11/(S/r"), where r is the instantaneous relative range. 

Unfortunately, while the preceding observations on 
the behavior of the weighted mean range present an in-
teresting aspect of the detection process, it is very 
limited in scope. A more meaningful measure of system 
performance is the influence of the environment upon 
the cumulative probability, since survival is dependent 
upon detection outside some range barrier that is largely 
dictated by response delays introduced by the decision-
making apparatus. Before introducing this latter con-

sideration, some review of fundamental system behavior 
with respect to P(V) is advantageous. 

Fixing the range for the moment and examining the 
limiting behavior of P(v)/P(V), as had been done above 
in the case of the weighted mean acquisition range, 
from (4), 

P(v) 

P(V) 

(n«un1111 _ e--(RivE)Nuhel,') — e- I, (22) 

which, for I' large, is asymptotic to k-'. Accordingly, at 
hypervelocities, the cumulative detection probability 
displays an approximate inverse dependence upon the 
closure rate. This is in marked conflict with the likeli-
hood of potential collision contacts, which is propor-
tional to the relative velocity. The preceding observa-
tion obtains whether the system performance degrada-
tion is caused by extreme closure rates or reduced sig-
nal amplitudes. This is readily established by recalling 
that a varies inversely as the mean signal power density, 
and by noting that N(x) vanishes in the limit for x large. 
The result then follows by application of l'Hospital's 
theorem or by considering the magnitude of the terms 
in the Maclaurin development of the exponentials in 
(22) in powers of their exponents. 

In actuality, of course, the degradation caused by 
even moderate increases in relative velocity is more sub-
stantial than has been indicated above, since, as has 
been mentioned earlier, at a given bearing the required 
detection range should be very nearly proportional to 
the corresponding closure rate. It is readily shown that 
the velocity dependence is then of a much higher order 

LE 
LE 

(kS)'1' 
1 — exp   In ( 1 — e-a")d/do 1 

V! 

1 — exp  In ( 1 — e-ae)(//1/0 
V/ .14, 

• (21) 

than that displayed above by. again investigating the 
limiting behavior of P(v)/P(V). In this instance, 

1 — exp  f v3 ln ( 1 — 
P(v) [kV 

P(V) 1 
1 — exp [ f In ( 1 — e-"P")dp] 

fk ln ( 1 — e-«P")dp, 
1 v3 

, 
k fr3 In ( 1 — 

(23) 

where 3 is the over-all time constant of system response 

to the warning, and the indicated asymptotic behavior 
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follows immediately from the observation that the ex-
ponents that appear are very rapidly decreasing func-
tions of V. Differentiation of numerator and denomi-
nator and replacement of the resultant logarithmic ex-
pressions by the first term of their Maclaurin develop-
ment leads to 

P(v) 
a(V3) ,(1-k,/• 

P(V) 

Unlike the earlier fixed range example, the above ap-
proaches a limit for large V if, and only if, k is greater 
than unity. Physically, this suggests that even modest 
increases in closure rate will produce a very marked de-
cay in the system performance, as is evidenced by the 
now exponential dependence upon that variable. 

It is of interest to obtain a somewhat more quanti-
tative insight into the behavior of P(V3). Assuming the 
preceding to be known, one might then inquire as to the 
cumulative detection probability p corresponding to 
some new closure rate v. From (6), 

(24) 

ere = exp {—[N-i (—I In ( 1 — P)-1W • (25) 
3 I  

But the single glimpse detection probability at the new 
required detection range is ii,R(rm from which, by (6), 

p= 1-exp {— —3 •[ v N - ' (— In (1—P) -1 )]} , (26) 
/ V 3 

where N-'(x) denotes the inverse function. 
The numeric solution to the problem at hand is, in 

effect, set forth in Fig. 1. Calculating the ordinate, 
the inverse, which is the corresponding single glimpse 
probability, is then found from the appropriate contour 
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raised to the v/ V power, and the new ordinate found. 
The remaining calculations are trivial. 
A representative numeric example will be illustrative 

of the manner of application and the pronounced depend-
ence of the system upon V. To demonstrate the effect 
of a nominal increase in V of 0.1, assume P=0.9 for an 
active system characterized by a time constant to frame 
time ratio of 5. The inverse of N(x)=k In ( 1 —P)-' is 
0.71. Correcting for the velocity increase, the required 
single glimpse probability is 0.69-, the reduction being 
caused by the fact that the desired detection range must 
increase with the closure rate. The corresponding value 
of N is 0.32 from which p —exp [ — 5(0.31)1= 0.80, 
which is a reasonably substantial degradation in view 
of the very moderate increase in relative velocity. A 
corresponding calculation for P=0.5 yields p . 3 , an 
even larger percentile decline in performance, whereas 
no change in the required cumulative detection proba-
bility is discernible if its initial value is 0.95. The pre-
ceding displays an important consideration in warning 
system design. In effect, detection performance must be 
good everywhere, or it is good nowhere, if the possible 
contact space is uniformly covered. 

B. The Cumulative Influence of the Closure Rate 

The conflict between the performance at various 
bearing angles and the requirements introduced by the 
bearing dependent frequency of potential collision con-
tacts has been noted above. A useful measure of system 
effectiveness can be obtained by cascading the two phe-
nomena. 

In the analysis that follows, P denotes the likelihood 
of such a contact during some differential time interval 
e, and P denotes the probability of discerning the con-
tact by the minimal range and responding by some ap-
propriate action. Then, the likelihood of surviving be-
yond that interval is P PH-(1—P). Noting that P is of 
the form pe V/T, where p is a constant that reflects the 
particle density and T is the time duration of the flight, 
S, the likelihood of survival during some differential 
time interval with no collisions from some given bearing 
sector characterized by closure rates V, is given by 

S = lim [ 1 — ( 1 — P)pVe/TITie = e— C " — P), (27) 

where C is a parameter that reflects environmental and 
system characteristics. 

Plainly, S decays with increasing V since both factors 
of V(1 —P) are monotone increasing functions of V. It is 
reasonable to require equivalent performance in all 
feasible contact sectors, thereby leading to the idealized 
functional form P = 1— I<>2/ V, if the exponential in (27) 

is to be constant. This is in obvious conflict with the 
functional behavior of what has been studied thus far 
and, indeed, is impossible for V sufficiently small, since 
P would then assume negative values. This latter con-
tingency would not appear to be of concern in the case of 
astronautical vehicles in view of the anticipated particle 
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velocities. In general, the factor 1—P is a far greater 
contributor to the variation with velocity of ( 27) than is 
the linear function V. Accordingly, the detection process 
will later be suboptimized by attempting to maintain 
P(19) constant through variation of the search system 
dwell. 

It will be well to accomplish some numerical analysis 
of the over-all degradation in terms of (27) before de-
parting from this point. To demonstrate the conse-
quences of a uniform rate of interrogation of the space 
volume, the earlier calculations will be extended. Let S 
denote the likelihood of adequate coverage over some 
sector characterized by collision closure rate V, subject 

to which the detection system yielded a cumulative 
probability of P. Then at another bearing angle whose 
corresponding parameters are y, p, the survival proba-
bility s is, from the above, 

S = S v(1—P)/V(1—P) 
SvIV(1—p)Vite-1 . 

It is apparent from the form of (28) that, as before, 
the degradations caused by an increased Vare magnified 
as the initial likelihood of survival declines. On the other 
hand, the sensitivity to a modest increase in the ratio 
v/ V declines with P, though it may be expected that S 
and P will simultaneously be high. 

IV. SUBOPTIMIZATION IN THE CASE OF RANDOMLY 
MOVING PARTICLES 

As indicated above, the distribution of dwell time 
will now be specified subject to the constraints that 
P( V3) is to be maintained constant while the sweep 
time or search interval t is fixed. It is, of course, possible 
to investigate this problem without the latter con-
straint. However, sensor performance, computer band-
width limitations in the data processing and decision-
making apparatus would appear to establish the maxi-
mum rate at which information can be accepted for 
processing. 
The desired result can be established without ref-

erence to the specific exponential form of the Rayleigh 
target. Since the signal integration time is inversely 
proportional to co, the rate at which the angular sector 

is swept, the single glimpse probability will be assumed 
to be of the form 1P(pcoli') where 1, has the same signif-
icance as before. One must then have 

P = 1 — exp[  j In 11 — tk[pcoulei)11dp] (29) 
1/ 103)/ r(8)3 

which, following the substitution pcoue(3) = 4), may be 
written 

P=1— exp [ f3V u"In [1 —co) id4,3 . (30) 
co 

It is apparent from the above that if noti is main-
tained constant, P will be invariant with respect to the 
bearing angle. Alternately stated, the search dwell 
times should be so chosen that the integrated signal is 

proportional to the probability density of potential 
collision contacts raised to the y 2 power. 

It is instructive to complete the analysis for the im-
portant case in which the search is conducted over the 
plane of motion of the observer. The vector diagram 
for collision immediately yields 

O -- V2 — 2y V cos _s (4 2 v 2) , (31) 

where v, vi, denote, respectively, the absolute values of 
the velocity vectors of the observer and particle, and 
V denotes the relative velocity of approach. The pre-
ceding quadratic equation then yields 

V = y cos a + V(vi,2 v2 sin2 

V2 

= y cos a ± ,V/[(2,p2 — —) 

2 

V2 

— cos 201 (32) 
2 

which displays the well-known properties that for 
v>v,, there are two solutions over the regions 
0<el<sin-tv/v, one at the upper boundary and none 
beyond. From the condition that the frame time 1 is 
specified and the preceding analysis which states that 
one must select co-1= K-' V', for y < v„, the case of great-
est interest, 

2 f wif"(13)da 
—IC 0 

2 
— (42 + 2/2 COS 20)(1$ 
Kf o 

4v v2 
+ — f cos — —v2 ) — cos 213 (10 (33) 
K o 2 2 

for passive systems, and, for active search, 

2 
t = — (e cos 40 + 2y2y„2 cos 2a + 44)0 

K o 

8y r 
K J 0 cos al V2 COS ze + 421 

— v2) v2 

• 14(Vp2  — — cos 2,3]0. 2 2 (34) 

Consideration of the symmetry and sense of the tri-
gonometric functions show that integrals of cos elf(cos 
2,9) over 0 ≤$≤ 7r are null. Accordingly, K is 22rypit and, 
writing r 

27/V,,\'271-
= I = — k cos fi + V(1 — r2 sin2 (35) 

V 

where, as before, ti is 2 or 4 according to whether the 
search involves passive or active equipment. From 
(35) it is apparent that at is a stronger function of a 
in the latter case. However, in both instances the func-
tional dependence of the optimum scan rate upon the 
bearing angle declines with r, which is in accord with 
physical reasoning. The analysis in 3 dimensions pro-
ceeds in an identical manner, K being altered. 
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The above discussion established the required pro-
gram for the distribution of the search effort subject 
to some specified sampling interval. To complete the 
analysis, it is necessary to develop a rational basis for 
the choice of the frequency with which the potential 
contact space is to be interrogated. It will now be 
shown that- if, as has been done, only signal integration 
time is considered, a sampling interval exists which is 
optimum in the sense that it maximizes the cumulative 
probability of detection at some stipulated desired 
range. Since, as has been noted, the latter is dependent 
only upon the anticipated closure rate and the system 
reaction time, ancl since, all else fixed, the signal level 
S(1) is a monotone increasing function of the integra-
tion time, the cumulative probability of detection as-
sumes the form 

p r f In o — oci)e-"")dil o) = 1 — exP L 1.3 

= 1 - exp 
1 Furl 
L v t_I • 

(36) 

445(1) is a generalized degradation factor that reflects the 
efficiency of the data handling subsystem. Explicitly, it 
measures the probability that cognizance is taken of 
the individual sensor outputs and is therefore a positive 
function, bounded above by unity. 
Only the behavior of F(1)/1 need be investigated. The 

latter ratio may be exhibited in the form, 

F(1) = _ 1 rciÉe(i) e_xaelscil dp 

l 1 Jr3 x=i X 

= _ fee_xaesdp 
/ At,' X J v 3 

1 ' 1 

pa I /I, xE ii X1 4- 17 

f e 
fex e-xx"-ids . 

For t sufficiently small, the bracketed factor g(1) in 
generating term of the above infinite series obeys 
train of inequalities, 

S  0 , 

1 is(v3,' 
≤ g(1) 5_ -- ixa(v3),P1 L ,-' e-sdx 

S , 
= — [Xa(V3)'] 14- le-(x"hs' (1.3)". (38) 
r 

(37) 

the 
the 

se. 

Ideally, the mean signal to root- mean-square noise 
voltage ratio is proportional to N/1, in which case S(t) 
may be taken as proportional to I. The upper bound 
then vanishes with 1 because of the behavior of the 
exponential factor. Indeed, there appears to be no 
physically meaningful sensor and signal integration 
process that may be characterized by an S(t) that has 

a zero at the origin of sufficiently low order to yield 
other than a zero limit for F(t)/t and, in turn, P(t), 

which displays the same asymptotic behavior for t 
small. 

F(1) 

I 1 

1 4„su.,/ r. r Xa/S(1'3), 
X1+11>. o Jo 

1 cpx { ( 1 1 Xa 
 É   , 1 - 7(— —( V3)'» 

X1+11 , p S 

r( 1 —)s.i. 
e ( 1+ —), 

v 
(39) 

where r(n) and .y(n, x) represent the complete and in-
complete gamma functions, respectively, in the nota-
tion of Legendre, and "(x) is the Riemann zeta function. 
In general, 1 is far more rapidly increasing than is Slfr(t) 
which, for many classes of integrators, is bounded above. 
Accordingly, S">(t)/t vanishes in the limit as the sam-
pling interval becomes indefinitely large, as in the case of 
the idealized integrator previously cited. In that in-
stance the result follows immediately since the variable 
appears only in the denominator which contains the 
factor t'-'1", the exponent being positive. Since P(I) is 
positive, nonconstant, and vanishes in the limit at both 
the origin and the point at infinity, it must have at 
least one maximum, which was to be shown. 
The uniqueness of the optimum scan interval could 

not be established with the highly generalized detection 
processes considered above. However, if an idealized 
signal integration process and an essentially unsaturated 
data handling subsystem are assumed, in this, the most 
important case, the uniqueness can be readily estab-
lished. Differentiation of F(i)/I with respect to the 
sampling interval yields 

a ( F(l)\ 
al\ 

= - — — — In ( 1 - e-"P"I')dp. (40) 
FO) 1 f- a 
t2 i.3 at 

The partial derivative of the integrand is 

a 
- —i2 p"e-°°"/(1 - e-aele) 

P a 
= — — — in (1 - e-°019, (41) 

vi Op 

from which integration by parts yields 

O ( F(1)\ 
al \ t I 

= — — 
pi? 

1(y - 1)F(1) - V3 in ( 1 - e-a(r3")1. (42) 

From the earlier discussion, the possible zeros at the 
origin and the point at infinity are not of interest, so 
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that the desired extremals are the finite zeros of the 
numerator at other than the origin. 

Accordingly, 

F(/) 
VI = (v — 1)/ 

and 

3 
In ( 1 _ e-a(vvii) 

P = 1 _ _ e-acvn) ,10314-1)t 

(43) 

(44) 

in the vicinity of a maximum (or a minimum). Ver-
balized, if the scan rate of a detector has been properly 
chosen, the cumulative detection probability at the 
range at which performance is optimized is the same as 
if 1/(v — 1) of the remaining possible scans were taken 
at the single-glimpse probability which obtains at the 
range in question. Writing (44) in the form, 

1 
—In ( 1 — P).' —   In ( 1 — 
3 1 

(45) 

the desired extremals may be readily found through 
graphic solution by constructing the right-hand func-
tion on Fig. 1. The resultant optima for both passive and 
active systems, which are very nearly identical, as well 
as the value of N(IP) for the maximum information rate 
choice of the sampling interval, are displayed. 

Unless optimization in the above sense is being ac-
complished in the vicinity of reasonably high signal 
levels, the required signal integration may lead to un-

acceptably low information rates over the scanned 
space since the required single glimpse probabilities are 

of the order of 0.8. This is particularly true in the case 
of the low signal amplitude, hypervelocity closure rate 
environment under consideration, leading thereby to 
the conclusion that it may not be possible to so optimize 
astronautical vehicle search systems. However, the 
information content derived during an individual in-
terrogation improves with increased dwell times, im-
plying that the optimal search rates in this application 
are intermediate between the extremes dictated by 
tracking considerations and detection in the classical 
sense. 

V. PARTICULARIZATION OF SEARCH DURING MOTION 
UNDER A CENTRAL FORCE FIELD 

Let P, p represent, respectively, the position vectors 
of the astronautical vehicle and another particle, both 
moving freely under the influence of a central force 
field, the source of which is located at the origin of 
vectors. It will be further assumed that M, the mass of 
the latter body, is extremely large with respect to that 
of either of the others and that there is no discernible 
gravitational interaction between the astronaut and 
the other particle. As is apparent, the preceding condi-
tions characterize the environmental kinematics of 
space. 

From the above constraints, by use of the dot super-

script notation to indicate time derivatives, one may 
write for the pertinent differential equations of motion, 

e=pnl P ) = Pf( PI), (46) 

where f(l ) may be any well-behaved function of the 
absolute value of the position vector. It may be readily 
shown that despite the admissible approximation of 
uniform rectilinear motion in the vicinity of contact a 
collision course, defined in the conventional manner in 

which the relative velocity vector is coincident with the 
relative positional vector, is impossible unless both ob-
jects are on the degenerate linear orbit containing the 
center of force. Vectorially, this corresponds to stating 
that their cross product must vanish, or 

— h X (p — P), (47) 

which may be rearranged in the form, 

exP+Èxe-exp+Iix P. (48) 

However, the derivative of the right side of the above 
must vanish identically since, as is well known, the 
areas swept per unit period of time by the radii vectors 
are constant. Differentiation of the left side of (48) leads 
to 

ij x P + + {ex + x = o, (49) 

where, plainly, the second bracketed quantity vanishes. 
Applying (46) to the remaining quantity, one must have 

KPD — MPHPXP=0. (50) 

The scalar factor has, at best, isolated zeros unless the 
orbits are identical and, if not circular, they must be 
concurrently swept. Accordingly, the vector product 
pXP must be null for a finite interval preceding the 
contact, or p= mP, where m is some scalar quantity. 
Replacement of p and P in (47) by the appropriate rela-
tionships in P and É. or the reverse, leads to 

o = (1hp InP) — /31 X [(mP) — P] 

= (m — 1) 21i X P 

and 

0 = .1 ( nit p 15)1 x  [p (1 p )-I 

m\ m \tn 

= ( i 1. x  p. 

In 2 
(51) 

Exclusive of the trivial case in which m is unity and the 
vectors are identical, the velocity and position vectors 
of each particle must be parallel, which was to be 
shown. Certainly, such trajectories are improbable 
since fuel consumption considerations dictate minimal 
energy paths such as the Hohmann cotangential 
ellipses. 

However, despite the fact that in a precise sense a 
collision course is impossible except in a trivial case, 
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certain general conclusions may be drawn regarding a 
feasible contact zone. It will now be shown that particles 
approaching with an essentially invariant bearing angle 
a must have relative trajectories that lie on a surface 
that is characterized by reasonable navigational system 
inputs relating to the motion of the astronautical 
vehicle in the central force field. Further, the surface 
will be seen to be independent of the specific nature of 
the law governing the intensity of the force field, 
though this observation is largely of academic interest 
since the inverse square law appears to fail only over 
regions that are either too close or too distant to the 
center of force to be of consequence. What is important, 
however, is that, referencing the earlier theory, con-
finement of the search to this limited region rather than 
interrogating omnidirectionally makes major improve-
ments in detector performance possible. 

Recognizing the essentially rectilinear nature of the 
motions of the astronautical vehicle and the contact, 
the left side of 

—7.3. sin — d  (e [ (52) 
di ( I 1,1 ) 

must vanish as the condition of warning. From the 
definition of the scalar product, fi is the supplement of 
the bearing angle. Accomplishing the indicated differ-
entiation, (52) becomes 

—a' sin a- =  — + [(lb —  
113—ÉlIÉ1 

—  
I h — 1121 Él2 

11i3-1'17fid 115 — Él• (53) 

Utilizing the fact that the derivative of the absolute 
value of any non-null vector A is ( A•ti• A) / I AI, (53) 
may be replaced by 

—fisiniJ= [(ii —h.É1+ R(k— i)).É*i 
I1i—I II 

h-131  
113_11mi:3p II  

II É  
1(-• • [ — É) • G.) — } (54) 

and, finally, from (46), for all objects moving independ-
ently in a communal central force field, 

---14 sin = [(f( I pl)P —1(1 P 1)1e) • 13] 
+ 13 ) Ri) — I 15 1-1 1PI -1 

— ii)* 1"1 PI)11 1'1  
(P • P) 

Ip_ P! 21P1 2 ' Pi 

I PI  
I[(i) — I') • (.1.1 PI )13 —  

— 1(1 PI )P]} -(55) 

In the vicinity of impact, and p—de, so that 

o =  Al PI)  . . 
le —1'1 li>I 

— É).ÉRÉ-p)1 
I È12 1 • 

(56) 

However, this is only possible if the bracketed expres-
sion vanishes. The latter condition may be exhibited in 
the form, 

or 

Rh — le)  [(i) — I') • 1'] • le)  

113 — P•IIPI Iii — IIIPI VIII 

COS µ = cos a cos -y, (57) 

where i is the angle between the relative velocity and 
astronaut positional vectors. y, the angle between the 
velocity and positional vectors of the astronaut, may be 
presumed known. The relationship (57) defines a sur-
face over which, viewed by the astronaut, the potential 
collision contact must make its relative terminal ap-
proach. 

VI. CONCLUSIONS 

1) Programmed space distribution of system search 
effort as a function of the geometry of the distribution of 
potential contacts and the anticipated relative closure 
rate is mandatory. 

2) The probability of warning by some specified 
range of an impending collision markedly declines with 

increasing closure rates while, fixing over-all system re-
sponse time, detection range requirements increase. 
Further, random particle distributions bias the fre-
quency of potential collision contacts in the direction of 
the higher closure rates so that survival probability is 
seriously degraded if the observer space is omnidirec-
tionally and uniformly interrogated by the search sys-
tem. 

3) All else equal, the number of successful interroga-
tions per unit time interval of a Rayleigh contact by a 
continuously scanning system is maximized by choosing 
signal integration times that yield a single glimpse prob-
ability of 1/e. The probability of receiving at least one 
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return in a given time interval is maximized by choosing 
integration times that yield a single glimpse probability 
of 1/2. Scan rates are thereby implied by automatic 
data handling needs that are substantially higher than 
those dictated by conventional criteria of optimal de-
tection performance which conflict with the short sys-
tem reaction time requirements. 

4) If the rate at which observer space is interrogated 
has been chosen so as to yield the greatest attainable 
cumulative probability of detection at some specified 
range, the latter probability is that which would result 
if 1/(v — 1) of the remaining scans preceding collision 
were made at the single glimpse probability which ob-
tains at the range in question, y being 4 or 2 according to 
whether the search system is active or passive. 

5) If detection performance requirements are defined 
by over-all system response time so that the minimal 
admissible warning range is the product of the latter and 
the anticipated closure rate, and the closure rate is de-
finable over the observer space, the probability of ac-
quiring the contact by that critical range may be main-
tained constant over the potential contact space by 

choosing search system dwell times over each sector 
that are proportional to the 1/yth power of the charac-
teristic closure rate. 

6) If the mutual gravitational interaction between a 
particle and an astronautical vehicle moving in a com-
munal central force field is negligible, as viewed by the 
astronaut the relative approach path of the former is 
essentially confined to a surface defined by reasonable 
navigational system inputs. 

7) Though generally a complex function of the signal 
amplitude, if the latter is very low the weighted mean 
acquisition range exhibits the idealized 1/yth power de-
pendence upon signal power, where y has the same 
meaning as above. 
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An Inertial Guidance System Field Test Program 
for a Ballistic Missile Weapon System* 

R. J. SLIFKAt 

Summary—A field test program for an inertial guidance system 
can easily extend from coast to coast and will require large numbers 
of experienced personnel and equipments. Included in the field test 
program are Sled Tests, Captive Tests, Flight Test, Operational 

Tests and Contractor Liaison. These areas of tests are described 
and objectives are reviewed and discussed. 

JI
. T is recognized that the actual use of a weapon 
system in its operational environment is the only 
conclusive test of that weapon system. However, 

an intelligently planned, integrated and executed test 
program can establish a high degree of confidence in the 
operational performance of a given system design. 
Therefore, a test program must be so planned and 
executed as to fully qualify a given system design. 
The concept of a design verification program places 

extreme emphasis upon the following test concepts. 

1) Dynamic operating tests on a system is the goal in 
all phases of the test program. 

2) Primary emphasis is placed upon the testing of 
the most inclusive assembly available. For ex-

ample, module testing is emphasized until com-
ponents become available for test; then com-
ponent testing is emphasized until systems be-
come available for test, at which time the primary 
emphasis is shifted to system testing. Module and 
component testing are then carried on merely to 
complement system testing by further isolating 
malfunctions revealed in the more inclusive sys-
tem tests. 

3) Design verification is thoroughly integrated and 
is planned so that all phases of the test program 
complement and support each other. 

The test program supplements the reliability program 
in determining component and system reliability using 
mean time to failure as a yardstick. 
A complete test program outline includes the follow-

ing: 

I. In Plant Tests 

A. Engineering Tests 
1) Gyro and Accelerometer Study Program 
2) REAC Computer Analysis Program 
3) Breadboard Tests 
4) Product Improvement 

* Original manuscript received by the IRE; December 22, 1959. 
t AC Spark Plug Div., General Motors Corp., Milwaukee, \Vis. 

B. Environmental Tests 
1) Verification Tests 
2) Flight Proofing Tests 
3) Evaluation Tests 
4) Qualification Tests 

I I. Field Tests 

A. Sled Tests 
B. Contractor Liaison 
C. Captive Tests 
D. Flight Tests 
E. Operational Tests 

The general objectives that must be accomplished 
during each phase of the field tests follow. 

SLED TESTS 

During the entire R and D effort, a rocket sled test 
program will complement the environmental and flight 
proofing programs. 
The sled environment provides jerk inputs which are 

difficult to obtain by other means. Sled testing also al-
lows simultaneous operation of all axes of the inertial 
measurement unit during application of the combined 
acceleration-vibration environment of the sled. This al-
lows evaluation of interaction or cross-coupling among 
the inertial measurement units axes. 

Prior to the first flight test of a complete guidance 
system, the sled test will have demonstrated system 
operation in a combined acceleration and vibration en-
vironment, complementing the in-plant flight-proofing 
program. 

Information obtained from the sled tests during this 
phase is much more comprehensive than the informa-
tion obtained from the early missile flights. This great-
er capability is accomplished by provision for teleme-
tering a greater number of signals and almost unlimited 
flexibility in choice of information to be monitored. Re-
coverability of the equipment used on sled tests and sub-
sequent evaluation provide valuable information not 
easily obtainable by other methods. 
The main phases of a sled test program are now listed 

in chronological order. 

Evaluation of Sled Environment 

This phase obtains sled environment information 
while checking out the basic sled equipment and famil-
iarizing personnel with test procedures. The suitability 
of sled-borne power supplies and of equipment mount-
ing brackets are demonstrated. 



1960 Slifka: Inertial Guidance System Field Test Program 555 

Evaluation of Signal Conditioner Component and Telem-
etry 

The signal conditioner and telemetry stability in the 
severe sled environment are demonstrated. The relia-
bility and mechanical integrity of the conditioner and 
telemetry are demonstrated. 

Accelerometer Assembly Tests 

The effect of the sled environment on various ac-
celerometer constants is evaluated. In addition, the as-
sociated instrumentation, recording and data reduction 
techniques are evaluated during these tests. 

Qualitative Erection and Stabilization Tests 

This phase demonstrates functional operation of the 
equipment and the applicable portion of the countdown 
procedures are evaluated. 

Velocity Measurement Tests 

Correlation of system and velocity measurement is 
the objective of this phase. Velocity measurement errors 
and stabilization errors are isolated. 

Qualitative System Tests 

The complete system is functionally demonstrated 
during this phase. The complete countdown procedure 
is evaluated. 

Quantitative System Evaluation 

This phase consists of running test problems which 
are used to accomplish cutoff or other signals demon-
strating computer operation. 

Flight Support Tests 

Areas indicated for critical evaluation by flight test 
results are investigated. These tests can take priority 
over others at any time if the flight test program is in 
progress. 

Marginal Conditions Tests 

The effects of non-nominal calibrations and/or power 
supplies are investigated. Included in these tests are the 
effects of power supply transients on the system opera-
tion. 

CONTRACTOR LIAISON 

In order to accomplish the over-all objectives of a suc-
cessful weapon system, a great need exists for a coordi-
nated effort during the entire test program by all the 
contractors concerned. In line with this objective, the 
associate contractor must plan to have a sound engi-
neering group located at the air frame contractor's fa-
cility. 
The airframe contractor activities which require sup-

port will include the following areas: 

a) Missile engineering tests (integration tests) 
b) Acceptance tests 

1) Receiving and inspection 
2) Installation and acceptance testing 

c) Captive tests 
d) Laboratory 

The lab will support acceptance tests, missile en-
gineering tests and captive tests. 

Integration Tests 

Missile engineering tests will consist of laboratory 
tests of the integration of the guidance equipment into 
the missile system. The basic compatibility tests must 
be completed before commencement of the flight test 
program. 

The primary objective of the missile engineering test 
program is to evaluate compatibility, functional inte-
gration tests, and engineering evaluation tests of the 
guidance set, missile, and missile subsystems. 

Specific test objectives are: 

1) Verify that the system physically can be installed 
into the missile. 

2) Demonstrate the compatibility of the ground sup-
port equipment with the missile. 

3) Demonstrate the compatibility of the inertial 
guidance set with other subsystems. 

4) Evaluate the system operation with missile power 
supplies. 

5) Evaluate the effects of power transfer and power 
transients on system operation. 

6) Evaluate system performance with the missile 
cabling and power to verify that ground loops do 
not exist and noise levels and interference from 
other subsystems do not affect guidance system 
operation. 

Acceptance Testing 

Following a complete inertial guidance set calibration, 
functional tests, and acceptance at the contractor plant, 
inertial guidance sets will be transported to the airframe 
manufacturer for inspection, checkout, installation, and 
missile acceptance checks. 

Captive Tests 

Static firings of complete missiles are accomplished by 

the airframe contractor at a captive test facility. Cap-
tive tests can be accomplished in two ways. They can 
be accomplished with the static firing of production mis-
siles after complete functional integration tests have 
been completed, or a test program can be implemented 
that will static fire one or several missiles many times. 
The tests are designed primarily to increase confidence 

in launches and to improve reliability. The later tests 
accomplish this over a shorter period of time. The 
former program is better as the configuration of the 
missile changes, and the captive test is an immediate 
positive test of that configuration. 
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FLIGHT TEST PROGRAM 

The ultimate design verification and weapon system 
evaluation can be obtained only from the results of 
flight tests. In view of this, a strong and early program 
must be planned. 

The important phase of the flight test program will 
sequentially accomplish the following objectives: 

1) Permit any design modification dictated by flight 
test data to be accomplished prior to an extensive 
production effort toward operational equipment. 

2) Provide actual environment data, making possible 
a review of the environments assumed for purpose 
of design. 

3) Demonstrate the mutual compatibility of the 
operation and function of the inertial guidance 
equipment under actual operational conditions. 

4) Make possible the evaluation of thè operation and 
function of the equipment under actual operation 
conditions. 

5) Demonstrate the capability of the weapon system, 
and its subsystems, to perform the mission for 
which it is intended. 

In general, flight tests evaluate the ability of the iner-
tial guidance equipment to guide the missile to the cut-
off point to effect the required ballistic trajectory. Pas-
senger flights of components can in many cases provide 
a quantitative and qualitative evaluation of the com-
ponents prior to actual inertially guided flight tests. 
Passive flights are not required if early passenger flights, 
laboratory, sled, flight proofing and other environmental 
testing are accomplished prior to system flight testing. 

Airborne instrumentation must be complete enough 
so that performance and accuracy data will be obtained 
on any flight. Accuracy should be an objective of every 
flight commencing with the first flight. Power supply 
data should be available on all flights throughout the 
program to insure proper interpretation of flight data. 
The primary intent of the flight tests is to determine 

the accuracy and the operating characteristics of the 
inertial guidance set during missile flight. The operating 
environment of the inertial guidance equipment is de-
termined on several of the early flights. 
Data obtained from each flight is analyzed, and the 

results are transmitted to the design engineers for re-
evaluation of the individual assemblies. 

Specific flight test objectives. 

1) Compatibility of the ground support equipment, 
missile, launch area and inertial guidance system. 

2) Ability of the stabilization servo loops to isolate 
the inertial package from the base motion under 
dynamic conditions. 

3) Accuracy of the accelerometer loops under dy-
namic conditions. 

4) Accuracy of the computing elements in generat-

ing the correct steering, engine cutoff and pre-
arm signals from the measured accelerations and 
the stored or programmed data inputs. 

5) The accuracy, stability, reliability, performance, 
etc., of the power supplies before and during 
powered flight. 

6) Accuracy of the inertial guidance system, based on 
a comparison of velocity data and external data 
determination of missile position throughout the 
flight profile and at the time of cutoff. 

7) Determination of the operating environment. 
8) General functional operation of erection and 

ground support equipment under field conditions. 
9) Verification of computer operation, computer co-

efficients and other launcher-target parameters. 
10) Evaluation of the staging transients and their ef-

fect on the operation of the inertial guidance set. 

As the test program progresses, situations will arise 
which will show a need for additions or alterations to 
flight objectives. The program must be flexible so that 
the changes in objectives will be a simple matter. The 
associated equipment, such as the signal conditioner, 
must allow for immediate changes in telemetry channel 
assignment, if required in accordance with changes of 
objectives. 

OPERATIONAL TESTS 

It is recognized that the actual use of a weapon sys-
tem in its operational environment is the only conclu-
sive test of a weapon system. It is the intent of the oper-
ational tests to approach this environment as closely as 
possible. 

The purpose of the operational tests is to demonstrate 
the existence of an operational weapon system. As many 
as possible of the events involved in the complete fac-
tory-to-launch sequence are tested. The primary objec-
tives of the program are as follows: 

1) Compatibility checks between the missile, ground 
support equipment and the operational missile 
launcher. 

2) Evaluation of the ability of the handling and/or 
transportation and installation equipment to per-
form its task properly with adequate protection, 
ease, safety for the operating personnel, and with 
maximum efficiency in an operational environ-
ment. 

3) Evaluation of the periodic checkout equipment, 
and procedures to ascertain its ability to verify 
that the weapon system is in the required state of 
readiness. 

4) Evaluation of the operational countdown pro-
cedure and investigation of the possibility of de-
creasing the readiness time. 

5) Evaluation of the procedure and time required for 
removal and installation of an inertial guidance set 
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and to return the missile to readiness condition. 

6) Evaluation of launches which are accomplished by 
operational personnel and procedures. 

CONCLUSION 

It can be seen from the test program presented above 
that a large part of a complete test program must be ac-
complished in the field. This results in an extensive field 
test program that can extend from one end of the coun-
try to the other and also requires considerable numbers 
of experienced personnel and equipment. There are 
areas included in the field testing program which appar-

ently could be adequately evaluated in the contractor's 
plant. Admittedly, there are portions of these areas that 
can be evaluated in the plant, and it is quite possible that 
they would receive a better evaluation there because of 
the high grade of personnel and facilities available. 
However, to make a completely thorough evaluation, 
field testing is still required. There are several reasons 
why extensive field testing is absolutely essential. Prob-
ably the most significant reason is that the exact opera-
tional conditions cannot be duplicated in the contractor's 
plant and the only conclusive test is the actual use of 
the weapon system in its operational environment. 

A Pragmatic Approach to Space Communication* 
GEORGE E. MUELLERt, SENIOR MEMBER, IRE 

Summary—Examination of the fundamental limitations on modu-
lation efficiency and present state-of-the-art practices in transmitter 

design, solar cell power sources, receiver design and antenna 
design shows that communication with large information rates is 
possible throughout the solar system but that practical interstellar 

communication is not now feasible. Two representative telemetry 
systems are discussed, the FM/PM analog Microlock system and 
the digital Telebit system. 

INTRODUCTION 

1-1 r- HE paper which follows attempts to establish the 
realistic limits which the state of the art of pres-
ent day components places upon the transmission 

of information from space vehicles. 

The fundamental problem of space communication is 
effective energy; that is, the energy necessary to trans-
mit the required information over the distances charac-
teristic of the various space missions. More specifically, 
it is the ratio of the thermal energy in the bandwidth 
required to transmit the desired information per unit 
time to the effective transmitted energy. Thus, the fun-
damental parameter of space communications is the 
energy per bit of information, and the fundamental limi-
tation is ultimately that of the effective energy or the 
effective power of the system. 

* Original manuscript received by the IRE, December 2, 1959. 
Portions of the material in this paper have been presented at the 1959 
Western Electronic Show and Convention, San Francisco Cow Palace, 
San Francisco, Calif., August 20, 1959, and the Fifth Annual Radar 
Symposium, Willow Run Labs., University of Michigan, Ann Arbor, 
January 27, 1959. 

t Space Technology Labs., Inc., Los Angeles, Calif. 

This basic limitation can be divided into two classes 
of problems. The first is the generation, transmission, 

and reception of energy. The second is determining the 
most effective method of modulating this energy to 
transmit the required information. 

The information is determined by the particular space 
mission and the requirements of the experiments or ex-
perimenters. The rate of transmission of information is 
determined by the amount of data processing which is 
carried out in the satellite itself. Thus, the power in low-
altitude earth satellites is sufficiently high and the dis-
tance is small enough so that sophistication in either 
modulation techniques or in data processing within the 
satellite is not essential. On the other hand, the extreme-
ly narrow bandwidth characteristic of interstellar probes 
requires a very highly sophisticated data processing in 
the satellite itself if appreciable information is to be 
transmitted from the experiments. From another aspect, 
the rapid motion of low-altitude earth satellites requires 
ground antennas of low directivity and a very large 
number of ground stations if continuous coverage is to 
be achieved. At the other extreme, high-altitude satel-
lites for lunar probes or interplanetary probes require no 
more than three ground antennas for complete coverage, 
and since the motion of the satellite relative to the 
earth's surface is slow, these antennas can be very large. 

Despite the wide variety of problems associated with 
each of the space missions, a broader view shows that 
available components impose a common limitation af-
fecting each type of service. Thus, the power supply, 
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the power amplifier, temperature control, the antennas, 
both in the air and on the ground, and the initial stages 
of the receiver on the ground are critical energy-deter-
mining components. In addition, there is the limitation 
on the efficiency of the modulation system imposed by 
available coding and decoding techniques. However, 
since the characteristics of these components and tech-
niques are known, it is possible to trade off the compo-
nent characteristic, the method of modulation, and the 
requirements of data processing to design an optimum 
system for any particular mission. 
The following sections will outline the parameters in-

volved in energy transmission, the problems associated 
with the encoding and transmission of information, and 
will apply these results to four representative space mis-

sions. 

ENERGY 

As far as space communication is concerned, the 
problem of providing sufficient energy may be divided 
between the amount of energy available in the space 
vehicle, the degree to which that energy can be directed 
toward the ground receiver, and the efficiency of the re-
ceiving system in detecting this energy in the presence of 

noise. 

Satellite Transmitting System 

In the space vehicle, both the transmitted power and 
the total available energy are the important communi-

cation parameters. The effective power available from 
the space vehicle may be increased, 1) by increasing the 
transmitter power, 2) by increasing the transmitter ef-
ficiency, or 3) by increasing the antenna gain. 
To increase transmitter power, it is necessary to pro-

vide a larger energy source, larger components, and 

heavier and more complex temperature control mech-
anisms. All of this results in an almost linear increase in 
payload weight with increasing power. The energy sup-
ply may be chemical, thermal, or nuclear in origin. The 
most efficient sources of chemical energy in terms of 
watt-hours per pound appear to be, at the present time, 
the various forms of the silver cadmium cells. Since this 
energy lies between 35 and 50 watt-hours per pound, the 
use of these cells as the primary source of energy for 
space vehicles is severely limited. 

For earth and interplanetary satellites, it is possible 

to make use of the thermal energy of the sun, either by 
means of solar cells or thermocouples to provide a source 
of energy of relatively low-power capability but of very 
large total magnitude. At the present state of the art, it 
is apparent that for vehicles having lifetimes greater 
than two days, the solar cell is superior to a chemical 
battery in terms of weight for a given total energy. 

Nuclear sources of electrical energy are in a very early 

stage of development, and it is not possible at this time 
to define precisely the energy per pound that will be 
available when their development is complete. Early 
estimates indicate some tens of kilowatt-hours per 

pound as being available. For missions far from the sun, 
such as flights to Pluto or to interstellar space, it ap-
pears that nuclear fission sources of energy are the only 
practical sources likely to be available within the next 
ten years. 

Another problem to be considered is the efficiency 
with which this energy is converted into radio waves. 
At the present time it appears possible to achieve effi-
ciencies between 50 and 80 per cent for transmitters be-
low 1000 megacycles, and efficiencies on the order of 10 
to 50 per cent for transmitters above 1000 megacycles. 
Moreover, since radio transmitters have been studied 
for a long period of time, major improvements in the 
operating efficiency are unlikely. The unused energy is 
heat and must be dissipated if the transmitter is not to 
be destroyed. Although the heat that can be radiated 

from the surface of the space vehicle depends upon its 
orientation with respect to the sun, for areas which are 
not exposed to direct radiation from planets or from the 
sun, it is possible to dissipate passively more than 300 
watts per square foot. 
Two factors then limit the amount of power that can 

be generated and transmitted front the space vehicle. 
First, the energy available, which is dependent upon 
the weight that can be allocated to the energy source, 
and the heat energy which can be dissipated. This de-
pends in part upon the area available, that is, the size 
of the space vehicle, and upon the weight which can be 

allocated. 
The effective power transmitted depends, in addition, 

upon the directivity of the transmitting antenna, and 
here two problems must be recognized. On the one hand, 
although the available effective power can be increased 
tremendously by the use of directive vehicle antennas, 
such antennas presuppose an ability to control the atti-
tude of the space vehicle. On the other hand, it is gen-
erally desirable to provide failure instrumentation for 
space vehicles so that, if an element of the system fails, 
it is possible to determine the cause of the failure. For. 
this purpose, it is desirable to have an omnidirectional 
vehicle antenna. It is probable that future space vehicles 
will use omnidirectional antennas for minimum track-
ing and failure instrumentation, and directional anten-
nas for the primary transmission of information. 

An empirical relation was derived from present ex-
perience with high-frequency components which leads 
to the parametric relations shown in Fig. 1 between the 
gain, weight and frequency of parabolic . antennas, and 
between the power, weight and frequency of the trans-
mitter system including an omnidirectional solar cell 
power supply and temperature control equipment. 

Essentially these curves are statements of the fact 
that the antenna gain is proportional to the square of 
the diameter in wavelengths and the weight of an anten-
na is proportional to its area, and that the weight of the 
power supply and of the heat sink increases with fre-
quency since the efficiency of available transmitters de-

creases with increasing frequency. 
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Fig. 1—Airborne antenna gain for three antenna weights, W A, and 
transmitted power, PT, for four transmitter weights, both as a 
function of frequency. 

Multiplying the transmitted power by the antenna 
gain gives the effective radiated power, which is plotted 
as a function of frequency in Fig. 2. The parameter here 
is the product of the weight allocated to the antenna sys-
tem and the weight of the transmitter and its power sup-
ply. The curves are derived from 

Effective Power = PT G 0.3 

where 

PT= the 
G= the 
WA = the 
WT= the 

ply, 
X= the 

W AW7' 

X 
(1) 

transmitted power, 
antenna gain, 
weight of the antenna, 
weight of the transmitter and power sup-
and 
wavelength in feet. 

Regardless of the constant, which varies from system 
to system, it is apparent from the form of the equation 
that an optimum division of weight would make the an-
tenna system weight equal to that of the transmitter 
system. It is also apparent where directive antennas are 
used that, over this range of frequencies, the higher the 
frequency the greater the effective transmitted power. 

100 1000 

Frequency (megacycles) 

Fig. 2—Effective radiated power as a function of frequency for three 
given weights to be allocated to transmitting antennas and 
transmitters. 

10,000 

It must be noted, however, that this simplified analysis 
has not taken into account the increased problems as-
sociated with attitude control as the antenna bandwidth 
narrows, nor the increased mechanical tolerance at high 
frequencies. These are important as one approaches 
10,000 mc, and, at such frequencies, the curves are no 
longer valid. 

In the case of failure instrumentation where a non-
directive satellite antenna is desirable, the curves of 
transmitter power vs frequency of Fig. 1 apply, and it 
is evident that the lower the transmitting frequency the 
lighter the system is. However, as is shown in the next 
section, galactic noise limits the lowest permissible fre-
quency for space communication to the order of 400 mc. 

The Ground Receiving System 

The receiving system may be improved either by in-
creasing the receiving antenna area or by decreasing the 
effective noise temperatures in the input circuits of the 
receiver. If the receiving system is mounted on the 
earth, then even with the best of maser preamplifiers, 
the input noise temperature is limited to 50°K due to 
the antenna radiation characteristics (see Fig. 3). There-
fore, for ground-based antennas, no real improvement in 
input noise appears practical. 
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However, if the receiving antenna is in space, then it 
is possible to achieve an input noise temperature which 
is limited only by the galactic background noise and the 
inherent characteristic of either maser or parametric 
amplifiers. With such antennas, it appears that an ef-
fective noise temperature on the order of 1°K is possible 
and that as techniques for the maser preamplifiers are 
developed even lower temperatures may be achieved. 
The variation of these limitations with frequencies are 
shown in Fig. 4. 

The remaining system parameter which may be 
varied is the effective area of the receiving antenna. The 
following paragraphs show that the steerable parabolic 
reflecting antenna is the most practical design for 
ground-based antennas. This type of antenna has been 
built in sizes up to 250 feet in diameter, and studies have 
been made indicating that sizes up to 600 feet are feas-
ible. However, for diameters larger than about 250 feet, 
it is necessary to introduce an elaborate servocontrol 
system for adjusting the individual subpanels as a func-
tioy of the antenna elevation angle and wind loading. 
Thus, there is a point at about 250 feet beyond which 
there is a relatively sharp increase in mechanical com-
plexity and cost. 

To investigate the effect of increasiiig antenna size, 
one can employ the usual formula for power received as 
a function of power transmitted. This equation is 

S (PrGT)A RE 
PR =- kTBn(— =  (2) 

N 47R21 

where 

B= 10 cps = bandwidth, 
n = 2.0 db = noise figure of receiver, 

S/N= 10 db = required signal-to-noise ratio, 
e = 0.5 = antenna efficiency, 

kT= 1.3 X 10-23 X 300_24 X 10-", 
Gr = vehicle antenna gain, 
Pr = vehicle transmitter power, 
R=50,000,000 miles= 3 X10" feet = range, 
A R=rD2/4=antenna collection area (D diameter), 

and 
/ = 6-db loss from polarization, cables, etc. 

The figures chosen are representative of those attain-
able in extreme range space communication systems. 
One will note that the bandwidth, 10 cps, is relatively 
narrow compared with that of the usual earth-type com-
munication systems. The noise figure of the receiver is 
representative of current good practice in receivers in 
the 100- to 400-mc range. This figure does not repre-
sent noise figures attainable using parametric or maser 
amplifiers which are discussed later. A signal-to-noise 
ratio of 10 db is quite low, since this signal-to-noise 
ratio must be adequate for acquiring after search as well 
as for tracking once the signal has been found; in fact, a 
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20-db signal-to-noise ratio would be desirable. The 
ground antenna efficiency of 0.5 leaves some margin for 
sidelobe control. Vehicle antenna gain and vehicle trans 
mitter power are treated, as they in fact are, as functions 
of each other (see Fig. 2). The 6-db losses are conserva-
tive, but reasonable, assumptions. 
The range chosen, 50,000,000 miles, is not the range 

to any particular point in space, but it is representative 
of ranges from the earth to interplanetary vehicles on 
their outward journey. It does not represent, for in-
stance, the maximum that one might encounter if an 
attempt were made to follow the vehicle over a complete 
circuit about the sun. 
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Solving ( 1) then for D, the antenna diameter, one 
obtains 

D = 4R   
[IkTBn(S/N)1 1 / 2 

(PrGr)e 
(3) e° 

One interesting fact, apparent at once, is that the an-
tenna diameter required is directly proportional to 
range. Using the numbers assumed above in ( 2), one ob-
tains a required antenna diameter of about 250 feet. It 
is obvious from the square-root relationship that any 
reasonable variation in all parameters except range will 
have only a moderate effect upon the required antenna 
diameter. 

As another illustration of this relationship, the JPL 
Microlock receiver and a 250-foot ground antenna 
would receive a usable signal of 10-cycle bandwidth with 
an effective radiated power of 100 watts in orbit about 
Venus at about 55,000,000 miles. The transmitter would 
weigh about 15 pounds. Optimum solar cells and bat-
teries would weigh about 50 pounds, assuming a 10 per 
cent duty cycle. To use a 60-foot antenna would require 
either 1000 watts of effective radiated power or a para-
metric or a maser preamplifier with a 200-watt trans-
mitter, or the bandwidth would have to be reduced to 
0.5 cps. 

Fig. 5 illustrates the effect of range upon the ground 
antenna size for various effective radiated powers from 
the vehicle. This figure assumes a bandwidth of 10 cps, 
a signal-to-noise ratio of 10 db, a receiver noise figure of 
2 db, and losses of 6 db. It shows that at 55,000,000 

miles 100 watts of radiated power with a 250-foot an-
tenna is just satisfactory. 

Fig. 6 shows the required antenna diameter as a func-
tion of the range to the vehicle with three different 
ground receivers. A 100-watt transmitter with a con-
ventional ground receiver can give a 10-db signal-to-
noise ratio at 55,000,000 miles, using a 250-foot antenna. 
However, if a parametric or maser receiver (with an an-
tenna temperature of 70°K) is used, a 100-watt trans-
mitter can provide a usable signal at 120,000,000 miles. 
If the frequency is increased to 1100 mc, the range can 
be increased to 135,000,000 miles. Although parametric 
amplifiers and maser noise temperatures of less than 
30°K are possible, the limiting noise will be determined 
principally by antenna temperature, as has been shown 
in Fig. 3. Fig. 6 again illustrates the principle that a 
great deal can be gained by improving the ground sys-
tem—gains which become a permanent part of the sys-
tem. 

A more direct improvement is the use of variable re-
ceiver polarization. This is dependent on a knowledge or 
measurement of the plane of polarization of the received 
signal, but with relatively simple equipment, it will pro-
duce a 3-db increase in signal-to-noise ratio. 
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Figs. 7-9 are cross plots of Fig. 5 (with different 
parameters varied). Fig. 7 shows the signal-to-noise 
ratio as a function of range of the vehicle for a number 
of antenna sizes. Fig. 8 shows the bandwidth as a func-
tion of range to the vehicle for a number of antenna 
sizes. Fig. 9 shows transmitted power requirements as a 
function of range to the vehicle for a number of antenna 
sizes. 

Each of these figures shows the great gains that are 
made by increasing the antenna diamter. In particular, 
Fig. 9 shows that almost 1600 watts of radiated power 
are required to transmit 55,000,000 miles from the 
vehicle to a 60-foot ground antenna with a signal-to-
noise ratio of 10 db. If a 250-foot antenna is used, only 
100 watts are required. 

In connection with Fig. 7, it should again be empha-
sized that a signal-to-noise ratio of less than 10 db is not 
satisfactory since that ratio or more is desirable for 
acquisition. 
The parameters used above are not all representative 
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of what one might ultimately desire in a space communi-
cation system. For instance, it seems reasonable that we 
would ultimately wish to transmit facsimile pictures 
with bandwidths of hundreds of thousands of cycles or 
possibly even TV pictures with bandwidths which ex-
ceed a megacycle. Manned space flights will require, as 
an absolute minimum, a continuous voice channel of at 
least telephone quality. For a continuous voice-com-
munication capability independent of vehicle attitude, 
500 watts of continuous power drain, which is near the 
optimum for 100 watts of effective radiated power from 
a communication transmitter at 400 mc, is necessary. 
This is a considerable drain on a space power supply. It 
is apparent that to achieve large bandwidths at long 
distances requires, in addition to the use of large ground 
antennas, improvement in all elements of the communi-

cation system. 
To determine the type of ground antenna, the ap-

proximate operating frequency must first be established. 
An examination of presently available transmitters, of 
the uncertainty concerning the operating frequency of 
low-noise maser amplifiers, and of the rate of develop-
ment of efficient microwave transmitting tubes, clearly 
underscores the necessity for an antenna capable of 
operating over a wide range of frequencies. Since multi-
element antenna arrays with a large effective collecting 
area are essentially fixed frequency devices, it appears 
that the frequency insensitive reflector antenna is bet-
ter. Moreover, since the space vehicles will have to be 
tracked over large angles and since antenna arrays are 
essentially fixed in direction, the steerable parabolic dish 
is the only choice which satisfies all the requirements. 
As the physical size is increased, the efficiency of the 

capture area must be maintained. However, to maintain 
area efficiency, the physical tolerances must be main-
tained to about of a wavelength to focus the received 
energy into the feed. Thus, if the wavelength is one foot 
and the antenna is 500 feet in diameter, the tolerances 
would be about one part in 104, or a i-inch total deflec-
tion. Despite these complex engineering problems, very 
large antennas have been built ( Fig. 10 shows the 250-
foot radio telescope near Manchester, England) and 
many more are contemplate I. 
Given only initial specifications as to sky coverage, 

antenna size, shape, and accuracy, every group that has 
studied large antennas has come up with essentially the 
same design; that is, a merry-go-round or azimuth 
tracking stand upon which is mounted an antenna on a 
horizontal axis so that the elevation angle can be varied. 
This is substantially the design evolved at Manchester 
for the Jodrell Bank antenna. 
The only existing antenna suitable for interplanetary 

space communications, the 250-foot British antenna at 
Jodrell Bank, England, is used in the only world-wide 
tracking network in the world today, the space naviga-
tion network (SpaN-Net) of STL/BMD. This antenna 
has demonstrated, during the Able' flights, the value of 
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Fig. 10—The radio telescope near Manchester, England. 

large antennas. However, because it is located about 55 
degrees north of the equator, its coverage of the plane 
of the ecliptic is not optimum. In addition, since it is 
the only existing at present, the coverage of any given 
point in space is limited by the rotation of the earth. 

INFORMATION ENCODING AND TRANSMISSION 

In a communication system, the kind and amount of 
information to be transmitted is of first importance. 
The kind of information depends in large measure upon 
the source and, as the following examples indicate, it 
may be varied by proper selection of the form of the 
message generated. The amount of information must be 
tailored to the channel capacity of the communications 
system and, for many scientific purposes, may be varied 
without much loss in the utility of the experiment. For 
instance, the size of the diaphragm on an impact-sensing 
micrometeorite detector may be reduced until the num-
ber of impulses per second is adjusted to the available 
bandwidth. Or, in the case of a scintillation or Geiger 
counter, appropriate scalers may be inserted so that the 
final output counting rate is a small, but known, frac-
tion of the input rate. This type of system has, in addi-
tion, the possibility of easily varying the output rate by 
switching the number of divider stages. In case there is 
a requirement for transmitting pictures, the effective 
bandwidth and information rate may be reduced by 
sampling techniques. 

Another kind of information is obtained from the 
various equipment performance monitors in the vehicle. 
Since the information rate from these monitors is 
usually very low, it is possible by subcommutating to 
transmit a very large number of measurements over a 
very narrow bandwidth. Thus, it is possible by rela-
tively simple means to adjust the information rate for 
physical measurements to the available channel capac-
ity of a space communication system. However, for 
such information as real time voice channels there is 
only a limited possibility of reducing the bandwidth 
even though the information rate for this service is 
small, since there is a real limitation on the efficiency of 

encoding represented by our vocal cords. Since voice or 
video transmission characteristics are not easily modi-
fied, and since the weight limitation on equipment is 

likely to persist for some time to come in space vehicles, 
the probability of achieving real time voice or video 
communications at interplanetary distances is rather 
low. 

Basically, space communication suffers from trying to 
achieve two mutually incompatible objectives. On the 
one hand, there is the desire to transmit as much infor-
mation as possible. On the other hand, there is the ne-
cessity to conserve weight with the resultant funda-
mental limitation on transmission time and information 
rate. As was shown in Fig. 9, the bandwidth is extreme-
ly limited even at fairly short interplanetary distances 
and for very large ground antennas. This limitation 
upon bandwidth sets the channel capacity, and thus the 
information rate which can be transmitted. Fig. 9 also 
demonstrates that an essential characteristic of a space 
communication system should be flexibility in band-
width, so that when the vehicle is at close ranges, its 
bandwidth can be large, while at long ranges its band-
width may be narrowed. 
The method of modulation establishes the efficiency 

of the communications system. As Hartley and Shan-
non2 have shown, there is a maximum amount of infor-
mation which can be transmitted through a channel of 
given bandwidth and signal-to-noise ratio. Thus 

H = Bm log2 (1 —S 
N 

where 

H= the information rate in bits per second, 
BM= the bandwidth of the message channel, 
S= the signal, and 
N= the noise in the bandwidth BM. 

(4) 

Furthermore, it is important to note that the effective 
signal-to-noise ratio in the message channel is a function 
of the ratio of the transmission channel bandwidth Br, 
to the message channel bandwidth and in the ideal case 
approaches 

( 51)BT =  

N 
(5) 

There is a wide variation in the ability of modulation 
systems to approach the ideal. Thus, in the conventional 
FM broadcast system, 

S = \Bm 
(6) 

2 R. V. L. Hartley, "Transmission of information," Bell Sys. 
Tech. J., vol. 7, p. 535; July, 1928; and C. E. Shannon, "A mathe-
matical theory of communication," Bell Sys. Tech. J., vol. 27, pp. 
379-423,623-656, July/October, 1948. 
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and although the noise improvement in the output is 
real, it falls far short of the Shannon limits. 
A comparison of the various modulation methods re-

sults in the conclusion that for space communications 
the most efficient system is probably some form of pulse 
code modulation, both from the standpoint of encoding 
and decoding, and from the standpoint of modulation 
efficiency. For purposes of illustration two forms of 
modulation adapted to space communications will be 
described and compared. 

In the Pioneer series of lunar satellites, an FM/PM 
analog telemetry system developed by Jet Propulsion 
Laboratories was used.' This " Microlock" system uses a 
phase-locked receiver to achieve a lock-on sensitivity of 
—150 dbm with a 10-cycle locked-loop bandwidth. 
There are six subcarriers with a theoretical modulation 
bandwidth of 0.8 cps, although in practice, because of 
subcarrier drift and the dynamic characteristics of the 
subcarrier discriminators, they have a realizable infor-
mation bandwidth of only about 1/100 cps. As was dem-
onstrated, this system has the necessary sensitivity to 
operate to lunar distances with a transmitted power of 
about 100 mw. The combined total information rate for 
the six channels is about the equivalent of 0.5 bit per 
second. The limiting characteristics of this system are: 

1) the information bandwidth is fixed; 
2) the practically achievable channel efficiency is low; 
3) since the system is not quantized, it suffers deg-

radation on retransmission or rerecording; and 
4) the information must be transmitted in real time. 

In an attempt to improve the system, a digital telem-
etry system called "Telebit" was developed which will, 
at lunar distances and the same 100-mw power, permit 
the transmission of 8 bits of information per second, or, 
on command and for transmission at greater or lesser 
distances, will change power and transmit either 1 bit 
or 64 bits per second. In addition, with airborne analog-
to-digital converters, the information is quantized and 
digitalized, so that once a message is received, it will 
not be degraded by retransmission over communication 
links to the central station. The Telebit system pro-
vides, in addition, a transistor memory for storing the 
output of the experiments, so that intermittent trans-
mission of the data is possible. 
A quantitative comparison of the Pioneer I and II 

Microlock and the Telebit system with the ideal com-
munications system described by Shannon' leads to the 
following expressions: 

= r) 
(7) 

"A Coherent Minimum Power Lunar Probe Telemetry System," 
jet Propulsion Labs., Calif. Inst. Tech., Pasadena, Calif., external 
'publication No. 610; August 12, 1959. 

Shannon, op. cit., p. 654. 

where 0 is a figure of merit based on Shannon's theorem, 
(4); for an ideal system where the transmission channel 
bandwidth is infinite, the figure of merit 

fib = 0.693: 

for the case of the Microlock system used in Pioneer I 
and II 

fi = 43.5, 

or 

/3/00 = 18 db; 

while for the Telebit system 

fi = 4.5, 

or 

fi/fo = 8 db. 

It is interesting to note that this latter figure is nearly 
as good as the best quantized system described by 
Saunders' for this bit level and appears to approach the 
best physically realizable modulation system. 

Since the Telebit system has not been described else-
where a brief description follows. Basically, Telebit is a 
digital telemetry system which provides for transmis-
sion of information from space probes to the ground and 
presents the information in a partially processed form. 
The payload portion of the Telebit system accepts in-
formation from both analog and digital experiments and 
processes this information until it is in a form suitable 
for transmission. The ground portion of the Telebit sys-
tem consists of several stations located throughout the 
world and a central processing station for rapid process-
ing and presentation. The payload portion of the Telebit 
system permits accumulation of information during pe-
riods between transmissions. It also commutates several 
types of input information so as to produce a time-
multiplexed train of pulses containing information 
about a variety of experiments. 
The Telebit system accepts two kinds of inputs from 

the experiments. The first consists of information in the 
form of the occurrence of an event or events, such as 
micrometeorites and radiation particle impingement. 
The second class consists of analog inputs where the 
variable to be measured is a continuous function of time. 

Power considerations set bounds on the time during 
which information can be transmitted to the ground and 
upon the period between such transmissions during 
which batteries are recharged. Sufficient time exists dur-
ing each allowable transmission period to permit a read-
out of each primary experiment two or three times. The 
Telebit system has been designed with the intent of op-
timizing information accumulated during transmitter 
OFF times while permitting maximum information 
transmission during the brief ON times. A careful re-

6 R. W. Sanders, " Digilock Telemetry System," 1959 National 
Symposium on Telemetering, San Francisco, Calif., September 28-
30, 1959. 
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view of high-energy particle experiments, for instance, 
indicated that 10 primary digits would adequately ac-
cumulate the number of events during a transmitter 
ON time. 

Analog information does not directly lend itself to 
any simple means of accumulation. The experimenter 
must thus be content with obtaining analog information 
only during transmitter ON periods. Provision has been 
made, however, in some experiments, to provide for 
changes of scale as a function of the quantity being 
measured. An analysis of the accuracy with which ana-
log information is obtained indicates that most primary 
experiments could be adequately described by six bits 
while some secondary experiments can be characterized 
by four bits. By grouping a six-bit experiment with a 
four- bit experiment, a word of 10 bits is derived. Con-
version of the analog data to digital form is accom-
plished in an analog-to-digital converter which makes 
use of a 64-level digital ramp. 

In addition to its function of accumulation and ana-
log- to-digital conversion, the Telebit system commu-
tates the successive experiments and thus derives a se-
quence of pulses which in groups characterize these ex-
periments. The information conveyed during each com-
mutated segment is called a " word" and the sequence of 
all words is called a "frame." While the number of pulses 
which comprise a word could take any value, a Telebit 
word is composed of 10 information pulses. Similarly, 
the number of words which compose a frame is deter-
mined by the number of experiments. The Telebit sys-
tem includes 10 information words. 

In addition to the information pulses of each word 
and the information words of each frame, synchroniz-
ing symbols are inserted to ease the decommutation 
problem on the ground. Two synchronizing pulses al-
ways having the same form are added to each word and 
one synchronizing word is added to the set of each 
frame. Thus, an entire word consists of 12 pulses and an 
entire frame of 11 words. 

Inasmuch as it is desirable to vary the information 
transmission rate as the range to the payload changes, 
three pulse rates were provided, 1, 8, or 64 per second. 
For these rates it takes approximately 132 seconds, 17 
seconds, or 2 seconds to transmit one frame. 
One of the analog words has a 16-element subcom-

mutator associated with it. This subcommutator has the 
capability of selecting in sequence any one of 16 slowly 
varying quantities. Thus, at the three transmission 
rates it will take approximately 4, 44, or 35 minutes to 
complete an entire subcommutator cycle. 
The method of transmitting the telemetry informa-

tion to the ground is to biphase modulate a subcarrier 
which in turn phase modulates a radio-frequency car-
rier. This technique has the advantages of providing a 
continuous carrier for acquisition and tracking from the 
ground and an unambiguous resolution of the pulse data 

through the use of an adjacent pulse comparison biphase 
demodulator without a ground coherent oscillator. A 
disadvantage of this technique is an approximately 6-db 

loss in signal-to-noise ratio because of the limited sub-
carrier modulation power. 

Areas of improvement are the use of biphase modu-
lation of the carrier, the use of multiple bit encoding, 
and the sophistication of the logical design of the sys-
tem. 

In addition the Telebit system may be improved by 
expanding analysis or processing of the experimental 
data before transmission. For example, in the present 
Telebit system, the micrometeorite count is stored for a 
period of 6 to 10 hours and thus the resulting transmis-
sion from the satellite to the ground provides an aver-
age rate for a 6-hour period and then, as the experiment 
is read out again, the average rate for a 24- minute in-
terval. A relatively simple change in the digital circuit 
logic would permit one to record during the 6-hour pe-

riod the maximum counting rate that occurred in any 
one of the 24-minute intervals, the minimum counting 
rate that occurred in any of the 23- minute intervals, 
and the times at which these maximum and minimum 
rates occurred, in addition to the average count for the 
entire six-hour period. By the skillful application of such 
satellite data processing, considerable increases in the 
amount of information obtained from the experiments 
can be achieved without appreciably increasing the re-
quirements on the total information channel capacity. 

Finally, as data is accumulated, experimenters will be 
better able to define the steps required for the analysis 
of the data. At this point it will be possible to program 
the central computer to accomplish the mechanical part 
of the data analysis in addition to its normal task of data 
reduction. This ability to approach the ideal of real time 
analysis of experimental data is perhaps the most impor-
tant single characteristic of the digital telemetry system. 

THE PRESENT BOUNDARIES OF SPACE 
COMM UNICATION 

The preceding paragraphs have developed the limita-

tions and the characteristic parameters of the transmit-
ter, the receiver, and the modulation subsystems, which 
together make up the building blocks of any space com-
munication system. These results may be combined and 
summarized as in Fig. 11, where the information rates 
that can be achieved with present, or at least reasonably 
foreseeable, space communication systems are plotted 
against range to the vehicle. The curves assume that an 
optimum distribution of the weight between the satel-
lite antenna and the satellite transmitter is achieved 
and that the best parametric amplifiers are used in the 
receiver. Several combinations of receiver-antenna area 
and transmission system weight are assumed which are 
characteristic of the several space missions. 
From these curves it is evident that for low-altitude 

satellites, and reasonable payload weights, very large 
amounts of information can be transmitted. For in-
stance, with ten pounds devoted to the transmitter and 
antenna system, it is possible to send a television pic-
ture from a satellite in a five-hundred mile orbit to a 60-
foot antenna on the ground. Referring back to Fig. 1, 
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Fig. II—Information rate, H, as a function of range for various com-
binations of payload antenna and transmitter weights and re-
ceiving antennas. 

this corresponds to a transmitter power of only of a 
watt and an antenna gain of about 100. 
As another example, in a 24-hour orbit it is possible, 

with 200 pounds of transmitter, power supply and an-
tenna, to send 109 bits per second to a 60-foot antenna 
on the earth, which is the information contained in 
about 200 television channels. 

Another class of space mission is that involving ex-
ploration of the moon. For this mission, the same 200-
pound system is capable of transmitting a television 
picture, or 107 bits per second of information from the 
moon to the earth. If only ten pounds can be devoted to 
the transmitter-antenna combination, the maximum 
amount of information drops to 104 bits per second, and 
if a nondirectional antenna is necessary, the maximum 
information drops to 100 bits per second for a ten-pound 
weight. 
The third class of space mission is the exploration of 

Venus or Mars, an era of space communication which is 
almost upon us. Here the ten-pound system, with an 
optimum antenna-transmitter, is capable of transmit-
ting only one bit per second, although the 200-pound 
system will provide an information rate on the order of 
1000-5000 bits per second at the minimum distance be-
tween earth and Mars or Venus. If transmission is de-
sired from a satellite circling Mars or Venus, then the 
200-pound transmitter will permit transmission of 100 
bits per second over the entire path of Mars, providing 
a 250-foot diameter antenna is used on the earth. To 
transmit video from a satellite orbiting Venus or Mars 
will require transmission systems of between one and 
ten tons, and ground antennas between 250 and 1000 

feet in diameter. As an example, 50 million bits per sec-
ond can be transmitted from Mars in its extreme posi-
tion using a ten-ton optimum payload with a 1000-foot 
receiving antenna on the ground. 

Perhaps the most challenging space mission involves 
communication with an interstellar probe. Even with a 
ten-ton transmission system and a 1000-foot receiving 
antenna on the earth's surface, it is barely possible to 
track a probe to the nearest star, Alpha Centauri. The 
information rate at these distances is so low (only 
1/100 bit per second), and the required oscillator stabil-
ity so high (one part in 10"), that such a mission is not, 
strictly speaking, within the present state of the art of 
our components. One alternative that provides reason-
able, although still very small, information rates is to 
place the receiving antenna in a satellite orbit around 
the earth at an altitude such that the heat contribution 
of the earth's surface to the received energy in the an-
tenna is small. If this can be done, the inherent low-
noise properties of maser amplifiers may be fully real-
ized. Then the ten-ton optimum system transmitting 
into a 1000-foot antenna at an altitude of about five 
thousand miles above the earth's surface would provide 
an information rate of about one bit per second from 
Alpha Centauri. 

This last example is illustrative of the tremendous 
problems associated with direct communication over 
interstellar distances. If the problems of locating and 
stabilizing communication repeater stations could be 
solved, the proper placement of a hundred such vehicles 
would permit transmission of 100 bits per second to 
Alpha Centauri. Since the time of flight for these mis-
sions will be tens of years, a new order of component 
reliability is also required. 

It is clear that both a considerable improvement in 
the entire transmission system and in our basic com-
munication system concepts will be required before 
practical interstellar communication is feasible. 
To summarize, the present practices in transmitter 

design, in solar cell power sources, in receiver design, 
and in antenna design, have been explored. The funda-
mental limitations on modulation efficiency have been 
examined, and two examples of modern practice have 
been described. Because of the limitations imposed by 
the conservation of energy, both in generating power 
and in the modulation of this power for the transmission 
of information, improvements in subsystems, although 
they will occur, are not likely to be order-of-magnitude 
improvements. Nevertheless, it appears that communi-
cation with large information rates is possible through-
out the solar system. 
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Propagation and Communications Problems in Space* 
JOSEPH H. VOGELMANt, FELLOW, IRE 

Summary—The problems of propagation and communications 
arising from landings on the Moon, Venus, or Mars are treated in 
terms of the characteristics required for the communication system 

to achieve data transfer between parties on the surface of these bod-
ies and the communications problems arising in the transfer of infor-
mation from these bodies back to the Earth. Consideration is given 
to Doppler shift, Faraday rotation, tracking and stabilization of an-
tennas, and ground network requirements. The problems of com-

munications between vehicles in space in terms of signal acquisition 
and antenna orientation and tracking are described. 

I NTRODUCTION 

THE recent literature has concerned itself with the 
problems of communications by means of vehicles 
in space serving as passive or active reflectors, and 

with problems of communications to vehicles traveling 
in space. This paper will treat the problems of propaga-
tion and communications arising from landings on the 
Moon, Venus, or Mars. Each of these will be treated in 
terms of the characteristics required for the communi-
cation system to achieve data transfer between parties 
on the surface of these bodies and the communications 
problems arising in the transfer of information from 
these bodies back to the Earth. The second case which 
will be considered is communications between vehicles 
in space. 

GENERAL, FACTORS 

The frequency bands available for communications 
from the Earth to any other celestial body are limited 
by the 'radio frequency characteristics of the Earth's 
atmosphere. Accordingly, for communications to the 
Moon, Mars, or Venus, communications bands are avail-
able in Table I, where the frequency band from 100 to 
10,000 mc appears to be the logical band of operation. 

Fig. 1 gives the transmission power in dbw/cps vs range 
for inverse square spreading assuming 0 db noise 
figure at the receiver. Fig. 2 gives the beamwidth in de-
grees at the half power points for parabolic antennas as 
a function of the antenna diameter. It also gives the ef-
fective gain achieved by these antennas. Fig. 3 shows 
the range which may be achieved at 50 mc. These curves 
use a receiver noise figure of 3 and a transmission anten-
na gain of 10. Values are given for combined transmit-
ter and receiver antenna gains of 104 and 106 for receiver 
noise powers corresponding to values from 10-13 watts 
to 10-17 watts. 

The obstacles to communications from the Earth to 
Mars, Venus, and the Moon are the following: 

*Original manuscript received by the IRE, December 2, 1959. 
t Dynamic Electronics Div., Capehart Corp., Richmond Hill, 

N. Y. 

1) Doppler shift due to the relative motion of the body 
with respect to the Earth. These values are of the order 
of 0 to 106.4 cycles per megacycle of RF signal for trans-
missions from Earth to Mars and 0 to 112.7 cycles per 
megacycle for transmissions from Earth to Venus. 

2) Doppler shifts due to the rotation of the Earth on 
its axis as well as the rotation of the other planets on 
their axes. The Doppler shift clue to the rotation of the 
Earth for communication to the Moon varies from 0 to 
0.199 cycle per megacycle of RF at the pole to 1.362 
cycles per megacycle at New York City. 

3) Faraday rotation due to the variable density of 
the Earth's atmosphere and its magnetic field. This ro-
tation is maximum at the lowest frequency and a mini-
mum at the highest. It is a maximum at the horizon and 
is essentially zero along a path perpendicular to the sur-
face of the earth. 

4) Tracking and stabilization of large antennas, pos-
sibly as large as 1000 feet on a side, are required to in-
sure that the receiving station on the Moon, Mars, or 
Venus is within the main lobe of the antenna pattern. 

5) Axial rotation of Venus and Mars will require a 
ground network on these planets to insure that the 
earth transmitters and receivers are in view. 

6) In the case of the Moon one side is always in view 
of the Earth while the other is always invisible. This 
necessitates a communications system along the surface 
of the Moon or an appropriate lunar satellite in the 
event that communication with the far side is required. 
The Doppler requirements discussed here would ne-

cessitate Doppler correction provisions or increased re-
ceiver bandwidths to insure that signals transmitted 

from the Earth would always be received in space. For 
an Earth to Mars link at 2000 megacycles this band-
width would have to exceed 200 kilocycles even when 
the Doppler shift due to the rotation of Mars is neg-

lected. This increase in diameter translates itself into 
the requirements for 13 db increase in transmitter pow-
er for a 10-kc information channel. 

COMMUNICATIONS ON THE MOON 

Line-of sight radio waves for transmissions along the 
surface of the Moon are of very short range due to the 
small radius of curvature of the Moon. Unless high 
mountain peaks can be used as relay points, this type of 
transmission does not appear desirable. 

Low frequency ground waves of narrow bandwidth, 
however, appear entirely practical. The significantly 
lower gravitational field and the absence of wind and 
weather make extremely efficient large antennas practi-
cal at low frequencies. 
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TABLE I 

Frequency Band Type Characteristics 

100 to 10,000 Inc 

10° to 7.5X108mc 

7.5X108 to 
1.5X10 mc 

Tropospheric 

Millimeter and infra-
red 

Light 

Scattered in tropo-
sphere 

Diffracted by obstacles 
Line of sight 

Line of sight 
Absorbed by atmos-

phere 

Visible to human eye 
Scattered by atmos-

phere 
Absorbed by clouds 
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Fig. 1—System transmission power in dbw/cps vs range 
for inverse square spreading; 0-db noise figure. 
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Fig. 3—Range of one-way radio at 50 mc. 

Alternately, the lunar relay satellite of the active 
type may be used to provide the necessary path to a 
retransmitting station on the near side of the Moon. 

COMMUNICATIONS ON MARS OR VENUS 

A significant increase is required in information re-
garding the atmospheres of Mars and Venus, the nature 
of their magnetic fields and the extent of the ionized 
layers above their surfaces. Until such information be-

comes available, it must be assumed that surface com-
munications will be limited to line-of-sight waves and 
the possible employment of a satellite orbiting these 
planets. The possibility of using ionospheric reflecting 
modes, tropospheric and ionospheric scatter as well as 
meteoric scatter cannot be determined at this time. At-
mospheric conditions on these planets may impose fre-
quency restrictions considerably different from those 
encountered on the Earth. It is to be hoped that the 
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radio frequency windows on these planets are compat-
ible with the radio frequency windows on Earth. 
The major restriction on communications from the 

Earth to Mars and Venus is the presence of the sun 
along the radio path between the Earth and these 
planets for a portion of their orbits. The sun is a radio 
frequency source of tremendous power and is consid-
erably closer to the Earth for a good portion of the 
planetary orbit. As a result, it will prevent communica-
tion for a considerable portion of the time. This radio 
silence can only be overcome by means of a solar satel-
lite having an orbital path such that it permits both the 
Earth and the planet to view the repeater satellite with-
out receiving the radio energy of the sun. The satellite 
will also require directive antennas to minimize solar 
radio noise in its receiver. 

COMMUNICATIONS BETWEEN VEHICLES AND SPACE 

The vacuum that is space imposes no frequency re-
strictions on the communications devices. Redirected 
modulated sunlight or solar radio energy can be used as 
well as radio waves. The major problem of vehicle to 
vehicle communication is the requirement that each 
vehicle should know where it is located with respect to 

the other. The acquisition problem is extremely diffi-
cult. The possibilities for acquisition are as follows: 

1) A preplanned communications program for the 
two vehicles would require that the orbiting information 
of each vehicle be precisely known to the other and that 
computational equipment be included in the vehicle for 
the orientation of antennas. 

2) Use of the Earth as a relay is another possibility. 
With the Earth maintaining continuous track of all 
vehicles in space, it would be possible for a vehicle to 
communicate to the Earth and have the message re-
peated and redirected to the second vehicle. 

3) Alternately, the Earth may be used as an acquisi-
tion director furnishing continuously or "on request" 
position information for all vehicles in space. 
Once acquisition has been achieved, tracking in space 

is possible by using a continuous reference transmission 
for receiver antenna lock-on and by synchronizing the 
transmitting antenna to the receiving antennas. 

CONCLUSION 

Table II summarizes the problems of communications 
in space between vehicles, and between the Earth, 
Mars, and Venus. 

TABLE li 

Location 

Earth to planet 

Space to space 

On the moon 

On the planets 

Frequency Band 

100 to 10,000 mc 

3 mc 
3 to 10,000 nu: 

104 to 10 0 Inc 

Obstacles 

3 mc (ground wave) 

3 to 10'ft mc ( line of sight) 

3 mc (ground wave) 
3 to 30 mc (reflected wave) 
30 to 10,000 mc 

10,000 Inc 

Doppler shift 
Faraday rotation 
Tracking and stabiliza-

tion 

Antenna size 
Antenna size 
Power 

Tracking and stabiliza-
tion 

Antenna size 
Power 
Very short range 

Antenna size 
Ionosphere ? 
Scatter ? 
Meteors ? 
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Propagation-Doppler Effects in Space Communications* 
F. J. TISCHERt, SENIOR MEMBER, IRE 

Summary—A generalized form of the Doppler equation is derived 
by field theory. The equation permits consideration of the effect of 
propagation phenomena on the Doppler shift under space flight con-
ditions. As an example of an application, the effect of a medium which 
is nonhomogeneous in the flight direction is investigated. A deviation 
of the longitudinal and a transverse Doppler shift are the conse-
quences. The magnitudes of both effects, which have to be taken 

into account in tracking, navigation, and Doppler evaluations, are 

considered. 

I NTRoDucTIoN 

"DUE to the high velocities encountered in space 
flight, the Doppler phenomenon becomes very 

  pronounced. It causes undesired frequency devi-
ations which affect the operation of any kind of com-
munications system, and which have to be taken into 
account, but it can also be utilized as a most useful tool 
in the physics and technology of space exploration, 

navigation, and tracking. 
It can be anticipated that space flight conditions will 

affect the Doppler shift and that effects heretofore neg-
lected will become apparent.' Wave propagation phe-
nomena are among these effects. The anticipated influ-
ences were in fact observed and discussed in connection 
with Doppler measurements of radiations transmitted 
by satellites.' Other effects are due to relativity but, at 
the present state of the art of rocketry, these are not of 
significant magnitude. 

It is the purpose of this study to investigate the ef-
fects of propagation phenomena on the Doppler shift. 
It may be noted for clarification that the effects consid-
ered as propagation phenomena are those which are not 
directly apparent from the commonly used equation for 
the Doppler shift, Aw= co(v/c) cos a, where co is the oper-
ational frequency, y and c are the velocities of the vehicle 
and of the waves, respectively, and a is the angle be-
tween the direction of wave propagation and the flight 
path. These effects are primarily due to the nonhomo-
geneities of the medium (ionosphere, electron clouds) 
along the flight path of the vehicle or along the propa-
gation path of the waves between the vehicle and the 

other station. 
To study the effects of propagation phenomena on 

the Doppler shift, the above equation is not sufficient. 
A new formulation is necessary. Equations for the 
Doppler shift based on an optics method, which is an 

$ Original manuscript received by the IRE, December 2, 1959. 
t The Ohio State University, Columbus, Ohio. 
' F. J. Tischer, " Doppler phenomena in space communications," 

IRE TRANS. ON COMMUNICATIONS SYSTEMS, vol. CS-7, pp. 25-30; 
May, 1959. 

2 P. R. Arendt, " Preliminary results of measurements on Doppler 
shift of satellite emissions," IRE TRANS. ON ANTENNAS AND PROPA-
GATION, vol. AP-7, pp. 99-101; January, 1959. 

(a) 

approximation, were derived previously.' The rigorous 
derivation must be based on field theory. 
The first part of this study consists of a derivation of 

the Doppler shift by field theory, taking into account 
nonhomogeneities of the medium. The derived relations 
are used in the latter part to consider typical deviations 
from the regular Doppler shift due to the influence of 
the propagation phenomena. 

Let us, as an introduction, consider some examples of 
propagation phenomena which affect the Doppler shift. 
Fig. 1 shows the operational conditions under which 
they occur. Fig. 1(a) indicates a vertical stratification 
of the medium, as it is typical for ionospheric layers. A 
transmitter T is placed on the ground, and the vehicle, 
in which an observer 0 is located, travels at a height H 
with a velocity y in the vertical direction. The question 
arises: How is the Doppler shift affected by the propa-
gation phenomena? 
The assumptions made for the second example are 

shown in Fig. 1(b). Such a stratification along the flight 
path occurs if the satellite travels in a region of varying 
electron density (border between day and night) in the 
horizontal direction. The resulting frequency deviation 
may be called a " transverse" Doppler shift. No Doppler 
shift would be observed without the influence of the 
medium. 
A third kind of propagation effect is indicated in 

Fig. 1(c) with a layer of varying thickness, in which the 
propagation constant is different. An electron cloud of 
varying thickness may have a similar effect. Again, a 
transverse Doppler shift may be observed. 

AS 

(c) (d) 

Fig. 1—Examples for the operational conditions for irregular 
Doppler shifts. 
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Concerning the transverse Doppler shift, it may be 
noted that the finite travel time of the waves from the 
transmitter to the observer also causes a form of trans-
verse Doppler shift, for which Fig. 1(d) explains the 
operational conditions. If a transmitter T is placed in a 
vehicle, zero Doppler shift is observed, when the vehicle 
is located at a distance AS—(v/c)H from the zenith 
position at a time 7.= ///c after passing the zenith. 

DOPPLER Sn I FT IN NONHOMOGENEOI'S MlintA 

We have to use electromagnetic field theory in deriv-
ing rigorously the Doppler shift. The derivation is 
based on the following assumptions. A radiating system, 
given by a distribution of a current density 7(e), is lo-
cated near the origin of a coordinate system. The conse-
quence is an electromagnetic field which depends on the 
medium surrounding the radiator. In this field, an ob-
server (receiver) is moving with a vector velocity t. Its 
instantaneous position is given by f. As shown previous-
ly, the observed angular frequency co' is 

do(t) 
= w di  = Aco, (1) 

where co is the frequency of the transmitter [exp (jutt)], 
is the phase angle of the observed field strength, and 

co is the Doppler shift due to the motion of the re-
ceiver. We find 

dii)(i) di 
AGO =   — irti) • D. 

di di 
(2) 

This result is in agreement with that of rigorous treat-
ments where the observer is placed in a second coordi-
nate system moving with the vector velocity t. The 
Doppler frequency obtained by the use of the Lorentz 
transformation (frequency in the moving frame) is 

= (to — VO•t)/[1 — (v/c)2]1/2. 

The denominator in this equation takes into account a 
deviation due to relativity which is neglected above. 
As a first step, we derive the observed field strength 

E(f), the phase of which gives the Doppler shift accord-
ing to (2). 

It may be noted that the results based on these as-
sumptions also are applicable to the case of a mutually 
interchanged transmitter and receiver for nonrelativistic 
speeds and isotropic media due to the reciprocity theo-
rem. 
The properties of the medium are defined by a rela-

tive permittivity €,.(e) which may be complex, where 

Er(e) = 1 ,ler(e)• (3) 

Let us start with an evaluation of Maxwell's equa-
tions for the complex amplitude of the field magnitudes 
E, D, II, and B according to the following equations 
using customary procedures: 

• x = — jwgori, 

• x 71 = J.E0,(e)-É + 7, 
v•T3 = o, v•Ti = o, 

v•73 = 0, v. [E0e,(e)E] = 0, 

E0Er(r)V • E ± [vE„Er(r)]•E = o, 
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(4) 

(5) 

= Mori, (6) 

(7) 

(8) 

VXVXE= fiaran V X 77 = ca2EoranEr(r)E — fiaran]; (9) 

yxyX/7-= fio€0Er(r)V X E jcoeo[VEr(e) x E] 

+ v x 7. (10) 

Introducing the identity 

VXVXE= V(V• E.) — V2E, (11) 

we obtain 

✓xvxE=—v 
VE,.(i')•E\ 

Er(e) 

✓XVXr.r=—V2Ti, 

and finally 

V2P, 002E = jolmj — V 
vE,.(e)•E 

Er(r) 

— so2àEr(r)E, (14) 

y2n + ,302-17 = - jcueo[Ver(r) X Ej — 002AEr(r)n' 
— y x 7, (15) 

where 002 = w2Eom with eo and /20 for the permittivity and 
permeability of free space. 
The wave equations ( 14) and ( 15) for the field distri-

butions can be solved by diadic Green's functions. We 
solve for E at the position f of an observer and obtain 
an integral equation 

E(i) = f r(f, f,) • •{7 02 j we° v [Ver(e) • Ti 
0 €r(e) J 

+ i.€0[3,Er(f)E]} d V, (16) 

where 

- v2E, (12) 

(13) 

1 exp f — ) rt, ff) = (1302E VV) 
-Iirjcueo 

is the diadic Green's function for the three-dimensional 
space.3 
The final solution for E can be written as a series 

2C 

(17) 

E(f) = p0(f) E Ai(t). (18) 

The first term [ o(f)Jis the field distribution for empty 
space. It is 

wo(f) = f r(f, r) • 7(e)d v. (19) 

H. Levin and J. Schwinger, "On the theory of electromagnetic 
wave diffraction by an aperture in an infinite plane conducting 
screen," in "Theory of Electromagnetic Waves, a Symposium," 
Interscience Publishers, Inc., New York, N. Y., pp. 1-37; 1951. 
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Introduction of ( 18) in ( 16) yields a recursion formula 
for the sum terms 

Awn(f) = f r(f, ;1 • weo r Ver(r) • E n_i 

0°2 ertil 

± :Me° PiEr(r)A-En—ii d V (20) 

where, for n=1, AE.-1=E0. 
Thus, the solution consists of a contribution by the 

incident waves E o which would be obtained as a solution 
for Aer = 0 and the sum of contributions due to waves 
scattered by the medium. 

If Aer«1, we can neglect terms of higher order and 
obtain 

Eci.) + An. (21) 

Knowing E(f), we must proceed to evaluate it from 
the viewpoint of the application in ( 2). Let us write 

E(f. , = E(f) exp (jon) = A(P) exp [jcp(f)] exp (jcoi). (22) 

A known identity yields 

and 

dE 
log„ A (f) = Re [ f ds( E(r)ds] 

i.) 
(23) 

(1)(f) = 1m [ f  d Eds(i.) E(t)ds1 (24) 

Introduction of ( 24) in ( 2) gives 

y k J() im  L r. rd ds' E(f)/ E(t)ids1 • ti. (25) 

We give s the direction of t and obtain 

1m L d(131)r dE(f)/ Effliv. (26) 

Finally, if Ae,«1, it is as an approximation 

r d(E. + AE1)  1m  / E l v. 

L d(il) 

EXAMPLE I— DEVIATION OF THE LONGITUDINAL 

DOPPLER SHIFT IN A VERTICALLY 

STRATIFIED MEDIUM 

We consider as a first example the deviation of the 
longitudinal Doppler shift in a vertically stratified me-
dium as it is indicated in Fig. 1(a) and described in the 
Introduction. Such deviations may occur and introduce 
errors when the Doppler shift is utilized for navigation 
in launching a space vehicle or in a terminal guidance 
system. If a profile of the properties of the medium is 
known, one can take these deviations into account and 
reduce the errors. 
The following simplifying assumptions are made. We 

place a rectangular coordinate system with the X and 
Y axes on the ground as indicated in Fig. 2. Plane waves 

Er = exp [j(on — '34], (28) 

1 
-= —zo exp [j(ud — 

= (01/Eoµo, Zn = N/1-40/E0 

(29) 

(30) 

propagate in the positive Z direction. The medium is 
vertically stratified and defined 
plex Aer=f(z). The electric field 
the vehicle which travels with a 
cal direction. 

by an eventually com-
strength is observed in 
velocity y, in the verti-

Fig. 2—Assumptions for Example I. 

Under these conditions the incident field strength for 
tier = 0 is 

E0(z, /) = ix exp [j(cxd — 00z)]. (31) 

The properties of the medium are characterized by 

(27) At, = /(z), Aer « 1, VE, = 1,   (32) 
dz 

The derivation is interesting, in so far as it shows that 
field theory permits straightforward calculation of the 
Doppler shift under complicated conditions of wave 
propagation. From this viewpoint, the above proce-
dures may also be valuable as tools for the calculation of 
other problems. 

Let us now use the derived equations ( 18), ( 20), and 
(27) to calculate some typical cases of the effect of the 
wave propagation on the Doppler shift. 

For ionized gas (ionosphere), we find4 

= — (0),./(0)2 (33) 

where 

= 56N/N (34) 

' F. J. Tischer, "Wave Propagation Through Ionized Gas in Space 
Communications," Institute of the Aeronautical Sciences, New York, 
N. Y., IAS Rept. No. 59-34; January, 1959. 
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is the critical (plasma) frequency which depends, ac-
cording to (34), on the electron density N (electrons per 
meter3). 

Considering the contributions to the field strength 
due to the medium (20), we find that the first term van-
ishes since Ver and E are perpendicular to each other. 
We obtain 

AZI = jceo f r(f, f,)• p.r(e)rojdv, (35) 

1 
AEI = — (Oa VV) f ixAer(e) 

4r  

•exp [—j00(z' R)] —R1 rdrdz', (36) 

where r = (x2+y2)", R=[(z_e)2+,21112, and rdr= RdR. 

Integration in the horizontal plane yields 

1 
AEI = i [ — — fo exp (—jefoz) f ¿€r(e)de] . (37) 

2 o 

We introduce (37) in (27) and obtain finally for the 
Doppler frequency 

vAI r — —13o [1 ± 4- r(z)]v, = — [ 1 + 4-AEr(z)] — (38) 
2r Xo 

where Xo is the free-space wavelength. 
The relative deviation from the regular, free-space 

Doppler shift is then 

S(z) = -}Aer(z) = — 4 [w(z)/w]. (39) 

Fig. 3 shows a diagram of the deviation vs frequency 
with the electron density N as parameter. 

It may be noted that this result could also have been 
obtained directly from the known Doppler equation. It 
may serve to check the correctness of the derived equa-
tions. 

EXAMPLE II—TRANSVERSE DOPPLER SHIFT IN A 
NONHOMOGENEOUS MEDIUM 

Let us consider as a further example the transverse 
Doppler shift under the conditions shown in Fig. 1(b), 
where the direction of wave propagation is perpendicu-
lar to the direction of the velocity vector. This case is 
interesting since no Doppler shift would occur in free 
space. Such a Doppler shift must be taken into account 
in evaluating Doppler measurements on satellites for 
the determination of electron densities and in Doppler 
navigation. 
As before, we assume plane waves according to (28)— 

(30) traveling from the ground plane (X, Y plane) in 
the positive Z direction. The medium is stratified in the 
Y direction and the velocity vector e of the observer has 
a Y component only: 

.AY), t = ivvv. (40) 

F 

Fig. 3—Deviation of the Doppler shift in ionized gas vs frequency 
(N=electron density in particles per ineter3). 

The incident field strength (for Aer = 0) is 

Eo(z) = Ïx exp (—ja0z). (41) 

Considering the contribution to the electric field 
strength due to the medium (20), we find that the first 
terni vanishes. We obtain 

AZi(z) = jcogo f r(f, f,)• PiEr(y')E0(z) .jd V, (42) 

1 
-E(2) = Uz) (#02E VV) 47 

exp [— Joo f — I 
• f 3'er(Y)E dV. (43) 

— 

Differentiation of (42)with respect to z yields 

ME(z) 

dz 

ffAEr(y)To(z) exp( — fflo I RI)dxdy. (44) = — (302€ VV) 
4r 

We assume that the variation of 'Cie, in the Y direction is 
small and expresses 'Cie, in the neighborhood of yo by 

d  

¿Er(y) AE,.(yo) + Ay, (45) 
dy 

where Ay = R sin 41, R= (x2-1-y2)", and dxdy=rdiedr. 
The variation of E in the Y direction is assumed to be 
negligible in the region where ,Cier contributes to the field 
strength. Integrating (44), we obtain 

ME 1 
— j —2 iioàtr(Yeo; (46) 

dz 
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introducing 

dEo 
— = — 
dz 

yields the approximation 

dE 1 
--dz = il30[ 1 + —2 AEr(Y0) (47) 

and finally 

E(yo) Eo(0) exp --/i30[1 -I- —21 2€r(yo) z I . (48) 

The Doppler shift is 

1 diàer(y)] 
  zv„. (49) 

2 dy 

If d[le,.(y)]/dy also varies in the Z direction, we can 
write as an approximation 

1 f e d[Aer(y)z] 
àto —   dz. (50) 

2 o dy 

For obtaining an idea about the magnitude of this 
transverse Doppler shift, let us consider a practical ex-
ample after transforming (49) into 

1 H Fc1 2 — Fc22 
AF = (51) 

2 Xo F2 M. 

where II is the height of a satellite (H=500 km), F is 

the operational frequency (F= 20 mc, X0=15 meters), 
Fa and F,2 are the cutoff frequencies at two locations 
AL( = 1000 km) apart. F,1 and F,2 may have the values 

4 and 6 mc. For the velocity, v=8 km/second is chosen. 

We obtain 

JFj = 7 cps. 

It can be seen that the effect decreases linearly with 

increasing frequency. Phase and frequency modulation 
can be expected due to this transverse Doppler shift. 
The transverse Doppler shift is related to distortions 

of the phase front which may become serious in tracking 
satellites. 

CONCLUSION 

By formulating the Doppler effect mathematically in 
a general manner, one can derive relations for the Dop-
pler shift under space flight conditions taking into ac-
count propagation effects which result mainly from non-

homogeneities of the medium along the flight path and 

along the path of the wave propagation. Ionospheric 
and interplanetary electron distributions can be consid-

ered as such nonhomogeneous media. 
Field theory and the general formulation of the Dop-

pler effect permit calculation of the deviations from the 
regular Doppler shift due to these propagation effects. 

Of particular interest is a transverse Doppler shift 
which occurs when the flight path is perpendicular to 
the direction of wave propagation. No Doppler shift 
would be observed under normal conditions. Nonhomo-
geneous propagation causes such an irregular Doppler 

shift. It may be noted that a similar shift occurs due to 
relativity. 

In space navigation, tracking, and exploration these 
and other effects must be taken into account. Theo-
retical calculations of the type shown can replace experi-

mental investigations which, in space science, are ex-
tremely costly. 
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Communication Efficiency Comparison of 
Several Communication Systems* 

R. W . SANDERSt, SENIOR MEMBER, IRE 

Summary—Of increasing importance in communication systems, 
particularly those required for data transmission from space craft, is 
the minimization of the total transmitted energy required to transmit 
a given amount of data. Modulation systems can be compared on the 
basis of a figure of merit defined as the ratio of energy required per 
bit transmitted in the presence of a given noise spectral density. 
Using this criterion, several families of communication systems are 
compared in this article, including AM, FM, FM /FM, and orthog-
onal matched filter communication systems. It is found that the or-
thogonal systems uniformly require less power to transmit at a given 
information rate than other systems and approach closely the theo-
retical limit established by Shannon's channel capacity theorem. 

INTRODUCTION 

ACONVENIENT way of comparing communica-
tions systems is to compare their efficiency in 
terms of e, the received signal energy required per 

information bit transmitted in the presence of a given 
uniform Gaussian noise spectral density. 

= Emin 
a  

where 

e2 
(1) 

End.= minimum received energy required per bit, 
a2= noise spectral power density (positive frequen-

cy). 

Equivalently, fi may be expressed as 

Prnin 
13 = 

where 

e2H 

Pmin = minimum received power required, 
H= information rate (bits per second). 

(2) 

A lower bound on (3 may be derived from Shannon's 
channel capacity theorem 

H = B 10g2 ( Pmin 1) ,213 

H 
B = 1°g2(3o —H  + 1) 

a(2" a — 1) (3) 

* Original manuscript received by the IRE, December 2, 1959. 
t Space Electronics Corp., Glendale, Calif. 

where 

B = channel bandwidth, 

fib = channel limit of a for arbitrarily small probability 
of error, 

a = B/H. 

From (3) it follows that a lower bound on fo is 
loge 2 -= 0.693 which is attained as a—> co , i.e., for systems 
of unlimited bandwidth (and proper data encoding). 

Eq. (2) may be rewritten in a form which facilitates 
(3 computations for various systems. 

Pmin Pinin B Si 
= = a (4) 
e2H e2B H N 

where 

Si = input signal power, 
N1= input noise power. 

Thus, for any given system, 13 may be computed from 
the input signal-to-noise ratio (for a desired error rate) 
and the ratio of bandwidth to information rate. 

PULSE CODE MODULATION 

As a detailed example of the method of computation 
of fi efficiency, consider a PCM system where succes-
sive O's and l's are transmitted by means of phase mod-
ulation (that is, with equal power required for O's and 
l's). A maximum likelihood detector, where O's and 1's 
are transmitted with equal probability, is one which 
divides the possible received signals into two sets such 
that the probability of recognizing the transmitted sig-
nal is maximized. For a detector whose output is + A 
when a "0" is sent under noise-free conditions, — A for 
"1", and is an odd function of signal plus noise between 
these limits, the maximum likelihood threshold is 0. As-
suming band-limited Gaussian noise to be present in 
the output, the probability of error Pe is a symmetrical 
function of the transmitted signal, i.e., 

P(011) = P(1I 0) = Pe -= 4.(—z) = 1 f e-x2/2dx 
V27 

where 

P(011) -- probability that a 0 is received when a 1 is 
transmitted, 

P e= probability of error per bit, 
z = output signal-to-noise voltage ratio (rms). 

The receiver input signal-to-noise power ratio required 
to produce an output signal-to-noise power ratio of z2 
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depends on the exact modulation and detection system 
employed. For any modulation technique, a suppressed 
carrier coherent detection system requires the least in-
put power. For such a system where the input RF signal 
spectrum has twice the bandwidth of the modulating 
signal, the required input signal-to-noise ratio is z2/2, 
since coherent detection causes the information side-
bands to add coherently. 
From the sampling theorem, the information rate is, 

under the preceding assumptions, 

H = 2(B/2) = B, 

since the modulation bandwidth equals half the infor-
mation bandwidth assuming that the error probability 
is small. Therefore, 

a 

i3 

H 

Si 52 

N1 2 
(5) 

For example, if P.= 10-6, z=4.753, 0-- 11.30. It should 
be noted that this resulting # is independent of the 
transmission bandwidth as long as suppressed carrier 
coherent detection systems are assumed. For example, 
if single sideband modulation is employed, a decreases 
to 1, but the input signal-to-noise ratio required in-
creases proportionately so that e remains the sanie. 

However, fi is significantly larger for noncoherent 
systems. For example, consider a noncoherent, PCM-
AM system. Assuming that a low-pass filter restricts 
the modulating waveform to a bandwidth of B/2 and 
that each individual bit forms a sin x/x waveform, the 
input signal-to-noise power ratio S/N,is 

S, S. 
— = c — 
Ni N 

where S. is the peak input power of a single sin x/x pulse 
and c is the per unit number of ON pulses sent. Assum-
ing that ON and OFF pulses (O's and l's) are equally 
likely to be transmitted, 

Si 1 S. 

Ns= 2 N i• 

A maximum likelihood envelope detector is one where 
the decision threshold between O's and l's is such that 
P(011) = P(110), as before. For a given bit error proba-
bility Pe, this occurs where 

oo 

P.= f xe—x2i2dx = f Y xe—(e2+62)1210(ax)dx, (6) 
o 

where 

y= decision threshold, 

V2S. 
a= — • 

N 

The integrand of the first integral of (6) is the proba-
bility density function of the envelope of narrow-band 

Gaussian noise. The integrand of the second integral is 
the probability density function of the envelope of a 
sine wave plus narrow-band Gaussian noise, where 
Io(ax) is the modified Bessel function. 

For P8=10-6, (6) gives y = 5.257, a = 7.068. For c= 0.5, 

Si 1 
ca2 = — (7.068) 2 = 24.98. 

2 

The input bandwidth is twice the data bandwidth Bd. 
Therefore, 

2Bd 
a = — = 1, 

2Bd 

Si 
fi = — a = 24.98. 

N 

Thus, noncoherent, noncarrier-suppressed PCM re-
quires slightly more than 3 db transmitted power to 
communicate at a given information rate than does a 
coherent PCM system assuming all other system pa-
rameters are held constant. This result assumes that 
the threshold is ideally established. In practical PCM 
systems, fi often exceeds 100. 

AMPLITUDE MODULATION 

For a suppressed carrier, coherent detection double 
sideband amplitude modulation system, the output sig-
nal-to-noise ratio in a square bandwidth Bd is equal to 
twice the input signal-to-noise ratio (in a bandwidth 
2Bd). In other words, 

Si 1 So 

N. 2 No • 

The ratio of RF bandwidth B to information rate H is 

B 2Bd 1 
a — — — 

H 2BdH' H' 

(7) 

(8) 

where H' is the number of bits transmitted per single 
sample. 

From (4) and ( 7) it follows that fi is 

= 1 So \ 

2H' No 

To compute # where suppressed carrier, coherent detec-
tion amplitude modulation is used to transmit analog 
data, use can be made of Table I where H' can be found 
by interpolation of the entries for various signal-to-
noise ratios, assuming that the signal is uniformly dis-
tributed through the modulating interval. Alternative-
ly, use can be made of (84) in Appendix I. 

For the transmission of digital data, using amplitude 
modulation, it is necessary to quantize the modulating 
waveform into a number of levels. From (89) in Ap-
pendix I, fi may be written as 

L2 - 1 
- Z 6H' 2 (10) 

(9) 
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TABLE I 

EQUIVALENT SIGNAL-TO-NOISE RATIO (10 10gio S/N) FROM (84) FOR 
INFORMATION RATE H' DEFINED FROM TABLE III FOR A CONTINUOUS 
CHANNEL WHERE THE TRANSMITTED SIGNAL IS UNIFORMLY Dis-
TRIBUTED OVER AN INTERVAL AND THE NOISE IN THE CHANNEL 

IS NORMALLY DISTRIBUTED. P.' IS THE ERROR RATE PER 
SAMPLE IF THE CHANNEL WERE USED TO TRANSMIT 

L-LEVEL DIGITAL DATA (88) 

P., 10 log io S/N H' 
Bits per Sample 

4 
8 

16 
32 
64 
128 
256 
512 
1024 

0.0830 
0.0558 
0.0452 
0.0414 
0.0399 
0.0393 
0.0390 
0.0389 
0.0388 

11.05 
18.58 
25.21 
31.46 
37.58 
43.64 
49.68 
55.71 
61.74 

1.791 
2.921 
3.973 
4.992 
5.998 
6.999 
8.000 
9.000 
10.000 

TABLE II 

PROBABILITY OF ERROR PER SAMPLE P.', (90), AND REQUIRED 
SIGNAL-TO-NOISE RATIO (10 log o S/N), (89), FOR A CONTINUOUS 

CHANNEL TO TRANSMIT DIGITAL DATA AT A BIT ERROR RATE 
OF 10-4 ASSUMING A UNIFORM DISTRIBUTION OF SIGNAL 

LEVELS AND THE LINEAR ADDITION OF NORMALLY 

DISTRIBUTED NOISE IN THE CHANNEL 

2 
4 
8 
16 
32 
64 
128 
256 
512 
1024 

10 logio S/N H' 
Bits per Sample 

10-6 
2X10-6 
3X10-6 
4X10-' 
5X10-8 
6X10-6 
7X10-6 
SX 10-6 
9X10-6 
10X10-6 

13.54 
20.42 
26.56 
32.55 
38.50 
44.46 
50.42 
56.39 
62.36 
68.34 

1.000 
2.000 
3.000 
4.000 
5.000 
6.000 
7.000 
8.000 
9.000 
10.000 

where, from (88) 

2(L - 1 
P,' =   ( z). (11) 

In ( 10) and ( 11), L is the number of quantization levels 
and H' is defined by (85). The quantity z is defined by 

(11) for per sample error rate P,'. (1)( - z) is the normal 
probability distribution function; i.e., 

1 
41.(-z) =   e-'212dx. 

-V27r  
(12) 

For a bit error rate of 10-6 the signal-to-noise ratios 
shown in Table II may be used in conjunction with (9) 
to obtain ‘3. For other error rates use may be made of 
(10)-(12). 

Results of computations for amplitude modulation of 
both analog and digital data sources are shown in Figs. 
1-4. Figs. 1 and 2 show systems transmitting analog 
data. Fig. 1 shows i3 as a function of a, while Fig. 2 shows 
13 as a function of L, the number of levels which would 
be required to transmit the analog information with a 
digital system under the conditions for digital systems 
assumed in deriving Table Ill. Figs. 3 and 4 show sys-

es H 
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Fig. 1-B efficiency of various systems as a function of of =-B/H for 
digital equivalent systems where rms quantizing noise equals rms 
error due to error rate ( 47, =o,). 
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Fig. 2-B efficiency of various systems as a function of number of 
quantization levels L for digital equivalent systems where ruts 
quantizing noise equals rms error due to error rate ( O.« = 0,). 

tems as a function of a and the number of levels L if 
they are used for the transmission of digital data. 

For noncoherent double-sideband amplitude modula-
tion systems, the values of /3 are consistently higher 
than those for the coherent case for any given a. An ap-
proximate analysis of the noncoherent case assumes 
that a linear detector is used to determine the envelope 
of the incoming waveform. It is further assumed that 
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Fig. 4—B efficiency of various systems as a function of number of 
quantization levels L for digital equivalent systems where the bit 
error rate P2=10-4. 

the input signal-to-noise ratio is sufficiently great so 
that the output noise is normally distributed about the 
modulating waveform as the mean value. As shown by 
(13)—(120) derived by Davenport and Root,' the output 
signal-to-noise ratio under high signal-to-noise ratio 
conditions is equal to twice the input signal-to-noise 

W. B. Davenport, Jr. and W. L. Root, "An Introduction to the 
Theory of Random Signals and Noise," McGraw-Hill Book Co., 
Inc., New York, N. Y.; 1958. 

TABLE III 

EQUIVALENT SIGNAL-TO-NOISE RATIO ( 10 lOgio S/N) AND INFORMA-
TION RATE H' (87) FOR QUANTIZED EQUAL-INCREMENT CHANNEL OF 

L-LEVELS WHERE RMS QUANTIZATION NOISE AND RMS ERROR 

DUE TO UNIFORM ERROR PROBABILITY .1"' ARE EQUAL 

4 
8 
16 
32 
64 
127 
256 
512 
1024 

P' 10 log io S/N 
H' 

Bits per 
Sample 

0.025 
0.00694 
0.00184 
4.73X10-4 
1.20 X10-4 
3.03 X10-4 
7.60X10-
1.90X10' 
4.76X10-7 

8.75 decibels 
14.98 decibels 
21.06 decibels 
27.09 decibels 
33.11 decibels 
29.14 decibels 
45.16 decibels 
51.18 decibels 
57.20 decibels 

1.791 
2.921 
3.973 
4.992 
5.998 
6.999 
8..000 
9.000 
10.000 

ratio for a linear detector. In other words, ( 7) can be 
assumed to hold approximately. However, the output 
signal contains a de component which must be consid-
ered in arriving at the required input signal-to-noise 
ratio. In the coherent amplitude modulation case it was 
assumed that the signal was uniformly distributed over 
some interval, — A/2 to A/2, for instance. In the non-
coherent case the interval normalized to the same units 
is 0 to A. The total output power for the coherent case 
is A2/12, while it is A2/3 for the noncoherent case. There-
fore, the output signal power in the noncoherent case 
must be four times the output power in the coherent 
case for the same output noise. Hence a is 

2 So S 
= - - - 1. 

H' No Ni 

(13) 

Thus, the noncoherent amplitude modulation system 
used for the transmission of analog data is approximate-
ly 6 db less efficient than the coherent amplitude modu-
lation system under high signal-to-noise ratio condi-
tions. 

For the transmission of digital data using noncoher-
ent amplitude modulation, the output signal-to-nosie 
powers, assuming all levels are equally likely to be trans-
mitted, are 

1 L 
1)2 (L — 1)(2L — 1) 

So = — E (A)2(i -  (AA)2, ( 14) 
L 6 

(,àA)2 
No = u2 =   

4z2 
(15) 

Assuming that ( 7) holds (i.e., the input signal-to-noise 
ratio is large), ( 14) and (15) may be combined to give 

Si 1 So (L — 1)(2L — 1) 
 z2. 

Ni 2 No 3 

a is given by (8); therefore, from (4), 

(L — 1)(2L — 1) 
 z2. 

3H' 

(16) 

(17) 
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Thus, for the transmission of digital data the compari-
son of noncoherent and coherent amplitude modulation 
systems gives 

2(2L — 1) Si 
noncoherent   Ocoherent >> 1. 

L 1 N, 
(18) 

This result agrees closely with the more exact derivation 
of {3 for the particular case of noncoherent pulse code 
modulation given previously. In ( 18) for L=2, it is seen 
that 13 for the noncoherent system is twice that for the 
coherent system. The previous analysis showed that the 
ratio should be 2.21. It is also interesting to note from 
(18) that as the number of levels increase, the difference 
between noncoherent and coherent amplitude modula-
tion systems approaches 6 db, the amount by which the 
noncoherent and coherent analog amplitude modulation 
systems differ. The 13 values for noncoherent amplitude 
modulation systems are plotted in Figs. 1-4. 

FREQUENCY MODULATION 

An analysis similar to the amplitude modulation case 
can be carried out for a frequency modulation system 
using conventional pulse counting discriminators. In the 
following discussion, formulas for transmission of ana-
log data and of digital data are given together through-
out the development since the derivations are essentially 
the same in both cases. 
The output signal power for a signal uniformly dis-

tributed over the interval —A/2 to A/2 is So = A2/12. 
In the frequency modulation case the output signal is 
proportional to the frequency deviation Af of the carrier 
from the center frequency. Thus, for A = 41, 

(AD' 
So = — (19) 

3 

For a uniformly distributed quantized signal the output 
power by ( 77) in Appendix I is 

(AA)2 (AD2 L2 1 

Sp =  (L2 1) = 
12 3 L2 

where 

AA = 2àf 

quantized, 

where 

So = 2k L2 — 1 MN S,\ 

No 1,2 \Bd) \Ns) 

Si 
— > 16; (23) 
Ni 

N, = 2k€2Af, 

k = — • 
2Af 

Here, B is the RF bandwidth required for proper opera-
tion of the system so that k is the ratio of the actual RF 
bandwidth required to twice the carrier deviation. As-
suming that the output signal-to-noise ratio for the 
quantized case is given by (89) in Appendix I, where z 
is defined by (88) or (90), the input signal-to-noise ratios 
required may be obtained by rewriting (22) and (23), 
making the suitable substitutions for the quantized 
case: 

continuous, 

S, 1 c dr so s, 
— > 16; (24) 

N1 2k‘à.f) No N, 

quantized, 

where 

Si = ve c dy 

N1 6k \af 

S, 
— > .16; (25) 
Ni 

2(L — 1) 
Pe' =   4'(— z). (88) 

The ratio of RF bandwidth to information rate a for 
both the continuous and quantized cases is 

2k41 (,àf ) 1 
a =  = k — — • (26) 

2BdH' H' 

From (4), 13 for the two cases may be written as the fol-
(20) lowing: 

continuous, 

= 1 \ 2 So \ 

Af k No 

The output noise power No in the same units for large 

signal-to-noise ratios (i.e., greater than the threshold 
value of approximately 16) in pulse type discriminators 
is 

€2Bd3 Si 
No =  — > 16, 

3S; N1 
(21) 

where Bd is the data bandwidth, €2 is the noise spectral 
density, and S, is the input signal power. Therefore, the 
output signal-to-noise ratios for continuous and quan-
tized systems are the following: 

continuous, 

So = 2413 (-1 
Bd 

Si 
— > 16; (22) 

quantized, 

e = 
Af 

L 27.2 ( Bdy 

6H'  

si 
— > 16; (27) 
Ni 

Si 
— > 16. (28) 
Ni 

It might appear from these equations that fi can be 
made arbitrarily small by choosing the data bandwidth 
to be much smaller than the deviation; however, this 
can only be carried to the extent that the input signal-
to-noise ratio remains above the frequency modulation 
threshold. From (24) and (25) it is seen that the ratio of 
data bandwidth to deviation is limited. Further, it 
might appear that e is independent of k; however, this 
is true only to the extent that the signal-to-noise ratio 
exceeds the threshold. Again from (24) and (25) the 
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values of k are limited. If a frequency modulation sys-
tem is operated at threshold, computation of 13 is com-
paratively simple. Assuming the threshold to exist at 
an input signal-to-noise ratio of 16, (4) shows that for 
both continuous and quantized cases, 

Si 
— = 16. 

For a given value of a, the minimum value of fi exists at 
this threshold. Therefore, (29) indicates the best com-
munication efficiency possible using conventional fre-
quency modulation discriminators. 

Values of 13 for analog and digital sources defined in 
the same way as for the amplitude modulation case, 
using Tables I and II, are shown in Figs. 1-4. 

$ = 16a, (29) 

DOUBLE FREQUENCY MODULATION 

For FM/FM systems using pulse counting discrimi-
nators, the preceding analysis for a single frequency 
modulation channel provides the basis of analysis for 
each FM/FM subcarrier. If the input signal-to-noise 
ratios can be computed for each subcarrier discrimina-
tor, the required input signal-to-noise ratio for the car-
rier discriminator can be computed by making the as-
sumption that linear superposition of each subcarrier 
occurs. A frequency modulation discriminator, followed 
by a band-pass filter where the discriminator input is a 
carrier modulated by a sine wave of a frequency which 
falls within the filter bandwidth, provides an output 
signal-to-noise ratio of 

(  — 12( St reW(Afj)2 
NoSo ),— N, (2k/i3a)3 1 + 3( fa, y  

\k/e3a, I 

Si 
> 16 (30) 

where Si/ Ni is the input signal-to-noise ratio, íf1 is the 
carrier deviation due to sine wave, €2 is the input noise 
spectral density, 2k11(5a, is the band-pass filter band-
width, and fa; is center frequency. The quantity lei is 
the ratio of bandwidth required in the band-pass filter 
to twice the subcarrier deviation for a particular sub-
carrier; 2kàf is the total RF bandwidth at the input of 
the discriminator. 

From (24) and (25) the required signal-to-noise ratios 
at the input of the jth subcarrier discriminator are the 
following: 

continuous, 

1 cd,y ( soy 
Ss; J \ Not; 

quantized, 

Baiy 

6k,' it; I 
(32) 

The primes in the preceding formulas indicate signal-to-
noise ratios referred to the subcarriers. If the deviation 
of the main carrier by each subcarrier is reasonably 
small, superposition can be assumed to hold so that the 
output signal-to-noise ratio given by (30) is equal to 
the subcarrier input signal-to-noise ratios given by (31) 
and (32). Therefore, the required input signal-to-noise 
ratio for the main carrier is the following: 

continuous, 

S. k/2 Bdj3 3 ( rié Soy 

17"; 3k Af(Afi)2L 41‘18,1 J\ No I, 

Si 
— > 16 
Ni 

( - 82 Y > 16- (33) 

quantized, 

Si L2zi2k/2 

= 
Bd)3 3 ( )21 > 16 

Ni 9k àf(à.fi)2 L J Ni 

7.7Si > 16. (34) 

To compute the minimum value of $, it is again true 
that the system should be operated at threshold; how-
ever, thresholds now exist for not only the carrier dis-
criminator but also for each subcarrier discriminator. 
An optimum FM/FM system is one where all thresholds 
are reached simultaneously. When this is the case, it is 
again true that 0=16a. The quantity a for an FM/FM 
system with n subcarriers is 

a = 
k.àf 

n  
E Bdx 

(35) 

Although it is difficult to plot general curves for 
FM/FM systems, it is instructive to compute $ for such 
a system assuming the I RIG standards apply. For these 
systems, (5.,/f,,= 0.075 and (5.,/Bd, = 5, assuming a guard 
band of 30 per cent for each subcarrier k,' = 1.3. Utiliz-
ing (31), it can be shown that at threshold for each sub-
carrier, the output signal-to-noise ratio is approximately 
32 db. From Table I it is seen that this signal-to-noise 
ratio corresponds to approximately 5 bits per sample. 
Assuming that Ah= c(f„,)3/2 so that all subcarriers reach 
threshold at the sanie carrier signal-to-noise ratio, e 
may be computed using (35), assuming that the carrier 

discriminator threshold occurs at the same point as 
that for the subcarrier threshold. In conventional 
FM/FM systems, kg is approximately 125 kc. Further, 
EBd, =4000 cps for an 18-channel telemetry system. 
Using these figures, a=6.25, yielding a e of 100. Ac-
tually, with this carrier deviation the carrier discrimi-
nator reaches threshold at a higher signal level than 
that required for the subcarriers. Thus, the information 
rate is theoretically higher than 5 bits per sample in 



1960 Sanders: Communication Efficiency Comparison of Several Communication Systems 581 

each subcarrier. However, in practice, due to cross-
modulation products and system nonlinearities, the out-
put signal-to-noise ratio at carrier threshold is not ap-
preciably higher than that assumed. If the system is ad-
justed so that the carrier deviation is set for simul-
taneous thresholding of carrier and subcarrier discrim-
inators, the theoretically best value of fi is approx-
imately 64. 

Fki.:Qt•EN(.1- NIciDt.t..vrioN W ITI1 IzilAsE-
LocK-Loor RECEIVERS 

The analysis of this section is restricted to FNI and 
FM /FM systems utilizing receivers with second-order 
phase-lock-loop filters. That is, referring to Fig. 5, the 
loop filter functions for a linearized phase-lock loop are2 

e, 

Fi(s) = 

Fi(s) = 

E 
- T 

1 e2 
I is 

+ 2es 

Gs 

2e2 

FM) F— 

F(s) 

Fig. 5—Simplified block diagram of a phase-lock loop. 

The resulting loop transfer functions are 

YL(s) 
02(s) 2e2 + 2es 
= = 

0,(s) 2e2 + 2es s2 

0E(S) S2 

E(S) =   =   
01(S) 2e2 + 2es e 

0,(s)  22s 
rns, = — = 

01(s) 2e2 + ns + s2 

In the above equations 

4B,, 
= 

where 

(38) 

(39) 

(40) 

0.„2 = f r reE2(t)(// = f le 4)„ FL(s) I2ds 
r- 2T 2T.i 

3 
= — = 2BL 
2 

cr 1 f 1 f  )e 
j2 lirn — 0/2(t)di = Vf(s) I2dS cl)„ 

2T —T 2?) 

64 
= (D„r" = — <I,„BL" rad2/sec2. 

27 

rad2 (43) 

(44) 

From (42), the noise bandwidth of the phase-lock loop 
is BL. The 3-db bandwidth may  be calculated from (39). 

It is found to be --‘/2(2-F 0.6177BL. However, 
the noise bandwidth and 3-db bandwidth of the frequen-
cy output of the phase-lock loop are not the same as for 
the phase output. For a constant deviation sine-wave 
modulated frequency source 01(t) = (sin w„,t)/co,„, the fre-
quency response (power) is 

1 
—S . Vi(s) 

2 

Therefore, the noise bandwidth fz, of the frequency out-
put of the phase-lock loop is 

1 je 4 4 Bz 
f =—  ds = — — • (45) 

273 J 0 S4 + 4e4 4 3 

The 3-db bandwidth is 

N/2 2N/2 
= — = — (46) 

27r 37r 

From the fundamental definition of fi it follows that 

1 1 
=   

24,„H 

Using (43), this becomes 

= 1 BL\ 

20-2,2H'\13d 

The restriction on the value of cr, is dictated by the re-
(41) quired proability of the phase-lock loop remaining in 

lock. Where the drop-out probability is P, and an un-
modulated carrier is present at the input, 

(47) 

1 jz izz 
BL = — YL(s) I2ds. (42) 

o 

For an input noise spectral density (normalized by 
signal power) (1),, rad2/cps which is uniformly distributed 
in frequency (white noise), the mean square (steady-

state) phase and frequency error for 01(0= 0 are 

t R. Jaffe and E. Rechtin, " Design and performance of phase-lock 
circuits capable of near-optimum performance over a wide range of 
input signal and noise levels," IRE TRANS. ON INFORMATION THEORY, 
vol. IT-1, pp. 66-76; March, 1955. 

where 

2 
2 crp = 

42,2 

2 -z 
P, = 24(—z,,) = /1/—f P e-e212dx. 

r , 

(48) 

(49) 

The ratio BL/Bd and the quantity z, are restricted by 
the allowed transient error in the phase-lock loop. The 
phase of the incoming signal must change slowly enough 
to allow the loop to follow. 
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For an input signal which is a frequency ramp with 
slope iCic;) rad/sec2, 

O(i) = 

el(s) = ( c)/s3. 

The loop error signal OR(t) for this input is 

(U>) 3r 
0E(l) .Vie—rt sin (eg — . 

2e2 4 

The maximum of this expression occurs at et =.7r. Label-
ing this maximum E, it is 

(M) e — (1 + e—r) — rad. 2e2 2e2 
If the input signal is band-limited of bandwidth Bd 

with amplitude of frequency deviation uniformly dis-
tributed over an interval —if to 4f, the signal waveform 
may be represented as a sum of sin x/x waveforms 
spaced IBd seconds apart. For two successive data 
points of amplitude +4f and —4f, the peak slope of the 
waveform between the two data points is 16Bd.g/r. On 
the other hand, for a triangular waveform between the 
two data points, the slope is 4.Bdàf. Therefore, from 
(50), the peak transient error e is bounded by 

4rBeàf 16Baàf 
< LE I < (51) 

for signals of amplitude limited to +4f and of band-
width Bd. Assuming that the lower bound holds closely 
enough for purposes of analysis, 

e2 4 
Bdaf — = — B L,2E. (52) 

4r 9r 

If Bd is chosen to be equal to the 3-db bandwidth of 
the frequency output of a phase-lock loop where e for 
the filter is e = 4BL/3, i.e., Bd= fo in (46), it follows that 

4 (37rBd 2 ir 
Bdàf  ) k = — Bd2e 

97 2-V2 2 

or 

Af ir 
— — e • 
Bd 2 

(53) 

Thus, for a peak allowable transient error e = 0.5 rad, 
the ratio of peak deviation to information bandwidth is 
restricted to values less than 7r/4 0.785. As will be 
shown, # for such a system is relatively high. 
When phase modulation is present on the input sig-

nal, (49) must be modified to take the resulting transient 
error into account. If a transient error E' rad exists, the 
probability P„' that the phase noise plus transient error 
is greater than + 7r/2 radians is 

2 
Psi = (1)( — zp [1 — — el ) ± — 

7r 
[i + —2 el). 

For E' uniformly distributed over the interval 
—e<e, < e, the probability that the loop will fall out of 
lock is 

P f ELP(-

or 

ee(—zP [1 + —2 el)} de' 

1 f 2 
Pp = — (54) 

E -e 

(50) Although this expression is d'fficult to evaluate exactly, 
a useful lower bound exists. Since (I)( — z) and its first 
derivative are monotonic in magnitude decreasing func-
tions of z (for z > 0), it follows that 

2,1)'(— zi) 
f : 

where 

1 
4,(z) = 

N/2w 

under the conditions that 

44—z) 
z2 > 

4)(z) 

z, > 0. 

Therefore, 

2y4(zi) 
(55) 

Pp>   (56) 

4zpEck(z, [1 — —2 Ew ir 
ir  

— > e> 
2 — — 4z, 47(z, [1 — 

Thus, P„ is the probability of losing lock if the transient 
error is uniformly distributed over an interval —e to E 
and if the mean square phase noise is crp2=71-2/4z„2. 

In order to compute f3 for phase-lock-loop systems, it 
is necessary to find an expression for H', the informa-
tion transmitted per sample. This is most easily accom-
plished by utilizing the methods of Appendix I and the 
results tabulated in Tables I- III. For an input signal 
uniformly distributed in frequency in the interval 
—Af to Af, the output signal-to-noise ratio, by ( 19) and 
(44), is 

where 

So 9w2(f)2 972( 41 )3( Si —2‘ç = 164.„B2= 4 (57) 
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From (43), it follows that 

So 9,2 ( i-p )2 

No 8(r 2 BL 
(58) 

if B1, in (43) and (44) are equal. From (46) and (53) it 
follows that 

SO 72E2 
= = 6L2 92 

No 47 
(59) 

Thus the product Ez„ is determined by the desired 
output signal-to-noise ratio and hence the desired in-
formation rate. Referring to Table I, it is seen that for 
H' = 5, So/No must be approximately 2000. Therefore, 
z9=44.7. For a lock drop-out probability P= 10-', 
(56) may be solved to give z9= 30.64 and E = 1.459 rad. 

From (48), 

= 
1 BL = 4292 (BL 

Cr 211' Bd I 1,.2H1 Bd 

4(30.64)2i 37 
_ = 254. 

72(50) 2-V2 

Such a high value of fi is highly undesirable for space 
telemetry applications. It comes about because such a 
large proportion of the transmitter power must reside 
in the carrier or, equivalently, because the product Ez, 
is so large. The question naturally arises as to methods 
of reducing 0 with phase-lock-loop systems. 
One method is to modify the bandwidth of the fre-

quency output filter rf(s) so that the modulation index 
of the input signal is not restricted by (53). The set of 
equations which must be used to compute e in this case 
are summarized below: 

or 

72 
0. 2 = , 

42;92 

64 
Olf 2 = 4 ),B?, 

27 

2V2 
fo = Bd =  Br, 

37 

4 
Beàf — BL2e, 

97 

so 972(An2 _ 972( ¿ f\3( S' 
= 16(1),,B? - 4 \ 13, 7\7' 

So 972 BL (Af 

NO 80-92 131 13f 

1 
13 =   

20-,211'\Bd 

(43), (49) 

(60) 

(61) 

(52) 

(62) 

(63) 

(48) 

Eqs. (60)-(63) are obtained from (44), (46), (57) and 
(58) by replacing BL in the latter equations by B .f. 13f 

is defined by revising filter functions, (37) and (40), 
to 

2e, 22 ± 2es ± S2 
Fi(s) = 

S 2e,2 + 2s + s2 

2ef's 
Yt(s) = 

2e,2 + 2efs + $2 

(64) 

(65) 

From the preceding equations, # may be found by 
simple algebraic substitutions. First using (43), (49), 
(52), (61), and (63) it follows that 

or 

Therefore, 

So BLy 
= 

No .13/ 

BL 37 ( 1 So 1 ib 
=   

Bd 2-V2 42E2 N 

(66) 

(67) 

342 1 So )115 
=   (68) 
7N/2H' \ 42E2 No 

where H' is defined from the output signal-to-noise 
ratio. For the analog case, (68) holds directly. For the 
transmission of discrete data, (68) is modified by (89) in 
Appendix I. In this case 

342 zo2 L2 - 1 )115 
13 =   

zp2e2 3 (69) 

where so is given by (88) or (90) depending on the en-
coding scheme. 

For an output signal-to-noise ratio of 2000 and a 
drop-out probability, P„=10-4, el= 9.071. This is a mini-
mum value for (69) based on the foregoing assumptions 
including P, evaluated from (56). Because (56) is a 
lower bound on P„, the computed value of fi is actually 
a lower bound. However, it is very close to the actual 
value. The other system constants which hold for this 
minimum value of e are .4=4.311, e =0.418 rad, 
(4=0.364 rad, Af/Bd = 8.57, BL/BI =3.6147, 4,f/Bi. 
=0.7115, and Si/Ni= 5.29 or 7.24 db. 
For the transmission of digital data with L=32, 

Pe= 10-6, and Pp= 2.0 X10-7, 0=20.55. In this case 
z, = 5.9519, e= 0.370 rad, (4=0.264 rad, Af/ Bd= 10.72, 
BOB/ = 4.30, 4f/BL = 0.749, Si/Ni=9.59 or 9.82 db. 
If Pe increases to 10-3 and P, to 2 X10-4 the resulting 
0 changes to 8.31, corresponding to a signal-to-noise in-
put ratio of 4.61 or 6.64 db. 
An additional point has been calculated for the trans-

mission of analog data where an output signal-to-noise 
ratio of 67 db is required. The resulting lower bound on 
a in this case is approximately 57. 
Comparing these results with those computed for an 

FM system using conventional discriminators indicates 
that there is actually very little difference in the 0 effi-
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ciency of the two techniques. This fact may be seen by 
referring to Fig. 2. 

It is difficult to compute the 13 efficiency of FM/FM 
systems utilizing phase-lock loops for both the carrier 
and subcarriers. In FM/FM systems employing con-
ventional discriminators it is seen that is approxi-
mately 6 db higher (using IRIG standards) than in a 
nonfrequency-multiplexed FM system. It is unlikely 
that double phase-lock-loop FM/FM systems will ap-
preciably lower the value of 13 over conventional discrim-
inator FM/FM systems. Two approaches are possible 
for carrier phase-lock-loop systems, namely, modula-
tion-following and nonmodulation-following systems. 
For nonmodulation-following systems, such as those 
used in present-day narrow-band Microlock, 80 to 90 
per cent of the power resides in the carrier due to the 
upper bound imposed on the carrier modulation index 
to obtain necessary linearity. Such systems, as dis-
cussed previously, result in very high values of fi com-
pared to modulation-following systems. For modula-
tion-following phase-lock loops it is reasonable to as-
sume that the required signal-to-noise ratio for proper 
system operation in the loop will be between 6 and 10 
db. Making this assumption and assuming that the 
noise bandwidth of a phase-lock loop is roughly equal to 
the maximum carrier deviation, the resulting value of fi 
for an output signal-to-noise ratio of 2000 can be no less 
than one-half that of the conventional discriminator 
FM/AM equivalent system; i.e., 0 will not be less than 
approximately 30. 
One alternative modulation scheme which shows 

promise for reducing fi is a frequency multiplexed 
FM/AM system with suppressed or partially suppressed 
AM carrier. Double phase-lock loops could be used in 
this system without the requirement of large carrier to 
sideband power ratios. 

ORTHOGONAL SYSTEMS 

According to Shannon's channel capacity theorem, 
0 should decrease as a increases for some communication 
systems. From Figs. 1 and 3 it is seen that this is true 
for amplitude modulation; however, a cannot be made 
greater than approximately 2 without some sophisti-
cated encoding process. Also from the Figs. 1 and 3 it is 
seen that for FM systems e increases with increasing a. 
In this section a fairly simple set of orthogonal com-
munication systems are shown to exist where fi de-
creases with increasing a for arbitrarily large a. 

In general, an orthogonal communication system is 
defined as one for which N messages can be transmitted, 
each of which consists of N degrees of freedom such that 
(discrete) matched filters may be designed which satisfy 
the following equalities: 

i k 
filter outputs = E { = (70) 

A i = k, 

where 

cr.= values of sth degree of freedom for the rth mes-
sage or matched filter. 

r, s=1, 2, • • • , N. 

Examples of such systems are discrete pulse position 
modulation and discrete frequency modulation. Another 
example, discussed in more detail below, is a generalized 
PCM system. In all cases it is assumed that sufficiently 
accurate timing standards and filters are available at 
the transmitting and receiving sites to enable synchro-
nism to be maintained. Assuming that code lock and car-
rier lock can be maintained, the # efficiency of an or-
thogonal system depends on the type of detector em-
ployed. Since for L equiprobable messages the system 
possesses L outputs, it is natural to select a maximum 
likelihood "greatest-of" type of detector. 

From ( 70) it is seen that if bipolar signals are used, it 
is possible by means of a simple phase reversal to double 
effectively the number of levels for the same number 
of degrees of freedom if an output detector is con-
structed to detect both +A and —A outputs. In the fol-
lowing it will be assumed that there are N degrees of 
freedom with L = 2N levels. 

For square bandwidths, the bandwidth required to 
transmit N 'degrees of freedom f„ times per second is 
B„--f„N/2. Assuming Pe' and L=2N are given, infor-
mation rate can be computed from (85) so that 

= 

B f„N N 

H = = 2H' • 
(71) 

For orthogonal systems the output signal-to-noise 
power ratio is N times the input signal-to-noise ratio. 
For a maximum-likelihood detector (see Appendix II) 
the input signal-to-noise ratio required to provide an 
error probability P.' is 

where 

For this case, 

Si 2z3/2 
— = 
Ni N 

P.' 
  Pe' « 1. 
2N — 2 

ZN2 ZN2 

-   

H' log 2N 
for Pe' « 1. 

(72) 

Since orthogonal systems are basically digital trans-
mission systems, they must be treated somewhat differ-
ently from AM or FM systems; however, Table III, de-
rived in Appendix I, still gives a good basis for compari-
son. For a desired output signal-to-noise ratio, a number 
of levels and associated error probability can be taken 
from Table III for the transmission of analog data. For 
the transmission of digital data, the error rate is given 
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directly by ( 72). In the above formulas the number of 
levels L is equal to twice the number of degrees of free-
dom of the system; i.e., L= 2N. 
One particular orthogonal system is especially at-

tractive for space telemetry use. This is a generalized 
PCM system utilizing maximum redundancy Reed-
Muller codes.' 

APPENDIX I 

COMPARISON OF DISCRETE AND CONTINUOUS SYSTEMS 

The noise analysis of digital transmission systems 
generally depends on assigning some error probability 
per bit or per sample. In continuous systems it is con-
venient for comparison purposes to express rms errors 
in the same terms. A method of doing this is to derive 
an equivalent rms error for discrete systems made up of 
quantization error and error probability. For multilevel 
discrete systems with equal increments between levels, 
the variance of the quantization error is 

a  92 = 
(AA)2 

12 
(73) 

where àA = amplitude difference between levels. Fur-
ther, if all levels of a particular system are equally likely 
to be transmitted and the error probability is uniformly 
distributed over all nontransmitted levels (e.g., as in an 
orthogonal system), the variance of the error due to an 
error probability per sample Pi is 

cre2 = (tà,A) 2 
6 

Pe'L(L 1) 
(74) 

where L= number of quantization levels.' 
Assuming that the system is designed so that 

kcr,2=cre2 at the minimum permissible power level, it fol-

lows that 

2L(L + 1) 

The total variance of the error is ui2=u,72+0",2 or 

(àA)2 
  (1 k). 

— 12 

(75) 

(76) 

3 R. W. Sanders, " Digilock Telemetry System," presented at the 
National Symp. on Space Electronics and Telemetry, San Francisco, 
Calif.; September 28-30, 1959. 

Note that there are many ways of computing o,. It depends on 
the particular digital system being used and the signal and error dis-
tributions. The assumption used here of a uniform error distribution 
over all levels not transmitted applies to systems such as orthogonal 
systems. However, assuming that all levels are equally likely to be 
transmitted, the value of «, does not appear to be critically dependent 
on the type of digital transmission system used. For example, in a 
PCM system where the number of transmitted levels is a power of 2, 
o,2=(,C,A )2p,(L2-1)/3 where P js the error rate per bit. 

In terms of AA , the signal power S. assuming all levels 
are equally probable, is 

Thus, 

1 L L+ 1 r 

S — E (à,02 
L 2 ) 

(AA)2 
  (L2 — 1). 

• 12 

=   
1 + k 

ot2 S 
L2— 1 

(77) 

(78) 

In other words, the equivalent signal-to-noise power 
ratio of a digital system with L levels and error proba-
bility per sample P.' given by (75) is 

S L2— 1 

N 1 + k 
(79) 

In the preceding equations, k is an arbitrary positive 
number which defines the ratio of error due to error 
probability and to number of quantization levels. For 
example, if k = 0, ( 75), the error probability must be 0, 
and the signal-to-noise ratio is due solely to quantization 
error. If the quantization error and error due to error 
probability are equally effective in determining signal-
to-noise ratio, k= 1. Table III shows error probability 
and equivalent signal-to-noise ratio for various values 
of L from (75) and (79) for k = 1. 

Unfortunately, it does not follow that a comparison of 
information rate for continuous and quantized channels 
can be based on signal-to-noise ratio equivalents. Infor-
mation rate for a continuous channel where the perturb-
ing noise is independent of the transmitted signal is 

H' = H'(y) — H'(n) 

= — f p(y) log2 p(y)dy f p(n) log2 p(n)dn (80) 

where 

H'(y)=- the entropy of the received signal including 
noise, 

H'(n) = the entropy of the perturbing noise. 

Assuming that the transmitted signal is uniformly dis-
tributed over an interval of —A/2 to 1/2 and that the 
perturbing noise is normally distributed with zero mean 
and rms value «, the probability distributions of the re-
ceived signal and of the perturbing noise are 

r4, / 2y + A \ é 2y — A VI ' (81) 
P(Y) = - 1_ 2u ) \ LI 71  

1 
-p(n) —   e^ 212°I. 

cr-V2r 
(82) 
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The entropy of the received signal corresponding to the 
first integral of (80) is 

H'(y) = log2 A — -e--A fl[c1)(w ± — 41)(w — 'Y)] 

•log2 [(Kw — 1.(w — y)Idw (83) 

where 

A 
'Y = 

1 
(14x) =  f e-r2/2dx. 

-Ow _„, 

The integral in this expression is difficult to evaluate 
analytically; however, its approximate value is calcu-
lable for large signal-to-noise ratios 

H' log2 A — log2 cr.V2tre ±° (2.6062) 
A 

where 

1 S 
—  log —  0.7523 ,V7—V - 0.2546 

.V 2 S 

A2 
S = — 

12 

= 

S 
—N > 5 (84) 

In order to compare continuous and discrete trans-
mission systems on the basis of equal information rates, 
it is necessary to calculate the transmission rate per 
sample for a discrete channel. For such a system, which 
transmits L levels with an error probability Pe' per 
sample and where all levels are equally likely to be trans-
mitted and all levels are equally likely to be chosen if 
an error occurs, the information rate per sample is5 

= log 2 L — P,' log2 (L — 1) ± P,' log 2P,' 

+ (1 — Pe') log2 ( 1 — P.')• (85) 

For P,' defined from (75), II' becomes 

H' = log2 L 2L(L 1) [log2 (L 1)(2L2 2L 

+ log2 (2L2 2L — k) — log2 (2L2 2L). (86) 

For k = 1, this equation reduces to 

1 
//' = log2 L 2L(L 1) [log2 (L — 1)(2L2 2L — 1)] 

± log2 (2L2 2L — 1) — log2 (2L2 2L). (87) 

The value of II' given by (87) for a digital system, where 
the rms output errors due to quantization and due to 
transmission error rate are equal, is given in Table III. 

Based on the entropy definition of information. See C. E. 
Shannon and W. Weaver, "The Mathematical Theory of Communi-
cation," University of Illinois Press, Urbana, Ill.; 1949. 

S/N in Table I has been computed from (84), assuming 
that the signal-to-noise ratio of a continuous channel is 
defined to provide transmission rates equivalent to the 
rates for the digital channels shown in Table III. For ex-
ample, from the fourth entry in Table III it is seen that a 
signal-to-noise ratio of 27.09 db is required to transmit 
4.992 bits per sample, the amount of information trans-
mitted per sample in a digital system of 32 levels with an 
error rate Pe' of 4.73 X10-4 per sample. It is seen, com-
paring the results of Table III and Table I, that a con-
siderable difference exists in the output signal-to-noise 
ratios for continuous and discrete systems under the as-
sumed conditions for equivalent information rates. 
Qualitatively, the reason for this is that a continuous 
channel makes comparatively small mistakes most of 
the time while the discrete channel makes comparative-
ly large mistakes less frequently. This statement may be 
further elucidated by computing a probability of error 
for the continuous channel which can be compared with 
that for a discrete channel. 

If a continuous channel is divided into L increments, 
each of magnitude AA, and the noise in the channel ap-

pears as the linear addition of Gaussian noise to the sig-
nal, the probability of error Pe'(i) per sample for all 
levels except the first and last is 

where 

P.M) = 24(—z) i = 2, 3, • • • , L — 1 

Z = 

q2 — — 

= 

AA 
, 

noise power, 

1 r 
e- X2 12dX. 

V27 J, 
For the first and last levels 

Pe'(i) = (13( — z) i = 1, L. 

Assuming all levels are equally likely to be transmitted, 
the average error rate per sample is 

2 L — 2 
Pe' = 4( z) ±  [24(—z)] 

L L 

= 2(L — 1) 

L 
(88) 

Still assuming that all levels are equally likely to be 
transmitted and that the mean value of signal is zero, 
the average signal power is given by (77), 

(AA)2 
S =   (L2 — 1). 

12 

Since e=(AA)2/4cr2, the output signal-to-noise ratio re-
quired for an error rate defined by (88) is 

S L2 — 1 
 z2. 

N 3 
(89) 
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Using (89) to define z from the signal-to-noise ratios 
shown in Table I for the various discrete channels with 
L levels, P,' for the continuous systems can be com-
puted from (88). The results of such computations are 
given in Table I. From these computations the above 
qualitative statement may be interpreted more pre-
cisely. For example, again taking the fourth entry of 
Table I, it is seen that the continuous channel, if used 
in a discrete application, would commit an error in the 
discrete sense once each 24 samples. In the analog sense, 
each error, while significant, still has a high probability 
of being within a few standard deviations of the correct 
value. For the equivalent digital system an error other 
than quantization error is committed only once for each 
2100 data samples; however, when an error is com-
mitted, there is no assurance that the resulting analog 
output is close to the transmitted value. 
The preceding analysis provides a method for com-

paring analog and digital transmission of analog data. 
By interpolating between the entries of Table I, the 
comparison can be made by defining an information 
rate for the analog data based on a desired signal-to-
noise ratio. This same information rate can be trans-
mitted by a digital channel in a number of ways. By in-
terpolating between the entries of Table III, a digital 

channel can be defined which will transmit at the same 
information rate as the analog system where it is as-
sumed that the digital system error rate is fixed at a 
level which will cause the output analog error due to 
digital quantization to be equal to the analog error due 
to transmission error rate. 

The analysis of analog and digital transmission sys-
tems may be completed by investigating more thorough-
ly the analog and digital transmission of digital data. 
An analog transmission channel may be used to trans-
mit digital data by quantizing the analog channel into a 
given number of levels and adjusting the signal-to-noise 
ratio so that the probability of error between levels is a 
prescribed amount. Assuming that the levels are equi-
distant and that the noise in the output appears as a 
linear addition of Gaussian noise to a signal, the average 
probability of error per sample is given by (88). The re-
quired output signal-to-noise ratio is given by (89). 
Qualitatively, this comparison of analog and digital sys-
tems assumes that any error is equally bad and that in-
formation rate for either type of transmission is defined 
in terms of channel error probability. 

In order to define error rate in terms of error per bit 
for digital transmission using quantized continuous 
channels, it is necessary to postulate the method of as-
signing binary numbers to each level. The smallest bit 
error rate occurs if a Gray code is used so that adjacent 
levels differ by only one binary position. In this case, as-
suming that the per sample error rate is small, the error 
per bit P. is 

= Pe'/10g2 L. 

Therefore, bit error rate for an analog channel transmit-
ting Gray coded digital data is 

2(L — 1) 
  (14 — z). (90) 
L log2 L 

Values of analog signal-to-noise ratios required for a bit 
error rate of 10-6 are shown for various numbers of 
levels in Table II. 

M AXIM UM 

APPENDIX I I 

LIKELIHOOD DETECTOR ORTHOGONAL 
SYSTEM ERROR RATES 

From the sampling theorem, there are N=2BT de-
grees of freedom in a message of bandwidth B and of 
duration T. For an orthogonal system of L= 2N levels, 
the signaling rate for small error probability P,' is 

1 4B 
H = — log L = — log L. 

For a fixed bandwidth, the signaling rate for L=2 is 
equal to the rate for L=4. Therefore, a 4-level orthog-
onal system is equivalent to a 2-level PCM system. In a 
linear PCM system with two equiprobable states, a 
maximum likelihood detector is one which is defined by 
a suitably designed threshold. Assuming a "0" sent is 
represented by +S volts and a " 1" by —S volts, the 
maximum likelihood threshold is 0 volts. Any detector 
output which is positive is taken to be a "0"; negative 
outputs are taken as " Vs." In a 4-level orthogonal sys-
tem there are two output busses. If signal components 

s2 and noise components n1, n2 are received, the out-
put from each bus -y1 and -y2 is 

'1 = st + S2 ± ± /12. SI, S2 + S 

.12 = 51 — 52 ± n1 — n2. 

The outputs from 1,1 under noise-free conditions are 2S, 
0, 0, — 2S for codes 00, 01, 10, 11 in. The corresponding 
-y2 outputs are 0, 2S, — 2S, 0. The error performance of 
the system is independent of the code which is sent. As-
suming 00 is transmitted, an error will be committed by 
a "greatest-of" detector; i.e., a detector which chooses 
the iargest buss output magnitude at the most probable 
transmitted signal, if and only if 

2S n1 -1- n2 < 1 ni — n21 . (91) 

This inequality holds only if n1<—S or if n2< —S or 
both. Therefore, a 4-level orthogonal system with a 
"greatest-of" detector is equivalent to a PCM system 
with a maximum likelihood detector. 

For a PCM signal disturbed by Gaussian noise, the 
probability of an error Pe, being made is (14 —Z) where 
z is the signal-to-noise ratio S/ 2 and 4)( — z) is the normal 
distribution function. Thus, the probability of error 
P„ for a 4-level orthogonal system is 

= 1 — 4)2(z). 



588 PROCEEDINGS OF THE IRE April 

Therefore, from (91), Therefore, 

Pr (2S N2l* < N22 I) = 1 — e2(s), (92) 

where 

N21 = ni ± ;12, 

N22 = fi — n2. 

If ni, n2 are independent random variables of standard 
deviation u, N21 and N22 are also independent random 
variables but with standard deviation uNii. Letting 
S*= 2S, Ni* = N21, and N2* = Nn, it follows from (92) 

z* 
P, Pr (S* N1* < IN2* ) = 1-4ek‘/ ), (93) 

where 

4S2 
= 

2u2 
Ef "i )= 2z2. 
NI° 

For an L-level orthogonal system (L —2N), the error 
probability for a "greatest-of" detector is 

Pe„ = 1 — f .1)(x — zN*)[(1)(x) — 4)(— x)e-'dx (94) 
o 

where 

zN* = z-VN. 

By expanding (94) and making use of (93) it follows 
2 that 

where 

N 
  =  (L > 2), 

H 2 log 2N 4 log L 

ze zN2 zN2  
/3 = z2a =  =  = , (95) 

2 log 2.\* log 2N log L 

z* 
ZN = —= 

Pe 
ZN)  Pe, P 

(2N — I) L — 2 
(L > 2). 

A plot of (95) is shown in Fig. 6. By a detailed analysis 
of (94) it can be shown that 0 approaches loge2 as n ap-
proaches infinity for an arbitrarily small PeN. 
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Fig. 6—Communication efficiency 13 of the orthogonal systems as a 
function of the number of levels L for bit error rate P. of 10-3 
and 10-3. 
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Maximum Utilization of Narrow-Band Data Links 
for Interplanetary Communications* 

W . F. SAMPSONt, SENIOR MEMBER, IRE 

Summary—Our ability to communicate with vehicles in space 
continues to be limited by the amount of received energy required 
to transmit a unit of information to earth. We have available, in 

practical hardware, radio-communication systems which provide us 
with theoretical maximum performance in terms of data bandwidth 

and distortion for a given transmission range and power output. The 
development and refinement of transmission, receiving, and power-
supply techniques will extend the range of communication or increase 

the data bandwidth at a given range; but any significant extension of 
our capacity to communicate in space must come from advances in 

the state-of-the-art of telemetry data handling. New and advanced 
means for data processing and encoding prior to transmission should 

be investigated. 
The discussion which follows defines some technical areas which 

merit investigation, presents an outline for one approach to such an 
investigation and contemplates the evaluation of findings. 

INTRODUCTION 

T
HE PROBLEM facing those wishing to make 
physical or physiological experiments in unusual 
environments is the collection, transmission and 

interpretation of experimental data. The problem ex-
tends from the collection of data at primary sensors, 
through a sequence of data processing and transmission 
steps, and ends at the final interpretation of the experi-
mental result, usually in a written report. Current 
practice in this process is well known and need not be 

reiterated here; however, we do not know where, in de-
tail, we may improve on current practice. One area 
which seems to promise the next great advance in te-
lemetry is the detection and coding for efficient trans-
mission of basic data, at low-energy levels, which has 

been severely contaminated by noise. 
An evaluation of the present state-of-the-art of sen-

sors and data links is of interest in determining require-
ments or opportunities for improvements, based on de-
tection and signal processing. We may postulate: if 
data links of any desired performance (bandwidth, 
range, linearity, distortion) were available, there would 
be no requirement for data detection prior to trans-
mission and only distortionless amplification would be 
required. That is, if we could receive at the fixed ground 
station all of the original sensor output, we would be 
able to process the data at leisure, bringing to bear all 
the most advanced technology of data processing (dig-

ital computers). The foregoing statement does not re-
move the necessity to study methods for recovery of 
the desired data from relatively intense noise. A re-
quirement for the development of advanced sensors and 

• Original manuscript received by the IRE, November 23, 1959. 
t Space Technology Labs., Inc., Hawthorne, Calif. Formerly 

with Hallamore Electronics Co., Div. of The Siegler Corp., Anaheim, 
Calif. 

data links exists, but the 
data links will determine 
processing techniques to be 
be accomplished prior to 
telemetry radio link. 

If such processing functions can be accomplished in 
reliable equipment with suitable environmental im-

munity, it appears possible to achieve additional gain 
in information from experiments which are currently 
limited by the capabilities of the radio link. Conversely, 
we may be able to perform, with a given vehicle which is 
weight- or power-limited, additional types of experi-
ments which also result in a net increase in the amount 
of knowledge gained from each vehicle. 

characteristics of available 
what portion of the data 
developed should profitably 
data transmission by the 

DATA HANDLING SEQUENCE 

The information flow for a single experiment is 
illustrated in Fig. 1. In this figure, the progression of 
data from sensor to report is defined by the independent 
variable, x. The on-board (preliminary) and ground 
data reduction steps are separated by a data link, the 
only function of which is to transfer all of the informa-
tion in existence at xo from one physical location to 

another. 

DATA CIMMee PORT 

X. 

X 

Fig. 1—Information flow. 

As the signals, which contain the results of the ex-
periment, progress down the line of information flow, 
they are modified progressively to enhance the desired 
data and to average out random errors and correct for 
identifiable systematic errors. Throughout this process, 
the information content, in the entropy sense, may be 
considered to be constant and equal to the information 
desired for the final report. Any redundant data carried 
along at any point in the process represent unnecessary 
data as far as the final report is concerned, and the 
transmission of such redundant data on the data link 

results in a demand for extra bandwidth over the mini-
mum requirement for the fundamental information. 
We hope, in addition, that the redundancy content is at 
least equal to the noise and error content so that this 

redundancy can be used, as the data reduction process 
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continues, to remove the noise and enhance the signal 
to the desired degree. Thus, for a potentially successful 
experiment, the bandwidth required at any given trans-
fer point xo must be equal to or greater than the re-
maining signal redundancy plus information entropy. 

ELEMENTS FOR PRELIMINARY INVESTIGATION 

The characteristics of input transducers or sensors 
must be studied and tabulated. The nature of the out-
put signal and the manner in which this signal repre-
sents the final desired data must be understood. We 
should search for potential sources of noise and sys-
tematic errors and obtain mathematical descriptions of 
these, where feasible. A detailed knowledge of these 
factors is essential before any discussion of optimum 

data reduction processes. 
There may be certain physical limits to the detecta-

bility of the desired final data. One obvious limit is the 
quantum effect, which probably does not come into 
play in the majority of the experiments to be considered. 
Another limit is the result of random noise and is usu-
ally expressed in terms of noise bandwidth compared 
to signal bandwidth or information content. This con-
cept is not limited to linear processes but can be ex-
tended to nonlinear processes as well, provided ap-
propriate definitions are made of noise bandwidth and 
information content. These, and other, physical limits 
to detectability must be carefully stated and under-
stood in order to avoid attempting the impossible. 
This is one of the most important " negative" results of 
information theory, one which has been of great im-

portance in the practical design of communication sys-
tems. 
We may define two classes of signal handling proc-

esses, one of which is allowable for inclusion in an opti-
mum system. This first class is characterized by the 
fact that the ratio of noise power to remaining re-
dundancy and information content is never greater at 
the output than at the input. In other words, the basic 
detectability of the desired data is unchanged. A per-
fect linear amplifier is obviously a member of this class, 
as are the usual correlation techniques. The net result 
of processing a signal through a sequence of such allow-
able operations is the recovery of the desired informa-
tion with maximum signal-to-noise ratio as defined by 
the basic statement of detectability. 
The second class of signal handling processes violates 

the requirement that the detectability of the signal be 
not reduced by the inclusion of the process. One such 
process is square-law or envelope detection of a signal 
at less than unity signal-to-noise ratio. Certain digital 
sampling processes may also be forbidden. 
By investigating and tabulating the allowed and non-

allowed signal handling processes, we hope to gain an 
insight into practical system designs for optimum de-
tection. Of particular importance is the " negative" re-
sult than any optimum data-processing device must not 
include any process of the second class. 

In the development of practical detection and encod-
ing equipment and in the integration of such equipment 
into an optimum data system, an understanding of the 
basic characteristics of data links is a prerequisite. As 
stated previously, the present theoretical and practical 
limits of data links are the only justification for any 
consideration of additional data handling equipment 
to be included in the vehicle prior to data transmission. 
In fact, these current limitations are the determining 
factor in any decision relative to how much equipment 
is to be included in the vehicle. 
The foregoing preliminary investigations would serve 

to summarize and codify present knowledge in a form 
applicable to the problem at hand. Some of the basic 
results of information theory, when restated in appro-
priate form for ready reference, would serve as a guide 
to the identification of those portions of the present art 
which already approach theoretical maximum per-
formance. Concurrently, we should expect to identify 
areas wherein greatest improvement is feasible, be-
cause present art falls significantly short of predicted 
potential performance. For the direction of further 
studies, primary efforts should be concentrated where 
the greatest gain is available. 

CONCEPTS OF OPTIMUM DATA REDUCTION 

Reduced Redundancy 

There is obviously no requirement for duplicate or re-
dundant statements of the same datum by the time in-
formation appears in the final report, which is the end of 
the experiment—data reduction sequence. By lack of 
redundancy in the final statement of the datum, we 
mean that any further boiling down or condensation 
of the statement would change its meaning in an irre-
trievable manner. If such a nonredundant statement 
of a datum has been achieved by a series of allowable 
data reduction processes which do not degrade the the-
oretically attainable signal-to-noise ratio, then we must 
have realized the maximum possible improvement in 
the data. This principle can be used as a guideline to 
produce practical equipment for optimum data reduc-
tion, and the principle serves to identify the endpoint of 
the process. 
We must recognize that a datum is still redundant if 

it contains any a priori information. Reducing the re-
dundancy of a statement by removal of previously 
known facts may change the visible character of the 
statement, but not irretrievably, since we may always 
reconstruct that which we already knew before the ex-
periment was performed. The maximum utilization of 
a priori information is the keystone to any correlation-
detection process. 

Although we may boil all the redundancy out of a 
datum, its value as information may not be very high 
if we could have predicted with high probability the re-
sult of the experiment. The information content is ac-
tually inversely proportional to the probability of oc-
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currence of the observed datum. Surprises are worth 
the struggle, but mere reconfirmation of an expected 
result is of little value. Consequently, an aim of data 
reduction prior to transmission or prior to reporting 
should be to smooth out or equalize the surprise con-
tent of each datum communicated. We can most effi-
ciently use the communication channel by transmitting 
continuously, at maximum rate, data which are uni-
formly high in information content. (It should be noted 
that the final written report is probably the narrowest 
information channel in the whole chain.) 

In our zeal to wring all possible redundancy from a 
datum before reporting it, we may go too far. A com-
pletely nonredundant statement may well be too com-
pressed for understanding by anyone other than the de-
signers of the experiment. As an example, suppose we 
are to report electrocardiograms from deep space. The 
correlation detection might be in the form of a set of 
matched filters which produce output pulses, sorted to 
appropriate wires, with each characteristic beat of the 
heart. The transmitted data might be a series of num-
bers indicating the frequency of occurrence of pulses 
from each of the filters. Pulses representing normal 
heart operation would be merely reported as present, 
but abnormal or "surprise" pulses would be reported in 
detail. Such a report contains all the data in a nonre-
dundant form and has been arranged to appropriately 
weight surprise data; however, the report may be unin-
telligible to an experienced doctor who would prefer to 
read the actual ECG waveforms and make his own in-
terpretation from experience. 

It is certainly feasible to regenerate "example" wave-
forms based on the nonredundant received data. The 
normal pulses would be written repeatedly at the re-
ported rate, and the abnormal pulses interjected as in-
structed by the received data. Such an example wave-
form would not be guaranteed to be identical to the 
original gauge output, but it would contain exactly the 
same nonredundant data. The necessity or desirability 
of such regeneration of "example" waveforms is based 
on our own psychological desire to approximate the 
physiological impressions we might have received by 
performing the experiment directly, thereby gaining a 
better understanding of what occurred. 
The maximum-likelihood concept of correlation detec-

tion might be described as follows. Transmitter and re-
ceiver are assumed to have a store containing all possi-
ble messages. On receipt of a signal contaminated by 
noise, the receiver compares (correlates) the received 
information with its store of possible messages and ac-
cepts that message which exhibits the highest correla-
tion as the one that was most likely transmitted. The 
output datum is then thé (nonredundant) one number 
identifying the maximum-likelihood message. 

This concept is excellent, provided we can conceive 
in advance all possible outcomes of the proposed experi-
ment. However, there is great danger that we may ren-
der ourselves incapable of recognizing surprise informa-

tion that would have been of much greater value than 
any of the messages (experimental results) we might 
have predicted. This was exactly true in the radiation 
experiments in the early Explorer satellites. Only ex-
pected radiation levels were accounted for in the design 
of counters and data channels. Consequently, when the 
satellite encountered much higher radiation intensities, 
the counter mechanism was completely blocked and an 
incorrect indication of zero radiation was transmitted. 
The correct interpretation of these data took a lot of 
head scratching and several more satellites with more 
sophisticated and wider range counters to provide the 
right answer. The lesson to be learned from this ex-
ample is that we must include in our correlation de-
tectors, and in any other advanced data reduction de-
vices, the ability to recognize that none of the a priori 
(expected) results is true. This would take the form of a 
confidence indication which would add information 
relative to the actual degree of correlation achieved by 
the reported maximum-likelihood message. 
An added degree of sophistication might be achieved 

by automatic data handling equipment which recog-
nizes experimental results and continuously adjusts the 
parameters of the detection process for best results in a 
changing situation. The storage of voltages, represent-
ing present frequency and rate-of-change of frequency, 
on capacitors in a third-order phase-locked loop, is a 
simple example of this degree of sophistication. The ef-
fect of certain types of automatic gain control or nar-
row band limiting on noise bandwidth is another ex-
ample of such adaptive performance, utilizing a posteriori 
data. 

It is apparent that any nonredundant datum must 
be transmitted without distortion or the meaning will 
be irretrievably lost. This fact has led to intensive ef-
fort in the development of error-correcting codes for 
the transmission of digital data. Such codes actually 
amount to adding redundancy for the purpose of trans-
mission reliability. Spectrum expansion by pulse-code 
modulation or frequency modulation is also a means 
for adding redundancy to improve the reliability of the 
radio link. 

Since the radio link may require redundancy for 
satisfactory operation, it appears feasible to provide 
some or all of the required redundancy in the data to be 
transmitted. In operation, this concept involves aver-
aging of radio noise as well as transducer noise in the 
final data reduction process. 

Statistics; Identification of Signal and Noise 

In any filtering or data reduction problem, we are 
forced to state in advance those characteristics by 
which we will identify the signal components among 
the signal and noise information actually received. 
These a priori characteristics can usually be stated only 
in a statistical sense, and the most common analyses 
are based on stationary (nonchanging) statistics. 
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We often have a nice intuitive feeling that "signal" 
must be that portion of received information that best 
fits some smooth mathematical function and " noise" 
must be that part that seems to be random and rapidly 
changing. Indeed, this is the basis for the very earliest 
treatment of experimental errors by "least-squares" 
curve fitting techniques. The work of Norbert Wiener 
has extended this concept to include completely statis-
tical representations of both signal and noise. His work 
has allowed the construction of least-square optimum 
filters for real-time data analysis. These Wiener filter 
techniques are well known and can be applied to any 
problem, the object of which is to recover the actual 
signal waveform in real time. Please note, however, 
that we can do somewhat better by "post flight" data 
reduction in which "past" as well as "future" data can 
be used and finite integrals are permitted. Similar re-
sults can be obtained in almost real time if time delay is 
permitted and appropriate storage mechanisms are in-
cluded. 
The proper application of such statistical filtering 

techniques for the recovery of actual signal waveforms 
should play an important part in any study of data 
processing techniques. However, truly significant gains 
in data analysis will be accomplished only if further re-
duction of redundancy is accomplished. This might 
take the form of the computation of values for the vari-
ous statistical measures which can be used to describe 
the signal. Such statistical measures might supplement 
or replace maximum-likelihood estimates derived from 
correlation operations. 
The previous discussion assumed only random errors 

which could be recognized by their statistical differ-
ences from the signal. In the investigation of advanced 
data detection, we must consider systematic errors 
which are statistically identical to the signal. Such 
errors cannot be eliminated by the processes described 
previously; however, some types of systematic errors 
may be corrected by appropriate calibration or by ap-
propriate interpretation based on other data sources. 
For example, the drift of a strain gauge may be a pre-
dictable function of temperature so that corrections can 
be made to the data, provided only that we have an in-
dependent measure of temperature. In current practice, 
such manipulations occur only at the end of the analysis 
process and need not be considered in the design of 
equipment, only in the design of the experiment (i.e., 
we must remember to include the temperature gauge). 
The potential for later correction of such systematic 

errors may be lost by the manipulations of advanced 
data detection devices. Consequently, we must be 
aware of such potential and be prepared to analyze the 
transformation of systematic errors by the planned 
manipulations. If the transformation is such that these 
errors can no longer be compensated, even though they 
were (in principle) in the original form, we will have to 
include appropriate functions in the equipment to per-
form corrections prior to interfering manipulations. 

Most easily applicable analyses in information theory 
assume stationary statistics. This means, in general, 
that we must predict the actual nature of signal and 
noise, including relative power levels, during the ex-
periment. That such signal and noise levels are not 
constant throughout a typical experiment is immedi-
ately apparent when one looks at any telemetering rec-
ord from a missile test. 

In order to account for nonstationary statistics in 
practical data detection equipment, we may be able to 
include some adaptive features such as variable band-
width based on signal-to-noise ratio. Such an approach 
is applicable if the statistics of signal and noise vary 
slowly relative to the smoothing time of the filter in use. 
If, however, we are after the greatest possible improve-
ment and are attempting to consolidate data from long 
time intervals during which statistics change radically, 
we will be forced to utilize more complete analyses. Such 
analyses are available in the literature, but practical 
embodiments in equipment have yet to be demon-
strated, although the equations involved can often be 
programmed for digital computation. 

System Optimization 

The foregoing technical discussion demonstrates that 
we have at hand the concepts and analyses required to 
effectively retrieve any experimental data which can be 
defined as available, based on fundamental physical 
limits of detectability. We must recognize, however, 
that it may not be economically feasible to recover all 
such data. 

In the disciplines of information theory, optimum de-
tection is taken to be that which results in a minimum 
output-error content (residual noise-plus-signal distor-
tion). In the current context, we assume that certain 
output data and certain allowable errors are already de-
fined. Then optimum filter and data reduction analysis 
will be applied to define the detectability of the desired 
data based on the input signal and noise. Having dem-
onstrated basic detectability, the system optimization 
takes the form of minimization of the economic penalty 
(dollars) for the desired increase in informational en-
tropy. 
The first phase is the application of ingenuity to con-

ceive and produce reliable and simple equipment mech-
anizing the required data handling functions. This 
equipment should be tested to demonstrate proper 
operation in confirmation of the appropriate theories. 
The final decision remaining at this point would be: 

how much of the required data detection equipment 
should be designed for airborne environments and used 
prior to transmission of data on a radio link? This 
analysis is illustrated in Fig. 2. 
The curves in Fig. 2 represent schemtitically the cost 

factors relative to the proportioning of the experiment. 
Each curve shows cost levels corresponding to possible 
choices for the placement xo of the data link. The cost 
of data transmission is a function of the given vehicle and 
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Fig. 2—Cost analysis. 

its mission. Some value can be assigned in terms of dol-
lars for each bit of data, redundant or otherwise, that is 
transmitted to the receiving station. The example 
shown implies that the available data link is capable of 
transmitting the entire output of the gauge. As the posi-
tion of the data link is moved along the data reduction 
chain, the data to be transmitted are reduced and the 
corresponding costs are similarly reduced. 

Conversely, the costs of placing the necessary data 
detection equipment in the vehicle environment in-
crease, often quite rapidly. In the example shown, the 
vehicle does not have sufficient payload capacity to 
handle all the data reduction functions, and the air-
borne equipment costs increase asymptotically. Similar 
asymptotic behavior is possible for data link costs if the 
vehicle payload is insufficient to permit a transmitter of 

adequate capacity to handle the entire gauge output. 
Ground-based data reduction equipment costs are 

usually small in comparison to airborne equipment 
costs which must include, in addition to development 
and packaging costs, a stiff tariff for the delivery of a 
payload pound on target (vicinity of Mars, for instance, 
currently 100,000 to 500,000 dollars per pound). 
The sum of all the cost factors is usually a curve 

which displays a minimum for some choice of data link 
placement. The exact position of the minimum may 
vary considerably depending on individual judgment 
in assigning cost values to the various factors and the 
final choice of placement of the data link will usually be 
governed finally by the availability of specific equip-
ments. However, an attempt at such an analysis is 
deemed worthwhile, if only to gain some evaluation of 
the potential cost of the desired data. It may even be de-
cided that the data are not worth the economic penalty. 

Analyses of the type just described are the province 
of the operations research specialist, but the concepts 
and relative values involved are of definite interest in 
the design of experiments. The operations research ana-
lyst would continue the process to define completely 
the values of each of the proposed space experiments 
and the relative importance of proposed new vehicle 
developments. ( It may be better to fire more of our cur-
rently available rockets than to develop new large 
rockets for certain tasks.) Such an extension of the 
analysis is obviously beyond the scope of this paper. 

Extraterrestrial Noise as a Factor 
in Space Communications* 

ALEX G. SMITHt 

Summary—Present-day refinements in communication systems 
make it appear that extraterrestrial noise sources may establish a 
fundamental limitation on long-range communications. The various 
cosmic and solar system radio sources are considered with respect 
to their intensities, spectral distributions, and temporal characteris-
tics. The most severe forms of interference occur in the long-wave-
length regions of the radio-frequency spectrum, so that the future 
of space communications probably lies in the perfecting of low-noise 
microwave systems. 

• Original manuscript received by the IRE, December 23, 1959. 
t Dept. of Physics, University of Florida, Gainesville, Fla. 

INTRODUCTION 

K
ARL Jansky first detected the cosmic radio noise 
in 1932 in the course of an experimental study of 
terrestrial sources of interference. Even after 

Jansky's discovery, cosmic noise was largely ignored by 
engineers as being of insufficient intensity to be of prac-
tical importance. Now, however, three decades later, 
improvements in communication systems have reached 
the point where extraterrestrial noise threatens to im-
pose a fundamental limitation on man's ability to com-
municate over wide regions of the radio-frequency spec-
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trum. This is particularly true when one considers the 
problem of communication with a vehicle in the "quiet" 
of space. 
The original cosmic noise discovered by Jansky is now 

firmly established as coming from a broad, diffuse re-
gion enveloping the galaxy, or Milky Way. Hundreds or 
thousands of small, discrete sources known as "radio 
stars" are superimposed on this background to contrib-
ute additional noise. The diffuse hydrogen gas which 
permeates vast regions of space is a radiator of micro-
wave signals. The sun and the planet Jupiter are known 
to be powerful, erratic sources of radio-frequency energy, 
and at least two other planets may also be in this cate-
gory. Even a comet has been reported as a source of 
radio noise. It is the purpose of the present paper to 
consider briefly the probable importance of each of these 

sources as a factor in space communications. 

GALACTIC NOISE 

The radio noise from the galaxy is the most widely 
distributed of the various extraterrestrial sources of in-
terference. It appears to be present in some degree in all 
directions, but is of course most intense near the plane 
of the galaxy, especially in the direction of the galactic 
center in the constellation Sagittarius. Galactic noise 
has been mapped by various observers at frequencies 
ranging from less than one mc to 1360 mc, and the most 
reliable of these surveys have recently been summa-
rized by Ko [ 1]. A galactic noise map in convenient 
slide-rule form has been prepared by Menzel [2]. 
Of particular interest in space communications is the 

level of galactic noise along the ecliptic. The majority 
of the more distant space missions will presumably oc-
cur in or near the plane of the ecliptic, and it is therefore 
the ecliptic noise level which will be present as an inter-
fering background. 

In Fig. 1 are shown curves of the ecliptic noise level 
for three different frequencies. The 81-mc data are from 
the survey of Baldwin [3], the 100-mc data are from the 
map of Bolton and Westfold [4], and the 600-mc curve 
is based on the work of Piddington and Trent [5]. The 
horizontal coordinate is celestial longitude, which is 
measured in degrees eastward along the ecliptic from the 
vernal equinox. The ordinate is in units of "brightness" 
B, where B is the flux density in watts per square meter 
per cps of bandwidth which would be received at the 
earth's surface by an antenna having a unit beamwidth 
of one steradian (it is assumed, of course, that B remains 
constant over the entire beamwidth). It has been recent 
practice to plot galactic noise maps in units of "bright-
ness temperature" T, where T is the temperature in de-
grees Kelvin of an ideal blackbody surface which would 
have the same brightness as the given area of the sky. 
Fig. I has been plotted in terms of B to permit more 
direct comparison with the units employed in later sec-
tions. Both B and T are units which are appropriate for 
extended sources—that is, sources which are large rela-
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Fig. 1—Galactic noise along the ecliptic at three frequencies. The 
600-mc peak extends to a height of 21 units and the 81-mc 
peak to 27 units. 

tive to the beamwidth of the antenna—and they are re-
lated through the Rayleigh-Jeans approximation to 
Planck's Law, 

2kT 
B =   

X 2 

where k is the Boltzmann constant,1.38 X10-23 joules 
per degree K, and X is the wavelength in meters. 

It will be noted from Fig. 1 that at least within the 
given frequency range the galactic noise along the eclip-
tic varies only moderately (perhaps + 40 per cent) for 
some 300° of celestial longitude. In the remaining 60°, 
the ecliptic, by an unfortunate chance, passes quite close 
to the galactic center. Here the noise peaks abruptly, 
reaching, according to the surveys, values from 5 to 20 
times the average level of the rest of the ecliptic. It 
should be remarked that the peak values are subject to 
considerable error because of the "smoothing" which 
results from attempting to resolve this sharp peak with 
antennas of appreciable beamwidth. In particular, the 
100-mc peak is probably too low because the antenna 
used in the original survey had a beamwidth of 17°. By 
the same token, of course, if relatively low-gain anten-
nas are employed in communications systems, the ap-
parent galactic peak will be reduced in height but ex-
tended in longitude. Fig. 2 is an average of numerous 
scans through the galactic center with a 22-mc antenna 
at the University of Florida radio observatory. This an-
tenna has a half-power beamwidth in the east-west di-
rection of about 30°, and it will be seen that the galac-
tic peak is spread over approximately 135°. 

Fig. 1 indicates that the average galactic level falls 
with increasing frequency. The exact spectrum of the 
galactic noise is still in doubt because of the incomplete-
ness of the available surveys and the uncertainties of 
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Fig. 2-22-mc galactic noise recorded in early 1959 at the Uni-
versity of Florida with a wide-beam antenna directed at the 
meridian. 

ionospheric absorption at the lower frequencies. Several 
investigators [6] have come to the conclusion that the 
spectrum is of the form 

B oc X", 

where n is between 2 and 2.7 over most of the radio-
frequency spectrum. 

Since the galactic noise decreases with frequency 
while receiver noise generally increases with frequency, 
it is clear that it is at the lower frequencies that the noise 
level is apt to be established by cosmic interference. 
With ordinary types of receivers, the cross-over point 
typically occurs around 150 to 200 mc. Experience at 
the University of Florida radio observatory, with anten-
na beams ranging from 20° to 35° in width, shows that 
in the 18- to 30-mc region, the noise level of the best 
commercial communications receivers is virtually neg-
ligible compared to the galactic level at any point along 
the ecliptic. 

It is well known that radio astronomers have detected 
an essentially monochromatic spectrum line due to the 
radiation of atomic hydrogen at a wavelength of 21 cm 
(this is the only noncontinuous radiation thus far con-
firmed). The hydrogen radiation follows a distribution 
in the sky roughly similar to that of the galactic noise, 
and reaches a maximum brightness of about 6X10 2° 
watt meter-2 (cps)-' sterad-', well in excess of the ga-
lactic brightness at that frequency. Because the hydro-
gen radiation is limited to a single wavelength, however, 
it is unimportant as a source of interference. 

It naturally follows that as receivers are improved, 
and, in particular, as such innovations as the maser be-
come practicable for communications, galactic noise 
will become a dominant factor over still wider regions of 
the spectrum, extending into the microwave region. 

RADIO STARS 

Superimposed on the general background radiation 
due to the galaxy are numerous localized or discrete 
sources, generally less than 1° in extent. A list of 1936 
such sources has been published by Shakeshaft, Ryle, 
Baldwin, Elsmore, and Thomson [7]. Since the ma-

jority of these sources cannot be identified with visible 
objects, they are known as "radio stars." The strongest 
of these sources show a tendency to occur near the plane 
of the galaxy. 
The most intense radio star is an object known as 

"Cassiopeia A." At a frequency of 20 mc this source 
produces a flux-density at the earth's surface of 5 X10-22 

watt per square meter per cps of bandwidth [8]. (Note 
that in dealing with sources which are small relative to 

the antenna beamwidth, it is appropriate to use the 
concept of flux-density S rather than brightness B. The 
units are similar, except that S does not involve the 
solid angle of the beam.) At higher frequencies, the 
flux-density of Cassiopeia A falls off, reaching a value 
around 6X10-24 watt meter-2 (cps)-1 at 10,000 mc. 
Most of the other strong sources show similar spectral 
behavior. 

It is of interest to inquire to what extent such a dis-
crete source will contribute to the received noise in a 
typical situation. If one assumes a frequency of 100 mc, 
the flux-density from Cassiopeia A is 2 X10-22 watt 
meter-2 (cps)-' and the galactic brightness at the posi-
tion of the radio star is 3 X10-21 watt meter-2 (cps)-' 
sterad-i. An antenna having an effective area A of 100 
meters2 will receive 2X 10-20 watt (cps)-' from Cas-
siopeia A. The beam of the antenna will have a solid 
angle 0 of about 0.1 steradian (0 = A /X2), and it will 

therefore receive 3 X10-2° watt (cps)-1 from the galaxy. 
While the contribution of the radio star is appreciable, 
the discrete source is of secondary importance even in 
this relatively favorable case of the strongest radio star 
and a rather weak galactic region. 
The next most intense radio star is only about half as 

strong as Cassiopeia A, and of the remaining sources 
only 4 reach an intensity of 10-2' watt meter-2 (cps. 
In general, the noise contribution from the radio stars 
is minor relative to the galactic background unless 
extremely high-gain, narrow-beam antennas are in-
volved. 

SOLAR RADIATION 

The radio-frequency spectrum of the sun is character-
ized by complexity and variability. Fig. 3 is an attempt 
(perhaps oversimplified) to indicate the principal fea-
tures of the radiation, which is often arbitrarily divided 
into radiation from the "quiet sun" and radiation from 
the "disturbed sun." 
At optical and millimeter wavelengths, the radiation 

follows closely that expected from a blackbody at 
6000°K. At longer wavelengths, however, the radiation 
from the quiet sun is many times more intense than 
would be expected from a body at that temperature. In 
addition, beginning at centimeter wavelengths, time-
dependent increases in the radiation become conspic-
uous. In the region between 2 cm and 60 cm, enhance-
ment of the general radiation over a range of about 2:1 
occurs, with a periodicity of weeks or months which is 
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Fig. 3—Chart of representative solar noise levels, with a 6000°K 
blackbody curve included for comparison. The curve for the dis-
turbed sun represents maximum probable values, but not record 
maxima. 

associated with the area occupied by sunspots. Moder-
ately strong outbursts of radiation in this region, lasting 
a few minutes, are connected with solar flares. 

In the longer-wavelength region of the spectrum, be-
yond a meter, the general radiation level remains con-
stant for a considerable fraction of the time, but violent 
disturbances are common, especially near the maximum 
of the sunspot cycle. So-called "noise storms," consist-
ing of trains of bursts together with a general enhance-
ment of the radiation, last for hours or days and show 

strong circular polarization. "Outbursts," lasting for a 
number of minutes, are associated with solar flares; 
they may reach intensities of millions of times the level 

of the quiet sun, and encompass virtually the entire 
radio spectrum. " Isolated bursts" of 5 or 10 seconds 
duration are even more frequent. 

Because of the complexity of the solar radio spectrum, 
it is difficult to establish statistics on the percentage of 
the time the sun is "disturbed" at any given frequency. 
Certainly the disturbances are more frequent and more 
intense near sunspot maximum. In general, the observed 
level will lie between the "quiet sun" and "disturbed 
sun" curves of Fig. 3, although the upper curve illus-
trates only typical maximum intensities. At least one 
outburst in excess of 10-15 watt meter-2 (cps)-' has been 
recorded [9]. 

The sun must be ranked as second only to the galaxy 
as a source of interference, and it takes this secondary 
position only because it is a localized, rather than a dis-

tributed, source, and as such is susceptible to at least 
partial elimination by directional antennas. It seems 
certain to create severe problems in the cases of vehicles 
sent into its own vicinity. The planet Mercury, as seen 
from the earth, is never more than 28° from the sun; 
while the earth, as viewed from a vehicle near the orbit 
of Jupiter, would always be within 11° of the sun. 

PLANETARY RADIATION 

In 1955, B. Burke and K. L. Franklin, while making a 

cosmic noise survey at 22 mc, unexpectedly discovered 
that the planet Jupiter is a strong, sporadic radio source. 
Subsequent investigations by several observatories have 
indicated that Jovian outbursts may have durations 
ranging from a few seconds to several hours. A low-speed 
pen record of a typical noise storm lasting about 11 
hours is shown in Fig. 4(a) (next page), while Fig. 4(b) 
shows high-speed records of the details of the Jupiter 
noise. These recordings were made at a frequency of 18 
mc at the University of Florida radio observatory. 

It will be noted that the noise occurs in bursts or 
groups of bursts, lasting from a fraction of a second to 
several seconds, with some indication of doublet or trip-
let patterns. The stronger bursts observed at the Uni-

versity of Florida at 18 mc have gone off-scale at flux-
densities greater than 5 X10-2° watt meter-2 (cps)-' 
while Gardner and Shain [ 10] have reported a peak in-
tensity of 10-" watt meter-2 (cps)-' at 19.6 mc. The 
observations of all workers indicate much lower flux-
densities at 22 mc and 27 mc; and a search with sensitive 
equipment [11] has indicated that any sporadic Jovian 
flux present at 38 mc or 81.5 mc must be below levels of 
1 X 10-24 and 3 X 10-" watt meter-2 (cps)-', respectively. 
Gardner and Shain report a somewhat lower intensity at 
14 mc than at 19.6 mc, but the effect of the terrestrial 
ionosphere at this frequency is uncertain. It thus ap-
pears that the observable sporadic Jovian spectrum lies 
between the terrestrial ionospheric cutoff frequency and 
a frequency of perhaps 30 mc. 

While the Jupiter radiation is highly intermittent, 
statistical studies show a high degree of correlation of 
the outbursts with the rotational period of the planet, 
indicating the existence of localized sources [12]. Since 
these sources appear to radiate over considerably less 
than one-half rotation of the planet, a directional effect 
is involved, which several workers have attributed to a 
Jovian ionosphere. According to this interpretation, typ-
ical values for the critical frequency of the planet's 
ionosphere range from 9 to 20 mc [12]. 

Individual bursts appear to have a spectral width of 
several tenths of a megacycle, and to be circularly or 
elliptically polarized in the right-hand sense [ 13]. This 
polarization suggests the presence of a magnetic field, 
and T. D. Carr of this laboratory has used the iono-
spheric model mentioned above to estimate the strength 
of the field as 7 gauss. 
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Fig. 4—University of Florida records of typical Jupiter noise outbursts. The recording speed in (a) is 6 inches per hour; that in (b) is 5 mm per second. The planet takes over 2 hours 
to travel between the half-power points of the antenna beam, so that the starting and stopping of the radiation in (a) are actual Jovian phenomena. 
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Since Jupiter is second in intensity only to the sun as 
a localized source of interference, the frequency of oc-
currence of the noise is of considerable interest. Table I 

TABLE I 

PERCENTAGE OF OBSERVING TIME DURING WHICH JUPITER 
RADIATION WAS DETECTED, 1955 TO 1959 

Source of Data Year Frequency 
Percentage of 
Time Jupiter 

Active 

Gardner and Shain 1101 
Gallet [221 
Gallet 
University of Florida 
Gallet 
Gallet 
University of Florida 
University of Florida 
University of Florida 
University of Florida 
University of Florida 
University of Florida 

1955-56 19.6rnc 5percent 
1956 18 8.5 
1956 20 16.9 
1956-57 18 22 
1957 18 6.1 
1957 20 10.6 
1957-58 18 1.5 
1957-58 22.2 0.8 
1957-58 27.6 0 
1959 18 4 
1959 22.2 1.5 
1959 27.6 0.1 

is a summary of the reports of several observatories of 
the percentage of actual observing time during which 
Jupiter noise was recorded. It will be seen that the 18-
mc activity, e.g., ranges from a high of 22 per cent to 
a low of 1.5 per cent. The University of Florida records 
indicate that, considering both duration and intensity, 
Jupiter was about 7 times as active in 1956-1957 as it 
has been in the subsequent two years. Whether these 
variations can be correlated with other phenomena, such 
as the sunspot cycle, remains to be established. In a num-
ber of instances during the 1957-1958 apparition, short 
bursts of noise were observed at the University of Flori-
da immediately prior to sunrise, during periods when the 
planet seemed to be inactive. Carr has hypothesized 
that these events may be due to transitory focusing of 
low-level Jovian radiation by a terrestrial ionosphere 
gradient [ 13], in which case it may be that the planet 
emits weakly much or all of the time. 

Extensive monitoring of Saturn at 18 and 22 mc by 
the University of Florida observatory has resulted in 
the recording of several disturbances of possible Satur-
nian origin during the 1957 and 1958 apparitions. These 
events resembled weak bursts of Jupiter noise, lasting 
only a few minutes and reaching a maximum intensity 
of 6X10-21 watt meter-2 (cps)-1. Allowing for the greater 
distance of Saturn, these bursts are comparable to the 
stronger Jovian outbursts. Smith at Yale [ 14] has also 
recorded possible Saturn noises at similar frequencies. 
At the present time, the low altitude of Saturn as seen 
from the United States, as well as its location in the 
noise peak near the galactic center (Figs. 1 and 2), im-
pose observational difficulties which have prevented the 
results from being conclusive. 

In 1956, Kraus reported bursts from Venus which 
reached an intensity of 9X10-22 watt meter-2 (cps)-1 on 
26.7 mc. The bursts consisted of short pulses of much 
less than a second's duration, and of longer pulses which 

lasted up to several seconds and had a spectral width of 
at least 2 mc [15]. Several months of monitoring 
Venus at 27.6 mc at the University of Florida observa-
tory in 1958 failed to recover the radiation [ 13]. It is 
possible that the Venusian activity observed by Kraus 
has suffered a temporal decline similar to that of Jupi-
ter. 
The prominent Comet Arend-Roland (or 1956h) was 

reported as a radio source by Kraus [16] and by Cou-
trez, Hunaerts, and Koeckelenbergh [ 17]. Coutrez, et al. 
measured a peak flux-density of 8 X 10-23 watt meter-2 
(cps)-4 at 600 mc when the comet was at a distance of 
0.7 astronomical unit, while the maximum intensity re-
corded by Kraus at 27.6 mc was 5 X10-22 watt meter-2 
(cps)-'. Conspicuous comets are, of course, of such in-
frequent occurrence as to be relatively unimportant as 
potential sources of noise. 

Radio-frequency thermal radiation has been measured 
for the moon and for the planets Venus, Mars, Jupiter 
and Saturn. For the moon, at a frequency of 35 kmc, the 
received thermal flux density [ 18] approximates 10-" 
watt meter-2 (cps)-' ; outside of the microwave region the 
thermal flux is presumably immeasurably small. Plane-
tary thermal fluxes are similarly detectable only at very 
short wavelengths. The largest reported is that of Venus 
[19], 10-" watt meter-2 (cps)-' at 9500 mc, while the 
smallest is a value of 4X10-" for Saturn at 8000 mc 
[20]. At present, these fluxes are obviously of only 
minor importance as sources of interference, requiring 
integration times for their bare detection which would 
be impracticably long for communication systems. 

Quite recently, observers at the National Radio As-
tronomy Observatory, the California Institute of Tech-
nology, and the Naval Research Laboratory have de-
tected anomalously strong microwave radiation from 
Jupiter at wavelengths ranging from 3 cm to 68 cm 
[21]. Although the radiation is intense enough to indi-
cate unrealistically high temperatures if it is interpreted 
as thermal radiation (some of the "temperatures" run 
as high as 70,000°!), the fluxes are still of the order of 
only 10-25 watt meter-2 (cps)-'. Drake has suggested 
that the radiation may be due to a Jovian Van Allen 
Belt. 

CONCLUSION 

Table II is an attempt to list maximum values of the 
interference which may be produced at position of the 
earth by the various sources discussed above. For the 
solar system sources, the inverse square law must of 
course be applied to find the intensities at other points 
in space. 
The galactic noise is the most ubiquitous form of in-

terference, and, except for the case of communications 
taking place within a small angular substense from the 
sun, it is probably the most serious. The planet Jupi-
ter is an extremely noisy body which is certain to cause 
problems with communications systems in its vicinity 



1960 Smith: Extraterrestrial Noise as a Factor in Space Communications 599 

TABLE II 

APPROXIMATE MAXIMUM INTENSITIES OF VARIOUS SOURCES* 

Source 
Maximum 
Observed 
Intensity 

Wavelength 
Region of 
Greatest 
Intensity 

Galactic noise 

Hydrogen line 

10-12 watt 
meter-2 (cps)-1 
sterad-' 

6X10-2° 

15 meters 

21 cm 

Sun 

Jupiter 
Saturn (?) 
Venus (?) 
Moon (thermal) 
Radio stars 
Comet 
Planets (thermal) 

10-n watt 
meter-2 (cps)-1 

10-19 

6X10-2' 
10-21 
10-21 
5 X10-22 
5 X10-" 
10-24 

1-10 meters 

15 meters 
15 meters (?) 
10 meters (?) 
.41 meters 
15 meters 
10 meters 
M meters 

Temporal 
Characteristics 

Constant 

Constant 

Sporadic 

Sporadic 
Sporadic 
Sporadic 
Constant 
Constant 
Variable 
Constant 

* Data do not extend below 20 mc, since ionospheric absorption 
introduces serious uncertainties at that point. 

(although, by the same token, the Jovian radio out-
bursts might be used to actuate homing devices). 
Saturn and Venus may also belong in the category of 
sporadic radio-frequency emitters, although the evi-
dence in these cases is not as yet clear-cut. 

Examination of the spectral characteristics of the 
various sources indicates that, except for thermal emis-
sion, interference is most serious at the long-wavelength 
end of the radio-frequency spectrum. This would sug-
gest that the future of long-range communication sys-
tems lies in the development of low- noise microwave de-
vices such as the traveling-wave tube and the maser. 
Because of ionospheric absorption, knowledge of the 
spectra of extraterrestrial sources at frequencies below 
20 mc is incomplete and inaccurate. The extension of 
measurements into this region is one of the exciting pos-
sibilities associated with lunar or space observatories. 
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Space Communications Requirements of the 
Department of Defense* 

JAMES O. SPRIGGSt 

Summary—Military requirements for space communications are 
described in terms of general needs rather than specific applications. 
Communications to meet these needs may be divided into communi-
cations to, from, and among objects in space. The functions of these 
communications are command, tracking, and data transmission, the 
major considerations affecting each function being briefly described. 

Communications by means of objects in space, which is of most 
interest here, is comprised of systems utilizing either passive or ac-
tive relay objects. The latter systems may be delayed retransmission 
types or real time repeaters, both of which may have military applica-
tion. 

THERE is enough uncertainty as to what is meant 
by a military requirement to suggest that any 
discussion of the the subject should begin with at 

least a perfunctory explanation. There are, of course, 
formal, stated military requirements generated by the 
Military Departments individually, or jointly through 
the Joint Chiefs of Staff. In general, these requirements 
will be in areas where the need for a weapons system or 
components is clearly defined and the technology that 
supports it is well advanced. This type of requirement 
may be carried so far as to attempt to describe the 
weapons system to meet the need, rather than just the 
need itself. However, needs or requirements, in the 
broad sense, can exist without the technology to sup-
port them, and technology can exist without the need 
for its application to a military use. There are, accord-
ingly, areas where the technology to meet the need is 
new or perhaps does not exist. This latter situation is 
true for much of space communications, where applica-
tion of the latest advances in orientation control sys-
tems, low-noise receivers, modulation techniques, and 

efficient converters of power to radio frequencies are 
required by the great cost of putting payloads into 
space. These applications will grow and become better 
defined as a result of the continuous relating of an im-
proved appreciation of these needs and the developing 
technology. 

Space communications is defined as communications 
with and among objects in space. Communications by 
means of objects in space may be considered to be an 
application of the techniques of space communications. 

In regard to communications with objects in space, 
the communications link to the object is often easier to 
achieve than the link from it, because the information 
rate required is usually considerably less, since it is 
limited to a few discrete preselected commands. This is 
true because the space object is usually the source of in-

* Original manuscript received by the IRE, December 2, 1959. 
t Advanced Research Projects Agency, Dept. of Defense, Wash-

ington, D. C. 

formation obtained by measuring devices in the object. 
However, even for those missions where the information 
rate can be considered high, as in, for instance, the out-
going leg of a television relay satellite, the average pow-
er and antenna aperture needed for the work are not so 
limited by weight considerations, highly directive an-
tennas being practical on the ground. The problems that 
do exist for the outgoing link still center around the 
space-borne equipment, involving, in addition to the 
overwhelming problem of reliability in a difficult envi-
ronment, resistance to interference and, more specifi-
cally, linearity of signal channels. 

The incoming leg of a communications link with a 

space vehicle will be more difficult, primarily becauee 
the power available for the purpose will be restricted by 
the very high launching costs per unit weight, and high 
reliability will be required for high-power components. 

Antenna aperture will be limited both by the cost and 
also by considerations of constructing and automatically 
and reliably orienting such apertures in space. In addi-
tion, for some applications, the need for illumination of 
a large area on the earth rather than the single address-
ee characteristic of the ground-to-space leg may restrict 
the antenna directivity and consequently the aperture 
and gain available. 

Communications among objects in space unfortunate-
ly has all the problems of ground-to-space and space-to-
ground, plus additional difficulties associated with ini-
tial and continued orientation of antennas, which are 
relieved only slightly by the availability of a wider fre-
quency spectrum for the purpose (below the VHF and 
above the Sill: bands). The technical considerations of 
communications ground-to-space, space-to-space, and 

space-to-ground have been quite concisely discussed in 
an article by Rechtin. 1 

Military requirements for communications with ob-
jects in space involve the functions of command, track-
ing and data transmission. It is well to recall here that 
the purpose of communications is to transmit informa-
tion and that information consists of change, if change 
is defined to include more precise determination of a 
steady-state condition. Accordingly, the purpose of 
commands is to achieve a change; for example, to 
change the path of a space vehicle, perhaps to achieve a 
rendezvous with a previously launched satellite; to direct 
recovery of a data package at a particular location; to 
start or stop a data transmitter; and to perform a se-

I E. Rechtin, "Feasibility of space communications," in "Space 
Technology," Howard Seiffert, Ed., John Wiley and Sons, Inc., New 
York, N. Y.. ch. 21; 1959. 
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quence of tasks or experiments that cannot be prepro-
grammed but may be dependent on earlier data gath-
ered by the space vehicle. Commands are accordingly 
required for satellite interception, recovery of weather 
photographs, readout of stored data, and directing the 
acquisition of particular data that have been found to 
be of interest. 

Tracking of space vehicles consists of measuring 
range, range rate, angles and angular rates of a space 
vehicle from an observation point. The space vehicle's 
path comprises information, or more correctly, what is 
not already known about its path comprises informa-
tion. This information is communicated by the change 
(over what can be predicted) of length and direction of 
an electromagnetic path. 

Tracking of space vehicles for military purposes is a 
difficult subject to discuss briefly. In general, it may be 
said that any vehicle must be tracked well enough so 
that it can be found, unambiguously, at any future date. 
The accuracy of tracking and, correspondingly, the ac-
curacy of prediction of its path required for this pur-
pose, varies with the time lapse expected before the next 
observation, and the number of other objects in space 
and the similarity of their paths. The frequency of ob-
servation is largely determined by unpredictable per-
turbing influences, such as uncertainties in air drag; of 
course, more frequent observations improve the meas-
urement accuracy. This sets a minimum value for com-
prehensive knowledge of vehicle paths. For a particular 
military objective the accuracy required may greatly 
exceed the minimum, as in navigation, mapping, and 
geodesy. It may also be less than this so-called mini-
mum, when a comprehensive knowledge of all space ob-
jects for a particular mission is of no consequence. An 
example of this is the delayed repeater communications 
satellite, where at remote locations the satellite's orbit 
need only be known well enough to acquire it in a mod-
erately broad beam on the next usable orbital pass. 

Data transmission from military space vehicles will 
be similar to that for nonmilitary use with regard to the 
variation in need for amounts of information to be trans-
mitted. Most missions will require relatively low 
amounts and rates of transmission. Others, such as 
meteorology, are limited by the information storage ca-
pacity and, more basically, by the power that can be 
provided in the space vehicle. Differences between the 
military missions and the nonmilitary are characterized 
for the military by an additional need for security, 
both in the characteristics of the data sent and in its 
availability for readout, and by added resistance to 
interference. 
Communication by means of space vehicles has im-

portant potentialities to meet military needs. Stated 
broadly, communication beyond line-of-sight but using 
what were formerly considered "line-of-sight" frequen-
cies has rapidly become possible by artificially induced 
means. Long distance point-to-point communications 
become limited by the power that can be produced in 

(or reflected from) a satellite, rather than being limited 
by the usable bandwidth that is available in the HF and 
lower spectrums or the severe signal attenuations inher-
ent in natural tropospheric and ionospheric scatter cir-
cuits. 
Two approaches to communications by space vehicles 

are possible: the use of either active or passive space 
objects as relay points. These objects may utilize fre-
quencies from 20 mc to above 50 kmc and, in theory, 
optical frequencies corresponding to the atmospheric 
"windows." 

Passive space relays are attractive by reason of their 
simplicity, reliability and lack of intermodulation prob-
lems. They are unattractive because of their intimate 
relationship to the "fourth power" law that makes the 
received power a function of the fourth power of the 
distance from the transmitter to the space object to the 
receiver. Distances in space are inconveniently large for 
this purpose. Passive objects may be metallic balloons, 
dipoles, assorted configurations of flat surfaces, and 
miscellaneous debris such as burnt-out final stages of 
launching vehicles and nonradiating satellites. 

Active space objects for communications are perhaps 
of more military interest than the passive objects, if the 
reliability problems can be solved. These active types 
can be divided into two categories, delayed relay and 
real time relay. In the first type, information via a 
ground-to-space link is stored in a satellite flying at a 
relatively low altitude, physically transported to a new 
location, and the stored information is read out at this 
location. The well-known example of this technique is 
the SCORE Project. This type has the advantages of 
short terminal transmission paths (a few hundred 
miles), low demands on the launching vehicle's perform-
ance or, conversely, higher potential power in the space 
equipment and consequently a higher data transmis-
sion rate. It has the disadvantages of an appreciable 
time delay due to the satellite travel time plus addition-
al delays because of synchronization incompatibility. 
These latter delays are a function of the orbit period 
and the earth's rotation period for particular inclina-
tions of orbit and site locations. For military purposes 
there are some possible advantages in this type from a 
security point of view, because of the limited areas from 
which a low-flying satellite may be seen. 
Low flying satellites do not necessarily have to use 

this relay technique. An interesting possibility is to use 
a number of satellites with a prescribed orbital phase 
relationship to each other whereby, in cooperation with 
a corresponding series of ground stations, a multiple 
hop HF communications system in real time may be 
simulated at VHF and UHF. 
A more intellectually satisfying approach is that of 

the single vehicle real time repeater. In order to be seen 
from widely separated distances on earth a single ve-
hicle must, of course, be at a high altitude. This crite-
rion is met at about 8000 miles altitude. However, the 
energy required to impart this circular orbit altitude 
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corresponds to that required to escape from the earth's 
gravitational field and, in addition, requires a number 
of satellites in a pattern to provide continuous point-
to-point communications. A satellite at about 19,000 
nautical miles altitude, variously called a 24-Hour, Sta-
tionary or Synchronous Satellite, becomes interesting 
because only one satellite is required for continuous, 
point-to-point (or point-to-area) communications for 
nearly a hemisphere of the earth's surface. However, 
this requires considerably more energy for injection 
than even an escape mission requires, so that for a given 
vehicle a lesser payload is possible than for satellites at 
lower orbits. At the same time the power requirements 
have gone up in proportion to the square of the addi-
tional distance or, more realistically, the bandwidth 
that can be transmitted has been reduced in proportion 
to the square of the distance. 

These considerations must be balanced against each 
other and against many others in any selection of a 
space communications system to meet military needs. 
The low-flying delayed relay satellites appear to have 
promise of handling a great amount of the routine com-
munications traffic associated with logistics and person-
nel operations where moderate time delays are not im-
portant and may actually be less than that due to nor-
mal HF traffic backlogging. This will relieve the HF cir-
cuits for greater reliability in higher priority messages. 
The higher altitude satellites can be used to provide re-
liable real time communications where the bandwidth 
requirements are compatible. As launching vehicle ef-
ficiencies improve, in terms of pounds of payload in 
orbit per dollar, and as reliability and useful life prob-
lems are solved, satellites will become increasingly im-
portant for military communications. 

Communication Satellites* 
DONALD L. JACOBYt 

Summary—This paper is intended to provide a review of com-
munication satellites starting with their comparatively brief history 
and continuing through present developments and future concepts 
and the probable impact on global communications. 

The advantages and disadvantages are considered for various 
types of passive and active devices, for various orbits, and from the 
standpoint of both military and commercial applications. Considera-
tion of all major technical and economic factors leads to the conclu-
sion that a system of 3 or 4 repeater satellites in 24-hour orbits will 
best meet future world-wide communication requirements. A number 
of system concepts are described, including time-synchronous and 

frequency-sharing systems. 
Important aspects of communication satellite design are dis-

cussed including electronics, antennas, power supply, structure, at-
titude and position stabilization, command control, and telemetering. 

Selection of frequency is shown to be not critical over a wide range. 
Choice of design parameters such as power output, antenna gain, 
stabilization accuracy, etc., is largely dependent on the desired capac-
ity of the communication system and the available satellite payload. 
Some typical parameters for a high capacity system are presented. 

Reliability is an over-riding consideration in satellite design and 
it is proposed to achieve desired life by proper choice of components, 
by use of redundancy, and by minimization of satellite requirements 
at the expense of the ground equipment. 

Based on published information on ARPA-NASA programs and 
booster capabilities, some estimates are made of the rate of progress 
which can be expected in communication satellites, leading to their 
eventual use in military and commercial communications. Wide ap-
plication is foreseen because of increasing communication require-
ments which will saturate existing facilities. 

* Original manuscript received by the IRE, December 2, 1959. 
t U. S. Army Signal Res. and Dey. Lab., Fort Monmouth, N. J. 

INTRODUCTION 

HE next ten years will see a revolution in world-
wide communications with the advent of the 
communication satellite. In this age of jet planes, 

nuclear power, and moon rockets, our communication 
facilities have simply become outmoded. These facili-
ties have served us well and will continue to do so in the 
future, but they are not good enough. They will not 
handle the greatly increased volume of communica-
tions. They will not support world-wide television 
which could contribute to improving international 
understanding. Present communications are too easily 
disrupted. A slight increase in sunspot activity can cause 
all radio communication to Europe to be blacked out. 
A fishing trawler may accidentally cut the North At-
lantic telephone cable. While these events present dif-
ficult problems to civilian communications, the impli-
cations of even temporarily being cut off from the rest 
of the world are far more serious from a military stand-
point. 

During the past two years, communication satellites 
have attracted considerable interest within both indus-
try and government. There has been a successful launch-
ing of a communications satellite (Project SCORE), and 
development programs have been initiated both within 
the civilian space agency and the Department of De-
fense. Rather than discuss any specific programs, an 
attempt at an underlying philosophy of communication 
satellites will be presented, starting with the objectives. 
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OBJECTIVES 

What should be some of our major objectives in de-
veloping a system of communication satellites? First of 
all, we are looking for reliable communications which 
provide uninterrupted service over long periods. The 
system should have high capacity with capability for 
handling large volumes of all types of traffic. It should 
be sufficiently flextble to serve the maximum number of 
potential users. There should be minimum delay in 
transmission. Last but not least, it should be economical 
in ternis of the cost of the services rendered. Each of 
these factors will be discussed in more detail, and the 
communication satellite will be compared with some of 
our existing facilities. 

Reliability 

There are two types of reliability of interest to us. 
The first of these is propagation reliability. The high-
frequency band has always been subject to the vagaries 
of the ionospheric layers which surround the earth. 
Thus, only a portion of the HF band is actually useable 
at any given time over a particular path. In addition, 
multipath effects seriously limit the amount of informa-
tion which can be transmitted over a given channel. 
Added to these limitations are the blackouts which may 
result from ionospheric disturbances caused by sunspot 
activity. (As indicated in the New York Times last 
March, similar disturbances can be introduced by high-
altitude nuclear explosions.) One is forced to the con-
clusion that HF radio via the ionosphere is not highly 
satisfactory as a propagation medium. 
By contrast, a communication satellite of the active 

repeater type employing line-of-sight transmission at 
microwave frequencies would be extremely reliable from 
a propagation standpoint. However, the communica-
tion satellite introduces a different type of reliability 
problem, that of reliable unattended operation for long 
periods while in orbit. Some experts doubt that a reli-
ability sufficient to make a communication satellite eco-
nomically feasible can be achieved. It is believed that a 
reliable communication satellite can be developed with 
a minimum guaranteed life of one year based on the fol-
lowing assumptions: there is major effort to develop 
components of proven reliability for this application; all 
components are operated well within their ratings; the 
satellite design provides adequate protection during the 
launching and while in the space environment; and, 
finally, adequate use is made of redundancy to further 
increase the probability of successful operation. De-
spite the formidable problems, the satellite does enjoy 
some advantages. Unlike ground equipment, particu-
larly military, which must withstand extremes of oper-
ating temperature, humidity, atmospheric pressure, and 
mechanical shock, the electronic equipment in the 
satellite will be provided, once in orbit, with an almost 
fixed environment devoid of the factors that generally 
contribute to reducing component life. 

High Capacity 

Through the years we have been dependent, almost 
exclusively, on high frequencies in the band 5 to 20 
megacycles for our long range global communications. 
These frequencies are shared among all countries and 
must support both military and civilian applications. 
The narrow range of frequencies, and the propagation 
characteristics discussed previously, seriously limit the 
total communication capacity. 

It is not surprising that there is always great interest 
in new techniques which promise to open additional 
areas of the frequency spectrum to long-range com-
munications. Recent examples are ionospheric and 
tropospheric scatter propagation. The communication 
satellite will open up the complete range of frequencies 
to 10,000 megacycles for long range communications, 
thus providing nearly 1000 times the spectrum available 
in the HF band. 

Flexibility 

One of the requirements is to provide sufficient flexi-
bility in our system so that new or changing demands 
around the world can be satisfied without major over-
haul or replacement of facilities. A major disadvantage 
of the submarine cable, for instance, is its lack of flexi-
bility, being strictly a point-to-point fixed-plant type of 
facility. On the other hand, a system of communication 
satellites in 24-hour equatorial orbits, by providing wide 
bandwidths and essentially global coverage, places a 
minimum of restraint on the number and location of 
ground stations served and the volume of communica-
tion furnished to each. 

Minimum Delay 

Another of our objectives is to speed up our com-
munications. All too frequently urgent messages are de-
layed because our facilities are congested or because 
propagation conditions are poor. Recently, a television 
program was seen in the United States only a few hours 
after it was broadcast in England and this was consid-

ered a major achievement. Some of the advantages of 
communication satellites previously discussed, such as 
the wide bandwidth, will not only make possible world-
wide television broadcasting in real-time, but will re-
duce delays in all types of communications. 

Economics 

If one accepts the fact that communication satellites 
will improve global communications, it is still reasonable 
to ask how much they will cost. Here we find that com-
munication satellites have some unique characteristics. 
In the first place, the quantity of satellites required is 
not sufficient to warrant production tooling, and, there-
fore, they will always be expensive by comparison with 
mass-produced equipment. Of far greater significance, 
however, is the cost of the launching vehicles, which 
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may run 5 to 10 million dollars or more depending on the 
satellite weight and the orbit. The present state of the 
art requires perhaps three launchings to insure one suc-
cessful satellite, but missile experts hope that this ratio 
can be improved in the future. If the most pessimistic 
figure is taken, it could cost as much as 90 million dol-

lars for the vehicles alone for a system of 3 satellites in 
24-hour orbit. Once in orbit, a communication satellite 
has no operating and maintenance costs in the usual 
sense. However we must plan on periodically replacing 
satellites which have failed. It is easy to see that, on a 
long term basis, the cost of a communication satellite 
system is thus intimately tied to the reliability of the 

satellite, and a few million dollars to improve reliabil-
ity during development would save many times that 
amount during each year of operation. 

SURVEY OF TYPES OF COMMUNICATION SATELLITES 

Thorough review of all factors has led to the conclu-
sion that an active repeater type of satellite in a 24-hour 
equatorial orbit offers the most promise for advancing 
global communications. However, in view of the relia-
bility problems and the anticipated costs of a communi-
cation satellite program, it would be well to briefly re-
view the pros and cons of alternative approaches which 
are under development or have been proposed. 

Passive Reflector 

A concept which has attracted considerable interest is 
that of the passive reflector satellite as described re-
cently.' Some of the advantages of such a system are its 
inherent reliability and the possibility of being shared 
by a large number of users operating over a wide range 
of frequencies. However, a typical system operating be-
tween two locations 2000 miles apart would require a 
total of 24 100-foot balloons in randomly spaced orbits 
at 3000 miles altitude for an outage time of 1 per cent. 
In addition, to support meaningful communication 
bandwidths, extremely large transmitter powers, low-

noise temperature receiving systems, and large track-
ing antennas with beamwidths of the order of 0.05° are 
required. Substantially greater numbers of satellites 
would be required to provide longer range or wider 
coverage than the examples cited and, therefore, they 
do not appear to be an economical solution to providing 
truly global communications. 
The passive reflector satellites would be more attrac-

tive if they could be stabilized in attitude, permitting 
use of more efficient reflecting surfaces, or if the satel-
lite orbits could be synchronized so as to reduce the 
number of satellites required. However, the satellites 
then cease to be "passive" and reliability is no longer 

inherent in the system. 

' J. R. Pierce and R. Kompfner, "Transoceanic communications 
by means of satellites." PROC. IRE, vol. 47, pp. 372-380: March, 
1959. 

Delayed Repeater Satellite 

This concept envisons a satellite in low-altitude (300 
to 2000 miles) orbit providing communications between 
a number of ground stations. Each ground station pro-
vides facilities for storing communication traffic des-
tined for other stations and transmitting this traffic to 
the satellite during the time the satellite is in view. Si-
multaneously, the ground station will receive from the 
satellite traffic from other ground stations which have 
been stored in the satellite. The satellite is equipped 
with recorders and appropriate control circuits which 
can be commanded from the ground or perhaps operate 
on a prearranged program. 
A satellite in equatorial orbit can provide communi-

cations to stations in the equatorial zone on each satel-
lite orbit. In orbits other than equatorial, a satellite 
will serve a larger area but will in general serve a par-
ticular station less frequently. The higher the altitude 
of the satellite, the longer is the time in view for each 
ground station and the larger is the area served. 
The delayed repeater satellite appears to be an eco-

nomical method of providing communications where 
delays of 2 to 3 hours are tolerable. It is most efficient 
when operating in the region of the equator. It is not 
intended to provide global coverage or communication 
of a high priority nature. 

COMMUNICATION SATELLITE IN 24-HOUR ORBIT 
—SYSTEM DESIGN 

This concept is illustrated in Fig. 1. Three satellites 
at an altitude of 22,300 miles and equally spaced over 
the equator circle the earth in 24-hour equatorial orbit. 
Because of the earth's rotation, they appear to remain 

22,300 
MILES 

Fig. 1—Concept of three communication satellites in 24-hour equa-
torial orbit, showing geometrical relationships in the equatorial 
plane. 
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fixed to an observer on the earth. Such a satellite system 
will provide complete global coverage with the excep-
tion of the extreme polar areas. Each satellite will be 
equipped to receive, amplify and retransmit signals orig-
inating at stations within its area of coverage and in-
tended for other stations in the sanie area. Switching be-
tween areas could be accomplished by direct relay be-
tween satellites, but since this might prove difficult to 
control, a preferred method is to locate ground repeat-
ers in the areas visible to 2 satellites, as shown in Fig. 2. 

Within the concept described there are at least three 
approaches to system design. In the first of these [see 
Fig. 3(a)] and the most straightforward, two frequency 
bands are employed, one for transmissions from satel-

o 

Fig. 2—Method of switching between areas in a 24-hour 
satellite communication system. 
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Fig. 3—System design approaches in a 24-hour 
satellite communication system. 

lite to ground and the other for transmission from 
ground to satellite. These frequency bands are sub-
divided, not necessarily equally, among the ground sta-
tions and the inter-area repeaters. 

In the second approach [see Fig. 3(b) ] all stations 
would have common frequencies, but would transmit 
and receive at different times. This system entails great-
er complexity than the first because of the need for 
maintaining precise synchronism between stations and 
the probable variations in delay time in the transmis-
sion path due to fluctuations in satellite position. 
A third approach would again have all stations shar-

ing common frequencies, but with all stations transmit-
ting and receiving simultaneously. Each signal would 
be furnished with an identifying code. Separation of 
signals at receiving stations would be by correlation de-
tection techniques [ Fig. 3(c)]. 
Some discussion of frequencies to be employed for 

these systems seems appropriate at this point. Frequen-
cies below a few hundred megacycles should be avoided 
because of ionosphere effects. Frequencies above 10,000 
megacycles are subject to attenuation in the atmosphere 
due to oxygen, water vapor, and rain in varying degrees, 
the attenuation being most pronounced for grazing 
paths and less significant for paths normal to the earth's 
surface. Having established rough upper and lower lim-
its on frequency, the basic formula for transmission in 
free space will be examined. 

Pu = PT Gr GR — 37 — 20 log f — 20 log d 

where 

PT= transmitted power in dbw, 
PR = received power in dbw, 

GT = transmitting antenna gain in db (relation to iso-
tropic), 

GR= receiving antenna gain in db (relation to iso-
tropic), 

d = distance in miles, 
= frequency in megacycles. 

If we now decide that the satellite antenna should have 
a fixed beamwidth such that it exactly illuminates the 
earth, and if we further establish a practical limit on the 
size of the ground antenna, only one of the antenna 
gains will be a function of frequency and PR will then 
be independent of frequency. Thus, the actual choice of 
frequency boils down to availability of reliable compo-
nents, such as tubes having necessary power output, 
bandwidth, efficiency, and considerations of mutual in-
terference with other users of UHF and SI-IF frequen-
cies. 

Noise is not expected to be a serious problem in the 
ground-to-satellite path since high-power transmitters 
may be employed. However, satellite transmitter pow-
er may be limited by payload restrictions in which case 
use of parametric amplifiers or masers may be required 
to minimize the effective noise temperature of the 
ground receiver. 



606 PROCEEDINGS OF THE IRE April 

Table I lists typical system parameters for a hypo-
thetical communication satellite system handling 12 
PCM voice channels between a pair of ground stations. 

TABLE I 

Frequency Satellite Ground 

Transmitter Power 
Antenna Gain 
Receiver Bandwidth 
Receiver Noise Figure 
Carrier to Noise 
Channel SIN 

2000 megacycles 2000 megacycles 
18 decibels 49 decibels 
1 megacycle 1 megacycle 

10 decibels 3 decibels 
37 decibels 24 decibels 

60 decibels 

SATELLITE DESIGN 

Some aspects of communication satellite design, 

which are of particular significance if we are to meet 
our over-all system objectives, will now be briefly dis-
cussed. More detailed information is available in a re-
cent paper.' 

Weight Limitation 

For the next few years we will be severely limited in 
the payload that can be placed in orbit by available 
boosters. These capabilities can be expected to increase 
and within 10 years we should be able to place payloads 
of several thousand pounds into 24-hour orbit. However, 
it is generally true that the heavier the payload, the 
greater will be the cost of the booster to place it in a 
given orbit. Therefore, it is important to design for 
minimum weight by use of materials and structures with 
maximum strength-to-weight ratio, by employing the 
most efficient power sources, and by minimizing power 
requirements. 

Stabilization 

Attitude stabilization of the satellite is essential to 
positive control of the satellite orbit and is also a major 
factor in weight reduction. It permits use of a direction-
al antenna with consequent reduction in power require-
ments. It also permits the incorporation of solar cell 
platforms that rotate to always face the sun, thus im-
proving power supply efficiency by a factor of 6. Atti-
tude stabilization may be achieved by means of sun and 
star trackers, horizon sensors, or radio signals from the 
ground, controlling a system of gas nozzles. 

.1ntennas 

The satellite antenna may be a single fixed parabola. 
Linear polarization is satisfactory, provided that the 
ground antenna is circularly polarized. In the case of a 
24-hour satellite, a beamwidth of 20° will illuminate the 
earth with some margin provided for attitude varia-
tions. Higher gain antennas may be employed to illumi-

J. E. Bartow, G. N. Krassner, and R. C. Riehs, " Design con-
siderations for space communication." 1959 IRE NATIONAL CONVEN-
TION RECORD, pt. 8. pp. 154-166. 

nate specific areas or increase system margin but this 
either places more severe requirements on attitude sta-
bilization or requires some form of steerable or elec-

tronically scanned antenna. 

Power Supply 

As discussed previously the most efficient power sup-
ply in the foreseeable future is a solar cell platform 
which rotates so as to always face the sun. Present solar 
cells have an efficiency of 10 per cent and will provide 
approximately 10 watts per square foot of platform 
area. Some improvement in efficiency, perhaps to 13 per 
cent, is foreseen in the future. A battery supply should 
be added in parallel with the solar cell supply if opera-
tion is desired during periods when the satellite is in the 
earth's shadow. This amounts to less than 1 per cent of 
the time for a satellite in 24-hour orbit. 

Communication Electronics 

The major emphasis in the design of the communica-
tion electronics must be on reliability. We must select 
only components of proven reliability; we must oper-
ate them well within their ratings; and components 
must be protected from damage by micrometeorites and 
radiation. Present microwave tubes are not capable of 
operating continuously for a year or more for this ap-
plication and extensive research and development is 
required in this area. Reliable components will be sup-
plemented by prudent use of redundancy to insure 
maximum useful life of the satellite. A likely circuit con-
figuration is shown in Fig. 4. This is basically a hetero-
dyne repeater, with traveling-wave tubes a logical 
choice for the wide-band amplifier stages. 

— I AMPL. — I MIXER I— 

L O. 

AMPL. — 1 MIXER 

f I 
DUPLEXER 

L O. 

AMPL 

Fig. 4—Basic design of communication satellite repeater. 

Command System 

The satellite will undoubtedly require some degree of 
control from the ground through a command link. Such 
a link could provide control of satellite position as well 
as commands to activate or deactivate portions of the 
satellite communications equipment and other func-
tions. Commands would be in coded form to minimize 
the possibility of interference. 
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Telemetry System 

There is also a requirement for a telemetry link from 
the satellite to the ground to provide information vital 
to operation of the communication satellite system. The 
telemetry system will monitor the performance of the 
communication equipment, the power supply, and the 
attitude stabilization system and will provide acknowl-
edgment of commands and verification that they have 
been acted upon. During the research and development 
phase, the telemetry link serves the additional important 
function of checking the adequacy of the design, the in-
formation derived serving as a basis for design modifi-
cations in later satellites. 

Orbit Correction 

Ideally, a satellite in a 24-hour equatorial circular 
orbit will remain over a fixed point on the earth. In prac-
tice it is anticipated that initial inaccuracies together 
with effects of the moon's gravity, solar radiation pres-
sure, etc., will bring about perturbations in the orbit 
requiring periodic correction during the useful life of the 
satellite. In order that the satellite orbit may be proper-
ly controlled from the ground, it is likely that a track-
ing beacon will be incorporated in the satellite. Track-
ing will be required at a number of ground locations un-
less the tracking beacon is of a transponder type, sup-
plying range in addition to angle information. Doppler 
measurements are useless in tracking a 24-hour satellite 
because of the small magnitude and unpredictable vari-
ations of differential velocity. Information from the 
ground tracking stations will be fed to a computer which 
will determine the direction and timing of the corrective 
thrusts which must be applied to the satellite. It appears 
feasible to maintain a satellite within 1 or 2 degrees of 
its desired location by these techniques. 
The command, telemetry, and tracking systems may 

operate close to the communication band and share 
common antennas. However, they do not require wide 
bandwidths and could operate at considerably lower 
frequencies. The decision may depend on whether track-

ing and position control are performed at the communi-
cation ground station or at separate locations. 

Structure 

As discussed previously, there will be a maximum 
weight for the satellite. There will also be maximum 
dimensions for the satellite during the launching period 
as dictated by the final stage rocket configuration. 
Hardware which will project from the main body of the 
satellite, such as the solar cell platform and the anten-
na, will be in a collapsed position during launching, and 
extended only after separation from the last stage. The 
satellite must be designed to withstand the conditions of 
vibration and shock during launching and to have a 
maximum degree of dynamic stability in orbit. 

Thermal Design 

The satellite must provide a satisfactory thermal en-
vironment for the electronics and other components. 
The power dissipated in the form of heat by the elec-
tronic equipment must be brought to the outer surface 
whence it can be radiated. The outer surface must be 
designed, using special coatings as required, to strike a 
balance between radiation and absorption such as to 
maintain internal and external temperature within de-
sired tolerances. In the particular case of the solar cells, 
it is essential that close thermal control be maintained, 
since their efficiency drops off rapidly at higher tem-
peratures. Thermal storage devices may be required to 
prevent wide variations in thermal conditions as the 
satellite traverses its orbit. 

CONCLUSION 

Serious shortcomings exist in our present global com-
munication facilities. Communication satellites promise 
greater capacity, wider coverage, more flexibility, and 
fewer delays than present transmission systems. The 
operating cost of communication satellites is intimately 
tied to the problem of reliability. With sufficient empha-
sis on the reliability aspects, satellites will assume the 
prominent role in communications for which they ap-
pear destined. 
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Interference and Channel Allocation Problems 
Associated \\ ith Orbiting Satellite 

Communication Relays* 
F. E. BONDt, SENIOR MEMBER, IRE, C. R. CAHNt, MEMBER, IRE, 

AND H. F. MEYERt, SENIOR MEMBER, IRE 

Summary—The use of active and passive relays is considered for 
application to long-distance global trunk communication, with par-

ticular emphasis on economic utilization of the media from the 
traffic capacity viewpoint. Active and passive techniques are com-
pared with regard to power requirements, coverage, mutual inter-
ference, and ability to exploit wide-band modulation systems to re-
duce interference. With the emphasis on microwave transmission, 

narrow beamwidths, and a multiplicity of relays, channel allocations 
of the future will necessarily be determined by spatial considera-
tions, in addition to specifying frequency bands. Examples with 
typical global paths and assumed active and passive systems are il-
lustrated. It is concluded that, although a great increase in transmis-
sion capacity is forecast with the new techniques, a much broader 

scope of coordination will be necessary to control interference. 

INTRODUCTION 

M
1LITARY requirements for global communica-
tion trunks are continually increasing because 
of the demands for higher capacity, improved 

reliability, and greater flexibility imposed by the addi-
tion of new weapons systems. The advent of the satel-
lite relay in orbit is agreed by all to be the logical me-
dium to supplant the over-burdened, erratic, and vul-
nerable ionosphere for long-distance communications. 
The possibility of line-of-sight relay transmission over 
thousands of miles offers promise of large transmission 
bandwidths to be exploited, freedom from violent fad-
ing and multipath distortion, and protection from inter-
ference by virtue of narrow antenna beamwidths at 
microwave frequencies. 
From past experience, it is known that once a new 

propagation medium is proven useful, little time passes 
before the medium is supporting a large volume of traf-
fic. In view of a number of factors associated with satel-
lite communications, it is likely that mutual interfer-
ence problems may occur early in the history of its de-
velopment. Some of these factors are listed. 

1) The location of trunk terminals for military ap-
plications must be well distributed in geography 
and reasonably mobile, in order to meet the chang-
ing traffic demands of the geopolitical and military 
situation. 

* Original manuscript received by the IRE, December 2, 1959. 
Presented at the Fifth Natl. IRE-PGCS Communications Symp., 
Utica, N. Y., October 7, 1959. 

t Ramo-Wooldridge, a division of Thompson Ramo Wooldridge. 
Inc., Los Angeles, Calif. 

2) The frequency spectrum considered most suitable 
for this type of application (about 2000 to 10,000 
mc) is already in general usage by ground and air-
borne radar systems and conventional radio relay. 

3) Communication, tracking, and telemetering sys-
tems for space vehicles are likely to occupy parts 
of this spectrum. 

4) The large transmission distances involved between 
relay and ground stations may require ground 
transmitter power, antenna sizes, and receiver 
sensitivities close to the limit of the art. This can 
cause local interference problems in the vicinity 
of the ground stations. 

It is not the purpose of this paper to suggest that 
rigorous controls be imposed on the early experimental 
systems planned for space relay applications. Actually a 
great deal remains to be learned about satellite tech-
nology and space electronics before communication 
planners will be able to select and exploit the system 
best suited for their requirements. On the other hand, 
the potential use of this medium is sufficiently great to 
warrant some early consideration of the basic factors af-
fecting efficient spectrum utilization and interference. 
The remainder of this paper is devoted to a preliminary 
examination of these factors and some predictions about 
the type of coordination which may ultimately be re-
quired when space communications come into being on 
a broad scale. 

TYPES OF GENERAL COVERAGE RELAY SYSTEMS 

A number of different satellite relay systems have 
been proposed for reliable, high-capacity worldwide 
communications. A brief review of their distinguishing 
features will be presented. Basically, a number of relays 
are placed in specified orbits in such a way that a large 
fraction of the earth's surface is visible to at least one 
relay, with sufficient coverage overlap to make com-
munication possible between any two points (via suit-
ably located ground relay stations, if multiple hops are 
required). These relays may be found in a variety of 
orbits, including equatorial, polar, and inclined. Usually 
circular orbits are contemplated, but highly eccentric 
orbits may be utilized for special purposes. 
One particular equatorial orbit which has gained con-
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siderable interest is the so-called 24-hour orbit.' A satel-
lite in this orbit has a 24-hour period, so that it appears 
fixed with respect to a point on the earth's surface. For 
simplicity, a relay in a 24-hour orbit is often called a 
24-hour relay (or satellite). 
The relay basically can be either of two types, active 

or passive. The active relay contains a receiver and 
transmitter, and reradiates the received signal at a 
higher power level, either directly or after demodula-
tion and remodulation. The passive relay simply re-
flects or scatters a portion of the incident energy and, 
accordingly, does not change the modulation in any 
way (except for possible distortion effects). Some ex-
amples of passive reflectors which have been proposed 
for use include: 1) large sphere, 2) small spheres or ion-
ized particles, 3) flat plate, and 4) chaff in the form of 
half-wave dipoles. The large sphere has the advantage 
of being nondirectional, and may be taken as the stand-
ard for comparing the scattering cross section of other 
reflectors. The half-wave dipole is useful because it 
achieves a large gain in scattering cross section per unit 
mass, due to resonance effects. In addition, the scatter-
ing from a large number of randomly oriented dipoles 
is essentially nondirectional. The flat plate, when large, 
also achieves a large gain in cross section but is extreme-
ly directional, a severe limitation for use in a system for 
worldwide coverage. A summary of the scattering cross 
section per unit mass for several types of passive reflec-
tors is given in Table I. 

TABLE I 

SCATTER CROSS SECTION FOR A GIVEN MASS 

Type er Square m 

Relative gain 
over large 
spherical 
shell—db 

Large spherical shell 
17-meter radius 

100 spherical shells 
1.7-meter radius 

2 . 5 X106 spherical shells 
1.1-cm radius 

3X106 spherical shells 
10'-cm radius 

7X10" solid shot 
10-6-cm diameter 

9.4 X106 half wave dipoles 
10-6-cm diameter 

Flat circular plate 
34-meter radius 

925 

925 

925 

6.6X10-2 

2.4X10-'° 

1.9X107 

8.5X106 

Mass = 100 kg of Aluminum 
Thickness- 10-6 cm 

Wavelength = 0.1 meter 

I M. Handelsman, "Performance equations for a stationary 
passive satellite relay ( 22,000-mile altitude) for communication," 
IRE TRANS. ON COMMUNICATIONS SYSTEMS, vol. CS-7, pp. 31-37; 
May, 1959. 

In at least one proposed system,2 a large number of 
passive relays in orbit is found necessary to ensure com-
plete coverage at all times. This leads to another way 
of classifying relay systems, i.e., as to whether the re-
lays are "discrete" or "distributed." The former achieves 
full coverage by optimum positioning of relatively few 
relays in orbit; the latter by placing a large number of 
simple small relays in orbit essentially at random. In 
view of complexity and reliability considerations, a dis-
tributed system may be expected to be composed of pas-
sive relays. 

APPLICATIONS OF ACTIVE AND PASSIVE RELAYS 

Since the state of the art indicates the feasibility of 
both active and passive relays, some idea of the appli-
cations for which one is more suited than the other will 
aid in assessing potential mutual interference problems. 
This requires a meaningful method for evaluating com-
parative performance capabilities. 
A completely adequate method does not appear to 

exist, the attempt at evaluation being, in a sense, com-
parable to a choice between apples and pears. Two 
methods are suggested here, both based on the require-
ment to produce equal power densities at the ground 
receiver. The active relay is characterized for the com-
parison either by its power gain or by its maximum pow-
er output, while the passive relay is described by its 
scattering cross section. These parameters are sufficient 
to define the electrical performance of the relays. 
The notation employed in the following discussion is: 

GT = gain of ground transmitting antenna, 
GR= gain of ground receiving antenna, 
gi,=- relay antenna gain, assumed equal for transmit-

ting and receiving (active), 
K = relay power gain (active), 
u = scattering cross section illuminated by both 

ground antennas (passive), 
X = wavelength, 
RI= distance from ground transmitting station to re-

lay, 
R2 =distance from relay to receiving station, 
PR = received power on the ground, 
PT = transmitted power, 
P8= relay power output. 

The received power on the ground for the two kinds of 
relays may be expressed as 

or 

GTGRX2 X2 
PR = PT Kg,2— 

(4r)3Ri2R22 4T 
(active), (la) 

PR = PagsGRX2/(47) 2R22) (lb) 

J. R. Pierce and R. Kompfner, "Transoceanic communication 
by means of satellites," PRoc. IRE, vol. 47, pp. 372-380; March, 
1959. 
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depending on choice of characterizing parameter, and 

GTGRX2 
PR = PT u (passive). (2) 

(4/1-)3R12R22 

Comparison of ( 1) and (2) shows that passive and active 
relays for the same application may be compared as de-
scribed above by one of the two equations: 

a = KeX2/47r, (3a) 

or 

PTGru 
= Pg„. 

4rRi2 
(3b) 

This comparison is valid provided that noise in the re-
lay can be neglected; otherwise, the active relay must 
have a greater ouptut power than indicated by the 

equations. 
To illustrate the approximate "break-even" point be-

tween active and passive relays, a numerical example 
will be presented. Suppose that the relay is 7000 kin 
from the ground terminals, which utilize 35-foot diam-
eter dishes at 3 kmc (48-db gain). The ground transmit-
ter power is taken as 10 kw. The relay, if active, has 
essentially an omni-directional antenna; if passive, is 
composed of half-wave dipoles. Then (3b) yields 

10-6u = P,. 

Table I shows that the scattering cross section of 
randomly oriented half-wave dipoles is about 2 X106 
meter2/kg, for X = 0.1 meter. Thus, the active relay will 
be equivalent to the passive relay, under the conditions 
assumed, if it has a power-to-weight ratio of 

P. = 0.2 watt/kg. 

An examination of possible active relay configurations 
shows that this value of transmitter power per unit 
weight appears reasonably typical for systems now 
under development. 
A general comparison of (3a) -and (3b) leads to the 

qualitative conclusions that active relays are to be pre-
ferred over passive relays primarily for satellites at 
great distances, or when high-power ground transmit-
ters and large antenna structures are not available. As 
a result, without a consideration of mutual interference 
problems, active relay system design will tend to em-
phasize low ground power, high relay receiver sensitiv-
ity, and a high relay power output. Passive relay sys-
tems, on the other hand, may be expected to utilize high 
ground transmitter power and high ground receiver 
sensitivity, to overcome limits on the total scattering 
cross section which can be placed in orbit. 

POTENTIAL INTERFERENCE RANGE 

The interference problem at the microwave frequen-
cies useful for satellite communication can be severe be-
cause of the wide coverage obtained on the ground from 

high altitudes. Assuming straight-line propagation to 
the horizon, a satellite will be visible from any point 
within a circle of radius (measured as degrees of arc 
along a great circle) 

a 
r = c°s-'  

a ± h 
(4) 

where a = radius of earth and h = altitude of orbit. 
Thus, any microwave source within this circle is a po-
tential interference source. As examples, satellites at 
altitudes of 500 miles and 22,000 miles ( 24-hour orbit), 
would be visible within circles of radius 27° and 81°, re-
spectively.' For an equatorial orbit, r would correspond 
to the limiting latitude in the northern and southern 
hemisphere. 

In the case of the 24-hour relay, interference reduc-
tion by a highly directional antenna in an active satel-
lite is feasible, but requires precise attitude stabilization 
to maintain contact with a selected ground station. For 
application in a worldwide communications system, 
however, high-gain antennas cannot be used in the re-
lay without seriously restricting the service coverage 
per satellite. Since the earth subtends an angle of about 
18° at the altitude of a 24-hour satellite, an antenna 
gain of about 20 db is the maximum which can be uti-
lized with no restriction in coverage. 

SYSTEM CAPACITY WITH HIGH TRAFFIC DENSITY 

In contrast to conventional radio relay systems, the 
relative cost of the relay " installation" will be large, 
since it involves all the problems of placing satellites in 
orbit. For maximum benefit to be derived from the in-
vestment, it is logical to expect that the relay will be 
required to serve several terminals simultaneously. If 
this occurs without global coordination, and if a suffi-
cient number of independent sources exist, the result-
ing interference problem will be similar to the case of 
relaying a signal in the presence of excessive random 
noise. Although this assumption may be pessimistic, it 
is a valid limitation to discuss, especially since the satel-
lite relay transmission parameters are not easily 
changed after the orbit is established. 

Under these conditions it will be possible to trade in-
formation rate in each individual ground terminal to re-
duce the effect of the interfering signals. Examples of 
such trades are well known as in the case of PCM, fre-
quency-modulation, etc. Modulation systems of this 
type exhibit a threshold characteristic which depends 
on a minimum permissible value of signal-to- interfer-
ence ratio for proper performance. In principle, a more 
general limit of trading can be derived from the Shan-
non formula for information rate, 

3 The often-used 4/3 correction factor on the earth's radius of 
4000 miles has not been introduced here. 
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S 
R = B log ( 1 ± —) bits/second, (5) 

N 

where B is the signaling bandwidth, S is the average 
power and N is the total interference power. Under con-
ditions of heavy interference, (5) may be approximated 
by 

R = 1.44B(_) bits/second, 
N 

(6) 

thereby indicating that a linear trade of bandwidth for 
interference reduction is the best that can be achieved. 
As an example, consider the capacity available to an 
individual communication system derivable from a 
single relay serving a number of other systems. Let C 
be the capacity, expressed as the number of permissible 
voice channels with a tolerable SNR of S/N,, per chan-
nel, let B denote the total system bandwidth, and B. the 
voice channel bandwidth. Then (6) is stated for infor-
mation rate with and without interference, 

CB.( —S) S = B — 
N„ N 

(7) 

Typical values for the parameters are taken as 

B = 3000 mc, 

B„ = 3 kc, 

S/N,, = 100 (20 db). 

Table II indicates the resulting number of satisfactory 
voice channels for various levels of interference. It is 
obvious from the table that a single relay can be ex-
pected to provide a reasonably large capacity, on any 
given circuit, only if potential sources of interference 
are properly coordinated so that heavy interference 
cannot occur. In fact, under severe interference condi-
tions (signal-to-interference ratio less than — 10 db) a 
single TV channel ( 1000 voice channels) cannot be sup-
ported on one circuit. 

TABLE II 

CAPACITY PER CIRCUIT OF A SINGLE SATELLITE RELAY 

Number of voice channels Signal-to-interference ratio 

1000 
100 
10 

—10 db 
—20 db 
—30 db 

In practice, the matter is further complicated because 
the active relay cannot exploit the trade to the extent 
indicated. Unless demodulation, decoding, and remod-
ulation are employed in the relay (with consequent 
problems of complexity and reliability) it must exhibit 
linear transmission properties up to the highest level of 
interference to be encountered. Thus, for any practical 

design a limit of tolerable interference level at the relay 
is inherent, and may be viewed as another type of sys-
tem threshold. Passive relays, on the other hand, are 
not subject to such saturation effects, and would permit 
the types of trade indicated above by manipulation of 
the ground terminal equipments. 
When full coordination of the various sources of radi-

ation is achieved, the single satellite can be fully 
loaded over its entire available frequency band (within 
transmitter power limits). The total bandwidth is thus 
subdivided into noninterfering voice channels, the 
available number being 

number of voice channels = — = 106. 
B. 

(S) 

Comparison with Table II shows the many orders of 
magnitude improvement available with the aid of full 
coordination, a conclusion which applies equally to ac-
tive relays and discrete passive relays. 

INTERFERENCE FROM OTHER HIGH-POWER 
MICROWAVE SOURCES 

Because a satellite relay is visible over a large por-
tion of the earth's surface, as discussed above, interfer-
ence from high-power microwave transmitters, radar 
for example, is potentially serious. To indicate the sit-
uation that might be encountered, a particular satellite 
communication system, namely an active relay in a 24-
hour orbit, will be examined. An advantage sometimes 
supposed for the active relay is the relatively low 
ground power required. This advantage will be exam-
ined quantitatively by choice of typical system param-
eters. Suppose that: 

relay antenna gain = 20 db, 
ground antenna gain = 40 db, 
carrier frequency = 3000 mc, 
information bandwidth = 3 mc = 1000 voice channels, 
receiver noise figure 
desired SNR 

=0 db, and 
=23 db. 

A simple calculation shows that a transmitter power of 
about 60 watts will suffice when the only limitation on 
receiver performance is thermal noise. 
To assess the potential interference from radar trans-

mitters, a reasonably typical radar set will be presumed 
with the parameters: 

average power = 1 kw, 
average antenna gain = 0 db, 
emission bandwidth = 1 mc, and ' 
carrier frequency = any point within S band (as-

sumed nominally 2000-5000 
mc). 

It will be assumed that the various radars visible to the 
relay are uniformly spread over the 3000-mc band. 
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The communication system will be considered margi-
nal when the total interference is 20 db below the signal. 
If n= total number of visible active radars, marginal 
operation occurs when 

1000 watts 60 watts 
  104, 

3000 mc/3 mc 100 

or 

n =-- 6000.4 

Since practically a full hemisphere of the earth's surface 
is visible to the 24-hour relay, corresponding to an av-
erage area of perhaps 25 X106 square miles, an undesir-
able level of interference may be expected if the density 
of active radars exceeds an average of one every 4000 
square miles. Correspondingly higher densities must ex-
ist to cause excessive interference as the signal level is 
increased over the minimum requirement. 
The radiation received at the relay from interfering 

sources is much less of a problem with passive relays, 

because of the higher ground power and antenna gain 
required to overcome thermal noise. For example, 
Pierce2 discusses use of a 100-foot diameter sphere as a 
passive relay in orbit at 3000 miles altitude. Assuming 
70-db antennas at 10 kmc ( 130-foot diameter), a low-
noise receiver (noise temperature = 20°K), and a mean 
path distance from relay to terminal of 5000 miles, a 
transmitted power of about 20 kw is necessary to pro-
duce a 20-db SNR in a 3-mc bandwidth. Compared 
with the minimum required power calculated above for 
the active relay, the effective radiation is about 55 db 
higher in intensity. 

Although interference at the relay does not appear a 
significant problem with passive satellites, interference 
radiated directly into the ground receiver may be in-
tolerable. For example, the antenna for the ground re-
ceiver in the passive relay system discussed above may 
have a sidelobe 50 db below the main beam, yielding an 
effective aperture of only about 10-2 square meters. 
Nevertheless, an interference power comparable to the 
thermal noise power is intercepted by the sidelobe of 
the antenna, if the incident power density is about 
10-'3 watts/meter2. This corresponds to the intensity 
produced at a 5- mile distance by 0.1 mw radiated iso-
tropically over a line-of-sight path. 

It should be noted that the expected condition of 
radars distributed uniformly over the total available 

4 The presence of harmonic and spurious emissions from the radar 
sets can effect a reduction of this number. A. H. Ryan, "Control of 
microwave interference," IRE TRANS. ON RADIO FREQUENCY INTER-
FERENCE, vol. RFI-I, pp. 1-10; May, 1959. 

frequency band precludes useful application of the inter-
ference reduction techniques previously discussed, since 
the interference power is directly proportional to the 
signalling bandwidth used. This offsets exactly the 
linear trade normally obtained with such techniques. 
Thus, it may be concluded that complete coordination 
of the radar and satellite communication frequencies is 
essential to take advantage of the relatively low power 
found sufficient for an active relay system, when inter-
ference is not present. In addition, coordination may be 
the only method of preventing overloading when ex-
tremely low-noise ground receivers are employed for 
passive relay systems. 

CONCLUSION 

The discussion has indicated that simultaneous use 
of active and passive relay systems with their differing 
power requirements, and without proper coordination 
between the two systems, can lead to severe mutual in-
terference. That is, high-power transmitters employed 
in one system can cause undesirable levels of interfer-
ence in the receivers of the other system. 
When heavy interference is likely with either an ac-

tive or a discrete passive relay, the capacity of the relay 
system is severely limited by a requirement for reliable 
transmission. From a practical point of view, therefore, 
the ultimate usefulness of active relays for worldwide 
communication is questionable. Because of the capacity 
limitation due to interference inherent with discrete 
relays, the authors foresee a trend toward development 
of "distributed" passive relay systems. Such systems 
can provide a large capacity, by virtue of a large num-
ber of available reflectors in orbit, with the opportunity 
for assigning channels on the basis of location of the re-
lay in space as well as radio frequencies. 

The calculations indicating possible intolerable inter-
ference from radar and other microwave sources further 
substantiates the probability of a trend away from ac-
tive relays. Since a low ground-power level does not ap-
pear feasible due to the interference level resulting 
when radars are not under control of a supervising 
agency, the main advantage of active systems is there-
by negated. The great advantage of passive systems, 
i.e., simplicity of the device in orbit, will, in the au-
thors' opinion, win out for military communication sys-
tems, in which reliability is foremost. Thus, the final 
result of programs to develop a reliable long-range 
satellite communication system may well be a passive 

medium having the desirable features of the ionosphere, 
and few of the disadvantages. 
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Passi\ e Satellite Communication* 
J. L. RYERSONt, MEMBER, IRE 

Summary—A number of communications capabilities are noted 
as desirable goals and the characteristics of passive satellite reflec-
tors are cited as a means of achieving them. Goals noted are the at-

tainment of transoceanic ranges, high communications traffic per 
satellite, low launching and operating costs, high reliability, simplic-
ity of operation, and long useful life of satellites. 

The properties of various types of passive reflectors are discussed 

and the characteristics of the sphere are shown to be particularly ad-
vantageous. Passive satellite communications systems are compared 

with current tropospheric scatter systems and are shown to be one 
order of magnitude better, using power per channel per unit range as 
a criterion. 

Some attention is given to Doppler shift as it bears upon the prob-
lem of transmitter-receiver channel coordination, satellite acquisition, 
and tracking. 

I. INTRODUCTION 

SINCE the advent of the first Russian Sputnik much 
has been written, proposed and accomplished in 
the field of earth satellites. The use of satellites as 

repeaters for long-range communications systems has 
been proposed and numerous papers have been pre-
sented based upon the use of active satellite repeaters. 
The emphasis on, and interest in, passive repeaters, 
however, has lagged and the current literature has 
largely dealt with the global coverage of various orbit 
configurations. 

The purpose of this paper is not to propose additional 
system configurations but to examine the feasibility of 
passive satellite relays in general and to discuss to some 
extent the approaches available for their realization. 
The material will be presented in terms of the char-

acteristics of a single ground point-to-point circuit dur-
ing the transit of a single relay satellite. The systems 
problems involving a multiplicity of satellites has been 
very well treated by Pierce and Kompfner.' 
The approaches described are directed toward the at-

tainment of the following goals: 

1) Attainment of transoceanic ranges of the order of 
6000 nm maximum. 

2) Availability of the relay to a large number of 
users. 

3) Attainment of a feasible satellite launching cost 
per channel. 

4) Attainment of a feasible operating cost per chan-
nel per mile of range. 

5) Attainment of a long satellite orbit life. 

* Original manuscript received by the IRE, December 2, 1959. 
Office of Advanced Studies, Rome Air Development Center, 

Griffiss AFB, Rome, N. Y. 
J. R. Pierce and R. Kompfner, "Transoceanic communications 

by means of satellites," PROC. IRE, vol. 47, pp. 372-380; March, 1959. 

6) Development of a rapid and simple satellite ac-
quisition and tracking system. 

7) Attainment of high satellite reliability by elimi-
nation of active mechanical and electronic de-
vices in the satellite. 

II. ASSUMPTIONS 

All numerical values presented were based on first 
order feasibility-type calculations. Since no equipment 
details such as line losses, feed polarizations, etc., were 
considered, comparable propagation refinements such 
as radio horizon corrections, Faraday rotation, change 
of cosmic noise levels with zenith angles, etc., were not 
included. 

The combined effective noise temperature for receiv-
ing systems directed from earth to space was assumed 
to be 10°K,' system directed from satellite to earth, 
300°K. Signal to noise was always assumed 20 db. 
Due to aperture-to-medium coupling losses the max-

imum gains assumed possible for ground-based anten-
nas was a conservative 50 db.2 Satellite-borne antennas 
were assumed to be omnidirectional unless otherwise 
noted. 

The maximuin available satellite-borne primary pow-
er was assumed to be a maximum of 1 kw for the im-
mediate future. In addition, the maximum radiated 
power for satellites was assumed to be 100 watts, an ef-
ficiency of 10 per cent over all. 

A desirable operating spectrum for earth-space sys-
tems was assumed to be from 2 to 10 kmc. The lower 
limit was selected on the basis of antenna aperture and 
gain considerations as well as ionospheric effects; the 
upper limit is based on atmospheric abosrption. Dis-

cussions of traffic capacities are in terms of channels, a 
channel being arbitrarily defined as 4 kc. It is further 
assumed that the circuitry and primary power related 
to a channel of transmission capacity in a satellite re-
quire an average of 5 lbs of total payload. For con-
venience the carrier frequency for all systems was as-
sumed to be 3 kmc, or X=0.1 meter. 

The system configuration assumed for power calcu-
lations will consist of the extreme condition of the satel-
lite midway between two ground stations separated by 
a great circle distance of 6000 uni. This is roughly one 
fourth the circumference of the earth. If the satellite 
is to be visible from both stations it must be at an alti-
tude of at least 1600 inn. 

2 Lichman, " Passive Relay Communications," Hughes Aircraft 
Co., Culver City, Calif., Rept. No. 4551/2; January 9, 1959. 
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On the average it is expected that the satellite will be 
in view 10 or 15 degrees either side of the mid-position 
since ground stations need not be at the extreme range. 
The slant range from either ground station to the satel-
lite will be 4000 nm. This will be assumed to be the 
geometric mean range for all calculations. The antenna 
gain of each ground station will be assumed identical. 

Doppler calculations will be based on the average 
great circle range between stations of 3300 nm. This 
will provide a maximum mutual visibility of + 15° 
either side of the mid-point along the great circle arc 
joining the stations at an altitude of 1600 nm. 

III . PASSIVE RELAYS 

All passive satellite relay systems may be character-
ized by the radar range equation. The energy reflected 
by the satellite must be received by the distant re-
ceiver which, in the communication case, is not sit-
uated at the transmitter site. Discounting the possi-
bility of using optical frequencies or higher due to at-
mospheric absorption effects, ranges will be sufficiently 
high to place the satellite in the far fields of both trans-
mitting and receiving antennas. Consequently, simpli-
fied formulas available in the literature may be used to 
represent the radar cross section of the satellite. 

In addition to the far field criterion, further simplify-
ing assumptions must be made with regard to the satel-
lite dimensions to avoid complexities due to diffraction 
effects which occur when one or more dimensions of the 
reflector are less than one wavelength. In general, for 
this condition, the cross section reduces rapidly as the 
dimensions become smaller relative to a wavelength al-
though harmonic peaking usually occurs. 
The radar range equation for the CW case may be 

written: 
(S/N)KT,13(4r)"Ri 

P —   
G201t2 

(1) 

where 

PT = average transmitter power, watts 
G = antenna gains 
R= geometric mean range, nm 
T,.= effective noise temperature °K 
B = bandwidth, cps 
K = Boltzmann's constant 
X = carrier wavelength, nm 
(7= satellite cross section, square nm. 

In general the cross section, g, may be viewed as an 
effective receiving cross section, Ar, multiplied by a re-
transmission gain GI': 

ArG,. (2) 

In the cases under consideration here, where dimen-
sions are greater than a wavelength, A. may be ap-
proximated by the physical area projected normal to an 
incident plane wave. One exception is the very thin 
half-wave dipole which will have a physical area much 
less than its electrical capture area. 

The cross section of various simple geometrical fig-
ures are noted in Table I. This list is far from exhaus-
tive. Many other reflectors may be conceived of, such 
as dipole arrays which redirect energy to the source 
(Van Atta array), dipole arrays with internal switching 
to redirect energy in a desired direction, Luneburg 
lenses, inverse Luneburg lenses, helices, etc. 

TABLE I 

Cross 
Section 

Retrans-
mission 
Gain 

Reflector cr 

Directive Property 

Half-wave dipole 
2.9X2 

4r 
1.7 

Sphere 

Cylinder 

A 

energy directed normal to 
long axis 

isotropic* 

IrLA 

Flat plate 

Parabolic dish, 
dipole array 
(broadside) 

4rA 2 

4r.1 2 

X' 

rr-L 
energy tends to be directed 
normal to long axis 

rtrA 

X2 
angle of reflection equals 
angle of incidence 

47r.4 

X2 

Corner reflector 
7r.4 2 

X2 

7rA 

X2 

must be directed within one 
beamwidth of transmitter. 
return to transmitter 

return energy to transmitter 

* As an opaq ie sphere constitutes an obstacle, gain will occur 
directed back of the sphere along a radial line to the source. Similar 
effects will occur with irregular obstacles. 

Since one of the desired goals noted in the Introduc-
tion was the attainment of maximum satellite relia-
bility through the elimination of active devices in the 
satellites, many of the items noted in Table I may be 
disqualified. 

All of the reflectors have some directional properties, 
this, of course, being related to the retransmission gain. 
In most cases, if advantage is to be taken of the gain, 
some means must be provided, either mechanical or 
electrical, to redirect the energy to the desired receiv-
er. If these items are discarded, the only remaining de-
vices would be the sphere and corner reflector in Table 
I and the Van Atta array' and inverse Luneburg lens' 
noted in the text. 
The inverse' Luneburg lens is conceived of as a vari-

able dielectric material which rises to infinity at the 

3 " Reference Data for Radio Engineers," International Telephone 
and Telegraph Corp., p. 804; 1958. 

E. D. Sharp, " Properties of the Van Atta Reflector Array," 
Rome Air Dei'. Center, Rome, N. Y., RADC TR-58-53; March, 
1958. 

6 R. E. Webster, " Radiation patterns of a spherical Luneburg lens 
with simple feeds," IRE TRANS. ON ANTENNAS AND PROPAGATION, 
vol. AP-6, pp. 30j-302; July, 1958. 

6 Emerson and Cummings, Inc., Canton, Mass., personal corre-
spondence. 
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center, the incident radiation being returned to the di-
rection from which it was received. Assuming this de-
vice is realizable, it is probable that its inherent weight 
would disqualify it as compared to a spherical nest of 
corner reflectors. The nested corners could be composed 
of a lightweight, inflatable metalized plastic. 
The Van Atta array could also be realized in a light-

weight configuration. The dipole elements and inter-
connections could be plated on a lightweight inflatable 
balloon structure. 

For the system geometry selected it is doubtful that 
it would be worthwhile to develop a reflector system 
having gain, yet not require active elements for ori-
entation. In order for the 3-db points of the main re-
turn beam to subtend a 6000-mile range, the aperture of 
the reflector would have to be selected to provide a 
beamwidth of 27r steradians, a gain of 3 db. Using the 
corner reflector gain equation of Table I at 3 kmc 
(X=0.1 m), A becomes 10-3 square meters. This re-
sults in a cross section of 2 X10-3 square meters 
On the other hand the sphere cross section is sub-

stantially independent of wavelength provided its radi-
us exceeds the length of one wavelength. As it is a me-
chanically symmetrical object in which only the sur-
face is of interest, there is no reason to believe that 
human ingenuity cannot expand its dimensions to pro-
vide extremely high cross sections. 

If the 6000-mile great-circle range is to be achieved 
by the use of a corner-reflector type satellite in syn-
chronous orbit at an altitude of 22,000 nm, the 3-db 
points of its retransmission beam must subtend 11,200 
miles. Its beamwidth is then steradian corresponding 
to a gain of 16 or 12 db. Using the reasoning employed 
previously its cross section would be 0.128 square 
meter. An equivalent sphere would only require 12 db 
more of cross section or 2 square meters. A much larger 
sphere could be readily placed in orbit. 
The only item in Table I of dimension less than a 

wavelength is the half-wave dipole. This has the ad-
vantage of having a cross section greater than its phys-
ical area but has directivity disadvantages as well as a 
small individual cross section. The treatment of ran-
domly oriented quantities of dipoles is beyond the 
scope of this paper but is treated in the literature.7 

IV. PASSIVE VS ACTIVE 

No doubt the reader is concerned with the fact that 
passive satellite reflectors are even being considered. It 
is obvious to everyone familiar with transmission sys-
tems that only minute quantities of power are required 
for active systems as compared to passive. This ques-
tion will be examined a little more critically here. 
The active and passive satellite relay system for the 

specific configuration assumed here may be readily 
compared by the use of the range equations for the two 
systems. The range equation for the passive system is 

7 Van Vleck, Bloch, and Hamermesh, "Theory of radar reflections 
from wires or other metallic strips," J. App!. Phys.; March, 1947. 

already stated in ( 1), which gives the ground transmit-
ter radiated power requirement. The range equation 
giving the ground radiated power requirement for the 
active case need only consider the one-way require-
ment from ground to satellite. This is 

(S/ N)KT ,B(471-R) 2 
PT 

GX2 
(3) 

Eq. (3) has been written subject to the previously 
stated assumptions of unity gain for the satellite an-
tenna and the system configuration described. The 
symbols have the same meaning and units as noted in 
connection with ( 1). 

The technique of comparison will be to assume that 
the design parameters of both systems are identical, in-
cluding the ground radiated power. The effective re-
ceiver noise temperatures must be different in accord-
ance with the assumptions. Eq. (3) will then be divided 
by ( 1) and the appropriate cancellation performed. The 
resulting relationships will then specify the cross sec-

tion of the passive satellite required to match the per-
formance of the equivalent active system. 

T„y2 
f7 = 44— • (4) 

Teo G 

The subscripts p and a refer to the passive and active 
systems respectively. Substitution of the assumed pa-
rameters yields a required cross section of approximate-
ly 60 square miles. 

It is doubtful if such a reflector cross section will be 
realizable within the next decade or more. At pres-
ent lightweight inflatable balloons of 100 feet in diame-
ter have been fabricated and will be launched into 1000-
mile-high orbits within the next year. 8 It is probable that 

1000-foot-diameter balloons will eventually be placed 
in orbit. The cross section of such a reflector will be 
2.1 X10-2 miles. A foreseeable passive system requir-
ing no active equipment in the satellite will then require 
34 db of system gain over the active systems in order to 
match the capability of active systems. A passive sys-
tem using 100-foot-diameter spheres will require 54 db of 
additional system gain. 
At first glance the above figures appear to reinforce 

the intuitive judgement of the communication engineer 
that passive systems are not feasible. However, before 
discarding them on this basis one should inquire as to 
the current value placed upon the attainment of long-
range communications. 
There are many areas of the world where it is not 

feasible, desirable, or even possible to reliably bridge 
long ranges by wire, transoceanic cable, a multiplicity 
of microwave links or HF. In order to meet this need, 
tropospheric and ionospheric forward-scatter systems 
have been developed and placed in operation at great 
expense. 

8 " Next decade in space," Aviation Week; June 22, 1959. 
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The premium placed upon long range communica-
tions in terms of required radiated power per channel 
per mile of range may be readily calculated, for ex-
ample, for a • tropospheric scatter system having a 
range of 400 nm. Current literature9 indicates that 
such a system will have a loss of 98 db in excess of free 
space, and will require 3.3 kw per channel of 4-kc band-
width. 

Eqs. ( 1) and (3) may be used to calculate power re-
quired per channel per mile of range. For satellite sys-
tems these calculations are summarized in Table II. 

TABLE II 

System Type 
Radiated 

Power/Channel 
Power per 

Channel Mile 

Active satellite, satellite-to-ground 
circuit 

Active satellite, ground-to-satellite 
circuit 

Passive satellite, 100-foot-diameter 
sphere 

Passive satellite, 1000-foot-diameter 
sphere 

Tropospheric scatter, 400-mile range 

0.43 mw 0.07 mw 

13 mw 2.5 mw 

3.9 kw 0.6 w 

39 w 5 mw 
3.3 kw 8.2 w 

Table II shows that, although the 100-foot satellite is 
not competitive with an active system, it is certainly 
competitive with a tropospheric scatter system. The 
15 scatter links required for a 6000-mile range would re-
quire a total expenditure of 495 kw as compared to 
3.9 kw for the passive system. 

In terms of availability of power sources and the 
value attached to long-range communications systems 
as evidenced by the development of scatter systems, it 
is apparent that a passive system based upon the use of 
100-foot-diameter spheres is feasible. 

V. TRAFFIC CAPACITIES 

A desirable goal is the attainment of a maximum 
traffic capacity through the realization of a large num-
ber of individual channels per satellite relay. This en-
hances its value in terms of the number of users to 
which it may be made available. 

It was pointed out under the assumptions that a spec-
tral space extending from 2 to 8 kmc should be avail-
able based on propagation and antenna size consider-
ations. 
The passive spherical satellite will be capable of 

handling channels allocated throughout this space, as 
its cross section is essentially not dependent on frequen-
cy. As noted, its cross section is frequency dependent 
when wavelengths become comparable to diameter. In 
the case of the 100-foot-diameter sphere this would re-
duce the lower frequency end into the HF region of the 
spectrum. The upper-frequency limit would probably 
be based upon the surface irregularities due to the prac-
tical fabrication difficulties. The upper propagation 
band of 10 kmc would require that these irregularities 

9 "Reference Data for Radio Engineers," International Telephone 
and Telegraph Corp., p. 761; 1957. 

be considerably less than 3 cm to avoid phase cancella-
tion and multipath. 

If 50 per cent of the 8-kmc spectral space available is 
used for 4-kc channels, the traffic capacity of the pas-
sive spherical satellite system would be one million 
channels. 

Available data on the 100-foot-diameter sphere being 
developed by NASA indicates that its weight will be ap-
proximately 100 pounds.'° As surface area of the sphere 
having constant weight per unit surface rises with the 
square of diameter, a 1000-foot-diameter balloon should 
weigh five tons. It is probable that payloads of this 
magnitude will be capable of being placed in orbit with-
in the next few years. 

If five tons is considered to be a reasonable payload 
within the foreseeable future, this number may be used 
in estimating the feasible number of channels of an ac-

tive satellite repeater. For this purpose it will be as-
sumed that total antenna primary power casing, fre-
quency standards, microwave oscillators and associated 
circuitry required per channel in an active satellite re-
lay will result in an average weight of five pounds per 
channel. On this basis the traffic capacity per satellite 
would be 2000 channels. 

In terms of the passive satellite of 1000-foot-diameter 
the average weight per channel would be 0.16 ounce or 
4.5 grams, less than the weight of a one-karat jewel. It 
is difficult to conceive of an active system of comparable 
channel capacity being developed in the foreseeable 
future. 

VI. LONGEVITY 

With the exception of the solid dielectric type reflec-
tors, the passive satellite reflectors considered are con-
cerned only with electromagnetic reflecting surfaces of 
the order of 1000 angstroms thick. One intuitively feels 
that drag effects, even in the tenuous atmosphere of 
space, should disturb the orbits of such objects. Quan-
titative analyses of the orbit of low-density satellites 
must consider the particle density estimates derived 
from sounding rockets, the aerodynamics of objects in 
these low-density atmospheres and the orbit perturba-
tions determined by the numerical integration with 
time of the resulting drag forces. Since orbit parameters 
in the simple two-body case are determined by the total 
particle energy per unit mass, a useful parameter in 
such calculations is the ratio of the projected area, nor-
mal to velocity, to the mass of the satellite. 
By ordinary drag theory the loss of kinetic energy per 

unit mass for each orbit revolution is the product of a 
constant and the ratio of area to mass. This loss of 
kinetic energy has the effect of making the total energy 
more negative, which is the equivalent of reducing the 
radius of a circular orbit. Every reduction of energy in-
creases the drag forces at a lower altitude and the vehi-
cle gradually spirals into the dense atmosphere and 
burns up. 

0 NASA data; June, 1959. 
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Calculations based on best estimates of high-altitude 
atmospheric densities indicate the life" of a 100-pound, 
100-foot-diameter balloon to be 25 years for an orbit 
having an apogee of 1600 miles and a perigee of 1000 
miles altitude. A similar solid dielectric sphere having 
roughly the density of water would have a weight of 
about 300 tons and consequently have a much greater 
life. On the other hand should the balloon orbit perigee 
be only 500 miles, its life expectancy would be only 2 
months. 

By contrast, using a linear approximation for the 
solid dielectric sphere, its life for a 500-mile perigee 
would be 1000 years. 

In the case of the solid satellite, experience would in-
dicate that micrometeoric erosion does not constitute a 
problem (with the possible exception of its effect on 
solar power cells). On the other hand, one would expect 
a considerable effect in the case of the balloon-type 
reflector composed of rather diaphanous structural ma-
terial supporting a thin metallic reflecting film. No 
doubt considerable experience will have to be gained 
through the actual launching of balloons into orbit be-
fore a suitably rigidized lightweight balloon can be 
launched with a realistic life expectancy of several 
years." 
The above considerations of life- limiting factors do 

not reveal any fundamental limitations. In the final 
analysis a spherical reflecting satellite of arbitrarily low 
ratio of area to mass, fabricated of stainless steel, if 
necessary, may be placed in a virtually permanent or-
bit. The fundamental limitation in this case is, of 
course, the state of the development of rocket tech-
nology and the availability of the economic resources 
necessary to launch massive bodies into orbit. 

VII. ACQUISITION AND TRACKING 

There are various approaches to this problem depend-
ing upon the orbit system configuration adopted. In this 
case it is assumed that the ground stations are sep-
arated by 3300 nm. The detailed geometry of the con-
figuration is described in the Appendix. 

It will be assumed that the satellite schedules of ar-
rival over the horizon are known within + 2.5° of the 
calculated position and within a few seconds in time. 
The assumed antenna gain of 50 db at 3 kmc provides a 
beamwidth of 4°. A channel operating at 300 mc will 
provide a gain of 30 db with the same antenna at a beam-
width of 5°. 

It is demonstrated in the Appendix that the Doppler 
frequency changes approximately linearly from ac-
quisition to release. The radius of the circle of mutual 

" NASA data, June, 1958. 
12 Recent unpublished analyses of the effects of solar radiation 

pressure on the orbits of low average density satellites indicate a life 
limitation because of this factor. These calculations show strong de-
pendence of the life on the satellite on altitude and inclination of the 
orbit plane to that of the earth's equation. However, in the case of 
100-foot-diameter balloons haying altitude of 1600 nautical miles, 
inclined as much as 30° to the Equator, solar radiation pressure ap-
pears to have only a negligible effect on longevity. 

visibility is about 1200 miles. The slant range to the 
satellite will be about 3600 miles, which at a 5° beam-
width subtends about one fourth of the zone through 

which the satellite will pass. As the upper Doppler fre-
quency shift is 93 kc, this shift should change over the 
first quarter of the shift down, or 23 kc. 

In order to assure Doppler acquisition, the 4-kc track-
ing bandwidth could be located in discrete bands 
throughout the 23-kc band in order to assure frequency 
acquisition. It is shown in the Appendix that the mini-
mum bandwidth required for acquisition is 53 cps. Use 
of four 100-cps bandwidth filters should allow ample 
acquisition bandwidth. At a 10-db signal-to-noise ratio 
the power required would be 3.9 kw. 

Having acquired the satellite in both space and fre-
quency the tracking circuit may lock on and follow. 
Under tracking conditions the Doppler bandwidth may 
be narrowed considerably for a higher signal-to-noise 
margin. Standard multiple interferometric or conical 
scanning techniques may be used. Communications 
receiving channels may be locked to the tracking fre-
quency so that automatic coordination between trans-
mitting and receiving frequencies is effected. The effect 
of Doppler shifts on expanding or contracting trans-
mitted bandwidths is shown in the Appendix to be 
negligible. 

VIII. CONCLUSION 

The use of individual passive satellites as reflecting 
media for transmission of microwave communications 
over ranges from 3000 to 6000 miles has been examined 
from the point of view of attaining a series of desirable 
goals. It is concluded that the lightweight spherical 
satellite provides communication for a large number of 
users on a weight per channel basis which cannot be met 
in the foreseeable future by existing active satellite re-
peater techniques. In addition, due to the absence of 
active satellite-borne components, it has a reliability 
feature which cannot be matched by other types of 
systems. 

The attainment of long satellite orbit life of the order 
of decades will require extensive development but no 
fundamental scientific difficulties must be overcome. 
The operating cost per channel per mile of range will 

be initially one order of magnitude better than present 
state-of-the art long-range tropospheric scatter systems 
and may be greatly improved through the development 
of large diameter satellites and ground antennas having 
gain through the atmosphere in excess of 50 db. 

Satellite acquisition tracking and channel frequency 
coordination may be accomplished by the adaptation of 
Doppler state-of-the art techniques. 

APPENDIX 

DOPPLER CALCULATIONS 

System Geometry 

Satellites have been assumed to be on the surface of 
a sphere of altitude Zo. Transmitter and receiver station 
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S=great circle distance between stations I and 2 
O = angle subtended at center of earth by station 1 and 2 
= horizon range of satellites in angular measure 

a = range of satellite mutual visibility in angular measure 
r = mean radius of mutual visibility 
a -= semichord range between station 1 and 2 

R,.= radius of earth 
Z.=altitude of satellites 

Fig. I. 

are shown in Fig. 1 at points 1 and 2. Given: 

R. = 4000 nm 

S = 3260 nm. 

Find: r and a; 

Then 

S 
0 = — 

Re 

a = 1‹, sin 0/2 

r = (R, 
2 2 

a = 0 — 2(0 — 0) 

R, 
= cas-'   • 

R. Zo 

r = 1200 nm maximum 

a = 1960 nm. 

Doppler Geometry 

A Cartesian coordinate system is used based upon 
parameters derived from Fig. 1. This system is shown 
in Fig. 2. 
The radial velocity components may be obtained from 

the total derivative with respect to time for the radial 
ranges: 

RI' = Zo2 + y' + (x + a)2 

R22 = Zo2 + y' + (x — a)2 

R1V„ = y + (x + a) V. 

(6) 

(7) 

(8) 

A pril 

Y 

v,.= velocity of satellite approximated as parallel to X Y plane 
r = displacement of satellite along V, direction from 0 
q$= angle of intersection of satellite path to chord between sta-

tions 1, 2 
R1=range from station 1 to satellite 
R2= range from station 2 to satellite 

Fig. 2. 

R2 17,2 = (x — a) V. (9) 

Cylindrical coordinates may be derived based upon the 
transformations: 

X = r cos 

= V, cos 4) 

V = r sin 4) 

Vu = V, sin 4). 

The transformed equations become 

R12 = Zo' + r2 + a' 2ar cos (1, (14) 

R22 = Z 02 + r2 a2 2ar cos cp (15) 

RiV„ = rV, + aV, cos 4, (16) 

R2V, = rVr— aV, cos 0. (17) 

Doppler Shifts 

The approximate Doppler shifted frequency, f,, re-
flected from the satellite, will be related to the fre-
quency,fi, transmitted from station 1 by 

= (1 + (18) 

The Doppler shifted frequency f2 received at station 2 
will be 

= 4 1+ -1--72--.2)• (19) 
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Relating f2 to fi, 300 < r < 1200 nm max 

/2 = /1(1 + ge e. Vri\ ( 1 (20) Zo ag.r. (34) 

c I\ c If the origin of time is selected as the origin of r the 

+ 17r1+ Vr2). Doppler shift may be written for the intervals of approx-
f f,(1   (21) imations from the relationship of r, velocity, and time. 

Grossly approximating the function over the entire in-

The net Doppler shift between station 1 and 2 will be terval by ( 27), 

AI = (f2 fl) = fl ( V„) . (22) etf — V2.1'111,21 
Zoc (35) 

fi = 3 kmc 

c = 3 X 109 km/second 

V, = 6.66 km/second 

Zo = 2970 km 

s 

àf = 2801 cps 

= + 334 seconds 

= 93.5 kc. (36) 

In ternis of a relative frequency shift, 

Substituting the previously derived expressio is yields 

firV„ [ a 
RI.R2e (RI + R2) ± (R2 — Ri) — cos cll Af . (23) 

The values of the squares of the ranges may be written 

R22 = Z 02[1 a 2 (r)2 2ar cos (irl 
(—) — 
Zo Zo Zo2 

(24) 

R22 = ZO2 [1+ (—)2 (— Zo zz,,a r y 2ar cos 41 
Zo2 (25) 

For the case where r I Zo, the ranges may be approxi-
mated as 

R12 = R22 g, Z02 + a2. (26) 

Under this condition 

+ 2fir V„ + 2fir V, 

VZo2+ a2c V2Zoc 

0 < r < 300 nm, Zo a. 

For the case where 

and 
Based on (36) the theoretical Doppler bandwidth of the 

2fir V, receiver would be 53 cps. Assuming the use of a fre-
-  _ 

V3Zoe quency standard which provides precision of one part 
in 109 at 3 kmc, the signal could be defined within this 300 < r < 1200 nm max 
band to + 3 cps. 

Zo a ge r. (29) Relative radial velocity between source and receiver 

For the case where will also influence the bandwidth of the transmitted 
signal. If B, is the bandwidth, the apparent bandwidth 

4, = 0 or 180° will be 

R12 = Zo2 + a2 + r2 + 2ar (30) .Ctf 

R22 = Zo2 + a2 + r2 + 2ar. (31) = BT — • (39) 

(27) 

= + 90° 

R12 = R22 = Zo2 a' + r2 (28) 

AI 
— = 9.3 X 10-9/ 

) (—Af 
f max = 3.1 X 10-9. (37) 

Doppler Bandwidth 

The minimum bandwidth which may be used to de-
tect a signal which is changing in time may be approxi-

mated as 13 

B = ite dl 
(38) 

Using the assumed values: 
Using the maximum relative Doppler frequency shift 

ge V-5-Zo (32) noted previously for a 4-kc channel, the Doppler corn-

R2 Z0 (33) pression or expansion will be 0.12 cps. Consequently 
ee  

little error will occur in simply considering the entire 
and bandwidth to be translated with the carrier frequency. 

2fir 
_ 

V5Zoe 
13 L. N. Ridenour, "Radar System Engineering," McGraw-Hill 

Book Co., Inc., New York, N. Y., p. 137; 1947. 
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The Use of a Passive Spherical Satellite for Com-
munication and Propagation Experiments* 

T. H. VEAL MEMBER, IRE, J. B. DAYt, AND R. T. SMITHt, MEMBER, IRE 

Summary—The use of a passive satellite for over-the-horizon 
communication links has been proposed by Pierce and Kompfner. 
To confirm the theoretical work which has been done to date, NASA 

is planning to launch an aluminum coated, 100-foot-diameter plastic 
sphere for such a communication relay. In addition to confirming the 
feasibility of a communication link, the NASA sphere can be instru-
mental in confirming theoretical work in UHF propagation character-
istics. With regard to conducting propagation studies, an essential 
requirement is that the sphere's scattering properties be described in 

advance of the experiment. The scattering properties of a metallic 
sphere (whose radius is very large with respect to the wavelength of 

the incident radiation) are described in this article. It is shown that 
the sphere's scattered field pattern is a function of the incident 
radiation's polarization scheme, and that the choice of any particular 
polarization scheme depends upon the experiment to be performed. 

/
N a recent article' Pierce and Kompfner discussed 
the efficacy of over-the-horizon communication by 

means of forward scatter of UHF radiation by a 
spherical satellite. An aluminum coated plastic sphere 
(100 feet in diameter) has been developed by NASA for 
use as a satellite and will be employed as a reflector in a 
passive communication link. 
The exploration of outer space has created renewed 

interest in propagation effects at UHF and higher fre-
quencies. The relative freedom from atmospheric and 
ionospheric effects of UHF and SHF radiation has 
brought this frequency range into prominence for use in 
communication with and control of space vehicles. 
Optimum utilization of tracking systems will require 
extensive knowledge of propagation phenomena. The 
spherical satellite will provide a medium by which it 
will be possible to re-evaluate some of the theoretical 
expressions which go into the make-up of space link 

calculations. 
Knowledge of the reflection properties of the passive 

satellite will permit the experimental determination of 
propagation effects. By using the satellite to scatter 
energy into regions where the primary radiation is not 
present, effects such as atmospheric loss, fading margins, 
refraction, and Faraday rotation can be recorded on a 
continuous basis. More precise statistical data can then 
be derived to correlate the changes in effects with ele-
vation angle, sun activity, and, in certain special cases, 
latitude and azimuth angle. Assuming that the scatter-
ing properties of the sphere are defined, the design of the 
necessary experiments is relatively straightforward. 

* Original manuscript received by the IRE, December 2,1959; re-
vised manuscript received, January 4,1960. 

Philco Western Development Laboratories, Palo Alto, Calif. 
' J. R. Pierce and R. Kompfner, "Transoceanic communication 

by means of satellites," PROC. IRE, vol. 47, pp. 372-380; March, 
1959. 

With an aluminum coating several millimeters thick 
and under illumination by UHF (or higher frequency) 
radiation, the NASA sphere's scattering properties are 
essentially those of a high conductivity, fully metallic 
sphere. At 300 mc, for instance, an aluminum sphere 
has a skin depth of 5 X 10-' cm and a skin effect resist-
ance of 5 X1O-' ohms. The distributions of scattered 
energy shown in this article were acquired through 
solution of the classic equations of Mie' for the field 
components. The exact method by which these solutions 
were acquired can be found in the Appendix. 
When the incident plane (see Fig. 1) is linearly 

Y 

Fig. 1—Incident plane wave. 

polarized, say along the x axis, its field components are 
expressible in spherical coordinates as 

= Eoe-i't(sin Ocos ci)P + cos O cos 44 

— sin (ixii)eik' CU8 0, ( 1) 

Hoe-iwg(sin O sin qt.,'" cos O sin 4oâ 

+ COS ect;)eik" e" 8 ; (2) 

and the radial component of their Poynting vector as, 

Si = Po cos 0, (3) 

where 

Foil() kE02 
Fo = — — 

2 2ml 

Series solutions, as constructed by Mie and others,' are 
for the scattered field components, 

J. A. Stratton, "Electromagnetic Theory," McGraw-Hill Book 
Co., Inc., New York, N. Y., pp. 563-573; 1941. 

3 H. Bateman, "The Mathematical Analysis of Electrical and 
Optical Wave-Motion," Dover Publications, New York, N. Y.; 1955. 
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= Ece (i). r 2,1 + 1 1 jAn rcos clP„' (cos 0) 
P '(cos 0)h„(kr)ü sin 4)  dO h„(kr)el 

ni l_n(n + 1)J -1 Lsin 0  

iBn rn(n ± 1) cos 4) dP„'(cos 0) d 
 cos OP„'(cos 0)14(kr)f   [krh„(kr)]6 
L kr kr dO d(kr) 

77„ = 

sin 4) d 
 Pn'(cos 0)   [krh„(kr)41} , 
kr sin 0 d(kr) 

_ e+i.,t E (i)n [ 2n + 1   B„[ sin e   Pn'(cos 0)h (kr)6 
kEo 

00=1 n(n + 1) sin e 

[n(n ± 1) 
kr sin oPn'(cos P)h„(kr)f sin 4) dPn'(cos 0) d ▪ iA„  kr de d(kr)[krh„(kr)là 

cos 0 d 

▪ kr sin 
  Pn'(cos 0) d(kr) [krh„(kr)iii]} ; 

0  

where 

Pn'(cos 0) = first degree, nth order associated Len-
gendre polynomial, 

h„(kr) = nth order Hankel function, 
k= propagation constant, 
r = distance from center of sphere, 
= permeability of propagating medium, 
= radian frequency. 

When the sphere has a high conductivity surface and a 
radius large with respect to wavelength, the boundary 
conditions for its surface dictates that 

d  [krj,,(kr)11 
j„(ka) d(kr) 

An =  , B„ =   , (6) 
h„(ka) d 

[krh„(kr)] 
d(kr) ra 

where 

jn(ka)= nth order spherical Bessel function, 
a= radius of sphere. 

Subsitution of ( 6) into (4) and (5) yields the following 
far zone field solutions: 

a 1 
E„ = — Eoe'vc(r-a)-'11 — — sin 0 cos ftif 

kr 

— cos 0 cos ctiê + sin 44 eioo cos 0, 

1 
TL = —a —kE0 eilk (r—a)—'") I —  (—) sin 0 sin 09 

r weL kr 

— sin a — cos o cos (1xl; ei8a ros 8. / 

(7) 

(8) 

Since the radial component of the far zone field is an 
inverse function of r2, it can be neglected in the evalua-
tion of the total far zone Poynting vector, 

S. = ( a— P0(1 — sin2 0 cos2 ck)t. 
)2 

(9) 

dPn'(cos 0) 
cos Irk  dO hn(kr)ill 

(4) 

(5) 

The pattern of Fig. 2 is a surface of revolution about 
the x axis and has the sanie form as the radiation pat-
tern of a quarter wave dipole antenna. 

Fig. 2—Scattered energy in sphere's equatorial plane 
(linear polarization). 

If one assumes the incident energy to be linearly 
polarized along the y axis, the scattered energy distribu-
tion is a surface of revolution about the y axis and, in 
general, the null of the scattered energy distribution 
can be seen to align itself with the incident polarization 
vector. When the incident energy is linearly polarized, 
the scattered field will also be linearly polarized. By 
control of the spatial orientation of the transmitting and 
receiving elements, the amount of energy communicated 
in the link can be maximized (provided that the effects 
of Faraday rotation can be compensated for). 
The field distributions for circular polarization were 

computed by introducing space quadrature terms and a 
phase angle parameter fi into ( 1) and (2); hence, 

Ei = Eoeiwt[(cos 0 cos 4) + cos 0 sin 4;beis)é 

— (sin c> — cos cpeo)e]eikr ro' 8, ( 10) 

= Hoei"[(cos 0 sin cti — cos 0 cos 010)6 

+ (cos cp + sin 4)eio)4 C Cos B. (11) 
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The scattered field components were then 

a 
= — EoeiR('-'>-«."1E— (cos 0 cos 4) ± cos 0 sin ckeis)ü 

± (sin cf, — cos cle's)ele'ka CC" 8, ( 12) 

a kE0 
= — — elk(ta)_h11— (sin 4) — cos 4)e,drà 
r wµ 

— (cos 0 cos 4, cos 0 sin cbeie)ele7k. C 8 , (13) 

and the far zone Poynting vector, 

a y  Pu 
= (— —(1 + cos' O — sin 24, sin' O cos mt. (14) 

r 2 

The case of circular polarization results from a sub-
stitution of 13= + r/2 in ( 12), ( 13), and ( 15), whereupon 
the Poynting vector becomes 

a y Po 
= (— — (1 ± cos20),. 

r 2 
(15) 

The energy distribution of Fig. 3 is a surface of revo-
lution about the z axis. The scattered energy is itself 
circularly polarized. The values of r/2 and — r/2 for a 
produce an off-set, linearly polarized wave as shown in 
Fig. 4; these patterns are surfaces of revolution about 
the y = —x and y= x axes, respectively. For intermediate 
values of fi the patterns will be oriented about the 

—x or y = x axes and will exhibit elliptic polarization. 
The free-space loss formula given by Pierce and 

Kompfner, to be consistent with the distributions of 
this article, will now read 

L — 
p t x2 pt 

Pr A 2n2a2G 

where 

(16) 

= transmitter power, 
Pr = receiver power, 
X = wavelength, 
p= geometric mean of the distances between the 

satellite and the terminals, 
A = antenna area (assumed to be the same for both 

transmitter and receiver), 
n = antenna efficiency, 
a = radius of sphere, 
G= gain of the sphere. 

The following form was used for the radar cross section 
of the sphere: 

S, 
u = 4r — = 47ra2G. 

s,  
(17) 

The factor G in ( 17) has a maximum of 0 db for the dis-
tributions of this article. An alternate approach would 
be to compare the scattering of the sphere with that of 
an isotropic scatterer. The gain of the sphere over an 

1 

Fig. 3—Scattered energy in sphere's polar plane 
(circular polarization). 

fe.w/2 

Fig. 4—Switching the field pattern. 

isotropic scatterer is computed in the Appendix and has 
a maximum of 1.1 db when linear polarization is used. 
When circular polarization is used the distribution has a 
maximum of 1.3 db and a minimum of — 1.3 db. 

Scattering distributions acquired by other investiga-
tores indicate that the sphere primarily back scatters 
and forward scatters when the sphere radius is of the 
order of magnitude of the incident radiation's wave-
length. Their published observations were for a = 3 X or 
less, whereas a sphere radius to wavelength parameter 
of an order of magnitude greater than that just stipu-
lated is pertinent in the UHF region. It would appear 
that operation of the 100-foot sphere for the experi-
ments mentioned in this article is limited to the region 
above 100 mc. 
The total far zone energy distributions can be ob-

tained from the various field quantities given in this 
article when both the incident and scattered fields are 
present. In the case of over-the-horizon communication 
it is presumed that the incident field energy will not be 
present, so that expressions (9), ( 14), and ( 15) are of 
principal interest. 

4 C. 1. Beard and V. Twersky, "Propagation through random dis-
tributions of spheres," 1958 IRE WESCON CONVENTION RECORD, 
pt. 1, p. 94. 

5 1. S. Honda, "Scattering of microwaves by figures of revolu-
tion, 1957 IRE WESCON CONVENTION RECORD, pt. 1, pp. 151-157. 
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APPENDIX 

A. Solution of the Series 

Insertion of (6) into (4) and (5) leads to expressions of 
the form 

j(ka) 1, 
1) h„(kr) r   L h„(ka) 

  [krj„(kr)] 
d(kr) 

2) h(kr) 

[krh (kr)] 
d(kr) n r« 

d j„(ka) 1 
3)   ikrh„(kr)][   

d(kr) h„(ka) _I' 

d 
  [krj„(kr)] 

d d(kr) 
4)   1krh„(kr)] ; 

d(kr) d 
[krh„(kr)] I 

d(kr) Jr=a 

. 
= Eoe'lk('''" E ( i)" [ 

„_ t 

- i[ n(n ± 1) cos 4) dP„'(cos 0) r  d  
i cos oP„'(cos 0)j„(ka), 

(kr)2 kr de L d(kr) 
sin cit d 

+ kr sin 0 Pni(cos 19) [  d(kr) Ikrj„(kr)]] 41} r=a 

= 

and using 

" (n -F m)! \,» 
h(kr) = E   

i(kr) ,„=0 m!(n - m)!2(kr) ) 

one obtains 

1) - ( 16 )j„(ka)eik ('- 1̀) ± 0[()2] 

r ai 

IL eik(r-a) 0 [- 

2) i ( kir)[ d(dkr) kr21 

ka2 
3) - ikaj„(ka)eik(r-a) ± 0[—r ], 

a 
4) - [-- [krj„(kr)]] eik('-a) ± 0(—). 

d(kr) r=a 

(18) 

Since the far zone fields are of interest, the first terms of 
the above relations are those used in the solution; hence, 

2n ± 1  jr a yos a dP„' (cos 0) . 
P'(cos 0)j„(ka)à r) sin 4)  dO in(ka)4j 

n(n 1)J IL r sin 0 

Ikrj„(kr)ji é 
r 

kEn - e'__"1 (i) " [ 2n -I- 1 1) sin ct,   P„'(cos 64)   n likrj„(kr)ê 
(n( kr) sin 0 n=1 d(kr) Jr..,, 

cos 4. dP„'(cos 0) r d [n(n ± 1) ( a) 
[krj„(kr)]] i sin oP„'(cos 0)j„(kari 

kr dO Ld(kr) 1.-=‘1 kr r 

— 

a) dP„'(cos 0) a \ cos 4) p,,'(cos 0)j„(ka)(ni. 
- j( sin 4, i.(ka)ê i( 

) i dO r sn 0 

Collecting terms of the various coordinates 

(19) 

(20) 

œ 
i 1) 

E, -= E, (-a--)eik(r-a)-‘al < E (i).(21/ + 1) ( COS4)   P„' (cos 0)j„(ka), 
r l n--i kr ka 

-  tac  (onr 2n + 1 ir cos 4) _.. cos 41 dP„'(cos 0) r  d  , . 
  1 P'(cos0)j„(ka) i Ikr1„(kr)]] lê 

n=1 l_n(n + 1)J Lsin O ka dO Ld(kr) r=a 

. 2n -I- 1 1 r dP„'(cos 0) . sin 0 d  
+ E (on   s n (1) i  1„(ka) i   P.'(cos 0)( [krj„(kr)]) ] 4;} , (21) 
.-1 [n(n ± 1)J L dO ka sin 0 d(kr) T=0 

kE0(a 1)sin4) 
Ha = — --)etik(' )-" { e .= E (i)"(2n -I- 1) (— -- P„'(cos 0)j„(ka)P 

WM r 1 kr , ka 

.. 2n ± 1 ][. dP„'(cos 0) . sin 4) d 
— E (i)"   sin 4)  1„(ka) ± i  P„'(cos 0)[  [krj„(kr)I1 iê 

„=..1 [n(n ± 1) dO ka sin 0 d(kr) 

. r 1 2n -F l[coscp cos cit dP„'(cos 0)r  d ] 
+ E (i)" P„'(cos 0)j„(ka) i Ekrj„(kr)] 14")} . (22) 

',=I Ln(n ± 1)..] sin 0 ka dO Ld(kr) r=a 
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The series that comprise (21) and (22) can be identified 
as those of the type used to set up the incident fields' 
or identified by a technique described in a recent 
article;6 hence (7) and (8) have the form 

a 
= 

1 
Eoe' 18(r-a)-6"1 — (—) sin 0 cos 0 

kr 

a kE0 
H. = — — 

r wu 

— cos 0 cos a ± sin ckii; ei" c°8 , 

1 
etik(r-a)-wil {— (—) sin O sin 0 

kr 

— sin a — cos O cos 44 ea« 000 

B. The Poynting Vector 

Since the radial component of the far zone fields was 
neglected, the total Poynting vector has the following 
form: 

= Re Eerie* — EoHolt. 

For the fields calculated in A of the Appendix, 

S. 
( a y  kEo 

[(sin O cos 4:1)2 ± (sin (1))2[P, 
r I 2ceei 

= (a  )2— Po[l — sin2 g cos' O]t. 

6 T. Vea, "Generating functions and the summation of infinite 
series," to be published in PROC. IRE. 

C. Equivalent Gain of the Sphere 

The equivalent gain of the sphere over an isotropic 
scatterer was computed from the pattern volume. For 
linear polarization, 

r /2 r ir/2 j . cos' rA 

VL -= 8f J0 r2 cos odrd440, 

647r 
VL = — 

105 

from which the radius of the equivalent sphere is com-
puted to be 0.77; hence, 

1 
GL = = 1.30. 

0.77 

For the case of circular polarization, 

57. f  rr/2 f 1/20+0082 0) 

Jo Jo  
= 8 r2 sin Odr(10(10, 

167r 
V, = 

35 

and the radius of the equivalent sphere was computed 
to be 0.70; hence 

Project SCORE* 

1 
Gc = —0.7 = 1.43. 

S. P. BROWNt AND G. F. SENNt, SENIOR MEMBER, IRE 

Summary—This paper is designed to provide a review and sum-
mary of the over-all program of development, construction and opera-
tion by the U. S. Army Signal Research and Development Labor-
atory of the first satellite communication system placed in orbit on 
December 18, 1958. This effort was part of Project SCORE (Signal 
Communication by Orbiting Relay Experiment) directed by ARPA. 
Basically, Project SCORE consisted of designing, constructing, and 
conducting an actual flight experiment of a delayed repeater type 
satellite package using an actual stripped down Atlas missile as 
the satellite container. The major points to be covered are summar-
ized in the following paragraphs. 
A brief historical résumé of the project will cover the preliminary 

discussions regarding the feasibility of orbiting an Atlas ICBM; the 
vehicle and weight limitation affecting preliminary system design; 

* Original manuscript received by the IRE. December 2, 1959. 
t U. S. Army Signal Res. and Dey. Lab., Fort Monmouth, N. J. 

mechanical and electrical test problems and ground station installa-
tion and on-site training. 

The system description will cover orbit data; ground station site 
location and control; airborne equipment components such as an-
tennas, temperature control and communication electronics; general 
considerations of system design and design problems; ground sta-
tion equipment including recording and test equipment and asso-
ciated ground communication equipment. 

The system operation portion of the paper will cover a brief sum-
mary of the launch into orbit and actual life of the communications 
system; actual operating procedures used to achieve maximum 
benefits from the experiment; a summary of test data obtained with 
chart and graph presentations; a discussion of test results and the 
factors affecting the evaluation of test results; and selective com-
ments on equipment reliability. 

The final part of the paper will contain conclusions to be made 
from the equipment and the impact of these conclusions on the plan-
ning for future communications satellite systems. 
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S
TARTING with the development of radio com-
munication equipment suitable for operational use 
in the VHF and UHF frequencies, system de-

signers and operating personnel alike have been con-
cerned with the problems imposed by line-of-site propa-
gation at these frequencies. Equipment operating on 
even higher frequencies with corresponding greater com-
munication channel capacity is being developed and 
placed in operational status. However, no reliable and 
economic means of providing single-link, wide-band 
communication facilities over intracontinental and 
intercontinental distances yet exists. 
To fill this communication gap, extensive networks of 

coaxial line and microwave radio relay systems have 
been developed and installed in the continental United 
States during the past decade. The logistics problems 
attendant upon the installation and maintenance of 
these systems in the confines of the United States are 
tremendous, even with a relatively favorable environ-
ment. Applying the same techniques to a fluid militan' 
'situation aggravates the difficulties to produce an al-
most impossible situation. The economics of the prob-
lem of providing multichannel communication under 
these conditions are such that only the pressure of 
military necessity justifies the cost. Even in commercial 
practice, the installation of radio relay and coaxial 
cable facilities is limited to the land masses of the 
eastern and western hemispheres. There are no means 
available to cross the reaches of the Atlantic and 
Pacific Oceans with economically sound and reliable 
radio relay or coaxial facilities capable of transmitting, 
for example, real time television program material. 
Many schemes have been proposed, such as circling 

aircraft, blimps or dirigibles, land stations installed on 
the islands which dot the subarctic borders of the 
Atlantic and Pacific Oceans, anchored platforms and 
cables with sealed-in repeaters. Each of these, except 
the last, in one form or another has developed flaws, 
either logistic or technical, which makes them extremely 
unattractive, if not impossible. The last has been ac-
complished in recent years for multichannel telephone 
and slowed-down television: however, it is quite vul-
nerable to earthquakes, tides and Soviet trawlers. 
With the successful launching of man-made satellites, 

their possibilities as elements in world-wide transmis-
sion systems were the subject of considerable specula-
tion. A satellite, quite obviously, has many attractions 
as a vehicle for an unattended radio relay repeater. It 
requires no fuel to maintain it on its appointed course. 
Once in orbit, its position can be predicted with great 
accuracy and by selection of orbits, with no more than 
two relay points, any two locations on earth can be 
linked. 

Attractive as these possibilities are for commercial 
communication systems, they become almost irresistible 
for world-wide military networks. At the present time 
the satellite station is practically impossible to intercept. 
It requires no friendly real estate to house equipment 

and, powered either by atomic energy or solar radiation, 
needs no logistic support. Operating as a delayed re-
peater, a satellite link could give a military system a 
considerable antijamming advantage. 

Naturally, there are some disadvantages. The elec-
tronic equipment must be rugged enough to withstand 
the hazards of launching, one hundred per cent reliable 
for a time at least sufficient to amortize its initial cost 
and launching expenses, and capable of withstanding 
the extreme conditions existing in outer space. None of 
these appear to be insurmountable at the present time. 

It was in an environment of such considerations that 
the Advanced Research Projects Agency, jointly with 
the Army and the Air Force, undertook Project SCORE. 
The object of this project was to place in orbit an 
eighty-foot long Atlas missile and to use this as a plat-
form for a communication system capable of spanning 
intercontinental distances. The ultimate goal was to 
demonstrate dramatically the feasibility of such a 
system and to explore some of the technical and opera-
tional problems that would attend a military satellite 
communication system. The communications portion of 
the project was approved and assigned to the U. S. Army 
Signal Research and Development Laboratory late in 
July, 1958. The launching date was set for early Novem-
ber, 1958, which required that system and equipment 
design and installation in the vehicles had to be com-
pleted by the middle of October to avoid interference 
with prelaunch checkouts. Ground stations were re-
quired to be installed and operating crews trained by 
November 1, 1958. This was admittedly an extremely 
short deadline within which to accomplish project 
SCORE. 
The plans were to install two complete communica-

tion packages in the Atlas missile. These each would 
include a receiver, transmitter, control unit, battery 
supply tape recorder, and tracking beacon. Ground 
equipments installed in standard army type V-51 vans 
with associated support vehicles were to be located at 
Fort MacArthur, Calif., Fort Huachuca, Ariz., Fort 
Sam Houston, Tex., and Fort Stewart, Ga. This equip-
ment would include a Quad helix tracking antenna 
mounted on searchlight base, receiving, transmitting 
and control equipment along with appropriate record-
ing, telephone and teletype terminal equipment. In 
addition, the California station would have a direction 
finder to assist in initial pickup and tracking of the satel-
lite. All ground stations were to be linked by both 
telephone and HF radio to a system control center at 
the Deal Area of the Signal Corps Laboratory in New 
Jersey. 

Preliminary calculations indicated that an elliptical 
orbit with an apogee of between 500 and 800 miles and a 
perigee of approximately 100 miles might be achieved. 
The launching was to be from the Atlantic Missile 
Range at Cape Canaveral with an inclined orbit of 30°. 
Fig. 1 illustrates the orbit geometry and the location of 
the four operating ground stations. 
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Fig. 1—SCORE satellite orbit. 

The design of the system was based on providing two 
modes of operation; as a delayed repeater and as a real 
time active satellite repeater. In the delayed repeater 
mode, the satellite, upon reception of a suitable com-
mand signal from a ground station would record infor-
mation transmitted to it. Upon reception of a different 
command signal, it would then transmit back to the 
ground station originating the command the informa-
tion previously stored. Within the limitation of the 
storage capacity in the satellite, the information trans-
mission rate, and hence the bandwidth, of the system 
and the time in view over each of the ground stations, a 
delayed repeater can provide intercontinental "store 

and forward" message transmission service. 
The second mode of operation, that of a real time re-

peater, was obtained by the use of yet another com-
mand signal which activated the satellite as a radio re-
lay repeater station with the recording mechanism by-
passed. Here, the transmission capability of the system 
is limited by the time the satellite is in view of both sta-
tions simultaneously and the system bandwidth. The 
locations of the four ground stations were based, in part, 
on providing station separations which would permit 
testing of the real time capability over varying dis-
tances. 
The system parameters which were incorporated in 

the satellite and ground equipments are indicated in 
Table I. VHF frequencies were used to minimize the ef-
fects of cosmic noise and ionospheric propagation while 
still permitting the use of sensitive, transistorized re-
ceiving equipment in the satellite. The power levels em-

TABLE 1 

SCORE SYSTEM PARAMETERS 

Satellite Ground 

Transmit Frequency 
Receive Frequency 
RF Power Output 
Noise Figure 
IF Bandwidth 
Audio Bandwidth 
Antenna Gain 
FM Threshold 
Fade Margin 

132 mc 
150 mc 
8 watts 
10 db 
40 kc 

0.3-5.0 kc 
O db 
10 db 
39 db 

150 mc 
132 mc 

1000 watts 
6 db 

40 kc 
0.3-5.0 kc 

16 db @150 mc 
10 db 
19 db 

ployed were consistent with what could be obtained in 
the time frame of the program. The bandwidths selected 
were the minimum consistent with frequency stability, 
Doppler frequency variations, maximum audio fre-
quency and carrier frequency deviation. Allowance was 
made for + 4-kc variations caused by Doppler shift and 
+5 kc for the first-order sidebands of the modulation 
with the deviation ratio limited to 1.0 at 5 kc. The fre-
quency stability of the satellite components was within 
+0.005 per cent. Consistent with the expected apogee of 
500 to 800 miles, the system design was based on 1000-
miles slant range. Power balance calculations using this 
value resulted in the fade margins indicated, including 
allowances for miscellaneous losses in transmission lines, 
duplexers, filters and ring isolators. 
The satellite elements of the system were designed 

with due consideration for simplicity, the capability to 
withstand the mechanical environment during powered 
flight, an adequate thermal design to maintain the elec-
tronic components within reasonable temperature limits 
while in orbit, and redundancy to improve the likelihood 
of a successful communications experiment. Two com-
plete systems, using slightly different radio frequencies, 
were installed in the Atlas missile to provide the re-
dundant feature. Table II summarizes the size, weight 
and power drain for the items comprising the over-all 
satellite system. 

TABLE II 

SCORE COMPONENT CHARACTERISTICS 

Components Weight 
(Pounds) 

Size 
(Cubic Inches) 

Power Drain 
(Watts) 

Receiver 0.75 39 0.24 
Transmitter 2.5 101 51.3 
Beacon I.0 27 0.36 
Control Unit 0.75 37 3.0* 
Recorder 3.25 99 1.4 
DC-DC Converter 1.0 19.2 — 
Battery 21.0 175 — 
Mount and Hardware 14.5 — — 
Antenna System 54.0 — — 

* Relay mode only. 

The major design areas for the satellite system can be 
broken down into the following areas which are de-
scribed below. 
The major elements of each of the satellite systems 

are shown in Fig. 2 as well as the over-all configuration. 
Fig. 3 indicates the interconnection between the major 
elements. As shown in Fig. 3, separate antennas were 
used for the communication receiver and transmitter 
with a beacon transmitter diplexed with the higher pow-
ered communication transmitter. 
The communications receiver was a double super-

heterodyne frequency-modulated all-transistor receiver, 
a modified version of a commercial type. Considerable 
improvement in sensitivity was attained by the use of 
selected transistors in an RF amplifier stage which was 
included; noise figures in the 10-db to 13-db range were 
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Fig. 2—SCORE system satellite components. 
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Fig. 3—SCORE satellite interconnection diagram. 

realized. Although the receiver power drain was only 
0.24 watt, it represented a considerable expenditure of 
energy over long periods of time if it were permitted to 
operate continuously. To conserve the limited battery 
supply, a battery saver circuit was included in the re-
ceiver design which, during standby periods between 
interrogations, turned the receiver on for a period of .4 
second each 24-second period, thereby reducing the 
power requirement by a factor of 10. This substantial 
saving in power drain was thereby achieved without in-
troducing appreciable delay in detecting command sig-

nals. 
The transmitter used vacuum tubes throughout and 

provided 8-watts frequency- modulated power output. 
The circuitry used was conventional, in keeping with the 
urgency of the development cycle. Plate and screen volt-
ages for the transmitter were obtained from a transistor-
ized dc to dc converter operating from the battery power 
supply. A relatively high conversion efficiency of 82 
per cent was obtained with the converter operating with 
a ripple frequency of 2500 cps. 
The control unit consisted of transistorized switching 

circuits activated by special telemetry type notch filters 
at frequencies of 3000, 3900 and 5400 cps. These tones 
corresponded to the record, playback and radio relay 
modes, respectively, and caused the appropriate connec-
tions to be made between the transmitter, receiver and 
tape recorder. The 5400-cps tone had an alternate capa-
bility of disabling the record and playback modes and 
caused the system to revert to a standby status. This 

was included to provide a measure of control of the 
satellite system by the ground stations in the event that 
the automatic cycling sequence incorporated in the 

satellite design might fail. 
The recorder-reproducer was a miniature type orig-

inally designed and built at the Signal Corps Laboratory 
for a meteorological satellite, but modified for applica-
tion to the SCORE project. The electronic circuitry in-
cluding erase, playback and record functions was com-
pletely transistorized; the tape drive mechanism was 
pressurized for reliable operation of the dc motor in the 
space environment. An endless loop of 75 feet of 1- mil 
mylar tape, operating with a tape speed of 31 inches per 
second (ips) provided 4 minutes of recording or play-
back time with a 300- to 5000-cps bandwidth. A 4-inch 
metallic coated section of the tape which momentarily 
completed an electrical circuit indicated the stopping 
point on the endless loop. This contact caused the con-
trol unit to revert automatically to a standby status at 
the completion of a record or playback cycle. 
The nominal 108-mc tracking beacon used was a 

modified version of the transistorized type used in Ex-
plorer I. One channel of FM-AM telemetry was in-
cluded in the design to indicate temperature variations 
in either the missile pod cover or one of the electronic 
packages. Output power was a continuous 30 milliwatts. 

Based on the expected life of the satellite of 21 days, a 
chemical battery system rather than a costlier and 
heavier solar cell and rechargeable nickel cadmium bat-
tery system was used. Zinc-silver oxide batteries were 
chosen because of their high capacity (watt hours per 
pound) and ability to handle occasional peak loads, such 
as the communication transmitter. 
The antennas employed consisted of two simple slot 

antennas for reception and two for transmission, a re-
ceiving and a transmitting antenna being located on 
each instrumentation pod of the missile. A typical slot 
antenna is shown in Fig. 4 which was fabricated from 
fiberglass honeycomb sandwich material with the con-
ducting surfaces applied by means of an aluminum 

metal spray process. 

Fig. 4—Slot antenna used with SCORE satellite. 
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Fig. 5 indicates the manner in which the various com-
ponents were interconnected; band-pass filters and ring 
couplers being used to isolate the effects of like units 
from each other while still providing a low-pass path 
connection to the antennas located on opposite pods of 
the missile. The separate transmitting and receiving an-
tennas provided the additional decoupling necessary to 
eliminate desensitization of the receiving equipment. 
The antenna radiation pattern attained was essen-

tially that of a multiwavelength doublet with the at-
tendant deep nulls. The effect of the missile tumbling in 
its orbital flight was to introduce fades of up to 15 db 

in the transmission path. The fade margins indicated in 
Table I were made as large as possible to overcome this 
effect. 

Fig. 6 indicates the over-all configuration of each sys-
tem mounted on rails on the Atlas missile. The elec-
tronic components were coated, where circuit configura-
tions permitted, with a conformal resin coating. All of 
the major assemblies were further encapsulated in an 
isocyanate foam, and poured into place within light-

Fig. 5—SCORE antenna connection diagram. 

Fig. 6—SCORE satellite components mounted on Atlas 10B missile. 

weight, polished aluminum canisters. Printed wiring was 
further used in most units. The finally assembled units, 
in their canisters, were attached to the mounting rails 
through isocyanate foam and laminated fiberglass 
mounts, with the exception of the recorder where solid 

Kel-F plastic mounts were used. These mounts provided 
a measure of vibration isolation but, more important, 
thermally isolated the electronic equipment from the 
skin of the missile. The over-all configuration withstood 
accelerations of 10 g from 20 to 2000 cps and i-inch ex-
cursions from 5 to 20 cps. 

The thermal design presented unique problems be-
cause of the difficulty in providing an adequate thermal 
environment in the vicinity of the electronic compo-
nents. A range of +40°F to + 120°F was the largest use-
able, if system performance were to be met. The ap-
proach finally decided upon was to use highly polished 
surfaces on the communication components while the 
surface of the metallic pod covers were iridited. This 
was expected to produce a mean temperature of approxi-
mately 90°F within the individual packages. The ex-
pected low duty cycle of the communication transmitter 
was not expected to cause an appreciable temperature 
rise within its canister. Since the temperature compensa-
tion problem was not straightforward and was severely 
limited by payload and development time considera-
tions, the results obtained were not unexpected. 
The ground stations were designed to be operated 

from transportable vans and trucks and included cer-
tain minimum requirements. In addition to the radio 
terminal equipment, including transmitters, receivers, 
telegraph and telephone terminal equipment, as shown 
in Fig. 7, it was necessary to provide means for tracking 
the orbiting satellite with a high gain antenna, recording 
pertinent signal level and communication data, and au-
tomatically sequencing the ground equipment for either 
transmission or reception with the satellite. 
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Fig. 7—SCORE ground station interconnection diagram. 
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The VHF radio terminals were modified commercial 
types with characteristics as listed in Table I. Backups 
were provided for all major items in the communications 
chain with both a 250-watt and a 1000-watt transmitter, 
for example. These units occupy the center of Fig. 8, an 
interior view of the operations van. The teletype multi-
plex equipment was capable of either seven-channel, 
frequency division multiplex operation or single-chan-
nel, 850-cps frequency shift operation. Standard mili-
tary teletype sets were used for receiving, transmitting 
and preparing messages on perforated tape. 
The control unit shown in Fig. 9 not only originated 

the command tones transmitted to the satellite, but 
also automatically accomplished the switching of the re-
ceivers, transmitters, teletype machines and other 

equipment in the proper sequence. At the operators' 
position, a patch panel was also provided which per-

Fig. 8— Interior view of SCORE ground station operations van. 

Fig. 10—Exterior view of SCORE ground station showing 
tracking and communication antenna. Fig. 9—Operator's console in SCORE ground station. 

mitted changing the operating sequence or type of serv-
ice at a single location. 

Recording devices, including magnetic tape recorders 
and pen recorders, were also supplied to provide per-
manent records of such things as signal level variations 
and communication traffic. 
The antenna system used (see Fig. 10) was a circu-

larly polarized, quad-helices array with a screen reflector 
mounted on a modified searchlight pedestal. The gain 
provided varied from 10 db at the 108-mc tracking fre-
quency to 16 db at the 150-mc communication fre-
quency. Coverage of 360° in azimuth and 90° in eleva-
tion was controlled at all but the California station by 
an operator maximizing the 108-mc signal reception 
with the antenna positioning controls located near the 
tracking receivers. At the California station, the azimuth 
control was slaved to the alidade of an experimental di-
rection-finding equipment while the elevation control 
was manually varied. Even this partial automation re-
sulted in a marked improvement in tracking accuracy 
and system performance. 
The successful launching of the Atlas missile 10B on 

December 18, 1958 and the subsequent operation of the 
communication system installed therein almost in-
stantly assumed importance as an achievement of na-
tional and international significance. This fact inter-
fered with the conduct of the technical portions of the 
project to such an extent that the orderly collection and 
analysis of data were somewhat neglected for the first 
week of operation. Therefore, some important clues that 
might have explained some discrepancies later observed 
were lost. Qualitatively, the practical operation of a 
satellite radio relay system capable of spanning inter-
continental distances either in real or delayed time was 
demonstrated conclusively until battery failure occurred 
on December 30, 1958. For example, communication 
traffic, both voice, single-channel teletype and multi-
channel teletype, was carried on a delayed repeater basis 
in many successive orbits around the earth and was 
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made available individually to the four ground stations 
at their command. 
The ground stations interrogated, received and re-

corded, for simulated distribution, a total of 78 mes-
sages for a total of 5 hours, 12 minutes communication 
time. Of these, 28 separate messages had been placed in 
the satellite recorder by ground stations. The remainder 
were multiple interrogations of previously recorded ma-
terial. A total of 1 hour and 52 minutes operation of the 
satellite in the recording mode was involved for these 28 
loadings. Eleven real time relays from California to 
Georgia, a distance of over 3000 miles, were successfully 
made for a total of 43 minutes of satellite operation. In 
several instances, unauthorized fortuitous recordings 
from unidentified stations, with apparently random dis-
tribution in the Eastern hemisphere, were received dur-
ing interrogations by both the California and Georgia 
stations. In all probability, many fortuitous interroga-
tions of the satellite also were made but there were no 
means of determining the number of these. This does in-
dicate that a simple tone keyed command system is 
highly inadequate for future satellite applications. 
One set of equipment failed because the tape recorder 

became inoperative on the first orbit allowing the trans-
mitter to operate continuously and discharge the bat-
tery. The other equipment operated exactly as planned 

other than with somewhat smaller fade margins than 
had been expected. This satisfactory operation was ob-
tained in spite of the fact that internal temperatures 
appeared to rise to over 20°F higher than the maximum 
temperature of 120°F for which the equipment was de-
signed. 

This system, which was assembled in record time, 
demonstrated a world-wide single-voice channel com-
munication capability, over intercontinental distances, 
in real time, and to and from any point on earth by de-
layed (store and forward) repeater techniques. 

There is no insurmountable barrier to the expansion 
of the principles demonstrated by this project to the 
dimensions necessary for an economically practical, 
world-wide communication system. The communication 
equipments developments required are well within the 
state of the art, namely, wide-band transmitters and re-
ceivers, a recording facility of complementary capacity 
and a secure command control system, all capable of 
providing unattended operation for a year or more by 
using redundancy and other techniques. It is beyond 
the purpose of this paper to analyze the bandwidth and 
time dimensions necessary for economic feasibility, but, 
in all likelihood, the electronic equipment could be avail-
able in about the same time frame as the rocket power 
necessary to place such a satellite into a proper orbit. 
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A Broad-Band Spherical Satellite Antenna* 
HENRY B. RIBLETt, SENIOR MEMBER, IRE 

Summary—The design criteria and results of the design of a 
broad-band spherical antenna are discussed. The parameters of de-
sign and their effect on radiation patterns are briefly investigated. 

The particular antenna was developed from an equiangular spiral 
slot plotted on a plane and then projected on the surface of a sphere. 
Attention is given to problems of isolation and matching when the 
antenna is used for multifrequency operation. The particular antenna 
discussed is being used in the TRANSIT satellite program. 

INTRODUCTION 

1-
 r1 HE need for a broad-band antenna, covering a 

frequency of at least four to one, is dictated by 
- the use of the four harmonically related frequen-

cies 54, 108, 162, and 216 megacycles in the TRANSIT 
satellite. These four frequencies are used to obtain data 
pertaining to the ionosphere refraction observed during 
Doppler measurements. In addition to the wide range 
of frequencies, the desirability of radiation patterns as 
near isotropic as possible led to the design of the equi-
angular spiral slot antennas projected onto the surface 
of a sphere. This antenna provides radiation patterns 
which have nulls no deeper than 10-15 db, at any 
angle around the sphere, except the one produced by 
cross polarization at the equator. 

ANTENNA CONFIGURATION 

Unless the satellite is stabilized with respect to the 
earth, the variations in attitude caused by spin, tum-
bling, and other changes in space orientation will re-
quire the radiation pattern to have a uniform field in-

tensity in all directions, i.e., isotropic, in order to 
minimize the signal strength variations at the receiver. 
Because it is next to impossible to obtain a practical 
isotropic antenna, the specifications for the TRANSIT 
satellite antenna call for peak-to-peak field intensity 
variations of not more than 10 db within the spherical 
coordinate system for all four frequencies. Other require-
ments make the use of protruding dipole elements 
mechanically difficult. With few exceptions, the flush-
mounted spiral slot satisfied these specifications. 
The spherical shape of the TRANSIT satellite was 

chosen initially to obtain thermal balance regardless of 
attitude; however, the same property of the sphere, 
having only one linear dimension, the circumference, 
aids greatly in obtaining a nearly uniform radiation 
pattern. To fulfill the broad-band frequency require-
ment, the properties of an equiangular (logarithmic) 
spiral slot was utilized. The shape and dimensions of a 

Original manuscript received by the IRE, November 23, 1959. 
This work was supported by the Navy, Bureau of Ordnance, under 
Contract NOrd-7386. 
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spiral slot antenna are specified entirely by angles. When 
this is true, its electrical dimension is constant with 
wavelength; hence, its performance is " broad-band." 
These broad-band characteristics give uniform beam 
widths and impedances over frequency ranges up to 10 
to 1. Other familiar examples of broad-band antennas 
are the biconical horn and the disk-cone antenna. 
As shown in Fig. 1, the equiangular (i.e., logarithmic) 

spiral has the property that the angle A between the 
tangent to the curve and the radius vector at any point 
on the curve is a constant. Angle A must be larger than 
90° to qualify as a spiral. The spiral can be defined by 

p = Kea°. 

This equation describes the curve that forms one edge 
of the spiral slot or the conductor in the case of its com-
plementary form, a conducting spiral element. The 
other edge of the spiral can then be defined by 

= Ke a ( e— a) 

where the angle a is lag angle between equal radius 
vectors as shown in Fig. 2. 

Fig. 1—Construction of the equiangular spiral. 

Fig. 2—Construction of two spirals with a difference angle a. 
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The slot width is the distance between p and p' at 
equal angles of O. A double spiral slot can be constructed 
by plotting two spirals 180° with respect to each other 
as shown in Fig. 3. 

The double spiral slot was projected on the surface 
of each hemisphere to complete the antenna as shown 
in Fig. 4. 

RADIATION PATTERNS 

The nearly uniform radiation patterns are obtained 
by controlling the current and phase distributions over 
the entire surface of the sphere. With separate balanced 
spiral slots on each hemisphere one has a few parameters 
which can be adjusted to achieve optimum performance. 
These parameters are the screw sense of the spiral, the 
feed point phase, and the rotational position of one 
hemisphere with respect to the other. There are several 
combinations of these parameters which will produce 
varied radiation patterns. 

In the case of the satellite, the antenna must be de-
signed to give as near a uniform radiation field as possi-
ble. It is necessary, therefore, to adjust these parameters 
so that in any plane through the poles of the sphere the 
current distribution is in phase for any set of symmetri-

cal points. If the hemispheres are isolated by a metal 
conducting disk through the equator, the radiation 
from each hemisphere in the direction of its pole is es-
sentially independent since the other hemisphere is 
completely shadowed. Now as the point of radiation 
moves toward the equator, radiation components from 
the other hemisphere become increasingly contributing, 
until the field from the equator has equal components 
of radiation from each hemisphere. If these components 

can be made to be in phase for all longitudinal angles 
around the equator, they will add to fill in the null of 
revolution to the maximum extent. Fig. 5(a) shows that 
for a fixed feed point phase and for spirals wound in the 
opposite sense, the electric field across the slot will be 
in phase at all points around the equator providing the 
two spirals are lined up in a rotational sense so that the 
ends and the beginning of the spirals are on the same 
longitudinal angle. By the same technique, Fig. 5(b) 
shows that for spirals wound in the same sense, the 
radiation will be in phase at 4=0 and out of phase at 
0=90°. 

Fig. 6 shows the evolution of the radiation patterns 
obtained from a spiral slot in a flat conducting sheet to 
those obtained from the sphere with two hemisphere 
cavities. 

The radiation patterns from the spiral slot in the flat 
conducting sheet are bidirectional with essentially a 
complete null in the plane of the conducting sheet. When 
this spiral antenna is backed by a resonant cavity it be-
comes unidirectional with the main lobe still normal to 
the conducting sheet and a null in the plane of the con-
ducting sheet. 
When the spiral antenna is projected onto the hemi-

sphere with the cavity produced by closing off the 

hemisphere at the equator, the radiation pattern is es-
sentially unidirectional with null fill-in at the equator 
where a complete null was present in the case of the 
flat conducting sheet. There is a small back lobe caused 
by spill-over currents. When the two hemispheres are 
placed back to back and the proper phasing is accom-
plished as stated above, the side null is further filled in 
at the equator and the antenna becomes essentially 
omnidirectional, since the pattern is a figure of revolu-
tion about the polar axis. 
At the higher frequencies, where the spacing of the 

center of radiation of each hemisphere is greater than 
180°, a slight double null on each side is noticeable on 
account of the out-of-phase fields at some angle between 
the poles and the equator. These nulls are not generally 
very deep because of the large unbalance in contributing 
fields from each hemisphere. 

A considerable amount of experimental testing was 
done to determine the total radiation field at four fre-
quencies. Because the time scale was too short to make a 
detailed analysis of the theory and basic design, rather 
detailed experimental work was done. The efficiency of 
radiation was checked by comparison • with a dipole 
radiating element and, as expected, the efficiency is a 
few db below that of a resonant dipole where the circum-
ference of the sphere is less than one and one-half wave-
length. However, for the frequencies, above the cutoff 
frequency, the gain was comparable with that of a one-
half wave dipole. 

The polarization of radiation from a double spiral slot 
antenna projected onto each hemisphere of a sphere is 
essentially circular from the poles and progresses 
through elliptical polarization to linear at the equator. 
The linear polarization from the equator is parallel to 
the polar axis. In order to produce the uniform phase 
distribution around the equator, the spiral on one 
hemisphere must be wound right hand and the other left 

hand as shown in Fig. 5(a). This results in right circular 
polarization from one hemisphere and left circular 
polarization from the other. This property makes the 
use of a circularly polarized receiving antenna imprac-
tical and, therefore, a linear polarized receiving antenna 
would probably yield the best results even with the 

cross-polarized null at the equator. Of course, polariza-
tion diversity would yield the best results. Figs. 7-10 
show typical radiation patterns at each of the four fre-
quencies for both horizontal (0) and vertical (0) polar-
ization. Fig. 11 shows the coordinate system used in the 
radiation pattern measurements. 

IMPEDANCE CHARACTERISTICS 

The broad-band antenna also has fairly uniform 
impedance characteristics with frequency. Generally, 
the impedance will go through some sharp resonances 
at certain frequencies below the so-called cutoff fre-
quency and then will exhibit fairly flat resistance and 
reactance above this frequency to the upper limit. 
The cutoff frequency corresponds to the lowest fre-
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Fig. 3—Equiangular spiral slot antenna on a flat sheet. Fig. 4—TRANSIT satellite showing spiral slot antenna. 

(a) (h) 

Fig. 5—(a) Phasing diagrams of slot antenna clockwise and counter-clockwise spiral; ( 1)) phasing 
diagrams of slot antenna two clockwise spirals. 

Fig. 6—Evolution of the spiral 
spherical antenna. 
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quency at which the wave travelling down the slot is 
infinitely attenuated by the time it reaches the end. 
This is similar to the so-called infinite transmission line. 
As mentioned above, cutoff occurs at a frequency where 
the diameter of the spiral is approximately one-half 
wavelength or the circumference is about one and one-
half wavelengths. For the 36-inch sphere used in the 
TRANSIT satellite, the cutoff frequency has a wave-
length of about 2 meters or approximately 150 mc. The 
impedance measurements shown in Fig. 12 indicate 
that the cutoff frequency (that frequency at which the 
radiation resistance begins to flatten out) is about 
135 mc. 
The operation of this antenna at frequencies of 54 

and 108 mc, therefore, is below the cutoff frequency, re-
sulting in a high VSWR and lowered efficiency. How-
ever, after impedance matching, the efficiency has 
proven to be adequate as shown by field strength and 
gain measurements with respect to a one-half wave 
dipole. 

COUPLING AND MATCHING NETWORK 

The RF feed cables are attached to the conductive 
coating between the slots and are carried in this manner 
to the feed points where the outer conductor of the co-
axial line is attached to one side of the slot and the 
inner conductor to the other. This provides a method of 
feeding the balanced slot with an unbalanced feed line 
without the use of a balun. These RF feed cables are of 
equal length to provide in-phase coupling and are joined 
at a common T connector. 
The use of the antenna at the four frequencies re-

quired isolation networks in the RF coupling system. 
After isolation, individual matching stubs are used to 
yield an input impedance of 50 ohms resistance. 
The coupling and isolation networks for the four 

transmitters are constructed of coaxial cable using open 
quarter wave-stub techniques for notch filters. This 
type of filter provides approximately 30 db of isolation 
at each frequency. Fig. 13 shows a schematic diagram 
of such a coupling and isolation network. The insertion 
loss at each frequency is about 1.0 db. The use of filter 
stubs on each feed line gives some mismatch in addition 
to the normal VSWR caused by the antenna im-
pedance's not being exactly equal to the characteristic 
impedance of the transmission line. This total mis-
match is corrected to 50 ohms by the use of a separate 
matching stub at each frequency after the isolation 
filters. Thus, it affects only that frequency. 

CONCLUSIONS 

The antenna described in this paper has been flight 
tested and has given field strengths approximately 
equal to the measured values. The configuration used is 
not necessarily the most optimum and there are plans 
to continue the experimental work to confirm further 
the design for higher frequencies. No work has been done 
on variations of slot width for adjusting the impedance 
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level. Radiation pattern measurements are being con-
tinued to determine the performance of other combina-
tions of slot orientation in one hemisphere with respect 
to the other as well as using the same spiral screw sense 
on each hemisphere. It is felt that this antenna has 
some definite advantages for broad-band operation with 
a relatively uniform field distribution. 
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Solar Batteries* 
ARTHUR F. DANIELt 

Summary—The introductory part of this paper will provide a brief 
summary of how recent advances in military electronics for ground 
and space applications have created an urgent need for new energy 

sources and power supplies. In this search for new sources of power, 
considerable attention is being devoted to the utilization of solar 
energy. 

A short summary will be provided of the applications of U--2A-
SRDL-developed solar cells in the satellite field to date. This will in-
clude a discussion of the apparent reliability and efficiency of solar 
cells in operating situations and the environmental factors affecting 
solar cells. A brief discussion will be given of the various methods of 
mounting solar cells with succinct comments on the advantages and 

disadvantages of different methods. Reference will also be made to 
USASRDL quality control methods and the quality vs cost problem. 

The primary portion of the paper will be devoted to a detailed dis-
cussion of those energy conversion devices which employ static 
methods for direct conversion of solar energy to electrical energy, 

i.e., those types which utilize the thermoelectric, Edison (thermionic 
emission), photovoltaic and photoemission effects. 

The relative merits of these systems based on present and antici-
pated conversion efficiencies are reviewed, in brief, for guidance as to 
future possibilities of these types of devices and their utilization in 
the satellite program. 

ECENT advances in military electronics for .,h . 

- ground and space applications have created an 

urgent need for new energy sources and power 
supplies. In this search for new sources of power, consid-
erable attention is being devoted to the utilization of 
solar energy. 

Under the title "Solar Batteries," those energy con-
version devices which employ static methods for direct 

conversion of solar energy to electrical energy will be 
discussed, i.e., those types which utilize the photovol-
taic, photoemission, the thermoelectric, and the Edison 
(thermionic emission) effects. 

The relative merits of these systems based on present 
and anticipated conversion efficiencies will be reviewed 
with emphasis on space applications. The theory of 
these systems has already been well covered in a number 
of presentations by various authors and this information 
is readily available in the literature [ 11— [ 13]. 

Pin MnrOLTA IC EFFECT 

The photovoltaic effect has been successfully em-

ployed for the conversion of solar energy to electrical 
energy in Vanguard I, Sputnik Ill, and Explorers VI and 
VII, through the use of the silicon photovoltaic cell, 

quite often called a solar cell or solar battery, originally 
developed by the Bell Telephone Laboratories [ 14], 

[15]. A number of space vehicles to be launched in the 
near future will also depend on this type of solar power 
supply. 

* Original manuscript received by the I RE, December 2, 1959. 
f U. S. Army Signal Res. and Dey. Lab., Fort Monmouth, N. J. 

Silicon solar cells having efficiencies in the order of 9 
to 10 per cent are now obtainable in reasonable quanti-
ties. In outer space, for earth orbiting satellites, solar en-
ergy is available at the rate of 2 cal/cm2/minute or 1400 

watts/meter2 or 440 BTU/square foot2/hour, with the 
receiver at normal incidence. Assuming an efficiency of 

10 per cent (sea level reference 1.5 cal/cl-n2/minute cell 
temperature at 25 degrees C) 14 mw/cm2 of active cell 

surface is realized. In an actual design of a solar power 

supply, consideration is given to the type of orbit, duty 
cycle, spinning or oriented vehicle, cell temperature, 

erosion of protective covers by micrometeorites (dust), 
spectral shift from sea level to outer space, and protec-

tion for the cells during preflight tests and handling in 
addition to conditions existing during the launching 

period. After corrections for the above conditions, 8 
mw/cm2 or 7.4 watts/square foot of active cell area is 

generally considered available. A power- to-weight ratio 

of 0.25 watt/pound, including storage system, for a 
nonoriented satellite was achieved in an actual solar 

power supply, shown in Fig. 1 mounted on the satellite. 
The power supply [ 16], including the sealed nickel 
cadmium storage batteries, weighed 221 pounds. The 
nonoriented solar power supply was rated at 5 watts and 

weighed 171 pounds. If orientation were possible, using 
similar design methods, a power to weight ratio of 1.5 
watts/pound would have been possible instead of the 
0.25 watt/pound which was realized. 

Looking into the near future, it is expected that 1 X 2-
cm cells with efficiencies in the range of 12 to 15 per cent 

can be obtained in reasonable quantities. Because of the 
expected future higher power requirements, oriented 

expansible arrays of cells must be employed. The use of 

oriented arrays affords new possibilities in limiting the 
equilibrium temperature of the cells to the order of 0°C 
or lower. This low cell temperature can be achieved 
through the use of spectrally selective optical coatings 

which would increase the emissivity of the cell surface 
in the far infrared and reject radiant energy in the por-

tions of the spectrum not utilized by the cell; it can be 
achieved by providing a good thermal path from the 

back of the cell to the rear surface of the array and by 
coating the rear of the array to obtain high surface 

emissivity to take advantage of the cooling effect of 

space. Even lower cell temperatures are a definite possi-
bility. Initial information from the "paddlewheel" 

(Explorer VI) satellite indicates that the temperature 
of the cells is about 8°C. 

The efficiency of a photovoltaic cell increases with a 
decrease in temperature. For instance, a cell with an 
efficiency of 12 per cent at 25°C will have an efficiency of 

13 per cent at 0°C. Assuming that cells with an efficiency 
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Fig. 1—Explorer VII showing solar power supply. Dr Kurt Debris, 
director of the Army Ballistic Missile Agency's Missile Firing 
Laboratory, looks over the Explorer VII satellite at the launching 
site. The 91.5-pound satellite was placed in orbit by the Juno 
II rocket shown in the background U. S. Army photograph). 

of 12 per cent ( 25°C) are available and that a cell tem-
perature of 0°C can be obtained, an output of 18 mw/ 
cm2 of active cell surface can be realized. Compensating 
for transmission losses through cell covers sand blasted 
by meteoritic dust and the so-called spectral shift, the 
output is reduced to 14 mw/cm2 or 13 watts/square foot. 
Using this figure with present design methods for the 
mounting of cells, orientation of plaque, and required 
protective covers and housing, a figure of 3.5 watts/ 
pound (including storage batteries) can be calculated 
for the power output. 

Programs are now in effect for the investigation of 
new materials for solar cells, multilayer and variable 
energy gap cells for greater utilization of the spectrum, 
high efficiency silicon cells, large area cells, multiple 
junctions on a single thin film of silicon, and high tem-
perature cells. As a result of these efforts, efficiencies of 
15 per cent for single gap cells and efficiencies of 20 to 
30 per cent for cells of new materials and devices utiliz-
ing a greater portion of the spectrum may be possible. 
Present costs for photovoltaic cells are high and a pro-
gram has been initiated for the investigation of methods 
leading to high production yields of efficient cells at a 
reasonable cost. 

PHOTOEMISSION EFFECT 

The photoemission effect [3], [4], [5], [6], [ 121 has 
been known for many years but little effort has been 
made in the past to use it for the conversion of radiant 
energy into electrical energy of sufficient magnitude for 
use as a source of power. A photoemission diode is anal-
ogous to the thermionic diode. When the photoemis-
sive layer is illuminated, light photons release their en-
ergy to the electrons upon collision. If the amount of 
energy is greater than the work function of the material, 
the electron escapes with a kinetic energy equal to the 
excess of the quantum energy over the work function 
and it will reach the anode. In the thermionic diode, 
the anode is maintained at a lower temperature than the 
cathode, but in the photoemission diode, the anode is 
kept "dark," to prevent emission which would result in 
an opposing current. It is also subject to space charge 
limitations. Recently, several organizations have been 
investigating the possibility of increasing the efficiency 
of a device utilizing this effect, and 3 per cent appears 
obtainable. The chief advantages for this device are a 
high power-to-weight ratio and relatively low cost-per-
unit power. Preliminary calculations indicate that ap-
proximately 3 kw of power at 28 volts can be obtained 
if the cells are mounted on a 30-foot diameter balloon. 
Fifty to 150 watts/pound appears feasible. The material 
costs are fairly low and large area devices may possibly 
be fabricated by vapor deposition of the photoemissive 
materials. 

THERMOELECTRIC EFFECT 

Solar powered thermoelectric generators are being 
considered as a source of power for space applications. 
Many groups are actively engaged in the investigation 
of thermoelectric materials and generator design. A sur-
vey of the literature and reports resulting from various 
programs sponsored by the Department of Defense indi-
cates that a number of thermoelectric materials have 
been investigated and their efficiencies over a given 
operating temperature range have been determined. Fig. 
2 and Fig. 3 show the efficiencies of N- and P-type ma-
terials in terms of a figure of merit, Q2' pK, when Q 2 

= volts X deg-1, p = ohm-' K = W X deg-1X cm-', 
which is based on the measured thermoelectric proper-
ties of the materials. It does not represent the over-all 
efficiency obtainable in a generator where losses caused 
by contact resistance between members of the thermo-
couples, lateral heat losses, and transfer of energy from 
the source to the hot junctions must be taken into con-
sideration. For example, the over-all efficiency of a solar 
powered thermoelectric generator will be 

Electrical output 
Efficiency 

Total intercepted energy 

It can be seen in Figs. 2 and 3 that the materials with 
the highest figures of merit are l'-type HiSbTe3(Se) and 
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N-type BizTe3(Se). Because of the low melting points of 
these materials, however, their use in a solar-powered 

thermoelectric generator does not appear feasible. Ma-
terials capable of operating at higher hot junction 
temperatures are required in order to obtain a reason-
able Carnot efficiency. A recent paper [ 17], discusses 
the merits and design problems of a solar-powered 
thermoelectric generator and its possibilities for space 
use. Since the data presented was obtained from the 
performance of an actual device, it will be used later in 
this discussion for comparison to other systems. 

THERNIIONIC EMISSION 

Considerable effort is being devoted to the utilization 
of the Edison effect as a means of converting thermal 
energy into electrical energy. A number of laboratories 
are actively engaged in this field and claims of efficien-
cies of 10 per cent for the close spaced vacuum diode 
have been made and predictions of efficiencies up to 40 
per cent for the Cesium vapor type have appeared. As 
for its present and future possibilities in space applica-
tions, a recent paper [3] gave a comprehensive engineer-
ing analysis of a thermionic power supply using solar 
energy as a heat source. The data presented will be used 
as a basis for comparison with other systems later in 
this discussion. 

COMPARISON OF CONVERSION SYSTEMS 

In comparing the relative merits of these various 
systems for the direct conversion of radiant energy from 
the sun to electrical energy, a number of factors must be 
taken into consideration. Some of these are listed below: 

Reliability, 
Power per unit weight, area or volume, 
Complexity of the system, 
Damage by meteorites; punctures and erosion, 
Radiation damage, 
Operating lifetime, 

Mechanical problems introduced by use of expansible 
arrays, concentrators, pumps, 

Accuracy of orientation, 
Effects of drag and radiation pressure on large col-

lector surfaces, 
Effects of zero gravity, 
Conversion of electrical output to usable form. 

The basic difference between these four systems is 
that the photoelectric and photoemission devices con-
vert the direct incident radiation. The thermoelectric 
and thermionic devices are essentially heat engines and 
require the concentration of the incident radiation to 
the device or heat sink to achieve the required rate of 
heat flux per unit of cathode or heat sink area. The use 
of solar concentrators introduces a number of problems 
that require serious consideration. For temperatures in 
the order of 500 to 750°C, required for thermoelectric 
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generators, small errors in collector geometry and ori-
entation can be tolerated. For temperatures in the order 
of 1000°C and above for thermionic diodes, a high de-
gree of accuracy in collector geometry and orientation 
is essential for reasonable collection efficiencies. Thermal 
energy conversion systems must include a means for 
transferring the heat from the receiver or sink to the con-
version device possibly by means of a circulating heat 
transfer fluid and transferring the waste heat to a radi-
ator for rejection to space. Circulating pumps will be re-
quired to accomplish this in a zero gravity environment. 

Consideration has been given to various types of en-
ergy storage systems capable of furnishing power during 
the dark periods of the orbit. The storage of thermal 
energy has been suggested as an alternate means for the 
electrochemical storage battery. If the power require-
ments for a particular vehicle are such that the load is 
a continuous one, a thermal energy storage system may 
be satisfactory. If peak power demands are involved, a 
thermal energy storage system will not be adequate be-
cause of the thermal lag in such a system and, in addi-
tion, the conversion device will have to be designed for 
this maximum power. This will introduce a voltage regu-
lation problem, particularly for the thermoelectric gen-
erator. The output voltage would change considerably 
from peak load to average load. It appears more practi-
cal to use an electrochemical storage system which will 
be capable of supplying the peak loads with adequate 
voltage regulation and design the conversion device to 
supply the average power on the light side of the orbit 

with additional capacity for the recharging of the stor-
age batteries. 

Another problem involving the orientation of solar 
concentrators or solar cell arrays is the degree of accu-
racy required. For a solar cell array, a deviation of 20° 
from normal incidence only results in a loss in power of 
approximately 6 per cent. For solar collectors with fairly 
high concentration ratios, accuracy of orientation of 1° 
or less is necessary. This imposes a severe requirement 
on the orientation system and indicates a need for ac-
curate resetting on the dark side of the orbit in order to 
minimize the time required for orienting the solar col-
lector upon entering the light side of the orbit. If this 
time is appreciable, it may represent a significant por-
tion of the light side period of the orbit. 
The effects of erosion or punctures by micrometeorites 

present problems for all four systems. The erosion of the 
active surfaces of photovoltaic cells can be prevented by 
providing them with protective, transparent, and radia-
tion resistant covers. Allowances must be made for the 
transmission losses in this cover, including the losses 
that will eventually occur when it becomes frosted be-
cause of sandblasting. The effects of punctures resulting 
in a loss of a cell or cells by larger particles can be com-
pensated for. The cells are usually arranged in series-
parallel groups and allowances can be made in the de-

sign for loss of a certain number of modules. The possi-
bility of erosion by dust and sputtering caused by the 
impact of high energy atoms or molecules of the highly 
reflective surfaces of a solar concentrator must be taken 
into consideration. The possibility of providing a pro-
tective cover for solar concentrators does not appear 
feasible. Punctures would remove only a very small 
fraction of the total collector surface area. In applica-
tions where heat transfer loops are used from the source 
to the conversion device and from the device to a heat 
exchanger for rejection of waste heat, punctures of these 
components by meteoriteswould tend to be catastrophic, 
particularly in those using a liquid heat transfer medium. 

Radiation damage to the various components em-
ployed in these systems does not appear to be a serious 
factor. The solar cells on Vanguard I have been operat-
ing continuously since March 17,1958. The Russians [2] 
claim that the solar cells on Sputnik III have not been 
affected by radiation. The use of organic materials in 
construction of these systems introduces a radiation 
damage problem. This problem is difficult to solve be-
cause there is insufficient knowledge of the deleterious 
effects that may occur in a large portion of the ultra-
violet spectrum. A high vacuum environment may also 
cause a degradation of organic materials. The use of 
spectrally selective coatings for the heat sink to make it 
an efficient absorber or as a means to obtain a low ratio 
of absorbtivity vs emissivity for solar cells and the struc-
tural materials of the array is being investigated. The 
stability of these coatings under radiation and a high 
vacuum environment and under conditions of high 
humidity prior to launching will have to be determined. 
The four solar energy conversion systems being con-

sidered here do not carry their prime energy source with 
them as is done in chemical or nuclear energy conversion 
systems. Rather, the solar energy is converted to electri-
cal energy at the point at which it is available. The es-
sential factors to consider then would be the power per 
unit of weight and per unit of area, system complexity 
and reliability, operating lifetime of the conversion de-
vice, effects of space environment and cost. The one 
system that has been proven in actual use in space ap-
plications is that employing the photovoltaic cell and 
electrochemical storage batteries [ 16]. Information for 
use in comparing the merits of the other systems to that 
of the photovoltaic cell is in the form of engineering esti-
mates based on present results obtained on experimental 
models and predicted future capabilities of the conver-
sion device. With this in mind, some approximate fig-
ures, as shown in Table I, can be arrived at to indicate 
the possibilities of these four systems. 

At the present time, the photovoltaic system appears 
to offer the highest watts/square foot and highest sys-
tem efficiency and the lowest watts/pound. The thermi-
onic and thermoelectric systems require solar concen-
trators and the efficiency of these devices depends on the 
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TABLE I 

System 
Watts/Pound 

Watts/Square Foot of 
Collector Intercept Area Possible System' 

Efficiencies 
Life of 

Conversion Device 

2 years or more 
Not determined 
Not determined 
Not determined 

Present Future Present Future 

Photovoltaic 
Thermionic [1] 
Thermoelectric [ 17] 
Photoemission 

1.5 
7.2' 

20'.2.3 

5 
17 
302-3 
50-1503 

7.4 
2.2 
0.3 
— 

13.5 
3.5 
1 
3 

10-12 per cent 
2- 4 per cent 
2- 3 per cent 
2- 3 per cent 

Experimental. 
2 The watts/pound are only for the thermoelectric materials. 
3 Does not include storage system. 

System efficiency is defined as Efficiency = 
Electrical output 

Total intercepted energy 

accuracy of the reflector surfaces and orientation. Effi-
ciencies of 60 per cent have been indicated for concen-
trators assuming geometrical perfection and proper 
alignment. Efficiencies in the order of 30 to 40 per cent 
appear more likely for large expansible concentrators. 
This low concentrator efficiency imposes a penalty on 
the thermionic and thermoelectric systems. This is indi-
cated in Table I where the power output in terms of 
watts/square foot of collector intercept area is shown 
for the four systems. This is further illustrated by com-
paring the required collector intercept area for a thermi-
onic system 111 where 4680 square feet are required for 
a 10-kw power supply employing diodes with a 5 per 
cent efficiency. If photovoltaic cells covered an equiva-
lent area and produced 7.4 watts/square foot, the power 
output would be in the order of 34 kw. To produce 10 
kw, only 1350 square feet would be required. To be com-
petitive with the other systems, more efficient, high 
temperature materials will be required for the thermo-
electric system. The photoemission system is in its early 
stages of development. Present indications are that it 
could offer the highest watts/pound and possibly elim-
inate the need for orientation if mounted on a balloon, 
but would require large surface areas. 

CONCLUSION AND RECOMMENDATIONS 

It is not possible, at this time, to reach any decision 
as to which of the direct energy conversion systems will 
eventually be superior. A number of factors have to be 
considered. System efficiency is only important where it 
eventually determines total system weight. If weight is 
no longer of major importance and the problems of stor-
ing and protecting large collectors during launch, their 

erection and orientation in space, and the effects of radi-
ation pressure and drag in low altitude orbits, are major 
ones, then system efficiency becomes an important fac-
tor. Reliability and lifetime of the conversion device are 
of major importance. The photovoltaic and photoemis-
sion systems appear to have advantage over the other 

more complex systems. The effects of radiation and 
damage by micrometeorites are common problems for 
all systems. A zero gravity and high vacuum environ-
ment will be a greater problem for systems employing 
heat transfer loops and radiators for rejection of waste 
heat. It does not seem reasonable to assume that any 
one system will be used for all space applications. 

Although all of the solar energy conversion systems 
are in relatively early stages of their development, the 
photovoltaic system has frequently been referred to as 
the "Work Horse" of these systems, and it may have to 
carry the major load of direct solar energy conversion 
for a number of years. Because of the state of develop-

ment, an accurate and realistic estimate of the future 
practical possibilities of these systems is impossible at 
this time. Research and development in these areas 
should be vigorously pursued in order that the most ef-
fective system can be determined and the best solar en-
ergy conversion devices can be developed for space ap-
plications. 
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Radiative Cooling of Satellite-Borne 
Electronic Components* 

JAMES R. JENNESS, 

Summary—The basic principles of radiative cooling of electronic 
components and subassemblies in a satellite are discussed, and esti-
mates are made of the lowest temperatures attainable in a satellite 
by completely passive means. It appears feasible to maintain some 

compartments within a satellite at temperatures of 250°K or lower, 
so an opportunity is presented for refrigerating components whose 

characteristics are enhanced at lower temperatures. 

INTRODUCTION 

N
OISE in many electronic components is reduced 
at lower temperatures. In view of the current at-
tention being directed toward electronic equip-

ment for satellite installation, it is of interest to estimate 
the lowest temperatures which can be obtained by com-

pletely passive means in a satellite. 

SATELLITE HEAT BALANCE 

In a satellite at stable-orbit altitudes the only 
sources of heat are internally-dissipated power, solar 
radiation, earth radiation and perhaps lunar radiation. 
(Stellar radiation is insignificant.) A previous study' has 
shown that if a satellite has an outer skin coated with a 
material (such as white porcelain enamel) having a high 
reflectivity in the spectral region of most intense solar 
radiation and high emissivity at longer infrared wave-

* Original manuscript received by the IRE, December 2, 1959. 
t HRB-Singer, Inc., State College, Pa. 
1 J. R. Jenness, Jr., "The effect of surface coating on the solar 

radiation equilibrium skin temperature of an earth satellite," Solar 
Energy, vol. 2, pp. 17-20; July/October, 1958. 

lengths, its skin temperature will become no higher than 
55°C at the central "hot spot" on the side toward the 
sun. A spherical satellite with such a skin coating, which 
distributes absorbed heat uniformly around the skin by 
conduction or by rotation to give uniform exposure to 
solar radiation, will be at a temperature of about 
—40°C. Hass, Drummeter, and Schach' have found that 
the skin temperature might drop as much as 40°C while 
passing through the earth's shadow. Therefore, — 60°C 
(213°K) might be taken as the average skin tempera-
ture, and the lowest temperature at which a non-heat-
dissipating electronic component insulated from the skin 
can be maintained. However, these estimates of the 
temperature neglect the effect of internally-dissipated 
power. If the combined effect of all additional heat 
sources is equal to that of solar radiation, the minimum 
temperature at which a non-heat-dissipating com-
ponent can be maintained is of the order of 2"(213°K) 
= 253°K or — 20°C. The actual average temperature 
probably is lower than this, but higher than — 60°C. 
The above temperatures apply to small satellites 

which receive fairly uniform exposure to solar and earth 
radiation. The attainment of temperatures below those 
estimated here will require a larger satellite whose orbit 
and attitude minimize the exposure of a certain part of 
the skin to both solar and earth radiation. 

2 G. Hass, L. F. Drummeter, Jr., and M. Schach, J. Opt. Soc. 
Amer., vol. 49, pp. 918-924; September, 1959. 
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Assuming that an isolated section of the skin is not 
exposed to solar or earth radiation, let us evaluate the 
effect of lunar radiation. It is evident that at a location 
near the earth the maximum intensity of solar radiation 
reflected by the moon, plus solar radiation absorbed by 
the moon and re-emitted, can be no greater than SA/ 
27r/?2, where S is the solar constant, A is the area of the 
lunar disk, and R is the distance from the earth to the 
moon. Inserting the values of A and R, it is found that 
the maximum intensity of lunar radiation is 1.11 ( 10-5) 
of the solar constant. A gray body exposed to radiation 
of this intensity and no other heat source will stabilize 
at 22.6°K. If this radiation falls on a surface at 50°K, it 
will raise the surface temperature to (22.64+504)1/40K 

which is less than 1°K above the initial temperature of 
50°K. Therefore, we can conclude that the moon need 
not be considered as a heat source if the refrigerated 
components are to be at a temperature no lower than 
50°K. 

SOME RADIATIVE COOLING SYSTEM DESIGN 
CONSIDERATIONS 

If the orbit and attitude of the satellite are such that 
neither solar nor earth radiation falls on the radiative 
heat sink, the low temperature limit will be imposed by 
thermal conduction from warmer parts of the satellite. 
Consider the cooling system schematic shown in Fig. 1. 
It will be assumed that the thermal gradients in the 
heat-conduction path are small so that the cooled com-
ponent or subassembly, conducting bar, and radiator are 
all at the same temperature T... Then the equation gov-
erning the temperature is 

A, 
k — ( T. — Tc) = Areal' c4 

where k is the thermal conductivity of the insulating 
material of thickness b, A, is the total area of the insu-
lated surface separating the cooling system from the 
rest of the satellite's volume, T„ is the temperature at 
the outside of the insulating layer, A, is the area of the 
external radiator, E is the emissivity of the radiator, and 
a is the Stefan- Boltzmann constant. 

If the insulating layer is of styrofoam, k= 0.25 BTU 
hour-' in feet-2 (T-'. Reasonable values of A, and b are 
3 feet' and 2 inches. By internal radiation exchange, T. 
will be approximately the same as the average skin tem-
perature, 253°K. It will be assumed that T, = 153°K 
and e = 0.9. Since a = 1.825 ( 10-8) BTU foot-2 °K-4 
hour-', it is found that A, must be 7.5 feet'. 
With the values of the parameters chosen in the above 

example, radiative cooling may be difficult. Without in-
vestigating how low the thermal resistance of the cool-
ing system must be to distribute the heat uniformly over 
so large a radiator, it is evident that such a value of A, 

implies a larger value of A„ than was used in the ex-
ample, unless the radiator is mounted outside the satel-
lite. To keep such a radiator out of the sunlight, severe 
restrictions must be imposed on the satellite's attitude 
and orbit or a cumbersome assembly of external shield-
ing baffles must be mounted around it. 
The required value of A, can be decreased by thicker 

insulation. Thus, if b is increased by a factor of 2 or 3 in 
the example, A, becomes approximately the same as A,, 
reducing the radiator to manageable proportions. In 
practice it may be necessary to pot the entire system in 
foam as shown in Fig. 2, with the outer skin in separate 
sections to reduce conduction of heat around the skin 
from warmer areas. 

Fig. 1—Radiative cooling system schematic. 

Fig. 2—Radiative cooling system potted in insulating foam 
in satellite with segmented skin. 
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CoNcLustoN 

With the proper skin coating, the attainment of tem-
peratures below 250°K in a small satellite appears feasi-
ble if the ratio of internally-dissipated power to skin 
area is not excessive. In such a small "cool" satellite, 
components which require higher temperatures for 
proper operation must be in good thermal contact with 
heat-dissipating components, with relatively high ther-
mal resistance between them and the skin. 

If a larger satellite's orbit and attitude are such that 
an isolated section of its skin receives no radiation from 
the earth or sun, it might be possible to refrigerate a 
few components passively to temperatures as low as 
150°K, keeping heat-dissipating components (and com-
ponents which require higher temperatures) in contact 

with wanner skin sections. However, in addition to the 
obvious difficulties inherent in the attainment of such 
an orientation of the satellite, there will be problems in 
achieving structural strength while maintaining high 
thermal resistance between the refrigerated compart-
ment and the remainder of the satellite's volume. 
Strengthening members will constitute thermal leaks 
through the insulation. Also, low thermal resistance in 
the conducting bar and radiator are to a certain degree 
incompatible with light weight. 

Nevertheless, it may be feasible to maintain some 
electronic components and subassemblies in a satellite 

at temperatures below 250°K, so the possibility of tak-
ing advantage of these lower temperatures should be 
considered by designers of electronic equipment. 

Extra-Terrestrial Radio Tracking and Communication* 
M. H. BROCKMANt, SENIOR MEMBER, IRE, H. R. BUCHANANt, MEMBER, IRE, 

R. L. CHOATEt, MEMBER, IRE, AND L. R. MALLINGt, MEMBER, IRE 

Summary—When the U. S. Army lunar program was initiated in 
1958, the Jet Propulsion Laboratory (JPL) was assigned the responsi-
bility for the upper rocket stages and the payload. Payload responsi-
bility included radio tracking and communication with the lunar 

probe. 

JPL's Microlock system, used for communicating with the early 
Explorer satellites, did not have sufficient range to perform this mis-
sion. Therefore, a new radio system designated TRAC(E) (TRacking 
And Communication, Extra-terrestrial) was designed. To the best 
knowledge of the authors, the TRAC(E) system is the first deep-

space communication link to provide accurate tracking and telemetry 
data at lunar distances. 

The design principles of the TRAC(E) system are presented in 
this paper in conjunction with a description of the equipment and 

actual performance data taken during the Pioneer IV lunar mission 
in March, 1959. The TRAC(E) system is an integral part of the 
NASA/ JPL radio tracking station located near Goldstone Lake north 

of Barstow, Calif. 

Future plans for improving the performance of the TRAC(E) 

system are indicated. 

* Original manuscript received by the IRE, December 2, 1959. 
Portions of this paper were originated under studies conducted for 
the Dept. of Army Ordnance Corps under Contract No. DA-04-495-
Ord-18. Such studies are now conducted for the Natl. Aeronautics 
and Space Administration under Contract No. NAS w-6. 

t Jet Propulsion Lab., California Institute of Technology, Pasa-
dena, Calif. 

I. INTRODUCTION 

THE TRAC(E) system is a versatile space com-
munications system which is capable of simultane-
ous tracking and communication with earth satel-

lites, lunar vehicles, or space probes. Two major ques-
tions which had to be answered in the design of such a 
communication system for extreme range applications 
were: What is the operating frequency? What is the 
size of the ground antenna? The ground antenna is con-
sidered in a separate report.' The factors which deter-
mined the operating frequency of the TRAC(E) system 
are outlined herein. 
The transmitter in the space probe produces a signal 

power (Pi) limited by the efficiency of the transmitter 
and the weight of the vehicle electrical power supply. 
This power is beamed in the direction of the Earth-
based receiver to provide an effective gain (Ge) of the 
signal power relative to radiation uniformly into space. 
The amount of beaming that can be realized is limited 
by the accuracy with which the vehicle's antenna can 

K. W. Linnes, W. D. Merrick, and R. Stevens, "Ground an-
tennas for space communication systems," IRE TRANS. ON SPACE 
ELECTRONICS AND TELEMETRY, vol. SET-6, pp. 45-54; March, 1960. 
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be pointed and/or its attitude controlled. Since the 
feasibility of vehicle-borne directional antennas for 
space communications has not yet been demonstrated, 
present vehicle antennas are gain-limited. Therefore, the 
signal power (Pr) received by an Earth-based station is 
given by 

Pr = 
471-R2(  1 ). 

(1) 

The term R represents the distance between the space 
vehicle and the Earth-based station. The Earth-based 
antenna is assumed to be area-limited.' Examination of 
(1) reveals that the received power is independent of 
frequency, to a first order at least. 
The choice of the operating frequency can be nar-

rowed somewhat by choosing frequencies which are not 
seriously affected by the ionosphere (above 100 mc) nor 
by the atmosphere (below about 10,000 mc). With re-
gard to interference, virtually every known source of 
radio interference decreases with increasing frequency. 
Of particular importance to space communications is 
the decrease in brightness temperature of the galaxy 
with frequency. The largest source of galactic interfer-
ence lies along the Milky Way or galactic center in the 
band approximately 15 degrees wide lying near the pos-
sible destination and orbits of space vehicles. Reduction 
in this interference can be accomplished by using an-
tennas with relatively narrow beamwidths and operat-
ing at the highest frequency that is practical. 

In view of the factors considered above, the optimum 
communication frequency was actually determined by 
such factors as vehicle transmitter efficiency and 
ground receiver sensitivity, that is, state-of-the-art 
considerations. Within the time scale of the U. S. Army 
Lunar Program (which was subsequently transferred to 
NASA) and the weight limitations of the Pioneers III 
and IV Lunar probes, development of an efficient stable 
transmitter in the 1000-mc range appeared feasible. An 
operating frequency of 960.05 mc was eventually chosen. 
The design of the TRAC(E) system is based upon 

phase-lock techniques which have been under continu-
ing investigation and development at the Jet Propulsion 
Laboratory (J PL) since 1953. 2-5 The technique, used by 
JPL in the Microlock system,' permits use of receiver 

2 E. Rechtin, "The Design of Optimum Linear Systems," Jet 
Propulsion Lab., California Institute of Technology, Pasadena, 
External Publication No. 204; April, 1953. 

R. Jaffe and E. Rechtin, " Design and performance of phase-lock 
circuits capable of near optimum performance over a wide range of 
input signal and noise levels," IRE TRANS. ON INFORMATION THEORY, 
vol. IT- 1, pp. 66-76; March, 1955. 

C. E. Gilchriest, "Application of the phase-locked loop to telem-
etry as a discriminator or tracking filter," IRE TRANS. ON TELEM-
ETRY AND REMOTE CONTROL, Vol. TRC-4, pp. 20-35; June, 1958. 

5 S. G. Margolis, "The response of a phase-locked loop to a 
sinusoid plus noise," IRE TRANS. ON INFORMATION THEORY, vol. 
IT-3, pp. 136-144; March, 1957. 

H. L. Richter, R. Stevens, and W. F. Sampson, "A Minimum 
Weight Instrumentation System for a Satellite," Jet Propulsion Lab-
oratory, California Institute of Technology, Pasadena, External 
Publication No. 376; May 23, 1957. 

bandwidths significantly smaller than the Doppler shift 
expected from space vehicles and proper addition of a 
limiter provides near-optimum performance over a wide 
dynamic range of both signal and interference levels.' 
Action of the VCO is such that with proper design, the 
Doppler component is effectively removed at the first 
mixer which permits narrow-band predetection amplifi-
cation. Telemetry subcarriers are synchronously de-
tected, and the information is available at the output of 
the phase-locked FM discriminators. 

II. TRAC(E) SYSTEM FOR PIONEERS III AND IV 

Fig. 1 is a functional block diagram showing the 
TRAC(E) system as it was originally designed for 
tracking and communicating with the Pioneers III and 
IV probes. In the probe transmitter, the 40.0021-mc 
crystal-controlled oscillator signal is phase modulated 
with telemetry subcarriers which contain the measured 
data as frequency modulation. The resultant phase-
modulated signal is frequency multiplied by a factor of 
24 and amplified to provide a 960.05-mc signal to the 
probe antenna. The transmitter signal output, normal-
ized to unity, is 

Cos [24wct s(1)] (2) 

where s(t) is the composite phase modulation signal. 
The TRAC(E) receiver is a narrow-band phase-co-

herent double-conversion superheterodyne receiver 
which employs three balanced mixers at 960 mc, three 
balanced detectors at 30 mc, and four synchronous de-
tectors at 455 kc. The mixers and detectors are three 
terminal devices having an input, a coherent reference 
and an output, and they perform the analytic function 
of multiplying the waveform of the input signal by the 
waveform of the reference. These devices in conjunction 
with three 30-mc IF preamplifiers, three 455-kc IF am-
plifiers, and the voltage-controlled local oscillator com-
prise the major portion of the ground receiving system. 
They are arranged in such a manner as to function as 
the differencing elements of four highly accurate servo 
systems: 1) the RF servoloop at 960 mc, 2) the AGC 
loop, 3) the declination servomechanism, and 4) the 
hour angle servomechanism. 
The received signal is 

A(t) cos [24(04/ — cbc) s(t)], (3) 

where A(t) is the signal amplitude factor of the space-to-
earth signal at the ground station and 

(or f . 
(14= — Rdt, 

c o 

radians, the Doppler shift on co,. The significant wave-
form equations for the TRAC(E) receiving system are 
listed in Table I. The numeral preceding each expres-
sion refers to the corresponding numerals in Fig. 1. 
The system parameters which were used to achieve 
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Fig. 1—Functional block diagram of the Pioneer IV transmitter and the Goldstone TRAC(E) System. 

TABLE 1 

WAVEFORM EQUATIONS USED IN TRAC(E) SYSTEM 

otenernele 

Oiceneker 

Dép•reireer - _1 
T 'tottery 

10.010. (i) 

_   

OTifer 
•101.• 

Tiefelree 
News 

A (t) cos [24coot-l-s(t)] 

gz(a)A (I) cos [24(w,./ — 0,)-Fs(t) 

sin 24(* _)o 

31X3 
cos 30X4 

A (t) = signal amplitude factor of the signal radiated from the probe 

E = dc reference in the receiver AGC loop 

c= velocity of propagation, meters/second 

fl= measured frequency of the 31-mc Doppler reference 

f.o= probe transmitter oscillator frequency with zero Doppler 

fd = measured frequency at the output of the Doppler phase detector 

c(a)= voltage pattern of the main-beam antenna normalized so that 
gs(0) = 1 

Woo) --- voltage pattern of the split-beam antenna normalized with re-
spect to e(0) 

ga'(0) = slope of the g(a) curve near co = 0, mils-' 

s(/)= telemetry phase modulation 

!=time, seconds 

(5) 

(6) 

(7) 

31X3 [31X31 odor • 
cos --e* CC COS   Rd1 

30X4 30X4 J 0 

Li(a)A (/) cos [24(w,/-0,)-t-s(f)1 

A (I) g(a) A(1)  
E  g. (0) 

A* (t) gr(a) A * (1) 

É= radial component of probe velocity meters/second 

960 
=c [1- 71-7  0.a-1-1.0] 

a = tracking error of the antenna servo, mils 

f • 
0,.= Doppler phase shift on cd,.= — Rd1, radians 

c o 

= angular frequency of the probe transmitter oscillator = 2r(40.0021 
mc) radian/second 

1 
--=a measure of the voltage gain of the ground receiver so defined 
A* (1) 

that the incoming signal .4 (/) multiplied by the receiver gain 
figure 1/ A*(1) equals unity 

accurate tracking and communication with the Pioneer 
IV probe to lunar distances and farther are listed in 
Table II. The 180 mw of transmitter power (+ 0.5-db 
power tolerance) was distributed between the carrier 
(96 mw) and the three telemetry carriers so that accu-
rate tracking and reliable data transmission could be re-
alized to at least 250,000 miles (lunar distance). Toler-
ances shown on the carrier ( + 0.3 db) and telemetry sub-
carriers (+ 0.5 db) apply to permissible variations in 
phase modulation index (+ 2° on each subcarrier). Ex-
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TABLE I I 

TRAC(E) SYSTEM CHARACTERISTICS FOR PIONEERS III AND IV 

Transmitter Power, Total (at 250,000 miles) 
Vehicle Antenna Gain 
Carrier Power 
Subcarrier Power, Channel No. 1 
Subcarrier Power, Channel No. 2 
Subcarrier Power, Channel No. 3 
Space Loss at 250,000 Miles 
Ground Antenna Gain 
Transmission Line I.oss 
Receiver Noise Figure 
Receiver Bandwidth ( 2/3L5) at Receiver Threshold 
Receiver Threshold 
Angle Track Loop BW (213c) 
Angle Track Loop Receiver Threshold 
AGC Loop BW (2/3u) at Receiver Threshold 
AGC Loop Threshold 
At 250,000 Miles 

Received RF Signal Level 
S/N for RF Loop 
S/N for AGC Loop 
S/N for Angle Tracking Loop 

180 mw + 20 inw( + 22.5 dbm ± 0.5 db) 
2.5 db + 1 db 
96 mw + 7 mw( + 19.8 dbm + 0.3 db) 
14 mw + 1.5 mw + 11.5 dbm + 0.5 (lb) 
14 mw + 1.5 mw( + 11.5 dbm + 0.5 db) 
36 mw +4 mw( +15.5 dbin + 0.5 (lb) 
204.5 db 
41.8 db 
0.7 db 
7.5 db 
20 cps 
-154.1 dbm 
0.06 cps 
-179.3 dbm 
0.025 cps 
-183.1 dbm 

-141.1 dbm 
8.0 db 
39.7 db 
38.2 db 

III . DESIGN OF TRACKING RECEIVER 

The specifications for the TRAC(E) tracking re-
ceiver for Pioneers III and IV are shown in the Ap-
pendix. Reference is made to the literature2•5.7- '° with 
regard to the development of these specifications. The 
20-cps RF phase-locked loop noise bandwidth at thresh-
old is determined by the stability of the transmitter and 
receiver oscillators. As a consequence, the sensitivity of 
the receiving system is limited by the threshold of the 
RF phase-locked loop. With an effective noise tempera-
ture (Ter) of 1435°K resulting from a receiver noise fig-
ure of 7.5 db, an apparent antenna noise temperature of 
42°K and an 0.7-db loss for the simultaneous lobing RF 
bridge and antenna transmission line to the receiver 
input, the threshold of the receiver is - 154.1 dbm. This 
assumes that the antenna is looking at a low-noise region 
of the sky. 
The AGC system has a closed-loop noise bandwidth 

of 0.025 cps at receiver threshold. With this noise band-
width, spin rate and spin modulation depth for the lunar 
probe are measured as an error signal in the AGC loop. 
In addition, rms gain error is maintained to 0.1 db at re-
ceiver threshold. 
Gain and phase tracking in the angle tracking re-

ceiver relative to the reference receiver is + 2 db and 
+10°, respectively, for input signal levels from - 45 
dbm to threshold. Gain tracking maintains near-con-
stant gain in the hour angle and declination servo-
systems. Phase tracking maintains shift in the electrical 

W. K. Victor, "The Evaluation of Phase-Stable Oscillators for 
Coherent Communication Systems," Jet Propulsion Lab., California 
Institute of Technology, Pasadena, External Publication No. 337; 
May 8, 1956. 

8 A. J. Viterbi, " Design Techniques for Space Television," Jet 
Propulsion Lab., California Institute of Technology, Pasadena, 
External Publication No. 623; April 13, 1959. 

W. B. Davenport, Jr., "Signal-to-noise ratios in band-pass 
limiters," J. App!. Phys., vol. 24, pp. 720-727; June, 1953. 

le W. K. Victor and M. H. Brockman, "The application of linear 
servo theory to the design of AGC loops," PROC. IRE, vol. 48, pp. 
234-238; February, 1960. 

axis of the antenna system (due to phase shift) to + 0.01 
angular mils ( + 0.0006°) for a 1° antenna error pattern 
s-curve with a 40-db null depth. The 0.06-cps closed-
loop noise bandwidth for the angle tracking servo-sys-
tem shown in Table II maintains rms angle jitter to 
0.4 angular mils (0.022°) at receiver threshold. 

IV. DESCRIPTIoN OF EQUIPMENT 

Probe Transmitter 

The transmitter for the Pioneer IV probe was located 
in the central 6-inch diameter well of the instrumented 
payload (see Fig. 2). Fig. 3 shows the flight transmitter 
mounted on the webbed platform that forms part of the 
payload structure and also supports the shutter experi-
ment. Transistorized subassemblies are mounted on 
micarta disks, interposed between the webbing to pro-
vide thermal isolation. The vacuum-tube cavity is fast-
ened directly to the center web so that the whole pay-
load becomes a heat sink for the vacuum tube. The over-
all weight of the platform and transmitter is 1.33 
pounds. The transmitter less platform weighs 0.98 
pound. 

Circuit design was concentrated principally in the 
areas that would insure early completion of a 960-mc 
transmitter having the objective specifications outlined 
in Table III. Some of the specialized components and 
their features that helped make an efficient 960-mc 
lunar-probe transmitter possible are: 1) the Western 
Electric GF 45021 transistor, with its ability to operate 
efficiently at VHF frequencies ( 100 to 300 mc) previ-
ously restricted to subminiature tubes; 2) the GE-7077, 
a subminiature ceramic UHF triode, which permitted 
the design of efficient, subminiature UHF cavity ampli-
fiers; 3) the Bell Telephone Laboratories' "Varactor,” a 
silicon junction reactance diode developed for the U. S. 
Army Research and Development Laboratories, that 
operates as a frequency multiplier with considerably 
higher conversion efficiency than conventional diodes; 
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Fig. 2—Sketch of the Pioneer IV instrumented payload. Fig. 3—Probe transmitter mounted on the webbed platform. 

TABLE I l 

PRonE TRANSMITTER OBJECTIVE SPECIFICATIONS 

Carrier frequency ( nominal) 
Output power 
Crystal oscillatcr frequency ( nominal) 
Short-term frequency stability- 15 minutes 
Long-term frequency stability 
Power output stability 
Maximum incidental phase modulation 
Oyer-all weight 
Over-all size 6-inches diameter X 1-inch height 
Primary power input 
Operating time with 6.5-pound battery 
Transmitter efficiency, exclusive of antenna 

gain 

960 Inc 
180 mw 
40 inc 
1 part 107 
1 part 106 

+4 db 
2 degrees per g 

0.9 pomid 
28 inches3 

2.4 watts 
120 hours 

7.5 per cent 

4) the ruggedized quartz crystal developed by the U. S. 
Army Signal Engineering Laboratories that enables 
phase-stable signals to be generated under conditions of 
extreme vibration; and 5) the development of reliable 
voltage-sensitive capacitors which simplify the design 
of the phase- modulation circuits. 

Semiconductor devices operating in circuits from 40 
to 960 mc provided the RF signal drive to the vacuum-
tube power-amplifier which provided RF excitation to 
the probe antenna. The objective specifications of the 
probe transmitter (Table III) were achieved in the 
Pioneers III and IV experiments. The probe transmitter 
is described in detail in the literature." 

u L. R. "A 960-MC Lunar Transmitter," Jet Propulsion 
Laboratory, California Institute of Technology, Pasadena, External 
Publication No. 596: January 7. 1959. 

Ground Tracking Receiver (Goldstone Station) 

The RF portion of the TRAC(E) receiving system is 
mounted in an electronics enclosure on the rear portion 
of the antenna reflector structure' (see Fig. 4). The UHF 
portions of the reference, hour angle and declination 
angle receiver channels which include three preselector 
cavities, three balanced mixers and three 30-mc IF 
amplifiers, is housed in a weatherproof enclosure (see 
Fig. 5). The UHF portion of the local oscillator system 
which includes a X6 frequency multiplier, a three-way 
power divider, three UHF attenuators for local oscil-
lator drive adjustment, and a crystal current meter cir-
cuit is mounted in a second weatherproof enclosure. 
Other weatherproof enclosures (see Fig. 5) contain 
power supplies and test equipment. The test equipment, 
which includes UHF and VHF signal generators and a 
noise-figure test setup, facilitates periodic checks of the 
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receiver RF circuitry to insure optimum performance. 
The amplified 30-mc output signals from the refer-

ence, hour angle and declination angle channels are 
transmitted from the electronics enclosure through co-
axial cables to the receiver rack in the control building. 
The receiver rack comprises three cabinets containing 
the remainder of the receiving system, power supplies, 
and associated instrumentation ( Fig. 6). The receiver 
system can be operated with a closed-loop RF band-
width of either 20 or 60 cps which can be selected by 
means of a switch. Another switch permits selection of 
either an 11-second or a 300-second time constant filter 
for the AGC circuit. The system was operated in the 20-
cps bandwidth and 300-second AGC filter time constant 
mode for the Pioneer IV experiment (Table II). 

Operational control of the tracking system during a 
tracking operation is provided at the control console 
(Fig. 7). Control of both the tracking receiver and an-
tenna servosystem is provided at the console. In gen-
eral, the receiver and servosystems each have three 
basic modes of operation—manual, automatic track, 

Fig. 4—Goldstone tracking station. 

and acquisition. In the acquisition mode, the tracking 
receiver and antenna search in frequency and angle, re-
spectively, about the predicted frequency and angular 
position. Following acquisition, the received signal is 
automatically tracked in frequency and angular posi-
tion." Various receiver monitoring functions are pro-
vided at the control console. 

12 M. Eimer and R. Stevens, " Tracking and Data Handling for 
the Pioneer Ill and Pioneer IV Firings," Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena, External Publication 
No. 701; August 14, 1959. 

Fig. 6 Receiver rack. 

Fig. 5—Electronics enclosure. Fig. 7—Control console. 
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V. PERFORMANCE DATA FOR PIONEER 
IV LUNAR PROBE 

Description of Pioneer IV Tracking 

Following successful launching of Pioneer IV lunar 
probe at 05:10:56 GMT on March 3, 1959, radio track-
ing was accomplished through launch, injection. and 
coasting flight by the three JPL-operated stations (Cape 
Canaveral, Puerto Rico and Goldstone) out to a maxi-

mum range of 652,000 km (about 407,000 miles). At 
this range, after 82 hours and I minItes of flight, a 
rapid decrease in signal level occurred, as expected, due 
to loss of battery power Prior to this event, received 
signal level was 5 db above threshold in a 20-cps band-
width. After loss of signal during the fourth tracking pe-

riod, a narrower bandwidth filter ( 10 cps) was installed 
in the tracking receiver, and the RF carrier was tracked 
for about 9 additional minutes. Had the batteries lasted, 
tracking could have been accomplished to a range of 
1,850,000 km ( 1,150,000 miles) using the 10-cps filter. 

Performance of the TRAC(E) tracking and communi-
cation equipment was highly satisfactory during this 
experiment. Performance data for the Goldstone Station 
are presented in the following material. 

Received Signal Level and Spin Modulation: The noise 
figures of the Goldstone receiver based on data taken 
March 1 and 3, 1959, were as follows: 

Reference Channel 7.5 db, 
Hour Angle Channel 7.15 db, 
Declination Channel 7.25 db. 
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Fig. 8— Receiver sensitivity. 

The measured noise figure of the reference channel 
agreed with the nominal value of 7.5 db. The theoretical 
receiving system sensitivity based on unity signal-to-
noise ratio in a 20-cps bandwidth, a receiver noise figure 
of 7.5 db (effective noise temperature 1355°K), an ap-
parent antenna noise temperature of 42°K and a total 
loss of 0.7 db for the antenna simultaneous lobing bridge 
system and transmission line to the receiver input is 
—154.1 dbm. The measured receiver sensitivity curve 

is shown in Fig. 8. 
A comparison of measured with calculated signal level 

is shown in Fig. 9(a) for each tracking period for the 
Pioneer IV experiment. Throughout the tracking opera-
tion, the measured values are 3 to 5 db less than the 
calculated curves (based on nominal values and as-

sumed vehicle attitude). 
After despin at 16:32:24 GMT on \ larch 3, the am-

plitude modulation of the signal resulting from spin and 
precession occurred at frequencies of 0.23 cps and 0.046 
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Fig. 9—Comparison of measured and calculated values of 
received signal level. 
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TABLE IV 

RANGE AND SIGNAL LEVEL DATA FOR PIONEER IV 

Tracking 
Period 
No. 

1 

3 

4 

Date Time 

March 3,1959 

March 4,1959 

March 5,1959 

March 6,1959 

11:47:00 
to 

21:05:48 

12:33:54 
to 

21:15:53 

12:34:52 
to 

21:18:46 

12:50:00 
to 

15:16:19 

Range 
Kilometers 

Signal Level at 
Acquisition 

(11)111 

97,400 
to 

194,000 

315,000 
to 

380,000 

487,000 
to 

545,000 

644,000 
to 

657,000 

-144.5 

-141.5 

-147.5 

-150.5 

Signal Level at 
Loss of Lock 

dbm 

Change of Signal Level 
(Neglecting Horizon Effect) 

Measured 
db 

-154.5 

-154.0 

-156.5 

-156.2 

7.5 

2.5 

2.0 

0.7 

Expected 
db 

6.1 

1.7 

1 .0 

0.2 

cps with a maximum modulation depth of 3 to 3.5 db 
and a minimum depth of 1 to 1.5 db. If the look angle 
between the spin axis and the line-of-sight to the probe 
is assumed to be 80° with a precession angle of 10°, the 
antenna pattern measurements agree with the observed 
depth of spin modulation, and the average signal 
strength comparison would appear as shown in Fig. 
9(b) for the first tracking period. 

The received signal levels were determined by meas-
uring the AGC voltage with a digital voltmeter and 
converting this to signal level, using the receiver sensi-
tivity curve (see Fig. 8). The measured values are indi-
cated by the symbols in Fig. 9. In general, the slopes 
of the measured curves are slightly greater than the ex-
pected slopes. The signal levels at acquisition and loss of 
signal and the changes in level for each period are shown 
in Table IV. The estimated uncertainty of + 1.5 db in 
the measured data is based upon the following: 

Receiver sensitivity error 
Recording, calibration, and data reduction errors 

+1 db, 
+0.5 db. 

In Fig. 9 the expected signal level is shown for com-
parison with the measured data. The solid line repre-
sents the signal level calculated on the basis of the 
following: 

Transmitted carrier power 
Vehicle antenna gain 
Ground antenna gain 
Space attenuation (db) 

22.1 dbm 
function of look angle (see Fig. 10) 
41.1 db (indirect measurement) 
92.1+20 logto ( range in kilometers). 

The look angle is calculated on the assumption that the 
spin axis of the probe is essentially colinear with the 
velocity vector at injection (look angle varies from 45.5 
to 56.2° for the experiment). The vehicle antenna pat-
tern of Fig. 10 is based upon the measurements of 
antenna gain as a function of look angle and rotation 
of the antenna. The solid curve which was used for cal-
culating signal level represents the geometric mean of 
the gain for full rotation at the given look angle. The 
dashed curves show the maximum and minimum gain 
and indicate the degree of amplitude modulation to be 
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expected at each given look angle. The uncertainty of 
the calculated data is based upon the following: 

Ground antenna gain (variation due to polarization 

Ground antenna gain ( uncertainty) 
Transmitter power 
Vehicle antenna gain 

This gives a total uncertainty in the calculated data of 

-1. 7 db 
+0.1 
+1 db 
+0.5 
+1.0 
-4' 2 
+2.6} db' 

The measured signal levels are less than the expected 
values by 3 to 5 db. While the regions of uncertainty of 
the calculated and observed data overlap slightly, it is 
believed that the difference between expected and meas-
ured values is of the order of 3 db. This apparent loss of 
signal can be explained by assuming a look angle of the 
order of 80°. 

Angle Tracking System: The reduction of tracking 
data was essentially a problem of filtering, by statistical 
analysis, the random observational errors and the sys-
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TABLE V 

LONG-TERM SYSTEM CAPABILITIES 

Characteristic 
Capability 

1958 1960 1962 

Transmitter Power 
Vehicle Antenna Gain 
Receiver Sensitivity: 

Noise temperature 
Bandwidth 

Earth-vehicle range for 10-db S/N ratio 

0.2 watt 
0 dl) 

2000° K 
30 cps 

4 X105 miles 

10 watts 
16 db 

400° K 
30 cps 

4X107 miles 

100 watts 
36 db 

40° K 
30 cps 

4 X109 miles 

tematic bias errors. The computational program for gen-
erating the Pioneer IV trajectory is described in detail 
in a JPL external publication. 12 The trajectory angles 
were corrected for atmosphere refraction and all known 
mechanical sources of error then compared with un-
smoothed raw data for the last day of tracking ( March 6, 
1959). The hour angle errors for this period ranged from 
0.035 to - 0.11°. Near threshold, the hour angle errors 
were +0.02 to - 0.1°. Using smoothed values of ob-
served data, the hour angle error was about - 0.03° at 
the system threshold. The declination errors for the 
same period ranged from +0.07° to - 0.04°. Using 
smoothed values of observed data, the declination error 
was about 0.02° at threshold. As indicated in an earlier 
portion of this paper, calculated rms angle jitter at sys-
tem threshold is 0.4 mil, which generally agrees with 
measured values. 

VI. FUTURE PLANS FOR IMPROVEMENT 

Extra-terrestrial radio communications has been 
demonstrated and practiced successfully by radio as-
tronomers for many years. As a result of their pioneer-
ing effort, the job of communicating with rocket-
launched space probes has been and will continue to be 
much less difficult. Utilization of their data, analyses, 
techniques and in some cases actual equipment designs 
made it possible to develop the TRAC(E) system in a 
very short period of time with sufficient long-term capa-
bilities that it could communicate to the distance of the 
moon in 1958 and to the planets during the period 1960-
1962. (See Table V.) A basic element of the TRAC(E) 
system, for example, is the 85-foot diameter antenna 
designed for radio astronomy research by the Blaw-
Knox Company under an Associated Universities con-
tract. With this antenna and the TRAC(E) receiver 
described in this report, it would be possible to communi-
cate to the nearby planets. However, future plans are 
to extend the range (and/or the bandwidth) still further 
by the addition of low-noise amplifiers. An over-all noise 
temperature of 400°K is predicted for 1960 using a para-
metric amplifier, and a temperature of 40°K for 1962 
using a maser. 
The real significance of Table V is that the principal 

factors which are expected to extend the communicating 
range are related to the space vehicle. Over a period of 
four years, it is suggested that the vehicle transmitter 
power could be increased 27 db, from 200 mw to 100 

watts, and the vehicle antenna gain could be increased 
36 db. With these improvements, Table V shows that 
space communications could be maintained anywhere 
in the solar system with a bandwidth of 30 cps. Solution 
of these problems in the time scale indicated depends 
on many factors, such as vehicle performance, payload 
weight, primary power, earth-seeking vehicle antenna 
system, financial support, etc. 
The present TRAC(E) system is a one-way link which 

measures two angles and one-way Doppler, and re-
ceives telemetry. Future TRAC(E) communications 
will be two-way, employing a 10-kw UHF ground trans-
mitter and vehicle-borne transponder. The two-way 
TRAC(E) system will measure two angles, range and 
range-rate; it will receive telemetry and also provide a 
radio command link to the space vehicle. 

APPENDIX 

TRAC(E) TRACKING RECEIVER DESIGN 
SPECIFICATIONS FOR PIONEERS III # 

AND IV 

I. Frequency—nominal 960.05 mc (also see XII). 
II. Noise Figure-7.5 db or less. 
III. Bandwidth-20 cps at threshold. 
IV. Threshold-154.1 dbm defined as the signal level 
at which the receiver loses lock. 
V. Range of Input Signal Level-- 45 dbm to thresh-
old. 
VI. RF Loop Characteristics 

A. RF Loop Transfer Function 
3 

1 +   
4B L 

where 

and 

H(s) = 
3 9 

1  s + s2 
4B1, 32BL2 

2/31, = f zI H( I2du. 
2r _,c • 

2 
= — BL„(1 + 2 -a-) 
3 " ao 

9 Go " 
2BL0 = 2 (— —) 

32 Ti 
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ri —RIC, 

Go = open-loop gain at threshold 
= 360 X 30 X kmXkve, X ao, 

k,,,= sensitivity of the RF phase detector in volts/ 
degree 

=0.7 volt/degree, 

le..= sensitivity of the RF VCO in cps/volt 
= 250 cps/volt, 

ao = signal suppression factor at threshold 
= 0.088 for 20-cps bandwidth. 

a — 
1 

antilogio 
(1 + PlAr0— 138)  

1 

antilogio (1 — 134.1 — P.) 
10 

where 

PN available noise power in the 455-kc IF 

amplifier 2-kc pass band (expressed in 
dbm) 

k = Boltzman's Constant, 1.37 X10-23 joule/°K 
= loglo(k Toffàf X 103) — 134.1 dbm 

P,= available signal power in the same 2-kc 
bandwidth in the same units as FN. 

Consequently 

H(s) — 
X 

1 1 
1 + — s + —s2 

X 2X2 
where 

4 r 2 1 

1 + antilogio ( 1 — 134.1 — P. 
10 
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quency. At these two frequency extremes, the 
threshold will be reduced 1 db from that speci-
fied at design signal frequency. Static phase 
error at strong signal levels (a= 1) shall not ex-
ceed 13.5° at signal frequencies displaced 
±2.6 parts in 106 from the design signal fre-
quency. 

2) Maximum Rate of Change of Input Signal Fre-
quency 

The phase error at threshold shall not exceed 
1/2 6° for a maximum rate of change of 6 parts in 

106 per second in input signal frequency. At 
this maximum rate, the threshold will be re-

duced 1 db relative to that obtained for a zero 
rate of change in signal frequency. 
The phase error at strong signals (a = 1) shall 

not exceed 30° for a maximum rate of change of 

3.5 parts in 107 per second in input signal fre-
quency. 

3) RMS Phase Error 

The RMS phase error due to noise shall not 
exceed 1.0 radian at design threshold. The 

RMS phase error due to noise shall not exceed 
0.06 radian at an input signal level of — 120 
dbm. 

4) Residual Phase Error 

The residual phase error shall not exceed 3° 
peak at strong signal levels (a = 1) within an 
RF loop noise bandwidth of 20 cps. 

5) Noise Bias 

The maximum phase error due to noise at 
threshold shall not exceed 1 per cent of the 
phase detector S curve amplitude at threshold 
(equivalent to static phase error of 0.6°). 

] 1/2 
AGC Loop Characteristics (Coherent AGC) 

AGC Loop Transfer Function 

B. RF Loop Noise Bandwidth 

1) Design Value at Design Threshold and Signal 
Frequency (2BL0= 20 cps) 

2) Variation with Signal Level 

The RF loop noise bandwidth shall vary 
from 20 cps at design threshold to 158 cps at 
strong signal levels (a = 1). 

3) Variation with Signal Frequency 

The threshold RF loop noise bandwidth shall 
vary from 20 cps at design signal frequency to 
not less than 14.1 cps at signal frequencies dis-
placed + 2.6 parts in 106 from the design signal 
frequency. 

C. RF Loop Phase Error 

1) Variation with Signal Input Frequency 

The static phase error at threshold shall not 
exceed 6° at signal frequencies displaced 
±2.75 parts in 106 from the design signal Ire-

VII. 

A. 

H(s) = 

(1 ± 1) 

1 

where 

r = time constant of AGC filter 
= 300 seconds 

G = gain of the AGC loop 
=KDKA 

and 

KD = AGC detector constant expressed in volts/ 
db 

=3.1 volts/db at threshold 

=4.0 volts/db at — 45 dbm input signal 
level 

KA = constant associated with the gain of the re-
ceiver expressed in db/volt 

=5 db/volt at threshold 
=17 db/volt at — 45 dbm input signal level. 



1960 Brockman, et al.: Extra- Terrestrial Radio Tracking and Communication 653 

B. AGC Loop Noise Bandwidth 

1) Design Value at Design Threshold 
2BL =0.025 cps 

2) Variation with Signal Level 
The AGC loop noise bandwidth shall vary 

from 0.025 cps at design threshold to 0.11 cps 
at an input signal level of —45 (Ibm. 

C. AGC Loop Gain Error 

1) Static Gain Error 
The variation in coherent detected receiver 

output shall vary not more than 6 db for the 
range of input signal levels from —45 dbm to 
threshold. 

2) Maximum Rate of Change of Input Signal 
Level 
The gain error at threshold shall not exceed 

1 db for a maximum rate of change of 0.05 db 
per second in input signal level. The gain error 
at an input signal level of —45 dbm shall not 
exceed 1 db for a maximum rate of 0.25 db per 
second in input signal level. 

3) RMS Gain Error 
RMS gain error introduced in the RF and 

angle tracking loops at threshold shall not ex-
ceed 0.1 db rms. RMS gain error at an input 
signal level of —120 dbm shall not exceed 0.003 
db rms. 

VIII. 30/31 -inc Frequency Shifter Phase-Locked Loop 
Characteristics 

A. Frequency Shifter Loop Transfer Function 

H(s) = 

where 

3 
1 +  

4BL 

3 9 
1 + s + s' 

4BL 32BL2 

9Go \ 112 

2BL = 2 (-
327-, ) 

Ti= RIC 
G= 360 X 32 X kmXkven 
km—sensitivity of the frequency shifter phase 

detector in volts/degree 
= 0.25 volt/degree 

/e ve.= sensitivity of the frequency shifter VCO 
in cps/volt 

=45 cps/volt. 

B. Frequency Shifter Loop Noise Bandwidth 

1) Design Value at Design Frequency 
2BL = 1340 cps 

2) Variation with Frequency 
The frequency shifter loop noise bandwidth 

shall vary from 1340 cps at design frequency to 
not less than 950 cps at frequencies displaced 
+ 3 parts in 10 from the design frequency. 

C. Frequency Shifter Loop Phase Error 

The static phase error shall not exceed 5° at fre-
quencies displaced +3 parts in 105 from the de-
sign frequency. 

IX. 30.455-mc SSB Modulator Phase-Locked Loop 
Characteristics 

A. SSB Modulator Loop Transfer Function 

H(s) = 

3 
1 -I-   S 

4BL 

3 9 
1 + S + S' 

4BL 32BL' 

where 

2BL = 2(9/32 G/r 1)1/2 

ri = 
G=360 XIC „, XL. 

K„,=sensitivity of the SSB modulator phase 
detector in volts/degree 

=0.7 volt/degree 
Kve. = sensitivity of the SSB modulator VCO 

in cps/volt 
=250 cps/volt. 

B. SSB Modulator Loop Noise Bandwidth 

1) Design Value at Design Frequency 
2BL = 1200 cps 

2) Variation with Frequency 
The SSB modulator loop noise bandwidth 

shall vary from 1200 cps at design frequency to 
not less than 850 cps at frequencies displaced 
+ 3 parts in 105 from the design frequency. 

C. SSB Modulator Loop Phase Error 

The static phase error shall not exceed 10° at 
frequencies displaced + 3 parts in 105 from the 
design frequency. 

X. Angle Error Channel Characteristics 

A. Gain Tracking 

The differential gain between either angle error 
channel and the reference channel shall not exceed 
2 db over the range of input signal levels from —45 
dbm to threshold. Gain tracking is determined by 
comparison of the coherent output signal levels 
in the angle error channel to the reference channel 
output. 

B. Phase Tracking 

The differential phase between either angle error 
channel and the reference channel shall not exceed 
+10° over the range of input signal levels from 
—45 dbm to threshold. Phase tracking is deter-
mined by comparison of the phase of the coherent 
output signal level in the angle error channel to 
reference channel phase output. 
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C. RMS Angle Tracking Error 

RMS angle tracking error in the 0.06 cps noise 
bandwidth of the angle tracking servosystem shall 
not exceed 0.022 rms at threshold. 

XI. Modulation Characteristics 

A. Amplitude Response and Phase Symmetry of 
2-kc Pass Band 

The amplitude characteristic of the 455-kc IF 
amplifier shall be flat to + 1.5 db within the 2-kc 
pass band. The phase characteristic of the 455-kc 
IF amplifier shall be symmetrical to within 45° 
about the center of the 2-kc pass band. 

XII. Frequency—The nominal center frequency shall 
be 960.05 mc with the ability to track plus or minus 3.0 
parts in 105 from the nominal center frequency. By 
changing the crystal and retuning the VCO, the center 
frequency can be changed between 955 mc and 965 mc. 

XIII. Input VSWR—The input VSWR to the receiver 
shall be less than 1.5 to 1 for a 50-ohm transmission line. 

XIV. Image Rejection—The image rejection of the re-
ceiver shall be at least 40 db. 

XV. Telemetry Bandwidth—The narrowest bandwidth 
of the receiver before the telemetry output shall be 10 
kc. 

XVI. Residual Phase Modulation—The residual phase 
modulation in the RF loop when measured with a signal 
source at — 60 dbm shall be less than 3° peak. 

XVII. Internal Interference in the RF Loop—The in-
ternal interference in the RF loop due to coherent leak-
age signals of the receiver shall be at least 40 db below 
the signal level at threshold when the interference enters 
ahead of the limiter and at least 60 db below the signal 
level at threshold when the interference enters following 
the limiter. 

XVIII. Internal Interference in the AGC Loop—The 
internal interference in the AGC loop due to coherent 
leakage signals of the receiver shall be at least 40 db 
below the signal level at threshold. 

XIX. Internal Interference in the Angle Detector 
Channels—The internal interference in the angle de-
tector channels due to coherent leakage signals of the 
receiver shall be at least 40 db below the signal level at 
threshold. 

XX. Cross Coupling Between Channels—The signal 
isolation between any two channels shall be at least 60 
db. 

XXI. Receiver IF Frequencies—The receiver IF fre-
quencies shall be 30 mc and 455 kc. 

XXII. First Local Oscillator Frequency—The first local 
oscillator signal shall be derived from a 31-mc VCO 
which is frequency multiplied by 30. 

XXIII. Coherent Local Oscillator Frequencies—The 
local oscillator signals shall be derived in such a manner 
that the received signal frequency can be determined by 
measurement of the 31-mc VCO frequency only. 

XXIV. Recording Outputs—Provision shall be made 
for making the following available for recording: 

receiver AGC, 
RF loop dynamic phase error and telemetry, 
telemetry subcarriers, 
Doppler frequency plus constant frequency, 
spill modulation, 
declination error, 
hour angle error. 
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Tracking and Display of Earth Satellites* 
F. F. SLACKt AND A. A. SANDBERGt 

Summary—In a new method of displaying the predicted paths 
and real-time positions of artificial earth satellites, cathode-ray tubes 
are used with two types of map overlays: orthographic projection and 
Mercator projection. Functions to match these projections are gen-

erated electronically. Auxiliary satellite information is cataloged and 
made available through "light gun" interrogation of the satellites 
displayed on the CRT. The display and orbit simulator can be used 

as an integral part of a live tracking system. 
A mathematical derivation of the subsatellite path on the ortho-

graphic projection is given. 

INTRODUCTION 

1LEVEN man-made objects are now orbiting in 
space around the earth. In the foreseeable fu-

 / turc, an increasing number of satellites will un-
doubtedly be placed in orbit. As the frequency of 
launchings increases, so does the need for a panoramic 
visual display of all satellite positions in space relative 
to the earth's surface. 
The repetitive nature of the orbits and the stability 

of the paths of the satellites through space point to a 
simple and reasonably accurate method of display. In 
the method under development at the Astrosurveil-
lance Sciences Laboratory of the Air Force Cambridge 
Research Center, electronic analog simulators are used 
to generate the functions representing the predicted 
satellite orbits. The paths are presented visually on the 
face of a large-screen cathode-ray tube (CRT), over 
which is overlaid a transparent map projection of the 
earth. The predicted paths are generated at a frequency 
high enough to prevent flickering when presentation is 
time-shared. The real-time positions of the satellite are 
displayed as intensified spots on their respective traces 

and travel at rates corresponding to the speeds of the 
satellites. 

After orbital characteristics have been established, 
the simulators must permit updating of the orbital 
paths by more accurate position information obtained 
from periodic observation of the satellite itself. 
The system is sufficiently flexible to allow time to be 

moved forward and backward, up to one week. The 
value of this feature becomes apparent from the nature 
of the corrections that are possible in the simulated 
orbit. Although very accurate measurements of the real 
orbits are available from sophisticated sources, the data 
take time to process, and arrive late. If the system is 
turned back to the time when the observation was 
made, it is possible to inspect the simulated orbit, make 
any necessary correction, and then return the system 
to the present time. On occasions when it is desirable 
to know the satellite situation at some time in the future 

*Original manuscript received by the IRE, November 23, 1959. 
Astrosurveillance Sciences Lab., Electronics Res. Directorate, 

AF Cambridge Res. Center, Bedford, Mass. 

—as, for instance, if it is important to know when a 
communication or surveillance satellite will be over a 
particular area of the earth—time can be advanced un-
til the simulated satellite position coincides with the 
specified position on the map overlay. The date and 
time can then be read off the calibrated controls that 
advance the time. 

Access to other pertinent satellite data is accom-
plished through interrogation of the display with a 
"light gun." This is a photocell device that produces a 
video signal when pointed at the real-time spot of light 
on the CRT. Coincidence between the video signal and 
an electronic gate representing the sequenced time slot 
for displaying that specific satellite actuates a relay. 
The relay then controls a number of indicator circuits 
that present cataloged information relevant to the 
interrogated satellite, including identification, distance 
of apogee and perigee, date of launching, type of scien-
tific and/or military data transmitted from the satellite, 
and maximum and minimum speeds. The same relay 
also samples a "range from earth" potentiometer geared 
to track with the real-time position generator, one indi-
cator thus providing altitude readings for all satellites. 

THE SATELLITE DISPLAY 

Any presentation of satellite orbital information is 
inherently limited by the difficulty of accurately dis-
playing a spherical area on a flat surface. Regardless of 
the type of map projection used, distortion is inevitable 
in the scale, perspective, and shape of the orbit. The 
rather difficult task of minimizing distortion to main-
tain a comprehensible, three-dimensional presentation 
then becomes a problem of the technical feasibility of 
compensating for the distortion. 
. Recent advances in display techniques may lead to 
substantially larger presentations. The newly devel-
oped mosaic displays that use gaseous, chemical, or 
electroluminescent cells have possibilities. A cathode-
ray tube having a spherical screen—if it could be de-
signed—would present the most realistic picture, but 
most requirements can be satisfied if the CRT has a 
hemispherical screen, which can be designed. To avoid 
delaying the display program, the present models are 
being designed around large-screen flat- faced CRT's 
because of their availability and standard deflection re-
quirements. 
A system of time-sharing shows all orbits in sequence 

above the CRT flicker rate. To display the predicted 
paths in time sequence, periodic functions that match 
the map projection are generated at a 5-kc frequency. 
This allows 100 targets to be displayed at a 50-cps rate. 
The system's accuracy is governed primarily by the 

CRT and deflection system used in the display. Experi-
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ence has shown that in a conventional CRT and deflec-
tion system, errors can be held under 0.33 per cent. 
Analog techniques should therefore satisfy the accuracy 
requirements of the complete system. If the combined 
errors of the display and function generators are not 
greater than 0.5 per cent, positions on the earth trav-
ersed by the satellite will be displayed within 125 miles, 
corresponding to 36 seconds of orbit time for a 2-hour 
orbit. This accuracy should be adequate for most ap-
plications, since a satellite orbiting at an altitude of 
1000 miles can theoretically be seen by a line-of-sight 
detector 3000 miles from the detection location. 
Two different types of map projections are used in 

the displays currently under development in the Labo-
ratory: orthographic and Mercator. 

THE ORTHOGRAPHIC PROJECTION 

In the orthographic projection (perspective of the 
earth from infinity), the map overlay on the CRT is a 
hemisphere; two displays show the total earth. On this 
presentation, an orbital path projected onto a station-

ary earth (earth not rotating on its axis) appears as a 
portion of an ellipse. To show predicted paths relative 
to the earth's surface (Fig. 1), electronic function gen-
erators compensate for the distortion that the earth's 
rotation causes in the presentation of the elliptic pat-

tern. For a polar projection, the sine and cosine func-
tions of two oscillators of slightly different frequencies 
provide an electronic analog that satisfies the mathe-
matical expressions. 

Fig. 1—Several orbits of an artificial earth satellite on an orthographic polar projection showing precessing due to earth's rotation. 
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Displayed on a CRT, the functions trace out the pre-
dicted path of the satellite. Each successive trace, in 
speeded-up time, precesses the same number of de-
grees that the earth will rotate under each successive 

satellite orbit. 
The real-time motion and position of the satellite 

orbit is generated by a computer driven by a clock 
motor in real time. Sine and cosine potentiometers ro-
tating at slightly different rates perform the same role 
as the electronic oscillators. The real-time position of 
the satellite is eFtablished on the display by repeatedly 
locking the start of the predicted trace to the x, y posi-
tions as determined by the real-time computer. 
The locking gate can be manually controlled to show 

the predicted path of the satellite anywhere from zero 
time to several orbits. The CRT beam is held momen-
tarily at the beginning of the sweep, thereby intensify-
ing the real-time position of the satellite. 

A MATHEMATICAL DERIVATION OF AN ORTHO-
GRAPHIC SUBSATELLITE TRACK 

The following exercise shows the derivation of the 
mathematical equations of motion for the subsatellite 
track (projection of the orbit onto the earth's surface) 
to 1.0 per cent accuracy on an orthographic map pro-
jection. 
The known equations of motion of a satellite in a 

plane are transformed to the equations of motion of a 
satellite in three dimensions with respect to axes fixed 
to the earth. As a final step, the equations of motion in 
three dimensions are converted to the subsatellite posi-

tion as a function of time. 
The mathematical exercise consists of the following 

steps: 

1) The equations of motion for a set of axes whose x 
member coincides with the semimajor axis of the 
satellite's elliptic path are transformed to a new set 
of axes in the same orbital plane but whose x mem-
ber, instead of passing through the perigee, is so 
oriented as to pass through the point of maximum 
latitude of the orbit. (The point of maximum lati-
tude is shown in Fig. 4 as point M.) 

2) The equations of motion are then referred to a set 
of axes that are fixed in space. The x and y mem-
bers are in the plane of the earth's equator, with 
the z member perpendicular to the equatorial 
plane. 

3) The equations of motion for a rotating system 
fixed to the earth are obtained. The result repre-
sents the position of the satellite in three-dimen-
sional space, given in Cartesian coordinates as a 
function of time. 

4) As a final step, the result is transformed to project 
the actual path in space onto the earth, thus form-
ing the subsatellite equations of motion. 

The following notation will apply in this section: 

a = semimajor axis of ellipse 
e = eccentricity of ellipse 
i=orbit inclination to the equatorial plane 
s =angular frequency of satellite ( 27r/Ts) 
co -= argument of perigee 
coe= angular frequency of earth's rotation (2rin) 
Te = period of earth's rotation 
Tp= time of perigee crossing 
T„= period of satellite 
E=s(t—T,)+e sin s(t — 7;) 

+e2/2! sin 2s(t—T„)+ • 

Equations of Motion 

The path of a point mass moving in an inverse-
square central force field is a conic section. Under the 
conditions assumed here, it will be an ellipse of low ec-
centricity (Fig. 2), one of whose foci is the center of the 
central force field (in this case the center of the earth). 

Fig. 2—Geometry of elliptic orbit. a = seminmjor axis, 
b=semiminor axis, e = eccentricity 

Ve — b2 
e —   

a 

According to Moulton, the path has the mathematical 
expression 

a(1 — e2) 
r = 

1 e cos 0 
(1) 

Eq. ( 1) is an expression for the path, but what is re-
quired is a parametric representation, y=y(t) and 
x =x(t). The exact solution of this problem is, in gen-
eral, impossible to obtain in closed form. The following 
equations are derived from Moulton:' 

x = a(cos E — e), 

y = -V1 — e2 sin E. (2) 

If e<0.1, only the first two terms of the infinite series 
for E are required to insure better than 1 per cent ac-
curacy in sin E and cos E terms. 

I F. R. Moulton, "An Introduction to Celestial Mechanics," The 
Macmillan Co., New York, N. Y., pp. 164-165; 1947. 
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Transformation I 

Transformation I is illustrated in Fig. 3. The orienta-
tion of the coordinate system with respect to the earth 
is given in Fig. 4. 
Elementary coordinate transformations give the fol-

lowing relationships between the x, y coordinate sys-
tem and the x', y' coordinate system. (Note that 

the satellite being assumed to move in the 
x, y or x', y' plane.) 

= X Cos + y sin 13; 
y' = — x sin d ± y cos t3. 

Since w =90° — fi, ( 3) can be rewritten as 

= x sin w + y cos co; 

y' = — x cos w + y sin co. 

(3) 

(4) 

For this analysis, co is assumed constant, even though 
perturbation effects cause the ellipse to precess slightly. 

Transformation II 

Transformation Il yields the equations of motion 
with respect to a set of axes fixed in space, with x and y 
members in the equatorial plane. Note that the mathe-
matical rotation of axes is around the y' axis, thus mak-
ing y'y" (Fig. 5). 

Elementary coordinate transformation equations 
give 

x" = s' cos i — z' sin i, 

yif sa yt, 

z" = x' sin i z' cos j. (5) 

Transformation III 

The system of coordinates x", y", z" is now referred 
to a rotating earth. The coordinate system designated 
by y", z" represents the satellite position in 
space. Transformation III ( Fig. 6) gives 

x"  =  s" cos (-y ± (0,1) ± y" sin (-y ± c4), 

y" = — x" sin (-y ± w,t) ± y" cos (-y + 

(6) 

Solving (2) through (6) simultaneously for s'", y", 
and zi" gives 

X" = A cos (E co,t fi) 

▪ B cos (E — coet -I- d)) C cos (wet ± 1P), 

y" = D cos (E re,t S) 

▪ F cos (E — (.0,1 ± a) + G cos (w,t p), 

zin = II cos (E r) — ek5; 

Fig. 3—Transformation I. Z and Z' are perpendicular to 
the page, directed positively outward. 

Fig. 4—Orientation of coordinate system in Fig. 3. M= point of 
maximum latitude, B= perigee, K = point on equator, the same 
longitude as point M, ti=angle MOB, w=argument of perigee 
angle BOA, angle MOA is 90°, angle (3 is 90° — ce, i= inclination of 
orbit to equator, angle MOK. 

Fig. 5—Rotation of axes by Transformation II. Z'Ix' and y'. 
i= inclination of orbit. 

Fig. 6—Transformation III. s" and y" are in the plane of the equator 
but fixed in space. cc" and y" are in the plane of the equator but 

(7) fixed to earth. 
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where 

A =- 1-V(kt— k4) 24-(k2— k3)2, 

B=-W(kr-kk4)2-1-(k3-Fk2)2, 

C=j‘/(k3)2+(k1)2, 

D= 4/(k2— k3)2±(h4—k1) 2 

F=4 \/(k2+k3)2+(k4+ki)2, 

eN/(k3)2+(ki)2, 

H = / (k5)2+ (ke)2, 

where 

k, = a sin co cos i; 

k3 = a cos w; 

k5 = a sin co sin i; 

Slack and Sandberg: Tracking and Display of Earth Satellites 659 

(k2— k3) 
0=1,— tan-' ; 

(ki—k4) 

(k3-1-k2) 
4)=-y— tan-' 

(ki±k4) 

(k3) 
= -y— tan-'   • 

(—ki) 

(k4—kl) 

(k2— k3) 

(k4±ki) 
a= 7— tan-'  

—(k2-1-k3) 

(k3) 
p — tan-1 —; 

(k2) 

(k6) 
r= — tan-'   

(k5) 

k2 = a-V1 — e2 cos w cos i; 

k4 = aN/1 — e2 sin w; 

ks = aN/1 — e2 cos w sin j. 

(8) 

(9) 

Transformation IV 

With the equations of motion in three-dimensional 
space determined, it is now necessary to transform 
these relations to the equations of motion of the sub-
satellite track, in a form amenable to electronic simula-
tion. Transformation IV is illustrated in Fig. 7. The 
coordinates of the subsatellite track are 

= — = (10) 

Solving for x„, using Moulton's equation r =a(1 
—e cos E), gives 

Rx" 
—   (11) 

a(1 — e cos E) 

If e <0.1, ( 11) may be approximated with only the 
first two terms of the Taylor series, as 

— (1 e cos E)x". 
a 

(12) 

Substituting the expression for x" in ( 7) into ( 12) 
gives 

= — (1 e cos E)[A cos (E wet ± 0) 
a 

B cos (E — wet ± C cos (w,,t 11.)]. ( 13) 

Fig. 7—Transformation 1V. r is the distance of the satellite from the 
center of the earth. R is the radius of the earth and P is the pro-
jection of the satellite (s) onto the earth. 

Multiplied out, 

4„ = — • [A cos (E wet ± 0) B cos (E — w,1 ± 4)) 
a 

Re 
C cos (co,t iP)] — [A cos E cos (E ± wet ± 0) 

a 

• B cos É cos (E — coet 4)) 

▪ C cos E cos (wel o J. (14) 
The approximation 

E = s(t — Tp) e sin s(t — Tp) (15) 

for e <0.1 per cent, produces errors not greater than 1 
per cent in sin E and cos E terms. 
Assuming that errors no greater than 1 per cent can 

be tolerated ( 15), various trigonometric relations, and 
approximations based on a Taylor series, can be used to 
reduce ( 14) to 

= — IA cos [(s We)! O — sT„1 
a 

B cos [(s — we)! (e, — sTp] 

▪ eA cos [(2s w,)t O — 2sT„] 

▪ eB cos [(2s — co,)l + — 2sTp] 

▪ C cos (Wet e)I (16) 

To calculate y„, it is not necessary to carry out the 
full procedure used in solving for x„, but merely to de-
termine how x" and y" are related. Inspection shows 
that when 

Xt. — 4 Yea) 

A D, 

O --> 

xti ym ; 

B--> F, C 

— 
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Therefore, Substituting these values in ( 21) gives 

R 
vs, = — D cos [(s + 0.),)l + (6 — sT„)1 ,r„„ = R t osin2(—i) cos 1(s + co,), — 90°1 
" a  2 

+ F cos [(s — cos)! + (a — sT„)] . 1 
+ De cos [(2s + w,)! + (S — 2sT + cos2 (—) cos [(s — we)! — 90°]} „)1 2 

+ Fe cos 1(2s — ce,), + (a — 2sT„)1 i 

y.. = R ism- (-i) cos [(s + + w,)!]G cos (coat + p)1. (17) 

To solve for z,a, the procedure is the same as for xaa. 

Thus, cos2 (—i) cos (s — 
2 

April 

Rz" 
z„„ —   (1 e cos E)z". ( 18) z,,, = (R sin i) cos (s1 — 90°) (22) 

a(1 — e cos E) a 

Substituting from ( 7), ( 18) gives 

zs, = — (1 e cos E)[11 cos (E + r) — elk]. (19) 
a 

Simplifying, as in the case of xaa, gives 

or, 

X, = R isin2(—) sin [(S w,,)!]2 

± cos' (—) sin (s — 
2 

zss = — III cos [s(t — + T.] 
a y„, = R sin' — cos [(s + (.4)d 

2 
+ ell cos [2s(t — T„) + — ek5 . (20) 

Circular Orbit, a Special Case 

For a circular orbit e= 0, the equations become 
greatly simplified. Where r is the radius of the orbit, 

sss = • IA cos [(s + we)! + O — sT„] 

+ B cos [(s — 04)1 + — sT11; 

R , 
y. = — ID cos [(s + (sys)t + — sT„1 

+ F cos [( s — (.41 ± a — sT,,[1; 

zet8 = — H cos [s(/ — T) + 711. (21) 

To consider a specific case, assunn• t lit t co = 0, T„=0, 

and -y = 0. Then 

and 

= k4 = kb = 0, 

k2 = r cos i, k:1= r, k. r in i; 

= — (1 — cos i) = r sin2(—) , 
2 2 

B = — (1 + cos i) = r cos2(—) , 
2 2 

C = 0, D = A, F = B, G = 0, = r sin i; 

O = — 90°, = — 90°, = 90°, 8 = 0, 

a = 0, p = — 90°, r = — 90°. 

+ cos' (—) cos (s — , 
2 

z„ = (R sin i) sin st. 

It is evident that three frequencies must be generated 
to simulate a circular orbit; for a polar projection (one 
of the poles in the center of the display), only two fre-
quencies are required. 

For the special case where i= 0, the equations reveal 
what is intuitively apparent: z,,,=0, meaning that the 
simulated satellite is moving along the equator and 
travels with an angular velocity equal to the difference 
between the satellite's angular velocity and the earth's 

angular velocity. 
Another very interesting case is that of the 24-hour 

communications satellite, for which coa=s. For i=0, 

it is apparent that xas = constant, y„ = constant, and 
z,a = 0. Because of the particular choice of co and 
.v,„ = 0, y Bs = R. An additional modification of this case 

is when i00. Inspection of the zaa and xa, axes reveals 
that z„(1) and x..(t) are parametric equations for a 
figure-eight Lissajous pattern. 
The foregoing exercise has demonstrated the deriva-

tion of the equations of motion of the subsatellite track 

as explicit functions of time and known constants of the 
orbit. It must be remembered, however, that the results 
are only approximate to within 1 per cent for satellites 
with eccentricity not greater than 0.1. For satellites of 
higher eccentricity, the mathematical analysis is much 

more complex and does not appear to be amenable to a 
practical direct eleotrical analog simulation. It may be 

possible to cancel some of this complexity through 
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special electronic function generators designed for Y 

curve-fitting. 

THE M ERCATOR PROJECTION 

In the second display method, a Mercator map pro-
jection presents the earth's geographic coordinates as 
an x, y grid. This projection can display the total area 
of the earth and has, therefore, been used extensively 
for plotting satellite courses (Fig. 11). 
A Mercator projection spreads the area at the 80th 

parallel so that the east-west direction near the poles 
has the same dimension as the east-west direction at 
the equator. The system consequently produces a con-
tinually varying mileage scale, a land mass the size of 
Greenland seeming to have approximately the same 
area as South America. Because of this distortion, the 
electronic display voltages produced by the simulated-
orbit generators are not amenable to a reasonable 
mathematical derivation. A great circle (circular orbit) 
on the equator appears as a straight line traveling east 
and west. Great circles close to the equator appear as 
sinusoids which have progressively larger amplitude 
and distortion the farther north and south they go. As 
the orbit approaches either pole, the sinusoid flattens 
off. A great circle that goes through the poles must 
travel parallel to the longitudinal lines and so appears 

as a square wave. 
The orbits of most of the earth-circling satellites 

launched to date can be simulated for display on the 
Mercator projection by sine waves modified in a diode 
function generator, but the orbit of Explorer VI, 
launched in August, 1959, requires a different ap-
proach. The path of this orbit, although elliptic in 
space, takes on a peculiar shape when presented on a 
Mercator projection (Fig. 8). This irregularity is due to 
the relation between the satellite's speed and the earth's 
rotational speed. At perigee, approximately 260 km 
from earth, the satellite's speed is approximately 23,000 
mph. As the satellite coasts out to apogee, 42,000 km 
away, it slows down to 2200 mph. Since any point on 
the earth at the equator is traveling at a constant 1000 
mph, Explorer VI's east-west speed component pro-
jected onto the earth is sometimes faster and sometimes 
slower than the earth's rotational speed. 

In a plot of the satellite course y-=f(x) on a Mercator 
map (Cartesian coordinate system), there are segments 
where y is a multivalued function of x. Since the x co-
ordinate represents display time on the CRT, and the 
spot cannot be in more than one position at one time, 
the original deflection circuit had to be revised. The 
curve can be represented by two parametric equations 
=11(1); x=f2(t). Then x and y are single-valued func-

tions of time that can be simulated in electronic func-
tion generators and applied to the x, y deflection circuit 
of the CRT (Fig. 9). The beam of the CRT traces out 
the desired function, and time is measured along the 

trace. 

Fig. 8—I'ath of Exp orer VI satellite oi a Mercator projection 
Note that y is a multivalued function of x (display time). 

Fig. 9—Explorer VI orbit represented by two parametric 
curves y= (t) ; x =f2(1)• 

Bright spots moving along the predicted paths indi-
cate the positions of the satellites in real time. The mo-

tion of the satellites is generated electromechanically, 
with a synchronous motor driving adjustable speed re-
ducers coupled to potentiometers to produce the proper 
orbits as slowly varying dc voltages. The dc voltages are 
compared with linear sawteeth produced in the 5-kc 
time slots allotted to the respective orbits (see Fig. 10). 
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Fig. 10—C ithode-ray tube timing waveforms. 

Coincidence between a sawtooth voltage and a dc volt-
age generates a video timing pulse that is displayed as 
a bright spot ( Fig. 11) on the trace of the orbit and indi-
cates the instantaneous position of the satellite. 

Since the speed of any satellite in a noncircular orbit 
is continually varying, maximum at perigee and mini-
mum at apogee, accommodation for the changing 
speeds is provided through a suitable cam in the me-
chanical portion of the real-time position generator. 

Because precessing of the orbit projected onto the 
earth is a function of the satellite's orbital frequency in 
relation to the earth's rotational frequency, it must be 
individually compensated for in each case. When the 
real-time position has completed 360° on the Mercator 
projection, the predicted trace is shifted the appropriate 
number of degrees for the start of the next cycle. This 
is accomplished by automatic shifting of a timing gate 
that selects the phase of the x, y functions to be dis-
played and clamps them to the proper starting voltage. 

DISPLAY OF HEIGHT INFORMATION 

Height, the third component, is programmed into the 
simulator and made available on command. For each 
satellite, a linear height potentiometer mechanically 
tracks the real-time position. A removable cam mechan-
ically linked to the potentiometer provides a function 
that converts the linear voltage to the actual height 
voltage. A digital voltmeter can be automatically con-

Fig. 11—"Light gun" interrogating satellite displayed as a 
bright spot on cizT trace with Mercator overlay. 

nected to read the instantaneous height of any satellite 
interrogated by the light gun. When the height profile 
has changed sufficiently to warrant it, a new cam is in-
serted to make the readings more accurate. 
The deviation of the earth's shape from a true sphere 

produces two additional effects that influence tracking 
and display: one, a slight precession of the orbit in the 
direction of the earth's rotation; the other, a similarly 
small precession of the orbit in its own plane. In other 
words, the apogee and perigee are continually rotating. 
These are minor perturbations of a few degrees per 
day, but they must be compensated for in the timing 
mechanism. , 

Because the. timing of the complete system is con-
trolled by a clock, it is possible to turn time backward 
and forward and inspect the satellite situation in the 
past and future as well as in the present. 

DISPLAY OF AUXILIARY INFORMATION 

Auxiliary satellite data can be stored in several ways. 
One would be to use recorded voice, with a separate 
channel for each satellite. Another would be to use a 
film that would project the information onto a screen. 
The simplest way, adequate for the present, is the use of 
identification lights that, when activated, refer to a file 
card on which the information is typed. 

Access to the information is by means of a " light 
gun" (Fig. 11). This technique utilizes correlation be-
tween the time-sequenced voltage waveforms generated 
for displaying the positions of satellites and the pulse 
generated by the light gun when it is pointed at the 
satellite's position on the CRT. Coincidence between 
the two signals activates a relay that initiates the dis-
play action dictated by the particular storage scheme 
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used. The following satellite information is cataloged: 

1) identification, 
2) date and time of launching, 
3) size and weight, 
4) height of apogee and perigee, 
5) maximum and minimum speed, 
6) inclination of orbit to equator, 
7) type of scientific and/or military data 

mitted from satellite, 
8) pertinent ancillary information. 

In addition to interrogating targets on the display, it 
is possible to locate the track and position of any spe-
cific satellite by operating an identification switch on 
the panel. This action intensifies the trace of that par-
ticular orbit, thereby distinguishing it from the others. 
Through control switches, it is also possible to select 
the orbits to be displayed. In the future, when the num-
ber of satellites has increased to the point where dis-
playing them all at once might not be feasible, it may 
be desirable to select satellites for display according to 
category, such as communications, weather, or sur-

veillance. 

trans-

SIMULATOR USED AS AN AUTOMATIC 
TRACKING SYSTEM 

Future developments will include the capability of 
making automatic corrections in the simulated orbits 

from live data at the detection sites. Receiving periodic 
corrections on all satellites, the unit could be consid-
ered an important component in a live satellite detec-
tion and tracking system. 

Since the electronic function generators scan all posi-
tions of the satellites as represented on the map overlay, 
it is possible to sample the functions with the real-time 
position video signals and store the instantaneous posi-
tion voltages on capacitors. The stored dc voltages 
would represent the latitudes and longitudes of each 
satellite. With appropriate gating circuits allowing the 
generated functions of each satellite orbit to be cor-
rected only by the live data representing their respec-
tive satellites, the device remotely resembles a track-
while-scan unit used in radar systems. Application of 
this technique to the automatic tracking of satellites 
is possible because of the repetitive nature and stability 
of the orbits in space. 
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The Navy Space Surveillance System* 
R. L. EASTONt, MEMBER, IRE, AND J. J. FLEMINGt, MEMBER, IRE 

Summary—A complete system for satellite detection and tracking 
and for computations of satellite orbits has been built by the Navy 
under ARPA sponsorship. This detection system uses a CW trans-
mitter separated from two receiving sites, all having fan-type co-
planar antenna beams. The angle of arrival of the reflected signals is 
measured at each station by the use of an interferometer. The posi-

tion of the reflecting object is inferred by the point in the fan antenna 
beam defined by the intersection of the arrival angles at the two re-

ceiving stations. 
Two ARPA-sponsored Space Surveillance radal (radio detection 

and location) devices of the type described have been installed in the 
southern U. S. In addition to the detecting and tracking installation 
the system includes data transmission lines, a data reduction center, 
a very high speed computer for orbit determination and predictions, 

and display devices. 

* Original manuscript received by the IRE, December 2, 1959. 
I. U. S. Naval Research Lab., Washington 25, D. C. 

INTRODUCTION 

1HE PROBLEM of detecting satellites is made 
difficult by their great height and velocity, and 

  small size. The high velocity implies a short ob-
servation time but also implies great trajectory stabil-
ity, so that a small number of independent observations 
properly separated on the ellipse serves to determine 
the orbit. The problem of detecting satellites is much 
different from that of tracking aircraft and ships for 
which the pulse radar was designed. For this earlier 
problem the target can maneuver rapidly and therefore 
required continuous tracking. 
The detection system is shown schematically in Fig. 

I. Here a transmitter antenna provides illumination in 
a narrow fan beam which is coplanar with similar re-
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Fig. 1—The detection system used for space surveillance. 

ceiving station beams. (Only that portion of the fan 
beam striking the satellite is shown in the figure.) The 
position of a reflecting object in the common antenna 
patterns is inferred by measuring the angle of reception 
of the reflected signals by means of interferometers at 
the two receiving sites. 
The operation of the receiving stations is similar to 

that used by the system known as Minitrack' initiated 
by M. Rosen for use with Project Vanguard. The tech-
nique he suggested was similar to that used by several 
missile tracking systems, by radio astronomers, and by 
sonar. Minitrack was based largely on the missile track-
ing system AZUSA, built by the Convair Division of the 
General Dynamics Corporation. The operational prin-
ciples of both systems appear to have been first con-
ceived by Dr. H. L. Saxton of this Laboratory.2 

Another contribution was made by Dr. J. J. Free-
man3 who analyzed this particular type of system. 
From his analysis it was simple to show that an inter-
ferometer system operating at a frequency of about 
100 mc would require a radiated power of only a few 
milli watts. 
One of the problems existing in such a system is that 

of calibrating the angle measured electrically to the 
local zenith angle. Two techniques were implemented to 
provide the required calibration. One, involving ballistic 
camera photography of an airplane-carried flashing 
light, was demonstrated as practical by E. Habib, then 
of this Laboratory, and has been used as the standard 
calibration method for this system. The other method 
involved reflecting a signal off the moon. Then by know-
ing the local zenith angles of the moon and the cor-
responding electrical readings the required calibration 
was obtained, though with an accuracy much reduced 
from that obtainable with the ballistic camera. 
The moon reflecting system consisted of a 50-kw FM 

transmitter installed to operate into a 50-ft dish at the 
Signal Corps Engineering Laboratories (now USARDL) 
at Ft. Monmouth, N. J. The transmitter was located 

I J. T. Mengel, "Tracking the earth satellite, and data transmis-
sion, by radio," PROC. IRE, vol. 44, pp. 755-760; June, 1956. 

2 H. L. Saxton, NRL Rept. No. 4003, July, 1952. (Confidential.) 
3 J. J. Freeman, "Principles of Noise," John Wiley and Sons, Inc., 

New York, N. Y., pp. 271-274; 1958. 

April 

and the work of the two laboratories was coordinated 
through the good offices of Lt. Col. E. J. Hagerman, 
Signal Corp Liaison Officer at the Naval Research Lab-
oratory. 

The moon reflection system was placed in operation 
in December, 1957. Early in 1958 the transmitter at 
SCEL was used to provide reflected signals from the re-
maining Sputnik ( 1957 Beta) into the tracking station 
at Blossom Point, Md., as shown in Fig. 2. 
On June 20, 1958, the Advanced Research Projects 

Agency of the Department of Defense authorized the 
Naval Research Laboratory to provide one tracking 
complex in the Eastern United States and one in the 
Western United States as shown in Fig. 3. The NRL 
system is being expanded to form a continuous line 
across the Southern United States. 
The first portion of the system to be placed in opera-

tion involved the stations at Fort Stewart, Ga., and 
Jordan Lake, Ala. This portion of the system was put 
in operation on July 29, 1958—less than six weeks after 
the ARPA Order was issued. This schedule was met by 
transporting the transmitter from SCEL to Jordan Lake 
and by modifying the Fort Stewart Minitrack station 
antennas to be compatible with this new system. 
The Silver Lake installation became operational in 

November, 1958 and the Western Complex in February, 
1959. The electronic equipment was built by Bendix 
Radio, the antennas by the Technical Appliance Com-
pany, and the transmitters were furnished by Mul-
tronics, Inc. The stations are operated by Bendix Field 
Operations Personnel. 

THE RECEIVING SYSTEM 

The receiving system has been described previously' 
so it will be discussed only briefly. Fig. 4 shows the 
principle of operation. After the signals from the two 
antennas are first amplified by preamplifiers, the output 
can be divided as necessary for the various phase com-
parisons required. By means of local oscillator circuits, 
the signals from the two antennas can be amplified in a 
single channel, thereby reducing the differential phase 
shift. When the combined signal is detected and com-
pared to the difference frequency, the resulting phase 

is equal to the phase difference between the signals ar-
riving at the two antennas. The zero reading of the 
phase between the two signals will not normally read 
zero for an equal phase signal at the antenna. The dif-

ference between the phase read and the phase present 
at the antennas is found by means of a system of cal-
ibration. 

CALIBRATION 

As was mentioned, an interferometer system requires 
calibration and the most accurate means of calibration 

is the ballistic camera method. With the size of antennas 
used for space surveillance, however, the far zone of 
the antenna is many miles high—too high for conven-
tional aircraft. 
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Fig. 2— Reflected signal obtained from 1957 Beta satellite. 

Fig. 3—Location of tracking stations. 

For calibration a distant source in a known position is 
required. A device that meets this requirement is the 
Vanguard 1 satellite, 1958 Beta, whose position is well 
known from the orbit computed by NASA. Even 
though the orbit of this satellite is the best known of 
any, the data for calibration purposes must still be ob-
tained from post flight rather than predicted data. Once 
the data is obtained the calibration is made by com-
parison with the electrical data. Since the orbital data 
is obtained by calibrating the Minitrack stations against 
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Fig. 4—Block diagram of receiving system. 

the stars, the Space Surveillance stations are also cali-
brated against the same standards—though with dimin-
ished accuracy. 

SIGNALS 

Fig. 5 shows the signal obtained from the calibration 
satellite, 1958 Beta. The inclination of this satellite is 
nearly the sanie as the latitude of the Space Surveillance 
line, so its signals remain in the antenna beamwidth for 
a considerable time. In general the signal reflected will 
appear similar to a very small portion of this direct 
signal, though the reflected signals are much noisier 
than the direct signals. A reflected signal from another 
satellite is shown in Fig. 6. 

In addition to signals reflected from satellites many 
extraneous signals are present. They appear as reflec-
tions from meteorite trails, from aircraft, and as direct 
signals from radiating satellites, electrical storms, radio 
stars, direct feedthrough from transmitter to receiver, 
and man-made interference. One of the most prevalent 
interfering signals is due to meteorites. Fig. 7 shows one 
of the signals obtained during a time of high meteorite 
activity. 
The simplest means of reducing meteorite reflections 

is illustrated in Fig. 8. Here the polarization of the trans-
mitting antenna is opposite to that used on the receiving 
antenna. The record also shows a receiving antenna 
having the same polarization as the transmitter. A count 
of incidences on the two receiving channels shows that 
approximately only 5 per cent as many signals appear 
on the receiving antennas having the opposite polariza-
tion to the transmitter as appear on the antenna having 
the same polarization as the transmitter. 
The reason for the reduction in meteorite reflections is 

understood when it is realized that the meteorite trails 
in general are formed below the ionosphere and that the 
most usual excitation of the meteorite trail is the one 
due to the indivudual electrons oscillating in the polar-
ization of the exciting element. Since the excitation of 
the transmitting antenna is not subject to Faraday 
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rotation at the usual height of meteorite trails, the type 
of reflection described above will be cross-polarized to 
an antenna having a polarization crossed to the trans-
mitter. Under these conditions the response from 
meteorites can be expected to be low. Reflections from 
satellites occur from within or above the ionosphere and 
the polarization of such signals is subject to Faraday 
rotation so the polarization of the received signal can be 
expected to be random. 

STATIONS 

The stations involve large antenna installations. The 
Jordan Lake transmitting site is shown in Fig. 9. The 
Fort Stewart installation is considered the R&D re-
ceiving station and hence is larger than the other re-
ceiving sites. At each receiving station the information 
from the phase meters is placed on direct reading re-
corders and is also placed on phone lines for real time 
transmission to the Naval Research Laboratory and to 
the Naval Weapons Laboratory at Dahlgren, Va. The 
data is sent using standard FM telemetry subcarriers 
directly on a standard telephone line. 

SPACE SURVEILLANCE OPERATIONS CENTER 

During the experimental phase of system operation, 
the Space Surveillance Control Center is located at 
NRL. It is normally operated on an 8-hour day and 5-
day week. An experimental operations center is also 
located there both for the development of improved 
operational techniques and for serving as a backup for 
the Space Surveillance Operations Center at Dahlgren, 
Va., which is in operation around-the-clock seven days 
a week. The analog data representing phase and signal-
level information of interest are read manually im-
mediately after they are recorded at Dahlgren. The 
observations are used for improving the predictions of 
known satellites and determining the orbits of unknown 
satellites crossing the Space Surveillance line. 
The Space Surveillance Operations Center has been 

established at the Naval Weapons Laboratory (Dahl-
gren, Va.) so that it could take advantage of the NORC 
(Naval Ordnance Research Computer) and of the NWL 
staff. The NORC computer is especially well suited 
for orbit computations since it has both a high pre-
cision ( 13 significant decimal digits plus sign and ex-
ponent) and a high speed ( 15,000 operations per second). 
A picture of the NORC is shown in Fig. 10 and a table 
of its operating characteristics is as follows: 
Number system: 
Word size: 
Instructions: 
Storage capacity: 

Storage access time: 
Multiplication time: 
Addition time: 
Magnetic tape units: 

Printers: 

Decimal (Automatic floating point). 
16 digits and check digit. 
3-address. 
2000 words (electrostatic). 
20,000 words ( magnetic core) being added. 
8 itsec. 
31 µsec. 
15 µsec. 
8 operating at 70,000 characters per sec-

ond. 
2 mechanical operating at 300 characters 

per second. 
I optical printer operating at 15,000 char-

acters per second. 

Fig. 9—The Jordan Lake transmitting site. 

Fig. 10—The Naval Ordnance Research Computer ( NORC). 

ORBIT COMPUTATIONS 

The mathematical formulation of the orbit-computa-
tion programs has been the responsibility of Dr. P. 
Herget ( Director of the Cincinnati Observatory) under 
contract to NRL and of Dr. G. M. Clemence and Dr. 
R. L. Duncombe, both of the U. S. Naval Observatory. 
The analysis, programming, and some of the mathemat-
ical formulation are being done by NWL. 
The orbit computations required for satellites are 

divided into two parts: a) determination of the orbital 
elements from the observations, and b) prediction of 
future satellite positions from these elements (compila-
tion of an ephemeris). For initial orbit determination 
and prediction, Cowell's method of numerical integra-
tion' is used; for large numbers of observations, the 
method of general oblateness perturbationeis employed. 
Six elements are needed to describe an elliptical orbit at 
some given time To (called the epoch). These elements 
are derived from the observations when there is suf-
ficient information available to be equivalent to a posi-
tion vector and a velocity vector at a given time. 
The orbital elements are refined automatically on the 

NORC by successive application of a differential cor-
rection procedure until the residuals between all the 
observations and the positions computed from the " ele-

P. Herget, "The Computation of Orbits," 1958. ( Published by 
the author.) 

5 P. Herget and P. Munsen, "A modified Hansen lunar theory for 
artificial satellites," Astronomical J., vol. 63. pp. 430-433; November, 
1958. 
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ments have become small. The best available set of ele-
ments is used to compute a position vector in geocentric 
inertial space for the satellite for every minute of time in 
the future (for days or weeks, depending on the type or 
orbit) for predictions. Both in orbit determination and 
prediction, the position of the satellite as computed from 
the elements is corrected for perturbations due to the 
earth's oblateness and atmospheric drag. Depending on 
the requirements of the user, predictions as needed are 
computed in the form of a world map (longitude and 
latitude of the subsatellite point on the earth and the 
height of the satellite above the earth), or of local sta-
tion predictions (range, bearing, and elevation informa-
tion at frequent time intervals for optical instruments 
or narrow-beam radars to view the satellite), or of beam-
crossing predictions (time, height above the earth, and 
zenith angle) for Space Surveillance stations. 
The six elements needed to describe an elliptical orbit 

at time To (epoch) may be given as follows: 

Semimajor axis (a) 
Eccentricity (e) 
Inclination (i) 
Right ascension of ascending node (00) 
Argument of perigee (wo) 
Mean anomaly at epoch (Mo). 

The epoch is given as the year, month, day, hour, min-
ute, and second in universal time. The semimajor axis 
of the ellipse is measured in earth's equatorial radii 
(equatorial radius is 3963.34 statute miles based on the 
international ellipsoid for the shape of the earth°). The 
eccentricity is a ratio which is always less than unity for 
an ellipse and is equal to zero for a circle. The inclina-
tion (see Fig. 11) is the angle measured in degrees from 
the equatorial plane of the earth to the orbital plane at 
the ascending node (that is, where the satellite crosses 
the equator in a northward direction). The right ascen-
sion of the ascending node is measured in degrees east-
ward along the earth's equator from the vernal equinox 
to the ascending node. The vernal equinox establishes 
the x-axis for the geocentric inertial coordinate system, 
the z-axis passing through the earth's North pole, and 
the y-axis lying in the equatorial plane to form a 
right-handed coordinate system. The argument of 
perigee (point of closest approach to the earth) is the 
angle in degrees measured in the orbital plane from the 
ascending node to the perigee. The mean anomaly at 
epoch is given in degrees and represents the position of 
the satellite in the orbit with respect to the perigee. 

If there were no disturbing forces exerted on the 
satellite, its orbit would not change with time and 

6 "The American Ephemeris and Nautical Almanac for the Year 
1959," U. S. Naval Observatory, Washington, D. C.; 1957. 
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predictions of future satellite positions would be made 
simply on the basis of an ellipse fixed in inertial space. 
For most artificial earth satellites, there are two major 
disturbing forces which must be taken into account: 

one resulting from the shape of the earth (the equatorial 
bulge), and one resulting from the presence of the at-
mosphere. Because of the distribution of the mass of 
the earth, there is motion of the perigee in the orbital 
plane and motion of the node in the equatorial plane. 
Because of the energy removed from the orbit by 
atmospheric drag on the satellite, the orbit collapses 
with time, the apogee (farthest point from the earth) 
shrinking many times faster than the perigee. These 
perturbations are taken into account both in orbit 
determination and prediction. 

An example of a complete set of elements and related 
information is given for the satellite 1958 Beta 2 (Van-
guard I) as released from the Vanguard Computing 
Center as follows: 

Epoch 

Anomalistic period 
Period decay 

Inclination 
R.A. of ascending node 
Motion of node 

Argument of perigee 
Motion of perigee 

Latitude of perigee 
Mean anomaly at epoch 
Eccentricity 
Semimajor axis 
Perigee height 
Apogee height 
Velocity at perigee 
Velocity at apogee 

October 22,1959 122700 UT 

134.04899 
—0.0001 
34.249 
191.613 
—3.023 
182.671 
4.415 
—1.503 
160.459 
0.18963 
1.36030 

405.6 
2,450.3 

18,371 
12,514 

Minutes 
Minutes per day 
Degrees 
Degrees 
Degrees per day 
Degrees 
Degrees per day 
Degrees 
Degrees 

Earth radii 
Statute miles 
Statute miles 
Miles per hour 
Miles per hour 

The anomalistic period is the time for the satellite to 
make a complete revolution from perigee to perigee. 
Depending on the orbital elements, the motions of node 
and perigee are only a few degrees a day at most. For a 
polar orbit (i = 90°), there is no motion of the node; 
and for an orbit having an inclination of 631°, there is 
no motion of the perigee. The perigee and apogee heights 
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are measured from the surface of the earth, which is 
taken to correspond to the equatorial radius in this 
case. 
A catalog of all satellites is maintained by the NORC 

computer and can be displayed as subsatellite positions 
projected on a world map. Fig. 12 illustrates the ap-
pearance of the display, called SPASCORE, for which 
the film is normally projected at one frame per minute 
in " real time" but may be run forward or backward at 
20 frames per second. The map overlay on the projec-
tion screen is a modified cylindrical projection of the 
earth. The subsatellite positions are calculated by the 
NORC and automatically recorded on 35-mm film from 
a Charactron cathode-ray-tube output device, which is 
also used as an optical printer for alphanumeric data 
output. This equipment provides great versatility in dis-
playing the computer output; it can be operated on-line 
with the computer to project the output in real-time 
with a delay of as little as eight seconds or to record the 
output on film at 40 frames per second for later develop-
ment and projection. 
The most important output of the Space Surveillance 

System is information on nonracliating satellites. Or-
bital elements can be computed and predictions of fu-
ture satellite positions can be given to those authorized 
to receive such information. The System also has been 
used to augment the observations of radiating satellites. 

DISCUSSION 

The radai (radio detection and location) system de-
scribed differs from a pulse radar in principle and in de-
tail differs greatly. Pulse radar' uses a single installation 
from which energy is transmitted and received. The 
location of reflecting objects is inferred from the angle 
of arrival and from the time delay between transmis-
sion and reception. Previous to and during World War 
II the angle of reception was derived from the antenna 
direction. The monopulse radar,8 also developed at this 
Laboratory, derives its angular information from sev-
eral simultaneous observations of the angle of reception 
of the incident wave. Pulse radars were developed for 
detecting and tracking ships and aircraft, objects which 
have great maneuverability but low speeds. 
The radai system is designed to detect and locate 

objects having great speed but very limited maneuvera-
bility. For such objects a great range capability but a 
modest number of sightings serves to determine the 
path of the object for days to come. 
To satisfy the requirement of detection at great 

ranges the system has been designed to maximize range 
capability. Since a larger average power can be gen-

7 A. H. Taylor, " Radio Reminiscences: a Half Century," Naval 
Research Lab., Washington, D. C., pp. 294-308; 1948. 

8 R. M. Page, "Monopulse radar," 1955 IRE CONVENTION REC-
ORD, pt. 8; pp. 132-134. 
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Fig. 12—NORC output display (SPASCORE). 

erated economically at CW than with pulses, a CW 
system is indicated. To use antennas having large cap-
ture areas without unusably small beamwidths, a low 
frequency is used. The antenna beamwidths are de-
signed to detect over a large angle in one direction and a 
very narrow angle in the other. This technique permits 
detection of objects passing through an area of large 
dimensions but small volume. 
An integral part of the Space Surveillance System is 

a high-precision, high-speed digital computer to process 
the observations with a minimum time delay. Thus a 
catalog of all orbiting objects within range of the system 
is maintained to produce predictions of their future 
positions for the use of authorized customers. 
The present system has demonstrated itself to be ef-

fective and reliable. Improvements are planned and will 
be installed as time and funds allow. An additional 
transmitter is expected to be located in the central 
portion of the line in the near future. The present system 
of analog data transmission and manual data reading is 
expected to be replaced by a digital transmission system 
to permit fully automatic data handling by the com-
puter. 
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Ionospheric Scintillations of Satellite Signals* 
H. P. HUTCHINSONt SENIOR \H \ I ItER, IRE AND P. R. AREN DTt 

Summary—The scintillation of satellite-emitted radio signals has 
been observed using two different techniques, namely, Doppler-shift 
frequency measurements and radio direction finding. In this short-
ened version of our complete paper, there are given the results ob-

tained using Doppler-shift measurements only. Variations from a 
smooth Doppler-shift curve obtained during individual orbits give a 
measure of the frequency scintillation occurring and thus of the 
roughness of the ionospheric path between the satellite and the 
observer. As expected, these variations are a function of frequency, 
and they become less as the frequency is increased. 

ier
HE Doppler shift that is observed is primarily a 1 
function of the radial velocity of the satellite with 
respect to the observer and the emitted frequency. 

However, for frequencies in the region between 20 and 
a few hundred mc, the effects of the wave velocity of 
propagation through the ionosphere as a function of the 
refractive index are noticeable. Therefore, the ob-
served Doppler shift is further affected by changes in 
refractive index or ionization along the path between 
the satellite's position and that of the observer. Also the 
Doppler shift is affected by the intensity of ionization 
at the satellite. The degree to which the observed varia-
tions are attributable either to changes in ionization at 
the satellite when the satellite is passing through the 
ionosphere or to changes in the integral of electron 
density along the path, is a suitable subject for further 
study. 
These frequency measurements were taken with an 

instrumental accuracy of + 7 cycles in frequency meas-
urement and at 1-second time intervals based on simul-
taneous reception of WWV standard time transmissions. 
Fig. 1 shows the deviations of the observed Doppler-
shift recordings of Sputnik III from a smooth curve 
drawn through the observed points. It is seen that sub-
stantial variations occur even during the point of nearest 
approach of the satellite. Fig. 2 shows the variations 
observed with the first harmonic on the sanie orbit, 
namely for 40 mc. It is seen that even at this frequency 
substantial scintillations occur as deviations from a 
smooth curve. Now, going to 108 mc we see a fairly 
smooth curve described by observations of Explorer I 
shown in Fig. 3. The center part is quite smooth but, 
as expected from a longer ionospheric path at the outer 
ends of the curve, these ends show some deviations from 
a smooth curve. This orbit has an apogee of 2500 km 
and a perigee of 360 km. Thus, for a good part of the 
time it lies within the ionosphere, and the ionospheric 
path from the observer to the satellite is somewhat less 

* Original manuscript received by the IRE, December 2, 1959; 
revised manuscript received, March 2, 1960. This is a shortened ver-
sion of a paper which will appear in full in the Proceedings of the 
Tenth International A stronazdical congress, published by the Springer-
Verlag, Vienna, Austria. 
1. U. S. Army Signal Research and Development Lab., Fort Mon-

mouth, N. J. 
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of the radio star signals which have been cited by Little.' 
With the recent public announcement of the Argus high-
altitude nuclear detonations and the Christofilos effect, 
our Doppler-shift recordings were studied to see whether 
any systematic effect was discernible. As a preliminary 
measurement, the records of eighty-nine orbits were 
examined visually and ranked on a qualitative grading 
basis from 0 to 5 with the number zero denoting no 
scintillations and the number five, maximum scintilla-
tions. We call this a scintillation quality index. These 
observations were all on Sputnik III orbits and taken 
at 20 mc, which is our most sensitive frequency for that 
purpose. Fig. 6 shows histograms of these distributions 
taken before, during and after the three Argus high-
altitude detonations. It is clearly seen that systematic 
changes occurred which initially showed a strong re-
duction in scintillation of the Doppler-shift signals, and 
even several days later indicated a much lower index 

G. Little, "The Jodrell Bank program on meteors, aurora, and 
ionosphere," J. Geophys. Res., vol. 59, pp. 152-155; March, 1954. 
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than for the period before the detonations. Meanwhile, 

quantitative measurements Were initiated using the 
measured areas generated by the difference between a 
smoothed curve through the data and the curve gener-
ated by the data points. For each orbit this area was 
measured in arbitrary units and the resultant number 
was divided by the time (in minutes) of the observation. 

The results of this procedure are shown in Fig. 7, 
where data to the left of the first vertical line cover the 
period of 18 days prior to the first detonation, and to 
the right, the period of 16 days afterwards. It is clear 
that in this latter period the scintillations of these 
Sputnik Ill signals were systematically less than prior 
to the event. 
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The Satellite Ionization Phenomenon* 

J. D. KRAUSt, FELLOW, IRE, R. C. HIGGYt, SENIOR MEMBER, IRE, AND 
W. R. CRONEt, MEMBER, IRE 

Summary—A number of observations are presented which show 
a close correlation between CW-reflected HF signals and passes of 
artificial earth satellites. The periodic (nonrandom) occurrence of 
the signal bursts and the symmetry of some burst sequences are in-
dicative of satellite-related phenomena. The occurrence of a variety 

of satellite-related Doppler effects are described and several satellite 
ionization mechanisms are also discussed. The possible relation of 

the satellite phenomenon to prior solar activity is mentioned. 

INTRODUCTION 

/
N an earlier communication,' it was suggested that 
some anomalies in the signals from Sputnik I, noted 
at The Ohio State University Radio Observatory in 

October, 1957, might be caused by satellite-induced 
ionization. Subsequent experiments using CW reflection 
provided evidence that artificial earth satellites could, 
on occasion, be detected due to such ionization." The 
CW-reflection technique was the same as employed ear-
lier by Wylie and Castillo4 for observing meteors, a 
standard short-wave receiver being used to monitor the 
transmissions of WWV, near Washington, D. C., on 20 

mc. 
During the day, ionospheric ionization is usually 

sufficient to reflect a strong signal from Washington to 
Columbus on this frequency. However, at night and in 
particular between midnight and 6 A.M. local time, the 
signals from WWV become extremely weak or inaudible 
except for brief signal bursts which appear to be asso-
ciated with temporary localized increases in ionization 
in the ionosphere. Although many of the signal bursts 
were probably due to meteors, the marked periodicity 
of many of the longer and stronger bursts suggested that 
they were satellite related, many occurring close to the 
time of near approach of Sputniks I or II. Bursts caused 
by meteors would be expected to occur in time in a ran-
dom manner; hence, it appeared highly probable that 
mechanisms other than meteor ionization were involved. 
Many CW-reflection observations have been made 

subsequently which show effects related to other satel-

* Original manuscript received by the IRE, December 23, 1959. 
Supported in part by the Army Rocket and Guided Missile Agency, 
IT. S. Army Ordnance Missile Command, under contract with The 
Ohio State University Research Foundation, and by The Ohio State 
University Fund for Basic Research. 
t Radio Observatory, Dept. of Elec. Engrg., Ohio State Uni-

versity, Columbus, Ohio. 
' J. D. Kraus and J. S. Albus, "A note on some signal character-

istics of Sputnik I," FiROC. IRE, vol. 46, pp. 610-611; March, 1958. 
2 J. D. Kraus, " Detection of Sputnik I and II by CW reflection," 

PROC. IRE, vol. 46, pp. 611-612; March, 1958. 
3 J. D. Kraus, R. C. Higgy, and J. S. Albus, "Observations of the 

U. S. Satellites Explorers I and III by CW reflection," PROC. IRE, 
vol. 46, p. 1534; August, 1958. 
' L. R. Wylie and H. T. Castillo, "Clustering of meteors as de-

tected by the use of radio technique," Ohio J. Science, vol. 56, pp. 
339-347; November. 1956. 

lites. As an example, signal bursts observed on some of 
the first passes of Sputnik III are presented in the next 
section. The following section describes CW-reflection 
signal bursts observed during the next few weeks which 
can be interpreted as due to the systematic separation 
of the Sputnik III objects because of their differing drag 
characteristics. Later sections describe burst periodici-
ties of very short period (order of 1 minute), sym-
metrical burst sequences, Doppler and other phenomena 
which appear to be satellite related, and a number of 
mechanisms which may account for the satellite-in-
duced ionization. 

OBSERVATIONS OF SPUTNIK Ill ON ITS FIRST PASSES 

An interesting series of observations was macle soon 
after Sputnik III was launched on May 15, 1958. At 
7:19 A.M. EST, a WWV signal burst was recorded as 
Sputnik III crossed western Europe on the completion 
of its second trip around the earth. This burst is shown 
in the top record in Fig. 1, which is a photograph of the 
original Esterline-Angus tape made at the time. Time 
increases from right to left. 
One hour and 47 minutes later, or at 9:06 A.M., a 

group of weak WWV bursts was recorded (second rec-
ord from top in Fig. 1). At this time, Sputnik Ill was 
completing its third trip and was over the middle of the 
Atlantic Ocean. Another hour and 47 minutes later, or 
at 10:53 A.M., a series of strong WWV bursts was re-
corded as Sputnik III was completing its fourth trip 
and passing northeastward off the east coast of the 
United States (third record from top in Fig. 1). Otte 
hour and 47 minutes later, a fourth series of strong 
WWV bursts plus background enhancement were re-
corded as Sputnik III completed its fifth trip, over the 
central part of the United States (fourth record from 
top in Fig. 1). On the following day (May 16, 1958), 
during the Sputnik III pass over the eastern United 
States at 11:35 A.M., a series of strong WWV bursts was 
recorded (bottom record in Fig. 1). 
The bars under the lower three records in Fig. 1 in-

dicate the approximate times of near approach of the 
satellite as determined by observations of the Sputnik 
III transmissions on 20.005 mc. All deflections of the 
pen showing on the records for these passes were moni-
tored by an operator and identified as being due to 
WWV (20.000 mc). Parts of the records are missing be-
cause at these times the receiver beat frequency oscil-
lator (BFO) was turned on. 
The WWV burst groups corresponding closely to the 

passes of Sputnik III at 10:53 A.M. and 12:40 P.M. on 
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Fig. 1—Records of WWV 20-mc signals obtained (luring the first 
passes of Sputnik Ill on May 15 and 16, 1958. The times of near 
approach of the satellite are indicated by the heavy arrows. 

May 15 and at 11:35 A.M. on May 16 are a striking 
phenomenon. It is highly improbable that these burst 
groups were caused by anything other than Sputnik III 
or effects associated with it. At that time, the instru-
mented satellite of Sputnik III, its large rocket carrier 
and several associated pieces of hardware were all close 
together in orbit. These components had only been in 
orbit for a short while and might conceivably have been 
degassing heavily, since they were operating in a nearly 
perfect vacuum and only shortly before had been at full 
atmospheric pressure. 
The bursts at 7:19 and 9:06 A.m. on May 15 are not as 

strong, and although they occurred at the time of 
nearest approach of the satellite, their relation to the 
satellite is less certain. 

Ordinarily, WWV puts a very strong signal into Co-
lumbus on 20 mc after 6 or 8 A.M. (EST). However, 
on the mornings of both May 15 and 16, the WWV level 
was very weak and close to the level ordinarily observed 
earlier in the morning between 12 and 6 A.M. 

OBSERVATIONS OF SPUTNIK III OBJECTS 
BETWEEN MAY 26 AND JUNE 7, 1958 

During the period a few weeks after Sputnik III was 
put into orbit, many records of the WWV 20-mc signals 
recorded at The Ohio State University Radio Observa-
tory showed a large burst occurring consistently before 
the near approach of the Sputnik III instrumented 
satellite ( 1958 Delta 2). Of particular interest was the 
fact that the burst did not occur a constant number of 
minutes before the near approach of the satellite, but 

rather the time increased by a few minutes each day. 
A number of records of WWV 20-mc signals between 
May 26 and June 7, 1958 illustrating this effect are pre-

sented in Fig. 2. The characteristic 4- minute off periods 
of WWV from the 45th to the 49th minute of each hour 
may be noted on a number of the records. All records are 

so arranged that the time of nearest approach of the 
instrumented satellite is above the 0 minute point (scale 
at bottom). These times were determined by observa-
tions of the satellite's 20.005-mc transmissions by means 
of other receivers. 
The receiver selectivity was sufficiently sharp that the 

satellite 20.005-mc transmissions do not show on the 
records in Fig. 2. At the right, a large WWV burst may 
be noted which occurs progressively earlier (further to 

the right) each day with respect to the time of nearest 
approach of the instrumented satellite. On May 26, the 
burst was about 30 minutes before the instrumented 
satellite and by June 7, it was nearly 70 minutes before. 
A line through these bursts extrapolated back intersects 
the zero line (for the instrumented satellite) at about 
May 15, which was the launching date, thus suggesting 
that this object was coincident with the instrumented 
satellite on that date. The line giving the approximate 
passage times for the rocket carrier ( 1958 Delta 1) de-
termined from other data is indicated at the upper right 
of Fig. 2. Hence, if the moving series of bursts was due to 
an orbiting object, it could not have been either the 
instrumented satellite or the rocket carrier. Perhaps this 
object was one of the other pieces of hardware (nose 

cone or side shields) separated from these satellites at 
the time when they were put into orbit. Its period was 
obviously longer than that of the rocket but less than 
that of the instrumented satellite. 

It is to be noted in Fig. 2 that large WWV bursts oc-
curred on nearly all of the records at or somewhat be-
fore the time of nearest approach of the instrumented 
satellite (0 line). However, these bursts are not as large 
as for the earlier object. A further point of interest is 
that relatively few bursts were detected which appeared 
to be associated with the large rocket carrier. Hence, 
if these observations are significant, it may be concluded 
that the size of an artificial satellite is not necessarily 

the most important factor in producing detectable ion-
ization. 

The increasing separation between the bursts in Fig. 2 
appears to be due to the systematic separation of the 
Sputnik III objects because of their differing drag 
characteristics. These observations are reminiscent of 
the burst groups detected during the terminal phase of 
Sputnik I due presumably to the gradual separation of a 
number of fragments of the satellite.5 

BURST GROUPS OF 1-MINUTE PERIOD 

As mentioned earlier, a marked periodicity in the 
WWV signal bursts may be taken as evidence of ioniza-
tion induced by mechanisms other than meteors. Thus, 
burst periodicities corresponding to the orbital period 

O J. D. Kraus and E. E. Dreese, "Sputnik l's last days in orbit," 
Paoc. IRE, vol. 46, pp. 1580-1587; September, 1958. 
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Fig. 2—Records of WWV 20-mc signals with relation to passes of Sputnik III. A large W \\*V burst is seen to move further ahead of the 
instrumented satellite on succeeding days. A line drawn through this series of bursts and extrapolated back intersects the vertical line for 
the instrumented satellite, and also a line for the rocket carrier, on May 15, 1958, the launching date, suggesting that the series of bursts 
may have been due to one of the other Sputnik Ill objects ( such as the nose cone or side shields). 

of artificial earth satellites, as described in the previous 
sections, suggest ionization induced by satellites. On 
many occasions, a much shorter period, of the order of 1 
minute, was observed for groups of signal bursts oc-
curring at the time of near approach of a satellite. In a 
typical example, a well-defined group of 10 to 15 bursts, 
each of 5- to 10-seconds duration, was observed to oc-
cur close to the time of near approach of Sputnik II. The 
spacing between bursts was remarkably constant, aver-
aging 59 seconds with a mean deviation of 5 seconds. 
The amplitude of the bursts was in nearly all cases 
greater than that of bursts observed before or after the 
group. Furthermore, the largest bursts occurred near 
the center of the group. Between the bursts, the signal 
level was substantially zero so that the group had the 
appearance of a series of regularly-spaced spikes de-

creasing in amplitude from the middle to both the be-
ginning and end of the group. It appears probable that 
these burst groups were related to Sputnik II. The fact 
that the tumbling period of the satellite was about 1 
minute also favors this interpretation. 1 lowever, the 
periodicity could have been related to the charge-dis-
charge time of the satellite (see the section on Ioniza-
tion Mechanisms) or to the spacing of relatively dense 
ionized bands or zones in the Van Allen belts or other 
regions through which the satellite was passing. 

SYMMETRICAL BURST SEQUENCES 

Groups of signal bursts differing from those described 
in the previous section have also been observed at The 
Ohio State University Radio Observatory. These burst 
groups are characterized by an even more symmetrical 
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series of bursts with many of the bursts lasting about 1 
minute. An example of such a symmetrical burst se-
quence is shown by the record of Fig. 3. The center trace 
is a record of the WWV 20-mc signal strength as a 
function of time for the morning of October 8, 1958. An 
Esterline-Augus recorder was used with time increasing 
from right to left. 
A remarkably symmetrical series of bursts is evident 

with the center point at 4:22.8 A.M. EST. At this 
moment, the transmitterless Sputnik III rocket carrier 
was close to the north magnetic pole. It was also at its 
point of nearest approach to Columbus and was passing 
through the center of the beam of the receiving antenna. 
The geometry of the pass as viewed from the vicinity of 
the north pole is indicated by the sketch at the top of 
Fig. 3. The path of the Sputnik III rocket from west to 
east (across Hudson Bay) is shown by the track running 
from right to left with Columbus 1750 miles to the 
south (or above in the sketch). The curve marked 60° 
is the 60th parallel of latitude. Columbus is at 40° north 
latitude. 
The scale along the path indicates the position of the 

satellite as a function of time. The scale of this sketch 
was chosen to correspond to the time scale of the chart 
record of the WWV bursts in the center trace. Thus, at 
about 4:15, when the satellite was approaching from 
the west, there was a large short-duration WWV burst. 
As the satellite approached closer, a series of more sus-
tained bursts occurred which reached a maximum ampli-
tude at about 4:23 when the satellite was in the center of 
the receiving antenna beam and close to its point of 
nearest approach. As the satellite traveled further east 
(to the left), the bursts decreased in amplitude until at 
about 4:31 when there was another large short-duration 
burst. Lines with arrows extending downward from the 
satellite path indicate the events occurring at the 
corresponding times on the WWV record. The record 
would suggest that the observed signals were in this 
case due to reflections of WWV signals from ionization 
induced by the Sputnik III rocket. 
The receiving antenna used during these observations 

was a three-element horizontally-polarized beam an-
tenna directed about 10° east of north. This direction was 
chosen as giving a minimum of response to WWV under 
ordinary conditions. The antenna power pattern is in-
dicated in the sketch at the top of Fig. 3. The recorded 
response should be a function not only of this pattern, 
but also of the distance of the satellite path from Colum-
bus. 

In order, however, to obtain a calculated response 
curve which corresponds to the envelope drawn over the 
bursts at the bottom of Fig. 3, as shown by the dashed 
line, an additional factor is required which suggests a 
considerable aspect sensitivity to the response. That is, 
the strength of the signal bursts appears to fall off 
rapidly as the angle between the radius vector and sat-
ellite path becomes less than 90°, which is the condition 
for a specular reflection from an ionized column along 
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Fig. 3—Record of the 11 .\\•V 20-mc signal obtained on October 8, 
1958, during the passage of the Sputnik Ill rocket through the 
antenna beam (center trace). The sketch at the top of the figure 
shows the pass geometry as viewed from the vicinity of the north 
pole. The record of the WWV signal is reproduced again at the 
bottom of the figure with an envelope (dashed line) drawn over the 
burst pattern. 

the satellite path. The brief spikes of WWV signal ob-
served at about 4:23 may also be momentary enhance-
ments which occurred when the reflection was specular, 
and, if this is the case, the aspect sensitivity is even 
greater than suggested above since the envelope in Fig. 
3 was not drawn over these spikes. 

Magnetic sound tape recordings made of the 20-mc 
signals at the time of the pass reveal the characteristic 
\VWV signal in many of the bursts. In the more sus-
tained bursts, a rapid flutter fading is evident, and in 
some of the strongest bursts near 4:23, the fading is so 
severe as to mask the WWV signal characteristics in a 
very hashy type of random noise. High-speed paper tape 
recordings of the signals from the magnetic sound tape 
show a very definite amplitude modulation (about 50 
per cent) of the reflected WWV signal with a period of 
about 9 seconds. This period is the same as the tumbling 
period of the satellite which suggests that the ionization 
produced by the satellite is a function of the physical 
cross section of the satellite normal to its path. 

It may be significant that the Sputnik III rocket 
passed north of the center of the auroral belt at about 
4:17 and south again at about 4:28, so that the satellite 
was north of the center of the auroral belt and near the 
north magnetic pole at the time the principal bursts were 
observed. Hence, it could possibly be that each burst 
marks an encounter of the satellite with denser bands of 
ionized particles situated along lines of the earth's 
magnetic field. 
A calculation of the radar cross section for this sym-

metrical burst sequence indicates a value of several 
square kilometers. Since this area exceeds the physical 
cross section of the rocket (about 100 square meters) 
by many orders of magnitude, the implication is that 
large amounts of ionization were induced by the satellite. 

The symmetry of the bursts in the record of Fig. 3 is 
summarized in Table I. Comparing the burst pairs 33', 
22', and 11' we should note that they are symmetrical 
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in time with respect to the center of the sequence to 
within about 0.2 minute. Another striking feature of 
the symmetry is that the bursts at about 4:16 and 4:19 
are nearly mirror images of the ones at 4:27 and 4:29. 

TABLE I 

Burst 
Number Time of Burst 

Time before ( —) 
or after ( +) 

nearest approach 

3 
2 

o 
1' 
2' 
3' 

4:07.8 A.m. 
4:15.1 
4:16.5 
4:22.8 (nearest approach) 
4:29.3 
4:30.7 
4:37.8 

—15.0 minutes 
— 7.7 
— 6.3 

0.0 
± 6.5 
-I- 7.9 
+15.0 

JULY 23, 1958, OBSERVATIONS 

As another example of WWV signal bursts associated 
with a satellite's orbital period, the entire record of the 
WWV 20-mc signals received on the morning of July 23, 
1958, between 12:55 and 8:00 A.M. EST is presented in 
Fig. 4. This figure is a photograph of the original Ester-
line-Angus recording with time increasing from right to 
left. The record has been cut into four equal parts with 
the center of each section coinciding with the time of the 
near approach of the Sputnik III instrumented satellite 
(1958 Delta 2). The vertical line at the center of the 
figure indicates the approximate time of near approach 
and the slant line the approximate time of the 40th 
parallel crossing of the satellite (traveling NNW to 
SSE). The indications on the record are due to WWV 
and not to the Sputnik III transmitter (20.005 mc), since, 
as indicated by the top trace, the deflection dropped to 
zero level during the WWV off period between 1:45 and 
1:49 A.M. even though the satellite was at its point of 
nearest approach during this interval and readily re-
ceived on its frequency. 

The traces in Fig. 4 are noteworthy since, on four suc-
cessive passes of the Sputnik III instrumented satellite, 
there are significant deflections occurring close to the 
time of the near approach of the satellite to Columbus. 
Also, there are no deflections of much significance at 
times other than these. 

The geometry of the passes of Fig. 4 was as follows. 
On the first pass ( 1:47 A.m.), the satellite (traveling NW 
to SE) made its near approach over northeastern Can-
ada to the northeast of Columbus. On the second pass, 
the satellite traveling NNW to SSE made its near ap-
proach over the northeastern U. S. to the northeast of 
Columbus. On the third pass, the near approach of the 
satellite was to the southwest of Columbus, while on 
the fourth pass, the near approach was also to the south-
west of Columbus but further in this direction. 

DOPPLER EFFECTS 

In some CW-reflection observations at The Ohio 
State University Radio Observatory, it was noted that 
the correlation of received WWV bursts with artificial 
satellite passes was improved when the receiver was 
slightly detuned from the WWV carrier frequency. The 
record of Fig. 4, discussed in the preceding section, is an 
example of this effect, the receiver of 5-kc bandwidth 
having been tuned so that the center of its response was 
about 2 kc below 20 mc. Subsequent observations with 
a swept-frequency receiver also resulted in excellent 
correlations between satellite passes and bursts of WWV 
signal shifted almost simultaneously to frequencies both 

above and below the carrier frequency. The observed 
frequency shift involved at 15 mc was characteristically 

at least 5 kc. This frequency shift is believed to be a 
satellite-related Doppler effect. As observed on a loud-
speaker, the bursts have no readily distinguished audible 
tone, but appear to have the characteristics of pure 
noise. 

An example of a series of such Doppler bursts at the 
time of a satellite pass is shown in Fig. 5. Here the 
swept-frequency film obtained on 15 mc [Fig. 5(c)] and 
the upper side-frequency record obtained on 10 mc 
[Fig. 5(b) ] during a pass of the Sputnik III instru-
mented satellite about 5:55 A.M. (EST) on April 15, 
1959 are presented. 

The geometry of the pass is indicated in Fig. 5(a) 
as viewed from a point near the north pole. The loca-
tions of Columbus, Ohio and WWV (point of origin of 
signal) are at the top of the figure on or close to the 40th 
parallel of latitude. The parallels for 50° and 60° are also 
indicated. The path of the Sputnik III instrumented 
satellite is shown along the bottom of the sketch with 
the satellite direction of travel from right to left (west 
to east) with times (EST) for the satellite indicated 
along the path. 

The WWV signal received in the frequency band from 
about 10.001 to 10.003 mc is shown in Fig. 5(b). Time 
increases from right to left as indicated. Just after 
Sputnik III had entered the auroral belt, about 5:50 
A.M., there was a marked increase in signal reaching its 
maximum about 5:51 A.M., or one minute before the 
point of nearest approach to Columbus. Another in-
crease in signal occurred between 5:55 and 5:57 A.M. 
The recordings of Fig. 5(b) were made using a horizontal 
half-wave dipole receiving antenna oriented east-west. 

Fig. 5(c) shows the simultaneous recording on 35-mm 
film of the output of a swept-frequency receiver (center 

frequency 15 mc) between 5:49 and 6:00 A.M. The re-
ceiver was swept about twice per second from a fre-
quency of 15 mc minus 4.3 kc (top of the film) to 15 mc 
plus 4.3 kc (bottom). The receiver bandwidth was about 
1 kc. The heavy central trace is the 15-mc carrier of 
WWV (Washington, D. C.) which was off the air just 
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Fig. 5—Geometry (a) of path of the Sputnik II I instrumented satel-
lite on its 5: A.M. pass of April 15, 1959, with 10-mc WWV signal 
(b) recorded in the upper side-frequency band between 10.001 
and 10.003 mc and the 15-mc WWV signal (c) recorded over the 
frequency range between 14.996 to 15.004 mc. Bursts of Doppler-
shifted WWV 15-mc signal appear almost simultaneously in both 
sidebands (c) with intensity maxima near 5:51 and 5:57 A.M. 
corresponding to peaks of 10-Inc signals in the upper side fre-
quency at the same times (b). 

prior to 5:49 A.M. The 600- and 440-cps tone modula-

tions of WWV, particularly in the upper sideband, are 
discernible between 5:50 and 5:53 and again between 

5:55 and 5:58 A.M. The absence of sideband modulation 
is also clearly indicated between 5:53 and 5:55 A.M. Of 
particular interest on this film are the bursts which ap-
pear as slightly curved, almost vertical lines. In many 
cases, these lines extend from the upper- to the lower-
frequency limits of the film and perhaps farther. These 
bursts are especially strong around 5:51 and 5:57 A.M. 
These times correspond approximately to the times of 
the signal peaks observed on 10 mc [Fig. 5(b) J. These 

bursts appear to be Doppler-shifted components of 
WWV signal which have been deviated by as much as 4 
kc or more. 

The receiving antenna for the 15-mc observations 

was a horizontally-polarized directional antenna of the 

corner reflector type with a physical aperture of 1360 
square feet. This directional antenna, with a horizontal 
half-power beamwidth of about 50°, rotated in azimuth 
about 6 times per minute. At the instant it passed a 

fixed reference direction, a fiducial mark was im-
pressed on the film. By interpolation, the direction of 
arrival of a burst of signal on the film can be determined 
with an accuracy of about + 30°. Making use of this 

direction information, we found the azimuthal direction 
of signal arrival of the bursts in the upper sideband in 
Fig. 5(c) to be NNW at first, changing gradually to 
NNE, while in the lower sideband, the direction of the 
bursts was generally south. Doppler shifts into the up-
per sideband indicate approach of an object, while shifts 
into the lower sideband indicate recession. Hence, these 

observations suggest that the Doppler-shifted signal 
bursts were produced by reflection of the WWV signal 
from ionized clouds or streams traveling from the north 
to the south. The Doppler shifts of at least 4 kc at 15 ilic 
indicate cloud velocities of at least 40 km/second. Since 
the clouds appear to come from the satellite's general 
direction, the implication is that they are satellite in-
duced. 

In addition to the effects described above, several 
other Doppler effects have been noted on occasion. One 
is a coherent Doppler signal changing smoothly in 
pitch approximately as would be expected for signals re-
flected from an ionized cloud moving with the satellite. 

This, however, is a rare effect. A second more commonly 
observed effect is a quasi-coherent Doppler signal of 
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very irregular characteristics. Such Dopplers have a 
warbling sound and consist of audio components cover-
ing many hundreds of cycles. Such Dopplers may come 
in groups at the time of a satellite pass and suggest the 
passage of a number of ionized clouds which may be 
satellite induced. A third type of Doppler phenomenon 
occasionally noted is observed as a flutter fading of 
WWV which begins at a rapid rate, goes through zero 
beat, and again increases to a rapid rate in a manner 
analogous to the airplane flutter commonly observed on 
local TV and FM stations. This effect has been noted at 
the near approach of artificial earth satellites and is 
presumably satellite- related since the distance of WWV 
is too great for an airplane to produce the effect. 

Another occasionally observed effect involves a con-
stant .pitched tone of the order of 350 cps which is 
heard superposed on the WWV signal at the time of the 
pass of a satellite. A frequency of 350 cps corresponds 
to the gyro-frequency for protons in a magnetic field 

of 0.23 gauss, a value which occurs in the earth's mag-
netic field at high altitudes in the lower latitudes. Hence, 
a proton interaction mechanism is a possible explana-
tion. This constant-pitched tone effect was first re-
ported by Roberts, Kirchner, and Bray6. They also were 
the first to report observing Doppler signals similar to 
the second type described in the preceding paragraph. 

IONIZATION MECHANISMS 

The velocity of artificial earth satellites is typically 
of the order of 7 km/second. Particles initially at rest 
can be driven ahead of the satellite by an elastic colli-
sion at twice this velocity, or about 14 km/second.5 
This is only a fraction of the 40-km/second velocity 
observed in the clouds discussed in the preceding sec-
tion. If these clouds are actually satellite induced, as 
seems to be indicated, then some other acceleration 
process must be present or else the effect is due simply 

to an encounter of the satellite with fast corpuscular 

streams, the particles being driven ahead, deviated, or 
scattered by the satellite. The noncoherent nature of 
the reflected signal may be due to such things as turbu-
lence or a random distribution of velocities in the de-
flected clouds or streams. Assuming elastic collisions 
and an exactly head-on geometry of encounter, the re-
sulting particle velocity is equal to the incident stream 
velocity plus twice the satellite velocity. 

If the satellite acquires an electric charge, its collision 
cross section for ionized particles will be increased and 
the number of particles swept ahead will be larger. 
Jastrow has indicated that satellites may charge up to 
potentials as high as 1000 volts.' The sweep-up effect 
of the satellite will also tend to leave a deficiency of 
particles immediately behind it. For example, if the 

satellite has a negative charge it will sweep electrons 
ahead while trailing behind will be an electron hole. 
This hole in the wake of the satellite constitutes a dis-
continuity in the medium and may account for signifi-
cant amounts of scattered signal. 

CoNcLusioN 

In conclusion, it may be mentioned that many of the 
best correlations between WWV signal effects and 
passes of artificial earth satellites have been observed 
to occur a day or so after large solar flares. At such times 
the density at high altitudes, particularly in the auroral 
regions, is increased by the influx of solar particles and 
it is reasonable to expect that an artificial earth satellite 
passing through such regions may produce enhanced 
ionization effects. 
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Interplanetary- Telemetering* 
ROBERT H. DIMONDt 

Summary—The use of telemetry systems over interplanetary 
distances generates performance requirements more severe than 
ever before experienced. Full exploitation of the foreseeable state-
of-the-art and high over-all operational efficiencies will be essential 
in fulfilling the requirements of these rigorous standards of perform-
ance. 

The problem areas associated with interplanetary telemetry and 
an approach to the selection of system operating parameters are dis-
cussed. The analysis is based on the dividing of operational effi-

ciency into two categories: information efficiency and physical system 
efficiency. The performance of a typical interplanetary system is 
analyzed to exemplify the importance of a number of the operating 
parameters which affect system performance. 

I NTRODUCTION 

r 'MEUSE of telemetry systems over interplanetary I  
distances generates performance requirements 
never before experienced. These rigorous perform-

ance requirements will demand full exploitation of the 
foreseeable state-of-the-art and high over-all opera-
tional efficiencies in order to achieve successful inter-
planetary telemetering or communication. This over-all 
operational system efficiency may be divided into two 
categories, one that may be called physical system 
efficiency, and the other, information efficiency. 

Physical system efficiency is determined by such 
tangible factors as system power and power-conversion 
efficiency; antenna gains; free space, atmospheric and 
other signal attenuations and noise at a given radio fre-
quency; receiver and antenna noise levels; and other 
physical factors. 

It is beyond the scope of this report to analyze in 
great detail the information theory aspect of communi-
cation. However, it is a very important consideration 
and the information efficiency of an interplanetary 
telemetry system will have a direct bearing on system 
power requirements. For this reason, a brief discussion 
of information efficiency is presented, even though this 
report deals mainly with the physical factors affecting 
interplanetary telemetry. 

N FORM ATION EFFICIENCY 

Very elementary information theory indicates that 
systems for other interplanetary communications must 
employ the sanie techniques that will be used for telem-
etry over the saine distances. There will be little to 
distinguish between the signal parameters and much of 
the apparatus of interplanetary communication and 
interplanetary telemetry, because of the necessity for 
both systems to convey the maximum intelligence with 
the least bandwidth and power demands. 

Coding is the essence of applied information theory. 

* Original manuscript received by the IRE, December 2, 1959. 
t Research Div., Radiation, Inc., Orlando, Fla. 

When the rate of transmission is predetermined, theory 
can show the most economic combination of bandwidth 
and power. However, the current state-of-the-art, lim-
ited primarily by technical factors of the coding and de-
coding devices, is such that no practical coding system 
has been developed which fully realizes the efficiencies 
possible in theory. In telemetry, pulse code modulation 
(PCM) is the practical development which has coin-
cided most closely with theoretical studies of informa-
tion theory and is one of the most efficient systems in 
operational use. The bandwidth and information are 
both linearly proportional to the number of digits, with 
fixed pulse width, so that the information capacity of 
a PCM system is proportional to the bandwidth.' This 
is in accordance with the results promised by ideal cod-
ing. Conventional PCM, on the other hand, does not 
make each received information component dependent 
upon the resultant of a number of signal elements, and 
in the absence of such an averaging process it cannot 
work down to a 1:1 ratio of signal power to average 
noise power. Also, the quantizing and reconstruction of 
the signal produces some differences between the re-
ceived information and the original; this difference is 
called quantizing noise, a function of the coding system 
itself. Numerous other considerations could be men-
tioned; however, the above illustrates that even PCM 
does not represent the optimum coding scheme based 
on performance theoretically possible. 
The preceding discussion has shown that current cod-

ing systems are not ideal, and thus new coding systems, 
approaching more closely to the ideal and therefore 
more efficient, are bound to be developed to reduce the 
other system requirements; this is an essential step for 
reliable interplanetary telemetry and/or communica-
tions. It is possible that these new coding techniques 
will bear little or no resemblence to the currently known 
techniques. The orthogonal modulation scheme be-
haves much like the ideal system described by theory 
and is gaining increased acceptance because of the cur-
rent interest in high information efficiency.' A practical 
approach to an orthogonal system is the PCM system 
employing a redundant code, such as the Reed- Muller. 
The development of several such systems is known to be 
currently underway.3.4 

W. Jackson, "Communication Theory," Academic Press, New 
York, N. Y.; 1953. 

2 R. W. Sanders, "Communication efficiency of space telemetry 
systems," Proc. Natl. Telemetering Conf., Denver, Colo., pp. 4-13; 
May, 1959. 

3 H. N. Putschi and E. Niemann, Jr., "The PCM-PS telemetry 
system," Proc. Natl. Telemetering Conf., Denver, Colo., pp. 143-150; 
May, 1959. 

4 R. W. Sanders, " Digilock telemetry system," Proc. Natl. Symp. 
on Space Electronics and Telemetry, San Francisco, Calif., sec. 6.3, 
pp. 1-10; September, 1959. 
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Another approach to the problem of increasing the 
information efficiency of the over-all telemetry system 
is that of performing in-flight data reduction or process-
ing through the use of statistical techniques.' The most 
useful application of this approach involves the han-
dling of vibration data. In this case, an in-flight real-
time spectrum analysis of the data can reduce the 
modulation rate by 1000:1, since only the character-
istics of the spectrum are transmitted. 
Table 16 contains a comparison of four characteristics 

-threshold carrier signal strength, RF power, informa-
tion efficiency,' and RF bandwidth-for sixteen possible 
telemetry systems. This table is based on an individual 
channel output signal-to-noise ratio at threshold of 100 
and a total information bandwidth of 1000 cps. The 
development of the equations used in determining val-
ues for the table has been concisely presented.6 

TABLE I 
COMPARISON OF TELEMETRY SYSTEMS 

Type 

Threshold 
Carrier 
Signal 

Strength 

RF Power 
(Relative to 
PPM ¡AM) 

Information 
Efficiency 

RF 
Bandwidth 
(Kilocycles) 

1. PPM/AM 200 1 0.17 76 
2. PCM/FM 260 1.7 0.24 18 
3. PCM/PM 280 2.0 0.21 20 
4. PCM/AM 370 3.4 0.21 18 
5. PAM/FM 580 8.3 0.050 85 
6. AM/FM 610 9.3 0.045 93 
7. PDM/FM 610 9.3 0.045 92 
8. PDM/PM 660 11 0.036 110 
9. FM/FM 740 14 0.030 140 

10. AM/PM 770 15 0.028 150 
11. PAM/PM 780 15 0.028 150 
12. PDM/AM 790 16 0.035 94 
13. FM/AM 830 17 0.055 50 
14. FM/PM 860 18 0.023 185 
15. PAM/PM 3150 250 0.073 18 
16. AM/AM 9600 2300 0.24 9.5 

PHYSICAL SYSTEM EFFICIENCY 

Establishment of the operating parameters of an 
interplanetary telemetry system is a rather involved 
process of trade-offs and compromises. This is because 
of the many interdependent factors and the need for 
system optimization. Computer techniques have been 
logically employed as an aid in determining the opti-
mum system for a particular application.' 
The fundamental factors limiting the performance' 

6 L. G. Zukerman and I. Ross, "Some coding concepts to conserve 
bandwidth," Proc. Natl. Telemetering Conf., Denver, Colo., pp. 138-
142; May, 1959. 

6 M. H. Nichols and L. L. Rauch, " Radio Telemetry," John 
Wiley and Sons, Inc., New York, N. Y.; 1956. 

7 Defined here as the ratio of the information capacity of the out-
put signal channel to the information capacity of the modulated sig-
nal. 

D. R. H. ‘Vhite, " Design and evaluation of space communica-
tions systems using computer simulation techniques," Proc. Natl. 
Symp. on Space Electronics and Telemetry, San Francisco, Calif., 
sec. 1.1, pp. 1-35; September 20-30, 1959. 

9 Performance is defined here as the total information-transmis-
sion capability of the system, a function of both information rate and 
transmission time. 

W 4... 

of an interplanetary telemetry system may be consid-
ered to be system reliability, information capacity, and 
power consumption for a given physical configuration. 
Since much has been written regarding component and 
system reliability it will not be treated in this paper. 
For the purposes of this discussion, it is assumed that 
reliability will not limit system performance. Thus, the 
basic design requirement becomes one of maximizing 
system operational efficiency. As shown above, opera-
tional efficiency may be divided into two categories, 
physical system efficiency and information efficiency. 

Physical system efficiency is determined by the 
physical factors influencing system performance; in 
fact, all factors other than information efficiency fall 
into the category of physical system efficiency. These 
factors include: 

1) Power conversion efficiency. 
2) Transmission losses ( free-space attenuation, oxy-

gen and water-vapor absorption, line losses, Fara-
day effect. etc.). 

3) External noise (galactic background noise, cosmic 
and solar noise, man-made noise, etc.). 

4) Internal noise (receiver and antenna noise). 
The selection of transmission frequency is influenced 

to some degree by all of the above factors. A transmis-
sion "window" in the RF spectrum exists from about 1 
to 10 kmc. This is illustrated in Fig. 1 which shows ap-
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proximate average cosmic and solar noise, and water 
vapor and oxygen absorption noise as a function of fre-
quency. Certain advantages in operating at higher fre-
quencies are apparent, i.e., reduced cosmic and solar 
noise, increased antenna gains (for a given size), etc.; 
however, present receiver and transmitter state-of-the-
art necessitates operation near the lower edge of the 
"window." The S-band radio telemetry allocation is 
very well suited for interplanetary use and much effort 
is being made to develop new telemetry receivers and 
transmitters capable of satisfactory and efficient per-
formance at 2250 mc. Sources of noise external to the 
receiver input, at this frequency, are such that system 
sensitivity will be normally limited by the receiver in-
put noise, except in the case of maser or parametric 
amplifiers. Excluding solar noise, the noise of these 
amplifiers is of the same order of magnitude as the sum 
of the external noises. However, under certain condi-
tions, a receiving system incorporating a maser amplifier 
will be limited in threshold sensitivity primarily by ex-
ternal noise.'0 
The minimum level of transmission power required 

for a specific application is difficult to calculate because 
of the numerous factors affecting signal propagation. 
Since little inclusive empirical data are available it is 
necessary to include a rather large fading margin as a 
safety factor. Fig. 2 illustrates the free space attenua-
tion between Earth and the near planets. Free-space 
attenuation is the single factor having the greatest in-
fluence on transmission power requirements. Although 
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attenuation between isotropic antennas. 

this is a parameter fixed by the maximum range of each 
specific application, the more important of the other 
factors determining transmission power are controllable 
parameters of the system. 
The bandwidth of the system greatly influences trans-

mission power sensitivity and must be carefully selected 
because of its wide latitude. A range of 100,000: 1 in 
bandwidth (representing a 50-db power differential) is 
typical of current communication systems. Because of 

other existing limitations, it is expected that the de-
sired bandwidth of early interplanetary telemetry sys-
tems will be compromised to a value of not more than 
approximately 500 cps. 
Antenna gains will be limited chiefly by the physical 

size which can be tolerated and the beamwidth limita-
tions imposed by antenna-system tracking capability. 
The limitations of the vehicle-mounted antenna will be, 
of course, more severe than those of the ground-based 
antenna. However, the development of fold-out vehicle 
antennas and stabilized platforms will allow a sub-
stantial improvement over the relatively small antennas 
which are currently practical. Even a parabolic vehicle 
antenna of five feet in diameter and having a beamwidth 
of 6° (at 2250 mc), which now may be feasible, would 
probably have to be of the fold-out type." Probably the 
most important limitation restricting the size of a 
parabolic ground-based antenna is the tolerance to 
which the reflector can be constructed. Target acquisi-
tion becomes increasingly difficult as the beamwidth 
decreases; but with a known trajectory, acquisition and 
tracking should he practical with beamwidths of less 
than 1°. 

Receiver detection threshold is a factor which varies 

within rather narrow limits (compared to the effects of 
the previously discussed system parameters) and is a 
function of the type of carrier modulation and detector. 
Correlation-detection techniques have been applied to 
FM receivers as phase-locked detectors with threshold 
improvements in the order of 6 db. An analysis of this 
aspect of the system logically falls into the category of 
information theory. 
The system power requirement (and thus power con-

version efficiency) is another essential consideration. 
This will determine the capacity of a system which can 
operate from a given energy source, or conversely, the 
energy required for a particular system and operating 
time. Power conversion efficiency of a transmitter can 

vary from 5 to almost 50 per cent, depending upon the 
modulation requirements, whether it employs tubes or 
solid-state components, operating frequency, power 
output, etc. Over-all telemetry system power require-
ments are such that the rest of the system may re-
quire as much, or more, power than transmitters op-
erating at levels below about 50 watts. Solid-state sys-

10 R. Hansen, "Low noise antennas," Microwave J., vol. 2, pp. u H. Scharla-Nielsen, "Space ship telemetering," presented at 
19-24; June, 1959. Natl. Symp. on Telemetering; April, 1957. 
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tems will be very valuable in minimizing power require-
ments for interplanetary missions. It is expected that 
even the first interplanetary systems will be almost en-
tirely transistorized. In the future, highly efficient solar 
cells may completely remove the current power require-
ment restrictions. 

It can be seen from the preceding discussion that 
physical system efficiency or over-all telemetry system 
performance, exclusive of coding or modulation consid-
erations, is influenced by a large number of factors of 
varying importance. Each one of these factors must be 
carefully analyzed with respect to the total system and 
mission to enable design parameters to be established 
which will yield the most efficient practical interplane-
tary telemetry system. 

Factors Influencing System Performance 

Transmission losses are generally thought of as in-
cluding free-space attenuation, water-vapor and oxygen 
absorption, etc. It is frequently more convenient to 
consider many of these factors in terms of equivalent 
noise temperature, rather than in terms of power loss. 
This allows transmission loss factors and noise sources 

(receiver, cosmic, solar, etc.) to be treated in the same 
manner. This approach is especially valuable when deal-
ing with maser and parametric amplifiers. The perform-
ance of these devices is best measured by techniques 
which yield performance figures in terms of equivalent 
input noise temperature. Also, noise figures of less than 
one decibel can be obtained." These are more meaning-
ful when expressed as noise temperatures. 

Fig. 3 illustrates the effect of receiver, or receiving-
system, effective input noise power (expressed as noise 
figure or effective noise temperature) on noise level over 
a range of receiver bandwidths. The basis for this in-
formation is shown by the following analysis. 
The noise figure of a network is defined as 

S 
— (input) 

F=  
S 
— (out put) 
N 

(1) 

where S=signal power and N = noise power. 
Theoretical ambient noise power is defined as KT0B, 

where K= Boltzmann's constant ( 1.38 X 10-2' joules/ 
°K), To = 290°K, and B= bandwidth. By defining the 
effective internally generated noise power, referred to 
the network input, as P„, the equation for noise figure" 

can be expressed as 

11 S. Perlman, et al., "Concerning optimum frequencies for space 
vehicle communications, " Record of Natl. Symp. on Extended Range 
and Space Communication, Washington, D. C., pp. 24- 31; October, 
1958. 

13 H. I. Ewen, "A thermodynamic analysis of maser systems, " 

Microwave J., vol. 2, pp. 41 - 46; March, 1959. 

F= 
S 

KT0B 

GS 

April 

P. 
= 1+   (2) 

GKToB ± GP,. 

where G= network gain; or, 

P„ = (F — 1)KT0B. 

Expressing P„ as KT,B, where T, 
effective input noise temperature of 
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The total noise power, 
of the sum of the theoret 
the internally generated 
added [(3) plus K Ton 
sion is obtained: 

or 

P, of a network is composed 
ical ambient noise power and 
noise power. When these are 
the following familiar expres-

P = (F — 1)KToB KToB, 

P = FKT0B. (5) 

Substitution of (4b) in (5) for F illustrates that noise 
temperatures To and Te may be added to obtain the 
total noise power. 

Or 

Te 
P = (1+ --)KToB, 

To 

P = (To ± Te)KB. (6) 

It can be seen from (4)—(6) that in a noiseless network 
where F=0 db, or 1, T,=0 also, so that P=KToB. 

Fig. 1 shows that water vapor and oxygen absorption 
noise is not a significant factor below 10 kmc when the 
ray path is 45°, or more, from the horizon. As the trans-
mission path approaches the horizon attenuation can 
increase by a factor of two; however, at a frequency of 
2250 mc, this attenuation is negligible. Fig. 1 also shows 
that cosmic noise is insignificant at 2250 mc. The 
equivalent noise from specific radio stars will be higher 
but the average value is considerably less than 10°K. 
It can be seen that the sun is a strong noise source 
throughout the entire RF "window." Even though solar 
noise decreases at higher frequencies, the current state-
of-the-art is such that an attempt to operate at the ap-
parently ideal frequency of 8-10 kmc would not be 
practical. Also, the sun as a noise source can be avoided 
since its angular width is small. At 60 mc this angle may 
approach 1° and at 30 kmc the angle is approximately 
0.5°. Thus, it can be seen that the radio frequency of 
2250 mc represents a logical compromise between pres-
ent communication techniques and galactic noise levels. 

Free space attenuation between Earth and Venus, 
Mars, and Mercury can be determined from Fig. 2. As 
an example, the free-space attenuation for a typical 
interplanetary distance of 60 million miles (approximate 
median distance to Mars, Venus, and Mercury) is 260 db 
at 2250 mc. 
With the successful application of maser and para-

metric amplifiers, the receiver is no longer the factor 
which limits system sensitivity, even at microwave fre-

quencies. Antenna noise temperatures (largely ignored 
until recently) may be as high as 150°K and frequently 
limit system sensitivity when the above amplifiers are 
employed. Noise sources include the atmospheric, cos-

mic, and solar noise levels previously discussed. Addi-
tional noise results from the side and back lobes, as well 
as the main beam, "seeing" land and even sea areas as 
thermal reservoirs.'" Also, losses in the antenna feed 
and reflector add to the noise temperature. Radomes 
represent another noise source, because of losses in the 
dielectric and sometimes high ambient temperatures. 

Analysis of Transmission Power Requirements 

Using the typical interplanetary mission of Venus 
probe as an example, RF power requirements have been 
calculated based upon the following parameters. 

Distance (nominal) = 60 X 10" miles 
Radio frequency = 2250 mc 
Transmitting antenna: 

Diameter = 5 feet 
Gain = 29 db 
Beamwidth = 6° 

Receiving antenna: 
Diameter = 100 feet 
Gain = 54 db 
Beamwidth = 0.3° 
Noise temperature (TLB) = 55°) K14 

Passive element losses (Lo) = 1 db (approximate). 

A composite three-term expression" for the effective 
noise temperature of the system is given by: 

T. = [TG Tin] ± [(Lo — 1)To] [TeLo]. (7) 
1) 2) 3) 

1) Temperature contributions from sources outside 
the signal path. 

2) Radiation temperature of composite losses, ampli-
fied by the magnitude of the composite loss. 

3) Effective temperature of the active circuits, ampli-
fied by the magnitude of the composite loss for-
ward of these circuits. Where 

To= galactic background radiation field, cosmic 
noise. 

Tin= produced as a result of the inefficiency of 
the antenna in directing its entire pattern 
into the forward direction (back lobes in-
tercepting the earth as a thermal reser-
voir). 

Lo = composite losses of the passive hardware 
of the system. 

Te= effective temperature of the active cir-
cuits. 

To = 290°K. 

Solving ( 7) yields a value of Te, from which an over-
all system noise level can be calculated. Using the given 
system parameters and a nominal sky temperature of 

14 Cold sky at S band. 
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10°K (excludes the sun and discrete radio stars, such as 
Centaurus, etc.), Ts becomes: 

[10 33]+ [( 1.259 — 1)290] -I- [25 X 1.259] 

= 172° K. 

Taking the necessary bandwidth (B) as 300 cps and 
solving (6) yields a value for P as follows:lb 

P =-- (290 -I- 182)(1.38 X 10-")(300) = — 177 db. 

Fig. 3 can be used to obtain this value by our drawing 
a line between n of 172°K and B of 300 cps. This line 
intersects the receiver noise level scale at — 177 db. 

Required transmitter power may now be determined 
by the following procedure. A 20-db fading margin, or 
required SNR, is used to provide what should be an 
ample safety factor. 

Receiving system noise level 
Required SNR 

Receiving system sensitivity 
Receiving antenna gain 
Path attenuation at 60 X106 miles 

Required radiated power 
Transmitting antenna gain 

Required transmitter power 

—177 dbw 
20 db 

—157 dbw 
— 54 db 
260 db 

49 dbw 
— 29 db 

20 dbw ( 100 watts) 

This approach can be somewhat simplified through 
the use of Figs. 3 and 4. Fig. 4 also can be used to deter-
mine the gain of a parabolic antenna at various fre-
quencies. 

Basic transmission power required ( Fig. 4) 
(with D=60X 106 miles and f = 2250 mc) 

Correction for 300 cps bw 
System noise factor ( Fig. 3) ( with T.= 172°K 
Required SNR 
Receiving antenna gain 

Required radiated power 

CONCL USIONS 

56 dbw/cps bw 
25 db 
2 db 

20 db 
—54 db 

49 dbw 

The present state-of-the-art in radio telemetry is such 
that successful interplanetary telemetering can be 
achieved; however, to keep the transmission power re-
quirements within reasonable limits, information rates 

will have to be low (possibly 500 cps) and the system 
will have to be carefully designed for maximum opera-
tional efficiency. It has been shown how the over-all 
operational system efficiency may be divided into two 
distinct categories, information efficiency and physical 

system efficiency, to facilitate analysis of system per-
formance. 

Applied information theory can show how the great-
est information per unit bandwidth and power, or in-
formation efficiency, can best be obtained. Coding tech-
niques are the products of applied information theory. 
Even the best of current coding schemes, and their vari-
ations, do not reflect the information efficiency possible 
in theory. Therefore, much is yet to be accomplished in 

15 Since T, is substituted for Tr, P becomes the total noise power 
of the system. 
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this field and these results will appear as new coding 
schemes more closely following the level of efficiency 
promised by theoretical studies. 

Factors influencing physical system efficiency are 
many and varied. The more important factors include: 
system power conversion efficiency, transmission losses, 
external noise, and internal noise. These factors, along 
with transmission frequency, are all to some degree 
interrelated. External noise sources (cosmic, solar, etc.) 
are distributed such that they limit the usable inter-

planetary transmission frequencies to a lower value of 
about 1 kmc. The upper frequency limit of about 10 
kmc is determined by water vapor and oxygen absorp-
fion. Thus a transmission "window" exists between the 
approximate frequencies of 1 and 10 kmc. 

The development of very low noise amplifiers, such 
as the maser and the parametric, represents a break-
through of major significance to extended range com-
munications. The receiver itself, previously the weak-
est link in receiving system sensitivity, has now become 

one of the strongest. Noise temperatures of 25°K (cor-
responding to a noise factor of substantially less than 1 
db) are now being obtained with maser amplifiers, and 
future masers are expected to operate at noise tempera-
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tures of 5°K. Parametric amplifiers are reported to be 
capable of noise temperatures of 75°K (approximately 
1 db) at 1 kmc. Noise sources external to the receiver 
itself generally have now become the limiting factors 
of receiving system sensitivity. Thus, these external 
noise sources, including the antenna itself, are now being 
considered with an interest heretofore nonexistent (ex-
cept possibly in the field of radio-astronomy). 
The hypothetical system analyzed in the previous sec-

tion is admittedly rather optimistic in some respects, 
especially in antenna characteristics. However, it is 
likely that steerable ground and vehicle antennas as 
described will be utilized in the near future. The system 

bandwidth of 300 cps is a limiting factor in information 
capacity, and it is expected that this situation will exist 
for some time until more efficient coding methods are 
put into practice and more efficient solar power sources 
are developed. 
There can be no doubt, however, in spite of the prob-

lems involved, that reasonable amounts of intelligence 
can be telemetered back to Earth from the near planets 
by the use of techniques presently available. The ap-
proach to the problem presented in this report is by no 
means all-inclusive but it should give the reader a better 
understanding of this branch of communications for 
interplanetary applications. 

Space Telemetry Systems* 
W . E. WILLIAMS, JR.t, SENIOR MEMBER, IRE 

Summary—This paper presents some of the problems which are 
faced in the field of space telemetry, and gives a few examples of the 
approaches used in attempts to solve these problems to date. 

The different types of information to be transmitted back to re-
ceiving stations on the earth from satellites and space probes are 
discussed. The telemetry systems (FM/FM, FM/AM, PCM/PM, 
etc.) which have been used in various experiments of this type are 
described, along with some typical performance figures for some past 
payloads. 

The paper is concluded with a discussion of the problems to be 
faced in future experiments. 

INTRODUCTION 

THIS PAPER presents some of the problems 
which are faced in the field of space telemetry, 
and gives examples of the approaches which have 

been used to solve these problems. A summary of the 
characteristics of the telemetry systems used in the non-
military satellites and space probes is also given. 
The launching and successful orbit of the first man-

made earth satellite marked the beginning of a new era 
in the field of telemetry. For years man had used re-
motely located instruments to measure events and 
physical phenomena, first with " hard-wire" links from 
inaccessible or physically dangerous locations and later 
with the use of radio links. With the entry into space, 
man now faces a new field and new problems. This new-
ly opened region, beyond the protective blanket of at-

* Original manuscript received by the IRE, November 23, 1959. 
t Office of Space Flight Operations, NASA, Washington, D. C. 

mosphere, contains many unanswered questions. Meas-
urements must be made of the space environment near 
the atmosphere to confirm or refute ideas based on ex-
trapolated data and scientific conjecture. In addition, 
there is knowledge to be gained about the moon and 
the deep reaches of outer space. 

Only after considerable knowledge has been gained 
about radiation levels, micrometeorite densities, tem-
perature balance, and many other environmental fac-
tors will it be reasonably safe to send a man into this 
unexplored frontier. When manned space flight begins, 

telemetry will be required to bring back data on man's 
physiological and psychological conditions in his weight-
less environment. 

SPACE SYSTEMS VS CONVENTIONAL 

In the testing of aircraft and in many ground-based 
systems, flexibility, ease of adjustment, ease of main-
tenance, and long life were factors of primary impor-
tance. With the advent of the missile age, size and 
weight of equipment took on new meaning and em-
phasis. It was found that in most missile operations, the 
life of the telemeter unit was limited to a single flight, 
and the addition of each pound of weight resulted in a 
serious degrading of the missile performance. Hence, a 
great amount of time and effort went into finding ways 

to improve the effective bandwidth utilization and re-
liability while reducing weight at the expense of long 
operating life and ease of operation. 
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With the entry into the space age another re-evalua-
tion of telemetry requirements must be made. Missile 
flights were usually limited to minutes, or possibly to a 
few hours for some air-breathing cruise-types, but satel-
lites and space probes will have lifetimes of from weeks 
to years. Reliability and long life cannot be overem-
phasized because of the difficulty and great expense of 

each project. Power vs bandwidth problems become 
even more critical at the increased distances. Weight 
has increased in importance because of the penalty in 
performance-- decreased height of orbit in the case of a 
satellite—which results from even ounces of weight. A 
pound of weight in the satellite is equivalent in lost per-
formance to several hundred pounds of weight in the 

earlier stages of the launching vehicle. 
Power requirements must be reduced to the absolute 

minimum because of the effects of overheating and the 
extra weight of the power supply, whether it be chemical 

batteries or solar cells. 
The environment encountered in space flight intro-

duces other problems. Heat must be controlled by a 
careful balance between radiation and absorption; there 
is no atmosphere available for convection cooling nor is 
there a heat-sink available. Erosion of surfaces, par-
ticularly those of solar cells, must be checked. If little or 

no protective coating is required, a considerable weight 
saving can be effected. The effect of high energy radia-

tion upon components cannot be ignored. 

TYPES OF TELEMETRY INFORMATION 

Information to be transmitted to the ground falls into 
many categories. Temperatures at certain critical posi-
tions inside the payload, as well as the temperature out-
side the payload, are needed for future design informa-
tion. Radiation of many types must be identified and 
measured in order to determine its effect upon future 
operations. Micrometeorite particles must be studied to 
determine size, density, and hazard potential. In fact, 
all of the environmental conditions are different from 
anything previously encountered. 

As space exploration continues there will be a require-
ment to transmit pictures of the surfaces of the moon, 
and of Venus, Mars, and other planets back to earth. 
The astronomers will observe the stars from an orbiting 
observatory outside the earth's atmosphere, marking 
the first time that man has studied the radiation of the 
stars without the earth's atmosphere as a filter. Pictures 
of the earth taken from several hundred miles altitude 
will give meteorological information regarding cloud 
formations to increase the accuracy of long-range 

weather forecasting. 
When the first manned space flights are made, physio-

logical data must be under almost constant surveillance 

by medical personnel. 

SYSTEM REQUIREMENTS 

The cost of operations and the nature of the experi-
ments place an imposing list of requirements on the 

telemetry system. Accuracy of the over-all system, 
which could be rather crude at first, must be improved 
to permit accurate measurements of brightness levels of 
stars, and other high resolution measurements in the 
order of 0.1 per cent. Bandwidths of 3 to 6 mc will be 
needed if high resolution TV pictures are to be trans-
mitted in real time. The range of operation for the radio 
link will vary from a few hundred miles for a low-alti-
tude, short-lived satellite to many millions of miles for 
deep space shots. Length of operating life will vary 
widely for different operations. For instance, low-alti-
tude satellites may last only a few hours, while high 
satellites or space probes may continue to function for 
years. 
The telemetry system used on many payloads should 

be extremely flexible both in the type of data handled 
and in data handling rate. A variable data transmission 
rate will allow more efficient use of radiated power where 
channel information rates and distance vary over wide 
limits. For example, with highly eccentric satellite or-
bits, velocity and necessary information rates are at a 
minimum when the satellite is at its maximum distance 
from the earth. 
The type of data will vary in some experiments when 

a single transmitter is used for more than one purpose 
such as for alternately sending environmental data and 
a television picture. In addition, the system should be 
able to switch on command from a low radiated power 
mode to a high power mode as a deep space probe travels 
farther away from the earth, or as the bandwidth of the 
information is increased. 

SPACE TELEMETRY SYSTEMS PREVIOUSLY USED 

Table I lists some of the nonmilitary space probes 
and satellites which were fired previous to the writing 
of this paper. It provides a ready comparison of perti-
nent telemeter data, including frequency, modulation 
scheme, power, and weight, as well as orbital or range 
data. The subcarrier bands listed are the standard Inter-
Range Instrumentation Group (I RIG) bands. 

Telemeter transmitters of 10 to 60 mw power output 
have provided quite adequate signals for data reception 
to ranges of 2000 to 3000 miles with bandwidths of 2 to 

3 kc. Most payloads have used more than one trans-
mitter in order to provide a certain amount of re-
dundancy and to provide additional data channels. 

While it is apparent that several different modulation 
schemes have been used, it should be pointed out that, 
with the exception of the Vanguard series, telemetry 
systems have adhered closely to IRIG standards. 

Many of the payloads were designed and fabricated 
on a short time schedule and as a result the organiza-

tions supplying them used the telemetry systems with 
which they were most familiar and which at the same 
time appeared to be adequate for the scientific experi-
ment. These systems include FM/FM, FM/AM, FM/ 
PM, PCM/PM, and the Vanguard PDM-FM/AM. 



TABLE I 

Name 

Explorer I 

Frequency 
(mc) 

Transmitter 
Power 

Type 
Modulation 

Amount of 
Carrier 

Modulation 

Antenna 
Type 

Radiation 
Polari- 
zation 

Subcarrier 
Bands: 

(If IRIG FM/FM) 

2,3,4,5 

Approximate 
Transmitter 

Life 

34 months 

Type Power 
Supply 

Mercury batteries 

Weight of 
Batteries 
(pounds) 

Apogee 

(miles) Perigee (miles) Launch 
Vehicle 

108.00 10-20 mw FM/PM 0.7 radian (rms) Dipole Linear 2.2 1,573 224 Jupiter C 

Jupiter C 

108.03 10 mw 

10 mw 

FM/AM 50 per cent Turnstile Circular 2,3,4,5 

2,3,4,5 

4 month 2.1 

Explorer III 

Explorer IV 

108.00 FM/PM 0.7 radian (tins) Dipole Linear 24 months Mercury batteries 

Mercury batteries 

2.2 1,746 121 

108.03 *60 mw FM/AM 50 per cent Dipole Linear 1# months 3.1 

108.00 10 mw FM/PM 0.3 radian (rms) Dipole Linear 

Linear 

I, 2,3,4,5 

1,2,3,4,5 

14 months 

24 months 

1,380 108 Jupiter C 

108.03 30 mw FM/AM 100 per cent Dipole 

Explorer VI 
(Paddlewheel) 

Vanguard I 

108.06 *60 mw FM/FM Two monopoles Linear 1,2,3,4,5,8 1 month Solar cells and 
chemical 
batteries 17 26,000 156 Thor-Able 

108.09 *60 mw FM/FM Two monopoles 

Two monopoles 

Linear 

Linear 

1,2,3,4,5,6 

378.00 * 5 watts PCM/PM 

FM 108.00 10 mw Approx. 6 kr Turnstile Circular 19 days Mercury batteries 

10.5 ounces 2,453 407 Vanguard 
Vanguard II 108.03 

108.00 

5 mw 

10 mw 

FM Approx. 6 kc Dipole Linear 

Circular 

Years 

27 days 

Solar cells 

FM Approx. 6 kc 

Turnstile Mercury batteries 

10.5 ounces 

2,061 350 Vanguard 
Vanguard III 108.03 

108.00 

* I watt AM/AM 60 per cent 18 days 84 

30 mw 

*80 mw 

PDM-FM/AM 100 per cent Turnstile Circular 

1,2,3,4.5,6 

90 days 
Predicted Silver-zinc 22.35# 2,330 318 Vanguard 

Pioneer I 108.03 AM 100 per cent Turnstile 

Dipole 

Circular 

Linear 108.06 300 mw 

100 now 

FM/PM 1.0 radian 43 hours 

Mercury batteries 

Altitude 
70,700 

Space probe. Did 
not orbit 

Thor-Able 
Pioneer II 108.09 Fld/FIA 1.0 radian Dipole 

Dipole 

Linear 1,2,3,4.5,6 Life of probe 

108.08 300 mw FM/PM 1.0 radian Linear I, 2,3,4,5,6 Life of probe 

Mercury batteries 

Altitude 
963 

Altitude 
63,580 

Space probe. Did 
not orbit 

Space probe. Did 
not orbit 

, 

Thor-Able 

Juno II 

Pioneer III 

Pioneer IV 

108,09 100 mw FM/PM 1.0 radian Dipole Linear 1.2,3,4,5,6 

960 , 05 180 mw FM/PM 0.79 radian 
(peak) 

Conical pay- 
load served as 
the antenna 

Linear 1,2,3 38 hours Mercury batteries 6.6 

960.05 180 mw FM/PM 0.79 radian 
(peak) 

Conical pay- 
load served as 
the antenna 

Linear 1,2,3 90 hours Mercury batteries 6.6 In orbit around the sun. TM 
data and tracking were con-
tinuous to 400,000 miles. 

Juno II 

* Transmitters have command features. 
# This battery weight includes power for the magnetometer polarizing field. 
IRIG FM/FM Subcarrier Bands (cps) (in part): 1) 400.2) 560,3) 730,4) 960,5) 1,300,6) 1,700, 7) 2,300, 8) 3.000. 
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While some satellites have used continuous transmis-
sion of data, it has been found more practical in other 
instances to store data for subsequent readout by radio 
command. By this approach it is possible to economize 
both on transmitter power and on the number of ground 
receiving stations. A tremendous number of stations 
would be required to give full-time global coverage of 
satellite operations. 

Data storage has taken two general forms. On Ex-
plorer III and Vanguard II, data for a complete orbit 
were recorded on tape and played back upon command 
during passage over a Minitrack station. Vanguard III 
used magnetic-core storage devices in which the flux 
level was a function of the peak value of current flow in 

the input winding. Two such devices were switched al-
ternately between storage and readout conditions once 
each orbit when the satellite passed from shadow into 
sunlight, thus providing a reading of the maximum 
input encountered on the previous orbit. 

VANGUARD SYSTEM 

The PDM-FM/AM system which was designed for 
use on the later Vanguard satellites during the Interna-
tional Geophysical Year will also be used on some of the 
satellites to be placed in orbit with the Scout vehicle. 
Forty-eight information channels are nominally pro-
vided consisting of 16 FM tone bursts and 32 PDM 
time-interval channels. Information is carried by three 
methods: 

1) frequency of each tone burst; 
2) duration of each burst; 
3) time interval between bursts. 

Both the data sampling rate and the number of data 
channels are readily changed. Data sampling rates may 
be changed by varying the maximum time duration of 
the samples; two or more channels may be paralleled 
(supercommutation) to increase sampling rates on 
particular inputs as necessary. The system is so designed 
that the number of data channels may be readily 
changed in multiples of three by the removal or addition 
of circuit sections as needed. The system's 108-mc 
transmitter is amplitude modulated. 
A typical Vanguard telemetry system, including 

transmitter, encoder, and batteries, weighed approxi-
mately six and one-half pounds and occupied a volume 
of 510 cubic inches. The basic 48-channel encoder 
weighed approximately 3.2 ounces and consumed 12 

mw of battery power. The 108-111c transmitter was de-
signed to radiate 80 mw of power. The low power re-
quirements permit continuous operation for a period of 

three to four weeks on the mercury batteries contained 
in the package size and weight given above. In the typi-

cal Vanguard system the tone bursts were in the fre-
quency range of 5 to 15 kc, with the time durations of 

PROCEEDINGS OF THE IRE April 

the bursts and times between bursts falling between 5 
and 30 msec. Thus, all 48 channels were sampled three 

to four times per second depending upon the values of 
the input signals to the PDM channels. The encoder 
was designed to accommodate variable voltages (0 to 5 
volts, variable currents (typically one milliampere full 
scale) or variable resistances (5000 ohms maximum). 

M SYSTEM 

The FM/FM, FM PM, and FM/AM systems used 
on the Explorer and Pioneer satellites and space probes 
have used standard IRIG, 71 per cent frequency modu-
lated subcarrier channels. The outputs of the subcarrier 
oscillators have been combined as in a standard FM/ 
FM telemetry system and this combined output has 

been used to modulate the transmitter carrier frequency. 
Pioneers have all used phase modulation of the carrier, 
while Explorer payloads have used either frequency, 
phase, or amplitude carrier modulation. The receiving 
equipment of the original ground stations was designed 

with narrow bandwidths in order to provide minimum 
noise for maximum range of telemetry coverage. This 
narrow bandwidth capability has required that the sub-
carrier oscillators be confined to the lower frequency 
bands, as shown in Table I. 

The telemetry system used on the Explorer I was 
typical of those used on the Explorer I, III, and IV 
satellites. A volume of 120 cubic inches contained the 
complete telemeter unit. Weight of the electronic pay-
load was 11.8 pounds, and total equipment weight was 
18.2 pounds, including the structure and antenna. Four 
subcarrier oscillators operating in bands 2, 3, 4, and 5 
were used. The data, which included skin and internal 
temperatures, cosmic ray measurements, and micro-
meteorite impact data, were duplicated on two trans-
mitters. One at 108.00 mc was a 10- to 20-mw trans-
mitter employing phase modulation and the second was 

a 60-mw amplitude modulated transmitter. The 10-mw 
transmitter was powered by six RM-42 mercury cells 

and the 60-mw transmitter by 24 RM-42 mercury cells. 
In the Pioneer I and II space probes the electronic 

imyload weighed 22.5 pounds, including two telemetry 
transmitters, command receivers, antenna, batteries, 
and other electronic equipment. One transmitter radi-
ated 100 mw; the other, 300 mw. On command from 
the ground station the 300-mw transmitter functioned 
as the return link of a two-way Doppler system. Both 
transmitters were phase modulated with information 
from 6 subcarrier oscillators in bands 1 through 6. Power 
was obtained from mercury batteries which were ex-
pected to provide a life of 100 hours for the low-power 
transmitter and of 10 to 15 days for the high-power 
transmitter. 

The Pioneer III and IV space probes used a single 
FM/FM transmitter operating at 960.05 mc with a 
radiated power of 180 mw. Three subcarrier oscillators 
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in bands 1, 2, and 3 were used. Power was obtained 
from 6.6 pounds of mercury batteries. The payload of 

Pioneer IV was tracked and telemetry data received 
until battery exhaustion occurred 82 hours after launch-
ing, at a distance of 407,000 miles from the earth. 

PC M SYSTEM 

The PCM/PM system is used on the Explorer VI 
(Paddlewheel) satellite. This system transmits frames 
of information which repeat periodically. Each frame 
consists of eleven words, with one word being used for 
synchronization and ten words for data. Each word is 
made up of twelve binary bits, two bits for word 
synchronization, and ten bits for data. In order to con-
serve power when rapid data transmission rates are not 
required, the system is designed to operate at rates of 
1, 8, or 64 bits per second. A command signal from the 
ground turns on the telemeter link and determines the 
bit rate. The RF carrier is phase modulated. 

SOVIET TELEMETRY 

The satellites put into orbit by the Soviet Union have 
used transmitter frequencies of 20.05 mc and 40.01 mc. 
These low frequencies have been useful in certain radio 
propagation studies and have provided signals in fre-
quency bands covered by the radio receivers used by 
radio "hams" throughout the world. This latter fact was 

a great factor in increasing and stimulating worldwide 
interest in the first launching. In addition to telemetry 

transmitters in the 20-mc band, the two Soviet lunar 
probes used a transmitter operating at 183.6 mc. 
The Soviet satellites have used both chemical bat-

teries and a combination of chemical batteries and solar 
cells to power their telemetry systems. Due to the rela-
tively heavy payloads available to them, they have 
used higher transmitter powers than most U. S. satel-
lites. This power coupled with the lower frequencies has 
given telemeter coverages over quite large areas from 
each receiving station. 

In contrast to the Soviet systems, U. S. satellites 
have operated on a higher frequency to take advantage 
of the increased accuracy of radio tracking obtainable 
at the shorter wavelengths, and have concentrated on 
obtaining the maximum amount of scientific informa-
tion possible within the lesser weight limits available for 
payloads. 

DATA COLLECTION 

Telemetry data collection for the nonmilitary pro-
gram has been accomplished primarily by facilities 
owned or contracted for by the National Aeronautics 
and Space Administration, such as the Minitrack net-
work and university groups in the United States and 
abroad; facilities under the cognizance of Department of 
Defense groups: the 250-foot-diameter radio telescope 
at Jodrell Bank, England; and the facilities of various 
volunteer groups. 

MINITRACK NETWORK 

The Minitrack network is composed of ten stations 
which were set up under Project Vanguard to track and 
record data for satellites fired in low inclination orbits 
during the IGY. Now a facility of the NASA, this net-
work uses radio interferometry techniques to determine 
satellite angular position vs time data which are ac-
curate to within 20-200 seconds of arc and 1 msec of 
time. Tracking capability now exists at 108 mc for U. S. 
satellites with some secondary capability at 40 mc for 
use with Soviet satellites. Facilities are presently being 
installed for use on the new 136-137-mc band allocated 
for space communications. 

Present Minitrack tracking and telemetry stations 
are iocated at Blossom Point, Md.; San Diego, Calif.; 
Fort Myers, Fla.; Antigua, West Indies; Quito, Ecua-
dor; Lima, Peru; Antofagasta, Chile; Santiago, Chile; 
Woomera, Australia; and Esselen Park, South Africa. 
Four new stations being added to provide increased cov-
erage for polar orbiting satellites will be located in Min-
nesota, Alaska, Newfoundland, and Europe. 

The telemetry receivers in operation at each of the 
Minitrack stations are of an amplitude modulation 
superheterodyne type and were originally intended to 
receive the Vanguard telemetry signals during the IGY 
program. Adapters have been added to the receivers for 
the 108-mc band to permit the reception of frequency 
modulated and phase modulated signals. These receiv-

ers have three bandwidths, selected as desired, of 31, 
5.8, and 3.4 kc. Sensitivities at these three bandwidths 
are approximately — 120, — 127, and — 130 dbm, re-
spectively. Antennas with a gain of approximately 12 
db are used for telemetry reception. In addition to the 
108-mc band, five stations are equipped to receive and 
record amplitude modulated telemetry data on 20 and 
40 mc. Esselen Park is equipped to handle telemetry at 
20 mc only and has no 108-mc capability. 

All stations are equipped with command transmitters 
which are used in conjunction with receivers in certain 

satellites to turn on data storage devices and telemetry 
transmitters. 

FUTURE SPACE TELEMETRY 

Even at this early stage in the exploration of space, 
the need for many advancements in the fields of telem-
etry and communications is recognized. Programs such 
as the meteorological satellite will require transmission 

of high resolution pictures of the earth's surface. Lunar 
and planetary exploration programs will require a sim-
.ilar capability over much greater ranges. These and 
other programs such as active repeater communications 
satellites will require wide bandwidth data transmis-
sion with reliable operation over long periods of time. 
Astronomical and other sophisticated scientific studies 
bring additional requirements. Briefly stated, we must 
develop a capability for reliable transmission of data at 
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much greater rates, over tremendously increased dis-
tances and, in many cases, for longer periods of time. 

Several possible approaches to solving these problems 
exist, all of which must be thoroughly explored and 
exploited. 

The "brute force" approach to the problem is to in-
crease the effective transmitter power in order to allow 
wide bandwidth operation with reasonable signal-to-
noise quality. Transmitter power alone is not a practical 
solution, however. If 5 watts of radiated power are nec-
essary to transmit certain data to the earth from the 
moon, about 50,000 watts will be required to produce 
the same results from Venus at its closest approach to 
the earth. Thus, although higher powered, more efficient 
transmitters will be developed, further increases in ef-
fective transmitted power must come from the use of 
high-gain transmitting antennas on the vehicle. The de-
velopment of higher-gain, more efficient ground-based 
receiving antennas is also desirable. 
New and improved power sources will be required be-

cause of increased power drain and longer periods of 
operation. In addition to these factors, solar cells on 
interplanetary missions will drop to about 45 per cent of 
normal output at Mars and to about 4 per cent at 
J upiter. 

In addition, reductions in system noise and improve-
ments in system efficiency are also necessary. Range of 
operation will be increased by the use of low-noise 
amplifiers in the ground receiving equipment. Para-
metric and maser amplifiers are now in their infancy 
and show great promise along these lines. New improve-
ments of these amplifiers can be expected to be in field 
use within a relatively short period. 

It will be possible to conserve bandwidth by trans-
mitting information on a reduced time scale when in-

formation is not required in " real time." However, in 
all cases a careful application of information theory will 
be required to determine the best telemetry systems to 
establish maximum information capacity. Perhaps the 
greatest step forward in the field of space telemetry will 
be brought about by careful application of modern in-
formation theory to the development of more efficient 
communications systems. 
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Signal-to-Noise Considerations for a Space 
Telemetry System* 
R. W . ROCHELLEt, MUMBER, IRE 

Summary—A signal-to-noise comparison is given between the 
pulse-frequency channels and the pulse-width channels for the 
FM/PDM-AM telemetry system. It is shown that the pulse-fre-
quency channels have either a higher signal-to-noise ratio or greater 
information rate capability than the pulse-width channels. 

INTRoDucTioN 

A
CONSIDERABLE effort is being expended to-
wards the development of rocket vehicles capa-
ble of propelling large payloads into space. As 

the payload grows larger, the need for miniaturization 
decreases and is supplemented by redundancy to im-
prove reliability; however, for some time to come there 
will be a need for light-weight, low power-drain telemetry 
systems. A current example of this need is illustrated 
in the Scout rocket program. 
The Scout vehicle is a relatively inexpensive four-

stage rocket capable of orbiting payloads in the 150-
pound category. This vehicle will be used on a coopera-
tive basis by scientists of other nations. Because of the 
restricted weight limitations of the payload, it is im-
perative that the telemetry electronics compose only a 
small portion of the instrumentation. There are several 
types of existing systems which meet this requirement, 
and most of these have enjoyed success in orbiting ve-
hicles. 

In general, for those systems in which multiple-chan-
nel simultaneous data is needed, at least two different 
systems are in use. The early Explorer and Pioneer 
telemetry employed FM subcarrier oscillators which 
phase-modulated the transmitter carrier. The subcar-
rier frequencies were derived from the Inter- Range 
Instrumentation Group Standards and occupied the 
lower bands. Vanguard III used a different type of sys-
tem which was designed primarily to fit a particular set 
of scientific experiments. It is the purpose of this paper 
to explore the signal-to-noise considerations for this 
latter type of telemetry, since little information on the 
subject has appeared in print." 

PRINCIPLE OF OPERATION 

Vanguard III is the combination of two earlier scien-
tific satellites of the Vanguard series: the proton-pre-
cessional magnetometer and the X-ray-environmental 
satellite. The magnetometer has a separate transmitter, 

* Original manuscript received by the IRE, December 2, 1959. 
I• Natl. Aeronautics and Space Admin., Washington. D. C. 
R. W. Rochelle, Earth satellite telemetry encoding system," 

Elec. Engrg., vol. 76, pp. 1062-1065; December, 1957. 
2 N. W. Matthews, et al., "Cyclops cores simplify earth-satellite 

circuits," Electronics, vol. 31, pp. 56-63; February, 1950. 

and a four-second turn-on is accomplished by command 
transmitters at each ground station. The X-ray and en-
vironmental portion is transmitted continuously except 
for the four-second interval during command. The cir-
cuitry for the continuous telemetry has been described 
in the literature; therefore, only a discussion of its opera-
tion will be given here. The telemetry encoder shown in 
Fig. 1 has a 48-channel capacity and weighs 3.2 ounces. 
The power drain is 10 milliwatts. 

Fig. 1—View of telemetry encoder. 

The basic system employs sixteen subcarrier oscil-
lators which are sampled sequentially in time. Each 
oscillator is deviated over a frequency range of from 5 
to 15 kc by its input signal voltage. The composite sig-
nal as fed to the transmitter would appear as a train 
of audio pulses, the frequency of each being representa-
tive of a signal level in a particular channel. It is also 
possible to modulate the pulse widths of each of the 
audio pulses in proportion to other signal inputs; like-
wise, the time lengths between adjacent pulses may be 
modulated in proportion to still other signal inputs, 
which would extend the number of channels available. 
As in other systems, the principle of super- and sub-
commutation may be employed either to increase or de-
crease the number of channels. Supercommutation is 
employed in the illustration in Fig. 2 which shows a typ-
ical frame of the telemetered signal from a satellite such 
as Vanguard III. The maximum length of a pulse or the 
separation between pulses is twenty milliseconds, while 
the minimum length is four milliseconds. One of the 
pulse lengths is maintained fixed and longer than any 
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Fig. 2—Typical telemetered signal showing channel allocations. 

of the rest, so that synchronization upon decoding may 

be effected. 
The information content of this type of signal is based 

on the frequency of a pulse being proportional to a sig-
nal input and also the duration of a pulse and the time 
between pulses being proportional to signal inputs. This 
characterizes two basic types of measurement: fre-
quency and time. Both of these measurements will be 
described in detail and signal-to-noise error ratios de-

rived for each. 

M EASUREMENT OF PULSE FREQUENCY 

The frequency measurement for a single channel may 
be thought of as a "window" looking in on the signal. 
The window is "open" only during the times that a par-

ticular channel is being sampled. The exact length of 

time that the "window" is held open is, of course, de-
termined by a signal in the pulse-width channel. If the 
signal is changing during the time that the "window" is 

open, the change in pulse frequency is proportional to 

the slope of the signal at that point while the average 
frequency denotes the magnitude of the signal. Thus, 
agheach sample point it is possible to get not only the 
magnitude of the signal but the slope as well. Knowing 

the slope at each sampling point is equivalent to dou-

bling the sampling rate. The result, then, is that the 
information bandwidth of the frequency channels is ef-

fectively doubled. 
To optimize the signal-to-noise ratio, the pulse is 

passed through a filter. There are several factors which 
determine the proper width of the filter. First, consider 
a pulse frequency equal to 10 kc and a width of 10 milli-
seconds. Suppose that it is desired to detect only the 
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presence or absence of the pulse. The power spectrum 

of the pulse is given by: 

I' 
cja"e(l)dt 

K   [sin [(w — coo)T/2] sin [(co + coo)T/2]] 
• ( 1) 

— wou+wo 

The ma or part of the energy is contained in the band 
plus and minus 1 /7' cps, so that a filter with a bandpass 
of 200 cps should reproduce the pulse with only a small 
loss of detail. The rise and fall time (for a simple LC 
filter) is 1/(27r X200) second or 0.8 millisecond. The 
bandwidth may be narrowed further. In three time con-
stants the response is up to 95 per cent. With this cri-
terion, 

or 

then 

3r = 10 milliseconds, 

r = 3.3 milliseconds, 

1 
= kc = 48 cps. 

2/r X 3.3 

There would be, of course, 5 per cent crosstalk into 
the next pulse channel, which could cause an error. 

However, if the object is to detect only the presence 
or absence of a pulse, this could be a satisfactory band-
width. 
The question can now be raised, " How accurate may 

the frequency of the single pulse be, read in the presence 

of noise?" There are two ways to approach the problem. 
As long as the signal amplitude is greater than the 

I. 
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noise, a counter may be used to measure the frequency 
directly, provided that the bandwidth of the filter is 
wide enough to allow the output to reach steady state. 
In the example of a 10-kc pulse 10 milliseconds long, a 
200-cps filter would be quite adequate to allow the 
switching transieni to damp out. The counter could 
count for almost the full 10 milliseconds. If the band-
width were narrowed substantially, there might not be 
enough counting time in the 10 milliseconds, due to the 
longer switching transient. It would take 10 millisec-
onds for the output to build up to essentially full ampli-
tude, at which time the pulse amplitude drops to zero. 
The filter will continue to ring in a damped oscillation 
for another 10 milliseconds at the resonant frequency 
of the filter. 

In the presence of noise, the error percentage in the 
frequency measurement would be: 

.v 100 
error percentage in frequency = — X  

S 2f1 T, 
(2) 

where 

N=rms noise voltage 
S= signal voltage 
fi = pulse frequency 
T1= pulse duration. 

If the frequency of the pulse is known to have a finite 
number of discrete values, a bank of narrow filters, each 
tuned to one of the discrete frequencies, may be used to 
improve the signal-to-noise ratio. Here the problem re-
duces to determining only the presence or absence of a 
signal. The outputs of the filters can be added in logic 
circuitry in such a way that the greatest signal is the 
only one present in the combined output. 

MEASUREMENT OF PULSE W IDTH 

In this telemetry system the widths of the pulses 
are modulated; this has a definite effect on the mini-
mum width of filter that can be used. The minimum 
pulse width is four milliseconds. From the frequency 
measurement viewpoint the bandwidth should not go 
below 500 cps because of error introduced by switching 
transients; however, in reading out the pulse-width in-
formation, it is seen that a much wider bandwidth is 
needed. Consider again a 10-kc pulse 10 milliseconds 
long. After this is passed through a filter, the leading 
and trailing edges of the pulse will have a rise and fall 
time dependent on the filter bandwidth; the narrower 
the bandwidth, the longer is the rise and fall time. The 
pulse duration is defined as the time between mid-
points of the rise and fall portions. In-phase noise will 
cause an apparent shift in the midpoint of the leading 
and trailing edges of the pulse. The amount of the shift 
is calculated much in the same manner as the effect of 
quadrature noise on the frequency measurement was 

calculated. The per cent of error in the width measure-
ment is given by: 

iv 100 
error percentage in pulse width — X   (3) 

S 27rB2T2 

where 

N=rms noise voltage in passband B 
S= signal voltage 
B2= bandwidth of filter 
T2= maximum change in pulse duration. 

Although the expression is almost identical to ( 2), 
N contains a factor of -s/B2 which can be cancelled by 
the B2 in the denominator, making the per cent of error 
inversely proportional to N/B2. Increasing B2 will de-
crease the per cent of error until the bandwidth becomes 
so wide that the rise and fall occur in a few cycles of the 
pulse frequency,fi. Taking B2 at this point to equal the 
pulse frequency, the ratio of (3) to ( 2) gives the im-
provement factor of the frequency measurement over 
the pulse-width measurement. The improvement factor 
is found to be 

where 

n = improvement factor 
fi= pulse frequency 
131= bandwidth of frequency measurement. 

CONCLUSION 

If the same bandwidth is used for both the width 
and the frequency measurements, there is little differ-
ence in the signal-to-noise ratios. In poor signal-to-
noise conditions the bandwidth for the frequency meas-
urement may be narrowed down to get an effective im-
provement. For this reason signals which may not need 
the higher frequency response or accuracy are placed on 
the width channels. The frequency channels have the 
advantage of giving both the magnitude and the slope 
of the signal for the same number of sampling points. 
The signal is adaptable to either single-sideband or 

double-sideband suppressed carrier modulation to gain 
a threshold improvement over amplitude modulation. 
The best signal-to-noise ratio is obtained when the 

oscillators are limited to a finite number of discrete fre-

quency levels and no width channels are used. This type 
of system would have the same noise threshold as pulse 
code modulation, with the added advantage that the 
digits are not restricted to a binary system. The advan-
tage is gained at the expense of distributing the signals 
over a wider bandwidth, even though the predetection 
bandwidth is the same in both cases. 
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Telemetry Bandwidth Compression Using 
Airborne Spectrum Analyzers* 

ALFRED G. RATZt, MEMBER, IRE 

Summary—In practice, most missile test signals requiring wide-
band telemetry channels are high-frequency random signals ob-
tained from vibration accelerometers, etc. However, their informa-

tion content is contained in their slowly-varying statistical param-
eters. Considered are the unique problems associated with first 
extracting the spectral density plot of high-frequency random signals 
(one of the most useful of the statistical parameters), and then pre-
senting this to the telemeter. Design formulas are derived showing 

the interrelationship between the parameters of the random signal 
and the characteristics of the telemetry. Formulas indicating the tre-
mendous improvement in bandwidth efficiency are also given. 

INTRODUCTION 

ASTUDY of telemetry systems used in connection 
with missile or aircraft development indicates 
that most of the information being gathered is 

slowly-varying in nature. Temperatures, pressures, 
body attitudes, etc., are typical of such quantities. Be-
cause these are slowly-varying, they require only a 
narrow bandwidth in the telemetry link; only a small 
portion of the data gathered requires wide bandwidth. 
Most of the wide-band signals that must be telemetered 
are derived from vibration or acoustic pickups. Now, 
while their component frequencies may extend to very 
high limits, the actual information in the signals is con-
tained in their statistical properties, which are varying 
at a rate comparable to that of the temperatures, pres-
sures, etc., that make up most of the data. It seems, 
therefore, to be poor telemetry practice to use up almost 
all of the available bandwidth for these wide-band chan-
nels. This bandwidth inefficiency can be eliminated by 
using small light-weight airborne analyzers, to do the 
statistical analysis immediately during the flight of the 
vehicle under study. 

This paper discusses the fundamental design consid-
erations of a statistical analyzer to extract in real time 
the spectral density plot of a random signal (one im-
portant type of statistical information) and to present 
this as a slowly-varying dc voltage to the missile, satel-
lite, or aircraft telemeter. A number of basic problems 
of some novelty in spectrum analyzer design are intro-
duced by this unique combination of a spectrum an-
alyzer and telemeter. For instance, the conditions of 
flight are likely to change relatively quickly. Thus, the 
equipment must be able to do a complete analysis quite 
quickly. The slow analyzing rate permitted by the 
continuous recycling of the same data through the an-
alyzer cannot be used. Another problem arises from 

* Original manuscript received by the IRE, December 2, 1959; 
revised manuscript received, January 5, 1960. 
t Ortholog Div., Gulton Industries, Inc., Trenton, N. J. 

space, weight, and environmental considerations. The 
bulky and critically-adjusted components found in 
most laboratory spectrum analyzers are not acceptable 
in an airborne telemetry unit subjected to a military or 
space-flight environment. 

It was to explore solutions arising from such unique 
problems that most of the work outlined in this paper 
was undertaken. 

GENERAL DESCRIPTION OF SPECTRUM ANALYZER 

The basic element of the power spectrum analyzer is 
a narrow band-pass filter, used to divide the frequency 
bandwidth of the input signal into small intervals. The 
output of the filter is fed into a detector, which attempts 
to obtain the average value of some predetermined func-
tion of the power, for a specific period of time, in a nar-
row band of frequencies about the center frequency of 
the filter. If the bandwidth of this analyzing filter were 
decreased indefinitely (and the averaging time were 
also increased indefinitely) the measurement would 
yield the theoretical power spectral density. 

There are two general types of spectrum analyzers: 
swept types, where one filter is used to sweep over the 
band of frequencies to be analyzed; and multichannel 
types where the frequency band is covered by a num-
ber, depending on the resolution required, of contiguous 
filters. The filters are the heaviest and most bulky of the 
components involved. 
The swept type is chosen for study because of its size 

and weight advantage. Its adaptability to airborne use 
is enhanced by the fact that it supplies data to the tele-
meter in a serial fashion. It can be considered to be com-
posed of four principal sections: a swept oscillator-
modulator; a narrow-band filter; a squaring circuit; and 
a detector and integrator. 

Let us consider, as an example, a spectrum analyzer 
which covers the frequency spectrum from 100 cps to 
2000 cps. The purpose of the oscillator- modulator is 
twofold. First, it generates a local signal which is time-
modulated by a linear sweep, varying the frequency 
from 5000 to 7000 cps. Second, it heterodynes this sig-
nal with the input signal. A balanced modulator which 
suppresses the carrier frequency is usually used. As a 
result, the input signal spectrum is translated along the 
frequency axis. This frequency translation has the effect 
of passing the spectrum through the pass band of the 
analyzing filter at a uniform rate. The oscillator is a 
symmetrical multivibrator, since the output waveform 
lends itself ideally to use in a switchtype modulator. 
In order to insure that the filter analyzes each frequency 

d. 
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or 

interval for equal periods of time, the linearity of the 
sweep is carefully maintained. 

A squaring device is necessary to convert the filter 
output into a signal proportional to power density, if 
this conversion is required. A linear detector yields root 
power density. The output signal from the detector is a 
dc voltage proportional to the desired function of the 
spectral density. Superimposed on this is a very large 
random signal, which must be reduced or removed by a 

low-pass averaging filter if accuracy is desired. 
The present study of the analyzer system consists 

principally of an investigation into its sources of error 
when the analyzer is operated in real time as part of a 
telemeter. The problems in mating the analyzer to the 
conventional telemeter data-gathering system are also 
covered. 

THE ACTION OF THE ANALYZING FILTER 

Effect of Sweep Speed 

The first problem is that of establishing the general 
conditions for the satisfactory operation of the analyz-
ing filter, when a rapid analysis is to be carried out. This 
rapid analysis is one of the principal differences between 
the present application and the slowly-sweeping labora-
tory installations. It is important to adhere to major 
filter properties and to ignore minor refinements. We 

then stand a good chance of simplifying the filter. 
Weight and size will thereby be reduced. 
An upper limit is set by the bandu t h of the filter, 

on the speed with which it can be permitted to sweep 
the spectrum. 

It is well known [1] that a tuned circuit of bandwidth 
B cps, when a sinewave is impressed on it at its center 
frequency, will build up to the steady-state condition 
with a time-constant Tb given by 

1 
Tb = — • 

rB (1) 

As the analyzer sweeps across the band, the output of 
the filter due to a new spectral component must reach 
steady-state in a small fraction of the time during which 
the component is in the filter. Otherwise, filter transient 
conditions will introduce a serious error. The limitation 
imposed on the rate of frequency sweep, q(cps/sec), can 
be established by considering the bandwidth B„ (cps) 
of any "resonant" peak in the spectrum of the random 
signal. 

Obviously, we must keep 

B„ 1 
—»-- (2) 
q 7B 

(3) q « 7B• B,,. 

If this relationship is maintained, the output of the 
filter can be considered solely as the steady-state spec-
tral density of the original wave as operated on by the 

filter pass band. This is important in subsequent work. 
Chang [2] considers the effect of the filter sweeping 

through the spectrum at such a rate that the filter time-
constant Tb cannot be completely ignored. He derives 
results of extreme interest; the filter peak response is 
depressed by a factor: 

g= 
1 

1 4 / 1 + - -1 )2 

B 2 

(4) 

The bandwidth of the filter can be considered as in-
creased by the fraction: 1/g2; the center of the filter has 
shifted by (4q/B) cps. From (4), Chang's criterion for 
not altering the filter performance is given by 

q « B2. (5) 

It will be shown later, that, for accurate measurement, 
we must have 

> B. 

Thus, inequality (5) is a more severe restraint on q 
than inequality (3). With this restraint, the filter output 
can be analyzed as a steady-state phenomenon. 

Blurring Error 

The basic purpose of the spectrum analyzer is to de-
tect the total power (or root power) coming out of the 
filter. This total power is to be used as a measure of the 
power spectral density at the filter center frequency. 
Thus, if there is lack of symmetry in the power contribu-
tions obtained from each side of the filter center fre-
quency, an error results. This error is called the blurring 
error. To hold the blurring error to a minimum, the 
filter response must be kept symmetrical. But the sym-
metry of power contributions from the two sides of the 
filter response can still be upset if the power spectral 
density changes across the filter band. Chang [2] shows 
how the blurring error can be estimated. It is given by 

eb — 
Pu, — Pa 

N (6) 

where 

P.= the actual power out of the filter, 
P.= the power out of the filter assuming a white-noise 

source, adjusted to have the same spectral den-
sity at f =f0 as P., and 

N=a factor to normalize the power response of the 
filter, given by (9) below. 

By use of the mean-value theorem, we can transform 
(6) into 

132 J rcl2P(f)1 
eb — 

8 NL df2 ifo 

where 

(7) 

P(f)= the power spectral density under study in watts 
per cps, 
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TABLE I 

April 

Case Filter Type IZ(t4) l N J JIN (B/B.)2 

I 

II 

III 

IV 

Single-tuned 

Double-tuned 

(isolated) 

Triple-tuned 

(isolated) 

Rectangular 

1 
ir 

ir/2 (3i) 

3r/8 (11 ) 
B 

2 (%) 

co 

r/2 ()3 

7.18 ( 3)31,)3 

2/3 (1 )3 
B 

co 

2.42 

1.28 

0.33 

1 

0.414 

0.26 

1 

V1 -1-u2 

1 

1+u2 

1 

(1-Fu2)312 

1(-1<u<1-1) 

0(u> + 1) 

(u<-1) 

fu = the center-frequency of the analyzing filter 
(cps), and 

-4-co J = fx2. Z2(x) • dx (8) 
-00 

N = f Z2(x)dx. (9) 

Z(x) is the filter selectivity function (i.e., its amplitude 
response characteristic). 

2(f — fo) 
x =   (10) 

The ratio (J / 1V) is calculated for a number of filter 
types. The results are summarized in Table I; the am-
plitude characteristics are expressed as Z(u), where 

2(f — fo) 
u =   

B. 

B. is the single-stage bandwidth of the multi-stage filter 
systems listed. 

It is obvious that the blurring error is reduced as the 
skirt attenuation of the filter becomes more rapid. Only 
simple filters can be considered as practical for an air-

borne analyzer. However, a single-tuned filter seems less 
than acceptable. There is only a minor improvement to 
be made by using a triple-tuned (isolated) filter over a 
double-tuned (isolated) one. The rectangular filter is 
listed only to illustrate the effect of skirt attenuation. 

In order to establish the practical impact of the blur-
ring error, let us take ( 7) and apply it to an isolated 
spectral peak in the spectral density distribution. Let us 
assume this peak is obtained by a procedure similar to 
passing white noise through a single-tuned filter. 

Let P. be the power density at the center frequency 
f, of the peak, in watts per cps. Then the spectral 
density in the neighborhood of fu can be given by 

TABLE II 

Case 
eb 
—1 for P,,B=B,,/3 

Mi itirnu in Acceptance 
(B./B) 

e= 10% e=5% 

I I 
Ill 

24% 
14% 

5.0 
3.5 

co 
7.0 
4.8 

where 

P. 
P =   (12) 

1 ± y2 

2(f — f.) 
Y= 

B. 
(13) 

(B, is as before the bandwidth of the spectral peak.) 
Combining ( 7) and ( 12) gives, for the blurring error at 

ebl = J.(13\2. 

Pftif. N \B.) 

In Table II are calculated the values of ( 14) for the case 
when B=¡B. for the practical filters of Table I. 

Limiting eb at fu to a given value establishes the sharp-
ness of the spectral peak that can be handled. Suppose 
an error limit of e/100 is established, then 

B. 
— ≥ 101/ • 
B Ne 

(14) 

(15) 

Calculated in Table II are the limiting ratios estab-
lished by ( 15) for the practical cases discussed. 
Ten per cent error is quite acceptable for the type of 

measurement we are making here. The above results 
indicate that the blurring error only becomes serious 
when B. approaches 3B. 
The above calculations compute blurring error as a 

fraction of the spectral density being measured. How-
ever, another effect of the blurring error is the widening 
of any spectral peaks under study. This widening effect 
can best be evaluated by using in place of ( 12) the fol-
lowing formula for the peak: 
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• 

P = P. exp [ fn\2] 
m 

Hence, 

eb — 1 J(BV 

P. 4 X \ 

_ 

m ) 

(16) 

exp [ —mfn)21 (17) 

By putting P=P,./2 in ( 16), we can obtain B.: 

B. = 2. m (ko = log„ 2). 

By using, in place of P„, 

r,.' = P. — eblf=1. 

and solving for the value of (f — f„), making 

P.' 
p eb =   

2 

we obtain the apparent bandwidth B„' of the spectral 
peak. The error in bandwidth is therefore 

AB„ = B.' — B.. (21) 

Let us proceed to do this: 

Pn' = Pn [ I 1 — . .(—Bn 4 X m 

To solve for (f —f. t in ( 20), we must have: 

= log, 2 ± log, ( 1 — 112 

4.V m2 

1 ' 
log,- ( 1 — —•—•—). (22) . 2(1 f,.n)'221]\) J B 

4 X m2 

Assuming B < B„ under all tonditions, (22) can be ap-

proximated as: 
where ilf2(f) is the filter power spectral operator. 

(f - .f,,)2 = log, 2 ± (f _ f n) 2 j i 132\ . 

(23) 
\ m 2m2 .V fli2) RIPPLE ERROR USING A SQUARE-LAW DECTECTOR 

The filter output signal is applied to a detector, where 
Or, 

rectification occurs. The dc level obtained is therefore a 
2 measure of the spectral density at fo. The detector law 

(I - I.) = N/ko•m•  (24) 
/ J B determines whether power or amplitude, or indeed some 
/ other spectral density, is obtained. Due to the beating 
1  2X m2 

of the signal components in the detector, a noise sig-

(f — f.) = B. •[1 + —jk°(-13)1 (25) nal occurs at the output of the detector, superim-
2X B. • posed on the desired dc level. Filtering this new noise 

spectrum is needed to obtain a useable result. Indeed, 
In this equation we have solved for B„'. Hence, from the amount of noise passed by the post-detection filter 
(21), we can write that the apparent increase in band- determines the accuracy with which the desired dc out-

width is given by put can be read at any instant. 

AB. Jko f By y f B It is desired here to study both outputs of the detec-
rb =   (26) B„ 2X „) tor: the dc signal, and the noise spectrum. The post-

detector smoothing problem posed by the short sweep 
Table III gives the value of H for the practical filters time of the analyzer can then be explored. The effect of 

considered in Table I. the design of the frequency-selecting filter on the de-

TABLE HI 

Case H(B <B„) 

III 
0.83 
0.44 

Eq. (26) evaluates the blurring error as a degradation 
of the filter resolution. The results tabulated in Table 
III indicate that we can go to smaller ratios of (B./B) 
for the same percentage error, when we consider the 
blurring error along the frequency axis, rather than as a 
power density error. A 10 per cent degradation in 
resolution does not occur until B„ is decreased to as low 
as B„=2B. 
Once again, the practical blurring error improvement 

of the more sophisticated circuit of Case III over that 
of Case II is quite significant. 

PROPERTIES OF THE FILTER OUTPUT SIGNAL 

It is valid here to assume that the analyzing filter is 
symmetrical about its center-frequency fo. It is also 
valid to assume that its bandwidth satisfies 

B << fo. (27) 

Hence the following well-known formula can be used to 
represent the signal out of the filter: 

V(t) = C(t) cos 27fot + D(!) sin 27fot 

= A (1) cos rbrfot ± et)] (28) 

where C(t), D(A), A (A), cb(t) are slowly-varying func-
tions. C(t) and D(t) are independent. 

If the filter is driven by white noise of power spectral 
density P1, the autocorrelation function of VO) is given 
by 

R(r) = f Pill2(f)•cos 27fr • df (29) 
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tector noise spectrum (and hence on the accuracy) 
will also be established for several common types of 
filter. 
Suppose the signal of (28) and (29) is applied to a 

detector obeying the law 

Vo(t) = 172(t). (30) 

It can be shown [4] that 

Vo(t) = C2(t) = V. (31) 

Let Po(f) be the power spectral density of the detector 
noise. Then it can also be shown [4] that 

cos rfr 
P0(f) = 4 f (V) 2R(r)  dr. (32) 

cos 27rfor 

The easiest filter shape to deal with is the rectangular 
one of Case IV, Table I. This filter, though not practical 
in this application, will be taken as reference in studying 
the detector problem. This does not mean that such a 
filter is the most desirable, as is sometimes implied. It 
is chosen here as standard primarily because its proper-
ties are widely quoted, and it can serve as a base for 
comparison. With such a filter, we can write: 

a) Vo = P1B (33) 

sin rBr 
b) R(r) = P1  cos 27rfor (34) 

TBT 

c) Po(f) = 0 f > B 

= 2(V 0)2 f  B \ 
  1 — < f < B. (35) 

B ) 

If now the simple single-tuned filter (Case I of 
Table I), is used, we get 

a) Vo = PIB (36) 
2 

b) R(r) = Ple—'Br• cos 2rfor (37) 

2 (17,)2 1 
c) P0(f) — (38) 

ir B ( 1 f±2\ 

B2) 

If a synchronously-tuned pair is used (Case II of 
Table I): 

a) Vo = Pi& 
4 

where 

tan a = f/B„. 

An examination of the equations from (33) to (41) re-
veals two interesting facts: 

1) The desired dc output Vo is greater by approxi-
mately 50 per cent when the simple tuned circuits 
are used than when the rectangular filter, as de-
fined in Table I, is used. 

2) White noise through a rectangular filter detected 
in a square-law detector has no frequency com-
ponents above B cps. The other cases produce 
harmonics up to infinity, although above approxi-
mately f =2B the magnitude of these harmonics 
is insignificant. 

In order to extract the dc voltage from the detector 
with any accuracy, it is necessary that the cutoff fre-
quency of the smoothing filter be much less than B. In 
practice, this means that RC filters must be employed, 
as suitable inductances would prove far too bulky. In 
this paper, a simple single-stage RC filter is assumed. 

Then, the rms ripple error, normalized against 17,, at the 
output of the filter of time-constant Tr, is given by 

r   r.  Po(f)df 
117 ( V o)2 Jo 1 ± 4r2f2T,2 

(43) 

Since we must choose T»(1/ B), we can replace 
Po(f) by Po(0), and bring it outside the integral. Table 
IV tabulates the value of r for Cases I, II, and IV. 

It is obvious from Table IV that smoothing the de-
tected output (square-law) of a rectangular filter has 
considerably more rms ripple than the other two filters 
considered, for the same bandwidth and smoothing 
time-constant. For the practical filters there is only 
a minor degradation over using the simplest filter 
(Case I). This is an important result, since we are 
striving to keep T, as small as possible (for reasons that 
will be discussed below), and the resolving filter as 
simple as possible. 

TABLE IV 

Case 
(39) (as classi lied 

in Table I) 

b) R(r) = — P113„(1 ± 7138r) • e—*B.' • cos 2rfor (40) 
4 

2 (vo)2 [ cos a 

Po(f) ir 
B, (1 ± P/ B.2)1/2 

cos 2a cos 3a 1 

(1 ± P/B,42) 2(1 + f2//3,2)3/2j 
(41) 

Smoothing Filter Ratio 

IV 

II 

Rectangular Filter 

Single-Tuned 

Dual single-tuned ( isolated) 

1 

N/2BT, 

1 

V6.3BT, 

1 

V4 .00Bn 

0.55 

0.71 
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USE OF A LINEAR DETECTOR 

A study of (33), (36), and (39) shows that for each 
type of resolving filter chosen: 

Vo = (const) • P1 (44) 

where Pi can be interpreted as the power density at the 
center of the filter. If a linear detector were used instead 
of the square-law one discussed, (44) would be replaced 
by 

-rd = (const.)-Ve. (45) 

This is important to the designer of an airborne spec-
trum analyzer for several reasons: 

1) The dynamic range in db required of a telemeter 
to transmit Vo, for the same range of P1, if (45) 
is used, is only half that required using (44). 

2) As the analyzer sweeps across a peak in the spec-
tral density plot, Vo' changes at a slower rate than 
Vo, and so the frequencies in the signal presented 
to the telemeter are lower, and more bandwidth 
conservation is achieved. 

3) The derivation of (44) can be done on the ground 
by squaring the telemeter output. This means that 
the size and weight of the airborne device is some-
what reduced. 

4) The noise ripple error is reduced significantly. 

These points wilf be discussed in more detail below. 
They are only listed here to indicate the need for ex-
ploring the linear detector. 
We can deal with the ripple error of the linear detector 

very quickly [4]. Suppose the signal of ( 28) and (29) 
is applied to a detector obeying the law: 

Vo(/) = A (1). (46) 

Then it can be shown that 

V0(1) = -X(t) = Vo'. (47) 

PoV), the power spectral density of the noise at the 
output of the linear detector is given by 

Poi(f) = VD(f) 

where Po(f) is defined by (32), et. seq. 
Therefore, to convert the ripple errors (r) of Table IV 

into the errors obtained using a linear detector, with 
the same resolving filter bandwidth (B) and smoothing 
time-constant (T,), we would reduce each value of r 
by For example, for Case II, the new ripple error 
would be 

1 
r' =   (48) 

2V4.00BT, 

If the signal received at the ground station is squared, 
to obtain PI, the ripple error in the output of the 

squarer would be as given in Table IV once again. 
This can be seen by letting E(t) be the noise voltage 
riding on Vo' at the ground station. The normalized 
rms value of E(t) is r'. The input to the squarer, there-
fore, is 

V01(1 + E(1)). 

The output from the squarer is 

[Voq2(1 2E(t)). 

The normalized rms value of 2E(1) is 2r'. This is 
precisely the saune error that would have been ob-
tained using a square-law detector in the airborne 
spectrum analyzer. 

TRANSIENT CONSIDERATIONS—OUTPUT SMOOTH I NG 
CIRCUIT 

It would seem from the formulas of Table IV, and 
from (48), that the time-constant of the output smooth-
ing circuit T, should be as large as possible. There is, 
however, a limitation on the size of T, that can be used. 
This limitation is imposed by the rate with which a 
spectral peak is being scanned by the analyzer. 
As the peak is scanned, the dc average output Vo 

(using a square-law detector) or Vo' (using a linear de-
tector) rises and falls with the peak. The smoothing 
circuit must pass this transient. For the sake of analysis, 
let us suppose the spectral peak under study is given by 

(16). As the spectrum is swept, the transient applied to 
the output smoothing circuit will have a Gaussian shape. 
For a square-law output, the transient will have the 
form 

V = (49) 

Our objective is to determine the increase in the width 
of this transient at its 3-db points as it passes through 
the smoothing circuit. This can be done by following the 
method developed by Huggins [6]. We note the simi-
larity of form of the convolution integral, when a 
transient of (49) is applied to an RC smoothing circuit, 

to that of the probability integral of the sum of two 
independent variables. Therefore, we represent 1) the 
input transient (49), and 2) the impulse response of the 
RC network, as two independent probability distribu-
tions of time. The variance about the mean of the im-
pulse response is T,2. Therefore, the variance about the 

mean of the output of the smoothing circuit is given by 

Assuming 

m 02 = m 2 ± T ,2,72. (50) 

T, < m, (51) 

[i + 7";2q2mo=m ] 
2m2 

(52) 
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Using ( 18), we can write the normalized increase in 
bandwidth as 

rd = 
Mo — = 2k0 (!;_,cy (AB )2. 

For a linear detector, (49) is replaced by 

V' = e-(qt-f.hii;)2 

and rd is replaced by 

rd' = ko( c)2 (--q 2 
T 

(53) 

(54) 

(55) 

TELEMETRY CONSIDERATIONS 

An important part of the design of an airborne spec-
trum analyzer system is to make sure that the output of 
the analyzer is compatible with the telemetry scheme. 
Let us consider a spectral peak as represented by (49). 
To reproduce this spectral peak at the ground station 
of a time-multiplex system, we need at least three 
samples between the V„,/2 points; i.e., if s is the sam-
pling rate (per second), we must have 

q 
s (Sq. Law Detector) ≥ 6N/k0(—). (56) 

Similarly, if a linear detector is used, the spectral peak 
is represented by (54), and 

s (Lin. Detector) > V—•—bq- • (57) 
2 B„, 

Eqs. (56) and (57) can be reinterpreted in terms of 
bandwidth as follows (ft= the telemetry bandwidth re-
quired to pass the output of the analyzer): 

3N/ku 
ft (Sq. Law Detector) = (58) 

q 
f, (Lin. Detector) = 3 V—•— • (59) 

2 B„, 

The dynamic range limitations imposed on the an-
alyzer by the telemetry are also worth a brief look. 
Suppose that the accuracy of the telemetry is such that 

maximum signal before overloading 
D = 10. logio   . (60) 

minimum useful signal 

The value of D establishes the useful dynamic range of 
the spectrum analyzer. Unfortunately, the effect of D 
varies from spectrum to spectrum, and is difficult to 
evaluate without establishing a specific spectral density 
plot. However, it is possible to compare the effects of 
linear and square-law detectors for the same spectrum. 
Let us assume a white noise signal is being analyzed, 
and let d equal the variation in power (in db) over 
which the combined spectrum-analyzer telemeter sys-

tem gives useful results at the ground station. 
Then for the square-law detector, 

d D. (61) 

Let d'= the tolerable variation in power (db) for the 
linear detector. Then 

d' = 2d. (62) 

Eq. (62) is another reason for favoring a linear detector 
in the airborne unit. 

ClIOICE OF PARAMETERS 

From the above, we can work out a compatible set of 
basic parameters for any spectrum analyzer telemetry 
system. There are four main considerations which affect 
the choice of spectrum analyzer and telemeter param-
eters: 

1) the compatibility, frequency-wise, of the telemeter 
and the analyzer output [(56) to (59) apply]; 

2) the choice of T. small enough to keep the band-
width error in the smoothing circuit within satis-
factory limits [(53) and (55) apply]; 

3) the choice of B small enough to keep the filter 
blurring error within satisfactory limits [(26) ap-
plies, if we are interested in interpreting the blur-
ring error as a degradation of bandwidth; ( 14), if as 
an error in power density]; and 

4) the choice of the product (B• Tc) large enough to 
keep the ripple on the output to a satisfactory 
level [the formulas of Table IV apply, for a square-
law detector; these results can be modified for a 
linear detector, as illustrated by (48)]. 

From the above four considerations, the following 
parameters are chosen to be compatible: a) the telem-
etry bandwidth fi or sampling rates, b) the output 
RC smoothing time-constant Tr of the analyzer, c) the 
bandwidth of the analyzer B, d) the total frequency 
band covered by the analyzer fb, and e) the time for one 
sweep period T. Other considerations, affecting gain 
and dynamic range, have also been covered above. 
However, these are relatively straightforward, com-
pared to 1), 2), 3), and 4) above. 

EXAMPLE 

An example is perhaps the best way to show how one 
can try to establish a consistent set of parameters in a 
systematic manner, for a case II filter. 

Let us consider the case where the analyzer has a 
linear detector only, and where the telemeter is a time-
multiplex system. Let us also assume we are interested 
in the blurring error as a degradation of bandwidth. 
Let T be the sweep period (in seconds). Then 

fb 
(63) 
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and it is possible thereby to eliminate q from all per-

tinent equations. 
It is necessary to establish initially: 1) the maximum 

ripple error that is tolerable; 2) the maximum output 
bandwidth error that is tolerable; 3) the maximum 
blurring error that is tolerable; 4) the sample rate of 
the time- multiplex system (this is usually well-known; 
however, the sampling rate can be increased by cross-
strapping the multiplexing switch); and 5) the band-
width of the narrowest spectral peak expected in the 
random signal under study. 
The last, when expressed as a fraction of the total 

frequency range, is an important quantity. Conse-
quently, let ils define it by: 

B„, 
b = — • (64) 

fb 

We use the equation for the sample rate, (57), to de-
termine the period of one sweep. This equation is re-
written 

/k0 6 

V 2 sb' 

and is plotted as Fig. 1. 
We can now determine T, using (55) for the 

bandwidth error. This equation is rewritten as 

T, < N/k.0.-ird'• T•b. 

Eq. (66) is plotted in Fig. 2. 
Next, we use (26) to establish the filter bandwidth B, 

as follows: 

where 

— < 1 • 1 • -Vrb • b 
fa 

Yb =   

B„, 

(65) 

output 

(66) 

(67) 

(68) 

Eq. (67) is plotted in Fig. 3. 
Finally, we insert the result of (66) and (67) into (48), 

plotted as Fig. 4. The ripple error so obtained must be 
less than that desired for a compatible design. If it is 
not, we must modify our original set of assumptions. 
The curves given indicate clearly how the various 
parameters interact, and thus assist in achieving a com-
promise. 

Suppose the frequency band of interest is 2 kc, and 
we wish an accurate spectral root power density plot 
for all spectral peaks wider than 200 cps. Suppose also 
that a 10 sample per second time- multiplex telemeter 
is to be used. Thus b=0.10, s= 10. From Fig. 1, we see 
the sweep period T must be at least 3.6 seconds. (This 
also implies that the random signal under study must 
remain stationary for at least 3.6; if it is not stationary 
for 3.6 seconds, Fig. 1 will have to be used to select a 
larger value of s. Cross-strapping in the telemeter will 
permit values of s= 20, 30, 40, etc., to be chosen easily.) 
With T=3.6 seconds, and s = 10, there will be a 

telemetry sample every 55 cps across the frequency 
band fh. It seems reasonable to require that the output 
bandwidth error be rd' <0.1. From Fig. 2, we see we 
must choose T,<0.12 second. Let us also permit the 
blurring error to be 10 per cent. From Fig. 3, B/fb 
<0.059. Thus, B<80 cps. 
From Fig. 4, the ripple error r' is 10 per cent. If this 

value is too great to be tolerated, some change in the 
initial choice of parameters is indicated, s or T must be 
increased, or rb and rd relaxed, or a combination of these 
changes carried out. For most practical cases, however, 
a value for r' of 10 per cent is very satisfactory. 10 per 
cent to 20 per cent is usually an acceptable range of 
values. 

It may be of more use in some situations to use values 
of B and/or T, which are smaller than the values chosen, 
accepting the increases in errors that result. For in-
stance, if the data under study cannot be expected to 
remain stationary for even 3.6 seconds, a smaller value 
of T must be chosen. This forces T, to be smaller than 
0.12 second; the larger errors that result in this case are 
not peculiar to the present . analyzer, but are the 
penalty one must pay with any type of analyzer when 
the amount of data is reduced. 
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The Telemetry and Communication Problem 
of Re-Entrant Space Vehicles* 

EDWARD F. DIRSAL MEMBER, IRE 

Summary—The problems associated with propagation of electro-
magnetic telemetry and communication (and guidance) signals 

through the densely ionized region (plasma) generated by, and sur-
rounding a hypersonic space vehicle re-entering the earth's atmos-
phere are reviewed. The nature and extent of the plasma-radio wave 
interference is explained in terms of the classical treatments which 
have evolved from ionospheric studies. The limitations of the simple 
classical models are pointed out in the light of the more complex 

nature of the hypersonically generated plasma. Methods for over-
coming the deleterious influences of the plasma are presented, cul-
minating in presentation of some new approaches to this problem. 

INTRODUCTION 

ACONCENTRATED effort by space vehicle re-
searchers, and telemetry and communications 
engineers, is presently being devoted to estab-

lishment of means which will permit reliable and con-
tinuous RF telemetry, communication, and guidance 
information to be exchanged between a hypersonic re-
entry vehicle and one or more ground stations. For the 
scope of this paper, hypersonic vehicles may generally 
be defined as those whose re-entry flight regime lies in 
the Mach 10 to Mach 20 region. Their particular con-
figurations, whether they be missile nose cones (Jupiter, 
Atlas, Thor) [ 1 ], [2 I, aerodynamic lift vehicles ( X-15 [2], 
Dyna Soar [3], [4]), manned re-entry capsules ( Mer-
cury) [5], or futuristic rockets and manned satellites, 
are not of concern here. The common element of interest 
is their hypervelocity during re-entrant flight phases 
within an atmosphere. These hypersonic velocities dur-
ing atmospheric flight result in tremendous aerodynamic 
heating of the vehicle and its immediate surroundings. 
Among the many effects of the heating is thermal ioniza-
tion of the atmosphere surrounding the vehicle. This ac-
tion results in liberation of free electrons and positive 
ions in the form of a plasma or sheath surrounding the 
re-entry vehicle, which serves to interfere with the pas-
sage of electromagnetic waves. Such interference is 
characterized by attenuation, refraction, phase shift, 
and at times complete absorption or reflection of a pass-
ing signal. It is for these reasons that the re-entry telem-
etry and communication problem has commanded so 
much attention. 

Loss of telemetry signals is commonly experienced 
during specific portions of the re-entry flight profiles of 
missile nose cones. This situation is serious in that much 
important information is lost and continuous tracking 
of the vehicle becomes difficult. Since the time duration 
of re-entry is small for re-entrant nose cones, loss of 

*Original manuscript received by the IRE, November 23, 1959. 
t Admiral Corp., Chicago, Hl. 

signal during this time can be overcome by storage and 
recording. I lowever, a high price is paid in the form of 
weight and instrumentation penalties, and recovery of 
the nose cone at the termination of its flight is manda-
tory. 

When one considers the re-entry paths of manned 
vehicles such as returning rockets and satellites of future 
generations, or the Dyna Soar, Mercury, and advanced 
X-15 vehicles now in the design stage, the RF signal 
propagation problem assumes proportions far more seri-
ous than is present in nose cone telemetry. This is due 
to the fact that 1) the periods of time during which 
propagation of RF signals will be blocked by the plasma 
sheath surrounding the manned re-entry vehicle will be 
appreciably longer than for the missile re-entry case— 
probably of the order of hours rather than fractions of 
minutes; and 2) these vehicles, being manned and in 
serious need of continuous exchange of guidance and 
control information, cannot rely upon storage or de-
layed relay of that information. 

In view of these considerations, the importance of de-
vising means of reliably and continually propagating 
(or propagating at will) telemetry, communication and 
guidance information to and from vehicles traveling at 
hypersonic velocities within the earth's atmosphere is 
self-evident. 

In order to arrive at an understanding of the manner 
in which reliable and continuous signals may be propa-
gated under these conditions, it is first necessary to be-
come familiar with the nature of the environment in-
duced by hypersonic vehicles, and the mechanisms of 
interaction between the ions of the plasma and a passing 
electromagnetic wave. From a consideration of these, 
it then becomes possible to devise means of removing 
the interfering obstacles or diminishing their effective-
ness, and even to arrive at methods of altering the usual 
behavior of the interfering mechanisms in order to 
achieve a cooperative influence which can conceivably 
result in enhancement of the passing RF wave. 

NATURE OF THE INDUCED ENVIRONMENT 

A re-entrant vehicle moving at hypersonic velocities 
within the earth's atmosphere produces a complex flow 
pattern in the surrounding medium. Macroscopically, 
the resultant shock wave is characterized by a sharp 
demarcation or front, behind which air pressure and 
density increase many times over their normal ambient 
values. These physical changes are attributable to the 
vehicle velocity within the medium; the resultant fric-
tional forces induce thermal increases which give rise to 
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chemical changes in the medium such as dissociation 
and ionization. 

A qualitative presentation of a typical shock front, 
its associated layers, and their combined relation to the 
hypersonic vehicle is depicted in Fig. 1. It is empha-

sized that the illustration is mainly descriptive and is 
not meant to depict quantitative geometric relation-
ships. The shock front is the strong line of demarcation 
separating the ambient atmosphere from the induced 
environment close to the vehicle. In hypersonic flow past 
a blunt body, the shock front lies close to the surface, 
tending to wrap itself about the body [6]. The greatest 

increases in temperature, pressure, and air density 
(which we shall conveniently refer to here as the "gas 
parameters") occur behind the portion of the shock in 
the vicinity of the vehicle leading edge [7]. The extent 
of these increases is dependent upon vehicle velocity, 
configuration, and particular characteristics of the nat-
ural environment [8]. For re-entrant and high-velocity 
vehicles such as X-15 or Dyna Soar, gas parameter in-
creases of one or two orders of magnitude over normal 
values are to be expected [9]. A more detailed presenta-
tion of these variations is presented in Fig. 2. 
The region behind the shock front is termed the 

shock layer. That portion of the layer immediately adja-
cent to the vehicle leading edge is referred to as the 
stagnation region. Here the gas flow is subsonic and 
temperature, pressure, and density reach their maxi-
mum values. Further aft, gas expansion occurs, the flow 
becomes supersonic, and the gas parameters decrease. 

The boundary layer is that viscous region through 
which heat transfer and skin friction occur. On a slender 
after-body, this layer tends to be thicker at hypersonic 
speeds than at low speeds. It interacts with the external 
flow, and this gives rise to an induced pressure with a 
negative gradient which thins the boundary layer some-
what [10]. 
The chemical constitution of the atmosphere in the 

various flow and layer regions of the plasma sheath 
serves to affect strongly the behavior of electromagnetic 
signals propagated through them. This comes about be-
cause conversion of flow energy into internal energy of 
the surrounding air results in dissociation and ioniza-
tion of the gas molecules. Notable among the dissocia-
tion products is the formation of nitric oxide which is 
easily ionized, thus contributing to the formation of 
large numbers of ions and free electrons [11]. 

It is this concentration of ionized particles about the 

hypersonic vehicle which works to interfere with the 
passage of electromagnetic RF waves to and from the 

vehicle. This interference is characterized by attenua-
tion, refraction, and possible reflection of the wave dur-
ing its travel through the region. 
The large temperature gradients existing within the 

boundary layer region bring about diffusion and recom-
bination on the vehicle surface of free atoms from the 
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hot gases surrounding the vehicle. In this process the 
constituents of the plasma give up their heat of dissocia-
tion, thereby transferring heat from the gaseous sur-

roundings to the vehicle surface. This serves to allevi-
ate by a small but insufficient amount some of the inter-
ference phenomena mentioned previously. 

It is thus seen that the environment induced by a 
hypersonic vehicle is most complex, and the chemical 
and physical processes which induce and sustain it in 
its state of dynamic flux also act to alter the behavior 
of co-existing mechanisms such as heat transfer, vehicle 
erosion, electromagnetic radiation, etc. As will be seen 
later, the complexity of these interrelations and the 
nature of the combined mechanisms make the accurate 
expression and analyses of these phenomena a formid-
able problem. 
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INTERACTION OF INDUCED ENVIRONMENT WITH 
ELECTROMAGNETIC RADIATION 

The interactions of electrons and waves, and the re-
sultant effects upon electromagnetic propagation have 
been ascertained by various investigators. Baker and 
Rice [ 12], Hartree [ 13], Lorentz [ 14] and others have 
derived relations governing the dependence of permit-
tivity and refractive index of an ionized medium upon 
its electron density and frequency of the passing wave. 
Appleton [15] has formulated the dependence of the 
above relations upon externally imposed magnetic fields 
and has accounted for the loss effects due to the presence 
of dissipative factors in the medium. Similarly, expres-
sions for intrinsic impedance, reflectivity, and conduc-
tivity have been formulated by Everhard and Brown 
[16], Eccles [17], Baker and Rice [ 12], and Margenau 
[18]. These relations have, in turn, yielded expressions 
for the propagation constant and its dependence upon 
wave frequency, plasma frequency, and collision fre-
quency. The limitations of Margenau's work to field 
strengths of low values have been removed and his work 
extended to some extent by Everhart and Brown [ 16], 
and Cahn [ 19], resulting in relatively simple expres-
sions for conductivity and propagation constant over a 
wide range of values of field strength, wave frequency, 
and air pressure. 

Approximate Formulations 

It is to be noted that much of the work referred to 
above is based upon investigation of the ionosphere. A 
great deal of this is predicated on simple classical the-
ory which considers the behavior of average, individual 
electrons while neglecting their over-all velocity distri-
bution. Generally, though not always, a plane wave is 
considered and the ionized medium it traverses is as-
sumed to be isotropic, homogenous, constant, and lin-
ear. For specific application to ionospheric studies, a 
slowly-varying stratified distribution of electron density 
in a uniform magnetic field is often assumed. Further 
common assumptions consider the energy added to the 
electrons by the passing electromagnetic wave as small 
compared to their kinetic energy, effects of electron colli-
sions are neglected, and the associated positive ions of 
the plasma are assumed immobile [20]. These assump-
tions generally do not reflect accurately the conditions 
accompanying propagation of RF signals to and from a 
vehicle surrounded by a hypersonically-generated ion-
ized sheath, but they have been necessary in order to 
make possible the mathematical description of even the 
simpler phenomena and to evolve associated quantita-
tive formulas. Yet, if the results are considered in 
proper context with full appreciation of the limitations 
involved, they can be of value in understanding some of 
the basic phenomena underlying wave propagation 
through hypersonically generated plasmas. 

In order to arrive at such an understanding, it is in-
structive to consider from a qualitative aspect the elec-
tric field of an electromagnetic wave incident upon an 
ionized region and exerting a force upon the electrons of 
that region. (The positive ions, being many times heav-
ier than the electrons, are assumed immobile; hence only 
the electrons are effective in interacting with the elec-
tromagnetic wave [21].) Some of the excited electrons 
collide with heavier gas molecules, giving up part of 
their kinetic energy to the molecules, and re-radiating 
the remainder in the form of a distorted radio wave; 
the result is an absorption of energy from the incident 
wave. Discounting these occasional collisions with 
heavier ions and the influence on the excited electrons 
of either the earth's natural magnetic field or of an arti-
ficially imposed magnetic field, the direction of the in-
duced electron vibration parallels the electric field vec-
tor of the radio wave. The vibrating electrons behave 
as miniature parasitic antennas, alternately absorbing 
and re-radiating the radio-wave energy incident upon 
the ionized gas. The net effect of this mechanism is an 
alteration of the phase velocity of the wave, a change 
in the intrinsic impedance of the medium, and a refrac-
tive action wherein the wave path is bent away from 
the regions of high electron density toward regions of 
lower electron density [22]. Consider the refractive in-
dex; using the model described above, it can be ex-
pressed simply as [ 12] 

Ne2 

n = V1   
fonUA2 

where 

(1) 

e= electron charge in coulombs, 
m = electron mass in kilograms, 
co= frequency of wave propagation in radians/second 

= brf, 
N= number of electrons/meters, and 
to = permittivity of free space. 

This equation is derived from the assumption that the 
average time between collisions of an electron with 
other particles is appreciably greater than the period of 
the exciting or impinging wave, i.e., collision frequency 
y is less than wave frequency f. 

It should be noted in ( 1) that n=0 when Ne2/e0m=w2. 
This particular value of co is termed the critical or 
plasma frequency co„ and is defined precisely as that 
propagation frequency at which the refractive index 
is zero in the absence of a magnetic field. For co >W,, 
n is real, and unrestricted wave propagation is present; 
for co<co„, n is imaginary and only evanescent waves 
exist. For co = W„, complete reflection occurs, and there 
is no wave propagation through the medium. Thus, by 
considering the simple model of interacting electric 
wave vectors and plasma electrons, we have arrived at 
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the concept of critical or plasma frequency, and have 
gained a knowledge of frequency limits of propagation 
and their dependence on ionization density. 

By using similar techniques based upon simple 
models, relations for wave attenuation, phase shift, 
plasma conductivity, intrinsic impedance, and reflec-
tivity have been derived by a number of investigators 
[121—[19]. These expressions have been compiled in 
part by DeVale, et al. [23], and Sisco and Fiskin [24]; 
these are combined below in a common set of units for 
convenient reference. 
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e=electron charge in coulombs, 
m = electron mass in kilograms, 
N=electron density (electrons/mete/4), 
E permittivity of plasma, 
Co = permittivity of free space, 
= permeability of plasma, 

Po = permeability of free space, 
er = relative permittivity, 
n = refractive index, 
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n = characteristic impedance, 
= propagation constant =a+ia, 

no = intrinsic impedance of free space, 
y = collision frequency, 

H= magnetic field (ampere turns/meter). 

In order to demonstrate the nature of the dependence 
of some of these parameters on electron density (and, 
therefore, on vehicle velocity and plasma frequency), 
the attenuation and phase shift have been plotted in 
Figs. 3 and 4 over a wide range of propagation fre-
quencies. Note in Fig. 3 the large attenuation which ac-
companies high electron densities (plasma frequencies), 
and the rapidity with which attenuation drops off as 
wave frequency approaches plasma frequency. It is in-
teresting to note that the frequency range of greatest 
attenuation ( 100-1000 mc) in Fig. 3 corresponds to a 
region approximating phase shifts which are compar-
able to free space values (see Fig. 4). In other words, if 
one desires to obtain normal phase shifts in propagating 
through a plasma, one must then contend with high 
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wave attenuation. Note also in Fig. 4 that as wave fre-
quency approaches plasma frequency, the phase con-
stant undergoes violent variations. This points up the 
desirability of utilizing the lowest of wave frequencies 
for propagation; as shall be noted later, however, low 
wave frequencies introduce unique problem areas. 

Since wave attenuation and phase shift are such im-
portant parameters in radio communications and telem-
etry, let us now consider the influence of a superimposed 
magnetic field upon the attenuation and phase of a wave 
passing through a plasma. Again, this can be explained 
in terms of our oscillatory electron and wave vector 
model. It has been found that at high wave propagation 
frequencies the velocity of vibration of the excited 
plasma electrons is practically unaffected by application 
of a mild external field, i.e., the excited vibrating elec-
trons are placed into paths which are only slightly 
elliptical, deviating but little from the linear motion 
described earlier. Accordingly, the effective conductivity 
of the plasma is practically equivalent to that of the 
zero-magnetic field case of ( 2d). As the wave fre-
quency is lowered, the vibrational velocity of the ex-
cited electrons increases and their paths become ellipti-
cal and then circular [25]. At a frequency value ex-
pressible as [26] 

ego"' 
Wh =   = 27rf,„ (3) 

the electron vibrational velocity is greatly increased, 
and the conductivity of the plasma becomes correspond-
ingly great. This, of course, is manifested by an increase 
in wave attenuation. The particular frequency fh at 
which these phenomena are observed is termed the gyro-
magnetic frequency of the medium. At frequencies 
greatly less than the gyromagnetic frequency, the ap-
plied magnetic field serves to decrease the electron vi-
brational velocity well below the value which would be 
present were the magnetic field absent. Thus, electron 
collisions and, consequently, plasma conductivity is de-
creased, resulting in decreased attenuation of passing 
electromagnetic waves. This behavior has been con-
firmed for high-frequency radio waves propagating 
through the earth's atmosphere with the earth's mag-
netic field acting as the influencing magnetomotive force. 
The earth's magnetic field has a value of approximately 
gauss; using this value in (3) gives a value of 1.4 mc 

for the electron gyromagnetic frequency. This corre-
sponds to a wave propagation wavelength of 214 meters. 
Nichols and Schelling [25] have found that marked 
wave attenuation of propagated waves occurs at pre-
cisely this frequency, with a decrease of attenuation 
taking place at longer and shorter wavelengths. This be-
havior is also recorded by Baker and Rice [12]. 

In view of this influence of the earth's natural mag-
netic field upon wave attenuation and phase shift, one 
is led to conjecture the effects of artificially imposed 
magnetic fields on wave propagation. This point is con-

sidered in the following section in which the possibility 
of this approach is considered. 
An indication of the dependence of plasma frequency 

upon electron density is presented in Fig. 5. Calcula-
tions have shown that the electron densities generated 
by a hypersonic aerodynamic vehicle lie close to the 
curve of Fig. 5 if the axis of abscissas is calibrated in 
Mach number (see top of Fig. 5). This near-coincidence 
of curves remains valid up to about Mach 14 or 15, after 
which other processes set in, which cause the vehicle 
velocity vs plasma frequency relationship to deviate 
from the electron density vs plasma frequency curve of 
Fig. 5. This frequency-velocity-electron density rela-
tionship means that RF telemetry or communication 
can be carried on to and from the re-entering hyper-
sonic vehicle only at frequencies equal to or greater 
than the critical or plasma frequency corresponding to 
the particular re-entry velocity. Thus, at Mach 10, the 
frequency must be above 200 or 300 mc; at Mach 17 
the minimum usable frequency is 5000 Inc, etc. Fre-
quencies immediately below the plasma frequency will 
not penetrate the ionized sheath surrounding the re-
entry vehicle, and hence are unsuitable for establish-
ment of telemetry or communications. This is particu-
larly disconcerting in present day telemetry and com-
munication practice, due to the extremely heavy equip-
ment investment in the VHF-UHF range. In view of 

this, the importance of devising means of transmittal 
through the hypersonically-generated plasma of VHF-
UHF radio waves is easily appreciated. 

Alternate approaches utilizing microwave frequencies 

100 KMC 

10KMC 

1 KMC 

0.2 KMC 

MACH NUMBER 

0 12 14 16 18 2 

_ 
_ 
_ 
_ 

EO 

ELECTRON 

DMENA SIF VUS PLAS ENCY/ 

1010 14 10 12 lo 

ELECTRON DENSITY (ELECTRONS/CM 3) 

Fig. 5—Plasma frequency as a function of 
electron density and Mach number. 

O 

t6 
10 



708 

on the one hand or very low radio frequencies on the 
other, though offering some solutions to the propaga-
tion problem, introduce their own peculiar complica-
tions. These will be discussed below. 

Exact Formulations 

The task of devising, analyzing, and evaluating the 
exact mechanisms of electromagnetic wave and plasma 
interaction at the lower radio frequencies is extremely 
difficult due to the complicated nature of the plasma 
itself, the proximity of vehicle antennas to the plasma, 

and the difficulty of reasonably expressing the interac-
tions and relations existing between the two. The dimen-
sions of the shock front and of the various layers consti-
tuting the ionic sheath are not constant, but vary with 
vehicle velocity and environmental conditions—and 
consequently with temperature and density. The com-
position of these regions varies also in space and time, 
thus making untenable the convenient concepts of ho-
mogeneity, isotropy, and constancy so effectively used 

in common wave propagation analyses. Because the an-
tenna is either embedded, in contact with, or very close 
to the plasma sheath, the effect on the near field radia-
tion components is substantial. As a result the input im-
pedance characteristics are different from the free-
space radiation case. Furthermore, since the plasma 
sheath thickness is generally small, or comparable to the 
antenna dimensions, the fields arriving at its outer 
boundary do not constitute a plane wave; thus the con-
ventional coefficients of transition, viz., reflection and 
transmission, do not apply, and the over-all analysis is 
accordingly made more complex. 

Determination of the nature of the plasma itself is 
complicated by the gas behavior at the high tempera-
tures associated with hypersonic velocities. Under these 
conditions, energy is consumed in exciting the transla-
tional, rotational, and vibrational degrees of freedom 
of the gas molecules, the energy levels of atomic elec-
trons are increased, and outer orbital electrons are lib-
erated from their atoms and made available to react 
with incident electromagnetic waves. Also erosion, sput-
tering, and mass ablation from the vehicle surface in-
troduce impurities into the ionic cloud which further 
complicate the description of wave and particle interac-
tion. 

Because of the complexity of these processes, and the 
present lack of knowledge concerning their over-all quali-
tative and quantitative nature, exact analyses and for-
mulations are prohibitively difficult. Some excellent 
work has been started in this regard [24], [27], [28], 

but much of it deals only with specific (and sometimes 
isolated) aspects of the over-all problem. The truly 
comprehensive approach must take into account the 

specific nature and behavior of the medium in all of its 
varied interactions with electromagnetic waves. Since 
much of this knowledge cannot be adequately arrived 
at on purely theoretical grounds, recourse must be had 
to experimental processes such as those described by 
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Hertzberg [11] and Yoler [29]. In this manner, the 
validity or falsity of certain assumptions employed in 

the theory can be ascertained with resulting mutual 
benefit to both disciplines. It is expected that this 
would be an iterative process resulting in specific 
mathematical models which are continually readjusted, 
appraised, and formulated in the light of confirming and 
guiding experimentation. When the theoretical formula-

tions have progressed to the point where the potential-
ities of laboratory experimentation are exhausted, the 
process would then be advanced to actual flight testing 
in vehicles which are even now in the design and ad-

vanced development stage [30], [31]. It is emphasized 
that in attacking a problem of this complexity, isolated 

approaches on specific phases, be they experimental or 
theoretical, are insufficient to produce the break-

through that is demanded. This can be realized only by 
a unified and integrated concentration of many disci-
plines brought to bear simultaneously upon the com-
mon objective. 

NEW APPROACHES FOR ACHIEVING TRANSMISSION OF 
UHF-VHF SIGNALS THROUGH HYPERSONICALLY 

GENERATED PLASMAS 

It has been stated earlier that transmission of RF 
signals through the hypersonically generated plasma 
can be effected by utilizing extremely high frequencies 
such as microwaves (and even optical frequencies) 
[32] or, on the other hand, by using low radio frequen-
cies such as VLF. The attenuation and phase shift 
curves of Figs. 3 and 4 and the discussions accompany-
ing them indicate the advantages of using frequencies 
at either end of the RF band. Let us now look at these 
viewpoints more closely. Consider first the utilization 
of microwave or higher frequencies. First, it is evident 
that since most of the telemetry, guidance, and com-

munication equipment presently in use is designed 
mainly for the VHF-UHF band, an extensive invest-
ment in equipment and technique development would 
be required before these higher frequencies could be ef-
fectively employed for the extensive uses mentioned 
above. Secondly, interaction of microwaves with the 
dipole moments of the particles formed in the hyper-
sonically generated plasma are to be expected under 
certain conditions. Atmospheric attenuation processes 
are also present which superimpose on the usual inverse 
square range dependence an exponential decrease of 
wave intensity with distance from the source [33]. In 
view of these characteristics, the advantages of micro-
waves over lower frequencies are few for the applica-
tions considered here. 

Now consider the VLF range. Again, since most of 
the present-day telemetry and airborne communication 
equipment is not in this band, the major drawback of 
extensive equipment development in the VLF range is 

present. Design of such equipment for airborne use is 
fraught with many problems because of the long wave-
lengths and correspondingly large size of the associated 
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components which are required. As a result, heavy 
penalties are to be paid in terms of weight, size, and 
power consumption if VLF equipment is considered for 
airborne application. Further, since the ionosphere is 
essentially reflective to VLF waves, propagation prob-
lems are to be expected if portions of the vehicle flight 
profile lie within the various ionospheric layers of the 
earth [341. Thus, as a greater !lumber of details con-
cerning the nature and equipment of VLF, microwave, 
and optical frequencies are considered, the more evident 
becomes their unsuitability for solving (except perhaps 
as a last resort) the problem at hand. 

In view of this, the desirability of propagating telem-
etry, gui(lance, and communication signals within the 
established VHF-UHF bands is evident. Since, how-

ever, the plasma is essentially opaque to these fre-
quencies, it becomes necessary to devise new ap-
proaches whereby the transmissivity of the plasma may 
be increased for signals in these ban(ls. It appears that 
most such approaches can be grouped into two cate-
gories: 1) those which depend upon removal of the ionic 
sheath or in some way altering its deleterious influence 
on RF waves, and 2) those which seek to advanta-
geously utilize the presence of the sheath by introducing 
modifications which will permit the sheath to actually 
enhance RF propagation. The former are conveniently 
referred to as recombination and cooling techniques; 

the latter as electric and magnetic interaction methods. 
These will now be considered in the above-named order. 

Recombination and Cooling Techniques 

The techniques of this first category seek to remove 
the electron influence on electromagnetic fields by re-
moving the electrons themselves through such processes 
as diffusion, chemical interaction, and application of 
static electric and magnetic fields to the ionized regions. 
Two such suggested approaches depend on local cooling 
of the vehicle and chemical neutralization of the plasma 
[35], [36]. These methods are of interest not only to the 
electrical engineer concerned with propagation of RF 
signals through the sheath, but also to the aerodynami-
cist concerned with the heat absorption problem of the 
re-entrant vehicle. The referenced local cooling methods 
are based on separation of the laminar air flow over a 
hypersonic vehicle. This is induced by means of a 
"spike" in the vehicle's nose and "razor blade" exten-
sions of all leading edge surfaces. The resulting de-
tached air flow [37] lowers the equilibrium temperatures 
of the vehicle surfaces, and injection of a gas into the 
resulting separation space can theoretically reduce the 
heat transfer to the body. Such a technique serves to de-
crease the electrical conductivity of the ionic sheath 
(and therefore increases the transmissivity of radio 
waves) by eliminating the contamination products of 
ablation and vehicle surface sputtering. The problem of 
the dense electron concentration within the plasma it-
self still remains, however. 

Cooling of the region surrounding a hypersonic body 
may be effected by specific endothermic chemical reac-
tions such as, for example, the formation of acetylene 
and monatomic hydrogen from diatomic hydrogen with 
a total heat absorption of approximately 100 calories 
per gram molecule [36]. The problem here lies in the de-
velopment of stable compounds which are highly endo-
thermic in order to reduce the quantity of chemicals 
which must be transported in the vehicle and circulated 
over its surfaces. A related process for decreasing ion 
concentration within the plasma depends upon the 
mechanism of diffusion, i.e., the movement of ions solely 
on the basis of their thermal motion. The comparative 
thinness of the boundary layer surrounding a hyper-
sonic vehicle, and the large temperature differences ex-
isting on either side of it, indicate the presence of large 
thermal gradients within that layer. These thermal 
differences are instrumental in attracting atoms of the 
hot gases of the shock layer to the surface of the vehicle 
where they can recombine to give up their heat of disso-
ciation. Increase of this thermal gradient by cooling of 
the vehicle surface can conceivably result in larger 
scale diffusion processes and consequently greater de-
grees of deionization. It is in this respect that the dis-
sociation mechanism is related to the above-mentioned 
cooling processes. 

Suggestions dealing with chemical alteration of the 
plasma seek to inject substances into the plasma which 
have an affinity for electrons. Thus the deleterious in-
teractions of the electrons with RF waves are removed 
by attaching the electrons to heavier ions which are less 
mobile than electrons and therefore less capable of in-
teracting with the passing waves. Presumably, such 
substances would be those whose outer atomic shells are 
short of completion by one or two electrons and would 
therefore readily accept free electrons. Thus, the outer, 
or L, shell of fluorine is composed of seven electrons— 
just one short of the full complement of eight allowable 
L electrons. Presumably, then, fluorine would be a good 
acceptor of electrons. Similarly, oxygen, which lacks 
two electrons in its outer shell, would also be a good ac-
ceptor. There evidently exists a wide variety of sub-
stances which are well-suited to act as electron ac-
ceptors. It remains to determine the nature of their 
interactions at the high temperatures involved in a 
hypersonically generated plasma and the nature of the 
ions and compounds which are formed in these interac-
tions. The accomplishment of this must depend in great 
part on experimental measurements in high tempera-
ture facilities such as shock tubes and plasma torches. 

In a similar vein, related suggestions have been put 
forth concerning use of artificially generated magnetic 
fields upon the plasma in order to decrease RF attenua-
tion and generally improve wave transmission through 
ionized regions. The prevalent mechanism here has 
been mentioned in the previous section. It was stated 
there that at frequencies much lower than the gyromag-
netic frequency, applied magnetic fields will act to de-
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crease the electron vibrational velocity far below the 
value with which it would oscillate in the absence of the 
fields. This is manifested as a decrease in effective plasma 
conductivity and, consequently, a decrease in the wave 
attenuation properties of the medium. From (4) gyro-
magnetic frequency may be expressed as J1=3.52 X104 

H, where H represents the applied magnetic field in 
ampere turns per meter. Assume that a field of 500 gauss 
could be generated through a particular region of the 
plasma. In this case, f5 is approximately equal to 1400 
mc. Radio frequencies in the VHF communication and 
telemetry band lie well below this value. Thus, such fre-
quencies are capable of decreasing the plasma conduc-
tivity as mentioned earlier and are potentially capable 
of creating a transmission window through the hyper-
sonically generated plasma. It is recognized that genera-
tion of large magnitude magnetic fields in an airborne 
vehicle and through an associated plasma of even mod-
erate physical dimensions is extraordinarily difficult; 
hence if such a technique is not to remain merely an 
academic curiosity a great deal of effort must be de-
voted toward practical means of establishing and main-
taining such a field. 

Electric and Magnetic Interaction 

Among the methods of this second category which 
seek to utilize the plasma sheath for enhancement of 
RF transmission, two stand out as offering some prom-
ise [38]. These describe conditions which influence the 
transmission of electromagnetic radiation through ion-
ized regions. The first of these, based on the magneto-
ionic theory [15], [39], is concerned with parameters 
which either permit or restrict transmission. The sec-
ond, which has its foundation in the electromagnetoionic 
theory [40], postulates actual wave amplification dur-
ing propagation through ionized regions when certain 
conditions are fulfilled. 

Consider first the magnetoionic postulates. The 
propagation of a plane electromagnetic wave in a ho-
mogenous ionized gas depends on the electron density 
N, the mean frequency y of collision of an electron with 
a molecule or ion, the electromagnetic wave frequency f, 
the steady magnetic field H, and the angle between 11 
and the direction of propagation. The magnetic field 
can be expressed in terms of the gyromagnetic frequency 

of a free electron; electron density is commonly ex-
pressed in terms of the plasma frequency f„. In describ-
ing the phenomena of interest, it is common to utilize 
three parameters which are expressed as follows: 

= (f„/f)2 which is proportional to X, 

y = fh/f which is proportional to H, 

z = v/27rf which is proportional to P. 

In the absence of magnetic fields, and for small elec-
tron collision frequency, the refractive index of the 
medium may be expressed as 

This is recognized as (1). Normal propagation exists 
when x is less than unity. When x=1, the refractive in-
dex becomes zero, which indicates a condition of com-
plete wave reflection; for x > 1, the refractive index be-
comes imaginary. Physically, this is indicative of ex-
treme attenuation of the wave within the medium, a 
condition analogous to the phenomenon of attenuation 
in a waveguide beyond cutoff. For x<1, propagation 

within the medium is permissible, subject to attenuation 
due to collision of excited electrons with ions. This at-
tenuation is a=px/nc where c is the velocity of light. As 

x is increased from its less than unity value, which is 
caused by increasing the number of electrons in the 
region, y increases and n decreases; thus the refractive 
index rapidly approaches zero. When a steady mag-

netic field is superimposed upon the ionized region, the 
electromagnetic ray traversing the region divides into 
two modes, the so-called ordinary and extraordinary 
rays. ( Piddington [42] has shown that the magnetoionic 
medium is really quadruply refracting and not merely 

doubly refracting. This conclusion is reached when 
heavy-ion motions are taken into account in the analy-

sis—a fact which we find unnecessary to consider in this 
paper.) Depending upon the magnitude and orientation 
of the magnetic field, the emerging waves are elliptically, 
circularly, or linearly polarized. In considering the pas-
sage of electromagnetic radiation through the ionized 
region, superposition of a static magnetic field of vary-
ing intensity throughout the region can lead to condi-
tions conducive to escape of the wave [26]. Fig. 6 shows 
a plot of x (proportional to electron density) vs y (pro-
portional to steady magnetic field). The points A, B, 
and C represent the values of x and y at corresponding 
points in the ionized region. All electromagnetic wave 
passing out of the plasma is represented by the ABC 
path approaching the origin of the xy-coordinate sys-
tem. When the wave emerges from the plasma, the point 
0 of Fig. 6 is reached. Thus, if x and y (i.e., electron 
density and magnetic field intensity) call be made to de-
crease in proper magnitude as the wave emerges to the 
edge of the ionized region, then escape of the wave is 
possible. Curves II and III denote other possible modes 
of electron and magnetic field decay. 

Fig. 6—Representative modes of decay of electron density and mag-
netic field (after Pawsey and Bracewell). x « electron density; 
y oc magnetic field intensity. 
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A further analysis of these magnetoionic mechanisms 
indicates that definite pass and stop regions exist in a 
plasma which has a magnetic field superimposed on it. 
These regions are separated by surfaces expressible as 
zeros or infinities of the refractive index. Zeros occur at 
x = 1 +y for longitudinal propagation (direction of wave 
travel parallel to magnetic field) and for x=1 and x=1 
+y for transverse propagation (direction of wave travel 
perpendicular to magnetic field). Infinities occur for 

= 
1 — xcos20 

where 0 denotes the angle between magnetic field and 
direction of wave propagation. 
The zeros and infinities for the longitudinal case are 

depicted in Fig. 7 for the ordinary and extraordinary 
rays; the corresponding stop and pass regions are 
shown in Fig. 8(a) and 8(b). It is seen that the introduc-
tion of a suitable magnetic field, combined with a con-
trolled electron density, permits propagation of waves 
in certain regions of high electron density which, with-
out magnetic fields, would be stop regions. 

It is important to note, however, that the magneto-
ionic theory is strictly applicable to radio astronomy 
phenomena. Thus, it is predicated upon conditions 
involving shallow gradients of electron density and mag-
netic field. It is doubtful that the electron distribution 
in hypersonically generated plasmas conforms to this 
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Fig. 7—Zeroes and infinities of refractive index for the magneto-ionic 
modes (after Pawsev and Bracewell). x oc electron density; 
y oc magnetic field intensity. 

1 2 X 

(á) (b) 

Fig. 8—Stop (shaded) and pass regions for the magneto-ionic modes 
(after Pawsey and Bracewell). (a) Ordinary ray. (b) Extraordi-
nary ray. x oc electron density; y oc magnetic field intensity. 

requirement, although it is conceivable that some suit-
able alteration in electron distribution could be effected. 
If this can be accomplished together with generation of 
suitable magnetic fields, it is probable that the magneto-
ionic approach may offer some promise in solving the re-
entry telemetry and communication problem. 

Consider now the electromagnetoionic theory which 
postulates electromagnetic wave amplification during 
propagation through ionized regions when certain con-
ditions are fulfilled. This theory is a generalized descrip-
tion of the behavior of plane waves in an ionized medium 
pervaded by static magnetic and electric fields; as a 
limiting case it includes the well-known magnetoionic 
theory, and its application is subject to the same re-
strictions governing the magnetoionic theory. It is de-

veloped from the following laws of physics: 

1) Maxwell's laws of the electromagnetic field. 
2) Conservation of electrons and positive ions. 
3) Maxwell's laws of the transfer of momentum in 

mixtures of different kinds of particles which are 
subject to fields of force. 

These laws can be expressed completely by a set of 
six equations relating electric and magnetic fields, scalar 
and vector potentials, electron drift velocity, and in-

duced perturbation effects. These are reducible to a set 
of three simultaneous equations whose solution yields 
the equation of dispersion; from this equation, the vary-
ing electric and magnetic field vectors are derived. 
When the dispersion equation is plotted as a function 

of wave frequency co, the resulting curve is found to cut 
the co axis at specific points which define the limits of 
frequency bands within which the refractive index of 
the medium is purely imaginary. In accordance with 
magnetoionic theory, these are regions of extreme wave 
attenuation—essentially stop regions for electromag-
netic propagation. Pursuing the matter further, Bailey 
[40] has shown that when an electron drift velocity ex-
ists, the corresponding curve has some branches similar 
to the ones considered above, but distorted in a skew 
manner so that they become unsymmetrical about the 
co axis. As a result, bands are formed in which the refrac-
tive index is not purely imaginary, but a complex num-
ber. This indicates that the effect of electron drift cre-
ates wave amplification in frequency bands in which 

otherwise waves cannot be propagated. A further impli-
cation of the theory is that no wave amplification is 
possible when the wave is propagated transversely to 
both the drift velocity and the applied steady magnetic 
field. However, when the electron drift and magnetic 
field have a common direction, wave amplification is in-
creasingly favored by orientation of the direction of 
propagation toward this common direction. 
Once again it must be emphasized that the tenets of 

this theory, like those of the magnetoionic theory, are 
based upon radio astronomy phenomena. Hence, prior 
to their application to problems of electromagnetic 
transmission through hypersonically-generated plasmas, 
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it is essential to determine the relative magnitude of the 
effects involved and the scaling relations which may 
need to be employed in order to achieve workable rela-
tions among the various phenomena involved. Thus it is 
false to assume that these theories can be applied in 
blanket fashion to the electromagnetic propagation 
problems outlined in this paper. What is implied, how-
ever, is that these theories appear capable of providing 
the essential analogous elements whereby adjustments 
and alteration of the physical conditions imposed by 
plasmas and waves can be effected to produce construc-
tive rather than destructive interference in their mutual 
interaction. 

DISCUSSION 

Application of the classical ionospheric treatments of 
electron-ion-radio wave interactions to the plasma-radio 
wave interference problem can yield only limited work-
able results. This is attributable to the fact that the 
plasma is more complex than the ionosphere, sharply 
varying, and composed of small regions with relatively 
sharp boundaries. The theoretical treatment which is 
required to adequately describe the phenomena involved 
is extremely complicated, and probably cannot be ac-
complished without the aid of associated laboratory 
and free flight experimentation. 

Although many of the difficulties associated with RF 
transmission through plasmas can be removed by use of 
very low or very high (microwave) radio frequencies, 
this recourse leads into economic problems due to the 
heavy equipment investment in the VHF-UHF telem-
etry and communication bands. Further, the high fre-
quencies in the microwave region are susceptible to 
their own peculiar interactions with the molecules of 
the plasma and with the atmosphere itself. The very 
low frequencies, on the other hand, extract heavy pen-
alties in terms of size and weight of the components 
which constitute the equipment, and present the added 
disadvantage of ionospheric reflection—a serious draw-
back when the re-entry vehicle is above or within the 
various layers of the ionosphere. This leads to the con-
clusion that intensive effort should be devoted to estab-
lishing means of transmitting VHF-UHF signals 
through the hypersonically-generated plasma sheath, 
and that microwaves or very low frequencies should be 
employed only as a last resort. 

Suggested techniques for propagating VHF-1511F sig-
nals through the plasma depend upon recombination 
processes (to remove the plasma electrons and their 
deleterious influence) or imposition of auxiliary electric 
and magnetic fields on the electrons and ions (to induce 
passage and/or amplification of the passing RF wave). 
Some theoretical difficulties are to be anticipated in ap-
plying the latter approach to the present problem be-
cause it has its roots in radio astronomy phenomena 
where the magnitude of the magnetic fields, electron 
drifts, and ion distributions differ from those of the 

hypersonically generated plasma. However, it is possible 
that judicious alteration of some of the plasma param-
eters, together with suitable adjustment of associated 
boundary conditions, can introduce sufficient degrees of 
similarity to permit application of the electromagneto-
ionic concepts. 
Some experimental difficulties are to be anticipated in 

application of both the recombination approach and the 
electromagnetoionic approaches because of the magni-
tude of the auxiliary electric and magnetic fields which 
must be employed in order to bring about the desired 
interactions. However, these are not insurmountable, 
and proper alteration of assorted plasma parameters 
may serve to diminish the severity of the imposed field 
requirements. 

AC KNOWLEDGM ENT 

The author is indebted to C. Honeywell and 
J. Yashon for formulation of some of the initial concepts 
outlined in this paper; to A. Bauer for his assistance in 
outlining portions of the over-all wave-plasma interac-
tion problem; and to D. DeVale and H. E. Moore for 
compiling and plotting the various equations expressing 
plasma and wave characteristics. Indebtedness is also 
expressed to N. Draganjac and V. Reese of the Wright 
Air Development Center for permission to utilize back-
ground material pertaining to Contract AF 33 (616)-
6464 with the Admiral Corporation. 

BIBLIOGRAPHY 

[1 ] H. V. Hawkins, "Techniques for space vehicle recovery," Astro-
nautics, vol. 4, pp. 23-25; June, 1959. 

[2] M. Caidin, "The first space ship," Astronautics, vol. 3, pp. 35-37, 
75-77; July, 1958. 

[31 K. M. Fuechsel, " High-speed gliding vehicles," Astronautics, 
vol. 3, pp. 34, 35, 72, 73; August, 1958. 

[4] E. M. Karr, " Dvita Soar: first maneuverable spacecraft," Mis-
siles and Rockets, vol. 5, pp. 30-31; May 4, 1959. 

151 R. B. Hotz, ed., " Mercury capsule design," Aviation Week, vol. 
71, pp. 52-59; September -21, 1959. 

[61 S. H. Maslen and W. E. Moeckel, " Inviscid hypersonic flow past 
blunt bodies," J. Aero. Science, vol. 24, pp. 683-693; September, 
1957. 

[71 M. Rogers, "Aerothermoelasticity," Aero/Space Engrg., pp. 34-
43; October, 1958. 

[8] M. F. Romig, "Conical Flow Parameters for Air in Dissociation 
Equilibirum: Final Results," Convair Div., General Dynamics 
Corp., San Diego, Calif., Note 14; January, 1958. 

191 J. Farber, " Missile aerophysics," Proc. G. E. Tech. Forum, April 
3, 1956. 

[101 J. M. Kendall, Jr., "An experimental investigation of leading-
edge shock-wave-boundary-layer interaction at Mach 5.8," J. 
Ar:ro. Science, vol. 24, pp. 47-56; January, 1957. 

III] A. Hertzberg, "The application of the shock tube to the study of 
the problems of hypersonic flight," Jet Propulsion, vol. 26, pp. 
549-568; July, 1956. 

[121 W. G. Baker and C. W. Rice, " Refraction of short radio waves in 
the upper atmosphere," Trans. AIEE, vol. 45, pp. 302-333; 
February, 1926. 

[131 D. R. Hartree, "The propagation of electromagnetic waves in a 
refracting medium in a magnetic field," Proc. Cambridge Phil. 
Soc., vol. 27, pp. 143-162; 1930-1931. 

[141 H. A. Lorentz, "Theory of Electrons," Teubner, Leipzig, Ger.; 
1909. 

[15] E. V. Appleton, "Wireless studies of the ionosphere," J. IEE, 
vol. 71, pp. 642-650; October, 1932. 

[161 E. Everhart and S. C. Brown, "The admittance of high fre-
quency gas discharges," Phys. Rev., vol. 76, pp. 839-842; Sep-
tember 15, 1959. 



1960 Ellis and Walter: An Analog and Digital Airborne Data A cquisition System 713 

[17] W. H. Eccles, "On the diurnal variations of the electric waves oc-
curring in nature, and of the propagation of electric waves round 
the bend of the earth," Proc. Roy. Soc. (London), vol. 87, pp. 79-
99; August 13, 1912. 

[18] H. Margenau, "Conduction and dispersion of ionized gases at 
high frequencies," Phys. Rev., vol. 69, pp. 508-513; May 1 and 
15, 1946. 

[19] J. H. Cahn, " Electron velocity distribution in high frequency 
alternating fields," Phys. Rev., vol. 75, pp. 838-841; March 1, 
1959. 

[20] J. Larmor, "Why wireless electric rays can bend round the 
earth," Phil. Mag., vol. 48, pp. 1025-1036; December, 1924. 

[21] R. W. Crompton, L. G. H. Huxley, and D. J. Sutton, " Experi-
mental studies of the motions of slow electrons in air with ap-
plications to the ionosphere," Proc. Roy. Soc. (London) A, vol. 
218, pp. 507-519; July 23, 1953. 

[221 C. G. Little, W. M. Rayton, and R. B. Rani, " Review of iono-
spheric effects at VHF and UHF," PROC. IRE, vol. 44, pp. 992-
1018; August, 1956. 

[23] D. DeVale, A. Bauer, H. E. Moore, and J. Currier, " Hypersonic 
Vehicle Communications Experimentation," Admiral Corp., 
Chicago, Ill., Internal Rept. 809165; September, 1959. 

[24] W. B. Sisco and J. M. Fiskin, "Shockwave ionization and its 
effect on space communications," Record Natl. Symp. on Ex-
tended Range and Space Communications, Washington, D. C., 
pp. 32-36; October 6-7, 1958. 

[25] H. W. Nichols and J. C. Schelling, " Propagation of electric 
waves over the earth," Bell Sys. Tech. J., vol. 4, pp. 215-234; 
April, 1925. 

[26] J. L. Pawsey and R. N. Bracewell, " Radio Astronomy," Oxford 
University Press, New York, N. Y., ch. III; 1955. 

[27] A. S. Bauer, " Research and development of boost-glide vehicle 
communication antenna system techniques," Admiral Corp., 
Chicago, Ill., Quart. Prog. Rept. on Contract AF 33(616)-6464 
(classified) ; August, 1959. 

[28] W. C. Taylor, "Analysis and prediction of radio signal inter-
ference effects due to ionized layer around a re-entry vehicle," 
Record Natl. Symp. on Space Electronics and Telemetry, San Fran-
cisco, Calif., sec. 3.2, pp. 1-20; September 28-30, 1959. 

[29] Y. A. Yoler, " Hypersonic experimentation," Proc. G.E. Tech. 
Forum, April 3, 1956. 

[30] R. B. Hotz, ed., "Vought displays project Scout model," Aviation 
Week, vol. 71, p. 29; August 3, 1959. 

[31] R. B. Hotz, ed., "Chance-Vought assembles Scout space re-
search vehicle for NASA firing," Aviation Week, vol. 71, pp. 
64-67; September 7, 1959. 

[32] E. Langberg, "Optical communication during hypersonic re-
entry," IRE TRANS. ON COMMUNICATIONS SYSTEMS, vol. CS-7, 
pp. 68-70; June, 1959. 

[33] L. N. Ridenour, ed., " Radar System Engineering," McGraw-
Hill Book Co., Inc., New York, N. Y., pp. 58-62; 1947. 

[34] F. E. Terman, " Radio Engineers' Handbook," McGraw-Hill 
Book Co., Inc., New York, N. Y., 1st ed., p. 733; 1943. 

[35] J. S. Butz, Jr., " Hypersonic aircraft," Aviation Week, vol. 70, pp. 
156-169; June 22, 1959. 

[36] K. R. Stehling, " Re-entry cooling," Space/Aeronautics, vol. 32, 
pp. 43-45; September, 1959. 

[37] L. F. Crabtree, " Effects of leading-edge separation on thin wings 
in two-dimensional incompressible flow," J. Aero. Science, vol. 
24, pp. 597-604; August, 1957. 

[38] J. Yashon and E. Dirsa, " Hypersonic Vehicle Communications," 
Admiral Corp., Chicago, Ill., Rept. U10-8; September, 1958. 

[39] K. C. Westfold, "The interpretation of the magneto-ionic 
theory," J. Atmos. and Terrest. Phys., vol. 1, pp. 152-186; 
1951. 

[40] V. A. Bailey, "The growth of circularly polarized waves in the 
sun's atmosphere and their escape into space," Phys. Rev., vol. 
78, pp. 428-443; May 15, 1950. 

[41] J. H. Piddington, "The four possible waves in a magneto-ionic 
medium," Phil. Mag., vol. 46, pp. 1037-1050; October, 1955. 

An Analog and Digital Airborne Data 
Acquisition System* 

D. H. ELLISt, MEMBER, IRE, AND J. M . WALTER, jR.t, MEMBER, IRE 

Summary—A highly flexible analog and digital airborne data 
acquisition system has been designed and developed by Radiation, 
Inc., for the General Electric Company Flight Test Facility at Ed-
wards Air Force Base, Calif. 

The acquired data is recorded on one-inch tape. The format may 

be fourteen tracks of analog or seven tracks of analog with sixteen 
tracks of digital data. Ampex AR-200 equipment is used on the analog 
subsystem. Complete analog system reference data are recorded on 
one track. 

The digital system has extreme flexibility. From ten to ninety 
channels may be programmed for individual word rates of from 1.25 
samples per second to 2 X10" samples per second. System word rates 
are 20 kc, 10 kc, 5 kc, and 2.5 kc. The analog-to-digital converter per-
forms up to 2 X104 conversions per second, depending on the selected 
sampling rate of the multiplexer. Time-history and system marker 
data are also recorded. Provision for acceptance of Gray code digital 
input data has been made. The input on any channel may be low-
level ( + 10 mv full scale) or high-level ( + 5 volts full scale). Signal 
conditioning and automatic calibration are provided. Multiplexer 
channel capacity can be extended by the addition of more modules. 
Flexibility of programming is provided with pluggable program 
boards. 

* Manuscript received by the IRE, December 2, 1959. 
t Radiation, Inc., Melbourne, Fla. 

The system is designed using all transistorized components and 
is constructed to withstand vehicular environmental extremes. De-
tailed descriptions of the low-level gate circuit, programming, ac-
cumulating, and coding techniques are made. 

INTRODUCTION 

THE introduction of digital techniques to the field 
of flight testing has offered possibilities of in-

  creased flexibility, capacity and accuracy to the 
flight test engineer. The initial development of the first 
airborne pulse code modulation (PCM) telemetry was 
initiated with the development of the ART- 14 for 
WADC in 1954. Since then, the evaluation of solid state 
component development and circuit design has led to 
highly reliable, small, and light-weight data gathering 
systems. The ruggedness and stability of a system of this 
type has been proven by the success of the PCM tel-
emeter in use on the rocket sleds at Holloman Air 
Force Base, New Mexico. The advantages of digital 
data handling are gained when transmitting over a telem-
etry link or recording in the vehicle. The accuracy of 
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the digital data is easily maintained with the application 
of either media. 

This paper is an attempt to show the unique circuits, 
logic, and packaging techniques employed by Radia-
tion, Inc., Melbourne, Fla., to meet the in-flight data 
acquisition system requirements outlined by B. E. 
Applegate.' The system was designed by the General 
Electric Jet Engine Flight Test Facility at Edwards Air 
Force Base, Calif. Results of design and development 
for the digital subsystem are described in the areas 
of analog signal conditioning and calibration, time-
division low- and high-level multiplexing, programming 
of the electronic multiplexer gates, high resolution 
amplification, coding, data handling, and recording. The 
use of magnetic tape for analog and digital data correla-
tion is made possible by the development of a unique 
digital head by Ampex Corp., Redwood City, Calif. 
The analog subsystem is primarily a result of develop-
ment by Ampex and is described in detail by E. P. 
Brandeis and M. E. Harrison.' 

SYSTEM DESCRIPTION 

The over-all data acquisition system consists of both 
analog and digital subsystems. Fig. 1 indicates the 
major blocks that are required to form the complete 
system. Subsystem A (Analog) is above the dotted 
dividing line and subsystem D (Digital) is composed of 
those blocks below the line. Since the components of the 
analog subsystem (subsystem A) are adequately de-
scribed in a previous technical paper,' no details of the 
components will be furnished except where required for 

B. E. Applegate, "A Unique Digital Analog Data Acquisition 
and Processing System for Flight Testing," presented at the National 
Symposium of Telemetering, Miami, Fla.; September 23, 1958. 

2 E. P. Brandeis and M. E. Harrison, "Some New Techniques in 
Airborne Data Acquisition," presented at the National Symposium 
on Space Electronics and Telemetering, San Francisco, Calif.; Sep-
tember 29, 1959. 
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a clear understanding of the over-all system operation. 
Each component of the digital subsystem (subsystem 
D) will be described in varying detail, the extent of 
which will depend on the uniqueness of circuit design, 
logic, or packaging techniques conceived in the devel-

opment of that component. the following are the major 
specifications of the digital subsystem: 

1) Electrical Specifications 

Over-all System Accuracy  

Input Signal Levels  
Word Rates  
Sampling Rate Range   

Programming  

2) Environmental 

Temperature  
Altitude  
Vibration  

Shock  
Power  

+0.2 per cent referred to full 
scale input 

+10 my, +5 volts 
20 kc, 10 kc, 5 kc, 2.5 kc 
2 X103 to 1.25 samples per 
second 

Variable 

Specifications 

—55°C to + 71°C 
100,000 feet 
5 to 50 cps @0.060 inch (DA) 
50 to 500 cps @0.010 inch 
(DA), lOg maximum 
lOg in all directions 
400 cps ± 20 per cent 
—115 volts ± 20 per cent 

The primary considerations in the design of the signal 
conditioning and calibration circuits were flexibility, 
simplicity and reliability. No active components are 
used since only attenuation of input signals is required. 
Flexibility is obtained by an arrangement of terminals 
on a card which allows the interconnection of points 
within the circuits. The configuration of the wiring may 
be tailored to accept one of the three basic types of 
measuring devices: 1) bridge type transducer, 2) ther-
mocouple, and 3) potentiometer. Adjustment of re-
sistor values may be made, if necessary, to bring the 
signal within the measurable range of the system for the 
various signal levels expected from wide variations in 
transducer characteristics and parameter excursions. 
Calibration signals, also variable, are furnished for 
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functional checking of the entire airborne system and 
eventual data correction, if required, by the ground data 
handling system. The calibration signals for the digital 
subsystem channels are derived from the transducer 
drive voltage supply and therefore provide a check on 
that component of the system. Transducer voltages of 
both polarities are provided for calibration of selected 
channels in the negative region for a complete system 
linearity check. Calibration of the analog subsystem 
channels is required for compensation of the ground 
recovery components due to drift in the airborne re-
cording equipment. The FM record channels are cali-
brated at zero and 80 per cent of maximum excursion 
with voltage from the transducer supply. The direct 
record channels are calibrated at only full-scale level. 
The voltage source is a 10.5-kc crystal-controlled oscilla-
tor which is also used for a full-scale calibration tone on 
the reference channel. An 11.7-kc tone is recorded on 
the reference channel to indicate a zero calibration 
period. Signal conditioning for these channels is ac-
complished with circuits identical to those in the 
digital subsystem. 
The transducer voltage source is highly regulated 

and stabilized over the range of ambient temperature 
excursion. A unique feature of the supply is that the 
reference is derived from the coder weighted current 
reference voltage supply. Excursion of the coder ref-
erence tends to be compensated by a related excursion 
of the transducer supply voltage. 
The multiplexing and programming portion of the 

digital subsystem consists of seven modules. Six of these 

1 15 INPUT 
SIGNAL 

CONO 
PAIRS 

modules are multiplexers which contain the gates and 
amplifiers. The seventh module is the programmer. Each 
multiplexer module contains fifteen gates which are 
universal in that they may be used for low- or high-
level gating. Low-level for this system is defined as the 
range + 10 mv. High-level is defined as the range + 5 
volts. The low-level signals are amplified after multi-
plexing. There is one amplifier in each multiplexer 
module which amplifies the + 10-mv signals to the 
high-level + 5-volt level. The multiplexing and program-
ming system was designed with the greatest flexibility 
feasible within the practical hardware size limitations. 

Fig. 2 is a block diagram of one multiplexer module. 
Each low-level gate is queried individually from the 
programmer. Ten digital transducers, such as shaft en-
coders, may be queried by the programmer instead of 
any ten multiplexer gates. One type of gate switches 
either high- or low-level input information. Provision is 
made to route the low-level signals through the am-
plifier and route the high-level signals to bypass the 
amplifier. The amplified low-level signals are again 
multiplexed onto the final multiplexer buss with the 
signals originally high-level, and with similar signals 
from the other five multiplexer modules through a 
standard gate used in this case as a high-level gate. The 
gate is electronic and is composed of silicon transistors. 
The configuration is discussed in some detail later in 
the paper. 

A frame of digital information recorded on the tape 
contains data calibration signals, range time, and 
unique word markers in the positions as shown in Fig. 3. 

CLAMPED 

AMPLIFIER 

PROGRAMMED 

GATING PULSES 

Fig. 2—One multiplexer (of six). Block diagram. 
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Plus 5-volt and minus 5-volt transducer power sup-
plies are provided in the system. The current available 
from each of these power supplies is one ampere and 

regulation is 0.05 per cent. Provision has been made in 
the multiplexers for the signal conditioning described 

above. 
The analog-to-digital conversion unit has evolved 

from many designs for both airborne and ground PCM 
systems. The unit is completely solid-state, packaged 
in a volume of about 400 cubic inches. The coder re-
ceives the multiplexed, amplified, amplitude-modulated 
analog sample of about 41 µsec width. Sample and hold 

circuitry at the input of the coder selects a six-µsec in-
crement near the end of the multiplexed sample, and 
holds the average amplitude of that sample to within 
the tolerance required. The output of the analog-to-
digital converter is a serial eleven-bit binary code lim-
ited to a maximum of 2032 for plus five volts input 
and a minimum of 0016 for minus five volts input. The 
maximum word rate is 20 kc, but slower command rates 

may be selected manually at the programmer. The bit 
rate of the coder is crystal-controlled at 280 kc. 

All data are brought together in the module called the 
accumulator. System data are generated within this 
module. The 30-card module performs a total of eleven 
different functions in one register and peripheral cir-
cuits. The module contains the digital recording am-
plifiers and the time-history generator. Eleven-bit 
serial code is transformed to ten-bit plus sign, or folded 
code. A serial-to-parallel conversion is performed. 
Digital input data are routed into the PCM subsystem 
directly into the accumulator register. Digital input 
data are commonly in Gray code form, so a Gray to 
binary conversion is performed (in the register). Unique 
words are generated within the accumulator. These 
are words that mark frame time position, subframe time 
position, external events, and calibration cycles of sev-
eral seconds. All necessary gating circuits to bring all 

digital data together into one register are provided. 
Parity is generated from serial folded code and from 
parallel- to-serial converted digital words. 

All system control circuits are located in the accumu-
lator. These provide the sequential calibration signals 
and control the time-history generator. The switches 
are located within the programmer module so that all 
access to the system in preflight need be made only at 

the programmer and multiplexer units. 
The digital recording is accomplished by gating in-

formation from the parallel code register into the record 
amplifiers which drive a center-tapped special 16- track 
digital head in a nonreturn-to-zero pattern. The re-
cording of a binary "one" is accomplished by a reversal 
of current flow in the head to give a change of flux 
linking the tape. No current reversal is made at the 
word position if a "zero" is to be recorded. The record 
amplifier is basically a current driving flip-flop con-
figuration driven in a complementing mode by the code 

gating pulse. 

Analog data recording is accomplished in two possi-
ble modes. High-frequency data may be recorded on up 
to thirteen direct record tracks, and low-frequency 
signals may be recorded on up to thirteen tracks of FM 
recording. System data such as servo speed control, 
wow and flutter reference, pilot's voice, and calibration 
tones are recorded on one direct record track. Tones for 
zero and full-scale calibration indications are mixed 
with the other reference signals during the calibration 
cycle, which is determined by the accumulator. The tape 
format is shown in Fig. 4. Fig. 5 shows the analog and 
digital head layout and track numbering. 
The concept of packaging used in this system is 

Radiation, Inc., standard airborne packaging with 
minor modifications.3 The packaging utilizes a card size 
of four and one half inches wide by five and one half 
inches deep. The tray that holds the cards varies in length 
for the various modules depending on the number of 
cards required. Fig. 6 is a standard module of this sys-
tem. It can be seen that all cards, connectors, and con-
trols are accessible from one face of the module. The 
connectors are located on the recessed ledge. The front 
of the box can be removed allowing access to the cards, 
test points, adjustments, and local controls (if any). 

Fig. 7 is a picture of a card. The cards are clamped 
with a mechanism which also bows them slightly for use 
in a vibrational environment. Maintenance can be per-
formed on the cards by the use of extension racks which 
allow a card to be brought forward out of the box, yet 
still plug into the chassis wiring. Test points are avail-
able on the cards which facilitate the determination of 
faulty cards in maintenance. 

Accessory plugs are provided in each module of the 
system for attachment of checkout cart electronics. The 
analog subsystem and the Ampex airborne AR-200 
transport are packaged in Ampex standard airborne 
modules. 

DETAIL DESCRIPTION 

The most significant points of interest from the 
standpoint of unique circuit design and logic arrange-
ment are discussed ill detail in the following sections. 

Low-Level Switch 

The low-level switch or gate used is a development 
outgrowth of the original germanium transistor switch 
reported by Dorsett and Searcy.4 Since this time, the 
improvements made have been those of drive, circuit 

configuration, and the use of now available silicon tran-
sistors. Fig. 8 is a general schematic diagram of the low-
level gate. This gate, without any changes, is also used 
as the high-level gate providing an increase in our sys-
tern flexibility. Both sides of the double-ended input 

3 W. A. Corry, " Printed Circuit Packaging for Environmental 
Extremes," presented at the 1958 National Telemetering Conference, 
Baltimore, Md. 

4 E. A. Dorsett and J. H. Searcy, "Low-level electronic switch," 
1956 IRE NATIONAL CONVENTION RECORD, pt. 5, pp. 57-61. 
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are gated. This is done so that transformers are not re-
quired for coupling into the succeeding circuitry. Com-
mon mode problems necessitate the use of either a trans-
former or switching both sides of the line. Transformers 
which are satisfactory for coupling and yet meet the 
airborne envirornmental requirements are not available. 
The driving circuit is a regenerative transformer coupled 
amplifier; that is, a blocking oscillator which is turned 
off before the transformer saturates. Care is taken to 
maintain the keying signal as a flat-top pulse. This is 
done by zener regulator circuits in the switch driving 
circuitry. 

There are at least five transistors on the market 
presently that can be used as the switching transistors. 
The important parameters are low saturation resistance 
(low enough so that it is not in an appreciable fraction 
of the transducer impedance), low-off leakage current 
(from collector to base) and reasonably low emitter re-
sistance. It has been found that the particular transis-
tors used perform better as a low-level switch if they 
are used in the inverted connection; that is, the driving 
signal is applied across the collector-base diode. Each 
side of the switch contains two transistors. These are 
provided so that keying signal leakage will be effectively 
cancelled out. Further, the arrangement of the two 
transistors "back to back" in each signal line insures that 
a nonconducting gate will not conduct through forward 
biased transistor diodes under certain possible cases of 
voltages applied across the gate terminals. 
Even with the availability of silicon transistors some 

temperature control is still required. However, temper-
ature requirements are not as exacting as they were 
with the germanium switch. Temperature stabilization 
is required to minimize keying signal offset compensa-
tion drift. This drift has been found to be 0.5 Aiv per 
degree Centigrade. It is evident that only temperature 
excursions of more than 20°C would affect the system 
accuracy to the extent of one increment or one bit. 
Controlled heaters regulate the temperature to + 5°C. 
Temperature regulation would not be needed in a con-
trolled environment, or in systems which have a resolu-
tion of 20 or 30µv per bit. 

Programming 

The multiplexer is the programmed type. Program-
mable means that the sampling rate per channel and the 
number of channels can be changed and fitted to match 
a particular application. This type multiplexer permits 
an acquisition system to be highly flexible. However, 
when one begins to think about flexibility and its de-
sirability, the problems and consequences of flexibility 
must also be considered. Flexibility, size, and simplicity 
of operation often are not compatible. When flexibility 
and automatic operation are required, size often be-
comes prohibitive and definitely inconsistent with 
vehicular system requirements. Therefore, a system that 
is optimum, that is, a system that meets all require-
ments in the best possible manner, will result only if 

the amount of flexibility needed is determined and speci-
fied in advance. Often, unwieldy and unusable systems 
are the result of buyer's specifications being too string-
ent and the vendor's reluctance or inability to negotiate 
a suitable system compromise. 
The customer for this system, the General Electric 

Flight Test Facility at Edwards Air Force Base, has 
been quite cooperative in setting up system specifica-
tions and system requirements so that a system could be 
designed that meets operational requirements and yet is 
a reasonable size. For instance, flexibility in program-
ming without any restrictions would require that sam-
pling rates of any number be possible. It is immediately 
obvious that such a system would not be practical. 
General Electric supplied the required sampling rates. 
The total number of programs required to be capable 
of immediate use, and the number of channels and each 
channel's sampling rate within each of these programs 
was specified. The sampling rates required in the various 
programs are always included in the five sampling rates 
that were originally specified. The most extensive pro-
gram that might be required at some future time was 
determined so that the proper amount of hardware 
could be put in the system. The system requires the 
capability for a large number of different programs, the 
ability to change programs in a reasonably short time 
(five minutes) and that a substantial number of pro-
grams be purchased with the original system. To meet 
the requirements stated above, a program system in 
which electronics may be moved from logical position 
to logical position and may be used in a different posi-
tion for each program was developed. The actual pro-
gramming is accomplished by changing the chassis wir-
ing of the programming section of the system permitting 
the system to be relatively inexpensive since the same 
electronics is used on each program. 

Fig. 9 is a block diagram of the programming method 
used. A countdown from the total multiplexer system 
sampling rate to the lowest channel sampling rate is 
provided. In the process of this countdown, care is 
taken that each of the desired sampling rates of the total 
system is available. Matrices are attached to the count-
down circuit. These provide the output " phases" of the 
sampling rates desired. The number of phases available 
at each of these rates is the amount of countdown from 
the preceding sampling rate. The above described cir-
cuitry is common to all programs for the programmer. 
The circuitry now to be described changes for each 

program. Fig. 9 is a block diagram of program X. Fig. 
10 is the block diagram of program Y. The number of 
phases from two adjacent sampling rates are combined 
in an array of "and" gates so that all possible combina-
tions are made. This produces a number of pulses at the 
slowest of two sampling rates, and the number of these 
phases will be the product of the number of the two 
input sampling rate phases. This mechanism is repeated 
from the two fastest sampling rates on to the slowest 
sampling rates. Wherever a particular sampling rate, 
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especially one of the higher sampling rates, is desired, 
it is taken out of the system when generated instead of 
continuing down the pyramid of "and" gates. Com-
parison of the block diagrams of programs X and Y in-
dicates that only rewiring is necessary when changing 
from one program to another. Rewiring has been ac-
complished by providing a wired bracket into which the 
standard cards of the system are plugged. This bracket 
is separate from the ordinary chassis wiring of the 
module and it in turn plugs into the module wiring. 
Therefore, in essence only a portion of the chassis wiring 
is altered in changing from one program to another. 
Output of the program wiring to the main chassis wiring 
determined the position of each input gate or channel 
which is controlled by a particular program pulse. As 
set up, this is not to be changed. However, if necessary, 
the large connector between the program wiring and the 
main chassis wiring could be altered to change the 

channel destination of the programmed sampling rate. 

In fact, the choosing of any ten inputs to be digital in-
stead of analog is accomplished by the rewiring of this 
connector. The rewiring is facilitated by providing a 
connector with taper pin connections. 

> 60 - 5CPS GATING PULSES 

Low-Level Amplifier 

A common amplifier is used for fifteen multiplexed 
channels. Amplification could be done prior to multi-
plexing through the use of conventional dc amplifiers on 
each channel. It is apparent that a prohibitively large 
number of amplifiers would be required. There are basic 
differences between the signal to the conventional dc 
amplifier and the signal to the one required in this sys-
tem. The frequency spectrum of the multiplexed signal 
is much higher than that of the transducer signal, the 
source impedance varies from one channel to the next, 
and the common-mode signal level may vary from 
channel to channel. 

The amplifier shown in Fig. 11 is essentially a direct-
connected transistor differential amplifier utilizing 
periodic clamps for restoration of direct voltage and 

current levels. The six amplifiers are time-shared to 
provide the necessary periodic intervals for clamping 
between sampled data inputs. The input stage consists 
of a pair of base-fed transistors connected as a differen-
tial amplifier. High input impedance and gain stability 
are improved by inserting resistance in the emitters of 
the differential pair, while common-mode rejection is 
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Fig. 11—Clamped amplifier. Block diagram. 

gained by feeding the common-mode signal from the 
common emitter connection to the out-of-phase collec-
tor. The input impedance is 30K ohms when the am-
plifier gain is 500. Noise referred to the input is ten i.‘v 
and the bandwidth is 100 kc. The input stage is tem-
perature regulated within + 5°C over the ambient range 
for stability. 

The balance of the circuit is basically a group of 
double-ended amplifier stages with emitter followers for 
impedance matching forming a feedback amplifier. 
Drift is prevented by the use of voltage and current 
clamps in the direct connected circuit. Gate circuits are 
used to provide the necessary switching functions during 
the clamping periods. With reference to Fig. 11, the 
voltage clamp is accomplished by closing two gates, one 
to short circuit the input (CM1), and the other to con-
nect the output voltage to a comparison circuit (CM2). 
If the output is not zero, a negative feedback is applied 
to the collectors of the first stage which drives the out-
put to zero. The voltage at the comparison circuit is 
stored on C2 so that the level is maintained constant 
between clamping intervals. 

Current drift, as well as voltage drift, may occur in a 
direct-connected amplifier. With the multiplexer gates 
nonconducting, the output voltage is switched (CM3) 
into a differential drive circuit and a constant current 
is applied at both input circuits and the value of the 
current to each input is adjusted automatically (Al) to 
cause the output to go to zero. The total value of the 
current is adjusted by comparison (CM4) of the first 
stage output with a known reference in A3. The value 
of the current is maintained between clamping intervals 
by storage of the output level on Cl. 

In addition to the voltage and current clamps, a third 

J' CONT. 

  Io 

restoration process is required. Since the source varies 
as the channels are sampled, common-mode signals will 
change with channels. Common-mode crosstalk results 
due to the requirement for charging distributed capac-
itance in the gating circuilts. The process consists of 
bringing the multiplexer output terminals to a voltage 
more positive (+ 10 v) than the peak of any common-
mode signal with CMS and CM6, thereby charging the 
distributed capacity of the gates through the emitter-
to-base junction, then returning the clamp voltage to 
ground prior to sampling. 

Four distinct amplifier clamping periods are required: 
1) current clamp, 2) voltage clamp, 3) and 4) common-

mode clamp. Programming is arranged so that the four 
clamp periods are available in two sampling periods 
between data samples while a different amplifier is ac-
tivated. 

Analog-to-Digital Converter 

The analog-to-digital converter (coder) used in this 
airborne acquisition system is the Radiation Inc. stand-
ard product designed for use in vehicular environments. 
This airborne coder is fully transistorized, is ruggedized 
sufficiently well to withstand sled environments as well 
as airborne environments, and is composed of silicon 
transistors throughout. Earlier models of the coder have 
been discussed in several papers5,6 in the literature pre-
viously. Its mode of conversion is that which is popu-

6 L. S. McMillian," Development of a high-speed transistorized 
10-bit coder," 1957 W ESCON CONVENTION RECORD, pt. 5, pp. 73-
76. 

R. E. Marquand and W. T. Eddins, "A transistorized PCM 
telemeter for extended environments," 1957 W ESCON CONVENTION 
RECORD, pt. 5, pp. 76-81. 
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larly known as "Half-Split Technique" or as a digital-
to-analog converter with digital feedback. 
The coder contains the conventional Radiation Inc. 

sample and hold circuitry modernized to meet the new 
vehicular requirements. Earlier models or configura-
tions of this sample and hold circuitry have been dis-
cussed in the literature.' The ouput of the coder is in 
the form of a serial code with available word and frame 
sync, since the coder is a basic unit performing enough 
functions for use with an RF link. Provision has been 
made to limit the full scale of the coder to less ( + 1008) 
than that possible with eleven bits (+ 1023). Other 
functions which might be considered to be part of the 
coder, such as the generation of parallel code, parity, 
and folded code ( 10 bit plus sign) are performed in the 
accumulator. 

Fig. 12 is a block diagram of the coder. It can be 
operated in either the free-running (which means con-
tinuous) or commanded mode. The rate at which the 
binary digits are coded is kept constant at 280 kc. It 
takes 43 µsec to code each word. Since this system 
operates at 20 kc, 10 kc, 5 kc, or 2.5 kc, the coder is 
commanded every 50, 100, 200, and 400 µsec respec-
tively. The coding time is fixed at 43 µsec and the re-
maining µsec before the next coding period is dead time. 
The logical decisions to retain or reject the binary 

weighted reference currents while sending in the next 
smaller current are made in sequence. Sequential pulses 
on separate lines are therefore necessary. A feedback 
Gray code counter is used for this application rather 
than the ordinary binary counter. This type of counter 
has the following advantages: 1) there is no delay of for-
ward carry as in the binary counter, and 2) the fastest 
operating flip-flop need run at a rate of only one half 
that of the corresponding flip-flop in a binary counter. 
The electronics necessary for feedback is available with 
either counter since a sorting matrix is necessary to ob-
tain the number of pulse lines desired. A broken ring 
counter was not used because of the amount of electron-
ics required. 
A method of describing the conversion cycle is to 

state that the coder generates a reference analog within 
itself in successively smaller binary steps, these ref-

ference analogs being summed together with the input 
analog current-wise and then successively compared to 
signal ground. The logical operations involved in the 
coder are to generate a binary weighted reference ana-
log, sum it with the input analog, compare it to signal 
ground, reject or retain this first reference analog de-
pendent upon the comparator's decision, and switch 
into the reference analog just determined, another 
binary reference analog of half the magnitude of the 
preceding reference analog. Thus, the coder successively 
tried to match (in opposite polarity) the input analog in 

7 W. T. Eddins, "Sample-and-hold circuits for time correlations 
of analog-voltage information," 1958 WESCON CONVENTION RECORD, 
pt. 5, pp. 21-26. 

binary steps from most significant to least significant 
by retaining some steps and rejecting others. Fig. 13 
is a schematic of the summing network. It is a current 
device and as such contains precision resistors so that 
accurate weighted currents may be summed. The volt-
age from which these currents are generated must be of 
a greater precision and accuracy than the least signif-
icant bit of the number of bits generated in the coder. 
Transistors are used to switch the precision summing 
currents into the current summing network. 
An analog-to-digital converter of the type just de-

scribed (or most types) must contain analog circuitry 
that is more accurate than the number of digits or 
binary increments into which the input analog can be 
quantized. Therefore, an eleven-bit coder or ten-bit plus 
sign, where the eleven bits are binary, implies 2047 
possible quanta against which the input analog is com-
pared. One part in 2000 is equal to 0.05 per cent of full-
scale accuracy. Therefore, the analog circuitry such as 
the reference power supplies and sample hold circuitry 
must be accurate to some greater precision. The analog 
portions of this coder meet these requirements. 

Since the coder must maintain extremely accurate 
analog signals, some temperature control is required. 
Such circuits as the comparator, sample and hold, 
precision reference power supplies, and the most signif-
icant digits of the summing network must be tempera-
ture controlled to some extent. The control required to 
maintain sufficient accuracy is plus or minus five de-
grees Centigrade over the range of ambient temperature 
excursion. Heaters and control circuitry are provided in 
the coder. 

Accumulator 

A block diagram of the accumulator is shown in Fig. 
14. The accumulator unit performs the following func-
tions: 

1) Folding code 
2) Serial-to- parallel conversion 
3) Parity generation 
4) Parallel-to-serial conversion 
5) Unique word generation 
6) Word rate and time history 
7) Digital input gating 
8) Gray-to-binary conversion 
9) Parallel storage 

10) Recording 
11) Calibration control 

Most of the circuitry involved is conventional digital 
type configurations, but it is felt that the arrangement 
of these circuits to perform the listed functions repre-
sents a maximum usage of a minimum number of com-
ponents. 
The logic for folding (transforming an eleven-bit code 

to ten-bit plus sign) the serial code from the coder is an 
inverse exclusive "or" circuit. The simplified Boolean 
expression to be mechanized is A Bd-(A +B) where A 
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Fig. 14—Accumulator. Block diagram. 

and B are the sign and data word, respectively. A mini-
mum of logic elements is used as shown in Fig. 15. The 
purpose of folding code is to give a representation of 
numbers which is easily understandable by the human 
operator. The code zero corresponds to zero signal and 
the code value increases from that point with any 
change in signal and the most significant bit indicates 
the sign. 

Serial-to-parallel conversion is accomplished by "and" 
gating the sequential pulses generated in the analog-to-
digital converter with the folded serial code into the 
parallel storage register. 

Parity generation for the serial code word is accom-
plished by gating the delayed clock from the coder with 
the code to drive the complement input of the parity 
flip-flop (PFF). Since the PFF is preset to a fixed condi-
tion prior to the occurrence of each data word, sampling 
the condition of the PFF at the end of the word allows 
the parity bit to be set to a "one" if the "ones" total 
is even. Parity computation for the digital inputs which 
are introduced into the parallel code register broadside 
is accomplished with a parallel- to-serial conversion and 
"one" counting in the same circuit. The coder output is 
inhibited during this process. 

Unique words are used as markers in the system to 
indicate to the ground data processing that some event 
has taken place. A specific word, above the limited full-
scale code, is recorded on the tape in a unique time slot 
to indicate: 1) beginning of a frame of data, 2) beginning 
of a data cycle, 3) calibration (zero and full scale), and 
4) other events as required by system operation. The 
markers are generated by gating a voltage (indicating a 
"one") into the proper bit of the parallel code register 
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Fig. b--Fold code logic. Block diagram. 

with the proper program timing pulse. 
Digital counting techniques are used to achieve the 

various word rates and the time-history rate of 100 pps. 
Synchronous, stable pulse frequencies are obtained from 
the single crystal-controlled oscillator in the coder. The 
same source is used for the coder bit rate. A selector 
switch at the programmer module is used for selection of 
the various word rates which drive the programmer 
counters and control the coding process. The time-his-
tory is an accumulation of binary counts in two 1000 to 1 
counters. The fine and coarse time words represent a 
maximum accumulation of ten seconds and 10,000 
seconds, respectively. The two time words are gated 
into the parallel storage register with the proper timing 
pulses from the programmer. 

Gating of the inputs from digital shaft encoders is 
accomplished simply by "or" gating the ten-bit parallel 
signals into the parallel storage register. The timing is 
controlled from the programmer digital query driver, 
and any channel time position may be used for digital 
information because of the ability to " patch" timing 
pulses to the encoder drivers. 

Since the most desirable digital shaft encoders gen-
erate the digital data in Gray code, it becomes necessary 
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to convert to binary coding prior to recording. A very 
economical solution was found since sequential coding 
pulses were available in the form of the CSP's from the 
coder. Fig. 16 shows the logic arrangement for the 
conversion process. It is significant to note that no in-
termediate buffer is required, resulting in minimum 
circuitry. 
The remaining function of this component of the 

system is recording, which has already been described 
in detail. 

SYSTEM OPERATION 

Operational flexibility is greatly enhanced by the 
modular construction of the components of the system. 
Flight testing of the smallest aircraft or larger missiles 
to the largest aircraft may be accomplished with ease 
simply by using those portions of the system required; 
that is, a smaller number of multiplexer modules. The 
flexibility of programming allows an operational ver-
satility never before offered in airborne PCM systems. 

If telemetering provisions are required in addition to 
or in place of tape recording, an FM transmitter may be 
connected to the serial output of the coder. A unique 
word for frame synchronization and alternating bit 
preceding each word for word synchronization can be 
provided. The resultant telemetric data conform to the 
standards set forth by the telemetry working group of 
the IRIG. 
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Fig. 16—Gray-to-binary converter. Block diagram. 
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Transistorized Motor Speed Controls for 
Satellite Tape Recorders* 

MERWIN B. PICKOVERt 

Summary—The proposed paper discusses the problems arising 
in the design of an ac transistorized power supply for low power syn-
chronous motors used in satellite recorders. It treats a current design 
for a specific satellite application, presents the design of the over-all 
system, and states alternate methods that can be used. The paper 
also discusses the over-all system parameters which must be con-
sidered in the choice of a hysteresis synchronous motor, the motor's 

operating frequency, and its characteristics. 
Also treated in the paper is a transistorized dc motor control 

used in a Signal Corps tape recorder. It discusses the servo loop used 
to accomplish the control of speed, and the accuracy that may be 
obtained. Diagrams of the exact circuit are presented and analyzed 
so that the reader may apply the technique to his future needs. 

The relative advantages and disadvantages of the dc motor and 
ac synchronous motor in the low-power output range are discussed. 

The system is designed to meet the environment of the satellite 
package. The emphasis is on a system requiring a minimum of power 
consumption and smallest possible size and weight, with no sacri-
fice of reliability or performance. 

INTRODUCTION 

S
I NC E size, weight, efficiency, and reliability are of 
primary importance in satellite circuitry, the 
government and private industry have been seek-

ing a small transistorized speed control in order to main-
tain the speed of small dc and ac motors used for tape 
recorders and other motor applications. 

DISCUSSION 

At the present time the use of ac synchronous motors 
for extremely low power level may become impractical, 
due to the fact that a stable ac power supply and ampli-
fiers are necessary for primary power, and the over-all 
efficiency of the system therefore suffers. 
The inherent starting torque of the small dc motor is 

greater than an equivalent output hysteresis synchro-
nous motor. This and its greater efficiency, are ad-
vantages that must be considered. 
The use of mechanical speed governors to maintain a 

constant speed in the dc motors has been ruled out for 
many applications, due to the inherent vibration prob-
lems. The constant making and breaking of the governor 
contacts cause noise effects which must be suppressed. 

At present four methods of control for small dc 
motors have been exploited. One is to place a dc gen-
erator at the end of the shaft whose output dc is now 
proportional to speed. By comparing this output to a 
reference (Zeller diode), one can design circuitry to ob-
tain the desired speed control. 

* Original manuscript received by the IRE, December 2, 1959. 
t U. S. Army Signal Research and Development Lab., Fort Mon-

mouth, N. J. 

An alternate method is to place another winding in 
the slots of the armature and bring out this ac voltage to 
slip rings. The frequency of the output voltage 
f = np/120 (n = speed in rpm and p= number of poles). 
Since this method requires another set of brushes, it is 
undesirable. 

Still another method utilizes commutation ripple 
frequency which is proportional to speed. This method 
is not too successful at present, but it certainly should 
be explored. 
The fourth method and the one most widely practiced 

is to place an ac generator at the end of the motor shaft 
whose output frequency is proportional to speed. A 
discriminator converts this change in frequency to a 
change in dc voltage, which is then applied to a dc am-
plifier to the motor input, or field winding. 

DC Motor Speed Control 

With the above considerations in mind a package of 
approximately three cubic inches, with a total power 
consumption of less than 100 mw for control purposes, 
was designed. Silicon transistors may be used through-
out as a precaution for high temperature operation 
although the range of temperatures encountered is 
relatively small because of the design of the satellite 
package. The complete wiring diagram is illustrated 
in Fig. I. 

TWIN *T. 

Fig. 1—DC motor supply. 
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Principle of Operation: In order to control the speed 

of the dc motor a block diagram is illustrated in Fig. 2. 
The ac generator is mechanically driven by the dc 

motor. The output of the ac generator is fed into a sens-
ing circuit. The construction of the ac generator is 
described later in the paper. A twin tee is used as the 
reference for frequency. The twin tee contains vitamin 

Q capacitors and one per cent resistors. These com-
ponents were then selected so that the twin tee char-

acteristics produced a minimum null at the desired 
frequency and a minimum drift of the null with tem-
perature variations. Its characteristics are as shown in 

Fig. 3. An emitter follower was then placed across the 
output of the twin tee, in order to transform the rela-
tively high impedance of the twin tee to a lower value. 
The twin tee output is then amplified by two stages of 
RC coupled amplifiers to give a 90° phase shift at the 
desired frequency and with additional gain. The output 
of the RC networks is now compared to the generator 
output, as illustrated by Fig. 4. This discriminator 
whose output has the sensitivity of one volt per 3 cps 

is linear to about + 2 volts dc. 
The dc amplifier maintains the nominal dc voltage 

necessary for operation. The discriminator output adds 

to or substracts from this nominal. 
AC Generator: A problem that arose was the inability 

of permanent magnetic designers to produce a small 
magnet with the desired number of poles which would 
produce a relatively high frequency at a relatively low 
speed. The conclusion reached is that it is impossible to 

construct a magnetizer for this application. 
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In order to overcome this a generator was con-

structed. This generator consists of a rotating magnes-
ium wheel with permanent magnet inserts and a pick-
up coil. 

Permanent magnets: cunife; 
Size of magnets: inch long, -A inch diameter; 
Number of magnets or poles: 14; 
Speed of dc motor or ac generator: 5000 rpm; fre-

quency of output voltage = np/120 = 583 cps; 
Pick-up coil of the generator: 12,000 T #43 HF wire; 
DC resistance: 2000 ohms; 5000 ohms ac impedance; 
Generator air gap: 0.010 ± 0.002; 
Pick-up core material: silicon steel, U. S. Transformer 

#52 or equivalent; 
Size of wheel: j-31 inch 0.D.; 
Frequency of twin tee: 583 cps; 
Determined by:co= 1/RC, w=27f, R=13.3 k, c= 0.02 

ifd, f= 583 cps. 

The value of R is usually chosen so that the twin tee 
does not load down the permanent magnet alternator 
winding, or an emitter follower may be necessary be-

tween the output of the alternator and the twin tee. 
DC Amplifier: This circuit can best be explained by 

a typical example. 

Given 

1) nominal motor voltage 16 vdc, 
2) maximum motor voltage 18 vdc, 
3) minimum motor voltage 14 vdc, 
5) nominal motor current 60 ma, 
5) battery voltage 26 vdc. 

Insert the motor in the circuit between the emitter 
of the p-n-p power transistor and + 26 volts as shown 

in Fig. 1. 
The nominal voltage at the emitter of the p- n-p 

power transistor is approximately + 10 vdc. 

The base of the p-n-p power transistor is approxi-
mately at + 9.5 volts. That is also the potential at the 
collector of Tl. Ti should be biased for 4.0-ma collector 
current. R16 can now be chosen as approximately 3000 
ohms for steady-state conditions. 
The potentiometer across the motor in conjunction 

with the Zener diode in the emitter circuit provides the 
desired dc level so that the output from the discrim-
inator may be applied directly; it also provides a high 

impedance to the discriminator so that its loading effect 
may be neglected. A voltage more proportional to any 
discriminator output voltage, + or —, appears across 
R16 and therefore across the motor. The dc gain for the 

circuit shown is approximately one. 
The Zener diode in the emitter is chosen to maintain a 

constant 14-volt drop and brings the base of Ti to ap-

proximately + 11.5 volts. The potentiometer across the 
motor is set so that its arm is at this exact potential. 
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Therefore, points A' and B' are at the same dc poten-
tial and the detector may be impressed across A and B 
without difficulty. 
The circuit is versatile. If the polarity of the 26 volts 

is reversed, a simple change of equivalent n-p-n trans-
istors to replace the p-n-p transistors and a reversal of 
the Zener diode polarity will produce identical opera-
tion. The use of p-n-p transistors in the ac detector cir-
cuit gives similar results, with a change in battery volt-
age polarity. 

Temperature compensation can be accomplished by 
a NTC for R18. 
The accuracy of the speed control system is predicted 

in the following manner. It is necessary to know the 
change in motor voltage necessary to maintain a con-
stant speed at all loads and ambient variations. By 
simply comparing this change in voltage to the change 
in detector dc voltage output, one can see what change 
in frequency to expect. If the detector output vs fre-
quency is compensated for temperature variations, one 
can predict the change in speed that will occur. The 
present system is good for approximately one per cent 
total speed variation, for all ambients between — 10°C 
to + 60°C. It can be improved if the application pre-
sents itself. 

AC Synchronous Motor Supply 

If one is willing to sacrifice efficiency, quick starting, 
and size, the hysteresis or other synchronous motors 
have numerous advantages over the dc motor. Among 
them are longer life, no brush commutation noise and no 
brush dust problems. In order to produce the ac power, 
many considerations must be taken into account. The 
designer must choose a standard for frequency, a 
method of countdown, and a power amplifier. The choice 
of an operating frequency is usually governed by the 
synchronous motor manufacturers. At present 60 cps and 
400 cps are commonly produced, although prototypes 
are available for 125 cps as well as for higher frequencies. 
The reference may be a crystal or tuning fork, or, if ex-
treme accuracy is not required, a transistor oscillator 
may be used. When using a crystal, there is the problem 
of numerous countdown circuits and possibly magnetic 
memory cores for storage of pulses. When using a low-
frequency tuning fork, countdown by four or eight is 
usually sufficient. In satellite application the over-all-
system must be considered. If a tuning fork is used, it 
can be used for reference for other circuitry and also can 
be the reference for the synchronous power supply as 
in the case mentioned. The choice of a synchronous 
motor frequency presents the following problem. A 400-
cps motor will be smaller in size and have a greater 
efficiency than an equivalent output 60-cps motor, but 
one must realize that this change in operating speed 
presents a mechanical problem of gearing or belt reduc-
tion in the recorder if low-speed operation is desired. 

The assumption is made that the number of poles is 
constant. The problem of the motor designer is to pro-
duce a small motor punching with many teeth, in order 
to keep the speed down to a reasonable operating point 
for a given frequency. 
With these considerations in mind a system was de-

signed to produce 125-cps power for a synchronous 
hysteresis motor for a tape recorder. ( Refer to Fig. 5.) 
The tuning fork was manufactured by Philmon Lab-
oratory. The synchronous motor was manufactured 
by Herbert C. Roters Inc., a recognized expert in the 
field of high efficiency hysteresis synchronous motors. 
All other circuitry was designed by the U. S. Army 
Signal Engineering Laboratory. It consists of a tuning 
fork and oscillator circuitry, two multivibrators used as 
countdown by four, a driver, and a push-pull amplifier. 
The output voltage to the synchronous motor was 12 
volts rms+ 2 per cent for ambients of — 10°C to + 60°C. 
Extreme accuracy in output voltage was not a require-
ment, since the motor will stay in synchronism for volt-
ages between 11 to 15 volts with no degradation in per-
formance. However, the higher voltage produces higher 
losses in the hysteresis motor, and actually a waste of 
power. 
The multivibrator and push-pull output transistors 

were matched pairs. Temperature compensation can be 
accomplished by an NTC for resistor R28. The tuning 
fork oscillator and multivibrators required less than 
100 mw of power, and the electrical efficiency of the 
driver amplifier and push-pull output was approxi-
mately 55 per cent. The transformer efficiency was 
slightly greater than 80 per cent. Class AB push-pull 
operation and the transformer efficiency were the limit-
ing factors which controlled the over-all system effi-
ciency. 

—I2V 

PONT R 
AMPLIFIER TUNING FORK 

OSCILLATOR 

R8 C4 C5 

RII 

CRI CR2 

R25 

RI6 
R9 

2N333 

—26V 

C7 C8 

RI8 RI9 

2N4 N496 

CR3 CR4 

C9 

•--..  R31! 
R R26 29 

 2ffl56 

- 18V 

R2I R22 CO R23 

7r- *-12V 

Cl2 r_ 

Fig. 5—AC synchronous motor supply. 

OJTPUT 
12 V. RMS. 

--)1—.12 5 CPS. 

03 



728 PROCEEDINGS OF THE IRE April 

CONCLUSION 

The author has presented two of the circuits used for 
the control of the speed of small motors. In particular, 
the controls have been used for a tape recorder, record 
cycle, and playback cycle. The type of control lends it-
self to other satellite application, when the control of 
the speed of motors at all environments is necessary. 
Most of the components have been selected. All tran-
sistor characteristics were observed on a curve-tracer 
to insure the reliability of the package. As stated above, 
certain transistors were matched pairs, so that their rela-

tive changes in gain vs temperatures would be mini-
mized. If one is striving for simplicity of circuitry, min-
imum power consumption, minimum size, and reliabil-
ity, the above procedure must be observed. 
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Checkout and Countdown of the Larger 
Space Probe Missiles* 
W . O. CAMPBELLt, MEMBER, IRE 

Summary—While it is obvious that missiles for different space 
programs carry widely different electronic equipment, it is not so ap-
parent that missiles on the same program may carry just as wide a 

variety of equipment. Checkout and countdown equipment must be 
versatile, not only because of the variety of electronic airborne equip-
ment, but because of the special needs of research and development 
programs and for follow-on programs. Moreover, the equipment must 
offer a high level of performance reliability, so that the operator may 

concentrate on firing the missile. 
The design of the centrally programmed checkout and countdown 

set presented here incorporates digital techniques. The punched tape 
supplies those commands that are subject to frequent change, such 
as GO—NO-GO limits—and mode and range commands for the 
parameter converters. Manual operation and visual evaluation are 

possible. These provisions also raise follow-on utility. 
Use of the design criteria of self-verification at every step, posi-

tive malfunction localization, standby verification and design sim-

plicity yield a design with a high level of performance reliability. 

I NT RODUCT ION 

THE missiles of today, as they probe deeper into 
space, are forced to carry a greater and greater 

  variety of electronic and research equipment, 
necessary because we know so little about the phenom-
ena that occur in outer space. 
The stages of the missile also undergo changes in the 

electronic configuration, from flight to flight. Each 
change, however minor, usually calls for a similar one 
in the support equipment. A change in autopilot mixing 
ratios or gain settings requires a corresponding change 
in the checkout equipment. More often than not, the 

* Original manuscript received by the IRE, November 23, 1959. 
1. Electronics Support Equipment, Space Flight Div., The Martin 

Co., Baltimore, Md. 

change is of greater magnitude and expense than the 
original change in the missile. Even so simple a change 
as the tolerance of a particular parameter of the missile 
requires a corresponding change in the GO—NO-GO 
testing limits. 

This presents a never-ending series of new problems to 
the launch crew. To make the situation more interest-
ing, the crew does not have all the time in the world to 
make changes. With the next flight date only two weeks 
away, they can hardly be expected to spend their time 
reworking the support equipment. Obviously, the design 
must be such that changes in it will not impede the 
steady flight-to-flight schedule of testing. 
On top of all these requirements, performance relia-

bility is required of the checkout and countdown equip-
ment. These two requirements are of paramount im-
portance: 1) performance reliability and 2) versatility. 
The following discussion develops these requirements 
more fully and presents a block diagram solution to 
them for the checkout and countdown of a typical deep 
space probe missile. 

PERFORMANCE RF:LIABILITY 

The checkout equipment designs of several years ago 
were predominantly manual in nature, consisting of 
standard laboratory meters, oscilloscopes and other 
familiar equipment. Being manual, they were quite re-
liable. Certain problems were presented, however, usu-
ally involving personnel training and speed. Gradually, 
the equipment evolved into semi-automatic designs. The 
evolution was encouraged on the part of the military by 
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the allocation of sums of money for ground support re-
search and development. 

In converting from the manual to the semi-automatic 
designs, it was desirable that the high reliability level of 
the manual equipment be preserved. This is best stated 
in a rather paradoxical fashion; i.e., the countdown reli-
ability of the support equipment should be greater than 
that of the missile. 
Gradually a more specific term, "performance relia-

bility," evolved. Performance reliability means that, 
considering the system as a whole, the support equip-
ment must always correctly evaluate the situation for 
the operator. This characteristic quickly instills a high 
level of confidence in the equipment. 

Fig. 1 explains the characteristic more fully, showing 
what it is and how it is secured. Follow the path of a 
typical signal coining from a missile and arriving at the 
comparator. It goes first through a self- test relay con-
tact, then through a programmer and finally into a sig-
nal conditioner, which conditions the signal to a com-
mon level so that a single comparator can be used for the 
majority of the tests. 
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Fig. 1—General method of automatic analog testing. 

The programmer, shown as a simple stepping switch, 
also connects a proper reference into the other side of 
the comparator. The one shown is a fixed-difference 
comparator such that, if the difference between the 
conditioned signal and the reference value is less than a 
predesigned amount, the comparator will register a GO 
condition. 

Assume, for purposes of this discussion, that this 
condition obtains and that the comparator is registering 
a GO condition. If asked to make a guess, the reader 
would assume that the next operation would be that of 
the programmer advancing to set up the next step. Such 
is not the case here. Instead, the equipment temporarily 
memorizes the apparent fact of the GO condition and 
sets it aside, because it is not certain at the moment 

3 whether the GO condition is bona fide or the result of 
the combination of a faulty missile and malfunctioning 
checkout equipment. 
The next operation is that of programming a trial 

NO-GO voltage into the comparator. Now, if the com-
a 

parator can be made to recognize a GO condition, which 
has just occurred, and likewise a NO-GO condition, oc-
curring at the moment, then the comparator decision 
has been verified. The GO condition previously received 
is a bona fide GO condition and is recognized as such. 
At this point, a signal is flashed to the programmer to 
advance to the next step. This process is called self-
verification at every step. It represents the first part of 
certain design criteria which give this method of testing 
a very high performance reliability. 

If, on a particular test, a sustained NO-GO condition 
is registered by the comparator, a timer is energized 
(see Fig. 1). After a short interval, the timer activates a 
self-test relay. The relay temporarily disconnects the 
missile response and in place of it connects a design-
center response. If the checkout equipment is operating 
properly, it will recognize the design-center value as a 
GO condition. This response, by means of circuitry not 
shown, is used to light a lamp or other signalling device 
to indicate that the trouble lies within the missile, since 
it is not in the checkout equipment. 

If the comparator gives a NO-GO condition upon 
evaluation of the design-center value, the trouble lies 
within the checkout equipment. An appropriate sig-
nalling device is energized to signify the fact. This 
process is positive malfunction localization, a part of the 
normal functioning of the equipment. It is the second 
of the design criteria which must be used to give per-
formance reliability. 
A further requirement is the certain knowledge that 

the equipment is capable of making a countdown before 
a scheduled countdown takes place. It is necessary to 
use the equipment on a standby basis and verify that 
it is operating properly. This is done in Fig. 1 by closing 
a standby verification switch to activate all of the self-
test relays and by allowing the checkout equipment to 
evaluate the design-center values throughout. Comple-
tion of the sequence verifies that it is operating properly 
at all steps. Automatic standby verification is the 
third criterion for performance reliability. 
The fourth cri terion states that the first three must be 

incorporated into the basic design with addition of very 
little extra equipment. Obviously, this is a criterion; 
to do otherwise would cause the over-all reliability to 
go down rather than up. Examination of Fig. 1 shows 
that this last criterion has indeed been met. The func-
tional modules shown are present in one form or an-
other in any semi-automatic checkout design. The dif-
ference lies in the logical way the modules are used. 

VERSATILITY 

Several kinds of versatility are required. One is elec-
tronic versatility commensurate with the variety of 
electrical and electronic gear. The first flight may carry 
a standard guidance system for coordination purposes. 
A pre-programmed autopilot may be used as an interim 
model. On the second flight, the standard system may 
be used to guide the missile. Certain new communica-
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tions equipment may be aboard. The same autopilot as 
before is used, but now the gains, tolerances, and mixing 
ratios are different. These factors all add up to the re-
quirement that checkout equipment designs incorporate 
a degree of versatility equal to that of the space probe 
missiles themselves. 

Research and development use is another kind of 
required versatility. Lunar shots require timing to 
within minutes. Several weeks may pass before condi-
tions are favorable again, so it is mandatory to launch 
the missile on time. A typical countdown is started 
hours in advance, so that lift-off can occur on schedule. 
This requirement means that in the countdown equip-
ment there must be a capability to stop and go, or to 
wait while certain tasks are performed. 

Not only must there be an automatic capability for 
such a program, but when necessary, a completely 
manual checkout and countdown capability. The op-
erator must have visual readout at the console for all 
tests. He must also be provided with a recording capa-
bility so that the value of each test may be recorded 

AC *Arm 
TROT I ADC 

and identified for later use by safety and reliability 
groups. 

Follow-on versatility is a requirement that has re-
cently come to light. Fifteen years ago it was hardly con-
sidered necessary, or even possible, that the support 
equipment be useful for later programs, possibly be-
cause the equipment was not so costly at that time. To-
day's space programs, however, are vast and compli-
cated. The necessary checkout and countdown equip-
ment is so expensive that it must be reasonably useful 
for succeeding programs. 

DIGITAL CHECKOUT AND COUNTDOWN SET 

Fig. 2 shows the block diagram of a centrally-pro-
grammed digital checkout and countdown set as a solu-
tion to the requirements for performance reliability and 
for the various kinds of versatility. It is presented in 
system fashion only, since this level of presentation is 
best suited to show just how such a set meets the re-
quirements. The system details are too many to permit 
a lucid explanation of the operation by referring to it 
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Fig. 2—A centrally-programmed digital checkout and countdown set. Star denotes 28 volts from low and high enable-inhibit lines. 
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directly. To explain the operation simply, portions of 
it are broken out in succeeding diagrams. 

Fig. 3 shows the heart of the checkout and count-
dawn unit, a comparator with high and low limit reg-
isters, an output logic box, two analog-to-digital con-
verters with proper mode and range units connected to 
them, a timer-counter with proper mode and range unit 
and a parameter memory unit. 
The analog-to-digital converter transforms the vari-

ous missile analog parameters to a corresponding digital 
number. The comparator compares this digital number 
with the digital numbers stored in the lower- and upper-
limit registers. If the missile value lies between these 
limits, the comparator registers a GO condition. The 
digital resolution of this system is 2" bits; in other 
words, 2048 parts for a full-scale reading, with one bit 
on the basic range equal to 1 inv dc. A dual (high-low) 
type of comparator and the upper- and lower-limit 
registers solve the problem of changes of tolerance and 
nominal level, providing part of the answer to the re-
quirement for electronic versatility. 
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The mode and range boxes for both analog- to-digital 
converters (ADC) and the timer-counter-to-digital con-
verter (TCDC) are remotely programmed from an 
easily-changed tape, giving versatility for various modes 
and ranges. The ADC can be used in a dc mode with 
ranges of 0 to 1, 5, 10, 20, 50, 100, and so on. It is also 
used in the ac mode with the same ranges. In the ratio 
mode, two voltages are programmed into the converter, 
and the value converted is the ratio of the one to the 
other. 
The timer-counter utilizes a basic capability for 

counting pulses to measure several types of parameters. 
When measuring external time, the device counts pulses 
supplied by the internal clock during the gated time in-
terval bounded by T=0 and the T=1 arrival of the ex-
ternal timing signal. An external frequency measure-
ment is taken by counting external pulses for a precise 
time interval gated by the internal clock. 

Period and remaining related parameters are similarly 
handled, with ranges sufficient to give a high counting 
accuracy, even for very large numbers. The output of 
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the counter is 222 digital bits. Use of the two-way 
digital switch allows the 11- bit comparator to evaluate 
a large number by evaluating first one set of lines, then 
the other set. 
Each time the ADC-Comparator combination is used, 

GO and NO-GO conditions are evaluated for purposes of 
self-verification of the combination, for reasons identical 
to those noted in the explanation of Fig. 1. This is the 
implementation of one of the design criteria for per-
formance reliability. A similar process of self-verifica-
tion is employed when the timer-counter-comparator 
combination is used. 
The comparator itself does not make any decisions 

other than LOW NO-GO, GO, or HIGH NO-GO. It 
supplies these outputs to the logic box, a device which 
decides upon the basis of predetermined logic whether 
the result of a test is a bona fide GO or NO-GO. If the 
result is GO, an AUTOMATIC ADVANCE command 
is given. 

If the result of a particular test is a bona fide NO-GO, 
the logic box activates a self- test relay for the reasons ex-
plained for Fig. I. This action implements the second 
criterion for performance reliability. Design-center val-
ues are automatically provided by a means to be ex-
plained in Fig. 5. 
The parameter memory in Fig. 3 continually converts 

all digital numbers fed to the comparator into cor-
responding analog values. When the value of a par-
ticular parameter is to be retained for later use, a 
MEMORIZE command is given to the device, and the 
value is held indefinitely. Feeding this value into the 
ratio side of either ADC permits one test to be com-
pared with another. 

It is worthy of note that the parameters which can 
thus be compared are not limited to like dimensions, 
such as voltage to voltage. Just as easily, time can be 
compared to voltage, frequency to current, and re-
sistance to period. Suitable ranges exist for the param-
eter memory, of course. They are set up by proper re-
mote programming of the mode-range selector box, 
which performs a similar function for the other con-
verters. 

All the converters are permanently connected into the 
comparator. Each converter exists in one or the other 
of two states, the inhibited state or the enabled state. 
Only one at a time is used to feed digital information 
into the comparator; the remaining units are in a com-
patible, quiescent, inhibited state. This feature elim-
inates the need for a selector switch at the input to the 
comparator. Enable lines are brought out from each 
unit and are externally programmed to put the unit into 
the enabled state. 

Various choices of ranges are to be considered. Some 
groups hold that decimals or powers of ten are the only 
ranges that should be used in a digital system. The rea-
soning here is that any general-purpose remote readout 
then can read directly in terms of the actual parameter, 
rather than in terms of some conditioned value of it. 

But the powers of ten will allow ranges of 0 to 1 volt, 0 
to 10, 0 to 100, etc., only. The basic resolution is good 
at the maximum value of any of these ranges or just 
slightly below it, while at values immediately above the 
range it is poor. 

For example, consider a missile parameter value of 9.9 
volts. On the 0- to 10-volt range, the value is resolved 
into 999 bits—a figure adequate for most problems of 
tolerance. However, if the value were 11 volts, the 0- to 
10-volt range would be useless and the 0- to 100-volt 
scale would be required. The value on this scale, in-
stead of being divided into 1100 bits, would be divided 
into 110 bits out of a possible maximum of 1000 bits for 
100 volts. 
This situation is particularly unfortunate if a missile 

parameter of 11 volts must be evaluated to a tolerance 
of ± 2 per cent, or 0.22 volt, to cite a typical problem. 
On the 100-volt scale, the converter has a basic resolu-
tion of 0.1 volt per bit; it would produce digital num-
bers corresponding to 10.7, 10.8, 10.9, 11.0, 11.1, 11.2, 
11.3 volts and so on. A glance shows that the tolerance 
band of ± 0.22 volt is resolved, or divided, into only 
four digital bits. 

It follows that, with the best performance obtainable 
from a digital comparator equal to an " uncertainty" of 
± 1 bit, such a measurement would be unsatisfactory 
since the digital system is "consuming" half of the mis-
sile tolerance band. The use of powers of ten as the only 
choice for ranges leaves some fairly wide gaps in the res-
olution and evaluation capability of the countdown 
equipment. Fig. 4 shows how this occurs and ho‘r' to. 
alleviate the situation. 
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Fig. 4—Choice of multiple ranges to preserve basic evaluation ac-
curacy. Titles for each range are nominal titles; for example, the 
0- 10-volt range may be used to 20.48 volts. 

Remember that the basic accuracy and resolution of 
any countdown or comparison equipment should be one 
order of magnitude better than the closest tolerance re-
quired for any missile parameter. With the resolution 
equal to 1 part per 2048 for any maximum range value, 
it is reasonable to use as many ranges as necessary to 
help preserve this capability across all ranges. In this 
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system, use is made of the basic powers of ten, plus a 

number of intermediate ranges. The entire set is 0 to 1, 
0 to 2, 0 to 4, 0 to 10, 0 to 20, 0 to 40, 0 to 100, etc., with 
the 4- and 40-volt ranges used to 5 and 50 volts. 

Fig. 4 shows that the worst resolution with this set of 
ranges is only 2 parts per thousand. To be sure, the re-
mote readout on ranges other than the powers of ten is 
a readout in terms of a conditioned value rather than of 
the actual value. However, since the upper and lower 
limits are also read out in terms of the conditioned 
value, it is the opinion of some that visual readout of 
conditioned values does not present any particularly 
great psychological problem. 

Fig. 5 shows a number of relays along one side of the 
diagram. One is required for each test. It connects the 
proper signal to the missile, connects the response from 
the missile to the proper signal conditioner, activates 
the design-center value, and supplies an enable com-
mand to the proper evaluator. Several of the more com-
monly required types of tests are shown, the most in-
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teresting one of which is the slaving relay. In this in-

stance, the checkout and countdown unit is used as a 
servomechanism to accomplish such tasks as torquing 
a gyroscope to a desired value and rotating a tracking 
antenna to a position according to the numbers set into 
the upper- and lower-limit registers. 
On the lower side is shown a random sequence pro-

grammer matrix. It accepts a digital number Ki • • • K. 
in any sequence and energizes the proper relay 

K1 • • • Kn. Tests or groups of tests which are not re-
quired for a particular countdown are not programmed. 

Additional flexibility is inherent in the fact that the 
racks and chassis containing relays K1 • • • K. are wired 
ill a standardized fashion. The use of a new subsystem 
in a missile calls for a new countdown chassis with re-
lays properly connected. 
The standard signal generators are digitally program-

mable voltage units. According to the number in the 
register, they supply both an ac signal and a dc signal to 
line . I- B. They supply ac and dc signals, which are sev-
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eral times greater, to lines A'-B'. The signals on lines A 
and B are picked up by the various relay contacts and 
routed to the proper parts of the missile system. The 
signals on lines A'-B' provide design-center values for 
malfunction localization. 

Should a malfunction occur, the checkout equipment 
will positively isolate the malfunction to the missile or to 
the checkout and countdown equipment. Careful control 
of the sequence in which tests are performed permits 
location of the trouble within the missile to a particular 
malfunctioning unit without additional tests or sub-
routines. 
The console houses the remaining portions of the set 

needed for performance reliability and flexibility. The 
operator uses the manual control panel to disable the 
AUTOMATIC ADVANCE command whenever it is 
necessary to proceed on a manual basis. The four arabic 
readouts of step number, low limit, actual value, and 
high limit afford him adequate information to evaluate 
visually the test results. A MANUAL ADVANCE 
push button is provided on the manual control panel. 

Monitoring panels are not shown. Each parameter is 
displayed on a relay meter with adjustable high- and 
low-limit switches. These switches can be connected in 
any combination of AND and OR logic necessary, with 
the total monitoring function serving as an INHIBIT 
function to the AUTOMATIC ADVANCE signal and 
energizing a suitable alarm. 
The hold programmer serves two purposes. One is 

that of scheduling a HOLD in the countdown while 
a planned manual routine is being carried out. Each 
HOLD of this type illuminates proper instructions on 
the console, such as PERFORM MANUAL ROUTINE 
A. The operator does not proceed until he receives 
verification over the communication system that the 
routine has been properly carried out. 
The other purpose served by the hold programmer is 

that of coordinating the primary checkout and count-
down set with auxiliary equipment. When sequencing 
between two equipments is required, a coordination 
hold is programmed. The set waits until a signal arrives 
from the other equipment, signifying that the desired 

test has been performed; then it proceeds. The program-
mer is of the random sequence type; it can be scheduled 
during any portion of the countdown. 
The tape reader provides all the information needed 

in the various registers throughout the system. The 
tape itself may be of any type; aluminum-backed mylar 
is often used. A readout speed of 100 to 200 frames per 
second will permit an over-all rate, for the set, of three 
to four tests per second. 
The malfunction display is a card prepared for each 

flight, listing by step numbers the particular portion of 
the missile being tested. The printer records the perti-
nent data of each test with the step number. A print 
control permits the printer operation to be inhibited. 
As in Fig. 1, standby verification is provided by a 

manual switch to energize the self-test relays. The set 
may be installed in several configurations. In a typical 
launch pad, the bulk of the equipment can be installed 
in a nearby sheltered area, with the console in a safe 
area several hundred feet away. Lead-length problems 
inevitably appear on some of the missile high-impedance 
test points. The two converters are provided so that, if 
necessary, one can be installed immediately adjacent 
to the missile. 

CONCLUSION 

The set is versatile. Technical changes can be accom-
modated by preparing a new tape. The capabilities for 
manual operation, for programming holds as desired, 
and for making visual evaluations on all tests are ade-
quate for research and development purposes. The set 
can be installed in several configurations. The basic 
programming, evaluation, readout, and recording por-
tions are readily usable for follow-on programs. 

Performance reliability is inherently high in this 
centrally-programmed digital checkout and countdown 
set. Test results are verified immediately. Malfunction 
localization is positive. Standby verification is simple. 
All three criteria are fulfilled in a simple manner. Mili-
tary equipment embodying these criteria has already 
been designed; use of it instills a high level of confidence 
in the operator. 

• 

• 
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Radiation Instrumentation Electronics for the 
Pioneers III and IV Space Probes* 

CONRAD S. JOSIAS t, MEMBER, IRE 

Summary—One of the devices carried aboard lunar payloads, 
Pioneer III and Pioneer IV, was a radiation measurement instru-
ment. Its purpose was to detect and process information on particle 
flux rates encountered along the nominal cis-lunar trajectory to be 

followed by those payloads. 
Radiation data were collected by two different Geiger-Mueller 

tubes. One tube registered particle counts and the resultant accumu-

lation was stored in a 17-stage scaler. The other tube provided aver-
age pulse current that was a compressed function of the counting 
rate. This current was fed to a resistor and the voltage thus formed 
was transferred to a telemetering subcarrier oscillator by way of a 
stable dc amplifier. 

The electronics discussed in this paper fall into three groups: 
1) dc amplifier for the analog experiment, 3) high-voltage circuitry 
for the detectors, 3) digital circuitry for the counting experiment. 

Details of the encoding system, which permits a large dynamic 
range of counting rates to be clearly presented on a single subcarrier, 
are also discussed. 

INTRODuc TION 

W
HEN Pioneer IV successfully escaped the 
earth's gravitational pull to pass in the vicinity 
of the moon, it carried an instrument intended 

to measure the radiation intensity along a nominal 
trajectory between the earth and the moon and possibly 
beyond. Its Geiger- Mueller detectors registered charged 
particles having energies above certain thresholds deter-
mined by detector wall thicknesses. The detectors were 
also capable of low-efficiency gamma radiation meas-
urements. Cognizance for this radiation experiment was 
held by Van Allen of the State University of Iowa 
(SUI), whose responsibility entailed definition of the 
experiment, calibration of the flight packages and in-
terpretation of flight results." In addition, he specified 
the radiation detectors for the experiment and outlined, 
in general terms, the type of system to be used with the 
detectors. The design and construction of the electronic 
"radiation" package containing counters, pulse cir-
cuitry, a high-voltage supply, dc amplifiers, and data 
coding and compression devices were done at the Jet 
Propulsion Laboratory (JPL), California Institute of 
Technology, Pasadena, California.3 

* Original manuscript received by the IRE, December 2, 1959. 
This paper presents the results of one phase of research carried out at 
the Jet Propulsion Lab., Calif. Inst. Tech., under Contract No. 
NASw-6, sponsored by the Natl. Aeronautics and Space Admin. 

Jet Propulsion Lab., California Institute of Technology, Pasa-
dena, Calif. 

1 J. A. Van Allen and L. A. Frank, " Radiation around the earth 
to a radial distance of 107,400 km," Nature, vol. 183, pp. 430-434; 
February 14, 1959. 

2 J. A. Van Allen and L. A. Frank, " Radiation measurements to 
658,300 km, with Pioneer IV," Nature, vol. 184, pp. 219-224; July 25, 
1959. 

C. S. Josias, " Pioneer's radiation detection instrument," Astro-
nautics, vol. 4, pp. 32-33, 114-115; July, 1959. 

An earlier attempt was made by the Army Ballistic 
Missile Agency (ABMA) and JPL to inject a payload 
into a lunar trajectory. This first cone-shaped assembly, 
Pioneer III, did not achieve escape velocity and as a re-
sult soared to an altitude of 63,500 miles before return-
ing to the earth. Ironically, measurement of the earth-
bound radiation fields was more complete than if the 
probe had achieved its lunar objective. Extensive data 
were compiled not only on the outward leg of the pay-
load trajectory but also on the return phase. The re-
sults of this experiment indicated for the first time the 
depth and contour of the partially explored radiation 
belt. Two Geiger- Mueller tubes were used aboard 
Pioneer III as radiation detectors. One of the tubes was 
used as a standard particle counter whereas the other 
tube was used as an indicator of average Geiger-pulse 
current. A package of nearly identical design was flown 
aboard Pioneer IV. The only modification consisted of 
4 grams/cm2 of lead shielding around the current aver-
aging Geiger tube for the purpose of providing addi-
tional radiation energy data. 

OUTLINE OF CIRCUIT OPERATION 

As indicated in the block diagram of Fig. 1, the radia-
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Fig. 1—Block diagram of radiation experiment. 
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tion experiment was divided into two measurements. 
In one measurement, pulses obtained from an Anton 
Type 302 Halogen-quenched tube are processed through 
a trigger amplifier and then counted in a scaler from 
which multiple digital outputs are mixed and fed to a 
subcarrier oscillator. Current pulses obtained from an 
Anton Type 213 Geiger tube are integrated in an RC 
filter and the average voltage thus formed is fed to a 
second subcarrier oscillator through a high-input-im-
pedance unity-voltage-gain power amplifier. The re-
sultant voltage change at the output of the amplifier or 
frequency shift of the subcarrier oscillator is a coin-
pressed analog representation of the radiation inten-
sity. The circuitry just described consumed 250 milli-
watts of power at nominal battery voltage ( 7.2 volts) 
and is contained in the assembly shown in Fig. 2. 

Fig. 2—Pioneer IV subassembly, top vim. 

DC AMPLIFIER 

One of the occupational hazards confronting the 
modern scientific experimenter is the continual ma-
terialization of information which often makes even 
new systems obsolescent. Information of this sort did 
indeed materialize, literally out of thin air (or space), 
late in the instrument development phase. Results of 
radiation experiments conducted by Van Allen in the 
Explorer IV earth satellite were observed a few weeks 
before scheduled delivery of the prototype radiation 
subassembly to the JPL Payload Group. The radiation 
intensity at apogee was still increasing with altitude and 
the peak was nowhere in sight. Another Explorer IV 
measurement, similar to that being prepared in the 
lunar package, contained a lead shielded Anton Type 
302 tube. This tube registered only a modest reduction 
of particle counts. A new detector, the Type 213 tube, 

capable of indicating substantially higher radiation in-
tensities, was substituted for the lead shielded 302 tube. 
A low drift electrometer-type circuit was designed to 
convert maximum average currents from the 213 tube 
into output currents having magnitudes large enough 
to supply signal current requirements for the associated 
subcarrier oscillator. Because of weight, schedule, and 
communications considerations, it seemed most prudent 
then to use an unstabilized, yet low-drift, circuit such as 
the one described below. 

Total drift allocated to the measurement was 4 per 
cent of the maximum expected output excursion. Of 
this figure, 3 per cent was awarded to the subcarrier and 
1 per cent to the amplifier. Since the subcarrier oscillator 
was subject to supply-voltage induced frequency shifts 
its supply was regulated. The remaining portion of drift 
could be attributed chiefly to temperature effects, and, 
as a result, painstaking payload temperature calibra-
tions made it possible to reclaim much of the error that 
might be assigned to temperature changes. 
An important aspect of the amplifier design is the dy-

namic range problem. Large input signals generally 
minimize the voltage drifts of the input differential 
comparator and the subcarrier oscillator. This requires 
that a large voltage-forming resistor be connected at the 
input. Current drift effects in the input stage can be re-
duced by inserting a similar resistor in the feedback 
loop. The maximum amplifier swing is limited, however, 
by the usable range of voltages obtainable from the pay-
load batteries, namely 8 volts at the outset of the ex-
periment to 6.6 volts after about 90 hours. Referring to 
the diagram of Fig. 3, it can be seen that if the emitters 

Fig. 3—DC amplifier. 

of QI and Q2 were returned to ground through a re-
sistor and the emitters were expected to operate any-
where between the supply voltage and ground, the 
amplifier drifts due to common-mode effects would be 
fearsome to contemplate. A semistable constant-current 
source in the form of Q3 is provided for this reason. A 
minimum collector voltage of one volt for Q3 estab-
lishes the rest potential of the amplifier output at about 
1.6 volts. The maximum output swing obtainable with 
a 6.6 volt supply is about 6.6 volts limited by saturation 
of Q1 and Q6. Of the available 5-volt dynamic range, a 
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es 

maximum swing of 4.2 volts was selected for measuring 
currents up to 40 ma. The voltage-forming resistance 
for these values of current and voltage is 105K. 
Three factors which might contribute to amplifier 

voltage drift that can be assigned to the input differen-
tial comparator are 

1) imperfect tracking of base-to-emitter voltages in 
Q1 and Q2; 

2) changes in common-mode or average input cur-
rents to Q1 and Q2; and 

3) changes in differential input currents to Q1 and 
Q2. 

Under normal operating conditions ( Vb.= 0.5 volt), 
the temperature coefficient of base-to-emitter voltage 
for silicon transistors is about - 2 mv/°C at room tem-
perature. 
To insure tracking of these characteristics in Q1 and 

Q2, both units were selected with matching transfer 
characteristics (i.e., Vbe vs /c) and, as an added precau-
tion, similar current gains at collector currents of about 
10 pa. The final amplifier drift adjustment consisted 
of balancing the operating points by proper selection of 
R3. Surprisingly. the /3 of the 2N336, when operated 
at starved collector currents of about 10 µa, was still a 
respectable 25-30 at room temperature. 
To study the effects of current drifts in the differen-

tial comparator, consider the equivalent circuit in Fig. 
4. In this diagram, the voltage-forming resistors con-

Rin 

Differential 

Comparator 

vb2 
R ® 

+15 y 
Reference 

Fig. 4-DC amplifier-equivalent circuit. 

nected to the base of Q1 have been replaced by their 
equivalent source resistance and voltage as observed 
from the base of Ql. If, for some reason, changes occur 
in the dc bias currents /1 and /2, the circuit voltage 
changes may be shown as 

and 

AVbi = - 

b2 = AV - (Mi - Mi)Reb 

where Rik is the base-to-base resistance. As a result, the • 
change in output voltage may be written 

zI,E0 = - M IR - (M 1 - M 2)Rbb -F M2R, 

.1b AE0 = (M2 - Mi)(R Rbb)• 

The drift effect noted here is due to changes in dif-
ferential base current. The value of R was 105K and a 
representative value of Rbb at the appropriate starved 
operating point is 150K. An output drift of 10 mv would 
therefore be produced by a differential current change 
as small as 0.04 ¿sa. One of the mechanisms causing 
temperature-induced drift is change of gain in Q3. As 
temperature increases, the gain of Q3 increases and its 
collector current is correspondingly higher. Virtually 
all of the increase in current is absorbed by Q2. Here is 
a case in which differential base currents to Q1 and Q2 
change and base-to-emitter voltages also become un-
equal. A subsidiary but nonetheless interesting corol-
lary of unbalanced base-to-emitter voltages is that 
the respective emitter diodes have unequal temperature 
coefficients of voltage. The tracking error between two 
transistors having voltages of 0.4 and 0.5 volt, respec-
tively, is about 0.33 mv/°C. To ease the multiple mal-
adies that occurred with changing temperature, a ger-
manium diode was inserted in the base of Q4. As tem-
perature rose the increased /,„ drawn by the diode was 
reflected back to QI, which was now better able to ab-
sorb its share of the increased current generated by Q3. 
Temperature performance of a representative amplifier 
is shown in Table I. 

TABLE I 

TEMPERATURE PERFORMANCE OF DC AMPLIFIER 

Temperature 
Input 
Current 

(eta) 

V supply 
=6.6 volts 

V supply 
=7.2 volts 

V supply 
=8.5 volts 

4-75°C 0 1.637 1.637 1.635 
I 20 3.768 3.767 3.766 
1 40 5.885 5.884 5.883 

+50°C 0 1.624 1.623 1.622 

I 
20 
40 

3.758 
5.867 

3.757 
5.865 

3.755 
5.862 

+25°C 0 1.605 1.605 1.605 

I 
20 
40 

3.731 
5.843 

3.730 
5.842 

3.730 
5.840 

0°C 0 1.579 1.579 1.577 
I 20 3.713 3.713 3.712 
1 40 5.815 5.814 5.812 

-10°C 0 1.570 1.569 1.568 

I 
20 
40 

3.696 
5.805 

3.696 
5.804 

3.695 
5.802 

To insure circuit protection during early phases of 
payload system integration, a protective resistor was 

inserted in the collector of Q6. If the output is inad-
vertently shorted to ground, the 1-tia bias current in 
Q3 is amplified with full open-loop current gain thereby 
forcing huge currents through Q6 and the short. The 
330-ohm resistor in the collector of Q6 limits current to a 
safe maximum and provides simple short-circuit protec-
tion. 
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The resistance seen looking into the base of Ql is ex-
tremely high and can be approximated by the expres-
sion 

Rin =-- (R Rbb)(1 + Ay). 

The open loop gain, Ay, may be measured by breaking 
the loop at point A as indicated in Fig. 4 (with the input 
base at ac ground). The high input resistance is pro-
duced by the same bootstrap effect that reduces input 
capacitance to a cathode follower. This resistance is 
high enough so that one can no longer neglect the base-
to-collector resistance of Ql. In any event, the loading 
on the voltage forming resistor is negligible. 
The thermal operating point of Pioneers Ill and IV 

was +40°C. The drift coefficient of the amplifier de-
scribed in Table I in the 40°C region was about 0.75 
mv/°C. 

HIGH-VOLTAGE POWER SUPPLY 

The high-voltage power supply for the Geiger tubes 
contains a transistor-saturable-core oscillator which 
runs directly off the payload batteries and supplies 
square-wave power to a rectifier and voltage-doubler 
circuit. DC regulation is accomplished with a 700-volt 
Corona regulator. The regulated outputs of the supply 
are 730 volts and 650 volts for the Types 302 and 213 
tubes, respectively. The high- voltage circuit, which is 
located inside the "crown" of the subassembly directly 
beneath the Geiger tubes (see Fig. 5), yeas foam-potted 
to protect against high-altitude corona discharge. 

Corona-tube idling current was selected to be a value 
larger than the largest expected combined Geiger- tube 

Fig. 5—Pioneer Ill subassembly, bottom view 
(power supply unfoamed). 

currents plus the minimum Corona- tube operating cur-
rent. An initial idling current appreciably larger than 
the maximum expected load permits the regulator to 
handle these demands at the end of the experiment when 
battery voltage is low and idling current has been signifi-
cantly reduced. If, for instance, maximum output were 
expected of both Geiger tubes near the end of the ex-
periment (an extremely remote possibility in the vicinity 
of the moon), currents of about 50 ktit would need to be 
handled by the regulator. Since the high-voltage power 
supply was to dissipate the major portion of power sup-
plied to the radiation subassembly, care was required in 
selecting the lowest power mode of operation consistent 
with performance requirements. This meant that the 
transformer turns ratio had to be specified to provide 
unregulated high-voltage at minimum average power 
levels over the duration of the experiment. Consider the 
power-handling problem presented by the regulator 
shown in Fig. 6, which is similar to the actual regulator 
in the system schematic shown in Fig. 7. The power de-
livered by the inverter at the beginning of the experi-
ment is PI = Ei/I, where E1 is the unregulated voltage 
at the outset and II is the regulator current expressed as 
(E1 — 700) / (R1). At the end of the experiment, when the 
battery voltage has dropped to 6.6 volts, indicating that 
it has reached the limit of its useful life, the unregulated 
power delivered by the inverter has dropped to P2 
= E212. The voltage E1 may be written 

8.0 
E1 = — E2 = 1.2E2. 

6.6 

The power delivered at the beginning of the experiment 
in terms of E2 and /2 is 

(1.2E2 — 700) 
Pi = 1.2E2/2   

(E2 — 700) 

Since the battery voltage decays linearly with time, the 
unregulated power supplied by the inverter (see Fig. 5) 
falls off parabolically according to the equation 

E(E — 700) 

The power points determined by El and E2 are close 
enough together on this parabola that the average power 
delivered by the inverter over the life of the experiment 
may be accurately expressed by the first order approxi-
mation 

(P1 + P2) E2/2[ 1.2(1.2E2 — 700)1 
'average -=   1 ± 

2 2 (E2 — 700) j 

The value of E2 yielding minimum average power is de-
termined by differentiating the expression for P„v,.,„, 
with respect to E2 and setting this derivative equal to 
zero. The values of E2 and EI are found to be 923 and 
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r.• 

1110 volts, respectively. The nominal turns ratio for the 
transformer in this example, is 70 for the case of a loss-
less inverter system followed by a voltage doubler. Be-
fore designing the Pioneer high-voltage transformer, the 
transformer used in the historic Explorer radiation ex-
periments" was tested in the inverter configuration 
shown in Fig. 7. A new winding specification was gen-
erated on the basis of existing estimates on payload 
battery voltage limits, desired unregulated output volt-
ages, and loss measurements made with the Explorer 
transformer. The flight-model high-voltage power sup-

' G. H. Ludwig, "Cosmic-ray instrumentation in the first U. S 
earth satellite," Rev. Sci. Instruments, vol. 30, pp. 223-229; April 
1959. 
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ply used a transformer having a Supermalloy core and a 
90:1 step-up turns ratio. The inverter oscillated at 
about 2.5 kc and supplied an unregulated de output of 
1000 volts at 75 ma of idling current when the payload 
batteries were at 6.6 volts. Under this condition, the 
supply efficiency was close to 50 per cent, the majority 
of the extra power being dissipated in core magnetiza-
tion. 
The Geiger tubes used in this experiment generally 

drew peak ionization currents well in excess of their 
maximum expected average current. The filter con-
nected to the corona tube shown in Fig. 6 limits current 
surges through R2 to a small fraction of the maximum 
average ionization current. 
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Fig. 6—High-voltage regulator. 
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DIGITAL EXPERIMENT 

Pulse- Forming Circuits 

The circuitry connected to the shell of the Type 302 
tube consists of an ionization-current-limiting resistor 
and an RC network coupled to the trigger amplifier 
(see Fig. 7). The diodes at the output of the trigger 
amplifier establish standard pulse amplitudes of about 
1.2 volts. The input capacitor and emitter diode of the 
first transistor in the trigger amplifier produce a dc 
restoration effect similar to the one required for tele-
vision video signals. The positive pulse signal has its 
peak restored to + 0.6 volt by the transistor base-to-
emitter diode. Since base current flows only during the 
first 10 or 15 ¿sec after the ionizing event and is induced 
only by the ionization signal peak, there is no danger of 
trigger amplifier saturation for the closest spaced pulses. 

Counting Range 

The maximum average rate at which the Type 302 
tube will count, as determined by tube dead time, is 
about 16,000 to 18,000 counts per second. Dead time is 
that period of insensitivity in the tube during which no 
other ionizing events can be detected. At the end of this 
time, the field encircling the center conductor of the 

tube has reached its threshold value. The recovery time 
is the additional increment needed to restore the second 
pulse to its full height.5 Both effects are illustrated in 
Fig. 8. When particle counting rates are far in excess of 
the maximum counting ability of the tube, an increas-
ing percentage of the particles will either not be counted 
or will produce ionizations occurring at intervals slightly 
larger than the dead time. Peak- to-peak amplitude of 
the closely spaced pulses will be sharply attenuated re-
sulting in a smaller percentage of the pulses being large 
enough to trigger the input stage of the scaler. The re-
duced pulse amplitude has the effect of producing a 
double-valued calibration curve. In the region where the 
apparent count rate reaches a peak and then drops off, 
the analog channel produces an output that still varies 
monotonically with radiation intensity. Therefore, the 
pulse integrator circuit used as a high-intensity monitor 
also resolves ambiguities in the digital channel caused 
by the double-valued nature of its response. Maximum 
average count rates obtainable in Pioneers III and IV 
were about 12,000 counts per second. 

Scaler Chain 

The basic flip-flop (see Fig. 9) used in the scaler chain 
is a saturating transistor device capable of operation up 
to 100,000 counts per second with fixed amplitude trig-
gers. The flip-flop performs with "semistarved" collector 
currents of 100 µa per collector, dissipating 1.4 milli-
watts per stage. This circuit is by no means fast, in 

6 S. A. Korff, " Electron and Nuclear Counters," D. Van Nostrand 
Company, Inc., New York, N. Y., ch. 4, pp. 130-131; 1955. 

terms of modern high-speed computer devices, but it is 
more than adequate for the Geiger tube counting rates 
encountered in this experiment. In addition, it is an 
unquestionably reliable tool in terms of most missile or 
space vehicle environments. A noteworthy aspect of 
the flip-flop performance is its ability to operate on, and 
also deliver, trigger pulses of relatively constant ampli-
tude irrespective of supply voltage. To a certain extent 
this is true of most direct-coupled transistor flip-flops. 
The cross-coupling diodes abetted by the conventional 
silicon transistor base-operating potentials standardize 
the output swing at 1.1 to 1.2 volts. The diodes are also 
instrumental in promoting fast regeneration for flip-
flops operating at low currents with the associated de-
graded transistor characteristics. "Turn-off" of a satu-
rated device, for instance, is aided by the storage proper-
ties of the diode which replace corresponding properties 
of the conventional cross-coupling resistor and its 
charged parallel speed-up capacitor. 
The steering diodes provide 1.1 volts of positive trig-

ger rejection to the ON transistor which prevents double 
triggering. The operating point of the OFF transistor 
base is such as to provide at least 2 µa of Ica protection 
before multiplication takes place. 
The entire chain of 17 tlip-flops plus the two auxiliary 

stages were demonstrated to operate reliably between 
the relatively wide supply-voltage limits of 2 and 20 
volts at 25°C. Similar performance was obtained be-
tween 5 and 10 volts between ambient temperature ex-
tremes of —15°C and +75°C. 

Recovery 
time 
 • 

1 — ------- Extrapolated decoy of 
first pulse (exponential) 

time —• 

Envelope of second- pulse peaks 

Fig. 8—Reduction in amplitude caused by recovery-time effects. 

Fig. 9—Basic scaler flip-flop circuit. 

• 
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Coding 

To improve the readability of the scaler output 
caused by a pulse input having a widely varying count-
ing rate, three outputs were selected at four-stage inter-
vals. These signals are mixed in the ratio of 1:2:4 for the 
first, second, and last tap, respectively. The result is the 
consolidation into one subcarrier of information that 
might ordinarily require three subcarriers. Reading 
speeds of slow counting rates are thereby improved by 
as much as 256:1 over that obtained from a single tap 
at the end of an identical number of counter stages. As 
a corollary, this coding process also minimizes the 
number of variable speed playbacks of the telemetry 
magnetic tapes needed for clear, readable information. 
This unfiltered composite waveform is shown in Fig. 10. 
The uncompensated mixed waveform produces a large 
voltage step once every 217 pulses or once every major 
scaler cycle. To preclude the occurrence of correspond-
ingly large step changes in frequency at the output of the 
subcarrier oscillator, an auxiliary flip-flop (stage 18 in 
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• 
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in Fig. 7) provides step reduction at the critical point. 
Similar compensation is performed on the subcycle by 
stage 19. The step reduction mechanism permits min-
imization of the output shaping-filter time constant 
for given values of subcarrier band swing. Actual radia-
tion telemetering data received on the re-entry leg of 
the Pioneer III trajectory is illustrated in Fig. 11. 

Scaler Length 

The scaler chain was made long enough to prevent 
the fastest expected output signal appearing at the last 
stage from being severely attenuated by the shaping 
filter in the mixing circuit. By shaping the output 
square-waves into exponentially rising and falling edges, 
steady-state signal phase error occurring in the micro-
lock receiver subcarrier phase-locked loop could be fixed 
at a tolerable maximum. In broad terms, the scaler 
length is indirectly determined by such interrelated 
items as sideband power, receiver loop- bandwidth, and 
signal-to-noise ratios at threshold distances. 
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Fig. 10—Individual and composite digital waveforms. Amplitude of waveforms in (a)-(e) are illustrated according to relative weighting in the 
mixer circuit. Waveform locations are referenced to points in the schematic and block diagram. 
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Fig. 11—Pioneur Ill re-entry radiation data monitored at Mayaguez, Puerto Rico (subcarrier frequency vs time). 
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COM l'ON ENT CONTROL 

The corolla regulator used in the high-voltage power 
supply was the Victoreen VXR-700; the same type 
flown in the early Explorers. The volt-ampere charac-
teristics of all incoming tubes were measured at the 
nominal operating temperature and also at the ambient 
extremes. All high-voltage rectifier diodes were in-
spected for reverse leakage currents at their rated peak 
inverse voltages over the same range of operating tem-
peratures as used in testing the regulator tubes. Sim-
ilarly, the low voltage Zeiler Diodes, used to adjust the 
high voltages applied to the Geiger tubes, were thor-
oughly tested. 

Fig. 12—Cutaway model of Pioneer III. 

Part of the cooperative effort between SUI and JPL 
involved precalibration of all flight-approved Geiger 
tubes at SUI. Four final tests were performed on the 
Geiger tubes after they were installed in the subassem-

bly. Before the internal high-voltage connections were 
macle to the tubes and before the supply and Geiger 
tubes were foamed into place, threshold or starting 
voltage measurements were made on both the Type 302 
and 213 tubes. A pleateau measurement was then run 
on the 302 tube. After the high-voltage connections 
were completed, radiation-induced ionization pulses 

were inspected for height and dead time across the cur-
rent limiting resistors. Typical values of dead time for 
the 302 tubes were 60 µsec. The maximum linear count-

ing rate is less than 1/(dead time) because of statistical 
particle pile-up effects. 

All transistors used in the scaler flip-flop circuits were 
inspected for switching current gains. The switching 
gain in this application was defined as the dc value of 
a at the 100-µa knee of the common-emitter collector 
characteristic. Transient switching characteristics of 
these transistors were also logged. All 2N336 transistors 

Fig. 13— Pioneer IV. 
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used in the dc amplifier were checked at 2 collector-cur-
rent points for dc and base-to-emitter voltage for sub-
sequent matching. 

ENVIRONMENT 

A total of seven subassemblies was constructed during 
the course of the project. The first two were slated for 
type-approval tests and met the most severe set of en-
vironmental conditions that flight units might en-
counter. The next five were designated as flight hard-
ware. The flight-acceptance environment was not quite 
so severe as the type approval in order that each flight 
unit might have a better flight-life expectancy. 
The following flight-acceptance tests were performed 

on the subassembly by itself and again on the payload 
system, which is shown in two forms in Figs. 12 and 13. 

1) Temperature: — 10°C to +75°C (subassembly) 
+25°C to +45°C ( payload) 

2) Acceleration: a) Flight Plane: 65 g for 1 minute 
b) Spin: 750 rpm for 5 minutes 

3) Altitude: 150 microns of Hg 
4) Vibration: 10 g rms white noise between 20-1500 cps with 

25 g bursts (0.2 second duration) 
5) Shock: 100 g 
6) Despin: 750 rpm to 6 rpm 

CONCLUSION 

This paper has described an electronic device charac-
teristic of first generation scientific space instruments. 
Perhaps the device itself is only of academic interest in 
the instrument field although the scientific results, such 
as the radiation data transmitted to the JPL down-
range station in Puerto Rico, by the instrument, are de-
cidedly of more than just casual interest. 
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Stability of Rotating Space Vehicles* 
H. L. NEWKIRKt, W. R. HASELTINEt, AND A. V. PRATTt 

Summary—The problem of stabilizing space vehicles is con-
sidered, and it is shown that at least for some important applications 

the intrinsic stabilization obtained by rotation of the entire vehicle 
is advantageous. Investigations which have been made of natural 
methods for damping nutational vibrations of such rotating vehicles 
are discussed in the following manner. 
A laboratory simulator is described which has been found very 

useful in testing the various devices suggested for nutation damping. 
A number of references to recent analytical studies of nutation 

dampers are given. One approach, a rigorous attack on a simplified 
arrangement, is described in some detail. Also, formulas based on an 
intuitive approach are derived for the design of both the pendulum 
and the mercury dampers. Finally, an interesting and, it is believed, 
entirely new basic design criterion for stable operation of coupled 
rotating bodies, such as a space vehicle with pendulum nutation 
dampers, is demonstrated. 

INTRODUCTION 

ANONROTATING rigid body in space possesses 
little or no inherent stability, since even a small 
torque exerted for a short time will result in some 

Original manuscript received by the IRE, November 23, 1959. 
t U. S. Naval Ordnance Test Station, China Lake, Calif. 

angular velocity, or tumbling, which continues until 
countered by an equal and opposite torque. However, a 
similar rigid body which is rotating has an angular mo-
mentum vector with a direction fixed in space. This di-
rection will change as the result of a torque on the body 
normal to the momentum axis, but it continues to 
change only as long as the torque is applied and then it 
will stop. Spinning a space vehicle, therefore, provides a 
kind of intrinsic stability or resistance to disturbing 
torques and, although it may be quite possible to stabil-

ize a nonrotat-vehicle by means of an independent iner-
tial reference controlling a system of jets, stabilization 
based on a natural property, such as spin of the entire 
vehicle, should be more economical as well as more reli-
able. 

For some space vehicles there may be functional ob-
jections to spin but for many applications spin will ac-
tually fulfill specific requirements other than stability. 
As an example: the large space stations are invariably 
envisioned as spinning slowly to provide a force field or 
artificial gravity in the living quarters which are located 
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at a distance from the center of rotation. On a much 
smaller scale, present-day vehicles intended to view the 
moon surface or the earth's cloud cover are designed to 
rotate about an axis normal to that of the telescope.' 
This provides automatic scanning of the area to be 
viewed. There are, undoubtedly, many other applica-
tions for rotation in space vehicles and, because of the 
intrinsic nature of spin stabilization, thorough study of 
the dynamics of the spinning space vehicle is well war-
ranted. 

It was noted that the momentum axis of a spinning 
body would change direction under an applied torque 
normal to this axis, and when the torque is released the 
motion would stop. However, the spin axis may con-
tinue to move in a nutational vibration. Here, as in 
mechanics texts, the motion of the axis of rotation un-
der such an external torque is termed " precession." 
During precession the total angular momentum vector 
of the body actually changes in direction. By contrast 
"nutation" describes the rotary oscillations of the spin 
axis of the body about the total angular momentum 
vector. Nutation is a vibratory type of motion like that 
of a mass attached to the end of a thin, spring-steel 
member and taking a rotary motion about the equilib-
rium position; similarly, nutation occurs as the result 
of the initial conditions being different from a stable 
state. Nutation can occur simultaneously with, and 
superimposed upon, precession, which can give rise to 
the familiar epicyclic or bobbing motion of a common 
top. 

In order to change the attitude of a rotating space 
vehicle, probably the simplest method is to precess it 
by means of a pair of jets fixed in the vehicle. The jet 
torque must therefore operate during a portion of each 
revolution (for example 90°) for successive revolutions 
of the vehicle until the desired precessional angle has 
been attained. Note that the jets can be made to oper-
ate in any sector during a revolution of the vehicle so 
that the axis can be precessed toward any desired di-
rection by a single jet fixed system. However, the torque 
causing the desired precession is not constant or even 
slowly varying but occurs in a series of discontinuous 
pulses in synchronism with the spin, and nutational vi-
brations can be expected from this as well as from other 
disturbances. For most applications the nutation is ob-
jectionable if not intolerable, and should be damped as 
quickly as possible to a negligible value. 

As with the basic attitude control, damping could 
probably be accomplished with an independent inertial 
reference and jets. However, again there appear to be 
natural methods to obtain nutation damping, using pas-
sive instead of active devices. 
A similar need for damping nutational vibrations has 

arisen in the design of various guidance components 
which depend on gyroscopic action. A very effective 
solution has been the mercury damper. In one design 

R. G. McCarty, " Designing small space loads," Astronautics, 
vol. 4, p. 24; May, 1959. 

this consists of two circular channels in a disk mounted 
concentric with the axis of the gyroscope wheel. The 
channels are only partially filled with mercury so that 
it can move freely within them. As discussed in a later 
section, apparently the diameter of the channels in rela-
tion to the other system parameters influences the ef-
fectiveness of the damping, and the design has provided 
excellent damping characteristics. 

However, when the mercury damper was proposed 
for space vehicles an objection was raised. It appears 
that the same (passive) device which produces damping 
in a disk-shaped object rotating about the axis of great-
est moment of inertia will cause an undamping of nuta-
tions in a cigar-shaped vehicle rotating about its longi-
tudinal axis. It is usually quite feasible to construct a 
space vehicle payload shaped basically like a short, flat 
cylinder. However, rocket boosters are conventionally 
long compared to their diameter and, since the firing of 
the last booster stage is often preceded by a long coast 
period after which the direction of its thrust is impor-
tant, there is much concern over stability. It would be 
highly desirable, therefore, to have a nutation damper 
which could be incapacitated, or which is known to be 
ineffective during the boost stages, but which is ex-
tremely effective in the final space vehicle. 

SPACE VEHICLE DYNAMICAL SIMULATION 

Theoretical attacks on this nutation damper problem 
have proven very frustrating, and a simulator was de-
signed in an attempt to investigate in the laboratory 
the nature of the motions with various damping devices 
and missile dynamical configurations. This device is 
shown in Fig. 1. By changing the separation of the two 
large rings, which are made of heavy copper, on the 
light aluminum center cvl hider, the transverse moment 
of inertia, B, can be changed with respect to the polar 
moment of inertia, . 1. In this way the ratio . 1 B can be 
varied from about 0.7 to 1.55. The symmetry axis of the 
unit is adequately defined by the steel shaft at the top, 
and this also serves for attaching various experimental 
devices for nutation damping. The entire unit is 
mounted near the center of the aluminum cylinder on 
very low-friction gimbal bearings or, better, on a hard-
ened steel or jewel cone and cup bearing. The skirt of the 
aluminum cylinder limits the sideways tipping to about 
20°, but this has not been seriously restrictive. By mov-
ing both large rings up or down, the center of gravity of 
the unit can be placed at the center of support or at a 
distance from it along the main axis, as desired. In addi-
tion, there is provision for a semipermanent transverse 
adjustment of the center of support. This " top" is given 
sufficient spin by merely twirling it with the fingers, 
e.g., 5 to 10 rps. 
By means of the top and a stroboscope, many fea-

tures of standard gyroscopic theory are easily checked. 
Various precession rates, including zero, can be ob-
tained. Nutations are sustained, undamped (for the 
rigid body), over long periods so that it is easy to see, 
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for example, that nutation frequency is higher than spin 
for A/B>1 and lower for A/B<1. It was quickly dem-
onstrated that an effective nutation damper was, in 
fact, an undamper when A/ B < 1. It is noted, however, 
that if the friction in the spin bearing becomes too high 
it has a damping effect on nutations, and test results 
under this condition will be deceiving. 
A sample of the damping devices tested with this top 

is shown in Fig. 2. It has been found quite easy to ex-
plore or test out ideas for new types of damping devices. 
Qualitative tests of an idea are usually sufficient to 
answer most immediate questions. By means of a stop 
watch and rough observations of nutation amplitude 

Fig. 1—Space vehicle dynamical simulator. 
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Fig. 2— Experimental nutation damper. 

semiquantitative results can be obtained. For quantita-
tive determinations motion pictures can be taken. The 
frame rate need not be high, 64 to 90 frames per second 
is sufficient, but a very narrow shutter angle such as 10° 
should be employed to minimize blurring. Although it 
may be somewhat tedious, measurements can be made of 
1) spin angle, 2) attitude of the axis of the top, 3) posi-
tion of the damping device or its components. These 
data can be plotted or analyzed to show quantitatively 
the relations between spin, nutation, precession, and 
functioning of damper parts. 

AN 

Although photographs have been taken, experiments 
to date have only been semiquantitative. They have, 
however, indicated that there is more than one mech-
anism, some probably more effective at large ampli-
tudes, and others at small. Studies of various aspects of 
the problem have been made2-9 which in general tend 
to support this observation. Theories which depend en-
tirely on frictional dissipation to absorb nutational en-
ergy do not seem to be nearly fast enough. 
A more recent analysis9 has probably followed the 

most rigorous approach, and in it the effect of some of 
the approximations finally made were tested by analog 
computor methods. The specific problem treated is that 
of a single small mass constrained to move in a plane 
normal to the axis of the top and at a fixed radius from 
this axis. This can be, for example, a small mass on the 
end of a light, rigid arm hung on the axis of the top, or a 
small drop of mercury in a channel concentric with the 
axis. 
The moving coordinates chosen are aligned with the 

symmetry axis of the rotating rigid body, i.e., the top, 
with the origin at the center of gravity of the top. How-
ever, the coordinate system rotates with the small 
damper mass instead of with the top ( Fig. 3). Euler 
rotations from the nonrotating coordinates, x0, yo, zo, 
are shown in Fig. 4 as follows: 1) rotation, cit, about the 
fixed vertical axis, zo; 2) rotation, 0, about the new x, 
which will be the line of nodes; 3) rotation, tp, about the 

2 F. H. Davis, "Gyro Nutation Damping," U. S. Naval Ord. Test 
Sta., China Lake, Calif., NOTS Internal Memo.; March 10, 1959. 

3 F. H. Davis, "Oscillations of a Disc-Shaped Pendulum Mounted 
on a Spinning Body," U. S. Naval Ord. Test Sta., China Lake, Calif., 
NOTS Internal Memo.; July, 1959. 

4 W. F. Cartwright, U. S. Naval Ord. Test Station, China Lake, 
Calif., unpublished NOTS Internal Memos. on the Nutation Damper; 
July 12, 1958, July 22, 1958, and others. 

E. E. Rogers, "A Mathematical Model for Predicting the Damp-
ing Time of a Mercury Damper," U. S. Naval Ord. Test Sta., China 
Lake, Calif., NOTS Internal Memo. No. I DP 565; March 2, 1959. 

D. J. Stewart, "Nutation Damper," U. S. Naval Ord. Test Sta., 
China Lake, Calif., U. S. Patent No. 2,734,384; February 14, 1956. 

7 J. M. Boyle, "Invention Disclosure for Nutation Damper," U. S. 
Naval Ord. Test Sta., China Lake, Calif., Navy Case No. 25,818; 
September 10, 1957. (Currently inactivated.) 

8 G. F. Carrier, "The Theory of the Annular Damper," Space 
Technology Labs., Los Angeles, Calif., Rept. No. GM-TM-0165-
00265; July 21, 1958. 

9 A. V. Pratt, "Theory of the Unsymmetrical Nutation Damper," 
U. S. Naval Ord. Test Sta., China Lake, Calif., NoTs Internal 
Memo. No. TN-4065-63. (In press.) 
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Fig. 3—Damper mass, n,, fixed in rotating coordinate system. 

Z. 

LINE OF X 

NODES 

POINT FIXED 

IN TOP 

• 

Fig. 4—Fixed and moving coordinates showing Euler angles and n. 

final z, which is also the axis of symmetry of the top. 
Finally, to reach a fixed point in the top from the x, z 
plane, an additional rotation, n, about z is required. 

It is assumed that no external forces or moments are 
acting, and the frictional coupling between the small 
mass and the top produces a force not resulting from a 
potential function. Therefore the Lagrangian of the 
system is simply the sum of the kinetic energies of the 
top and the small mass. This is 

T = [A 512 + B(wx2 uh,2) M m V .2], 

where wz, wv, (and wz, used later) are the components of 
the total angular velocity of the moving coordinate 
system along the moving axes indicated by the sub-
scripts; St is the component of angular velocity of the 
top along z, i.e., spin (note that St---,wzd-ii); Vm, V,n 
are velocities of the top and of the damper, respectively; 
M, m are masses of the top and of the damper respec-
tively; and A, B are polar and transverse moments of 
inertia, respectively, of the top. This reduces to 

T = 4 [AS22 ± B(cox2 con') irz(SI X r.) 21, 

where ,ñ =m [M/(M±m)] is a "reduced" damper 
mass, and 7.m is the distance from the center of gravity 
(cg) of the top to the damper mass. 

April 

The generalized coordinates, q„ of the Lagrange 
equations are the three Euler angles of the moving co-
ordinate system, in which the damper mass is fixed, 
and the angle n between x and a reference point in the 
x, y, plane in the top. In terms of these the four angular 
velocities in the expression for T are 

= (j) sin O sin e + Ó cos e 
wy = ç sin O cos e — Ó sin e 
wz = ç cos O 

Wz + 
in which dots show differention with respect to time. 
These are substituted into T and the result differenti-
ated as indicated in the modified Lagrange equations: 

d ( aT 
--d1) = Mg,. 

The M g are all zero except that 

Mn = — 

in which simple viscous friction alone (with coefficient, 
k) is assumed. The four equations which result can be 
reduced to the following in which it has been possible 
to eliminate the trigonometrical functions. 

— —A (2 — co.) 

T3 k AD 
= —BC — D2 (2 coz) + _BC — D2 icog 

AC Dk 

BC — D2 2w2 ± —BC — D2 (2 — wz). 

A 
Cr = _ WA) y   _  _ (4 2) . 

B C B C B C 

Here the new symbols are as follows: 

T3 = B L' 

C = zith2 

D = frill L. 

h, L are the y and z coordinates, respectively, of the 
damper mass. 

These equations are exact for this particular prob-
lem, without small angle or other limiting approxima-
tions. The case should be good for a vehicle in space 
without (gimbal) bearing friction if the frictional 
coupling to the damper mass is indeed entirely through 
viscous friction. 

If the nutation angle, 0, is kept small and if the damp-
er mass is much less than the mass of the top, the fol-
lowing simplified equations are obtained: 

o = o. 
AD 

‘;'• (co. — + — 
BC .111. 
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(;), = 

A 
— wzw., — Stwx. 

The difference between these two sets of equations in 
determining angular velocities was shown to be small 
under the limiting conditions by analog computor simu-
lations. 

In studying the equations for notation damping one 
can examine the angular velocities to learn, for exam-
ple, how fast coz and coz, become small under various ini-
tial conditions and relationships of the parameters. 
However, these angular velocities are difficult to meas-
ure accurately in an experiment, and an expression for 
the nutation angle itself is greatly to be desired. After 
much algebra but without further limiting assumptions 
the following differential equations were obtained. 

k. AD . 
— — (R — It) 

2BC 

D. 
Z — i — 11Z = — — Wed', 

in which R-ct)-Fiii is approximately the rotation angle 
of the coordinate system (and the damper mass). Note 
that 

-±" 

Z sin «cos ifr i sin #) 

so that 

Z I = sin O = O. 

It will be remembered that, in the approximation, the 
spin of the top, St, is considered to be constant. 

It is evident that these equations are extremely dif-
ficult to solve in the general sense. However, three dif-
ferent simplified probable cases were examined. The 
first is the observed stable situation in which the damp-
er does not rotate relative to the top. The expected limit 
cycle results in which Z1 "" 640 constant. 

For the second condition the damper oscillates at a 
small amplitude with respect to a fixed point in the 
spinning top. This is called the "slow damping" case. 
The solution consists of a constant term and successive 
terms decreasing the nutation angle with time. This 
can be put into exponential form and the value for the 
time constant (in which the amplitude is reduced to 
1/e of an initial value) is given by 

IC = 

2(A — B)BC2R—kf -1- (A — 921 
C 

A D2S1k 

Analog computer solutions indicate that the time given 
by this formula is a little too long. 

A third solution attempted, called the " fast damp-
ing" case postulates that the damper mass rotates at 
the notation frequency. No reasonable exponential 
form for the solution of this case could be written. How-
ever, the nutation amplitude during any single nota-
tion cycle is indicated approximately by 

(2k(A — 2irlY A9) 
02 = 002   t. 

AB B3 

This relation appears to hold fairly well until O ap-
proaches a minimum value below which the solution no 
longer exists. 

Investigation is being continued with this simplified 
model which should further the accurate analysis of 
more practical designs. The attack is threefold, em-
ploying the experimental model and the analog com-
puter to substantiate and to stimulate mathematical 
analysis. It appears to date that in the most powerful 
mechanisms the damper plays the part of a catalyst, an 
engine or a coupling which causes or makes possible the 
transfer of energy or momentum from the notational 
vibration to the axial spin. 

INTUITIVE DESIGN CRITERIA 

The simple device discussed analytically above, 
which may consist of a small weight hung on the shaft 
of a top by a length of fine, stiff wire, provides good 
nutation damping (or undamping for A /B < 1). But a 
small unbalance is created causing the stable rotation 
to be about some axis other than the shaft axis and at 
random orientation from it. This makes it impossible 
to arrange internal components of a space vehicle so 
that any one part will always be on the final stable axis 
of rotation. However, the orientation can be predeter-
mined if a fixed unbalance is introduced in the top or, 
similarly, if the pivot point for the pendulum-like damp-
er is a pill offset to one side of the top's center shaft. 
This suggests the Frahm vibration absorber as discussed 
by DenHartog.'" To bring the stable axis of rotation 
back to the shaft, i.e., the axis of symmetry, a counter-
balance weight can be introduced opposite to the pen-
dulum as proposed by Davis." The obvious extension 
of this is to employ two diametrically opposed pivot 
pins and pendulums designed to counterbalance each 
other when in the stable state of rotation of the top. As 
described later, the stable state of rotation is controlled 
by more design parameters than just the weight of these 

opposed pendulums. However, it is sufficient now to 
note that, for certain conditions this double pendulum 
damper approaches the effectiveness of the mercury 
damper in tests made with this top. Even though the 
complete and rigorous theory is not available for these 
dampers, it may be of interest to show here a naive or 

'° J. P. DenHartog, " Mechanical Vibrations," McGraw-Hill Book 
Co., Inc., New York, N. Y., 3rd ed.; 1953. 

11 This and the offset pivot were suggested by F. H. Davis of the 
U. S. Naval Ord. Test Sta., China Lake, Calif. 
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intuitive approach to the design of both the pendulum 
and the mercury dampers which appears to work. In 
both cases the treatment is only slightly modified from 
that indicated by Davis. 

Pendulum Nutation Damper 

First considered is the pendulum type of damper. 
The pendulum is in a centrifugal force field with lines 
radiating from the instantaneous center of rotation, coo. 
In Fig. 5(a) this is shown as the force F, on mass, m, 
directed along a radius, b, from coo. The axis of the top 
is labelled with its spin, cup, and the peg is shown at dis-
tance, a, from co,. We assume for simplicity that these 
points remain in a line, which they actually do only if 
the nutation angle, 0, is constant and there is no damper 
attached. This line is in the plane containing the angu-
lar momentum and spin vectors as shown in Fig. 5(b). 

AXIS OF TOP 

ri. 
.......„..„4/ ... ....,-,-

C.G. OF TOP 

(ri) (h) 

Fig. 5—Pendulum damper parameters. 

With this simplified picture, it is easy to find the fol-
lowing formula for the frequency of the pendulum 
which should be considered only for very small O: 

coo coo V a hi 
frequency — = — — + — tan O. 

27r 27r L LB 

Here we have employed the classical relation between 
the nutation rate, cox, its angle, 0, and the polar and 
transverse moments of inertia, A and B, respectively, 
i.e., 

(oN 

B cos 0 

A 

and the relation illustrated, i.e., 

cor = coN sin O. 

We reason now that if this is to be a vibration ab-
sorber, the pendulum frequency should be tuned for the 
disturbing frequency, namely the nutation frequency, 
coN. However, since the pendulum is spinning with the 
top it will not "see" coN but the difference between this 
and the spin frequency. Therefore, we set 

cos = wry — Wp, 

and solve for the relation between the parameters to 
find that the length of the pendulum should be 

L a + 1h0 

(I — 1)2 

a 

(1 1)2 

where I = A / B is the ratio of the polar to the transverse 
moments of inertia and where small angle approxima-
tions have been made for functions of 0; also, we have 
let Icool = Ico„1. The formal or mechanical substitution 
of terms shows that the tuning depends on the ampli-
tude of nutation, O. However, since the relation is 
suspect for significant values of 0, damper design should 
probably be based on the first term only, as indicated 
by the arrow. 

If I is not far above unity, the required L may be ex-
cessively long. A compound pendulum having radius of 
gyration, p, about its center of gravity can then be de-
signed according to the following: 

a + IhO 1 
L —   

(I — 1)2 (1+ p2/ 

This pendulum can be a disk or a ring attached so that 
p/L is large. 

As has been noted, an arrangement in which two of 
these pendulums are hung on diametrically opposed 
pegs forms an extremely effective balanced damper. 
The two pendulums can be tuned to different frequen-
cies to broaden the most effective damping range; but 
the centrifugal force created by each, in the stable state, 
should be the same for good balance. 

Mercury Nutation Damper 

For the mercury damper the approach is similar. As 
noted earlier, this damper consists of one or more circu-
lar channels affixed concentrically about the axis of the 
top. For a space vehicle they would be mounted some 
distance from the center of gravity. Each channel is 
filled with a certain amount of mercury as discussed in 
the following. There must be sufficient mercury to form 
a complete ring in the channel when the top is spinning 
smoothly about its axis. 

Let the radial depth of mercury in this ring be d and 
call the centrifugal acceleration g*. Then the velocity of 
a wave in the mercury is 

V = 

This holds when the depth is small compared to the 
wavelength; the velocity will be lower if the depth be-
comes proportionately greater. II this velocity is di-
vided by the circumference of the mercury surface we 
obtain the frequency with which a wave travels around 
the channel circle. The principle is to match this fre-
quency to the disturbance frequency "seen" by the mer-
cury; that is, (con—cop) as with the pendulum. Here 
g* = Lcoo2, so that 

V N/Lcoo2d 
= (wio — (op). t. 
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Then d -= L(I —1)2 is radial depth of liquid. The sym-
bols are as before except that L represents the radius 
from the top axis to the inner mercury surface when the 
top is " sleeping." The same small angle approximations 
have been made as for the pendulum. Two or more 
channels, if used, can be tuned to somewhat different 
frequencies to broaden the effective range. 
An alternative damping mechanism for the mercury 

is also suggested by Davis.2 Since the nutation rate is 
greater than the spin, the mercury is driven to rotate 
in its channel faster than the top. By the frictional 
coupling the mercury tends to increase the spin of the 
top. This mechanism would transfer nutational energy 
into spin energy, damping nutational amplitude. 

A DESIGN TEST 

A very interesting criterion has been found recently 
for the nature of the stable conditions of the top with 
two diametrically opposed pendulums; and, as will be 
seen, for space vehicles a certain combination of design 
parameters is definitely to be avoided. 

It was first observed that the top, when fitted with a 
particularly long but well balanced pair of pendulums, 
damped quickly to a constant or stable amplitude (ap-
parently) of nutation. However, when this perform-
ance was viewed under the stroboscopic light it was 
found that the two pendulum arms had finally assumed 
an attitude in which the angle between them was not 
180° (Fig. 6). The resulting unbalance caused the as-
sembly to rotate, stably, about an axis at an angle to 
the shaft of the top. The true nutation angle had 

A e 

Fig. 6—Twin pendulums at angle 4). 

damped to zero but there was a new principal axis, not 
the shaft of the top, about which final rotation occurred. 

This phenomenon was studied and the results are re-
ported by Haseltine.'2 Instead of a detailed attack on 
the motion of the coupled rigid bodies, general energy 
arguments are used. It is demonstrated that there exists 
a minimum energy state and that this occurs when the 
pendulums are in a fixed attitude relative to the top. 
Under the conditions for this fixed attitude, it is shown 
that the assembly must rotate about the axis of great-

12 W. R. Haseltine, "Passive Damping of Wobbling Satellites," 
U. S. Naval Ord. Test Sta., China Lake, Calif., NOTS 2306 NAVORD 
6579. ( In press.) 

est moment of inertia. Further, under this condition 
and for certain combinations of the design parameters, 
the pendulums will be deflected toward each other as 
actually observed with the top. 
An approximate expression is derived for cos 41 where 

42 is the angle that each pendulum deviates from the di-
ameter (extended) through the supporting pegs (Fig. 
6). It is 

cos 42 = the lesser of 1 or 

where 

a(A — B)\ 

2mh2L 

a = distance from the top axis to the pendulum 
supporting pegs, 

m = mass of one pendulum bob, 
h = distance from center of gravity of the top to 

the plane of the pendulum supports, 
L =length of the pendulum, and 

A, B = respectively, the polar and transverse mo-
ments of inertia of the top. 

It has been noted that if we know by experiment, or 
otherwise, that this stable condition of off-axis weights 
can exist, a simple derivation of the formula for the 
angles, 42, is possible. In Fig. 7 note that the two pen-
dulums fall on lines crossing at the stable axis of rota-
tion, A', as they must, since centrifugal force holds 
them in this position. The center of gravity (cg) of the 
two bobs falls at the point noted by 2m which is the 
distance h along the axis A, from the cg of the top and 
a distance (L sin 42) away from that axis. The rotation, 

0, of the principal axis of inertia as the result of this 
mass is, approximately 

(mass X di X d2) 2mhL sin 4) 
tan 20 — 2 = 2  

(A — B) (A — B) 

Fig. 7—Twin pendulums, cos 4, derivation. 

If O is small, the factor 2 can be cancelled. 
Multiplying tan 0 by h gives the distance, D, in Fig. 

7, which can also be obtained by 

D = a tan 4). 
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The following can now be written: 

2m1,21, sin ci) 
D = h tan 0 = a tan —   

(A — B) 

or cancelling sin ck from the last two and solving for 
cos ct., 

a(.1 — B) 
cos 4, — 

2mh2/1. 

as before. 

It is quite evident that vehicle design should keep 
this expression for cos cl) comfortably greater than 
unity. For, even though we might devise a way to in-

sure that the pendulums always go to the sanie side of 
the axis, A, so that we would know where . 1' will fall 
and design accordingly, the angle would be sensitive 
to changes in the design parameters and probably 
would not be very stable. 

We therefore have a criterion for conditions to avoid 
in designing rotating space vehicles with pendulum 
dampers. Also, this development may serve as a warn-
ing that a similar situation might arise for other unto-
tion damping schemes. It has, in fact, been shown that 
a similar condition can occur when four equal weights 
are used instead of two. The condition for good be-
havior is then similar but slightly more stringent. 

Measurement of the Doppler Shift of Radio 
Transmissions from Satellites* 

GEORGE C. WEIFFENBACHt 

Summary—This paper describes a receiving station network that 
was designed to produce Doppler data for use in a satellite Doppler 
navigation system. As a result of practical exigencies, this equipment 
is not optimum for its intended purpose, and a continuous effort is 
being maintained to improve the system. Current and projected 
changes are described briefly. Some experimental results obtained 
with the present system are presented. 

1. INTRoDucTioN 

i
r 11-IE function of the system which is described here-

in is to measure the Doppler shift of radio signals 
broadcast from a satellite. In particular, this sys-

tem must detect the satellite transmissions, measure 
their frequency as a function of time, and reduce these 
measurements to a form suitable for transmission to a 
central computer. A previous paper' outlines the over-all 
navigation system of which the receiving station com-
plex is one part. 
The configuration of the receiving stations used for 

tracking is governed by the navigation system require-
ment for real time predictions of satellite positions to 
very high accuracies. Present ignorance of the geoid 

* Original manuscript received by the IRE, December 2, 1959. 
This work was supported by the Department of the Navy, Bureau of 
Ordnance, under Contract NOrd 7386. 

f Applied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Md. 
' W. H. Guier and G. C. Weiffenbach, "A satellite Doppler naviga-

tion system," this issue, p. 507. 

plus the accumulation of errors in digital computers 
will prevent, initially, the extrapolation of even an exact 
present orbit for more than a day or two into the future 
without a significant loss of accuracy. ( Note that this is 
independent of the particular kind of observational 
data that was used to obtain the "present" orbit.) This 
fact necessitates the acquisition of dense sets of accu-
rate data; i.e., in a time which is substantially less than 
the "extrapolation time" of one day, one must accumu-
late observational data of sufficient quantity and quality 
that a very accurate present orbit may be computed. 
Furthermore, if a true real time prediction of satellite 
position is to be made (the only kind that is of interest 
in an operational navigation system), this data must be 
reduced and transmitted to the computing center in a 
time which is short with respect to the "extrapolation 
time." For these reasons it was decided that the data 
gathering or receiving station network must neces-
sarily be capable of accurate and automatic reduction of 
the Doppler shift information to digital form. It must 
be automatic so that large quantities of data can be 
handled quickly and without serious error: digital so 
that it can be transmitted rapidly and without signifi-
cant degradation. 
The configuration of the navigation station depends 

on the accuracy required, with optimum performance 
necessitating instrumentation roughly equivalent to 
that used in the tracking stations. 



1960 Weiffenbach: Doppler Shift of Transmissions from Satellites 

II . DESCRIPTION OF TRACKING STATION 

Fig. 1 is a flow diagram of the apparatus that has been 
assembled to meet the above requirements. During the 
pass of an appropriate satellite, one can feed the signal 
from an antenna into one end of the equipment and 
simultaneously extract from the other end a strip of 
TWX tape containing an accurate description of the 
Doppler shift of the satellite transmission as a function 
of time. 

Fig. 2 illustrates the receiving section, which consists 
of an antenna and a commercial receiver ( Nems-Clarke 
Model 2501) and a phase-locked tracking filter ( Inter-
state Electronics Model IVA). The function of this sec-
tion is to pick up the weak satellite signals, amplify 
them, separate them from noise, and subtract from 
them an accurately known frequency (the " reference" 
or "injection" frequency) so that they form an appro-
priate input to the data reduction unit. It has been de-
termined that the present equipment can perform this 
function satisfactorily with an input signal somewhat 
less than 0.02 microvolt, and indeed, using a simple 
vertical half wave antenna, • successful operation has 
been obtained in observing the 10-mw 108-mc trans-
mitter of 59 n whenever it was above the horizon. 

Fig. 3 illustrates the time and frequency reference 
unit, which generates a local time base and a set of 
standard frequencies. The time is used to indicate when 
a particular Doppler measurement was made. The 
standard frequencies are used for the receiver injection 
frequency, for a tape recorder reference, and for the 
"meter frequency" which is used to measure the Dop-
pler period in the data reduction unit. It is clearly neces-
sary that a common time and frequency base be used 
throughout the navigational system. The most con-
venient method of accomplishing this is to synchronize 
the local references to the standard time and frequency 
broadcasts of the National Bureau of Standards WWV. 
(As pointed out previously,' the navigational satellite 
itself could be used to "transport" WWV or any other 
suitable time standard to any point on the globe, by 
transmitting time pulses plus correction data from the 
.satellite at intervals of perhaps one minute.) The " miss-
ing pulse" detector is used to start the local clocks at 
the first second marker after the missing pulse in the 
WWV transmissioa. Corrections are made thereafter 
by adding or subtracting 1 mc cycles (psec) with the 
motor-driven phase shifter. The continuously changing 
propagation paths of WWV transmissions preclude 

direct frequency cemparisons of sufficient accuracy. 
The long term drift is monitored by observing deviations 
of the time base relative to WWV over a period which is 
long enough to average out all effects of propagation 
variations. A second frequency standard is maintained 

at each station to provide a short-term (seconds to min-
utes) monitor of local frequencies. 

The accuracies attained in the time and frequency 
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Fig. 3—Simplified diagram of time and frequency reference unit. 

units directly determine (together with satellite trans-
mitter stability, etc.) the accuracy of the basic Doppler 
data. Table I lists the present estimates of the accuracies 
and stabilities needed to achieve a navigational accu-
racy of 4 mile or better. All of the stipulated require-
ments are met in the present system using commercial 
components. 

Fig. 4 illustrates the data reduction unit. Its func-
tion is to measure the Doppler frequency (actually it 
measures period), correlate it with time and punch the 
result on TWX paper tape. This is accomplished by the 
following sequence of events: 

1) Timing pulse (1 pulse every 2 seconds) opens gate 
to preset counter. 

2) Preset counter puts out gate-opening pulse at in-
stant of first positive-going zero crossing of Dop-
pler signal. 
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TABLE I 

Reference frequency 

Meter frequency 

Clock 

Tape Recorder Reference ( 50 kc) 

Stability: 10-9/seconds 
10-9/15 minutes 

Accuracy: 2 X 10-9 

Stability: 10-7/seconds 
10-7/15 minutes 

Accuracy: 2 X10-7 

Stability: 10-6/15 minutes 
Accuracy: 5 ms 

Stability: 10-7/seconds 
10-7/15 minutes 

Accuracy: 2 X10-7 

Time and frequency accuracy and stability requirements (based 
on assumption that ‘VWV is exact). The U. S. Naval Observatory, 
and others, provide corrections to WWV broadcasts which are used in 
the navigation system central computing facility. 
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Fig. 4—Simplified diagram of data reduction unit. 

3) Preset counter puts out gate-closing pulse at in-
stant of nth positive-going zero crossing of Dop-
pler signal. 

4) Gate controlled by preset counter is open for dura-
tion T of n, Doppler cycles. T is measured by ob-
serving the number of 1-mc cycles (µsec) that pass 
through gate. This number is registered on digital 

counter. 
5) The scanner coupler then reads the time on the 

digital clock (in the time and frequency reference 
unit) and the meter frequency counter reading, 
and feeds these numbers serially to the paper tape 
punch. 

6) The paper tape punch punches the appropriate set 
of numbers on paper tape. 

The output of this section is an eleven digit number 
in which the first five digits indicate time in seconds 
after midnight GMT, and the last six digits indicate the 
period (in µsec) of the first n, Doppler cycles following 
this time reading. The number n, is selected so that T 
for the lowest expected value of the Doppler signal is less 
than, but nearly, one second. The scanning and read-
out take about 600 ms. One data point is obtained every 
two seconds. The only significant error introduced in 

this digitalizing process is the + 1 count (= + 1 µsec) 
resolution of the meter frequency counter, which results 
in a frequency error of +(f/nc) X10-6 cps, where f 
is the (audio) Doppler input to the preset counter. 

Fig. 5 illustrates the magnetic tape recorder unit. 
This section provides storage for Doppler data pending 
availability of the data reduction unit and tracking 
filter, so that a receiving station with only one each of 
the latter can obtain data for a multifrequency satellite. 
The Doppler signals directly out of the receivers are 
recorded simultaneously with a 50-kc reference. A time 
reference is obtained by gating the 50 kc, i.e., starting 
the 50 kc on the recording by means of a pulse from the 
real time clock. By counting down the 50 kc to 1 pulse 
per second and feeding this into a prefilled (playback) 
clock the latter will operate in synchronism with the 
original clock readings at the time the Doppler was 
recorded. By multiplying the 50 kc up to 1 mc for use as 
the meter frequency, the effects of variable tape speed, 
from record through playback, should be removed. 
One additional unit is planned but is not in opera-

tion at the present time. This is the analog refraction 
correction unit shown in Fig. 6. This unit makes use of 
the known dispersion properties of ionospheric refrac-
tion, i.e., that the effective index of refraction of the 
ionosphere, n, is given to first approximation by the 
formula' 

It = — M/1;2 

where 

ix = plasma frequency = N/Ne2/7rm 
N=electron density in electrons/cc 
e= electronic charge in esu 
in= electron mass in grams 
fi= transmitter frequency. 

Using this relationship, the observed Doppler shift can 
be approximated by a power series in as' 

-1./.( "(1) = f")(1) + aft")(/) (1) 

where 

= Doppler shift of fi as received, 
Afo(l)(t) = "vacuum" Doppler shift, i.e., as it would be 

in absence of ionosphere, 
.a.fom(t) =f4f0")(t) =.fik(t)/c, 

ii(t) -= time rate of change of slant range from 
ground station to satellite, 

c =vacuum velocity of light, 
= first order "error term" resulting from 
ionospheric effects, 

Afi(i)(1) = a(t) /fi 
a(t)= power series coefficient for 1/fi term. 

Since eifo(°)(t) and a(t) are independent of frequency, 
(1) can be used in conjunction with measurements of 
fm(t) at two frequencies to construct two simultane-
ous equations that can be solved for Afo(°'(/) or a(t) by 
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elimination. The instrumentation shown in Fig. 6 will 
perform this elimination to produce afo"(t), the 
"vacuum" Doppler. If the approximations are suffi-
ciently accurate, this will provide refraction-free data 
for the computer. Note that when fi is the second har-
monic of f2, for example, all of the operations shown in 
the figure can be performed with standard circuits. 
The instrumentation described in the preceding sec-

tion constitutes a tracking station for the present satel-
lite navigation system. Clearly, any one of these stations 
can function as a navigating station simply by using 
its output data for computing a navigational fix in-

stead of sending the data to the central computer for 
use in orbit determination. 

III . PRESENT TRACKING STATION SYSTEM 

At the time of this writing, five receiving stations, 
each as described in Section II, have been assembled 
to form a system whose function is to gather the data 
for precision tracking of a navigational satellite. These 
stations are located in Howard County, Maryland; 
Argentia, Newfoundland; Seattle, Washington; the 
Defense Research Laboratory of the University of 
Texas, Austin, Texas; and the Physical Sciences Lab-
oratory of the New Mexico State University, Las 
Cruces, New Mexico. A sixth installation which is only 
instrumented to produce magnetic tape for reduction 
at one of the complete stations is currently operated by 
the Radio Department of the Royal Aircraft Estab-
lishment at Lasham, England. 

It is hoped that it will be possible to enlarge this net-
work to provide more extensive geographic coverage, 
which is necessary to realize the full potential of the 
system to produce accurate ephemerides. The present 
locations were selected to provide a "hard core" of sta-
tions which would not get entangled in acute logistic 
and communications problems, but would, nonetheless, 
cover a reasonably wide area. It has been possible to 
transmit all data by commercial TWX, and only at 
Argentia has it been necessary to use a leased line. 

IV. COMMENTS 

The equipment described above has functioned satis-
factorily in that it has produced data in actual practice 
that is sufficiently accurate for orbit determination. 
However, it is not optimum in all respects. For in-
stance, it would be an improvement to replace the con-
ventional second detector in the receiver with a syn-
chronous detector, or, even better, to remove this de-
tector completely. This could be accomplished by lock-
ing the local oscillators in the receiver to the frequency 
standard. By a suitable choice of local oscillator fre-
quencies, the "difference" frequency at the receiver out-
put could be adjusted to fall within the tuning range of 
the tracking filter. The net result of this change would 
be to improve the S/N capability of the receiving sys-
tem by at least 3 db. 

Another modification that may be useful would be to 
place the present tracking filter, which operates at a 
relatively low frequency, with an RF servo loop similar 
to that used in the Microlock system. This would pro-
vide some added flexibility by increasing the tuning 
range of the tracking loop. It may also reduce costs. 
It is not clear, however, which approach produces the 
better results. Plans are now being formulated to com-
pare the amount of phase jitter in the voltage controlled 
oscillators used in each system, and these results will 
probably be the most important factor in determining 
which method is to be used. 
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Other changes that are being considered are adjust-
ment of the "counting time" over which each measure-
ment is made. It will probably be increased, the extent 

of the change depending on the outcome of error anal-
yses which are planned. Also some revisions of the 
magnetic tape operation are being studied, because 
"high" frequency flutter components (> 50 cps) have 
prevented the tracking filters from following the Dop-
pler signal in playback as closely as is desired. 

Considerable thought is being given to the develop-
ment of equipment engineered specifically for this pur-
pose. This will be especially important for navigational 
instruments where reliability, size, weight, cost, and 

power requirements will be critical. The first thought 
that arises in this connection is that the operational 
equipment must be transistorized and modular. 

It is expected that experience will decide the best 
answers to the above questions, and will certainly dic-
tate the detailed form of equipment for each specific 
application of a satellite Doppler navigation system. 
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Applications of Doppler Measurements to Problems in 
Relativity, Space Probe Tracking, and Geodesy* 

ROBERT R. NEWTON t 

Summary—This paper begins with a discussion of the precision 
with which the Doppler shift in the signal received from a space 
vehicle can be measured, using existing atomic frequency standards 
on the ground, and a proposed transponder system on the vehicle. 
Applications of Doppler methods to measuring the gravitational red-
shift, to tracking space probes and measuring certain astronomical 
constants, and to geodesy, making use of the precision of atomic 
standards, are then presented. The conclusion drawn is that Dop-
pler methods can improve upon existing accuracy in these areas. 

I NTRODUCTION 

G
ilER and Weiffenbacht have described the gen-
eral way in which Doppler signals from a near 
Earth satellite can be used either to determine 

the satellite orbit or to fix the position of the receiving 
station. Newton' has described how the same general 
method can be extended to the Doppler tracking of an 

* Original manuscript received by the IRE, December 2, 1959. 
This work was supported by the Department of the Navy, Bureau of 
Ordnance, under Contract NOrd 7386. 
t Applied Physics Laboratory, The Johns Hopkins University, 

Silver Spring, Maryland. 
W. H. Guier and G. C. Weiffenbach, "A satellite Doppler navi-

gation system," this issue, p. 507. 
2 R. R. Newton, "Tracking objects within the solar system using 

only Doppler measurements," in " 1959 Proceedings of the Tenth 
Congress," International Astronautical Federation, London, in press. 

interplanetary vehicle. This paper will describe some 
possible further extensions of the method. 

Let us first point out what seems to be the central 
feature of the method, namely, that we attempt to use 
all of the information contained in the Doppler signal 
from a moving transmitter. This is quite different from 
another method frequently used in the Doppler track-
ing of satellites, in which the Doppler is used only to 
yield the time and range at nearest approach to the re-
ceiver (and sometimes the speed).3 

While many uses of Doppler signals from space vehi-
cles can be developed at the level of accuracy contem-
plated in the works cited," the usefulness of the gen-
eral method can clearly be enhanced by an increased 
level of accuracy. Accordingly, we shall first discuss a 

3 Incidentally, this method has often been misapplied: Let p be 
the vector from receiver to transmitter, with p = 41; then the classical 
Doppler frequency is proportional to p. = é•p/P. The minimum range 
is inferred from the derivative of this at the instant when p« =0; the 
derivative of the Doppler at this instant is proportional to =(P.p 
-1-é•Y)/p. It has been customary to neglect the first term in the nu-
merator, thus making the assumption of unaccelerated motion, even 
though the first term can be quite appreciable. For example, with a 
satellite in a circular orbit at 700 km, at a minimum range of 800 km, 
the first term is about one-seventh of the second term. 
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method of exploiting the precision of atomic frequency 
standards. Following this, we shall discuss several ap-
plications: to measuring relativistic effects, to tracking 
interplanetary vehicles and concurrently improving 
astronomical data, and to making geodetic measure-
ments. 

USE OF ATOMIC STANDARDS IN 
DOPPLER APPLICATIONS 

The most obvious way to use atomic frequency stand-
ards in space work is to place an atomic clock in the pay-
load, and a program of developing an atomic clock to 
be flown in a satellite has been announced.' We shall 
describe an alternate method, which can probably be 
realized sooner and at less expense. This method is in-
ferior in some applications to orbiting an atomic clock, 
and superior in others. 
The alternate method is simple in principle. We start 

with an Earth-based transmitter, controlled in fre-
quency by an atomic clock, which illuminates the space 
vehicle. The vehicle receives the signal, the frequency 
of which is now altered from the transmitted frequency 
by a Doppler shift, and phase-locks to it an on-board 
oscillator. The signal from the oscillator is then retrans-
mitted, perhaps with a slight frequency shift for con-
venience, and the signal is received at an Earth-based 
station, again modified by Doppler. The resultant of 
the two Doppler shifts, one occurring with the outgoing 
signal, and one with the incoming signal, is then ex-
tracted by beating the final received frequency against 
an atomic standard. 

There are several possible variants on this basic 
method. In some applications, we might want to have 
the Earth-based transmitter and receiver at different 
locations. This would require having two separate fre-
quency standards, or else a reliable method of sending 
a standard frequency from one location to the other, 
and would limit the accuracy to the accuracy of the 
standards used, or to the accuracy in time and fre-
quency of the ground communication link. In other ap-
plications, we would have the Earth-based transmitter 
and receiver at the same site. This would allow using 
only a single frequency standard, and it would limit 
the accuracy only by the frequency drift of the standard 
during the transit time of the radiation. For satellite 
work, the transit time would rarely exceed a quarter of 
a second, and the accuracy could be appreciably greater 
than the nominal accuracy of the frequency standard. 
At this point, we should define more carefully what we 

mean by the accuracy of a frequency standard. We do 
not mean the accuracy with which the number of cycles 
per second of Ephemeris Time is known. If the standard 
is good enough to yield good Doppler data, then the pre-
cision in our knowledge of its absolute frequency is not 
a limiting factor. Also, we do not mean shifts in Ire-

For example, see the column " Miscellany" in Physics Today, 
vol. 12, p. 73; September, 1959. 

queue), which may occur over a few minutes of time. In 
the applications which we shall consider, observations 
will be made over a considerable period of time, long 
enough so that reasonable short-term fluctuations in 
frequency can be smoothed out statistically. What we 
do mean is the precision with which a transmitted fre-
quency, averaged over perhaps an hour, can be com-
pared with a received frequency, of almost equal value, 
and likewise averaged over perhaps an hour, with the 
precision expressed as a fractional part of one of the two 
frequencies compared. 
With this definition of accuracy, we may expect the 

accuracy to be about 10-i" when different atomic 
standards are used for the transmitted and received fre-
quencies, and considerably better than 10-1" when a 
single standard is used and when the transit time of the 
radiation is less than a second. 
To analyze the meaning of accuracy in the latter 

case, let r be the transit time of the radiation, and let 
e(t) be the fractional deviation of the frequency standard 
at time t from its average over a long time. Then the 
error in measuring the Doppler frequency at time 1 is 

e(t) — €(1 — r) r(de/ di). 

The significant quantity is the average (not the rms 
value) of this over some time interval, from 0 to 7'. for 
example. This average is 

(r/T)[E(T) — e(0) j. 

The quantity in brackets will be of the order of 10-'° 
for an atomic standard, and r/T can readily be of the 
order of 10-3, so the accuracy for the case in question 
should be of the order of 10-'". For a good crystal fre-
quency standard, the corresponding accuracy should be 
better than 10-". 
Another variant on the basic method concerns 

whether we have an almost constant frequency in the 
original transmission, or arrange to have an almost 

constant frequency in the signal received by the vehicle. 
If we know reasonably well, in advance of a particular 
experiment, the orbit of the vehicle and the location of 
the transmitter, we can alter the transmitted frequency 
by the amount of a predicted Doppler shift. In this 
way, the frequency received at the vehicle will vary 
only by the uncertainty in predicting the Doppler, and 
the stability of the transponder will be greatly enhanced. 
The price of doing this is a lowered stability in the 

original transmitted frequency; but it is probable that 
a net improvement can be effected, particularly when 
using a single standard for transmission and reception.° 
Improved precision in frequency is, of course, mean-

ingless unless the performance of all the other coin-

5 The general idea cf using a transponder in a satellite to eliminate 
the on-board frequency standard must certainly have been suggested 
independently many times, although we are not aware of any refer-
ences in the literature. The idea of modulating the transmitted fre-
quency so as to keep the frequency constant at the satellite was sug-
gested to the writer by L. J. Rueger of this Laboratory, and seems to 
us to have potentially great value. 
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ponents in the system can be made compatible with the 
frequency performance. In particular, we must be able 
to measure accurately the time at which the Doppler 
frequency has a given value. The required precision in 
time is related to the maximum time derivative of the 
Doppler frequency. If v is the transmitted frequency, 
and p is distance from receiver to transmitter, the time 
derivative of the Doppler frequency is WO' P. The time 
error ö t compatible with an error, which we shall write 
as ev, in Doppler frequency is 

St = (v/c)ji = cc/ji. 

The minimum St required occurs when is a maximum. 
The value will clearly depend upon the application; to 
get a typical value, if p=10 m/second 2, and 
St = 3X 10-4 seconds. This precision is possible with the 
use of an atomic standard. 
The most serious apparent problem in the way of uti-

lizing the available precision is that of correcting the 
observed Doppler frequency for fluctuations in atmos-
pheric and ionospheric refraction. While many people 
have reported large sporadic variations in the frequen-
cy received from a satellite, amounting sometimes to 
more than ten cycles at 100 mc, Weiffenbach8 has ob-
served signals in which such variations are certainly less 
than a few tenths of a cycle at 100 mc. If we can restrict 
the data used, for research purposes, to observing pe-
riods of such ionospheric quality, we may need to make 
the refraction corrections to an accuracy of only about 
one per cent. These corrections can perhaps be made by 
using more than one frequency, inferring the refraction 
from the measured dispersion, or by measuring the 

Faraday rotation and estimating refraction from the ro-
tation. 

MEASUREMENT OF RELATIVISTIC EFFECTS 

For a near Earth satellite, ii/c is of the order of 10-8. 
Relativistic effects in the Doppler shift are of the order 
of (ii/c)2 times the frequency, or v X10-1 °, where v is the 
transmitted frequency. If the accuracy of measuring the 
Doppler frequency is ev, we cannot measure relativistic 
effects unless E is appreciably less than 10-". 

The most interesting relativistic effect is probably 
the gravitational red shift. Regardless of the accuracy 
available, the red shift cannot be measured by a trans-
ponder system, since the gravitational effect cancels on 
the outgoing and return legs. In order to measure the 
red shift, it is apparently necessary to have a stable 
transmitter on the satellite whose frequency is known 
in the satellite frame of reference. 

Singer,' in his proposal for a measurement of the red 
shift, and Badessa, Kent, and Nowel1,8 in presenting an 

G. C. Weiffenbach, private communication. 
S. F. Singer, "Application of an artificial satellite to the meas-

urement of the general relativistic 'red-shift'," Phys. Rev., vol. 104, 
pp. 11-14; October 1,1956. 

8 R. S. Badessa, R. L. Kent, and J. C. Nowell, "Short-time meas-
urements of time dilation in an earth satellite," Phys. Rev., Lett., 
vol. 3, pp. 79-80; July 15,1959. 

ingenious method of cancelling the first-order Doppler 
shift, apparently assume that an atomic standard, cali-
brated on the ground, will keep the same frequency, in 
local units, when satellite-borne. Considering the rigors 
of launching, and other uncertainties, it seems undesir-
able to have the accuracy of the experiment rest upon 
this assumption; it is better to arrange that the standard 
frequency be measured in flight, using a method which 
can separate measurement of the frequency from meas-
urement of the red shift. 

Accordingly, we suggest carrying a transponder sys-
tem together with an atomic frequency standard in a 
satellite. Using the transponder system, we can deter-
mine the satellite orbit; the only assumption which this 
requires about the gravitational red shift is that the 
shift changes sign according to whether radiation is 
traveling with or against the field. With the orbit thus 
determined, study of the Doppler shift in radiation con-
trolled by the atomic standard gives the combined ef-
fect of the red shift and a shift in the standard frequen-
cy. If the orbit is circular, both of these shifts are con-
stant, and we cannot separate them; however, if the 
orbit is highly eccentric, we can hope to deduce the de-
pendence of the total shift upon gravitational potential, 
and hence to separate the two effects. 

INTERPLANETARY TRACKING AND 
ASTRONOMICAL DATA 

In work previously cited,' the accuracy of tracking 
the early part of a space probe trajectory by Doppler 
methods has been estimated at about one part in 108 of 
the orbit parameters, at the end of about half a day of 
tracking. By going to atomic frequency standards, we 
can expect to increase the precision to about one part in 
10' for short-tenrn tracking, and probably better for 
long-term tracking. 

Since the transit time of the radiation is large, the 
method of using a single frequency standard probably 
is no more accurate than a method using two standards, 
although it may be more convenient. It should still be 
advantageous to premodulate the signals so that the 
frequency at the space probe is nearly constant. 
One result of increased precision should be an in-

creased tracking range, by virtue of decreasing the 
bandwidth required: the bandwidth can be decreased, 
in principle, down to the uncertainty in the value of fre-
quency to be received. If scintillations in frequency pro-
duced by refraction do not impose a larger limit, we can 
work at, for example, 0.01 cycle bandwidth at 100 mc, 
and thus increase the range, on a conservative basis, 
from 50 million kilometers to perhaps 500 million kil-
ometers, for a few watts of transmitted power from the 
probe. Whether this limit can be reached in the presence 
of ionospheric noise remains to be seen. 

If the precision in long-term tracking of a space probe 
can be increased to one part in 108 for the orbit ele-
ments, one result may be to eliminate the need for a 
separate midcourse navigation system on board a 
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planetary probe. A Mars probe, for example, could be 
placed at a point near Mars with a precision of about 
two miles, accurate enough to start the re-entry phase 
of the trajectory without the need of an on-board sys-
tem to track the planet up to this point. Because of the 
fast reactions required, if for no other reason, a separate 
system will presumably be needed from this point until 
the landing. 

Another result of increased precision will be an im-
provement in the values of certain astronomical con-
stants. All quantities which affect the motion of the ve-
hicle, the motion of the observer, or the propagation of 
radiation between the two, affect the Doppler frequen-
cy. Thus, by measuring the Doppler, we can get a meas-
ure of these quantities, with an accuracy which depends 
upon the sensitivity of the Doppler to them, provided 
that we make enough measurements to separate out the 
different ways in which the different quantities affect 
the Doppler. Among such quantities will certainly be 
the mass ratios of Sun, Earth, and Moon, the values of 
their mean distances in terms of laboratory units of dis-
tance, and the velocity of light in interplanetary space. 
If the tracking extends over a few months in time, which 
is a significant part of the orbital periods of Mercury 
and Venus, we may even obtain improved values of 
their masses by analyzing perturbations upon the space 
probe orbit. 

It is perhaps surprising that we can determine geo-
detic data of currently useful quality from tracking an 
interplanetary vehicle. However, the component of ve-
locity which the receiving station has because it is car-
ried upon the surface of the rotating Earth (and, conse-
quently, its geocentric coordinates), enters directly into 
determining the Doppler shift. If the shift is measured 
to a precision of ep, the velocity is measured to a preci-
sion of cc, or about 0.003 m/second for E = 10-". Rota-
tional velocity at the equator is about 460 m/second; 
thus, for a station at the equator, we can determine the 
local radius of the Earth and the east-west position of 
the receiver within about 40 m. This exceeds the present 
accuracy for some parts of the Earth. 

It is important to realize, first, that these geodetic 
data are obtained from a system which is completely in-
dependent of any anomalies in the Earth's gravitational 
field (since it does not significantly depend upon Earth's 
gravitation at all), and, second, that the data obtained 
are directly the coordinates of the receiving station in 
the coordinate system whose origin is the terrestrial cen-
ter of mass, and one of whose axes is the instantaneous 
axis of rotation of the Earth. Measurements made in 
this way are therefore independent of the traditional 
methods of geodesy, being based upon independent 
principles, and therefore can form a valuable supple-
ment to geodetic data. 

Geodetic measurements having this same advantage 
can, however, be obtained with greater accuracy using 
Doppler data from a high altitude Earth satellite. This 
brings us to a model for a geodetic satellite. 

A GEODETIC SATELLITE 

The figure of the Earth enters into determining the 
Doppler shift in the signal from a satellite in two inde-
pendent ways. First, the figure, in conjunction with the 
density distribution, determines the gravitational field 
in which the satellite moves. Second, the figure, in a 
fashion which is purely geometrical and independent of 
the density distribution, determines the velocity of the 
receiving station, which is part of the relative veloctiy 
between transmitter and receiver. It is desirable to make 
geodetic measurements which separate these effects, 
perhaps by eliminating one of them. 

Use of a space probe for geodetic work accomplishes 
this purpose by eliminating the effects of the Earth's 
gravitation, but at the expense of decreasing the sensi-
tivity of Doppler measurements to the receiver coordi-
nates. A near Earth satellite gives greater sensitivity to 
the coordinates, but at the expense of making the orbit 
sensitive both to local gravitational anomalies, includ-
ing the time-dependent effects produced by tides, and 
to variations in drag.9 A compromise is desirable: for 
geodesy we should use the lowest-altitude orbit which is 
unaffected, to the desired accuracy, by gravitational 
anomalies or by fluctuating drag, within the time pe-
riod needed for the observations. This time will be of 
the order of a few orbital periods. 
We do not know what the optimum altitude for this 

geodetic satellite should be. We shall assume that the 
altitude is one Earth radius; this altitude is unlikely to 
be too low, so that we shall be conservative in using this 
altitude when we estimate the accuracy of determining 
coordinates. 

It is difficult to estimate the accuracy for a general 
orbit and a general observing position. We have made 
an estimate for the particular case of a circular equa-
torial orbit at an altitude of one Earth radius, and an 
observer near the equator. The method of calculation is 
similar to the standard method outlined, for example, 
by Newton,2 except that we assume here that the mean 
value of the population from which a noise sample is 

drawn is not zero, but increases uniformly from zero to 
2ev during a single pass. This puts both a drift and a 
bias into the observations of frequency. crn, the error in 
the local radius of the Earth, and «L, the error in longi-
tude, become: 

Un = 2 X 10"e meters, 

= 5 X 10 116 meters. 

The error in measuring latitude is approximately 

au sec °max, where L ax is the maximum elevation of the 
satellite during the pass. Unless 0„,,„c is too close to 90°, 
the error in latitude is comparable to au. 

9 D. G. King-Hele, " Determination of air density and earth's 
gravitational field from the orbits of artificial satellites," in " 1959 
Proceedings of the Tenth Congress," International Astronautical 
Federation, London, in press. 
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For e=10-", then, we can find the geocentric coordi-
nates of the observer to an accuracy of a few meters 
from a single pass, provided that accuracy is limited 
only by the accuracy with which a Doppler frequency 
can be measured. Since we can probably make E < 10- ", 

and can use more than one pass, we can hope to meas-
ure coordinates to a meter or less, again with the as-
sumption that the problems other than frequency meas-
urement can be solved. We have already discussed 
some of these other problems. 

In using this satellite, we shall probably find it help-
ful to use both the method of a single standard, with re-
ceiver and transmitter at the sanie location, and the 
method of separate locations. The former gives greater 
precision, but the latter yields the relative coordinates 
of transmitter and receiver directly, and should facili-

tate some studies. It should also be possible to make 
measurements from a surface vessel, although with some 
loss of accuracy, thus enormously increasing the geo-
detic coverage of the globe. 

We should almost certainly use the method of modu-
lating the originally transmitted frequency, in order to 
maintain constant frequency at the satellite. 

It is, of course, desirable to make other accurate geo-

detic measurements using methods which involve gravi-
tational anomalies, so that these anomalies can be 
studied. 
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A Doppler-Cancellation Technique for Determining 
the Altitude Dependence of Gravitational 

Red Shift in an Earth Satellite* 
R. S. BADESSAt, R. L. KENTt, MEMBER, IRE, J. C. NOWELL$, AND C. L. SEARLEt, MEMBER, IRE 

Summary—A cancellation technique permits measurement of the 
frequency of a source moving relative to an observer without the ob-
scuring effect of first-order Doppler shifts. The application of this 
method to a gravitational red shift experiment involving the use of 
an earth satellite containing a highly stable oscillator is described. 
The rapidity with which a measurement can be made permits the 

taking of data at various altitudes in a given elliptical orbit. Tropo-
spheric and ionospheric effects upon the accuracy of results are esti-
mated. 

I NTRODUCTION ACCORDING to the General Theory of Relativity, 
the time kept by a " proper" clock (or the fre-
quency of a standard oscillator) is affected by the 

motion of the clock and by its local gravitational poten-
tial. The latter effect, known as the "gravitational red 
shift," is expected to result in variations of only 7 parts 
in 101° in the rates of clocks in the vicinity of the earth. 
Attempts to obtain experimental verification have been 

* Original manuscript received by the IRE, November 23, 1959. 
This work was supported in part by the National Aeronautics and 
Space Administration under Contract NASw-33. 

t Res. Lab. of Electronics, Mass. Inst. Tech., Cambridge, Mass. 
Missile Systems Div., Raytheon Manufacturing Co., Waltham 

Mass. Formerly with Res. Lab. of Electronics, Mass. Inst. Tech., 
Cambridge, Mass. 

stimulated by the development of highly stable fre-
quency standards and the availability of earth satellites 
in orbits that provide a significant variation in gravita-
tional potential. 

In 1956, Singer' proposed the measurement of gravi-
tational red shift by an experiment involving compari-
son of the time kept by a stable clock in a satellite with 
that of an identical clock on earth. Since then, several 
versions of his experiment have been suggested. Basi-
cally, all of them involve the use of an atomic clock, or 
equivalent standard, from which, by frequency division, 
a series of precise timing pulses can be derived. These 
pulses would be transmitted as a modulated carrier over 

a one-way link from a satellite to earth, where they 
would be compared with a similar, locally generated 
timing waveform to determine the frequency difference. 
The frequency of the received pulses is directly in-
fluenced by the rate-of-change of path lengths (first-
order or radial Doppler shift). This effect is typically 
four or five orders of magnitude larger than the gravita-

S. F. Singer, "Application of an artificial satellite to the measure-
ment of the general relativistic 'red shift'," Phys. Rev., vol. 104, pp. 
11-14; October, 1956. 
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tional red shift. Consequently, data must be acquired 
over a sufficiently long time interval (probably several 
days) to insure that path-length measurement errors 
are negligible. At the completion of this experiment, a 
single value is obtained for the average frequency shift 
over many orbital periods. Thus it is not possible by 
this technique to determine the effect of altitude 
variations. 

In order to obtain the altitude dependence of gravita-
tional red shift, the measurement interval must be 
shortened to a small fraction of the orbital period. How-
ever, path-length variations make the performance of a 
short-time measurement in a one-way propagation ex-
periment virtually impossible. But two-way propaga-
tion experiments offer definite possibilities. Engineers 
are quite familiar with the doubling of the first-order 
Doppler shift, which occurs in transmission of signals to 
and from a radar target. If it were possible to reverse the 
sense (i.e., direction) of one of these frequency shifts by 
a mixing operation, then essentially complete cancella-
tion of first-order Doppler shift could be effected. In 
the short-time measurement system2 that will be de-
scribed, such a technique permits data for a single alti-
tude to be obtained in an interval of 60 seconds or less. 
The following significant advantages result. 

1) By employing an elliptical orbit, frequency dif-
ferences at various altitudes can be observed, and 
hence the variation of frequency with gravitational 
potential can be obtained. 

2) If the measurement is repeated when the satellite 
is at a particular altitude (e.g., at perigee), a slow 
frequency drift between satellite and earth clocks 
can be determined and removed. Since the quan-
tity of interest is the variation in frequency dif-
ference as a function of altitude, a fixed offset fre-
quency between clocks is inconsequential. There-
fore, quartz-crystal oscillators can probably be 
employed. 

3) Continuous integration or counting of pulses over 
many orbital periods is not required. Skipped 
cycles or temporary failures would not invalidate 
the experimental results. 

THE SHORT-TIME MEASUREMENT PRINCIPLE 

The principle employed in a short-time measurement 
will be illustrated by a simplified analysis. In the interest 
of simplicity, the measurements are assumed to take 
place at an earth pole (0 in Fig. 1). (An outline of the 
derivation of the following expressions is given in the 
Appendix.) 

R. S. Badessa, R. 1.. Kent, and J. C. Nowell, "Short-time meas-
urement of time dilation in an earth satellite," Phys. Rev. Lett., 
vol. 3, pp. 79-80; July, 1959. 

Fig. 1—Geometry of the measurement problem. 

1) A transmitter (located at point 0) of frequency f 
transmits to the satellite. 

2) The frequency of the signal received at the satellite 
is 

1 — 0 cos a 

f' - f(1 a, + 24),12 (1) 

where 0 is the magnitude of the satellite velocity 
(measured in the coordinate system of the observer 
at 0) at the instant of reception, normalized in 
terms of the velocity of light; a is the angle ( meas-
ured in the same coordinate system) between the 
propagation path O-S and the velocity vectori; 

is the (positive) difference in gravitational po-
tential between points S and 0, normalized in 
terms of the square of the velocity of light. 

3) The satellite contains an oscillator of frequency 2f 
(measured on the satellite). The received signal 
frequency f' is subtracted from 2f by mixing 
within the satellite to yield a frequency difference 

f" = 2f — f'. (2) 

4) The mixture signal f" is transmitted back to earth. 
(Reception and retransmission at the satellite are 
assumed to be virtually instantaneous.) 

The frequency of the received signal is measured as 

(1 — 02+ 20) 112 r _ fil 
1 + a cos a (3) 

Substitution for f" in (3) yields 

(1 

= f [ 2 1 — cos a _,92+2.,).12] 
. (4) 

— 132 + 2eini L + 0 cos a 

By means of a power-series expansion, retaining second-
order terms in 0 and first-order terms in 0, we obtain 

f" f(1 — 62). 

The first-order Doppler term has been cancelled, and the 
received signal frequency differs from the ground trans-
mitter frequency by 

Af f(20 - 02). (5) 
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The two terms in (5) are apparently inseparable experi-
mentally. The first term, 2ckf, is the desired gravitational 
frequency shift. The second term, —02f, is the well-
known second-order, or transverse, Doppler shift of 
special relativity. This term, which has been verified 
experimentally, can be calculated easily and subtracted 
from the measured frequency difference to obtain the 
residual gravitational effect. 

The frequency difference in the general case of an ob-
server not located at the pole (Fig. 2) is given by 

àf J[20 — (082 — 0,2) — 2,3e, cos («2 + 72) 

— $22(1 + r sin 72)1, (6a) 

where 08, fo, az, and 72 are as shown in Fig. 2, measured 
in a nonrotating coordinate system with origin at the 
earth's center and r is the range, normalized in terms of 
the earth's radius. The term in (6a) containing the prod-
uct eo,fl. is of the order of 10-1 °, and cannot be neglected 
in the present experiment. This term must be retained, 
and appropriate values substituted. Present orbital 
computational accuracy is more than adequate for this 
purpose. 

SATELLITE EQUIPMENT 

As we have indicated, the operations to be performed 
in the satellite are as follows: 

1) Amplify a received signal of frequency f'. 
2) Mix the received signal with that of the satellite 

"clock" to obtain 2f —f'. 
3) Amplify and transmit a signal of frequency 2f . 

In order for the cancellation of first-order Doppler 
shifts to be effective, the signals received and trans-
mitted at the satellite must be very nearly of the same 
frequency. One way of avoiding the ensuing "spillover" 
problem is to employ pulsed waveforms. The received 
signal pulses, 1-10 µsec long, are stored briefly in a delay 
line or equivalent device. After the reception of each 
pulse, the receiver is turned off and the transmitter 
turned on. Fig. 3 is a block diagram of the satellite 
equipment required to instrument this technique. This 
configuration is intended only for purposes of illustra-

tion. An operating frequency range of 500-1000 mc, 
which is expected to fall between regions of severe iono-
spheric and tropospheric propagation anomalies, has 

been tentatively selected. A factor in the final choice of 
an operating frequency is the desirability of employing 
transistor circuitry. For ranges up to 10,000 miles, an 
RF output of approximately 20 mw (average), 0.4 watt 
(peak) is required from the satellite transmitter. 

Although duplication of units is not indicated in the 
block diagram, it is particularly desirable to include 
more than one crystal frequency standard in the satel-
lite, to permit independent measurements and to im-
prove system reliability. The use of three crystal oscil-

lators in a common temperature-stabilized oven is sug-
gested. The crystals, which could be offset from one 
another in frequency for identification purposes, might 

Fig. 2—Geometry of the two-way propagation experiment. 
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Fig. 3—Illustrative satellite-equipment configuration. 

be selected with different known temperature coeffi-
cients. Then variations in satellite temperature, which 
could possess a deceiving similarity to the orbital period 
of the satellite itself, will affect the three oscillators in 
varying degrees. Thus, a means for separating relativ-
istic frequency shifts from temperature-dependent ef-
fects is provided. Preliminary power and weight esti-
mates for the satellite equipment, including the weight 
estimate for batteries, are 3 watts and 35 pounds. 
The stability of the crystal oscillators is of paramount 

importance and will be discussed separately. The over-
all phase shift through the receiver and transmitter 
should remain stable within 30° over the measurement 
interval 20-60 seconds, in order not to degrade the 
measurement accuracy which should be determined es-
sentially by the short-term stability of the crystal os-
cillators. 

GROUND EQUIPMENT 

An illustrative block diagram of the major portion of 
the required ground equipment is shown in Fig. 4. It 
functions as follows: 

1) A signal of frequency f is transmitted. 

2) A signal of frequency f" is received from the satel-
lite and compared in frequency with f by means of 
a mixer and a synchronous detector. 

3) The frequency-difference signal is recorded on tape 
together with a fixed-frequency reference signal. 
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.1 

The transmitted and received signals both consist of 
series of pulses (each 1-10 µsec long). Time-delay dis-
crimination is provided in the receiver for the rejection 
of transmitter feed-through signals and other undesired 
signals. In addition, a frequency offset of 1 part in 106 
is purposely introduced between the ground and satel-
lite frequency standards. This insures a small frequency 
separation between the signals transmitted and received 
on the ground, thereby facilitating resolution of the 
satellite signal from clutter by means of narrow-band 
filtering, without materially affecting first-order Doppler 
cancellation. 
The coherent waveform and narrow-band filtering 

( + 1 cps) employed in the ground receiver make possible 
the low requirement on satellite transmitter power (20 
mw, average). Doppler tracking is unnecessary because 
the frequency of the signal received on the ground is 
virtually independent of first-order Doppler shift. How-
ever, the first-order Doppler shift is present in the signal 
received on the satellite. For simplicity, broad-band 
amplification, rather than Doppler tracking, is em-
ployed there, at the expense of increased ground-
transmitter power. For a 10 meter2 antenna on the 
ground, the power required to yield a clean signal on the 
satellite is approximately 500 watts (average), 10 kw 
(peak). 
The ground station requires means for storage, as 

well as immediate processing, of the receiver output 
signal. The desired information is contained in the small 
variations in output frequency with orbital position. 
Since orbital position will be known as a function of 
time, a recording of the output signal together with a 
time signal will suffice. 

Processing of the data involves measurement of a 
small frequency difference between two signals. This is 
best accomplished by measuring the total phase dif-
ference accumulated in a specific time interval. For ex-
ample, a frequency difference of 0.1 cps in a 60-second 
interval results in a total accumulated phase difference 
of 2160°. This can be measured precisely by manual 
phase-tracking techniques, with the use of an oscillo-
scope as a visual tracking indicator. 

OSCILLATOR STABILITY 

The frequency standards used in this experiment must 
meet two separate stability requirements. First, all 
random and periodic frequency excursions must be at 
least an order of magnitude smaller than the total effect 
that is to be measured. Second, any long-term frequency 
drift in one orbital period should not exceed 20 to 30 per 
cent of the total desired effect. Perhaps the reasons for 
these stability requirements can best be illustrated by 
plotting a set of hypothetical data that might be ob-
tained in this experiment. Fig. 5 shows a plot of the 
hypothetical frequency difference against time. For 
simplicity, it is assumed that data are acquired alter-

,. nately at apogee and at perigee for several successive 
sightings. The clusters of points at times . 1, B, C, and so 
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o 

Fig. 5—Flypothetical data to illustrate oscillator 
stability requirements. 

on, represent several readings of frequency difference ob-
tained during the intervals when the satellite is visible. 
The frequency difference between the two dashed lines 
for apogee and perigee readings is expected to be ap-
proximately 4 parts in 1010. Therefore, the undesired 
random and periodic frequency variations of the oscil-
lators that are indicated by the dispersion of the clusters 
must be no greater than a few parts in 10". 
The slope of either of the dashed lines in Fig. 5 repre-

sents the difference between the long-term drifts of the 
oscillators, and it is clear that a monotonic drift per or-
bital period of from 20 to 30 per cent of the total effect 
can easily be tolerated. For the proposed experiment, 
a drift of 1 part in 10'6 in a few hours, or approximately 
1 part in 106 per day, is permissible. A small fixed offset 
frequency between the oscillators would merely shift the 
base line in Fig. 5, and therefore would have no effect 
upon the desired measurement. 

Actual measurements taken on commercially avail-
able quartz-crystal oscillators indicate that these oscil-
lators essentially meet the stability requirements. Table 
I shows some data obtained in a comparison test. The 
1-mc output signals of two crystal oscillators were multi-
plied up and mixed down in such a way as to magnify 
their frequency difference by a factor of 1000. The re-
sulting beat frequency was then determined by means 
of a counter operating over periods of 10 and 100 
seconds. The last digit of the counter output represents 
parts in 101° for the 10-second count, and parts in 10" 
for the 100-second count. In either case, the counter has 
a starting error of one count. Thus, the differences in-
dicated between the two oscillators may be entirely ac-
counted for by the counter error. The oscillator error is 
shown to be no greater than 1 part in 10" when it is 
averaged over successive 100-second intervals. 
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TABLE I 

FREQUENCY COMPARISON DATA FOR Two HERMES MODEL 101C 
1-MC CRYSTAL FREQUENCY STANDARDS 

10-Second Counting Interval; 
Total Elapsed Time, 

Approximately 45 Minutes. 

100-Second Counting Interval; 
Total Elapsed Time, 

Approximately 15 Minutes 

93101 
93100 
93100 
93100 
93100 

• 
93100 
93100 
93101 
93100 
93101 

31005 
31006 
31006 
31005 
31006 
31006 
31006 

The oscillators that were tested employed vacuum-
tube circuits; data are not available for a transistor 
version that is now being developed. However, the sta-
bility is believed to be determined primarily by the 
crystal and its oven, and not by the oscillator circuitry. 
Therefore no degradation in stability is expected to re-
sult from a change to transistors. 

In order to transfer the oscillator stability to a trans-
mitter operating in the UHF range, a chain of frequency 
multipliers is required. Two methods of frequency multi-
plication, both of which use variable-capacitance diodes 
as the multiplying elements, are being considered. 
Leeson and Weinreb,3 in a detailed study of low-order 
frequency multipliers with nonlinear reactances, demon-
strated that frequency doublers with only 1-db loss 
could be constructed. A chain of doublers that are now 
being developed to go from the oscillator frequency to 
the transmitter frequency is expected to yield a loss of 
only 10-15 db. The second approach to the frequency-

multiplication problems is the use of one or two large 
frequency jumps. However, experimental results thus 
far indicate that in multiplying by a factor of 100, the 
loss is approximately 40 db. 

PROPAGATION EFFECTS 

As we have stated, the success of the described meas-
urement depends upon the cancellation of the first-order 
Doppler shift, an effect that is four or five orders of 
magnitude greater than the gravitational red shift. For 
adequate cancellation, it is essential that random fluc-
tuations in the effective path lengths upward and down-
ward be small, or that they be well correlated. Phase 
fluctuations along the propagation paths are known to 
be caused by turbulent irregularities in the troposphere 
and in the F2 region of the ionosphere. Extensive dis-

3 D. B. Leeson and S. Weinreb, "Frequency multiplication with 
nonlinear capacitors—a circuit analysis," PROC. IRE, vol. 47, i• 
2076-2084; December, 1959. 

cussions of these and related effects have been pub-
lished. 4-" 

It is desirable to select an operating frequency in a 
region in which the total rms phase error that is ex-
pected to arise from propagation anomalies falls well 
within the total permissible phase error of the experi-
ment. If the frequency shift is computed by observing 
the total accumulated phase difference in a specified 
time interval T, then the resulting frequency error can-
not exceed AIP/7r7. cps, where 34 is the total uncancelled 
phase fluctuation. At 500 mc, an rms phase error of 0.5 
radian results in a 1 per cent error in frequency for a 
60-second measurement interval. Such an error would 
be acceptable, since it is less than the value of the ex-
pected oscillator instability. 

Tropospheric fine structure is measured by variations 
in the dielectric constant. The rms one-way phase 
fluctuation obtained by Muchmore and Wheelon4 is 
given by 

(2101,) 1/27rAe 
erma  e 

X 
for L >> 10, (6b) 

where /0 represents the scale of the irregularities (prob-
ably 200 feet); L is the propagation path length through 
the turbulent medium (taken to be 20,000 feet); Ae is 
the rms deviation of the dielectric constant from unity 
(probably 10-6); and X is the wavelength. At a frequency 
of 1000 mc, the one-way phase fluctuation is computed 
as approximately 0.6° rms. This value is believed to be 
representative for a turbulent mass of (optically) clear 
air. In the presence of rain clouds, the interiors of which 
are very turbulent and contain large fluctuations in di-
electric constant, the situation is somewhat different. 
If we take as representative values for a rain cloud 
/0=20 feet, L=5000 feet, ae= 20 X10-6, the one-way 
fluctuation in phase at 1000 mc is found to be approxi-
mately 1.6° rms. Thus, a net phase fluctuation of 2° or 
3° rms might be typical for 1000-mc one-way propaga-
tion through the troposphere on a cloudy day. 
The tropospheric phase-fluctuation measurements of 

Herbstreit and Thompson,n at 1046 mc, appear to be in 

4 R. B. Muchmore and A. D. Wheelon, " Line-of-sight propagation 
phenomena. I. Ray treatment," PROC. IRE, vol. 43, pp. 1437-1449; 
October, 1955. 

5 J. L. Pawsey and R. N. Bracewell, " Radio Astronomy," Claren-
don Press, Oxford, Eng., pp. 347-351; 1955. 

H. G. Booker, "The use of radio stars to study irregular refrac-
tion of radio waves in the ionosphere," PROC. IRE, vol. 46, pp. 298-
314; January, 1958. 

7 D. F. Martyn, "The normal F region of the ionosphere," PROC. 
IRE, vol. 47, pp. 147-155; February, 1959. 

C. O. Hines, " Motion in the ionosphere," ()Roc. IRE, vol. 47, 
pp. 176-186; February, 1959. 

9 " Propagation Factors Affecting Long-Range UHF Radars at 
High Latitudes," Defence Res. Telecommun. Establ., Ottawa, Ont., 
Can., Rept. No. 41-1-3; December, 1958. 

'° J. W. Herbstreit and M. E. Thompson, " Measurements of the 
phase of radio waves received over transmission paths with electrical 
lengths varying as a result of atmospheric turbulence," PROC. IRE, 
vol. 43, pp. 1391-1401; October, 1955. 
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general agreement with theory. The standard deviation 
of the phase shift over a 10- mile tropospheric path ex-
ceeded 3° fifty per cent of the time, and 5.5° ten per cent 
of the time. :Moreover, the fluctuation period was found 
to be approximately 1 hour for large fluctuations, with 
minute-to- minute variations in phase shift of only 0.3° 
rms. Since the tropospheric phase fluctuation, from (6b), 
varies directly with the operating frequency, we con-
chide that the contribution of the troposphere to meas-
urement errors in this experiment is negligible. 

Ionospheric fluctuations are measured by variations 
in the free-electron density. Turbulent irregularities in 
the F2 region are maximum near midnight (local time) 
and occur in a region roughly 55 km thick at a nighttime 
altitude of approximately 300 km. The one-way rms 
phase fluctuation is shown by Booker' to be 

(11011 ) 112 

reXAX, Itenns = 2  (7) 

where ho, II are analogous to to, L for the troposphere 
(taken here to be 1 km and 55 km, respectively); r is 
the classical radius of the electron, 2.8 X10-15 meter; 
and AN is the rms fluctuation in free-electron density. 
A value of àN=10"/meter' is believed to be representa-
tive of the severe fluctuations encountered during peri-
ods of intense sunspot activity. Use of this value yields 
a phase fluctuation of 0.44 radian rms at 1000 mc. The 
ionospheric effect, from ( 7), varies inversely with the 
operating frequency. The desired relativistic effects, 
from (5), vary directly with frequency. Therefore, the 
fractional measurement error caused by ionospheric 
turbulence will vary inversely as the square of the oper-
ating frequency. Recent UHF measurements indicate 
that the phase fluctuation in propagation through the 
ionosphere is much less than one radian rms during a 
daytime period of normal ionospheric activity. 
The Doppler-cancelling property of the two-way 

propagation experiment will effect cancellation of phase 
(or frequency) fluctuations resulting from propagation 
anomalies, as well as the radial Doppler shift resulting 
from the motion of the satellite, to the extent that cor-
relation exists between the fluctuations introduced in 
the upward and downward traversals of the turbulent 
medium. The correlation coefficient is still to be esti-
mated, in order to determine the residue of the calcu-
lated one-way phase fluctuation that will remain un-
cancelled in the experiment. It is known that the iono-
sphere rotates with the earth, and hence the upward-
and downward-ray paths pass through essentially the 
same region of the ionosphere. The round-trip time de-
lay, r, associated with the largest anticipated range 
(10,000 miles) is 0.1 second. The value of the correlation 
coefficient for phase fluctuations displaced up to 0.1 
second in time is therefore required. Experimental 
data" indicate maximum fluctuation rates of approxi-

mately 4 cycles per minute, occurring during periods of 
magnetic activity. Assuming an exponential correlation 
function, we have 

p(r) = (8) 

where wo = 2w/15 = 0.42 radian "second. 
The residual ( uncancelled) phase error is then given 

by 

alho, = — p)P 12 (9) 

which, for small values of wor, is approximately 

#flos(2coor)", (we < 1)• (10) 

For r = 0.1 second, the quantity (2wor)" in ( 10) is equal 
to 1/3.5. The Doppler-cancellation process is therefore 
effective in reducing ionospheric phase fluctuations by 
a factor of 3.5, or better. The uncancelled phase shift 
is found to be 7.4° rms at 1000 mc, or 15° rms at 500 mc, 
for a path length (one-way) of 10,000 miles. Even at the 
lower operating frequency, the expected error for a 60-
second measurement interval is only 0.0014 cps, or 0.4 
per cent of the expected maximum red shift. 
We conclude that for operating frequencies in the 

range 500-1000 mc, propagation anomalies will produce 
a negligible deterioration in the accuracy of the 
measurement. 

APPENDIX 

We shall outline a method for computation of the 
Doppler frequency shift associated with the propagation 
of electromagnetic signals between points in nonuniform 
motion in a gravitational field. An approximate result is 
derived here; an exact derivation has been made by 
Friedman." 

If a gravitational field in space is described in a sys-
tem of coordinates x,, x2, x3, x4, where x4 =ct, and t 
represents "coordinate time," then the relation 

4 4 

ds2 = E E g„dx„dx, 
p=1 v=1 

holds between each locally measured interval ds and the 
corresponding coordinate differences, dx„ For events 
occurring at a single point, the locally measured interval 
is given by 

ds = cdr, (12) 

where dr denotes "proper time" at that point. The 
quantities g„ define the metric properties of space (i.e., 
the gravitational field). For a spherically symmetric dis-
tribution of mass about the origin ( Fig. 6), the g„ are 
given by the Schwarzschild solution to the field equa-
tions of general relativity: 

" M. H. Friedman, Dept. of Physics, M.I.T., Cambridge, Mass., 
private communication; October, 159. 
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Fig. 6—Geometry of propagation between two points moving in 
a spherically symmetric gravitational field. 

g44 = 1 + 242 
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tion to that at point 1. By the same method, the fre-
quency received at point 2 (viewed in the xm coordinate 
system) can be related to the frequency measured. Thus 

dr2 
12 = f' — 

dt2 

and 

(16) 

dr2 
— = [1 ± 202 — /322(1 — 62 cos2 02)1 112, (17) 
dt2 

where d/2 is the (coordinate) time of arrival of the ray at 
point 2. Since the number of events is preserved, 

dr2 dri 
dit = f' — d12 = f — (111. (18) 

d/2 d/4 

Therefore 

dil [1 ± 201 — 1342(1 — cos2 el " 
. (19) 

(13) f = f dl2 1 + 2e2 — $22(1 — 62 COS2 02) 

where 6, = 1 = y) ; = 0(i.t 0v); r is the distance to the 
origin from the point xl, x2, x2; and (1) is the normalized 
gravitational potential at that point. 

Consider a transmitter (Fig. 6) at point 1 in gravita-
tional potential 4), whose frequency f is precisely con-
trolled by a resonance of atoms, traveling with respect 
to the origin with (normalized) velocity el. The fre-
quency transmitted may be regarded as some number 
of events per unit time. As viewed in the xm coordinate 
system, this frequency is given by 

dn dit dri dri 
= — = — — f -- • 

dti drt 

Substitution for g„ and ds in (11) yields 

dri 
—  = [1 + 201 — /312(1 — 6 cos2 j1/2, 
dti 

(14) 

(15) 

in which €4= (200/(1+200 ; 04 is the angle between al 
and the radius to point 1. The observer at point 2 is as-
sumed to utilize a frequency standard of like constitu-

The relationship between the coordinate times of recep-
tion and transmission is intractable because the ray 
velocity varies slightly along the path, and the path it-
self is curved. However, it can be shown that neglect of 
these effects leads to an error of the order of the satellite 
velocity multiplied by the gravitational potential, 
which is only approximately 10-" for earth satellites. 
For present purposes, the derivation can be completed 
by a classical computation of the rate-of-change of path 
length: 

di' 1 — /32 cos a2 

1 ± 131 cos al 

Moreover, 64 and 62 in ( 19) can be neglected. Thus, 

[1 ± 204 — 131211/2(1 — 02 cos C62) . 

f f 
1 + 202 — 1322 + cos cEi 
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Attitude Reference Devices for Space Vehicles' 
P. E. KENDALL t, SENIOR MEMBER, IRE, AND R. E. STALCUPt 

Summary—As the avenues of space travel broaden, the problem 
of determining the attitude of the space vehicle becomes more diffi-
cult; hence, the need for a compact, reliable sensing device is becom-

ing increasingly important. 
This paper presents the design features of an attitude sensing 

device which is quite compact and should prove to be reliable. The 

original objective in the design of the device was to provide a simple 
means•of establishing a vertical reference line from an orbiting space 
vehicle to a planet under observation. It has been accomplished 
through the use of two narrow infrared scanning beams. The center 
line of each beam rotates at constant angular velocity in a plane, the 

plane of one beam being perpendicular to that of the other. The active 
portion of the scan is 270° for each beam. When the scanner inter-
sects the planet, a step in the signal level occurs. Position of the 
beam when the half width of the signal step occurs establishes a 
plane which contains the center of the planet. Intersection of the two 
such planes generated by the dual scanner is the direction to the 
planet local vertical. The assembly is described in detail. 

Further, by using analog computer techniques, it is shown that 
pitch and roll angles about this vertical reference line can be gen-
erated. A single degree of freedom gyro can be added to the equip-
ment to produce yaw information in the case of an orbiting vehicle. 

Finally, a method for measuring altitude is discussed. 

INTRODUCTION 

AS the avenues of space travel broaden, the problems 
associated with the control of the space vehicle 
become more complex, and at the same time of 

considerably more importance. The initial space vehi-
cles have been fairly simple, with a limited amount of 
instrumentation aboard the vehicle and little im-
portance attached to the orientation of the vehicle. In 
the succeeding months of this year, and in the years 
following, the attitude of the vehicle is going to be con-
siderably more important, not only in knowing what it 
is, but also in being able to control it. For example, if 
we were photographing the earth from such a vehicle, 
it would be desirable to have the photographic device 
looking at the earth most of the time as the vehicle 
orbits. 
The problem of attitude is complicated by a con-

sideration of spinning vehicles. Quite often satellites 
are launched with a spinning motion applied to provide 
stabilization and insure a uniform thrust direction. In 
general, the spin velocity has not been too carefully con-
trolled, but if a man is going to be aboard the vehicle, 
spin may be undesirable, or spinning at a predeter-
mined, controlled rate may be highly desirable. In con-
sidering the problems of devising an attitude reference 
device which will be operative for spinning and non-

* Original manuscript received by the IRE, December 2, 1959. 
Paper presented at the National Aeronautical Electronics Conf., 
Dayton, Ohio, May 4, 1959. 
t Astrionics Laboratory, ITT Labs., Fort Wayne, Ind. 

spinning vehicles, a device has been chosen which will 
operate up to spin rates of 60 rpm. In addition, a range 
of altitudes of 150 to 600 nautical miles has been consid-
ered. Actually, higher altitudes could be accommodated 
by decreasing the beamwidth of the scanner. The verti-
cal reference device described in this paper has been de-
signed so as to require a minimum of space, and to be 
operative for extended periods of time, in fact for pe-
riods of time up to two years or longer. In keeping with 
the thought that the device should be useful for a broad 
range of vehicles, the design encompasses the measure-
ment of several vehicle parameters, namely, roll, pitch 
and yaw about the local vertical, as well as altitude. The 
latter can be eliminated with a consequent improve-
ment in size and weight. Yaw can also be eliminated 
with a still further improvement in size and weight. 
Actually, the requirements of the mission will dictate 
the amount of equipment to be used. The design is on a 
building-block basis to permit such utilization. Details 
of the equipment are described in the following pages. 

HORIZON SENSING 

Scanning is done by two narrow search beams operat-
ing simultaneously. The center line of each beam rotates 
at constant angular velocity in a plane, the plane of one 
being perpendicular to that of the other. These planes, 
hereafter referred to as scanning planes, are fixed, with 
respect to the vehicle axes, in a position such that their 
line of intersection coincides with the vehicle yaw axis 
(vertical reference line). 
The manner in which the location of the local vertical 

is established is described by reference to Fig. 1, which 
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Fig. 1—Operation in one scanning plane. 
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shows the geometry of a typical situation in one scan-
ning plane. The cross section of the planet in the scan-
ning plane, lines tangent to the cross section, the vehicle 
vertical reference line, and orientation of the index sec-
tor are shown to explain the appearance of the periodic 
waveform which is sketched in Fig. 1(b). Dotted pulses 
are shown for periods when the scanning beam is on the 
index sector. The index sector covers 90 degrees of 
scanner rotation and is centered about the vertical refer-
ence line, leaving a 270-degree sector in which the scan-
ner can receive signals. Signal pulses, shown in solid 
lines, occur when the beam lies between the tangent 
lines. 

Angle 01, the angle between the vehicle vertical refer-
ence line and the line from the vehicle to the center of 
the planet cross section, is the angle which we wish to 
find. It establishes the position of a plane which con-

tains the planet center and which is situated perpendicu-
lar to the scanning plane. Another such plane is estab-
lished by the second scanning beam, and the intersec-
tion of the two planes so established is the local vertical 
line. 

It is obvious that 

01 = 1(7-2 — (1) 

Angles 7-1 and T2 are measured quantities, and angle 
01 is computed in accordance with ( 1). 
A train of fixed-amplitude rectangular pulses is gen-

erated so that the duration of the pulses is equal to the 
time required for the scanning beam to sweep through 
angle r1. Such a train can be generated by gating a volt-
age on at the trailing edge of the index pulse and gating 
it off at the leading edge of the signal pulse. (The index 
pulse is established by magnetic pickoffs on the scan-
ning mechanism.) It is evident that 

Tlo 

V1 = E.  
3600 

(2) 

VI= average value of the pulse train, and 
E =amplitude of the pulses. 

Another train of pulses of amplitude E is generated, 
each pulse having a duration equal to the time between 
the trailing edge of the signal pulse and the leading edge 
of the index pulse. Its average value is 

r2o 
V2 = E. 

360° 
(3) 

Subtracting VI from 172, we obtain a voltage propor-
tional to O. A similar process occurs in the signal chan-
nel associated with the other scanner, and a voltage is 
obtained which is proportional to an angle we will call 
02, the angle defining the position of a second plane 
which contains the planet center. 

It should be noted at this point that a voltage propor-
tional to the angle subtended by the planet cross sec-
tion can be derived by generating a similar train of 
pulses, each having a duration equal to that of the sig-
nal pulses. This angle will be used in computing vehicle 
altitude as shown in a later section. 

Fig. 2 shows a sketch of the scanning assembly, in 
which two optical assemblies are driven at a continuous 
rate by the drive motor. In ordei to allow for vehicle 
spin rates of up to one revolution per second about an 
arbitrary axis, the optical assemblies are driven at 200 
revolutions per second. 

SPIN 
AXES 

SATELLITE VEHICLE VERTICAL 

REFERENCE LINE 

DETECTOR ASSEMBLY 

MIRROR 

LENS 

DRIVE MOTOR 

Fig. 2—Scalmer assembly. 

SPIN 
AXES 

The optical system consists of a flat infrared-reflective 
mirror, a focussing lens, and a filter which attenuates 
radiation at wavelengths below 3 microns. It will serve 
to reduce direct solar radiation and minimize the effect 
of solar reflection gradients along the earth's surface. 
The focussing lens is a reflective doublet with an anti-
reflection coating to give 94 per cent transmission at 
4 microns. 

Spectral distribution of radiation from the earth and 
atmosphere suggests a choice of operating wavelength 
greater than 3 microns. Because of the high scanning 
rate being used, the detector must have a relatively fast 
response time. In addition, it is desirable to use a de-
tector which does not have to be cooled to liquid nitro-
gen temperature. Considering these requirements, an 
indium-antimonide detector (photoelectromagnetic 
type) was selected. A field of view of 2 degrees was 
chosen for the search beams. In order to achieve this 
condition with an optical system 1 inch in diameter and 
a focal length of 11 inches, a detector area of 1 square 
millimeter is required; a reasonable value. 
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Carrying a coolant for the detector is impractical for 
flights of significant duration, and another means of 
cooling is necessary. Outside the atmosphere, it is possi-
ble to cool the detector by radiation into space. An emis-
sive surface thermally connected to the detector will be 
used to radiate into space, but since the sun will illu-
minate the vehicle at times, it is necessary to provide 
highly reflective shutters to cover the portion of the 
radiating surface directed toward the sun. The shutters 
must, of course, operate automatically. 

VERTICAL TRACKING 

In order to measure vehicle yaw, one axis of a single-
degree-of-freedom gyro must be maintained parallel 
with the earth's vertical. When this is done, the orbital 
angular velocity provides a torque on the gyro rotor, 
causing it to seek a position perpendicular to the orbital 
plane. A synchro pickoff within the gyro provides a yaw 
angle signal. ( Note that the gyro must have 360 degrees 
of freedom.) 

Fig. 3 is used to describe the angles required to posi-
tion the gyro. Angles 01 and 02 have been defined previ-
ously as those treasured from the vehicle yaw axis to 
planes containing the earth center. Angles 01 and p are 
the ones required to properly orient the gyro. Line OE 
is assigned a value of unity to simplify the calculation, 
and the other line lengths are labelled in ternis of 01, 
02, and p. Eq. (4) is obtained by inspection, noting that 
tan 02 = CA/OA . 

tan p = tan 02. COS 01. 
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t YAW AXIS 

A COSP 
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EARTH 
VERTICAL 

Fig. .3—Tracking angle relationships. 

(4) 

Voltages proportional to 01 and 02 are available from 
the detector channels and will be used to operate servo 
loops which maintain the gyro axis along the vertical. 
To accomplish this, a two-gimbal system is required 
with the gyro mounted on the inner gimbal. Fig. 4 shows 
a functional diagram of the servo loops. 

Angle 01 and a conventional servo loop are used to 
position the outer gimbal. In addition to positioning the 
gimbal, the 01 servo positions a synchro for an output 
signal and operates a cosine potentiometer. 
The dc signal proportional to 02 is altered by a shap-

ing network to form tan 02, which is applied to the cosine 
potentiometer. The potentiometer output is a voltage 
proportional to the product tan 02 cos 01. Thus, the p 
servo generates a shaft position equal to p in accordance 
with (4). It drives a synchro to provide an output signal 
and positions the inner gimbal of the gimbal assembly. 

• ist311 

FEEDBACK 
POTENTIOMETER 
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POTENTIOMETER 
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TANGENT 
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Fig. 4—Functional diagram of servo loops. 

Use of a tangent feedback potentiometer in the servo 
loop at first appears impossible, since the tangent of 90 
degrees is infinite; but when the value of either el or 02 
is equal to or greater than 60 degrees, normal servo feed-
back loops are disconnected. A velocity memory loop is 
substituted so that the earth vertical is tracked even 
when there is no input from the scanners. The func-
tional diagram of Fig. 5 shows the complete attitude 
reference system. 
System response characteristics for yaw and pitch 

measurements are determined primarily by the servo 
loops. A tentative design of the servos was completed 
and the resulting loop for a representative case was sim-
ulated on an analog computer. 

Required response time for both pitch and roll are 
assumed identical since the vehicle spin is taken to be in 
an arbitrary direction. Based upon that assumption, the 
roll servo presents the most difficult stability problem 
because of the nature of the feedback. 
From an estimate of the weight and configuration of 

the load to be driven by the roll servo system, a load 
moment of inertia of 0.0025 slug-foot2 was calculated. 
The motor selected to drive the load has the following 
parameters: 

Rotor moment of inertia— 1.07 gm cm!, 
No-load speed— 6700 rpm, and 
Stall torque— 0.63 oz-inch. 



768 PROCEEDINGS OF THE IRE April 

RADIATION 

RADIATION 

SCANNER, 
DETECTOR, 
AMPUFIER 

SCANNER, 
DETECTOR, 
AMPLIFIER 

e 
COMPUTER 

02 
COMPUTER 

UPAR 
POTENTIOMETER 

 e 

DISCONNECT 
CiRCUIT 

--r-

P1101 
SERVO • 

VELOCITY 
MEMORY 

TANGENT 
POTENTIOMETER 

Fig. 5—Functional diagram of attitude reference system. 

Maximum angular velocity of the load was taken to 

be 50 rpm, and a gear ratio of 80:1 was chosen, making 
the maximum operating speed of the motor 4000 rpm. 
With this gear ratio, the moment of inertia of the motor 
reflected to the load is 0.0005 slug-foot2. Neglecting 
viscous friction other than that provided by the motor, 

the reflected damping terni is 0.03 pound-foot second per 
radian. The resulting transfer function for the motor and 
gear train neglecting the effect of coulomb friction is 

— (s) = 
Em Vfm(0.1s + 1) 

k 
(5) 

where 

p =output angle, radians, 
N=gear ratio = 80, 

f„,= motor damping coefficient = 4.7 X 10-6 lb-foot 
second/radian, 

lei= motor torque constant, lb-foot/volt, and 
.E„,= motor control winding voltage, volts. 

G(s) —P (s) —  Kv(0.5s ± 1)(0.02s 1) 
(6) E, s(0.1s ± 1)(5s -I- 1)(0.002s 1) 

where Er(s) is the transform of the error voltage. 

Closed-loop system response to a step input and to a 
ramp input is shown in Figs. 6 and 7, respectively. Kv 
was increased to 4800 for the recording in Fig. 8 to 
simulate the loop condition when p equals 60 degrees. 

The recording shows that the system is still stable. 
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ALTITUDE MEASUREMENT 

lii he system described here, the scanning planes do 
not, in general, intersect the earth center; hence the alti-
tude cannot be calculated by using the subtended angle. 
Various methods for measuring altitude with the pro-
posed system have been studied; the one which seems 
most desirable is described below. It should be noted 
that operation of the system relies upon satellite spin. 

Angles 01 and 02 were described above. It is clear that 
if one of these angles, e.g., 01, goes to zero, the scanning 

plane in which 02 lies must pass through the center of 
the earth. The magnitude of the angle subtended by 
the earth in the 02 plane at that time can be used to 
determine the vehicle altitude. 

The angle subtended by the earth is measured by a 
sampling device when either of the scanning planes 
intersects the center of the earth. For example, the 

voltage proportional to 01 is applied to a voltage com-

parator which produces an output when 01 is equal to 
zero. The output voltage enables a sampler which ap-
plies a voltage a2 to a memory unit as long as the ena-

bling voltage is present. (,32 is the angle subtended by 
the earth in the 02 scanning plane.) The memory unit 
output is used to compute altitude. Operation of the 
other channel is identical to that just described, so 
that ea, the angle subtended by the earth in the 01 scan-
ning plane, is applied to the memory unit when 02 is 
zero. 
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(a) 

(b) 

(c) 

Fig. 6—Servo response to step input, p near 0°. Kv = 1200, paper 
speed = 50 mm/second unity feedback. (a) output-1 volt/111111, 
(b) input-1 volt/mm, (c) E., error voltage-0.2 volt/mm. 

(a) 

- 

(b) 

(c) 

Fig. 7—Servo response to ramp input. Kv = 1200, paper speed = 50 
mm/second, ramp voltage = 100 volts/second, unity feedback, (a) 
output- 10 volts/mm, ( b) input- 10 volts/mm, (r) E, error-0.2 
volt Mini. 

(a) 

_ 

(b) 

Fig. 8—Servo response to step input, p near 60. Kv = 4800, paper 
speed = 50 mm/second, unity feedback. (a) output-1 volt /mm, 
(b) input-1 volt/mm. 

Angle fi is the output of the memory device, and is 
used to obtain altitude by means of the circuit shown in 
Fig. 9(b). Derivation of the relationship between alti-

tude (h), angle a, and nominal earth radius (R), can be 
found by inspection of Fig. 9(a). Sin e/2 is formed by a 
diode shaping network, and the product (h+R) sin e/2 
is derived from the output of potentiometer P1. This 

product is compared with a dc voltage proportional to 
R, and the servo output shaft position corresponds to 
(h+R). A differential synchro with shaft input propor-
tional to R provides the desired output, a signal propor-
tional to h. 

MiscELLANEous SOURCES OF ERROR 

When the scanning system intercepts direct radia-

tion from the sun, a considerable error may result. A 
fixed filter is employed to reduce the effect of solar radia-
but the intensity of direct radiation will far exceed that 
received from the earth. Probably the major trouble 
which will arise from direct solar radiation will be 
momentary disabling of the detector. The detector will 
not be destroyed, but it may be disabled for a period up 

to 1 millisecond. A means of discrimination between the 
solar pulse and the rise in signal when the scanner goes 
from space to earth could be employed, based upon 

pulse duration. But if the detector is disabled for 1 
millisecond, the scanner will sweep blindly through 72 

degrees before recovering. There does not appear to be 
an easy way of avoiding this trouble, but it is not as 
serious as it seems at first glance. The percentage of 
time that the sun will appear in the scanning pattern 
will be small if the satellite is spinning. Even if a condi-

tion should exist in which the satellite motion is such 
that the scanning pattern is displaced very slowly, the 
probability that the sun will appear in the pattern is 
very small. 
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Fig. 9—(a) Derivation of expression for altitude. (b) Pos-
sible altitude computing circuit. 

Errors will arise because of irregular terrain, at-
mospheric layers. and cloud formations; the use of a 
wider beainwidth may be necessary to reduce errors re-

sulting from these effects. In addition, the effect of 
satellite spin upon the position of the scanning pattern 
will tend to average out the errors. These things will be 
only partially effective, and, if it becomes necessary, a 
nodding mirror might be employed to sweep the scan-
ning planes and gain further error reduction. 

In order to obtain an indication of the magnitudes of 
errors which might arise from natural sources, calcula-
tions were made for a two-dimensional case with per-
fect instrumentation assumed. A profile bulge of 0.005R 
was assumed to appear on one side of the body, and the 
other side was assumed to be perfectly smooth. The re-
sulting error in location of the vertical and in computed 
altitude is given in Table I. Distances are given in 

units of planet radius. 
In the above calculations a very narrow beamwidth 

has been assumed such that no error is encountered in 
determining when the beam is at the edge of the planet. 
When a finite beamwidth is used, some error will result. 
This effect has been studied for a conical beam shape, 
with the following assumptions: 

TABLE I 

Altitude Vertical Error Altitude Error 

0.02R 
0.03R 
0.04R 
0.05R 
0.06R 
0.07R 
0.08R 
0.09R 
0.1R 

0.76° 
0.61° 
0.52° 
0.46° 
0.42° 
0.38° 
0.36° 
0.34° 
0.32° 

—0.00263R 
—0.00262R 
—0.00264R 
—0.00265R 
—0.00267R 
—0.00269R 
—0.00271R 
—0.00274R 
—0.00278R 

1) It receives no energy from sources outside the 
beam and has uniform sensitivity within the field 

of view, and 
2) radiation from the earth is uniform. 

It is necessary to establish the instant at which the 
beam center line, chosen as a reference line, is tangent 
to the earth. Two alternative operations on the signal 
were considered: 

1) Differentiate the signal and let the maximum of 
the resulting signal denote the point of tangency, 

or 
2) select a particular ratio of signal level to maximum 

signal level to represent that instant. 

The first method was chosen because it appears to be 
more practical from the standpoint of instrumentation. 
Error in altitude caused by the error in determining true 
reference line tangency by this method is given by the 
expression 

Ah (a ± 1)(a + 2)«2 

h — 2 — a(a 2)a2 
(7) 

where 

Ah = altitude error, 
h = true altitude, 
a = one-half of the apex angle of the beam, and 
a = h/R, ratio of altitude to earth radius. 

It should be noted that the variation of error is 
known as a function of altitude; hence, it is theoretically 
possible to compensate for it. It is doubtful, however, 
that such compensation will need to be used since a 
value as large as 0.1 for a results in errors which are 
small compared to those caused by terrain irregularity. 
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High-Speed Electrometers for Rocket and 
Satellite Experiments* 

J. PRAGLINt, MEMBER, IRE, AND W . A. NICHOLSt, MEMBER, IRE 

Summary—Highly stable micromicroammeters capable of meas-

uring currents as low as 5 X 10-" amperes with a frequency response 

of at least 30 cps can be realized using directly-coupled electrometer 

circuitry. The circuit can be packaged in approximately 9 cubic inches 

and requires less than 100 mw of power. An analysis of the speed of 

response and signal-to-noise ratio is given in the text and expres-

sions are derived to show the theoretical possibilities of the method 

and to serve as design guides for realization of the maximum pos-

sible performance. Several practical circuits are shown and a sum-

mary is presented of the number of circuits which have been used in 

rocket and satellite exploration. 

I NTRODUCTION 

I
r 1 RANSDUCERS such as ion chambers, photo-

multiplier tubes, proportional counters and ioni-
zation gauges are used to gather much of the ex-

perimental data obtained on rocket and satellite probes 
of space and the upper atmosphere. In the range of 
measurement usually encountered, the output of these 
devices is restricted to currents in the order of 10-7 to 
lo-i. amperes. Considerable amplification is then re-
quired to operate the input of a telemetering system. 
In general, this paper will deal with the theoretical and 
practical background needed to design suitable current 
amplifiers for this application and will describe in some 
detail circuits designed by the authors for the measure-
ment of ultraviolet light and soft X-ray radiation from 
the sun and other celestial bodies. The circuits measure 
the output of a gas filled ion chamber and have a 
5 X10-"-ampere full scale sensitivity, a frequency re-
sponse of about 20 cps and a zero stability of better 
than 10-" amperes per week. 

AVAILABLE M ETHODS 

A survey of the available types of voltage and cur-
rent amplifiers will immediately narrow down the pos-
sible devices to either a de vacuum tube electrometer 
amplifier or an ac amplifier used in conjunction with a 
capacitor modulator. The vibrating reed capacitor 
modulator can be immediately eliminated because of 
the size and power requirement of available units, the 
complexity of the necessary circuitry, and the difficul-
ties inherent in modulator circuitry when speed of re-
sponse is to be obtained with large feedback factors. 
Semiconductor devices used either directly-coupled or 
as modulators, or mechanical modulators do not pos-

* Original manuscript received by the IRE, November 23, 1959. 
The work reported here was performed at Keithley Instruments, 
Inc., Cleveland, Ohio. Parts of the work were performed under con-
tracts to the Navy, Space Agency, and the Air Force. 
t Keithlev Instruments, Inc., Cleveland, Ohio. 
Naval Research Lab., Washington, D. C. 

sess either the current stability or the low noise neces-
sary for measurement over most of the desired current 
range. 

In keeping with the above then, it is required that 
the input be an electrometer vacuum tube, and spe-
cifically, because of size and performance considera-
tions, the type CK5886, electrometer tube manufac-
tured by Raytheon. This tube possesses the following 
characteristics: The input or grid current is typically 
less than 2 X10-'4 amperes. The input resistance is 
greater than 10" ohms. The voltage stability with regu-
lated plate and filament supplies is typically better 
than plus or minus 50 mv per week. The input current 
noise is typically less than 2X 10-" amperes peak to 
peak and the short circuit input noise is less than 100 

peak to peak. The tube is a filamentary type which 
requires 12-mw filament power and can be operated 
satisfactorily with as little as 10 volts of plate supply 
potential. 

STABILITY AND SPEED OF RESPONSE PROBLEM 

The simplest method of measuring these currents 
with an electrometer tube is shown in Fig. 1. The tube 

Fig. 1—Simple micromicroammeter employing voltage drop 
across a shunt resistor. 

is arranged as a voltmeter and the drop across a known 
value of resistance is used as a measure of the current. 
One difficulty then immediately becomes apparent. It 
has been stated above that the electrometer tube can 
be relied on to have a 50-mv voltage stability. It is 
therefore necessary that the current signal be consid-
erably greater than this value if the device is to have 
negligible zero drift. Then, for example, if we desire an 
instrument to measure 5 X10-" amperes with less than 
1 per cent drift per week, it is necessary to use a 1012 
ohm grid resistor in order that 5 X10-" amperes gen-
erate a 5-volt signal. Resistances of this magnitude are 
entirely useable and stable measurements can be made. 
However, the method suffers two severe limitations. 
First, if any amount of capacitance is present in the in-
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put circuitry, the response speed can be extremely slow 
since, for example, a 10"-ohm resistor in parallel with a 
10-mmf capacitor gives a 10-second time constant. 
This response speed would be prohibitively slow in 
many rocket applications. Second, a less severe limita-
tion is that the ammeter drop is 5 volts. By the proper 
use of negative feedback, however, this dilemma can 
be resolved and fast, stable micromicroammeters can 
be constructed whose speed of response is relatively un-
affected 1),.• input capacitance. 
The method first used was first described in some de-

tail by Pelchowitch and Zaalberg Van Zelst' and their 
article should be consulted for another equally valid 
analysis of the transient response problem. The basic 
circuit employed is shown in Fig. 2. A phase-inverting 

C2 

Fig. 2—Feedback micromicroammeter circuit. 

amplifier, A, is connected as shown. CI represents the 
sum of the tube input capacity and cable capacity: 
is the input current; eo is the output voltage; C2 is 
either the stray capacity or a lumped capacity placed 
across resistor RI, the current-measuring resistor. Ne-
glecting, for the moment, Ci and C2, to arrive at the dc re-
sponse, the current flows into the input terminal and 
through shunt resistor R1. Since .1 is an amplifier of 
gain k, 

= eo/k. 

Since all the current i,, must flow through R. 

en eo 
un = — — 

Rik 

(1) 

(2) 

Now if k, the loop gain is large, i,, is simply eo/Ri. The 
effective input resistance is simply ein/iin and from ( 1) 
and (2) the effective input resistance, Ri„ is given by 

Rin =   (3) 
k + 1 

Therefore, the use of a negative feedback circuit as 
shown in ( 1) reduces input drop by a factor equal to 
loop gain and consequently by (3) gives the ammeter a 
lower effective input resistance. Also by ( 2), if the loop 
gain is large, the current sensitivity is precisely the 

I I. Pelchowitch and J. J. Zaalberg Van Zelst, "A wide-band 
electrometer amplifier," Rev. Sci. Instr., vol. 23, pp. 73-75; February, 
1952. 

same as if the current were being measured by means of 
a voltmeter and shunt resistor in Fig. 1. Then, the zero 
drift of the circuit will be precisely the same as in the 
voltmeter case provided that the circuit is being used 
with a current source, as is always the case in these ap-
plications. 

From (3) it can be gathered that the speed of response 
should be increased since the effective input resistance 
of the ammeter is reduced. This will be shown more ex-
actly below. In any case, however, if a substantial in-
crease in response speed is to be obtained, the gain, k, 
must be large and to this end feedback factors of as 
much as 103 can be used. Various methods can be used 
to stabilize the loop against oscillation. One of the au-
thors' has described a method to be used where it is de-
sired to achieve stable response with RI at any value 
from zero to 10" ohms. This system employs stabilizing 
networks internal to the amplifier to prevent oscilla-
tion. However, this method does not permit optimum 
performance at very low currents. The other approach 
is simply to let the lag formed by the input capacity CI 
and the high megohm resistor R1 be dominant and 
stabilize the loop. The time constant of this lag will be 
sufficient in most cases to stabilize loop gains as high 
as 10e. For example, with 100-uf input capacitance 
and a 1012-ohm measuring resistor this network forms 
a corner at 0.0016 cps. If the value of RI is reduced to 
the point where this corner is not sufficient, the loop 
gain may be reduced or the method discussed by Prag-
lin2 may be used. 

ANALYSIS OF THE RESPONSE SPEED 

For the purposes of circuit analysis, Fig. 2 is modi-
fied as shown in Fig. 3 to include a network in the feed-
back loop designated by B, the transfer function of the 
network. The assumption is made that k is real over the 
bandwidth of interest. Then the equivalent circuit is as 
shown in Fig. 4. The input current is given by 

1 ± pC2R1 
i.n = einpci + kin — Oeol 

RI 
(4) 

where p is the differential operator. Rearrangement of 
terms yields: 

eo[ pc, 1 + pC2R, B(1 + pC2R1) 
—k kRi  - i• (3) 

Finally, if the circuit is excited by a current square-
wave, ii„[U(t)], where U(t) is the Heaviside step func-
tion and (5) multiplied by this function, the solution of 
the equation can easily be obtained by means of the 
Laplace Transformation to give 

— [ —t 
eo =   1 exp 

1 ± Bk r + C21 

L + Bk 

(6) 

' J. Praglin, "A new high stability micromicroammeter," IRE 
TRANS. ON INSTRUMENTATION, yd. 1-6, pp. 144-147; June, 1957. 
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rig. 4—Equivalent circuit of Fig. 

The time constant, T, is then 

T = + C2] [ Ci  
1 + Bk (7) 

where it is seen that the time constant formed by the 
input capacitance RC' is reduced by the feedback fac-
tor Bk. On the other hand, RC2, the time constant 
formed by the resistor and any capacity across it is 
not affected. This fact may be used to damp the re-
sponse of the amplifier by adding capacity across C2 if 
desired, but in high-speed circuits this time constant 
must be neutralized if any speed of response is to be ob-
tained. To this end let the network in the box labeled 
B in Fig. 3 have the form of the network in Fig. 5. The 
transfer function of this network is 

B = 
1 

1 + pc'3R2 (8) 

Fig. 3—Feedback micromicroammeter employing a correcting 
network in the feedback loop. 

B e0 

Eig. 5—Correcting network for feedback loop. 

If this transfer function is substituted for B in ( 5) and 
if the condition is met that C3R2= C2R1, then the third 
term in the parenthesis is simply 1/R1. Now if the La-
place Transform is used to give the network response 
to current step j1,, [U(t)i, the result is as follows: 

en =   k + 1 1 exp  —1 

R1 
rc, ± C21 
L k + 1 j 

(9) 

and the time constant is 

T — Ri(Ci ± C2) 

k + 1 
(10) 

which now shows that if the above lead and lag net-
works are equal all time constants associated with the 
circuit are degenerated by loop gain. 

This analysis ignores the fact that if a resistor of 10" 
or 10" ohms is suspended near a ground surface it is in-
evitable that stray capacity will be distributed all 
along the resistance element and the performance will 
resemble that of a delay line. It is therefore impossible 
to perfectly compensate the circuit so that the high 
megohm resistor, RI, looks entirely resistive. In gen-
eral, this consideration and the consideration of signal-
to-noise ratio to be discussed presently limits the at-
tainable speed of response. It is the usual experience 
that with a 10 12 ohm resistor and very little input ca-
pacity it is possible to achieve a response of approxi-
mately 50 cps. 

SIGNAL-TO-NOISE RATIO 

The noise at the input of the micromicroammeter 
may be contributed by three sources: 

1) 1 nternal noise generators in the electrometer tube. 
2) Grid current noise. 
3) Johnson noise. 
Internal noise generated in the electrometer tube 

r an be represented ill Fig. 6 as a voltage generator, e„, 

Fig. 6—M icromicroanuneter with noise generators. 

in the cathode circuit. Grid current noise may be repre-
sented as an additional current generator, i„, equal to 

ig2(f)„v" as can the Johnson noise by a generator, 

equal to 4ktf/R1 1/2. Thus the total current flowing into 
the input equals Neglecting e„ for the mo-
ment, this noise current is dependent on frequency ex-
actly as is the input current. For this analysis the 
steady-state response to sinusoidal stimuli is sufficient, 
and if we again employ (5), but substitute jco for p and 
(8) for B, we obtain 

en 
[ 1 

k + 1 
ico 

(C1+ C2)Ri 

with a pole at — [k+1/ (C1+ C2)R1]. Evaluation along the 
¡co axis shows that en goes to zero with increasing Ire-
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quency. Since ii,, in ( 11) can apply to i, i„, ii,, or their 
sum shows that these noise sources go to zero with fre-
quency exactly as does the signal or that at any fre-
quency these noise sources and the input current form 
an unchanging ratio. Specifically, the amplitude of eo 

is given by [ k + 1 2 11/2 
eo (12) 

k (C1+ C2)R, 

(C1+ C2)Rif 

where ir represents either the sum of i1„, i1, and i„ or 
any one taken separately. 

In general, in an electrometer circuit of this type the 
terms i„ and i are nearly negligible since the output 
signal is generally never less than 1 volt. The grid cur-
rent of a 5886 tube is less than 2 X10-" amperes, meas-
ured as de quantity, and fluctuation of this quantity 
about the mean dc value, which we may regard as the 
peak-to-peak ac grid current noise, usually does not ex-
ceed 2 X10-'5 amperes, and of course, the rms value is 
considerably smaller. So that, if 10-'2 amperes of cur-
rent is to be measured, the grid current noise is not 
more than 0.2 per cent of the signal peak-to-peak. The 
Johnson noise expressed as an equivalent current 
noise from the above expression, an assumed band-
width of 50 cps, room temperature, and a 10'2-ohm re-
sistor, amounts to about 10-15 amperes rms or about 
5 X10-'5 amperes peak-to-peak. If smaller resistors are 

used, provided that the current to he measured is in-
creased proportionally, the signal-to-noise ratio with re-
spect to Johnson noise will be even more favorable. 
The effect of internal noise sources in the electrom-

eter tube is markedly different since this noise source is 
not attenuated by the circuit capacities. A brief quali-
tative description of the effect is helpful here. Consider 
the circuit of Fig. 3 with C2 compensated for. As the 
frequency increases, the impedance of CI falls and as a 
result the signal obtained at the amplifier input de-

creases. At the same time it is the ratio 

icoCi 

+ jwC, 

which determines the feedback factor. Thus, automat-
ically, as the signal falls at the amplifier input, the gain 
is increased in proportion. The result is that, as has 
been shown analytically, the apparent time constant of 
the input circuit is decreased by loop gain. Actually the 
physical effect of C1 is in no way changed. We merely 
compensate for the attenuation caused by CI by boost-
ing the forward gain of the amplifier. The difficulty 
with this arrangement is that the forward gain of the 
amplifier cannot increase beyond some practical limit 
since the internal noise of the first stage is constant 
over the entire band and is increasingly amplified as 

the forward gain of the amplifier increases to compen-
sate for the capacity loading of C1. Therefore, if the av-
erage peak- to-peak noise of an electrometer tube is 100 

and the loop gain of the amplifier is 104, at some fre-
quency the noise in the output will amount to 1 volt 

peak-to-peak. 
A more sophisticated analysis is as follows. Let us 

consider the noise source e„ of Fig. 6; e„ represents the 
internal tube noise. Other sources of noise will be re-
garded as minor contributors in light of the above dis-

cussion, and their consideration will be omitted. Now 
from Fig. 6. 

e013 

1 + jwCi RI ] 
[ e I. (13) eo = k „   

I ± jwC2Rt 

Now if, as before, B is picked to neutralize the lead 
formed by RIC:2, ( 13) becomes 

e0[1 + 
1 + jco(Ci C2)Rt 

and is finally reduced to the form 

eu = ke„ 

]= ke„ (14) 

ico +   
(CI + C2)/21 

1 k 

+ 
(C1 C2)Ri 

(15) 

If we are at midband, the dc signal is given by ell = RI, 
and, therefore, the signal-to-noise ratio, S, is given by 

1 + k 1 

iw + (C, + C2)R, 
S = , (16) 

ke„ 1 
ice ±   

(CI+ C2)R1 

where e„ is interpreted as the peak- to-peak noise. By 
the rules of complex algebra, the amplitude is given by 

S — 
i,,, R, 

ke„ 
w2 

[ 1 + k 1 112 

(CI + CORI 

[ (CI -1-1C2)Rt 

When co is large, (17) reduces to 

ii.R1 
S = --

ke„ 

(17) 

(18) 

which says that the signal-to-noise ratio will eventually 

deteriorate to ii„Rifke„. It is, therefore, of no use to 
make the loop gain exceed 

k= 
S'e„ 

linR1 
(19) 

where S' is the tolerable signal to noise ratio. 
Eq. ( 17) also shows that the signal-to-noise ratio is 

markedly affected by the size of CI, the input capaci-
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tance. ( In most cases it will be a valid assumption to 
consider C2 negligible in comparison to C1.) If we con-
sider the bracketed term on the right side of ( 17) it can 
be seen that if CI is very small, 

I + k 1 
  and   
(C1 ± C2)R1 (C1 ± C2)Rt 

are large quantities and co must be correspondingly 
large before the signal-to-noise ratio deteriorates. If C1 
is a large value, it allows the co terms to predominate at 
a much lower frequency. Therefore, we may conclude 
that the signal-to-noise ratio must deteriorate progres-
sively with frequency; and there is a maximum loop 
gain which is of use as expressed by ( 19) for a maximum 
tolerable signal-to-noise ratio. Secondly, the value of 
C1, the input capacitance, largely determines the signal-
to-noise ratio for a specified gain and frequency band 
as stated in ( 16). Thus, since ( 19) specifies that the 
signal-to-noise ratio will reach in the limit a value de-
pendent only on the input signal, the measuring resis-
tor, the gain k, and the first stage tube noise, it is a 
waste of resources to increase the noise by increasing 
the loop gain beyond the k specified in ( 19). Now with 
this value of k the maximum allowable value of C1+C2 
for a given rise time is given by (9) or by ( 12) for a 
given frequency response. 

Obviously, by ( 17) at frequencies below those at 
which the bracketed term on the right is equal essen-
tially to 1, the signal-to-noise ratio will be better and it 
may be argued that an improvement in signal-to-noise 
ratio will result with filter at the output of the amplifier 
to cut off the response at some lower frequency. In 
theory this is not true because this is in no way differ-
ent from reducing loop gain. As shown by ( 12) the 
amplifier frequency response falls off on reduction of k 
precisely as if a low-pass filter were placed at the out-
put. There are, nevertheless, several advantages to be 
gained from an output filter in practice. This is so be-
cause the input tube is usually a filamentary type tube 
with a pronounced mechanical resonance at about 5000 
cps. Usually this frequency is far higher than the maxi-
mum operating frequency and it is of advantage to 
eliminate this frequency and any other sources of ex-
traneous noise from the output. 

LoGARrrumic CIRcurrs 

The resistor RI may be replaced by a logarithmic 
element such as a thermionic diode operated in a space 
charge limited region or a silicon diode operated on a 
limited portion of its forward biased region. In gen-
eral, the authors have preferred the use of a 5886 elec-
trometer tube, diode connected, as a logarithmic ele-
ment, due to the wider range of measurement available 
(approximately 10-5 to 10-13 amperes in one range vs a 
range of about 10-4 to 10-1° amperes for silicon diodes), 
much less temperature dependence and far greater uni-
formity of characteristic between units than silicon of-
fers. 

Unfortunately, with logarithmic circuits, it is not pos-
sible to employ the compensation schemes used for re-
sistive feedback. This is so since the voltage current 
relationship for a thermionic logarithmic current ele-
ment is 

V = A log i,„ + 13, (20) 

where .1 is the slope of the voltage current relationship 
and B is the residual dc voltage in the thermionic log 
element clue to the initial emission velocity of electrons. 
Differentiating both sides of ( 20) we obtain 

dV AV a 
— — = AR = (21) 
di ii j 

where ,à1? represents the differential resistance at some 
current i. Here, therefore, the feedback resistance, if 
the diode is used in a feedback loop, is different for dif-
ferent values of input current so that it is impossible to 
compensate for the feedback capacitance inevitably 
present in the diode except over a very small range. In 
a log circuit with a several decade range, if the circuit is 
critically compensated at the low-current end, the cir-
cuit will be hopelessly over-compensated at the high-
current end. It is then necessary that a log circuit be 
overclamped at the low-current end and just achieve 
critical damping at the high-current end if reasonable 
transient response is to be achieved. Also, since the ef-
fective feedback resistance is always changing it usually 
is not possible to stabilize the circuit by letting the in-
put time constant act as a dominant lag network, but 
additional attenuation must be supplied within the 
loop. If the transient response of a log circuit is consid-
ered on a small signal basis, each time sampling a dif-
ferent portion of the range, linear theory can apply 
and the method referred to by Praglin2 can be used to 
analyze the results. On a practical basis, a frequency re-
sponse of about 1 cps can be achieved at a current of 
10-'2 amperes, a response considerably poorer than that 
of a linear circuit. Logarithmic circuits, however, have 
proven extremely useful in many types of exploratory 
rocket and satellite experiments where either the range 
of measurement was in doubt or an extremely wide 
range of results were expected. 

Pam-rtuAt. CIRcutTs 

The principal requirements outlined in the theoret-
ical section require that the input circuit consist of an 

electrometer tube followed by sufficient gain for the de-
sired performance. The first type of circuit used by the 
authors is shown in Fig. 7(a). In this circuit two elec-
trometer tubes were employed in a balanced configura-
tion to cancel expected changes in filament voltages. 
These tubes are followed by a 5-stage transistor ampli-
fier. This circuit and modifications of it have been used 
in numerous NRL rocket flights and a version of this cir-
cuit is in use in the Vanguard 20-inch satellite. The 
maximum frequency response has been about 30 cps 
for a sensitivity of 5 X10-'2 amperes. For less sensitive 
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Fig. 7—Vanguard Satellite Photograph. Micromicroammeter. (a) 
Circuit diagram. ( b) The electrometer tubes are shown in the cen-
ter and are normally covered with a shield. The extra space at the 
top of the picture has been provided for a transistor converter 
power supply. 

circuits the frequency response is correspondingly 
greater. The zero stability is in the order of about plus 
or minus 2 per cent of full scale per week. The power 
consumption of the circuit is in the order of 100 mw 
and the output is arranged to supply 5 volts at full 
scale to a telemetering system. In general, the perform-
ance has been satisfactory; however, one major diffi-
culty has been experienced. In this configuration con-
siderable noise contribution is obtained from the first 

transistor stage. This noise has the typical 1,/ semi-
conductor noise distribution. This semiconductor noise 
is particularly annoying since it predominates at low 
frequencies where it is desired to make measurements. 
In general, tube noise except for the higher frequency 
mechanical resonances of the tube structure did not 
seem to display any noticeable 1/f distribution. It was 

possible to select germanium or silicon transistors which 
had satisfactory noise for the application. However, 

this procedure was both time consuming and annoying 
since a relatively small percentage of transistors, par-
ticularly silicon, would give satisfactory performance; 
and it was usually necessary to use silicon transistors 
because of the usual temperature considerations. 
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Fig. 8—Circuit schematic diagram of improved balanced input 
electrometer tube and transistor circuit. 

An alternate circuit which offered some improvement 
over the first circuit is shown in Fig. 8. Balanced elec-
trometer tubes are still used but the electrometer tubes 
are followed by emitter-follower stages. With silicon 
transistors it is possible to achieve about a 1-meghohm 
plate circuit impedance and if the 5886 tubes are then 
connected as pentodes it is possible to obtain a voltage 
gain of about 10. In the previous circuit the voltage 
gain from the grid to plate of the electrometer tubes is 

less than 1.0. This arrangement, as might be expected, 
offers a 10:1 reduction in transistor noise over the first 
circuit through a better impedance match between the 
electrometer tubes and the transistor stages. With this 
circuit, transistor selection is not as critical although 
some selection is still necessary. As far as other perform-
ance specifications and power consumption, it is essen-
tially the same as the first circuit. 

The requirements of low power consumption had, at 
the beginning of the project, seemed to dictate the use 
of transistors wherever possible. Use of a balanced in-
put stage had been made necessary by the possibility of 

shifting battery voltages. However, due to the difficul-
ties experienced with semiconductors, the possibility 
that a tube amplifier would give better results seemed 
worth considering. Also the requirements for operation 
from batteries had changed to operation with transistor 

inverter supplies. With these supplies it is not much 
more difficult to provide very close regulation of out-
put voltages with zener diodes and transistorized feed-
back regulators. The circuit in Fig. 9(a) shows the new 
approach. Four subminiature tubes are used in the main 
amplifier and two transistors in the output stage. The 
power requirement for the series filament string is only 
3 volts at 10 ma or 30 mw. Since it is possible to run 
subminiature tubes at far lower plate currents with 
adequate gain than it is possible to operate transistor 

collector circuits, the total plate current requirement is 
40 µa at 20 volts or 0.8 mw. The output transistor 
stages dissipate about 8 mw at no signal. The total 
power requirement is then less than 40 mw against per-
haps 100 mw for the previous circuit. The circuit is 
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(a) 

(6) 

Fig. 9—(a) Circuit schematic diagram of subminiature tube circuit 
employing transistors only in the output circuit. ( b) Photograph 
of the circuit of ( a). The dimensions are 2 X3 X 14 for the largest 
part of the wedge cross section. At the top is the complete unit 
with the case. Below, at the left, the side carrying the three 6419 
tubes and the output transistors is shown. At the right the input 
stage with the electrometer tube and the high megohm resistor is 
seen. 

characterized by a signal-to-noise ratio with no compo-
nent selection which is consistently at least as good as 
the best performance of the previous two circuits with 
selected transistors. 

In all three circuits a network, which has been re-
ferred to (Fig. 3) in the Theoretical Section, has been 
employed to compensate the response. In early circuits, 
the exact form of compensation circuit referred to in the 
article was used, and fixed value components were 
soldered in. However, in the circuits of Figs. 8 and 9 
the compensation network is adjustable by means of 
carbon potentiometers for greater convenience. It was 
also found that, in practice, the trimming of the circuit 
was facilitated by adding an additional resistance in 
series with the capacitor of the compensating network 
and also making this additional resistance variable. 
(See R3, C1, and R2 of Figs. 8 and 9). This additional re-
sistance helps to compensate for excess phase shift intro-
duced by the distributed nature of the stray capacitance 
to the high meghohm resistor body and the phase shift 
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Fig. 10—Circuit schematic diagram of a logarithmic micromicroam-
meter using type 5886 tube connected as a diode. 

introduced in some cases by the amplifier. Figs. 7(b) and 
9(b) are photographs of two of the circuits. 

In Fig. 10 is shown a logarithmic circuit. The general 
approach is similar to the linear circuits except for the 
log diode. The power supply for the logarithmic ele-
ment, V1, is floating and potentiometer R2 taps off a 
voltage to buck-out the initial emission voltage of the 
diode. This particular circuit has a range of 10-8 to 
10-" amperes without scale changing. Potentiometer 
R3 determines the forward gain of the amplifier and 
hence the slope of the log voltage current relationship. 
This circuit has a frequency response of about 7 cps at 
10-11 and several thousand cps at 10-8 amperes. The sta-
bility after a short warmup is better than 5 per cent of 
a decade per day. 

METHODS OF TESTING TRANSIENT RESPONSE 

It is extremely difficult, by ordinary methods, to gen-
erate current step functions or sinusoidal waves of 
known amplitude in the region of 10-8 to 10-" amperes. 
The use of a resistor with a known potential is useless 
except at dc because of the stray capacities involved. 
In the course of this investigation two methods have 
been found satisfactory. 

1) The generation of current wave forms by the mod-
ulation of light input to a photocell. 

2) The use of a triangular wave generator with a 
small capacitance to generate a current step function. 
The first method is free of any theoreitcal objections 

and lends itself, with a little ingenuity, to the generation 
of both sine and step functions of current. The main 
drawback is that it is difficult to find phototubes with a 
low enough dark current to make the measurement con-
veniently and that the apparatus involved is somewhat 
clumsy. 
The second method is outlined in Fig. 11. The trian-

gular wave may be obtained with a commercial triangu-
lar wave generator and the current output is a square 
wave the rise time of which is dependent on the RC 
product of the network. By routine circuit analysis the 
rise time and amplitude of the current step is 
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jo = aC(1 — e-siRc) (22) 

where a is the slope of one segment of the triangular 
wave. Thus, if Cor R is small enough, a satisfactory cur-
rent square wave may be generated. The method be-
comes more interesting in view of (3) which stated that 
in the feedback circuit the input resistance is further re-
duced by loop gain. Thus, for example, if we assume that 
(22) may be applied to the feedback circuit of Fig. 2, 
with (3) giving the actual input resistance, we may make 
the following sample calculation. Let us assume that k 
equals 1000, R1 is 10" ohms ( Fig. 2) and C ( Fig. 11) is 
1 µW. Now by (3) the R1„ of Fig. 11 is 109 ohms so that 
by (22) the time constant of the step function rise is 
1 msec; and if a equals 1 volt per second the dc value 
of the current (equal to ac) is 10-" amperes. This rise 
time at 10-12 amperes would be more than satisfactory. 

For an exact analysis refer to Fig. 12. This is the same 
as Fig. 1 except C3, the current injecting capacitor, is 
added. Fig. 13 gives the equivalent circuit which leads 
to the following equations: 

—eo = — 

e in 

1 1 1 
—I — i2 — 

pC3 pci pci 

il( 1 \ if 1 ± 

pC, 1 ± pC3R1). 

o 

Fig. 11—Triangular wave method of generating 
a current square wave. 

fit 

(23) 

Fig. 12—Micromicroammeter with current injecting capacitor C3. 

C 2 
C 3 

Fig. 13-1.:quivalent circuit of Fig. 12. 

Solution of these equations and stimulation of the net-
work by ei„ =at, where a is the slope of the ramp func-
tion and t is the time, yields, by the Laplace transform 
method, the result 

eo 
—aRiC3k 

k + 1 

1 — e I 

RI   
k + 1 k + 1 

I [ c3 + 
 + C2 1 

—1 

and the time constant is 

(24) 

CI 
T = Ri[ C3  + C2] I. (25) 

k + 1 k + 1 

Therefore, if C3 the current injecting capacitor is not 
larger than C2, even if k were 1, the error would be no 
more than 50 per cent. If C1 is much larger than C2 or 
C3, even with k = 1, the error in rise time caused by the 
presence of C3 will be entirely negligible. With even a 
moderate loop gain, a fairly large value of C3 causes no 
error, and the time constant measured is essentially 
that of the normal circuit capacities CI and C2. In prac-
tice, therefore, to be sure of no error, C3 should just be 
large enough to couple into the circuit sufficient step 

height for convenient measurement (it,, equal to aRIC3). 
At very low currents stray circuit capacity will suffice 
for coupling the signal. 

It should be pointed out that the validity of current 
testing method must be established beyond question 
before any specification of transient response may be 
trusted. 

APPLICATION 

In 1958 and 1959 the U. S. Naval Research Labora-
tory employed some fifty of these electrometer ampli-
fiers in the upper air research program. A brief sum-
mary of flights already accomplished is given in Table I. 

In general, the detectors produce a dc current when 
exposed to radiation in a selected portion of the X-ray 
or ultraviolet light spectrum. Thus, as the vehicle spins 
about its axis, the output of the detector varies in a 
manner determined by the viewing angle of the de-
tector, the spin rate of the vehicle, and the nature of 
the body producing the radiation. Typical vehicle spin 
rates have been 1 to 10 rps. In many cases the de-
tector viewing angle has been quite broad allowing the 
use of circuits with 20 to 50 cps bandwidth. On several 
occasions, however, narrow collimation has been dic-

tated by the nature of the experiment. One such case 
was a proportional counter experiment which required 
an amplifier with a bandwidth of 300 cps and a full 
scale sensitivity of 10-1" amperes. 

Circuit performance in flight has, in general, been 
satisfactory. On two occasions in Aspan flights a notice-
able deterioration in frequency response was observed 
beginning at about 120 seconds of flight and continuing 
to impact. The apparent cause of this deterioration was 
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TABLE I 

SUMMARY OF ROCKET AND SATELLITE FLIGHTS 
USING ELECTROMETER CIRCUITS 

Vehicle Type 
Electrometer 

Detectors f.s. 
Sensitivity 

Number of 
Electrometer 

Circuits 

Vanguard Eta 

Explorer VII 

Aerobee 

Aspan 

ion chamber 2 X10-1' A 1 

ion chamber 2 X10-" A 1 

ion chamber 2X10-" A 3 
ion chamber 5 X 10-'2 A 5 

ion chambers, 2 X 10-" A 4 
photomulti- 1 X10-7 A 4 
pliers, 
proportional 6X10-"A 19 
counters 1 X 10-'0 A 4 

1X10-"A 1 
5X10-"A 1 
5X10-"A 5 

transistor changes resulting from excessive tempera-
ture rise of the package. In these flights germanium 
transistors had been used. 
Some interference from RF fields has geen encoun-

tered in complete flight instrument packages. Usually 
this type of interference has been eliminated by using 
ceramic bypass capacitors on each lead entering the 
electrometer amplifier except for the signal input lead 
which is shielded. 
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The Hydrogen Quartector —A New Phase Detector 
for Exotic Liquid-Gas Systems* 

R. L. BLANCHARDt, SENIOR MEMBER, IRE, AND A. E. SHERBURNEt, MEMBER, IRE 

Summary—The problem of an instrument to discriminate auto-
matically between liquid and gaseous hydrogen has been solved. The 
principle of operation involves the dependence of acoustic radiation 
resistance upon density of the medium. The instrument comprises a 
quartz piezoelectric vibrator immersed in the medium and developing 
at its terminals a radiation resistance, and an electronic unit external 
to the medium, which automatically converts this resistance to a 
signal for measurement or control. The system is suitable for use 
with most fluids, including hydrogen, oxygen, and kerosene. Hydro-
gen is of particular interest because low density provides a less dis-
tinct interface, particularly at high pressure. 

The radiation resistance of practicable sensor configurations is 
analyzed for a number of fluids and experimental data are presented 
for conditions of liquid, gas, and wet in gas. An electronic technique 
for precise conversion of radiation resistance to a control signal is 

described. A stable negative resistance is generated, and main-
tenance of oscillation is the criterion for radiation resistance greater 
or less than the prescribed value of negative resistance. This negative 
resistance is chosen to be intermediate in value between the values 
which obtain for liquid and gas phases. Stable radiation resistance 

resolution of a few per cent has been obtained easily without en-
countering any limiting condition. 

An example of equipment designed for missile environmental 
conditions is described. 

* Original manuscript received by the IRE, November 23, 1959, 
•1" New Products Research, Trans-Sunics, Inc., Burlington, Mass. 

LIST OF SYM BOLS (MKS UNITS) 

Electrical 

C = capacitance 
E= potential 
L= inductance 
Le= intrinsic crystal inductance 
1„-- inductance caused by acoustic radiation 

Pay = average power, watts 
Q= ratio of reactance to resistance 
R= net resistance 
Rc= intrinsic resistance of mounted crystal 
R„-- negative resistance absolute value 
R,-- positive resistance 
Rr= resistance caused by acoustic radiation 
co= frequency radians per second 
X = reactance 
Z= impedance. 

Piezoelectric 

= piezoelectric strain coefficient, 2.3 X 10-12 
meters/volt 

sil= compliance coefficient, 1.27 X Kr" meters/new-
ton 
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iz =crystal dimension along x axis 
/„ = crystal dimension along y axis 
= crystal dimension along z axis. 

Acoustic 

c= velocity of propagation 
D = piston diameter 

Bessel function 
Bessel function 

Pay = average power, joules "second = watts 
= acoustic resistance 

S= piston area 
=-- velocity 

x = dimensionless parameter 
= acoustic reactance 

Z.= acoustic impedance, ratio of force to velocity 
p = density of the medium 
E= normalized acoustic resistance 
n = normalized acoustic reactance. 

I. INTRopt ,crtoN 

IN the control of fuel for liquid-propelled missiles and rockets, need has arisen for a switch to discriminate 
automatically and reliably between liquid and gas 

phases. Kerosene, liquid oxygen, and liquid hydrogen 
flowing in pipes or contained in tanks, and operation on 
the ground or in flight, typify the environmental 

conditions. 

II. PRINCIPLE OF OPERATION 

The phenomenon on which the system is based is the 
acoustic radiation resistance of a small piezoelectric 
vibrator immersed in the medium. This resistance is a 
function of p and c, both of which are different in liquid 
and gas phases. The functional dependence is deter-
mined by the design of the sensor, as will be brought out 
in Section III, and the sensor can be designed for large 
discrimination over wide operating conditions. The 
radiation resistance is a mechanical resistance developed 
at the "piston" surfaces of the vibrator and is converted 
by the piezoelectric phenomenon into a corresponding 

electrical resistance. At the terminals of the piezoelectric 
crystal, an electrical impedance is observed which is a 

combination of the equivalent acoustic radiation resist-
ance and reactance, the equivalent electrical resistance 
of the crystal due to internal losses, the equivalent elec-
trical inductance and capacitance corresponding to the 
mass and elasticity of the crystal, and the electrical 
capacitance between the electrodes. All of these elements 
of the sensor impedance are shown in Fig. 1. Of these, 
the radiation resistance is a strong function of the prop-
erties of the medium in which the sensor is immersed. 
The remaining part of the system comprises a mecha-
nism for automatically sensing the value of this resistance. 
The technique for sensing radiation resistance R, 

comprises the generation of the negative admittance 
shown in Fig. 2, where C„ and R. represent the absolute 
magnitudes of a negative capacitance and negative re-

sistance respectively. For the condition the 
parallel connection of Figs. 1 and 2 is represented by 
the circuit of Fig. 3. Oscillations are sustained in this 

circuit in accordance with the criteria: 

o  

R„ = R, R, 

oscillate R. > R„ 

not oscillate R„ < R 

o  

Fig. 1. 

Fig. 2. 

IC C, 

Fig. 3. 

 o 

Since R, may be designed to be much smaller than R,, 
R„ is a very sensitive criterion for the magnitudes of R,. 
If R. is chosen to be intermediate between the values 

of R, for liquid and gas phases of some medium, oscilla-
tions are sustained in the gas phase but not in the liquid 
phase. In the circuit of Fig. 3, the impedance across any 
element may be described mathematically as a simple 
pole in the complex plane lying in the left half plane 
when the sensor is in liquid and in the right half plane 
when the sensor is in gas. 
The presence or absence of oscillation in the circuit is 

easily converted into a corresponding open or closed 
position of a relay or transistor switch for indication or 
control. 

Speed of Response 

The parameters in Fig. 3 determine the rate of growth 
or decay of oscillations. For small amplitudes of oscil-
lation R. is constant, and the relay circuit is designed to 
operate in this region. At some higher amplitude, R. 
diminishes with increasing amplitude, and a stable equi-
librium is achieved. In the region of linear operation the 
oscillations are described as follows: 

a = afie's sin wl = A (g) sin wl 

= — R/2L = — 2v/2Q 

R = R, R. — 

L = L, L,. 

(1) 

(2) 

(3) 

(4) 

The time interval for growth or decay of oscillations 
is described as follows: 
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A (12)/A (a) = K = eact,-4) = 

1 
— log, K. 

(5) 

(6) 

Log K and cr are positive for increasing oscillations 
(gas), and negative for decreasing oscillations (liquid). 
To determine the switching time, the values are inserted 
in (5) for .1 (12) and A)11) equal respectively to the relay 
closure value and the random noise voltage in the ab-
sence of oscillations. An oscillogram showing the rapid 
growth and decay of oscillations for circuit parameters 
representing the case of hydrogen, liquid and gas, at 
atmospheric pressure is shown in Fig. 4. A representa-
tive time interval for growth of oscillations for this case 
is somewhat less than 100 msec and for oxygen some-
what less than 10 msec. The corresponding times for 
decay of oscillation are smaller. 
Thus the response time is dependent upon the medium 

in an interesting way. The value of R in ( 2) and (3) is 
the difference between R„ and R. If R„ is chosen inter-
mediate between the values of R„ for liquid and gas, 
then R is one half the difference between the resistance 
in liquid and the resistance in gas. The smaller the dif-
ference between liquid and gas resistances, the longer 
the time of response for a given sensor design. By mak-
ing R in ( 3) very small, the time At in (6) can be arbi-
trarily long. In order to illustrate the growth and decay 
of oscillations, the following experiment was performed. 
A sensor with resistance R„ between 1000 and 1100 
ohms and with inductance L36h was connected to 
negative resistance R„ chosen to have values in sequence 
R„, = 1100 and R„2 = 1000 ohms. 

Fig. 4—Speed of response hydrogen switching condition. 

Thus 

I — R„I ± j R, — R„2I = 100. 

The circuit Q, therefore, was approximately 500,000. 
The oscillogram in Fig. 5 where the sweep rate was one 
vertical line per second shows the corresponding growth 
and decay of oscillations. Values of K and At determined 
from the oscillogram and (2) and (6) yield the following 
magnitudes: 

I R„, — R,I 399 

and 

R, — R„2I 529. 

The sum of these (91 ohms) approximates the experi-
mental value, allowing for the approximate value for L. 

III. ACOUSTIC RADIATION AND ELEC-
TRICAL RESISTANCE 

The vibration of a piezoelectric sensing element radi-
ates sound energy into the surrounding medium. This 
energy is supplied by the alternating electric field ap-
pearing across the crystal. The medium tends to restrain 
the crystal vibrations, thus requiring a greater voltage 
to achieve the same extensional amplitude compared to 
the unloaded crystal. If the crystal extension is main-
tained constant while the restraining force is varied, 
then it is clear that the acoustic power radiated is pro-
portional to the force. For a given crystal, the voltage 
required to produce a given extension is proportional to 
the force required. Since the electrical power must equal 
the radiated power, the electrical resistance of the crys-
tal must be proportional to the restraining force. 
The reaction of a medium on the vibrating crystal 

depends on the density of the medium, the velocity of 
sound in the medium, and the dimensions of the crystal. 
The loading effect is similar to the acoustic loading on a 
vibrating piston. The solution for a cylindrical piston in 
an infinite baffle is well known: 

Z„ = pcS[t jni= R,, + jX« (7) 

where 

Fig. 5—Growth and decay of oscillations. 

2J1(x) X2 X4 X6 

= 1 

2.4 2-42-6 2-42'62'8 

2K1(x) 4 x x3 
n =   

.2 3 32.5 32.52.7 

• (8) 

(9) 

In this paper we are primarily interested in R., since 
this appears as a resistance in the electrical equivalent 
circuit. Although X. appears in the equivalent circuit as 
a reactance, it serves only to cause a slight frequency 
shift in the oscillator. 



782 PROCEEDINGS OF THE IRE April 

In (7), pc is the characteristic impedance of the 
medium per unit area, S the area, and the term in 
brackets characterizes the size and shape of the piston 
in terms of a wavelength in the medium. For a circular 
piston, x=-wD/e. For the rectangular piston used in the 
design described in this paper, we have used the dimen-
sion 1.7 i in place of D where 1. is the smaller of the two 
piston dimensions, giving: 

1.7w/ 
x =  (10) 

This estimated value for x has been used in lieu of 
performing a pressure integration over the piston face, 
and for the requirements of the application has been 
quite adequate. 

It is interesting to observe the effect of sensor dimen-
sions on the functional dependence of Ro upon p and c. 
For x large, i.e., for a piston in which the smallest di-
mension is larger than a wavelength in the medium, Ro 
is roughly proportional to pc. For x small, Ro is roughly 
proportional to p/c as the following development shows: 
For x<1, it is convenient to use the power series form 
for Zo: 

[ Ro = pcS 

27rfD\2 27rfDy 

\ c ) c 

2.4 2 42. 6 

— c 

(27) 2D2f2 p ( 27rID 
S  - < 1 

8 c  

Xo = — pcS   

[ 21-fD\ é 2irfD 

4 

ir  

c 
3 c 32. 5 

8Dfp 3 ( 2irfD  S c  < 1 

where f is the frequency of the radiated energy. 
The preceding equations describe a mechanical im-

pedance at the piston surface. The corresponding elec-
trical impedance which is developed in the sensor equiv-
alent circuit ( Fig. 1) can be obtained by the following 
argument. 
The acoustic power radiated is: 

Pay = R0 V02 

where the piston velocity is: 

= Vo cos WI. 

The electrical power supplied to the cnistal is: 

and 

1 

Pay = 
E2 

(12) 

where R, is the electrical resistance corresponding to the 
acoustic radiation resistance Ro and E is the peak ap-

plied voltage. Setting the two expressions equal and 
solving for R,.: 

E2 
R. =   (16) 

V 02R0 

The velocity of the end of a crystal driven by a sinus-
oidal voltage E cos id is: 

Therefore 

d11S 
—  E cos wt. (17) 
snliR„ 

Vo — 
cinSE 

(18) 

Solving for E/Vo and substituting in the expression for 
R„ yields 

sun.'  
R,. = 

du2S2 

5132 1. ( 2.11(x)) 
R, pc 1 

(111 2 1, 

(19) 

(20) 

Eqs. ( 10) and (20) have been used in subsequent compu-
tations. 

For x < 1, the approximate expression for R, corre-
sponding to ( 20) becomes: 

SU 2 ( 1.7) 2 212 p 
R,. (27r)2 (21) 

d112 8/z 

The resistance for both crystal faces is one half this 
value 

IV. IMPEDANCES OF THE SENSOR IN 
LIQUIDS AND GASES 

The impedance of the sensor has been computed and 
measured for a variety of gases and liquids. Measure-
ments of the impedance magnitude in liquids was per-
formed with a transmission circuit which uses the sensor 
in a voltage-dividing network. The sensor impedance 
magnitude is thus compared to a known resistance. Re-
sistance measurements have been made by an alternate 
technique for the case of liquid hydrogen and for several 
gases. In this experiment, the values for R„ for which 
oscillations grow and decay are measured. These data 
are in •agreement with the transmission circuit data. 

Table I gives computed radiation resistance values in 
electrical ohms for several liquids and gases. Eq. (20) 
was used for all calculations, with D taken as 0.070 
inch. Data for density and velocity of sound were 

taken from several sources for which references are 
given at the end of Table I. These data are in con-
formance with the experimental data now to be de-
scribed within the accuracy to which calculations and 
measurements were attempted. 

The impedance magnitude of the sensor in liquid 
nitrogen experimentally is shown in Fig. 6. The curve is 
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TABLE I 

CALCULATED RADIATION RESISTANCES OF GASES AND LIQUIDS 

Gas 

Argon' 

Helium2 

Nitrogen' 

Oxygen' 

Liquids 
Hydrogen3 
Nitrogen' 
Oxygen' 
JP-42 
UDMH4 

Temperature, 
°K 

Pressure, 
atmospheres 

Radiation 
Resistance, 

ohms 

300 
300 
300 
300 
300 

255 
255 

100 
200 
300 
300 
300 

120 
300 
300 
300 

20 
77 
90 
298 
298 

1 
10 
40 
70 
100 

100 

10 
100 

10 
100 

1 

1 
1 

800 
8,100 

33,000 
59,000 
84,000 

50 
4,900 

1,300 
830 
550 

5,600 
53,000 

1,300 
650 

7,000 
59,000 

15,000 
220,000 
310,000 
160,000 
160,000 

plotted starting with a dry sensor and slowly lowering 
it into the liquid. The impedance jumps suddenly when 
the crystal is still about inch above the liquid because 
surface tension causes some liquid to flow up the support 
wires and wet the crystal. The impedance rises rapidly 
until the crystal is submerged about A inch below the 
surface. A slight oscillation in the impedance with in-
creasing depth is caused by reflections from the surface. 
This effect disappears as the sensor depth is increased 
slightly. When the sensor is removed, some of the liquid 
adheres and the sensor resistance is considerably higher 
than that of the dry sensor. Evaporation of the liquid 
finally returns the impedance to its original value. The 
curve of Fig. 6 is typical of curves obtained for all 
liquids except that the wet and submerged values, of 
course, are different for different liquids. Fig. 7 shows 
the range or impedances measured for several liquids. 

The wet impedances as well as the submerged im-
pedances are shown. The bars marked S1 and S2 repre-
sent the performance of two switches, one designed for 
liquid oxygen and the other for liquid hydrogen. The 
extremities of each bar show the range of impedance 
values for which switching is assured for interchangeable 
units over military environmental conditions. Notice 

J. Hilsenrath, C. W. Beckett, W. S. Benedict, L. Fano, H. J. 
Hoge, J. F. Masi, R. L. Nuttall, Y. S. Touloukian, and H. W. 
Woolley, "Tables of the Thermal Properties of Gases," NBS Circular 
564; November, 1955. 

2 Anonymous, "Liquid Propellants Handbook" ( Confidential), 3 
vols., Battelle Memorial Inst., Columbus, Ohio, Contract No. (AS) 
54-597C with the U. S. Dept. of the Navy; October, 1955. 

3 R. B. Scott, "Cryogenic Engineering," D. Van Nostrand Co., 
Inc., Princeton, N. J.; 1959. 
' Anonymous, "Storage and Handling of Dimazine ( unsym-

Dimeth‘ lhydrazine)," prepared by Res. and Dey. Dept. of Westvaco 
Chlor-Alkali Div., Food Machinery and Chemical Corp., New York, 
N. Y., 3rd ed. 

H, 

UD 

Se
ns

or
 r
es
is
to
ne
e 
(
Ki

ke
en

s)
 

200 

100 

60 

60 

40 

20 

10 
e 

6 

2. 

 ..... 

wit yttal 
ze.r.,:ithCli:ufir:ustrtce 

,.../.' 
Cyst 
Thickness 

Drycrystcl 

t 

.2 . 0 .2 
Height Obese Surface Depth submerged( inches) 

Top Surface of Crystal 

Fig. 6—Sensor impedance magnitude in 
liquid N2 atmospheric pressure. 

G IN GAS 
W VeR IN GAS 

RESISTANCE FOR 
INCREASINS DEPTH 

.3 

L IN LIQUID  PRESENTATION 

S1 SWITCHING LOOTS DESIGN 1 or LI.. 
FOR 02 AND JP4 ETC 

S2 SWITCHING LIMITS DESIGN 2 
FOR H 

L TiSSI OF CRYSTAL AT SURFACE 
I E. TOP OF CRYSTAL .05 BELOW LIQUID L 

SURFACE. 
3. WIN. OF VALLEYS 
4. IIAX.OF PEAKS 

L D. LARGER yESSEL, DEE, IMMERSION 

...... 

TED, 
Mal 
(MENA 
RCM) 

__. 

111 L -  
.  ...,  ..., , 

4 ____3____ L-, _ 
 SI a= 

A. 1.„.____. 

  II  II ,I, r - 
2 3 4 

I 
4 II 

SI ..3   l l 
o f , 

• :hbr 
ylone . t--'--i----a r 

W ... . 
NH 

. . 
'iv o r ------ —/ 

4 
— 

io" 104 

SENSOR RESISTANCE ELECTRICAL OM 

lo 

Fig. 7—Sensor impedance magnitude in liquids. 

that, in both cases, the switching limits are well removed 
from the extreme values measured for 0.05-inch sub-
mersion on one side and for a wet crystal in gas on the 
other. 

Experimental data for the impedance of the sensor 
in gases are given in Fig. 8. The rising characteristic of 
the curves for helium and nitrogen is believed to be 
caused by a reflection of acoustic waves from the glass 
header of the sensor and the variation in the velocity of 
sound with pressure. Note that the resistance which is 
plotted is the sum Rc-1-1?,.. For the sensor used in these 
measurements, Re was approximately 800 ohms. These 
data were obtained from transmission measurements 
and verified by the measurement of the negative re-
sistance required to cause oscillations. 

V. ELECTRONIC DISCRIMINATION OF IMPEDANCE 

Automatic classification of sensor impedances as 
greater or less than a prescribed value is accomplished 
by two functions: 
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Fig. 8—Sensor resistance vs pressure for several 
gases at approximately 70°F. 

1) generation of a negative admittance of prescribed 
value: and 

2) detection of oscillation and operation of a control 
circuit (relay or transistor switch). 

Fig. 9 illustrates the generation of negative admit-
tance. It comprises an amplifier with gain over a band-
width large compared to the bandwidth of the circuit in 
Fig. 3. This network generates the negative admittance 
indicated in Fig. 2 in accordance with (22)-(24). 

I'„ =  1 2R1 [ 1 — 1 (2 + 3R1 )] (22) 
—.1 

1 + (Zi l+4R1 

C„ Cf (23) 

1 
R„ Rf[  (24) 

1 + • 
AR] 

]• 

For a large and stable value of A RI, stable values of 
R„ are obtained over a wide range of values by choice of 
Rf. An illustration of this is given in Fig. 10 where (24) 
for R„ vs Rf is plotted. Also shown in the lower part of 
the illustration is the result of an experiment where for a 
given value of Rf, the values of a positive resistance R., 
for which the circuit does or does not oscillate and oper-
ate a control circuit, are plotted. This is indicated for 
eight values of Rf, and the differences between these 
values and the computed value of R„ are shown. In the 
experimental equipment in which these data were con-
tained, R,, was known only to an accuracy of about one 
per cent, and the smallest step which could be made in 
R,, was 10 ohms. Thus, the placement of the bars on the 
page include about a one per cent uncertainty due to ex-
perimental equipment. 
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Fig. 10—Electronic unit resistance resolution. 

Although electronically generated, a high degree of 
stability and predictability is achieved in the negative 
resistance R„. In ( 25), the dependence of R„ upon Rf 
and upon R„= is shown. 

61?„ 
= 

R„ 

OR, R„[/ bR. 
• — —   
R., R. R.), 

OR.) ( —SR„ 
)1. (25) 

R., , 

The subscripts i, V. and 1 refer to interchangeability, 
voltage, and temperature respectively. From both de-
sign and experimental data, the components of ( 25) have 
been derived and the result is plotted in Fig. 11. This de-
gree of stability is representative of a practicable design 
and is entirely adequate for the switching application 
described in this paper. For more demanding applica-
tions, greater stability is readily achievable. The envir-
onmental conditions which apply to the data in Fig. 11 
include interchangeability of units, voltage variation 
between 25 and 31 volts and temperature variations 
from — 50°C to + 75°C. 
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VI. SENSOR DESIGN 

The basic element of the sensor is a piece of natural 
crystalline quartz, x cut (+ 5°) which vibrates in a 
direction approximately parallel to the longest axis. It 
is approximately one inch long and radiates acoustic 
energy from both end surfaces. 
The quartz plate is supported by four leads, two pairs 

on each major surface. The leads are headed beryllium 
copper wires, vacuum heat treated, gold plated and 
bonded to the quartz surface by epoxy resin. The leads 
are mounted off the nodal line which runs between the 
leads and approximately normal to the long axis of the 

crystal. This location of the leads provides an excellent 
mechanical mounting by providing a' supporting couple 
about the axis of greatest moment of inertia. The lead 
length is chosen to provide a broad resonance around 
the vibrating frequency (,--,100 kc), and a correspond-
ingly low mechanical impedance at the crystal surface. 
The mounting permits Q's of 30,000 or so. A general 
view of one version of this design is shown in Fig. 12, 

and Fig. 13 is a magnified view of the support lead at-
tachment to the crystal surface. The unit shown in Fig. 
12 has electrodes of silver. Another version suitable for 
corrosive fluids is geometrically similar but platinum 
has been substituted for silver, metal bonding for epoxy 
resin, etc. These designs are very rugged and will with-
stand and operate under sinusoidal accelerations of 25 
g at frequencies up to 2000 cycles. 

VII. ELECTRONIC UNIT DESIGN 

A model of one design of the electronic unit is shown 
in Fig. 14. The amplifier portion comprises three tran-
sistor stages having a total gain of 72 db. By choice of 
value of resistor Rf, it is capable of generating negative 
resistances between about 1500 and 200,000 ohms. Both 
transistor and relay-type control circuits have been 
used with this type of amplifier. The model shown in-
cludes a control circuit comprising a single transistor dc 

Fig. 12—" In tank" sensor, cage removed. 

Fig. 13—Support lead attachment to crystal surface about 25X. 

Fig. 14—Nlodel of electronic unit without case. 
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amplifier and a relay. The production units of the same 
design are interchangeable and may be used without ad-
justment with arbitrary cable lengths between elec-
tronic unit and sensor from 0 to 250 feet. 

VIII. CONCLUSION 

A thoroughly reliable and highly discriminating tech-
nique for distinguishing between liquid and gaseous 
phases of fluids has been described. Conditions of splash-
ing and a wet sensor in gas are easily distinguished from 
the in-liquid conditions. The components and the phe-
nomenon are compatible with a wide variety of fluids 
including cryogenic propellants. The technique used in-

dudes the stable generation of negative resistance and 
provides a technique for the measurement of radiation 
resistance which may have additional applications. 
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An Instrument for Measuring Liquid Level 
and Slosh in the Tanks of a Liquid-

Propellant Rocket* 
L. B. WILNERt, W. L. MORRISONt, MEMBER, IRE AND A. E. BROWNt, MEMBER, IRE 

Summary—A measuring system for monitoring dynamic level 
variations in red fuming nitric acid is discussed. The system employs 
a continuous variable-capacitance sensor with a tuned-circuit capac-
itance detector. The transistorized, temperature-stabilized capaci-
tance detector is discussed in detail. Performance data are presented. 

BACKGROUND 

AS part of the diagnostic instrumentation for use in 
the development of liquid fuel rockets, an instru-
ment was required which could monitor the level 

and surface attitude in the rocket propellant tanks. The 
original requirement written for this instrument was 
for monitoring only an oxidizer, red fuming nitric acid. 
It is only this instrument, called the Oxidizer Slosh 
Monitor, which will be discussed here. 

Before proceeding further, it is worthwhile to con-
sider the properties of the material in which the monitor 
was to function. Red fuming nitric acid is a liquid, 
slightly more dense and slightly more viscous than 
water. Extremely corrosive, it reacts with most organics 
and dissolves most metals, though at varying rates. 
Electrically, the acid is about as conductive as a satu-
rated salt solution, but the conductivity of acid accept-
able as propellant varies over a considerable range. 
The device for monitoring this material was to pro-

vide a continuous measure of level along three or more 

* Original manuscript received by the IRE, December 2, 1959. 
Work performed under Air Force Contract AF04(647)-347. 
t Missiles and Space Div., Lockheed Aircraft Corp., Palo Alto, 

Calif. 

lines up and down the curved wall of a tank. Thus, at 
any time, the mean level and the attitude of the liquid 
surface relative to the rocket axis might be determined, 
assuming the liquid surface remained a plane. Because 
sloshing of the propellant might be of great importance 
in diagnosing a rocket failure, the monitor had to be 
capable of following level oscillations up to 3 cps. 
One of the first techniques tried in developing a 

monitor was the use of a high-resistance wire, shorted 
to the tank wall by the liquid at the liquid surface and 
below. As so often happens with such simple techniques 
there were unforeseen complications. Specifically, the 
action of the acid on the wire made its resistance change 
and interfered with the electrical contact between the 
wire and the liquid. 
To avoid the effects of acid reacting with the metal 

wire, an insulating material was interposed between the 
wire and the acid, changing the sensor to a capacitive 
element similar to those used in wave gages.'—' Various 
insulating materials were tried, and it was found that of 
the materials tried, only fused Kel-F insulation retained 
its electrical properties when immersed in nitric acid. 

1 W. S. Campbell, "An Electronic Wave-Height Measuring Ap-
paratus," David Taylor Model Basin, Washington, D. C., Rept. No. 
859; October, 1953. 

G. R. Barnard, "An Evaluation of Wave-Height Measuring 
Equipments," Instrumentation Div., David Taylor Model Basin, 
Washington, D. C., Tech. Note No. 9; September, 1958. 

3 C. G. Whittenbury, E. A. Huber, and G. S. Newell, " Instrument 
for measuring water waves," Rev. Sci. Instr., vol. 30, pp. 674-677; 
August, 1959. 
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THE CAPACITIVE SENSOR 

The sensing element which was used for the Oxidizer 
Slosh Monitor was a length of wire, insulated with Kel-
F, strung in a vertical plane on Teflon stand-offs along 
the curved wall of the oxidizer (acid) tank. When im-
mersed in the acid, this wire formed a capacitor of 
which the insulation was the dielectric, the wire was 
one "plate," and the acid at the outside surface of the 
insulation was the other "plate." Above the surface of 
the acid, the wire and the tank wall formed a capacitor 
of much lower value. Thus, in effect, the sensor was a 
cylindrical capacitor, the length of which was deter-
mined by the oxidizer level. 

Typical capacitance values for this sensor were 0.5 
µµf/inch between dry wire and the tank wall, and 3.5 
µµf/inch for the immersed wire. In the frequency range 
used (below 5 mc), the impedance of this capacitance 

was such that the resistance of the acid was compara-
tively small, and the resistance of the wire was neg-
ligible. 

FLOWBACK 

When the liquid level was oscillating (i.e., under 
sloshing conditions), the liquid in the immediate vicinity 
of the sensor wire did not follow perfectly the mean 
liquid level. Instead, a film of liquid clung to the sensor, 
causing a phenomenon known as flowback." Fig. 1 
illustrates graphically the flowback film and its effect on 
the apparent capacitance of the sensor element. As indi-
cated by the figure, some of the sensor wire actually 
above the level of the liquid remained electrically con-
nected to the liquid by the flowback film. For a sinus-
oidal variation of liquid level, the effect of flowback on 
sensor capacitance, hence on instrument output, was to 
decrease peak-to-peak amplitude, shift the phase, and 
distort the waveform by flattening one peak, sharpening 
the other. 

The most serious effect of flowback on the Oxidizer 
Slosh Monitor was the attenuation of slosh amplitude. 
For slosh amplitude of the order of a few inches, the 
attenuation from flowback exceeded 60 per cent at a 
frequency of only 2 cps in some early models. The at-
tenuation from flowback was aggravated when the mean 
liquid level crossed a sensor wire support. The wire sup-
ports would catch a quantity of liquid at the peak of a 
slosh and drip it down the sensor wire throughout the 
rest of the -slosh cycle, essentially obscuring the varia-
tion of the main liquid surface. 

MEANS OF MINIMIZING FLOWBACK 

The effects of flowback on slosh frequency response 
were found to be dependent on at least two variables, 

the sensor wire diameter and the carrier frequency at 
which the sensor capacitance was measured. 

It was found that as sensor wire diameter was de-
creased, the slosh frequency response was improved. 
This effect resulted from the utilization of surface ten-

sion to dissipate the flowback film. Unfortunately, the 
slosh monitor application did not permit the use of a 
very fine wire. The wire had to be installed in hard to 
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Fig. 1—Flowback and its effect on the output of a 
variable-capacitance level sensor. 

reach places and fed out through a large lid. The mor-
tality on AWG No. 36 wires, which were tried first, was 
discouragingly high. An AWG No. 30 wire has been used 
in the more recent applications, although the diameter 
is somewhat large to make good use of surface tension 
effects. 

By varying the carrier frequency at which the sensor 
capacitance was measured, it was possible to differenti-
ate somewhat between wire immersed in the liquid and 
wire which was only wetted by a flowback film. An ele-
ment of sensor wire wetted by a flowback film differed 
electrically from a completely immersed element by 
having in series with it the resistance of the flowback 
film. By increasing the carrier frequency, the capacitive 
impedance of that element could be decreased so that it 
might be effectively excluded from the circuit by the 
series resistance of the flowback film. 

This principle of differentiating flowback and main 
level was applied to the Oxidizer Slosh Monitor by in-
creasing the carrier frequency to 3 mc. The carrier fre-
quency was more or less limited at this value because 
the required length of sensor, acting as a transmission 
line, became an appreciable fraction of a wavelength at 
3 mc. 

The use of the 3-mc carrier gave the Oxidizer Slosh 
Monitor an acceptable slosh frequency response despite 
the use of relatively large wire (see " Performance" sec-
tion). However, no means was found of eliminating the 
degradation of slosh response caused by wire supports 
in the slosh. 

THE ELECTRONICS 

Detection of the capacitive changes of the sensor wire 
is somewhat complicated by the necessity of making 
measurements at 3 mc. Wide variances in sensor capaci-
tance, the balancing problems and high power levels 
associated with the majority of capacitive measuring 

techniques, led to a selection of a slope detection sys-
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tern. This system provided a means of determining, 
with reasonable linearity, the variation in capacitance 
with a minimum power consumption. Fig. 2 shows the 
resultant system in block form. 
A crystal-controlled oscillator was selected to afford 

maximum frequency stability and minimum tempera-
ture dependence. The frequency of the oscillator was 
held constant by the crystal and thereby one variable 
was eliminated from the system. As a means of eliminat-
ing the oscillator amplitude as a variable, a clamp cir-
cuit was provided which limited the peak-to-peak am-
plitude to a fixed value over the environmental range 
of the equipment. In this manner the input to the slope 
detector was held constant in frequency and amplitude. 

Amplitude dependence on sensor capacitance was 
developed by use of a tuned circuit which acted as a 
variable impedance in a voltage divider circuit. The 
resonant circuit consisted of a transformer which was 
resonated slightly above the crystal frequency when 
the sensor capacitance was maximum (the full-tank 
condition). As the sensor capacitance decreased, the 
resonant frequency of the transformer increased and 
the signal amplitude at the resonant circuit de-
creased. The linearity and capacitance range of the 
resonant circuit was controlled by the turns ratio of the 
transformer a nd the series-parallel capacitor network 
used in conjunction with the sensor. 

Capacitance data in the form of variable amplitude 
of the 3-mc carrier frequency are converted to a usable 
form by peak-to-peak detection in a thermistor tempera-
ture-compensated detector. The resulting slowly vary-
ing dc voltage, dependent on sensor capacitance, was 
made suitable for injection into a conventional telem-
etry system by use of an emitter-follower output for 
impedance matching. Since the output is dependent 
upon the resonant circuit characteristic curve, it is not 
linear over the entire range, and therefore a calibration 
curve was required to convert from dc output voltage 
to tank liquid level. A circuit diagram of the completed 
system is shown in Fig. 3. 

PERFORMANCE 

The Oxidizer Slosh Monitors which have been built 
and tested provided acceptable, but not ideal, perform-
ance. The response to static level was not linear, but 

was an "S" curve for which deviation from linearity was 
less than 5 per cent over the range used. (See Fig. 4.) 
Typical repeatability of indicated level information over 
a temperature range of + 10°C to + 50°C was 1.5 per 
cent of full scale. The ratio of full-tank output to empty-
tank output was about 10:1, which did not approach 
the 30:1 ratio which the telemetry could accept, but 
was enough to provide clear definition of level through-
out the range. Because of the deviation of the output/ 
level curve from linearity, the sensitivity of the monitor 
to slosh was different at different liquid levels. 
The effects of flowback were not completely elim-

inated from the system. The output for a 3-inch slosh 
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Fig. 2—Block diagram of the Oxidizer Slosh Monitor. 
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Fig. 5—Slosh frequency response of the 
monitor in red fuming nitric acid. 

amplitude declined by about 25 per cent at 3 cps, more 
at higher frequencies. (See Fig. 5.) 
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Correspondence  

Noise Performance Theory of Esaki 

(Tunnel) Diode Amplifiers* 

In a recent letter, K. K. N. Chang' de-
scribed an amplifier using the Esaki Diode. 
He presented expressions for the gain g, and 
noise figure F of a two-port circuit with sep-
arate generator and load impedances. These 
expressions are 

and 

4GoGL  
gp = 

(GL -I- Go — G)2 
(1) 

T GL G. 
F = 1 + — — -1- — + —) • (2) 

To Go G, G, 

In the above, T is the circuit tempera-
ture; To is the reference temperature; G is 
the diode negative conductance; G„ is the 
source generator conductance; G1 is a para-
sitic circuit-loss conductance; Ga is the load 
conductance; and G. is an artificial electronic 
conductance eI0/2kT in which /0 is the 
direct current of the diode, k is Boltzmann's 
constant and e is the electronic charge. 
(Chang also included a transformer turns-
ratio which appeared in his circuit. This has 
been eliminated as unnecessary to the 
theory. If transformers are to be used, they 
can be considered to modify the values of 
GL and Go, but not G1 as this parasitic re-
sistance tends to be associated with the di-
ode itself.) The above expression for noise 
figure is based upon the assumption that the 
diode is characterized by pure shot noise 
and that the resistances are sources of 
thermal noise only. 

Direct application of (2) indicates that a 
very low noise figure could be obtained by 
raising G, to a large value. This, however, 
cannot be done without considering the 
effect upon gain, which depends upon the 
negative conductance G, a parameter not in-
cluded in ( 2). When this effect is taken into 
account it will be seen that useful low-noise 
amplification depends upon obtaining a low 
value for the ratio eI0/2kTGand for the ratio 
G1/G. In Chang's discussion in his letter and 
in his paper at WESCON, 1959, he also im-
plies that eI0/2kTG is the most important 
parameter but does not show the manner in 
which this expression appears. 

We shall present here an analysis of the 
one-port form of amplifier which is, in gen-
eral, superior to the two-port variety for low 
noise. Fig. I shows the circulator method of 
interconnecting one-port amplifiers. Fig. 2 
shows a simplified equivalent circuit for a 
single amplifier and its connecting trans-
mission line. If a transformer is to be used 
it should be at the input of this circuit, 
which has the effect of allowing G, to as-
sume any desired value as far as this analy-
sis is concerned. 

* Received by the IRE. September 17,1959. 
K. K. N. Chang, "Low-noise tunnel-diode am-

plifier," PROC. IRE, vol. 47, pp. 1268-1269; July, 
1959. 

Fig. I—Tandem arrangement of one-port amplifier 
A and circulators C. 

 • 

LINE AMPLIFIER 

Fig. 2—Simplified equivalent circuit of 
one- port amplifiers. 

The gain of the one-port amplifier is 
given by the square of the magnitude of the 
reflection coefficient on the input line. This is 

G, + Git 
(3) 

and the noise figure (for the above assump-
tions) is 

(none port 

elo  + GI\ 

4T 2kTG G / 
(4) 

To (G, — G. + G12 

(F). ntaRen two pot, = + 
Tp 

As in (2) we can make (F—l) approach zero 
by allowing G, to become arbitrarily large. 
This, however, is no help because the gain 
is reduced in the process and then several 
stages may be needed, each of which con-
tributes to the over-all noise figure of the 
system. Consider (4) when the gain is high. 
Then Go approaches (G—G1) and the ex-
pression becomes 

(Mite gain one port 

= 1 + 
TT 1 Gil (2keiT° G G ± G1) • (5) 
1 — 

If the gain is not high we must consider 
two or more stages in tandem. In this case, 
the over-all noise figure for n stages can be 
written 

1 
. (F). = 1 + M (1 — —), (6) 

gp  

O Haus and Adler, "Circuit Theory of Linear Noisy 
Networks," John Wiley and Sons, Inc., New York, 
N. Y.; 1959. 

where M is the "noise measure" of one stage 
defined by Hans and Adler2 as 

F — 1 
Al = ---i- • (7) 

1 — 
gP 

Thus the net noise figure for n stages be-
comes 

(1 )n sieges one port 

1 + — 
To 

(elo 

27r-T—G- (7) • (8) 

In this expression G„ does not appear except 
indirectly in that it affects the gain of a 
single stage and the number of amplifiers re-
quired for a given system gain. When the 
total gain of n stages is high, it is seen that 
the over-all noise figure for many low-gain 
stages is the same as for a single high-gain 
stage. 

We can devise a similar expression for a 
tandem arrangement of two-port amplifiers 
using ( 2). In order to minimize M, we have 
set 

Go = Gt. + G — (9) 

We have also assumed that the stages are 
separated by isolators at a temperature T. 
The resulting over-all noise figure expression 
becomes 

elo + ± GI Ga \ 

2kTG G G / 
(10) 

If we substitute (9) into Chang's gain ex-
pression ( 1), we obtain 

G G1 

Ga Ga 

If we wish to obtain a low over-all noise 
figure, ( 10) indicates that GL/G must be 
small, and from ( 11) this implies that the 
gain of each stage must be high. Thus, the 
two-port amplifier can give good noise per-
formancè only if the gain is high and the 
load conductance GL small. As GL appears in 
the numerator of the gain expression ( I), 
this requires the denominator to be small in-
deed and we must work close to the point of 
instability. This will also reduce the band-
width. With two-port amplifiers it is pos-
sible, theoretically, to approach the noise 
performance of one-port amplifiers but only 
by sacrificing stability and bandwidth. 

M. E. HINES 
W. W. ANDERSON 

Bell Telephone Labs., Inc. 
Murray Hill, N. J. 
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Firing Angle in Series-Connected 

Saturable Reactor* 

H. F. Storm' has discussed the series-
connected saturable reactor with free even 
harmonies (see Fig. 1). He states that in the 
overexcited case, the firing angle a remains 
constant for a range of values of the control 
voltage Ec. However, he does not prove this. 
In a letter to the author, Storm stated he is 
not aware of any proof of this being pub-
lished. It is the purpose of this letter to 
derive the proof. 

Consider Fig. 2. During the interval 
cot<2r, the control voltage E,.=0, and so 
the flux curves of OA and -013 coincide. At 
at = 2r, a small control voltage is introduced. 
Both cores will tend to saturate, but core A 
will tend to saturate more quickly now than 
before E, was applied, and core B more 
slowly. Thus, core A will saturate at an 
angle a while core B is as yet unsaturated. 

CORE A CORE II 

Fig. 1. 

Fig. 2. 

The angle a can be determined from ( 1) 

1 fa (E,„ sin col Ee 
„ = — d(cot) ( 1) 

2,0 co o 2N„ 2N, 

where 0, is the saturation flux of the cores 
Core B will continue toward saturation 

after core A has become saturated. De-
pending on the value of Ec, it may or may 
not saturate during the course of the half 
cycle ( 180°). Let us determine the condi-
tions under which core B will saturate at the 
very end of the half cycle. During the inter-
val that core A is as yet unsaturated, 
2w<wt<a, the flux in core B will change 
by an amount given by 

1 j'« tE,„ sin cot Ec 
= d(cot). (2) &in  

2N, 2N, 

When core A is saturated, the voltage 
across its primary is zero. Core B acts as a 

* Received by the IRE. September 14, 1959. 
1H. F. Storm, "Magnetic Amplifiers," John 

Wiley and Sons. Inc., New York, N. V. 1955. 

transformer with a secondary resistance Rc. 
The voltage across the primary of core B is 
therefore given by 

/?,(--N )2 
N  

EB E„, sin cot 

RI ± Rc (--g-N )2 
Arc 

ee. --Ng\ 2E„, sin cut 
‘.N  cl 

(3) 

The above approximation is based on the 
assumption that 

Re (TAT )) RI. (4) 

During the interval that core A is satu-
rated, the change in the flux of core B is 
given by 

342 = f T[E-- 1±c- (-Nºy sin cot 
co 0, No RI Nc 

Ec 
- —Nc id(cot). (5) 

When Ec is adjusted so that core B satu-
rates at the very end of the half cycle, we 
have 

Z1411 Ark2 = (6) 

Integrating and then combining the 
above equations, using the approximation 
of (4) again, and defining the voltage E... 
by (7) 

E„,„ = 2N et), w. (7) 

We finally obtain 
R,N, 

Ec = 2(E. - Emc) (8) 
&Nei-

Thus, as long as Ec does not exceed the 
value given in (8), a will be independent 
of E,. 

ISIDORE BADY 

U. S. Army Signal 
Res. and Dey. Labs. 

Ft. Monmouth, N. J. 

Harmonic Generation Using Idling 

Circuits* 

Manley and Rowe' have treated the 
case of mixing and harmonic generation by 
a nonlinear reactance. They show that for 
the latter case 

E = o (1) 

where is the algebraic power delivered 
to the nonlinear reactance of frequency mi.); 
the fundamental frequency isfi. In practice, 
one is interested in converting from fre-
quency fi to a harmonic el. It is commonly 

* Received by the IRE, December 18, 1959. 
1J. M. Manley and H. E. Rowe, "Some general 

properties of nonlinear elements," PROC. IRE, vol. 44, 
pp. 904-913; July, 1956. 

believed that this is automatically accom-
plished by terminating all circuits reactively 
except those of frequencies fl and el. 

The purpose of this note is to show that: 

1) conversion to an arbitrary order of 
harmonic requires additional criteria 
on the order of the nonlinearity of the 
frequency converting element; 

2) by terminating additional circuits re-
sistively in such a way as to allow 
large circulation of energy at addi-
tional frequencies, it is possible to in-
crease the order of the harmonic that 
can be generated over that allowed by 
the two-circuit system. 

The schematic diagram of a harmonic 
generator using an element with a square-
law characteristic is shown in Fig. 1. Here 

c, c. 

Fig. 1—Two-loop harmonic generator. 

the two loops are tuned to resonance at fre-
quencies co and kw, respectively. They are 
coupled by a nonlinear inductance whose 
characteristic is given by 

= Li - (2) 

where q5 and i are the instantaneous devia-
tions of flux and current from those of a 
static operating point. The voltage across 
the nonlinear element is then 

di di 
V = L — - 

dt dl 
(3) 

where the second term on the right is the 
one of importance for harmonic generation. 
If the circuit Q's are high (a requirement for 
efficient harmonic generation),' then the cur-
rents in the two meshes may be expressed as 

= 11 sin (cot -I- 01) 

ik = /k sin (kw! 0k)• (4) 

Since the second term in (3) be-
comes 

di 
—dt = -/12,Bco sin (24)/ -F 201) 

-/i/k.rekco sin [(k+l)wi-1-01-1-01,] 

+111k cekw sin [(k - 1)0.,/-1-0k - 0,] 

-41/Aeo sin [(k+l)cd-I-Ok-1-01] 

-./i/oCco sin [(k- 1)wtd-eo- 01] 

-1o2£kw sin (2kcoi -I- 200. (5) 

If power transfer from the "(a" circuit to the 
"kw" circuit is to occur, terms of frequency co 
and kw must exist simultaneously in this ex-
pression. The frequencies present are 

2w, 2kw, (k ± 1)w, (k - 1)0). 

We see that coupling can exist only for two 
values of k, viz., k= 1 (trivial) and k = 2. 

2 K. K. N. Chang, "Harmonic generation with 
non-linear reactances," RCA Rev., vol. 19. pp. 455-
464; September. 1958. 
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Therefore, such a circuit using a square-law 
element will produce negligible amounts 
of harmonic outputs of order higher than 
the second. 

If the circuit Q's are low, the current in 
each loop will not be restricted to only the 
resonant frequency of that loop. The addi-
tional components will mix in the nonlinear 
reactance to produce power at higher har-
monics. This power will be very small. 

However, appreciable amounts of power 
at the third or fourth or even higher har-
monies can be achieved by the addition of 
an idling circuit to the basic two-loop con-
figuration, as shown in Fig. 2. With this 
scheme, energy is transferred to the 3c0 loop 
as the result of the mixing of current at the 
fundamental frequency with that produced 
in a resonant "idler" at 1.0. We have analyzed 
this circuit as well as the similar (.0-2(0-4(0 
circuit, following the method of Bloom and 
Chang.° The current in the fundamental 
loop in both cases obeys a fifth-degree alge-
braic equation. For the 3c0 case, the equation 
is 

p l r 9 36] 36 pl \4 

‘io 1-Q3 J Qo‘io ) 
[  48 4 y e 

▪ eee ‘i. ) 
48  p i y  16 p i \ 

Qi:Q2Q3 ▪ Q0222Q32 

16  
Q0Q22,232 _ 0' (6) 

where 

L cuL 
= 27,e ; (j = 0, 1, 2, 3); 

Ri 

Ro -=. V/io. 

For the 4(0 case: 

M_\6 r 4 ± 16(241 piyi 

LQIQ2 QI3 ) 

_ r 4 + 48Q± i \ 2 
1-Q0Q2 QoQi2-1 

48Q., L\ _ 1612, = o. 

Q.N.‘i. Qo8 

Figs. 3 and 4 illustrate representative cases 
for the third and fourth harmonie conver-
sion, where the efficiency si is defined as 

output power at kw 
n - 

total input power 

(7) 

In general, these as well as other data show 
that the efficiency increases with circuit Q's 
and input voltage. Of course, the efficiency is 

3 S. Bloom and K. K. N. Chang, "Theory of 
parametric amplification." RCA Rev.. vol. IS. pp. 
578-593; December. 1957. 

1.20 
1.02.2111 

Fig. 2—Harmonic generator with idler. 

une 100000 

100 

1.0 

I 

Fig. 3—Efficiency of 3. conversion vs circuit 
parameters. 

01 

te. 

1 
.000 

Fig. 4—Efficiency of 4. conversion vs • 
circuit parameters. 

limited by the maximum allowable current 
in the element, as would also be true in a 
sinople converter. 

Experimental work which substantiates 
these results was performed at audio fre-
quencies. To simulate an element which was 
nearly square law, a toroidal inductor was 
current-biased to a square-law region. The 
insertion of this inductor into a two-loop 
circuit yielded only the second harmonic of 
the fundamental 1000-cycle signal. When 
the output loop was tuned to either 3c0 or 4(0, 
no measurable output was present. Opera-
tion of the same element in the three-loop 
circuit (w, 2w, 3(0, or (0, 2(0, 4(0) with the saine 
driving voltage yielded considerable amounts 
of third (or fourth) harmonic power. Table 
I shows a comparison between the theo-
retical and experimental results. 

TABLE I 

Three-loop 
circuit Qo QI Ch (1 (21 

— 

Experi- 
mental 
/dia 

0.641 

Theo- 
retical 
/1/i., 

0.520 

Experi- 
mental 

nt 

Theo- 
retical 

In 

Experi- 
mental 

44 

Theo-
retical 

84 

co-2w-3w 4.50 2.86 1.44 0.751 8.5 
per cent 

7.2 
per cent 

— — 

w-2w-4. 4.8 2.9 1.5 — 8.86 0.790 0.490 — — 3.0 
per cent 

0.57 
per cent 

The deviations between the theoretical 
and experimental values are probably due to 
the following: 1) the assumption that current 
at tu.0 flows only in the tic0 loop was not 
strictly true because of low Q's; and 2) in 
the calculation of the efficiencies, it was nec-
essary to raise to a power the difference be-
tween two numbers of nearly equal magni-
tude. 

The work reported here has treated only 
a square-law device. Enhancement of the 
third harmonic generated by a ferrite at 
microwave frequencies using this general 
feedback scheme has recently been re-
ported.4 For elements that have nonlineari-
ties higher than the second, such as the back-
biased diode, efficient conversion to a higher 
harmonic is of course possible with the two-
loop circuit. However, even here the effi-
ciency should be improved by resistively 
terminating additional branches of the 
Manley-Rowe circuit, as described above. 

I. KAUFMAN 
D. DOUTHETT 

Res. Lab. 
Ramo-Wooldridge 

Canoga Park, Calif. 

E. N. Skomal and M. A. Medina, "Study of a 
microwave ferrimagnetic multiple signal conversion 
process," J. Appt. Phys.. vol. 30 (suppl.), pp. 16IS-
162S; April. 1959. 

Solid State Generator for 2 X 10- i° 

Second Pulses* 

Oscillograms showing pulses having indi-
cated base durations as short as 2 X10-'° 
seconds have been obtained using an im-
proved version of the diffused silicon mesa 
diode described by Forster and Zuk. 4 

The diode under test is mounted in shunt 
of a 50-ohm coaxial line with provision for 
dc bias as shown in the schematic, Fig. 1. In 

Fig. 1—Block schematic for pulse generator. 

DIODE DIFFERENTIATING 
STUB 

this application the diode is biased in the 
forward direction. A 20-mc generator drives 
the diode with positive pulses of approxi-
mately 10-i seconds duration at the base. 
A sharp step is produced on the trailing edge 
of the generator pulses by the action of the 
shunt diode at about the time the diode 
stops conducting. The differentiating stub 

* Received by the IRE, January 13, 1960. 
J. H. Forster and P. Zuk, •Millimicrosecond dif-

fused silicon computer diodes," 1958 WESCON CON-
VENTION RECORD, pt. 3. pp. 122-130. 
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translates the step voltage into the 2 X10-'° 
second pulse shown in the oscillogram of 
Fig. 2. This pulse has an amplitude of 0.5 
volt and a repetition rate of 20 mc. 

An example of a sharp voltage step is 
shown in Fig. 3. In this case the sharp step 
was produced by an 80-mc sine wave genera-
tor instead of the 20-mc pulse generator. 

---

Fig. 2-20-mc pulse, base duration 2 X10 -10 
seconds, amplitude 0.5 volt. 

TIME 40— 

Fig. 3-80-mc sine wave with step, peak 
to-peak signal 3 volts. 

Either the sharp steps or the short pulses 
can be produced at any repetition rate up to 
several hundred million per second and 
there appears to be no limit to the low fre-
quency repetition rate. In other words, a 
single pulse of approximately 10-'° seconds 
duration can be produced provided that an 
appropriate single driving pulse is available. 

These oscillograms were made using the 
"fractional millimicrosecond electrical stro-
boscope" which will be described elsewhere.2 

We wish to thank J. H. Forster of the 
Bell Telephone Laboratories for supplying 
us with the special computing diodes used 
in these experiments. 

A. F. DIETRICH 
W. M. GOODALL 

Bell Telephone Labs., Inc. 
Holmdel, N. J. 

W. M. Goodall and A. F. Dietrich, "Fractional 
Millimicrosecond Electric Stroboscope." submitted to 
Pkoc. IRE. 

PROCEEDINGS OF THE IRE 

Extension of Longitudinal-Beam 
Parametric-Amplifier Theory* 

The longitudinal-beam parametric am-
plifier has been previously investigated"2 
using a model in which coupling between 
only the lower sideband and the signal was 
considered. Experiments by Ashkin, e al.' 
which showed large discrepancies between 
theoretical and measured values of gain, 
raised the question as to whether or not the 
original model accurately described the sys-
tem. Another model which had been used in 
study of high-frequency beam modulations 
of traveling-wave tubes is now proposed. In 
the latter model, coupling is allowed be-
tween the signal and the first upper and 
lower sidebands around the fundamental of 
the pump frequency. The coupling to the 
sidebands around the second harmonic of 
the pump may be an important factor; how-
ever, this is neglected in the present study. 

The assumptions made in this "multi-
mode" theory are very similar to those used 
by Louisell and Quate;1 that is, the pump 
frequency is twice the signal frequency, only 
one space-charge wave (either fast or slow) 
is excited at each frequency, and the pump 
amplitude is much greater than the sideband 
and signal amplitudes. All amplitudes are 
assumed much less than the beam average 
quantities. Under these conditions the pump 
signal will propagate unperturbed with a 
wave number 

where 

Vj = ui(z)exP ( 1 — ) 3, 

VII = un(z) exp — 3.#1. ( I — a CO q 

April 

z. (4) 

The propagation at the sideband fre-
quencies can then be described in terms of 
the velocity amplitudes by two simultaneous 
linear differential equations: 

(Pm dui 
2ja,o' 

dz 

- 052 [a" ( 1 -I-  Im12 
4 ) 

d2 I m  
— 1 -F 

b'2 4 

— —m (1 2a'2)m* 
2 

r 1 di. 
+A.' 2 Li ± 3b'2 J dz 

In* 
a'2 ( 1+- 4i-)]iiii e 2 

_ eflQ2 un* = 

and 

(5) 

a' —  — reduced plasma frequency at pump frequency 

2c,h, 2x reduced plasma frequency at signal frequency 

and a' >0 for the fast wave and a' <0 for the 
slow wave. Introduce the following defini-
tions: 

b' 
i =  reduced plasma frequency at upper sideband 

3wq 3x reduced plasma frequency at signal frequency 

i complex modulation 
m = rn lee/. = — = index of pump (3) 

I° excitation, 

where i is component of RF convection cur-
rent at the pump frequency and 10 is the 
average beam current. Also yl is defined as 
the velocity at the signal frequency, y,1 as 
the velocity at the upper sideband and, 
finally, 0, = idiuo as the reduced plasma fre-
quency radian wave number. Assume that 
the velocities can be described by 

* Received by the IRE. January 7, 1960. 
W. H. Louisell and C. F. Quate. "Parametric 

amplification of space-charge waves," PROC. IRE, vol. 
46, pp. 707-716; April, 1958. 

Fl. A. Haus, "The kinetic power theorem for 
parametric longitudinal beam amplifiers," IRE 
TRANS. ON ELECTRON DEVICES, vol. ED-5, pp. 225-
232; October, 1958. 

A. Ashkin, T. J. Bridges, W. H. Louisell, and 
C. F. Quate, "Parametric electron beam amplifiers," 
1958 WESCON CONVENTION RECORD, pt. 3, pp. 
13-22. 

(1) 

(2) 

d'un dun 
-F iftqa' 

dz dz 

/7'2] — 9042 [a'2(1.+ b'2) im 12 
4 

3m du, 
+ Ole' —2 [1 -I- 3b2] —dz 

- 98.2 — [a'2(1 b") b'2114 
2 

— ee÷-12 zit* = O. (6) 

The asterisk indicates the complex con-
jugate of a quantity and the assumption 
(o'cogicu)«l has been made. Eqs. (5) and 
(6) can be integrated by standard linear 
methods using the operator d /dz -= 0,u. There 
will be eight waves propagating in this sys-
tem. An approximate solution for the case 
of a thin beam (a' = b' = 1) and for small 
pump amplitudes, I ml < 1, is given as 
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P1.2 j6.0 

Ism eze ± j2.0 

= 0.375 1m 1 ± j1.25 1m1 

127.8 - 0.375 1m1 ± j1.25 1m I. (7) 

More exact values of the propagation 

constants are shown in Figs. I and 2 respec-

tively for a thin beam and a beam of finite 
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Fig. 1-Longitudinal-beam parametric-amplifier prop-
agation constants as functions of pump amplitude 
a' = b' = I. 

4.0 

52 

24 

12 

Os 

04 

' 

'
 H
i
 

• • • If p 

It, • as • ts • 1.•0 

I, Ils Fs • Y. 

--- — 

••••••• t•- 14, 

•2*•Ye 

8 

0 02 OA 04 0.5 1.0 
PUMP AMPLITUOCOM 

Fig. 2-Longitudinal-beam parametec-amplifier prop-
agation constants as functions of pump amplitude 
a' =0.697, h' =0.513. 

thickness. The wave amplitudes can be cal-

culated by using the boundary conditions 

that the signal is initially excited in the beam 

as a pure single space-charge wave and that 

the initial upper sideband velocity is zero. 

It can then be shown that only the growing 

or declining waves are appreciably excited. 

Gain can be obtained by adjusting the pump 

phase to 4.= v/2. The velocity wave ampli-

tudes for a thin beam are then described as 

u, 1.05 cos (1.25 im letqz - 17.840) 

exp 0.3751m 1,3,z exp - ji3.3 (1 - (8) 

un tz-- 1.822 sin ( 1.25 1m 1/3,z) exp 0.375 1m lagz 

exp - 3fee ( 1 - aie° ) (9) 

It can be concluded that the upper side-

band is heavily excited in the beam. The 

growth constant is one half that obtained 

by Louisell and Quate:' therefore, the theo-

retical gain will be much lower than theirs 

and hence closer to the experimental value. 

The next refinement in the analysis would be 

the inclusion of the sidebands around the 

second harmonic of the pump. It is expected 

that this will provide still better agreement 

between theory and experiment, since the 

growth rate will be further reduced. 

HAROLD SOBOL 
Electron Physics Lab. 

Dept. of Elec. Engrg. 

The University of Michigan 

Ann Arbor, Michigan 

WWV Standard Frequency 

Transmissions* 

The frequencies of the National Bureau 

of Standards radio stations WWV and 

WWVH are kept in agreement with respect 

to each other and have been maintained as 

constant as possible with respect to an im-

proved United States Frequency Standard 

(USFS) since December 1, 1957. 

The nominal broadcast frequencies 

should, for the purpose of highly accurate 

scientific measurements, or of establishing 

high uniformity among frequencies, or for 

removing unavoidable variations in the 

broadcast frequencies, be corrected to the 

value of the USFS, as indicated in the table 

below. 

The characteristics of the USFS, and its 

relation to time scales such as ET and UT2, 

have been described in a previous issue,' 

to which the reader is referred for a com-

plete discussion. 

The WWV and WWVH time signals are 

also kept in agreement with each other. In 

addition, they are locked to the nominal fre-

* Received by the IRE, February 23, 1960. 
"United States national standards of time and 

frequency," PROC. IRE, vol. 48, pp. 105-106; Janu-
ary, 1960. 

quency of the transmissions and conse-

quently may depart continuously from UT2. 

Corrections are determined and published 

by the U. S. Naval Observatory. The broad-

cast signals are maintained in close agree-

ment with UT2 by properly offsetting the 

broadcast frequency from the USFS at the 

beginning of each year when necessary. This 

new system was begun on January 1, 1960. 

The last time adjustment was a retardation 

adjustment of 0.02 seconds on December 16, 

1959. 

WWV FREQUENCY 

W ITH RESPECT TO U. S. FREQUENCY STANDARD 

19.J January 1600 UT Parts in 101sT 

2 

3 

4 

5 

6 

7 

8 
9 

10 

I 1 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

-149 

-149 

-149 

-149 

-148 

-148 

-148 

-148 

-148 

-148 

-148 
-148 

-148 

-147 

-147 

-146 

-146 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

-145 

t A minus sign indicates that the broadcast fre-
quency was low. 

NATIONAL BUREAU OF STANDARDS 
Boulder, Colo. 

Tunnel Diode as an Interstage 

Gain Device' 

The purpose of this letter is to demon-

strate the applicability of the tunnel diode 

as an interstage coupling element with gain. 

It can be used in a transistor amplifier con-

sisting of a cascade of "common-base" stages 

to provide impedance transformation and 

power gain between each stage. Fig. 1 illus-

trates the configuration used to obtain this 

impedance transformation and power gain. 

The gain equations are as follows: 

* Received by the IRE. December 17, 1959. 
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-1:11. .415  

/ S   1  S  4 -r-

I  

00 0 

Fig. I—Circuit configuration for tunnel diode inter-
stage coupling, where to =u3, and for .6 = 
(valid assumption for most transistors). 

PA 
Gr — = 

z'2i2 = (—R) 
—  
Viii  Ri,, (— R) 

P3 V3i4 (— R) - = 
P2 V2i2 (— R) 

PA 
Gs = — 

r3i3 r (—R) = GrGo 
Rin (—R) 

for stable gain I Rin I < I — RI 

(— R)= negative resistance of tunnel diode 
R,„ = input resistance of common base 

transistor 
Gi= transistor power gain 
Gd=power gain per diode (interstage 

gain) 
G,= power gain per stage. 

Since presently available diodes have 
negative resistance values of —40 to — 200 
ohms and since R,,, for typical transistors 
can be controlled in this range, it is fairly 
simple to obtain the gain and stability de-
sired. 
A three stage IF amplifier using this 

coupling technique was designed and bread-
boarded. An over-all gain of 60 db was ob-
tained for a bandwidth of 300 ke centered at 
10 mc. The gain per transistor and the gain 
per diode were equal to 10 dli each. Experi-
mental tunnel (Esaki) diodes from the 
Sony Company in Japan were used; these 
had a negative conductance of — 0.02 mho 
and a shunt capacitance of 500 Ated when 
operated in the tunnel region. The large 
value of shunt capacitance (500 ppf) was the 
limiting factor in the determination of 
center frequency and bandwidth for the de-
sired gain. However, tunnel diodes are now 
being manufactured which have shunt ca-
pacitances of 15 ideif with the expectation 
that this will be reduced further in the 
future. 

L. A. LoSAsso 
Airborne Instruments Lab. 

Cutler-Hammer, Inc. 
Melville, N. Y. 

Recent Developments in Very 

Broad-band End-Fire Arrays* 

The transmission line excited Yagi or 
"straight ladder" antenna, shown in Fig. 1, 
was developed at this laboratory in the 
spring of 1958. This antenna may be de-
scribed as a conventional Yagi array in 
which the driving element has been re-
placed by a shunted passive element and 
the array excited by electromagnetic cow-

* Received by the IRE. August 20,1959. 

ORIGINAL REFLECTOR BAR 

FOR FAST WAVE ARRAY 

BOOM INSULATED 

FROM ELEMENTS 

OPTIONAL REFLECTOR BAR 

FOR SLOW WAVE ARRAY 

COAXIAL CABLE 

CLOSE-UP 

OF FEED 

Fig. 1—Sketch of a straight ladder antenna. 

COAXIAL 

CABL E 

COAXIAL 
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Fig. 2—Two-bay straight ladder antenna. 

pling to a twin-wire transmission line, 
the twin-wire line be ng developed from a 
coaxial line in the manner shown in Fig. 1. 
In Fig. 2 we show a sketch of an experi-
mental model of a two-bay straight ladder. 
This antenna was ultimately built full scale 
for operation at VHF ( Fig. 3). It had a 
20-foot boom length, 50-ohm input im-
pedance, and a minimum over-all gain of 
10 db (above isotropic) in a bandwidth of 
+10 per cent. 

It was subsequently realized that the 
ladder could be made indefinitely broad in 
bandwidth by using the principle employed 
by DuHamel and Isbell,' i.e., by scaling the 
radiating elements in constant ratio. A 
sketch of one of our first working models of 
this antenna, called the "Tapered Ladder," 
is shown in Fig. 4. As in its predecessor, the 
straight ladder, the elements were electro-
magnetically coupled, i.e., there were no 
conducting connections between the twin-
line and the elements. 

Typical E- and H-plane radiation pat-
terns of a Tapered Ladder are shown in 
Fig. 5. These patterns were maintained over 
a bandwidth exceeding 4:1. The bandwidth 
can be increased simply by adding more 
elements. The antenna was excited from 
50-ohm coaxial line, had a maximum VSWR 
of 2:1, and a measured gain of 8 db above 
isotropic. 

I R. H. DuHamel and D. E. Isbell, " Broadband 
logarithmically periodic antenna structures," 1957 
IRE NATIONAL CONVENTION RECORD, pp. 119-128. 

Fig. 3—Photograph of a two-bay VI IF straight 
ladder antenna. 

eee 

Fig. 4— Sketch of an early working model of a 
tapered ladder antenna. 

CLOSE-UP VIEW 

OF FEED 

COAX 

In a later version of the Tapered Ladder 
we were able to match the antenna to 50 
ohms with an average VSWR of 1.45:1 over 
a 7:1 frequency range. This was achieved by 
providing additional distributed loading for 
the twin-conductor transmission line. We 
have also built models with higher direc-
tivities, increase in directivity being derived 
from a reduction of the taper angle of the 
array. The taper angle is that angle sub-
tended at the antenna vertex by each radi-
ating element; thus, reduction of the taper 
angle amounts to reduction of percentage 
change in length of successive elements. 

Other types of end-fire antennas can be 
made very broadband by tapering and 
exciting from twin-line, in particular the 
"Helix" and Cumming's "Zig-Zag."2 A 
broadband "Tapered Zig-Zag" was de-
veloped by J. McDowell and the author. A 
sketch of such an antenna is shown in Fig. 6 
and typical radiation patterns are shown in 
Fig. 7. The radiating structure of a Tapered 
Zig-Zag can be a slightly modified form of 
one-half of the V-shaped undirectional, 
pseudo-infinite, logarithmically periodic 

W . A. Cumming, "A nonresonant endfire array 
for VHF and UHF," IRE TRANS. ON ANTENNAS AND 
PROPAGATION, vol. AP 3, pp. 52-58; April. 1955. 
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Fig. 5—Typical E- and H-plane radiation patterns of 
an early model tapered ladder antenna. 

Fig. 6—Broadband tapered zig-zag. 

E PLANE 

Fig. 7—Broadband tapered zig-zag radiation pat-
terns. E. and H-planes at 1500 mc. 

(PILP) antenna developed by Isbe11.3 In 
such case it is remarkable to note that the 
zig-zag structure has the same directivity as 
the original PILP. 

We have found that the Tapered Ladder 
and the symmetrically excited Tarred Zig-
Zag can be cut in half longitudinally and 
excited over a ground plane. Further, if the 
radiating elements are rotated 90° about 
their own longitudinal axes we have a trans-
mutation to the broadband "Loaded Uni-
pole" independently developed by Lam-
berty4 at this laboratory. 

l'he author and co-workers have made 
near-field amplitude measurements of the 
Tapered Ladder, and Franks and Be113 have 
made near-field phase and amplitude meas-
urements of a PILP structure. In both cases 
we find that at any given frequency the 
antennas derive their directivity from an 
excitation length only half that of an equiva-
lent Hansen-Woodyard array. Further, 
Franks and Bell find that the excess phase 
shift along the boom exceeds the 180° 
Hansen-Woodyard condition, the measured 
value being greater than 250°. 

lf we regard PILP structures, ladders, 
apex-fed helices(' and spirals, line-fed zig-

D. E. Isbell. "Non-planar logarithmically peri-
odic antenna structures." Seventh Annual Symposium 
on the USAF Antenna Res. and Dey. Program, Uni-
versity of Illinois. Urbana; October 21-25, 1957. 

I B. J. Lamberty, 'A class of low gain broadband 
antennas," 1958 IRE WESCON CONVENTION REC-
ORD, pp. 251-259. 

R. Franks and R. Bell, Sylvania Electronic De-
fence Lab., Mountain View, Calif., private communi-
cation. 

H. S. Barsky, "Broadband conical helix anten-
nas," 1959 IRE NATIONAL CONVENTION RECORD, pp. 
138-146. 

zags, etc. as loaded transmission lines, all of 
them appear to be generically related and re-
semble the "Comb" and "Fishbone" anten-
nas developed several decades ago. With an 
analysis based on the loaded transmission 
line point of view, we have had fair success 
in predicting the radiation patterns of the 
Tapered Ladder. Relationships between 
excitation length, bandwidth, and directivity 
have been deduced from the uncertainty 
principle. 

A. F. WICKERSHAM, JR. 
Electronic Defense Lab. 

Sylvania Electric Products, Inc. 
Mountain View, Calif. 

Nonreciprocal Radar Antennas* 

\Ve herewith report a successful ex-
trapolation of the Dolph-Tchebycheff an-
tenna concept with application to radar an-
tennas or to any situation in which the sys-
tem antenna pattern is the product of a 
transmitting antenna pattern and the pat-
tern of a dimensionally-equivalent receiving 
antenna. 

\Ve begin by pointing out the inadequacy 
of the simple Dolph-Tchebycheff design in 
the radar case. In this design, the array 
factor for (n + 1) elements is forced by 
appropriate choice of feeding coefficients 
into a correspondence with T„, where T„ 
denotes the Tchebycheff polynomial of de-
gree n. Dolph' pointed out that the Tcheby-
cheff correspondence produces the minimum 
beam angle for a given minor-lobe level. 
However, for the radar case in which the 
same antenna, or identical antennas, are 
used for transmission and reception, the 
system pattern (pattern and array factor 
are taken as equal) is ( T„)2. ( T„)2 is a poly-
nomial of degree 2n but it is not equal to the 
Tchebycheff polynomial of the same degree 
(T2,,) and therefore the system pattern does 
not represent the optimum relationship be-
tween beam angle and minor-lobe level. 

It is, however, quite simple to produce a 
system pattern with the desired Tchebycheff 
correspondence. Note first that T2„ is ex-
pressible in terms of T„ in the same way 
that the cosine of a double angle is expres-
sible in terms of the cosine of the single angle. 
Thus 

T2„ = 2(T„)2 — 1, 

or 

T2,, = 2 (T. — (T. + :\L2-) • 
2 2 

Therefore, if the excitation of the array 
center is adjusted to the different values 
between transmission and reception as im-
plied by the above equation, the Tcheby-

* Received by the IRE. August 20, 1959. The 
work reported herein was sponsored by the Ordnance 
Corps in connection with Contract DA-30-069-0RD-
1955. 
I C. L. Dolph, "A current distribution for broad-

side arrays which optimizes the relationship between 
beamwidth and sidelobe level." PROC. IRE. vol. 34. 
Pp. 335-345; June. 1946. 

cheff correspondence for system pattern will 
have been realized. 

This nonreciprocal action can be pro-
duced in a number of ways, perhaps the 
most simple of which is shown in Fig. I. 
Here the power divider apportions the ex-
citation of the array elements in accordance 

with (T„-I- N/2/2). The isolator action is 
such as to leave this excitation unaltered for 
one direction of power flow and to introduce 
enough attenuation in the reverse direction to 

correspond to the (T„— N/2/2) excitation. 

DUPLEXER 

1OATR 

POWER- DIVIDING 
STRUCTURE 

ANT. 
ARRAY 

ISOLATo 4., 

RCVR 

Fig. 1—Extended Tchebycheff nonrecipi °cal array. 

TWO-WAY RESPONSE - 

P181 r[0(91r 

TWO-WAY PATTERN = PM 0 [F(81 2 

DESIRED TWO-WAY Mel- [tune 
.[F(e)--r(e)][nen+fie)] 

Fig. 2—Auxiliary radiator used to simultaneously 
sharpen beam angle and reduce sidelobes of two-way 
antenna pattern. 

Using a given minor-lobe level as the • 
basis of comparison, the extended Tcheby-
cheff design will improve the beam angle by 
about 10 per cent over the conventional 
Tchebycheff design. For a given beam 
angle, the equivalent one-way minor-lobe 
improvement lies in the 4-to 5-db range. 

This general principle has the simple 
continuous aperture analog illustrated in 
Fig. 2. Here the usual two-way pattern in 
shown as [F(0)]2. The dotted [ABM curve is 
selected to bisect exactly the largest minor 
lobe and may also approximately bisect 
several of the lesser minor lobes as well. If 
[f(8)]2 could be made the angular axis 
(abscissa) then the minor-lobe level would 
be reduced by nearly 3 db and the beam 
angle slightly sharpened at the same time. 
It may be obvious by now that this effect 
can be produced by an auxiliary antenna 
whose one-way pattern is f (0). This auxiliary 
antenna adds in phase to the principal lobe 
of the main antenna for transmission or re-
ception, and adds in phase opposition to the 
principal lobe for reception or transmission. 
This action may be described by the alge-
braic relation: 

[F(0)]2 — U(0)12 

[F(o) — AO)] [MO) + 1(0)1. 
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Fig. 3—Mechanisms for addition and subtraction of 
auxiliary radiator. 

Possible mechanisms for this alternate 
addition and subtraction are shown in Fig. 3. 

The ideas described in the foregoing 
have been verified experimentally for both 
arrays and continuous apertures at these 
laboratories. 

R. L. MATTINGLY 
Bell Telephone Labs., Inc. 

Whippany, N. J. 

Note on the Noise Figure of 

Negative Conductance 

Amplifiers* 

The problem of coupling a negative con-
ductance amplifier stage to another stage is 
sometimes solved by means of a circulator.' 
The purpose of this note is to discuss two 
solutions that do not require the use of a 
circulator. One solution consists of con-
necting the negative conductance amplifier 
stage directly to a receiver; the other solu-
tion connects the stage to a receiver by 
means of a lossless step-down transformer of 
suitably chosen turn ratio n. 

Let the negative conductance amplifier 
stage consist of a negative conductance de-
vice of conductance — gd parallel to a signal 
source of conductance g., where g.> gd. The 
available gain of the stage is then (see Fig. 1): 

G. = g,/(g. — gd), (1) 

and the amplifier stage is stable. Let the 
noise of the amplifier be represented by a 

* Received by the IRE. September 18, 1959. 
I S. Bloom and K. K. N. Chang, "Theory of 

parametric amplification using nonlinear reactances." 
RCA Rey., vol. IS. pp. 578-593; December. 1957. 

Signal 
Source 

Negat.ve Transformer Receiver 

Conductance n:1 
Device 

go i—g d 

7;=4kTgsif 7,1.4kTg.af • 

Fig. I. 

source current generator i, and a device cur-
rent generator id and let 

= 4kTg.Af; = 4kT (2) 

The noise figure Fc of the amplifier stage, 
neglecting losses, is then 

= 1 g,/g.. (3) 

Let the receiver have a noise figure 
F2(g.') if a signal source of conductance g,' 
is connected parallel to the input, and let F2 
have the minimum value (F2).ii, for 
g.'= (g.').i.. If the negative conductance 
amplifier stage is connected directly to the 
input of the receiver, the receiver looks into 
a source conductance g.' (g, — gd); if it is 
connected by means of a step-down trans-
former, the receiver looks into a source 
conductance g.' =n2(g. — ga ), if n is the turn 
ratio of the transformer. In either case 
g.' > 0, since g.> gd. 

Since the output conductance (g. — gd) of 
the negative conductance amplifier stage is 
positive, Friis' formula holds. The total 
noise figure F of amplifier plus receiver is 

F = F ± (F2 — 1)/G0,. (4) 

We first consider the case in which the 
negative conductance amplifier is connected 
directly to the receiver and we assume that 
g.' = (g, — gd) is quite small. The asymptotic 
value of the noise figure is then 

F = 1 

[go lim g.' [ F2(g.') — 11 H/g„ (5) 

as is found by substituting ( 1). Hence, the 
direct connection between the stage and the 
receiver does not give a significant increase 
in noise figure if 

hm g.' F2(e) — 11 << g.. o 

Next, we consider the case in which a 
step-down transformer of turn ratio n is 
used to connect the stage to the receiver. 
The minimum noise figure F.,,, is obtained 
if the source conductance g.'=n2(g.—gd) is 
adjusted so that Fy has its minimum value. 
Substituting (1), we obtain for n2(g.—gd) 
= (e)mine 

(5a) 

F = F„„„ = 1 + [g. (g. — gd) 

• { — Vg.. (6) 

Hence, the transformer connection between 
the stage does not give any significant in-
crease in noise figure if 

(g. — gd) — 11« g.. (6a) 

It is always possible to write the noise 
figure of the receiver as 

= 1 ± RnOgs' grim/ g.' (7) 

where A is usually a small factor, Re is the 

equivalent noise resistance for short-cir-
cuited input, and is the equivalent noise 
conductance for open-circuited input; both 
quantities are easily measured. The noise 
figure has its minimum value 

=- 1 .4 + 2V 1?„0g,.., 

for g,' = = 

Consequently (5) may be written 

F = 1 ± (g. 

and (5a) becomes 

g..« 80. 

Eq. (6) may be written 

(7a) 

(8) 

(8a) 

= 1 

+ (g. — gd)(A / Pg., (9) 

and (6a) becomes 

(g. — gd)(A 2‘,/rOg7.) « g.• (9a) 

The above discussion is true for any 
type of negative resistance amplifier such 
as the parametric amplifier, the tunnel diode, 
etc. For the tunnel diode the dc current Id 
shows full shot noise' so that 

zr? = 2e1 eg, or g., = (e/2kT)Id. (10) 

In the case of the parametric amplifier, 
neglecting losses, the noise figure Fc 

g.i 
F, = 1 — — , (11) 

g, coo 

where — g,, is the negative input conduct-
ance caused by the idler circuit, co. is the 
input frequency, and coo is the idler fre-
quency. Consequently, 

co; 
g. g.; — • (11a) 

coo 

The discussion has neglected to mention 
losses in the circuits, in the transformer, and, 
in the case of the parametric amplifier, the 
losses in the parametric device itself. It has 
also ignored the possibility of cooling some 
of the components, e.g., the parametric de-
vice and the idler circuit in parametric 
amplifiers. It is not difficult to extend the 
discussion to include these effects. 
A tunnel diode has a much lower imped-

ance level than a parametric amplifier and 
as a consequence (5a) and (6a) and their 
equivalents are much more easily satisfied 
for the former than for the latter. Also, the 
influence of circuit losses will be less pro-
nounced. 

The authors are indebted to W. F. 
Leverton, Raytheon Manufacturing Com-
pany, Waltham, Mass., and R. L. Watters, 
General Electric Research Laboratory, Sche-
nectady, N. Y., for discussion and corre-
spondence. 

A. VAN DER ZIEL and J. TAMIYA 
Dept. of Electrical Engrg. 
University of Minnesota 

Minneapolis, Minn. 

o J. J. Tiemann and R. L. Watters, "Noise Con-
siderations of Tunnel Diode Amplifiers," Solid-State 
Device Research Conference, Cornell Univ., Ithaca, 
N. Y.; June 17-19, 1959. 

A. van der Ziel, "Noise figure of reactance con-
verters and parametric amplifiers," J. Appt. Phys.. 
vol. 30; September, 1959. 
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cure communications, and deep space com-
munications and tracking. He has partici-
pated in the Explorer series of satellite ex-
periments and the lunar probe experiments 
(Pioneer Ill and IV). 

Mr. Choate is a member of Sigma Xi and 
Sigma Pi Sigma. 

R. L. CHOATE 

G. M. Clemence was born in Greenville, 
R. I., on August 16, 1908. He received the 
Ph.B. degree from Brown University, Provi-
dence, R. I., in 1930. He also received an 
Honorary D.Sc. degree from Case Institute 
of Technology, Cleveland, Ohio, in 1954. 

He has been an astronomer at the U. S. 
Naval Observatory, Washington, D. C. since 
1930. From 1945 to 1958, he was Director of 
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the Nautical Almanac, and since 1958 he has 
been Scientific Director. He was a visiting 
professor of astronomy at Columbia Uni-

versity, New York, 
N. Y., in 1958, and 
has also written ar-
ticles on positional 
astronomy, celestial 
mechanics time meas-
urement, astronom-
ical constants, math-
ematical tables, and 
navigation. 

Dr. Clemence is 
a member of the Sen-
ior Scientists Council 
of the Navy Depart-

ment, the National Academy of Sciences, the 
American Academy of Arts and Sciences, 
the American Astronomical Society, the 
Bureau des Longitudes (France), the Inter-
national Astronomical Union (of which he 
was President of the Commission on Celes-
tial Mechanics from 1948 to 1955), and a 
foreign associate of the Royal Astronomical 
Society (England). 

Robert T. Craig was born on October 10, 
1927, in Niagara Falls, N. Y. He received the 
B.S.E.E. degree from Massachusetts Insti-

tute of Technology, 
Cambridge, and the 
M.S.E.E. degree from 
Case Institute of 
Technology, Cleve-
land, Ohio. As a proj-
ect engineer with the 
National Advisory 
Committee for Aero-
nautics from 1949 to 
1955, he worked on 
the design and in-
stallation of controls 
and instrumentation 

for propulsion test facilities. He conducted 
research on control systems for gas turbine 
engines and wrote several NACA reports on 
gas turbine engine dynamic characteristics, 
control systems, and computer techniques. 

He joined Thompson Ramo Wooldridge 
Inc., Cleveland, Ohio, in 1955 and directed 
design and development in advanced propul-
sion control systems and large-scale simula-
tion studies. He has conducted system op-
timization and control analyses of nuclear 
power system and pneumatic controls, and 
has directed design of new analog computer 
components. He has directed trajectory and 
propulsion system analysis of electrically 
propelled vehicles, and has conducted re-
search in high-temperature materials in the 
field of ion propulsion. He is now in charge of 
projects in propulsion system optimization, 
and experimental ion and plasma physics 
programs at the New Devices Laboratories, 
Thompson Ramo Wooldridge, Inc. 

Mr. Craig is a member of AIEE, ARS, 
and Sigma Xi. 

R. T. CRAIG 

W. Reed Crone (S'52—M'55) was born 
in Albert City, Iowa, on January 25, 1931. 
He attended the Milwaukee School of En-

\V. R. CRONE 

gineering, Milwaukee, Wis., from 1948 to 
1950, after which he served in the U. S. 
Navy as an electronic technician. In 1952, 

he was discharged to 
participate in the 
NROTC program at 
the University of 
Wisconsin, Madison, 
and received the 
B.S.E.E. and Bache-
lor of Naval Science 
degrees from that in-
stitution in 1955. He 
then re-entered the 
naval service and was 
assigned as Electrical 
Officer on an aircraft 

carrier until his release in 1958. Since that 
time, he has been pursuing graduate studies 
in electrical engineering and acting as re-
search assistant at The Ohio State University 
Radio Observatory, Columbus, Ohio. 

Mr. Crone is a member of Eta Kappa Nu 
and Tau Beta Pi and an associate member 
of the AIEE. 

Arthur F. Daniel was born in Birming-
ham, Ala., on September 27, 1905. He re-
ceived the B.S. degree in chemistry in 1927 

and the M.S. degree 
in physics in 1928, 
both from the Uni-
versity of North Car-
olina, Chapel Hill. 
From 1928 to 1929 
he attended the Uni-
versity of Chicago, 
Chicago, Ill., on a 
Charles A. Coffin fel-
lowship in physics. 

From 1929 to 
1932, he was a re-

„ search associate in 
electrical engineering at Harvard University, 
Cambridge, Mass. From 1933 to 1935, he was 
a research physicist with the General Chem-
ical Co., Long Island, N. Y., and from 1935-
1941, he was also a research chemist with 
the Storage Battery Division of T. A. Edi-
son, Inc., West Orange, N. J. From 1941-
1956, he was chemical engineer and Chief of 
the Battery Development Section of the 
U. S. Army Signal Research and Develop-
ment Laboratory, Fort Monmouth, N. J. 
Presently he is a USASRDL general engineer 
and director of the Power Sources Division, 
Electronic Components Research Depart-
ment, Fort Monmouth, where he is respon-
sible for direction and coordination of re-
search and design and development program 
to provide energy sources and energy con-
version devices for use with U. S. Army Sig-
nal Corps equipment. In the field of primary 
batteries and special-purpose batteries, he is 
responsible for directing a research and de-
velopment program for the Army and Air 
Force, and has received an Army exceptional 
civilian service award for battery research 
and development. 

Mr. Daniel is a member of the American 
Chemical Society, the Electrochemical So-
ciety, the American Physical Society, the 
Armed Forces Communication Association, 

A. F. DANIEL 

E. F. DIRSA 

the Armed Forces Management Associa-
tion, Sigma Xi, and Sigma Phi Sigma. He is 
listed in "American Men of Science." 

John B. Day was born on March 3, 1928 
in Erie, N. D. He served with the U. S. 
XaN y as an airborne electronics technician 

from 1946 to 1951. In 
1954, he received the 
B.A. degree in math-
ematics from San 
Jose State College, 
San Jose, Calif., and 
has studied graduate 
mathematics there 
and at Purdue Uni-
versity, Lafayette, 
Ind. After three years 
spent in teaching sec-
ondary mathematics 
in California and In-

diana, he joined the Philco Western Deve l-
opment Laboratories, Palo Alto, Calif., in 
June, 1959. He is presently an engineer in 
the advanced applications section there. 

Mr. Day is a member of Tau Delta Phi 
and Kappa Delta Pi. 

radii 

J. B. DAY 

Robert H. Dimond was born in Madison, 
Wis., on March 6, 1931. He received the, 
B.S.E.E. degree in 1955 from the Milwaukee 

School of Engineer-
ing, Milwaukee, Wis. 

He joined Radia-
tion, Inc., Orlando, 
Fla., in 1956 as an en-
gineer in the Instru-
mentation Division. 
His work there has 
included contribu-
tions in atomic effects 
and complete envi-
ronmental testing of 
airborne electronic 
systems; FM/FM, 

PPM/AM, PCM /FM telemetry systems; 
oscillographs; tape recorders; and associ-
ated instrumentation. He is currently with 
the Research Division of Radiation, Inc., 
which he joined in 1958 as a senior staff en-
gineer. Included in his work there have been 
military technical intelligence evaluations 
and systems engineering in radio telemetry. 
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D. H. Ett.ts 

R. L. EASTON 

ciated with Cook Research Laboratories, 
Morton Grove, Ill, where he worked on 
studies of electromagnetic propagation, de-
sign and analysis of countermeasures equip-
ment and radar systems, and design of a 
unique radar target range for the Air Force. 
He is presently engaged in military systems 
engineering with the Admiral Corporation, 
Chicago, Ill. 

Roger L. Easton (M'46) was born in 
Craftsbury, Vt., on April 30, 1921, and 
received the B.A. degree in physics from 

Middlebury College, 
Vt., in 1943. 

Since that time he 
has been at the U. S. 
Naval Research Lab-
oratory, Washington, 
D. C. He has worked 
on radar beacons, 
FF, and on rocket 

and satellite track-
ing equipment. He 
worked on the design 
of the Minitrack sys-
tem and had design 

responsibility for the 1958 Beta 2 (Van-
guard I) satellite. He is now responsible for 
the detection portion of the Navy's dark 
satellite tracking program as head of the 
Space Surveillance Branch, N RL. 

Mr. Easton is a member of the ARS. 

Donald H. Ellis (M'59) was born in 
Spartanburg, S. C., on March 8, 1927. He 
received the B.E.E. degree from Clem-

son College, Clemson, 
S. C., in 1951. 

From 1944 to 
1948 he served with 
the U. S. Navy. After 
graduating from col-
lege, he worked from 
1951 to 1954 with the 
Atomic Energy Divi-
sion of the E.I. du 
Pont deNernours 
Company on the 
control instrumenta-
tion of nuclear reac-

tors. He then spent four years at the Massa-
chusetts Institute of Technology's Lincoln 
Laboratory, Lexington, Mass., on the de-
sign and development of magnetic-core 
memory for digital computers. His prime 
responsibility was the development of a 
256 X 256 coincident current magnetic-core 
memory for use in a large-scale digital com-
puter, but he was also associated with the 
development of a high-speed transistorized 
core memory for use in a solid-state digital 
computer. At present, he is the Systems De-
velopment Unit Head involved in the design 
and development of airborne PCM data 
acquisition systems at Radiation, Inc., 
Melbourne, Fla. 
• Mr. Ellis is a member of Tau Beta Pi. 

•:* 

Charles W. Fetheroff was born on April 
9, 1930, in East Cleveland, Ohio. He re-
ceived the B.S.E.E. degree from Case Insti-

tute of Technology, Cleveland, Ohio, and 
has taken advanced work in servomech-
anisms, mathematics, circuit analysis, elec-

tronic circuits, elec-
tromagnetic theory, 
and atomic physics. 
He served in the U. S. 
Army Signal Corps 
from 1953 to 1955, 
doing research and 
development work on 
integrated radar de-
fense systems. 

Since joining 
Thompson Ramo 

C. \V. FETHER0Fr Wooldridge, Cleve-
land, Ohio, in 1952, 

he has been responsible for electronic and 
magnetic component design, system stabil-
ity studies for parallel alternators, design 
and development of auxiliary power unit 
simulators, and parametric analysis and 
startup stability studies on the Tartar and 
Terrier APU speed controls. He has per-
formed hot gas servo analyses and has done 
research and development on electronic and 
mechanical components for application in 
extremely high ambient temperatures. In 
the field of advanced space propulsion, he 
has performed analysis and comparison of 
capabilities of chemical and electric propul-
sion systems, and is now in charge of refined 
studies on performance comparison of these 
two systems. 

Mr. Fetheroff is a member of AIEE, 
ARS, Tau Beta Pi, Sigma Xi, and Eta 
Kappa Nu. 

James J. Fleming (A'42-M'55) was born 
in Chicago, Ill., on February 26, 1917. 
He received the B.S. degree in physics at 

Northwestern Uni-
versity, Evanston, 

in 1938. In 1941, 
after three years of 
graduate study in 
physics and service 
as a research assist-
ant at Northwestern, 
he joined the Radio 
Division of the U. S. 
Naval Research Lab-
oratory, Washington, 
D. C. During World 
War II, he contrib-

uted to the development of plan position in-
dication for search radars. He was also 
responsible for the operational evaluation of 
Navy anti-aircraft gun fire-control systems, 
for which he received the Meritorious Civil-
ian Service Award. 

Since 1945, he has been Head of the 
Operational Research Branch at the U. S. 
Naval Research Laboratory, first in Radio 
Division III and now in the Applications 
Research Division. In addition to the de-
velopment of the NRL Electronic Digital 
Computer (NAREC), the program of the 
Branch has included, for Project Vanguard, 
the development of an automatic teleme-
tered data reduction facility (ARRF), a 
radar-computer ground-controlled third-
stage firing system, and the Vanguard Coin-
puting Center. Currently, the Branch is 
engaged in the data processing problem of 
the Space Surveillance program. 

J. J. FLEMING 

R. FRANKLIN 

Mr. Fleming is a member of the Ameri-
can Physical Society, the Association for 
Computing Machinery, the Scientific Re-
search Society of America, and Phi Beta 
Kappa. 

Rachel Franklin was born in Dudley, 
N. J., on March 27, 1897. She received the 
B.A. degree from Vassar College, Pough-

keepsie, N. Y., in 
1919, and the M.A. 
degree from the Uni-
versity of Pennsyl-
vania, Philadelphia, 
in 1929. 

Her main inter-
ests have been in the 
field of optics and in 
the design of optical 
instruments. From 
1930 to 1942, she was 
associated with the 
Biochem ical Research 

Foundation in Newark, Del., working on the 
effects of ultraviolet radiation on living tis-
sues and protozoa, and on the absorption 
spectra of normal and cancerous tissues. 
During World War II, she was employed by 
the U. S. Army Signal Corps, Ft. Mon-
mouth, N. J., as an engineer in the develop-
ment and inspection branch. In 1946, she 
joined the staff of the Franklin Institute 
Laboratories, Philadelphia, Pa., as a re-
search physicist. She has worked in that 
capacity on various projects involving op-
tics, including ultraviolet and infrared ab-
sorption spectroscopic studies and the design 
of specialized instruments for this work. 

Miss Franklin is a member of the Optical 
Society of America, Phi Beta Kappa, and the 
Scientific Research Society of America, 
Franklin Institute Branch. 

H. Guier was born on July 13, 
1926, in Wichita, Kans. He received the B.S. 
degree in 1948, the M.S. degree in 1950 and 

the l'h. D. degree in 
theoretical physics in 
1951, all from North-
western University, 
Evanston, Ill. 

He joined the Ap-
plied Physics Labora-
tory of The Johns 
Hopkins University, 
Silver Spring, Md., 
in 1951, and is now a 
principal staff mem-

W. H. GUIER ber in the field of the-
oretical physics. He 

recently received the "Outstanding Young 
Scientist" award which is sponsored by the 
Maryland Academy of Science. 

Dr. Guier is a member of Lambda Chi 
Alpha, the American Physical Society, and 
the Philosophical Society of Washington, 
D. C. 

William R. Haseltine was born in Chi-
cago, Ill., on June 27, 1911. He received the 
B.S. and Ph.D. degrees in physics in 1934 
and 1938, respectively, from the Massachu-
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R. C. HIGGv 

W. R. HASELTINE 

setts Institute of Technology, Cambridge, 
Mass. He was a teaching fellow at M.I.T. in 
1935 and 1936, an assistant in mathematics 

at the University of 
Wisconsin, Madison, 
in 1936 and 1937, and 
a research fellow in 
physics and lecturer 
at the University of 
California, Berkeley, 
from 1938 to 1941. 
From 1941 to 1945, 
he was an officer in 
the U. S. Army Ord-
nance Department. 

Since 1946, he has 
been a physicist, pri-

marily in rocket ballistics, at the U. S. Naval 
Ordnance Test Station, China Lake, Calif. 

Robert C. Higgy (A'26-SNI'45) was born 
in Columbus, Ohio, on December 7, 1901. 
He received the B.S.E.E. degree from The 

Ohio State Univer-
sity, Columbus, in 
1925 and the Profes-
sional Electrical En-
gineering degree in 
1937. 

Since 1925, he has 
been employed by 
The Ohio State Uni-
versity as Director of 
Broadcasting Sta-
tions, Associate Pro-
fessor of Electrical 
Engineering, and since 

1956 as Associate Director for Engineering 
for radio and television stations and Assist-
ant Director of the Radio Observatory. Re-
cently, his work has included teaching elec-
trical engineering and research work related 
to ionization effects due to earth satellites. 
He is the author of a book on fundamental 
radio experiments and of articles on ground 
wave propagation. 

Mr. Higgy is a member of Sigma Xi and 
a licensed Professional Engineer in Ohio. 

.0m 

Donald C. Hock was born in North Ton-
awanda, N. Y., on April 18, 1929. He re-
ceived the B.A. degree from the University 

of Buffalo, N. Y., in 
1951, the M.S. de-
gree from the A & M 
College of Texas, Col-
lege Station, in 1952, 
and the Ph.D. degree 
in physics from Penn-
sylvania State Uni-
versity, University 
Park, in 1956. 

He joined the Ap-
plied Physics Lab-

D. C. HOCK oratory of The Johns 
Hopkins University, 

Baltimore, Md., in 1955 as a member of the 
Senior Staff, and since 1958, has been with 
the Research Division of Radiation Incor-
porated, Orlando, Fla. 

Dr. Hock is a member of Sigma Pi Sig-
ma, Phi Kappa Phi, Pi Mu Epsilon, and 
Sigma Xi. 

H. HURVITZ 

C. H. HoEPPNER 

Conrad H. Hoeppner ( SNI'47-F'58) was 
born on March 12, 1918, in Spooner, Wis. 
He received the B.S.E.E. degree in 1939 and 

the M.S.E.E. degree 
in 1940, both from 
the University of 
Wisconsin, Madison. 
He did graduate work 
at the Massachusetts 
Institute of Technol-
ogy, Cambridge, and 
received the profes-
sional E.E. degree in 
1947 from the Uni-
versity of Wisconsin. 

Thereafter, he was 
employed by the U. S. 

Naval Research Laboratories, Washington, 
D. C.; he was Director of the Electronics 
Laboratory, Glenn L. Martin, Co., Balti-
more, Md.; Director of the Engineering 
Products Department, Raytheon Manufac-
turing Company, Waltham, Mass.; Vice 
President and Director of General Electron-
ics Laboratory, Inc., Cambridge, Mass.; 
Manager of the Electronic Division, \V. L. 
Maxson Corp., New York, N. Y.; and Man-
ager of the Development Division, Stavid 
Engineering, Plainfield, N. J. He is presently 
Chief Scientist at Radiation, Inc., Mel-
bourne, Fla. 

Mr. Hoeppner is a member of Sigma Xi, 
Pi Mu Epsilon, Phi Kappa Phi, Phi Eta 
Sigma, Tau Beta Pi, and Eta Kappa Nu, 
and is a Fellow of Tau Beta Pi, and the 
Wisconsin Alumni Research Institute. 

Hyman Hurvitz ( M'53) was born in Bos-
ton, Mass., on February 18, 1910. He re-
ceived the B.E.E. degree from Northeastern 

University, Boston, 
in 1930, and the 
L.L.B. and M.P.L. 
(Master of Patent 
Law) degrees from 
Washington College 
of Law (now Ameri-
can University), 
Washington, D. C., 
in 1936 and 1937, re-
spectively. 

He became a 
member of the Wash-
ington, D. C. Bar in 

1937, and from 1942 to 1945, he served in 
the U. S. Navy, rising to the position of 
Lieutenant Commander. Since that time he 
has been in private practice, presently with 
the firm of Hurvitz and Rose, Washington, 
D. C. 

H. P. Hutchinson (A'32-SM'46) was born 
in Brooklyn, N. Y., in 1908. He received the 
B.S.E.E. degree from the Polytechnic In-
stitute of Brooklyn, Brooklyn, N. Y., in 
1930 and the M.S.E.E. degree from Colum-
bia University, New York, N. Y., in 1933. 

He has held numerous scientific and en-
gineering positions, the most recent being 
Research Engineering, National Bureau of 
Standards; Chief Engineering, U. S. Army 
Aviation Center; and Assistant Director of 

J. R. JENNESS, JR. 

H. I'. I luTcHiNsoN 

Research, U. S. Army Signal Research and 
Development Laboratory, Ft. Monmouth, 
N. J. During World \Var II and in the 

Korean emergency, 
he served on military 
duty at the Penta-
gon directing Signal 
Corps' participation 
in nuclear weapons 
tests and in applied 
research. 

Commencing with 
the first Sputnik, he 
has been continu-
ously engaged in re-
search on satellite 
signals and, together 

with P. R. Arendt, has written several pa-
pers on satellite radio propagation, His 
present position is Special Assistant to the 
Chief, Applied Physics Division, U. S. Army 
Signal Research and Development Labora-
tory. 

Mr. Hutchinson is an Associate Member 
of Commission 3, USA National Committee 
of URSI. 

Donald J. Jacoby (M'46) was born in 
New York, N. Y., on July 8, 1920. He re-
ceived the B.S.E.E. degree from Colum-

bia University, New 
York, in 1941, and 
the M.S.E.E. degree 
from Rutgers Uni-
versity, New Bruns-
wick, N. J., in 1950. 

Since 1941, he has 
been employed at the 
U. S. Army Signal 
Research and Devel-
opment Laboratory, 
Fort Monmouth, 
N. J., with the excep-
tion of three years as 

a radar officer in the U. S. Navy. He has 
been engaged in research and development 
programas in fields of multiplexing, radio 
relay and tropospheric scatter, and until re-
cently was chief of the Radio Relay Branch 
of the Transmission Facilities Division. He 
is currently deputy director of the Astro-
Electronics Division, USASRDL, with re-
sponsibility for directing programs in satellite 
communications, satellite instrumentation 
and tracking. He holds a patent on " Pulse 
Code Modulation." 

D. L. JACOBY 

James R. Jenness, Jr. was born in At-
lanta, Ga., on February 5, 1925. He received 
the B.S. degree in physics and mathematics 

from Parsons Col-
lege, Fairfield, Iowa, 
in 1945 and the M.A. 
degree in physics 
from Temple Uni-
versity, Philadelphia, 
Pa., in 1954. 

In 1945-1946, he 
taught mathematics 
in the high school at 
Birmingham, Iowa, 
was appointed to a 
graduate assistant-
ship in physics at the 
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C. S. JOSIAS 

State University of Iowa, Iowa City, in 
1946-1947, and in 1947-1948, was a senior 
fellow in physics at Iowa State College, 
Ames. From 1948 to 1951, he worked on 
special instrument calibration problems and 
the development of aeronautical research 
instruments for the NACA at Langley 
Field, Va. From 1951 to 1956, he was a 
physicist at the U. S. Naval Air Develop-
ment Center, Johnsville, Pa., where his field 
of interest was infrared optics and guidance 
systems. Since 1956 he has been a Senior 
Physicist at HRB-Singer, Inc., State Col-
lege, Pa., where he introduced the Hass-
Erbe-Bradford replica mirror process for 
adaptation to large-scale production of low-
cost precision reflective optical components 
by the Singer Military Products Division, 
and also developed techniques for fabricat-
ing paraboloidal microwave antennas by 
centrifugal casting. He has had a continuing 
interest in research instrumentation and 
the functioning of instruments and elec-
tronic components under unusual environ-
mental conditions. 

Mr. Jenness is a member of Phi Kappa 
Phi, Sigma Pi Sigma, Chi Beta Phi, the 
Optical Society of America, and the Associa-
tion for Applied Solar Energy. 

Conrad S. Josias (S'50,-A'51,-M'56) 
was born in New York, N. Y., on June 12, 
1930. He received the B.E.E. degree from 

New York Univer-
sity, New York, in 
1951 and the M.E.E. 
degree from the Poly-
technic Institute of 
Brooklyn, N. Y., in 
1955. 

He was employed 
by Airborne Instru-
ments Laboratory, 
Mineola, N. Y., from 
1951 to 1956, during 
which time he was 
active in the devel-

opment of electronic devices and systems. 
In 1956, he joined the Jet Propulsion Lab-
oratory, California Institute of Technology, 
Pasadena, where he participated in the de-
velopment of transistor circuits for missile 
guidance systems and space payload instru-
mentation. At present, he is a senior research 
engineer in the J PI. Space Instruments Sec-
tion. 

f 

Sidney W. Kash was born on March 1, 
1922, in New York City, N. Y. He received 
the Ph.D. degree in physics in 1951, from 
the University of California at Los Angeles. 

During World War II, he worked at the 
Naval Ordnance Laboratory in Washington, 
D. C., on underwater degaussing problems. 
In 1947, he participated in a spectroscopic 
program related to the V2 firings at White 
Sands, N. M. In the early part of 1951, he 
designed equipment for the automatic meas-
urement of skylight polarization for the 
Meteorology Department at UCLA. For the 

S. W. KASH 

next four years, he was a senior engineer at 
Atomics International in Canoga Park, 
Calif., engaged in research and develop-

ment of thermal net'-
, tron reactors. He has 

been with Lockheed 
Aircraft Corporation, 
Palo Alto., Calif., 
since the latter part 
of 1955, and is pres-
ently manager of the 
Ionic Physics De-
partment. While at 
Lockheed, he has 
been engaged in a 
number of activities, 
including the design 

of high-pressure and electromagnetic shock 
tubes and research in plasma physics, hy-
dromagnetics, and electrical propulsion. 

P. E. Kendall (SM'56) was born in Paoli, 
Ind., on July 27, 1921. He received the 
B.S.E.E., M.S.E.E. and Ph.D. degrees from 

Purdue University, 
Lafayette, Ind., in 
1948, 1949 and 1953, 
respectively. 

He has taught un-
dergraduate courses 
in electrical engineer-
ing at Purdue, and is 
an affiliate assistant 
professor at that 
university, teaching 
graduate courses in 
automatic controls 
and pulse circuitry. 

At ITT Laboratories, Fort Wayne, Ind., he 
has worked on system analysis and design of 
missile and space vehicle guidance and navi-
gation systems; research in the field of non-
linear mechanics as applied to servomech-
anisms; optimization of contactor servos, 
and mercury drop noise generators in micro-
wave frequencies; analysis of space vehicle 
trajectories; development of navigational 
equipments including Loran and radar al-
timeters; and operation and maintenance of 
military communications and radar equip-
ments. He has held administrative positions 
as Head of the Electromechanical Section of 
the Advanced Development Department, 
Head of the Systems Analysis and Design 
Section of the Astrionics Laboratory, the 
position which he now holds. 

Dr. Kendall is a member of Eta Kappa 
Nu and Sigma Xi. He has two patents pend-
ing. 

P. E. KENDALL 

Robert L. Kent ( M'59) was born in Phil-
adelphia, Pa., on May 25, 1929. He attended 
the Moore School of Electrical Engineering, 
University of Pennsylvania, Philadelphia, 
where he received the B.S. degree in 1950, 
and the Massachusetts Institute of Tech-
nology, Cambridge, Mass., where he re-

L. R. MALLING 

J. D. KRAUS 

R. L. KENT 

ceived the M.S. degree in 1952. 
From 1950 to 1952, he was a research as-

sistant in electrical engineering at M.I.T. 
Since that time, he 
has been a staff mem-
ber of the Research 
Laboratory of Elec-
tronics, M.I.T., par-
ticipating in the de-
velopment of missile 
guidance and elec-
tronically scanned 
radar systems. 

Mr. Kent is a 
member of Eta Kap-
pa Nu, Sigma Tau, 
and Tau Beta Pi, and 

an associate of Sigma Xi. 

John D. Kraus (A'32-M'43-SM'43-
F'54) was born in Ann Arbor, Mich., on 
June 28, 1910. He received the B.S. degree 

in 1930, the M.S. de-
gree in 1931, and the 
Ph.D. degree in 1933, 
all from the Univer-
sity of Michigan, Ann 
Arbor. 

From 1934 to 
1935, he did research 
on industrial noise-
reduction problems 
and from 1936 to 
1937, was engaged in 
nuclear research with 
the newly completed 

University of Michigan cyclotron. From 
1938 to 1940, he was an antenna consultant. 
In 1940, he joined the Naval Ordnance 
Laboratory, Washington, D. C., working on 
the degaussing of ships, and in 1943, he be-
came a member of the Radio Research Lab-
oratory at Harvard University, Cambridge, 
Mass. In 1946, he joined the faculty of The 
Ohio State University, Columbus, where he 
is now professor of electrical engineering, 
professor of physics and astronomy, and 
Director of the Radio Observatory. He is 
responsible for the development of the hel-
ical beam antenna, the corner-reflector an-
tenna, and other antenna types. 

Dr. Kraus is a member of the American 
Astronomical Society and the American 
Physical Society. 

Leonard R. Mailing (A'31-VA'39-M'59) 
was born in London, Eng., on July 9, 1909. 
He graduated from Northampton Technical 

Institute, London, 
Eng., in 1931 and 
came to this country 
in 1938. 

For some 30 years, 
he has done research 
and design engineer-
ing in such areas as 
radar, nuclear reso-
nance, aircraft guid-
ance, guided missiles, 
and space vehicles. 
During this time, he 
has been employed 
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by Hazeltine Electronics Corporation, Boe-
ing Airplane Company, Convair, Varian 
Associates, and the U. S. Naval Laboratory, 
San Diego, Calif. In 1955 he joined the staff 
of the Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena, where 
he is presently a senior research engineer. 

F. N. McMillan was born on May 26, 
1923, in Fayetteville. N. C. He received the 
B.S. degree with a group major in chemistry, 

mathematics and 
German from the 
University of Flori-
da, Gainesville, in 
1947 and the M.S. 
degree in chemistry 
from the same school 
in 1949. 

From 1950 to 1955, 
he served as a chem-
ist in the Florida 
Food and Drug Lab-
oratory in Tallahas-
see. While in Talla-

hassee, he did additional graduate work in 
chemistry at Florida State University. From 
1955 to 1958, he set-% ed as a research chemist 
at Eglin Air Force Base, Fla. Since 1958, he 
has been with the Research Division of 
Radiation Incorporated, Orlando, Fla. His 
work has included chemical kinetics, spec-
troscopy, immunology, organic synthesis, in-
cendiaries, instrumentation, re-entry, and 
rocket propulsion. 

Mr. McMillan is a member of Sigma Xi 
and the American Chemical Society. 

F. N. MCMILLAN 

Harold F. Meyer (SM'50) was born in 
New York, N. Y., on September 2, 1916. He 
attended Boston University, Boston, Mass., 

and Columbia Uni-
versity, New York, 
N. Y. 

For many years 
he was active as a 
radio experimenter, 
amateur, member of 
the Naval Communi-
cation Reserve, and 
in the radio business. 
Entering Govern-
ment service in the 
Signal Corps Plant 
Engineering agency 

in 1942, he became Chairman and Technical 
Secretary of the Technical Coordination 
Committee and Chief of the Engineering 
Coordination Section. In 1945, he trans-
ferred to the U. S. Army Research and De-
velopment Laboratories, Ft. Monmouth, 
N. J., and became Chief Engineer of the 
Long-Range Equipment Section. In 1955, 
he was made Chief of the Long-Range Radio 
Branch. In these capacities from 1946 to 
1957, he was responsible for research and 
development of the Army long-distance ra-
dio communication equipment and systems. 
He joined the RamoWooldridge Division of 
Thompson Ramo Wooldridge Incorporated, 
Los Angeles, Calif., in 1957 as Co-Head of 
the Communications Systems Department 
and is currently employed in that capacity. 

H. F. MEYER 

A. B. MOODY 

Captain Alton B Moody, USNR, was 
born in Thatcher, Ariz., on July 28, 1911. 
He graduated from the U. S. Naval Acade-

my, Annapolis, Md., 
in 1935. 

He has had ex-
perience in marine 
navigation in both 
the Navy and mer-
chant marine, and in 
air navigation in both 
the Navy and Air 
Force. He has taught 
navigation in private 
schools and at the 
Naval Academy. He 
has been at the U. S. 

Navy Hydrographic Office since 1946, and 
for several years has been Deputy Director 
of the Navigational Science Division. In 
1953 he received the international Thurlow 
Navigation Award for the outstanding con-
tribution to the science of navigation. 

Captain Moody is now President of the 
Institute of Navigation, a government mem-
ber of the Governing Board of the U. S. 
Power Squadrons, a member of the Board 
of Governors of the American Polar Society, 
and a member of the New York Academy 
of Sciences and the Arctic Institute of North 
America. 

William L. Morrison (A'52—M'59) was 
born in Salt Lake City, Utah, on April 3, 1924. 
After three years as an electronics tech-

nician in the U. S. 
Navy, he attended 
the University of 
California, Berkeley, 
and received the 
B.S.E.E. degree in 
1953. 

From 1953 to 1955 
he was an electronic 
scientist at the U. S. 
Naval Radiological 
Defense Laboratory, 
San Francisco, Calif. 
From 1956 to 1958 he 

assisted in the design of the first nuclear 
reactor control console for the Atomic 
Energy Division of American-Standard, Inc., 
Mountain View, Calif. He is presently a 
senior research engineer in the Missiles and 
Space Division of Lockheed Aircraft Corpo-
ration, Palo Alto, Calif. 

W. L. MORRISON 

George E. Mueller (S'39—A'41—SM'46) 
was born on July 16, 1918, in St. Louis, Mo. 
He received the B.S.E.E. degree from the 

Missouri School of 
Mines, Rolla, in 1939. 
He continued his ed-
ucation at Purdue 
University, Lafay-
ette, Ind., where 
he was a Research 
Fellow, and obtained 
the M.S.E.E. degree 
in 1940. He studied 
physics at Princeton 
University, Prince-

G. E. MUELLER ton, N. J., and re-

ceived the Ph.D. degree in physics from The 
Ohio State University, Columbus, in 1951. 
He served as professor of electrical engineer-
in at The Ohio State University for more 
than ten years. 

His technical experience has included 
television and microwave research at Bell 
Telephone Laboratories, Holmdel, N. I., 
and work as a consultant for the Ramo-
Wooldridge Corporation, Los Angeles, Calif. 
He is the author of nine technical publica-
tions, and holds six patents in the electron 
tube and antenna fields. He is presently 
Vice- President and Associate Director of the 
research and development division, Space 
Technology Laboratories, Inc., Los Angeles, 
Calif. 

Dr. Mueller is a member of AIEE and 
the American Physical Society. 

Horace L. Newkirk was born in Min-
neapolis, Minn., on June 11, 1911. He re-
ceived the B.S. degree from Union College, 

Schenectady, N. Y., 
in 1933 and the M.S. 
degree from the Uni-
versity of Idaho, 
Moscow, in 1940, 
both in physics. He 
has since taken addi-
tional courses in 
mathematical physics 
through the extension 
program of the Uni-
versity of California 

H. L. NEWKIRK at Los Angeles. 
From 1940 to 1945 

he worked as a physicist in the Navy de-
gaussing programo. Since 1945, he has con-
tinued as a physicist with the Navy at the 
Naval Ordnance Test Station, China Lake, 
Calif., primarily in aeroballistics of rockets. 

George C. Newton, Jr. (M'47) was born 
in Milwaukee, \Vis., on May 14, 1919. He 
received the B.S.E.E. degree in 1941 and 

the D.Sc. degree in 
electrical engineering 
in 1950, both from 
the Massachusetts 
Institute of Technol-
ogy, Cambridge. Dur-
ing World \Var II, he 
was engaged in de-
fense research and de-
velopment work at 
the Special Ordnance 
Plant in York, Pa., 
and at the Sperry 
Gyroscope Company, 

Inc., Long Island, N. Y. 
He is presently Associate Professor of 

electrical engineering and Associate Director 
of the Electronic Systems Laboratory at 
M.I.T. In addition to teaching fundamental 
electrical engineering subjects and advanced 
courses in automatic control, he has re-
search interests in the areas of instrumenta-
tion, control and computation. His consult-
ing activities include services to both govern-
ment and industry on military and commer-
cial problems involving electronics and con-
trol technology. 

G. C. NEWTON, JR. 
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Dr. Newton is a member of the AIEE, 
the ASEE, and the Franklin Institute. He 
received Franklin Institute Levy Medal in 
1953. 

Robert R. Newton was born on July 7, 
1918 in Chattanooga. Tenn. He attended the 
University of Tennessee, Knoxville, where he 

received the B.S.E.E. 
degree in 1940. He 
received the Ph.D. 
degree in theoretical 
physics front The 
Ohio State Univer-
sity. Columbus, in 
1946. 

For several years 
he taught in the 
Physics Depart mein s 
of the University of 
Tennessee and Tu-
lane University, New 

Orleans, La. During this time he also di-
rected a research program in theoretical ex-
terior ballistics for the Ordnance Missile 
Laboratories, Redstone Arsenal. He joined 
the Applied Physics Laboratory of The 
Johns If University, Silver Spring, 
MtI., iii August, 1957, and is now a principal 
stall member in the field of theoretical 
physics 111(1 supervisor of the Space Explora-
tion Group. 

Dr. Newton is a member of the American 
Physical Society, ARS, Sigma Xi, and Tau 
Beta Pi. 

R. R. NEw lox 

William A. Nichols (M'57) was born in 
Spartanburg, S. C., on December 28, 1921. 
Ile served in the U. S. Marine Corps from 

January, 1940 to 
June, 1948 as radio-
radar technician and 
instructor. He was an 
iKtructor in the U. S. 
Navy Electronics 
Technician Training 
Program front 1944 
to 1947. 

He joined the U. S. 
Naval Research Lab-
oratory, Washing-
ton. D. C., in Novem-
ber 1948. He has been 

responsible for the design and development 
of electronic instruments and telemetering 
facilities to implement rocket and satellite 
probes studying radiations of solar and ot her 
celestial bodies in the ultraviolet and N-ray 
regions. At present, he is Head of the Elec-
trical Design and Engineering Section of the 
Upper Air Physics Branch. 

Joseph C. Nowell was born in Boston, 
Mass., on December 18, 1924. He received 
the B.S. degree in 1948, and the M.S. degree 
in 1950, both from Massachusetts Institute 

M. B. PICKOVER 

of Technology, Cambridge, Mass. He re-
mained at M.I.T. to work on missile control 
systems in the Dynamic Analysis and Con-

trol Laboratory, and 
subsequently on mis-
sile guidance and ad-
vanced radar tech-
niques in the Research 
Laboratory of Elec-
tronics. He is now 
with the Advanced 
Development Depart-
ment of the Missile 
Systems Division, 
Raytheon Manufac-

J. C. NowEt.t, Wring Company, 
Bedford, Mass. 

Douglas D. Ordahl was born on April 17, 
1921, in Santa Rosa, Calif. He received the 
B.S. degree in chemistry from Stanford Uni-

versity, Stanford, 
Calif., in 1942, and 
the M.S. degree in 
chemical engineering 
front The Ohio State 
University, Colum-
bus, in 1948. 

He entered the 
propulsion field in 
1942 at the Hercules 
Powder Company, 
Radford, Va., and in 
1945 became a re-
search engineer at 

Bat telle Memorial Institute, Columbus, 
Ohio. In 1950. he joined the Naval Ordnance 
Test Station, China Lake, Calif.. in order 
to continue research on the physical proper-
ties of solid propellants. He is presently 
Associate Head of the Propulsion Develop-
ment Department there and does research, 
design, development and program direction 
of solid-, liquid-, ratnjet-, and hybrid-pro-
pulsion systems. 

Mr. Ordahl is a member of Phi Lambda 
Upsilon, ARS, and the American Chemical 
Society. 

D. D. (» omit. 

Merwin B. Pickover was born in New 
York, N. Y., October 8, 1929. Ile received 
the B.E.E. degree from the College of the 

City of New York 
in 1951. 

He was project 
engineer with the 
Bendix Corporation, 
Teterboro, N. J., and 
was transferred to the 
Red Bank division in 
1952. His responsibil-
ity as project engi-
neer was the design 
of missle and aircraft 
electrical accessories. 
In 1958, he joined the 

U. S. Army Signal Research and Develop-
ment Laboratory, Fort Monmouth, N. J. As 
senior engineer, he now heads the team en-
gaged in the design and development of tape 

recorder circuitry for satellite instrumenta-
tion; particularly, transistorized controls on 
recorder motors, for specialized applications 
as well as associating circuitry. At this 
time he is assigned to the Astro-Instrumen-
tation Branch, Astro-Electronics Division, 
USASD RL. 

Norman S. Potter (SM'58) was born in 
New York, N. Y., on November 5, 1926. 
l le received his undergraduate training at 

Brooklyn College, 
Brooklyn, N. Y., and 
at the U. S. Naval 
Academy, Annapolis, 
Md., where he stud-
ied marine and elec-
trical engineering. He 
received the B.A. de-
gree in mathematical 
physics from Brook-
lyn College in 1945 
and the M.S. degree 

N. S. POTTER in applied mathe-
matics and physics 

from Massachusetts Institute of Technol-
ogy,-Cambridge, in 1953. He continued sup-
plementary studies at and Columbia 
University, New York, N. Y., for the Doc-
torate Degree. 

As a member of the research staff, Co-
lumbia University, he was associated with 
the Manhattan Project, where he performed 
analytic studies in radiation propagation. 
Later a member of the research staff of the 
Department of Electrical Engineering at 
M.I.T., he worked for some years on SAGE 
system development, electron digital com-
puter logic, data handling in real-time prob-
lems, advanced target acquisition tech-
niques, and general air defense systems 
analyses. Following this, he was affiliated 
with The Martin Company for several years 
as a senior engineer in the field of advanced 
design, with primary responsibility for sys-
tems studies in several categories of missiles, 
airborne fire control systems, missile guid-
ance techniques, and the analysis of com-
posite airborne electronics subsystems. 

He then served as a consultant at USAF 
Headquarters in Europe in the field of tech-
nical evaluation of foreign airborne weapons 
systems. Following his return front Europe, 
he was with the Air Arm Division of West-
inghouse where, for several years as a Fel-
low Engineer and Weapons Systems Group 
Leader, he had primary responsibility for 
systems analyses and development in air-
launched guided missiles, bomber detection 
and penetration techniques, airborne early 
warning and interceptor-borne detection and 
tracking equipments, advanced automatic 
acquisition techniques in discrete data sys-
tems, and operations analysis in large-scale 
air defense system evaluations. 

For some years he has been engaged as a 
special consultant on guided missiles sys-
tems to the Assistant Chief of Staff, Intel-
ligence, Department of the Army, and is 
presently manager of the Weapons Systems 
Research Laboratory of the Research and 
Development Division of the W. I.. Maxson 
Corporation. New York, N. Y., where he is 
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concerned with advanced systems studies in 
all phases of military and industrial elec-
tronics. 

He is a member of the IAS, ARS, and 
AAAS. 

Julius Praglin (M'56) was born in Bos-
ton, Mass., on June 12, 1927. He received 
the B.A. degree in biology from Clark Uni-

versity, Worcester, 
Mass., in 1948, and 
the M.S. and Ph.D. 
degrees in physiology 
from the University 
of Illinois, Urbana, 
in 1950 and 1952, 
respectively. 

From 1952 to 1955, 
he was engaged in re-
search on the bio-
physics of vision at 

J. PRAGLIN Western Reserve 
University, Cleve-

land, Ohio. In 1955, he joined Keithley In-
struments, Inc., Cleveland, Ohio, as director 
of Research and Development. He became a 
Vice-President of Keithley Instruments in 
1957 and presently is in charge of Research 
and Engineering. 

Dr. Praglin is a member of Sigma Xi. 

or.* 

A. V. Pratt was born in Maupin, Ore., on 
July 4, 1924. He received the B.A. degree 
from the University of California, Berkeley, 

in 1950 and has since 
done graduate work 
at the University of 
Utah, Salt Lake City, 
and the University of 
Colorado, Boulder. 

He has worked for 
the U. S. Naval Ord-
nance Test Station, 
China Lake, Calif., 
since 1950 and is pres-
ently serving as a 
physicist in the Weap-
ons Development 

Depart ment there. 

A. V. PRATT 

Alfred G. Ratz (M'49) was born in Ham-
ilton. Can., on April 20, 1922. He received 
the B.A.Sc. degree in 1944, the M.A.Sc. de-

gree in 1947, and the 
Ph.D. degree in 1951 
from the University 
of Toronto, Can. 

From. 1947 to 
1949, he was lecturer 
in electrical engineer-
ing at the University 
of Toronto. For the 
next three years, he 
was project engineer 
at the University's 

A. G. RAI,. Computation Center 
where he did basic 

development work on digital computer tech-
niques, culminating in the building of a 
digital computer. From 1952 to 1957, he was 

engaged in airborne electronic systems work 
at the Air Armament Engineering Depart-
ment of Canadian Westinghouse. As a proj-
ect engineer on air-to-air missile electronics, 
he was responsible for the development 
circuitry, subminiaturization, ruggedization, 
reliability and packaging of guidance sys-
tems. Subsequently, as section engineer and 
manager of the Systems Section, he directed 
a wide range of airborne projects, including 
guidance, control, aerodynamics, counter-
measures, and planning and execution of 
missile flight tests and firings. In 1957, he 
joined the Applied Science Corporation of 
Princeton, Princeton Junction, N. J., where 
as assistant manager of the Engineer Plan-
ning Department he directed the study, re-
search and development of pioneer tele-
metering hardware, including statistical 
telemetering devices. In January, 1959, he 
was appointed chief engineer. He joined 
Gulton Industries, Inc., in June, 1959, as 
Chief Engineer of the new Ortholog Division 
specializing in instrumentation, telemetry, 
and data-handling systems. 

«fp 

Henry B. Riblet (SM'44) was born on 
May 20, 1911, in Clayton, N. M. He gradu-
ated from Friends University, Wichita, 

Kans. in 1934 with 
a B.A. degree in phys-
ics and chemistry. 

After graduation, 
he worked at radio 
station KLZ in Den-
ver, Colo., as chief 
transmitter engineer. 
In 1940, he joined the 
consulting radio en-
gineering firm of 
Glenn D. Gillett, 
Washington, D. C., 
where he was engaged 

in design and adjustment of directional an-
tennas for radio broadcasting stations. Dur-
ing World \Var II, he was a member of 
the Research and Development Staff at Air-
borne Instruments Laboratory directed by 
Columbia University, New York, N. Y., 
where he was engaged in the development of 
airborne magnetic detection for submarines. 
After the war, he rejoined the Glenn D. 
Gillett firm. In March, 1949, he joined the 
staff of The Johns Hopkins University, Ap-
plied Physics Laboratory, Silver Spring, 
Md., to work with the Telemetering Group. 
In 1950, he was appointed Group Super-
visor of the Telemetering Group, later known 
as Instrumentation Development. Recently, 
he has been the supervisor of an Electronics 
Group conducting development and engi-
neering for satellite instrumentation. 

I-I. B. IZ IBLET 

Robert \V. Rochelle (S'46-A'50-M'58) 
was born on June 23, 1923, in Nashville, 
Tenn. He received the B.S.E.E. degree from 
the University of Tennessee, Knoxville, in 
June, 1947, and the Master of Engineering 
degree from Yale University, New Haven, 
Conn., in 1949. He began graduate studies 
at the University of Maryland, College 

Park, and taught in their graduate program 
for two years. 

In March, 1949, he joined the Naval Re-
search Laboratory, 
Washington, D. C., 
where he participated 
in the development 
of electronic instru-
mentation for the Pa-
cific nuclear test. In 
1956, he joined the 
Magnetic Amplifier 
Section, where he de-
signed a telemetry 
system for the Van-

R. W. ROCHELLE guard satellite pro-
gram. In November, 

1958, he was transferred to the National 
Aeronautics and Space Administration and 
became head of the Flight Data Systems 
Branch, Payload Systems Division. He is 
currently working on electronic instrumen-
tation for satellites and space probes. 

Mr. Rochelle is a member of Tau Beta 
Pi, RESA, and AAAS. 

Joseph L. Ryerson (A'55-M'55) was born 
on October 20, 1918, in Goshen, New York. 
He received the B.E.E. degree from Thomas 

S. Clarkson College 
of Technology, Pots-
dam, N. Y., in 1941 
and the M.A.E.E. 
degree from Syracuse 
University, Syracuse, 
N. Y. 

Upon graduation 
he was employed as a 
development engi-
neer by the Ward 
Leonard Electric Co. 
of Mt. Vernon, N. Y. 
In 1946, he was em-

ployed by the Associated College of Upper 
New York as a Professor of physics and later 
transferred to Evansville College, Evans-
ville, Ind., as a Professor of physics and elec-
trical engineering. Here, in addition to teach-
ing, he became a registered professional en-
gineer and entered the consulting field. Em-
ployed as an electronics engineer by the 
Rome Air Development Center, Rome, 
N. Y., in 1951, he was assigned the problem 
of investigating automatic landing. He is 
now the Senior Scientist, Office of Advanced 
studies, there. 

Mr. Ryerson is a member of Sigma Phi 
Sigma. 

J. L. RvEksos 

Charles Saltzer ( M'56) was born on Feb-
ruary 13, 1918, in Cleveland, Ohio. He stud-
ied mathematics and physics at Western 
Reserve University, Cleveland, Ohio, the 
University of Illinois, Urbana, the Univer-
sity of Nebraska, Lincoln, and Brown Uni-
versity, Providence, R. I. At Brown Uni-
versity he received the doctorate degree in 
applied mathematics in 1949. 

He worked in gas dynamics at Brown 
University from 1943 to 1945 and was an 
instructor of mathematics from 1945 to 
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C. SAL1ZER 

1948. He was appointed instructor of mathe-
matics at Case Institute of Technology, 
Cleveland, in 1948 and subsequently to the 

positions of assistant 
professor and associ-
ate professor. He is 
on partial leave of 
absence and holds 
the position of Con-
sulting Engineer at 
Thompson Ramo 
Wooldridge Inc., 
Cleveland. He was 
appointed professor 
of applied mathemat-
ics at the University 
of Cincinnati, Ohio, 

in 1960. 
He was retained by the General Electric 

Company as a consultant in information 
theory and computer design from 1956 to 
1958. He has also done consulting work in 
numerical analysis, biophysics and space 
technology, and has published papers on 
electrical network theory, switching theory, 
distributions and numerical analysis. He 
spent a year in England ( 1950-1951) on a 
Fulbright Exchange. He received a Na-
tional Science Foundation Award for re-
search on Finite Difference Operators in 
1959. 

Dr. Saltier is a member of the American 
Mathematical Society, the American Math-
ematical Association, the London Mathe-
matical Society. the Association for Comput-
ing Machines, the Society for Symbolic 
Logic, the ARS, and Sigma Xi. 

• 

William F. Sampson was born in Oak 
Park, Ill., on July 6, 1929. He received 
the B.S. degree in physics from the Cali-

fornia Institute of 
Technology, Pasa-
dena, in 1951. 

He then joined 
the research staff of 
Jet Propulsion Lab-
oratories at the Cali-
fornia Institute of 
Technology. During 
his six years there, he 
took a leading part 
in the development 

W. F. SAMPSON and field testing of 
the Microlock Re-

ceiving System used in the Explorer satellite 
program. In 1957, he became head of the 
Space Communications section of Hallamore 
Electronics Company, in Anaheim, Calif. He 
directed the development of several subsys-
tems for advanced telemetry systems; super-
vised the design, installation and check-out 
of tracking stations; and directed systems 
integration projects for space probe tracking 
and guidance complexes. He was then pro-
moted to engineering manager, and directed 
research programs and corporate projects 
related to advanced systems. In November, 
1959, he joined Space Technology Labora-
tories, Los Angeles, Calif., where he is a 
senior staff engineer in the Telecommunica-
tions Laboratory. 

Mr. Sampson is a member of Tau Beta Pi 
and of Sigma Xi. 

C. L SEARLE 

R. W. SANDERS 

Allen A. Sandberg was born in New 
York, N. Y., on August 15, 1938. A sen'or at 
Massachusetts Institute of Technology, 

Cambridge, Mass., 
he expects to receive 
the B.S.E.E. and 
M.S. degrees in June, 
1961. 

Through partici-
pation in the electri-
cal engineering, co-
operative program at 
M.I.T., he was a stu-
dent member of the 
AFCRC Astrosurveil-
lance Sciences Lab-
oratory in 1958 and 

of the AFCRC Plasma Physics Unit in the 
summer of 1959. 

A. A. SANDBERG 

Ray W. Sanders (SNI'59) was born in 
Pomona, Calif., on April 24, 1927. He re-
ceived the B.S. degree in physics and mathe-

matics from Stanford 
University, Stanford, 
Calif., in 1948, and 
the M.S.E.E. degree 
from Stanford in 
1950. From 1950 to 
1951, he was an act-
ing instructor and re-
search assistant at 
Stanford. 

From 1951to 1958, 
he worked at Gilfil-
Ian Bros., Inc., Los 
Angeles, Calif. in the 

fields of missile systems analysis and design, 
missile flight tests, air traffic control sys-
tems, automatic electronic countermeasure 
systems, and air navigation system analysis. 
While at Gilfillan, he served as Director of 
the Missile Section in the Engineering De-
partment. He is presently with Space Elec-
tronics *Corporation, Glendale, Calif., where 
he is Manager of the Space and Satellite 
Systems Department. 

Mr. Sanders is a member of Sigma Xi 
and the American Ordnance Association. 

Campbell L. Searle (S'46-A'48-M'55) 
was born in Winnipeg, Can., on July 24, 
1926. He received the B.S.E.E. degree at 

Queens University, 
Kingston, Ontario, 
Can., in 1947, and 
the M.S. degree at 
the Massachusetts 
Institute of Technol-
ogy, Cambridge, in 
1951. 

From 1948 to 1955, 
he was engaged in 
electronics research 
in the guided missile 
field at the Research 
Laboratory of Elec-

tronics, M.I.T., first as a research assistant 
and later, as a staff member of the Division 
of Sponsored Research. He joined the M.I.T. 

A. E. SHERBURNE 

teaching staff in 1956, and is now an assistant 
professor in the Department of Electrical 
Engineering. 

Mr. Searle is a member of Sigma Xi. 

George F. Senn (SM'50) was born on 
May 11, 1913 in Philadelphia, Pa. He re-
ceived the B.S.E.E. degree from Drexel In-

stitute of Technol-
ogy, Philadelphia, in 
1935. 

In 1935 he was 
with Philco Radio 
and Television Co. in 
Philadelphia and in 
1936 with Radio 
Corporation of Amer-
ica in Camden, N. J. 
In 1937, he joined the 
U. S. Army Signal 
Research and Devel-
opment Laboratory 

at Fort Monmouth, N. J., and since that 
time has been Chief of the Vehicular Instal-
lation Section, Chief of the Quality Control 
Division, and is currently the Chief Engineer 
of the Communications Department. la 
1958, he was the project manager in charge 
of the "SCORE" Communications Satellite 
Project. 

G. F. SENN 

Arthur E. Sherburne (S'49-A'51-M'56) 
was born in Tyngsboro, Mass., on August 20, 
1923. He received the B.S.E.E. degree 

from Tufts Univer-
sity, Medford, Mass., 
in 1950 and the M.S.-
E.E. degree from 
Massachusetts Insti-
tute of Technology, 
Cambridge, in 1951. 

Since 1951, he has 
been employed at 
Trans-Sonics, I nc., 
Burlington, Mass., 
where he contributes 
to the development 
of airborne radar sys-

tems and in 1956 supervised the flight testing 
of a radar system. In 1958, he directed thai 
development of an acoustic phase detector 
for Lox and JP-4. He has been a member of 
the New Product Research Department 
since its creation in 1958. 

Mr. Sherburne is a member of Tau Beta 
Pi and Sigma Xi. 

Frederick F. Slack was born in Lawrence, 
Mass., on June 16, 1917. From 1941 to 1945, 
he was engaged in research and development 
at M.I.T. Radiation Laboratory, Cambridge, 
Mass., and was granted several patents on 
radar indicator circuits. In 1945, he joined 
a newly formed organization which is now 
known as the Air Force Cambridge Re-
search Center. As section chief in the Air 
Traffic Control Laboratory, he was responsi-
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ble for the design and development of the 
first complete automatic track-while-scan 
unit for the VOLSCAN system. In connec-

tion with this work 
he invented the "light 
gun" for the acquisi-
tion of radar targets 
and assignment of 
automatic tracking 
gates. The light gun 
has since been adopted 
by a number of agen-
cies for application in 
military radar sys-
tems, among them 

F. F. SLACK the SAGE system. 
He is now chief 

of the Development Section of the AFCRC 
Astrosurveillance Sciences Laboratory, Bed-
ford Mass. Dealing with special systems, he 
has developed the Cartesian coordinate au-
tomatic tracking system (CARTRAC) for 
the Tactical Air Command, designed a semi-
automatic intercept computer (SAINT), 
and, more recently, evolved techniques for 
detecting the launching of missiles and satel-
lites. 

Richard J. Slifka was born in Milwaukee, 
Wis., September 10, 1927. He received the 
B.S.E.E. degree from the • niversi t y of \Vis-

consin, Madison, in 
1951. 

After graduation, 
he joined the AC 
Spark Plug Division 
of the General Mo-
tors Corp., Milwau-
kee, Wis., as a service 
engineer. In this ca-
pacity, he was associ-
ated with the Gun-
sight and Bombing 
Navigational Com-
puter projects. In 

1956, he joined the AC Spark Plug Engineer-
ing Department, in which his projects in-
cluded test planning and coordination of 
field sites for the inertial guidance equip-
ment for the Thor Missile. He is now a senior 
project engineer, responsible for field opera-
tions for the inertial guidance equipment for 
the Thor Missile. 

Mr. Slifka is a member of the AIEE. 

R. J. SI.IFKA 

Alex G. Smith was born in Clarksburg, 
W. Va., on August 12, 1919. He received the 
B.S. degree in physics from the Massachu-

setts Institute of 
Technology, Cam-
bridge, in 1943. Dur-
ing the remainder of 
the war, he worked at 
the M.I.T. Radiation 
Laboratory on mag-
netron development, 
and participated in 
the writing of a vol-
ume of the Radiation 
Laboratory Series. In 
1948, he received the 
Ph . D degree in phys-

ics at Duke University, Durham, N. C., for 
which he wrote a dissertation on microwave 
spectroscopy. 

Since that time he has been at the Uni-
versity of Florida in Gainesville, where he 
has held the ranks of assistant professor, 
associate professor, and, currently, full pro-
fessor of physics. His research interests at 
the University have included microwave 
spectroscopy, military VHF electronics de-
velopment, atmospheric optics, and low-
frequency planetary radio astronomy. 

Dr. Smith is a member of Sigma Xi, the 
American Physical Society, the American 
Optical Society, the American Astronomical 
Society, and the Astronomical Society of the 
Pacific. 

Robert T. Smith (M'56) was born in 
Kansas City, Mo., on October 25, 1930. 
Ile received the B.S.E.E. degree from the 

University of Kansas, 
Lawrence, in 1952, 
and while there he 
was employed by the 
University of Kansas 
Research Foundation 
on an analog com-
puter development 
project. 

Upon graduation, 
he joined the U. S. 
Naval Ordnance Test 

R. 1'. SMITH Station, China Lake, 
Calif., where he 

worked on air- to-ground fire control sys-
tems, special weapon fuzing systems, and 
automatic process control systems. In 1956, 
he assumed the responsibility of program 
manager for an airborne fire control pro-
gram. He joined the Philco Western Devel-
opment Laboratories, Palo Alto, Calif., in 
1958, and is now manager of the advanced 
applications section of the satellite systems 
department. His current activities are in the 
analysis and design of current and proposed 
space electronic programs. 

Mr. Smith is a member of Eta Kappa Nu 
and Sigma Tau. 

Roy C. Spencer ( M'46-SM'50-F'60) 
was born on April 14, 1901 in Pennellville, 
New York. He received the B.A. degree from 

Cornell University, 
Ithaca, N. Y. in 
1922, and the Ph.D. 
degree in physics 
from Columbia Uni-
versity, New York, 
N. Y., in 1932. 

From 1922-1923, 
he was a Fellow in 
Astronomy at Swarth-
more, College, Swarth-
more, Pa., and from 
1923-1924, a Hech-
scher assistant in X 

rays at Cornell University. In 1926 and 1927, 
he was a Radio Tube Development engineer 
at the Westinghouse Lamp Co., Bloomfield, 
N. J. From 1927 to 1931, he was an in-

R. C. SPENCER 

J. O. SPRIGGS 

structor in physics at Columbia University, 
and from 1931 to 1941, he held positions of 
instructor, assistant professor and associate 
professor of physics at the University of 
Nebraska, Loncoln. 

In 1941 he was granted a leave of ab-
sence from the University of Nebraska to 
become a staff member of the Radiation Lab-
oratory of the Massachusetts Institute of 
Technology, Cambridge, Mass., where he 
carried out research on microwave antennas 
and diffraction theory. He was chief of the 
Antenna Laboratory of the Air Force Cam-
bridge Research Center, Bedford, Mass., 
from 1946 to 1955, when he joined the Syl-
vania Missile Systems Laboratory, Wal-
tham, Mass., as a senior engineering special-
ist and consultant. In 1958, he joined the 
Martin Company, Baltimore Division, Bal-
timore, Md., as principal staff scientist. 

Dr. Spencer is a Fellow of the American 
Physical Society and the AAAS, and a mem-
ber of the American Optical Society, the 
American Mathematical Society, Sigma Xi, 
and RESA ( Research Society of America). 
He served on the U. S. National Committee 
of Commission VI of URSI and was a U. S. 
delegate to three International Assemblies 
in 1952, 1954, and 1957. 

James O. Spriggs ( M'60) was born in 
Syracuse, N. Y., on May 18, 1914. He re-
ceived the B.A. degree in sociology in 1936, 

the 1.1-B degree in 
1940, and the B.A. 
degree in physics in 
1945, all from Syra-
cuse University, Syr-
acuse, N. Y. He is 
a member of the New 
York State Bar. 

From 1940 to 1942, 
he practiced law with 
Spriggs, Merry, and 
Hartman of Syra-
cuse. He was engaged 
in research and de-

velopment in the fields of direction finding 
and countermeasures at the Naval Research 
Laboratory, Washington, D. C., from 1942 
to 1949, receiving the Meritorious Civilian 
Service Award in 1946. From 1949 to 1958, 
he was in the Office of the Secretary of De-
fense, first in the Research and Development 
Board, the Office of the Assistant Secretary 
for Research and Development, and then the 
Office of the Director of Guided Missiles. 
Since 1958, he has been on the staff of the 
Advanced Research Projects Agency in the 
ballistic missile defense and space fields as 
Special Assistant to the Chief Scientist, to 
the Deputy Director, and, most recently, as 
Program Manager for the Courier communi-
cations and the Transit navigation satellite 
project. 

et. 

R. E. Stalcup was born in Bloomfield, 
Ind., on February 19, 1927. He received the 
B.S.E.E. and M.S.E.E. degrees from Purdue 
University, Lafayette, luid., in 1950 and 
1959, respectively. He is now working on the 
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Ph.D. degree at the University of Illinois, 
Urbana. 

After receiving the B.S.E.E. degree, he 
joined ITT Labora-
tories, Fort Wayne, 
Ind., where he has 
done research and 
development in the 
following fields: de-
sign and develop-
ment of magnetic 
amplifiers for servo 
applications and for 
computing devices; 
design of radio and 
television circuitry; 
design and develop-

ment of digital computer circuitry, a radar 
system test set and fuze test set; Terrier and 
Bomarc missile programs; analysis, design 
and development of aircraft fire-control sys-
tems; studies pertaining to the use of radi-
ometers in guidance systems; and analysis of 
infrared attitude control system for space 
vehicle (orbiting) and studies of applicabil-
ity of Doppler radar to terminal guidance 
problems of space vehicles. 

R. E. STALCUP 

Armand R. Tangua)' (S'49-A'51-SM'57) 
was born in Beloeil, Quebec, Can., on Feb-
ruary 1, 1924. He received the B.S.E.E. 

degree from the Uni-
versity of Massachu-
setts, Amherst, in 
1950and the M.S.E.E. 
degree from the Mas-
sachusetts Institute 
of Technology, Cam-
bridge, in 1951. While 
at M.I.T., he was a 
research assistant at 
the Digital Com-
puter I.aboratory 
(Project Whirlwind) 
doing research on 

electrostatic storage tubes. 
From 1951 to 1957, he was employed at 

the Cornell Aeronautical Laboratory, Buf-
falo, N. Y. He was Associate Research En-
gineer from 1951 to 1955, concerned with 
research and development of military elec-
tronic systems and responsible for develop-
ment of advanced missile ground guidance 
equipment. From 1955 to 1957, he was head 
of the Systems Analysis Section in the 
Weapons Systems Design Department, re-
sponsible for analysis, evaluation and data 
processing for the Lacrosse missile program, 
as well as for studies on advanced missile 
systems. Now with Radiation Incorporated, 
Orlando, Fla., he is Head of the Systems 
Research Department, with responsibility 
for advanced missile systems, space vehicle 
systems and guidance studies, computer 
simulation, and research in automation. 

Mr. Tangua)' is a member of Phi Kappa 
Phi and a senior member of the American 
Astronautical Society and Sigma Xi. 

A. R. TAN(.‘ 

Frederick J. Tischer (SM'55) was born 
on March 14, 1913, in Plan, Austria. He re-
ceived the Ph.D. degree from the University 
of Prague, Czechoslovakia, in 1938, and did 

F. J. TISCHER 

PROCEEDINGS OF THE IRE 

advanced study at the University of Berlin, 
Germany. 

Before coming to the United States in 
1954, he directed ac-
tivities in micro-
waves at the Royal 
Institute of Technol-
ogy, Stockholm, Swe-
den. He headed a 
research group work-
ing on electronic 
guidance at Redstone 
Arsenal, Huntsville, 
Ala., until 1956, when 
he joined the staff of 
the Electrical Engi-
neering Department, 

The Ohio State University, Columbus. He 
is now an associate professor, and has 
taught, among other courses, one on space 
communications for two years. He is the 
author of "Microwave Measurements," and 
of numerous articles on communication 
theory, microwaves, and electromagnetics. 
He is the inventor of the Ring Resonator, 
the H-Guide, and several other microwave 
devices and antennas. 

Dr. Tischer is a member of Sigma Xi. 

• 

Theodore H. Vea (S'50-A'53-M'59) was 
born in Canton, Ohio on December 13, 1930. 
He received the B.S.E.E. degree from the 

University of Cin-
cinnati, Cincinnati, 
Ohio, in 1953 where, 
on the cooperative 
engineering program, 
he was employed by 
the Wright Air De-
velopment Center in 
the search radar 
branch. In 1954-
1955, he was an in-
structor in the elec-
trical engineering de-
partment at the Uni-

versity of Pittsburgh, Pittsburgh, Pa., where 
he received the M.S. degree in 1955. 

He has been employed by the Westing-
house Air Arm Division, Stanford Applied 
Electronics Laboratory, and the General 
Electric Computer Department where he 
has worked on airborne fire control sys-
tems, electronic countermeasure systems 
and the development of a data processing 
system for banking applications. In 1957, he 
returned to Stanford University to do gradu-
ate study and was a Research Assistant in 
the Radio Propagation Laboratory. In 1959, 
he joined the Philco Western Development 
Laboratory, Palo Alto, Calif., where he is 
employed as a project engineer in the ad-
vanced applications section of the satellite 
systems department. His activities include 
the analysis and design of communication 
systems for satellite applications. 

Mr. Vea is a member of the American 
Institute of Physics, the Association for 
Computing Machinery, and AIEE. 

Joseph H. Vogelman (M'46-SM'49-
F'59) was born in New York, N. Y., on Au-
gust 18, 1920. He received the B.S. degree 
in 1940 from the College of the City of New 
York, N. Y., and the M.S. and Ph.D. de-

T. H. VEA 

April 

grees in 1948 and 1957, respectively, from 
the Polytechnic Institute of Brooklyn, N. Y., 
both in electrical engineering. 

In 1945, after sev-
eral years at the Sig-
nal Corps Radar 
Laboratory at Ft. 
Hancock and Bel-
mar, N. J., he joined 
the staff of the Wat-
son Laboratories, 
Red Bank, N. J., 
where he served as 
Chief of the Develop-
ment Branch until 
1951, responsible for 
research and develop-

ment of test equipment and microwave 
components and techniques. In 1951, he 
moved to the Rome Air Development 
Center, Griffiss Air Force Base, Rome, N. Y. 
From 1951 to 1953, he was Chief Scientist 
in the General Engineering Laboratory 
and consultant on UHF and SHF theory 
and techniques to the Air Force. From 1953 
to 1956, he was Chief of the Electronic 
Warfare Laboratory, directing all research 
and development in ground-based electronic 
warfare for the Air Force. From 1956 
through June, 1959, he was Technical Di-
rector of the Communications Directorate 
with responsibility for the Air Force research 
and development effort in ground-based and 
ground-to-air communications. He is now 
Director of Research and Development at 
Dynamic Electronics Division, Capehart 
Corporation, Richmond Hill, N. Y. 

Dr. Vogelman is a Fellow of the AAAS 
and a member of Eta Kappa Nu, Sigma Xi, 
the AIEE, and the Armed Forces Communi-
cations and Electronics Association. 

J. H. VOGELMAN 

James M. Walter, Jr. (S'54-M'56) was 
born on March 13, 1931 in Harrodsburg, Ky. 
He received the B.E.E. degree from the Uni-

versity of Florida, 
Gainesville, in 1956. 

After serving with 
the U. S. Navy for 
four years as an avia-
tion electronic tech-
nician, he joined 
Radiation, Inc., Mel-
bourne, Fla., in 1956. 
His work there has 
included participa-
tion in low-level elec-

J. M. WALTER. JR. tronic subcommuta-
tion, 250-channel 

multiplexer, RADI CON, RA DIAN, 
AFMTC Timing Terminal Equipment, 
PDM to digital coder and PPM to digital 
coder developments. He has recently been 
engaged in the development of a 96-channel 
digital data acquisition system for NORAIR 
and the acquisition system reported on in 
this issue. 

Mr. Walter is a member of Sigma Tau 
and Phi Eta Sigma. 

George C. Weiffenbach was born on June 
20, 1921 in Newark, N. J. He attended Har-
vard University. Cambridge, Mass, where he 
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ble for the design and development of the 
first complete automatic track-while-scan 
unit for the VOLSCAN system. In connec-

tion with this work 
he invented the "light 
gun" for the acquisi-
tion of radar targets 
and assignment of 
automatic tracking 
gates. The light gun 
has since been adopted 
by a number of agen-
cies for application in 
military radar sys-
tems, among them 

F. F. SLACK the SAGE system. 
He is now chief 

of the Development Section of the AFCRC 
Astrosurveillance Sciences Laboratory, Bed-
ford Mass. Dealing with special systems, he 
has developed the Cartesian coordinate au-
tomatic tracking system (CARTRAC) for 
the Tactical Air Command, designed a semi-
automatic intercept computer (SAINT), 
and, more recently, evolved techniques for 
detecting the launching of missiles and satel-
lites. 

•:• 

Richard J. Slifka was born in Milwaukee, 
Wis., September 10, 1927. He received the 
B.S.E.E. degree from the University of Wis-

consin. Madison, in 
1951. 

After graduation, 
he joined the AC 
Spark Plug Division 
of the General Mo-
tors Corp., Milwau-
kee, Wis., as a service 
engineer. In this ca-
pacity, he was associ-
ated with the Gun-
sight and Bombing 
Navigational Com-
puter projects. In 

1956. he joined the AC Spark Plug Engineer-
ing Department, in which his projects in-
cluded test planning and coordination of 
field sites for the inertial guidance equip-
ment for the Thor Missile. He is now a senior 
project engineer, responsible for field opera-
tions for the inertial guidance equipment for 
the Thor Missile. 

Mr. Slifka is a member of the AIEE. 

R. J. SI.IFKA 

Alex G. Smith was born in Clarksburg, 
W. Va., on August 12, 1919. He received the 
B.S. degree it) physics from the Massachu-

setts Institute of 
Technology, Cam-
bridge, in 1943. Dur-
ing the remainder of 
the war, he worked at 
the M.I.T. Radiation 
Laboratory on mag-
netron development, 
and participated in 
the writing of a vol-
ume of the Radiation 
Laboratory Series. In 
1948, he received the 
Ph . D degree in phys-

A. G. SMITH 

ics at Duke University, Durham, N. C., for 
which he wrote a dissertation on microwave 
spectroscopy. 

Since that time he has been at the Uni-
versity of Florida in Gainesville, where he 
has held the ranks of assistant professor, 
associate professor, and, currently, full pro-
fessor of physics. His research interests at 
the University have included microwave 
spectroscopy, military VHF electronics de-
velopment, atmospheric optics, and low-
frequency planetary radio astronomy. 

Dr. Smith is a member of Sigma Xi, the 
American Physical Society, the American 
Optical Society, the American Astronomical 
Society, and the Astronomical Society of the 
Pacific. 

Robert T. Smith (M'56) was born in 
Kansas City, Mo., on October 25, 1930. 
He received the B.S.E.E. degree from the 

Universityof Kansas, 
Lawrence, in 1952. 
and while there he 
was employed by the 
University of Kansas 
Research Foundation 
on an analog com-
puter development 
project. 

Upon graduation, 
he joined the U. S. 
Naval Ordnance Test 

R. T. SMITH Station, China Lake, 
Calif., where he 

worked on air-to-ground fire control sys-
tems, special weapon fuzing systems, and 
automatic process control systems. In 1956, 
he assumed the responsibility of program 
manager for an airborne lire control pro-
gram. He joined the Philc° Western Devel-
opment Laboratories, Palo Alto, Calif., in 
1958, and is now manager of the advanced 
applications section of the satellite systems 
department. His current activities are in the 
analysis and design of current and proposed 
space electronic programs. 

Mr. Smith is a member of Eta Kappa Nu 
and Sigma Tau. 

Roy C. Spencer (M'46-SM'50-F'60) 
was born on April 14, 1901 in Pennellville, 
New York. He received the B.A. degree from 

Cornell University, 
Ithaca, N. Y. in 
1922, and the Ph.D. 
degree in physics 
from Columbia Uni-
versity, New York, 
N. Y., in 1932. 

From 1922-1923, 
he was a Fellow in 
Astronomy at Swarth-
more, College, Swarth-
more, Pa., and from 
1923-1924, a Hech-
scher assistant in X 

rays at Cornell University. In 1926 and 1927, 
he was a Radio Tube Development engineer 
at the U'estinghouse Lamp Co., Bloomfield, 
N. J. From 1927 to 1931. he was an in-

R. C. SPENCER 

structor in physics at Columbia University, 
and from 1931 to 1941, he held positions of 
instructor, assistant professor and associate 
professor of physics at the University of 
Nebraska, Loncoln. 

In 1941 he was granted a leave of ab-
sence from the University of Nebraska to 
become a staff member of the Radiation Lab-
oratory of the Massachusetts Institute of 
Technology, Cambridge, Mass., where he 
carried out research on microwave antennas 
and diffraction theory. He was chief of the 
Antenna Laboratory of the Air Force Cam-
bridge Research Center, Bedford, Mass., 
from 1946 to 1955, when he joined the Syl-
vania Missile Systems Laboratory, Wal-
tham, Mass., as a senior engineering special-
ist and consultant. In 1958, he joined the 
Martin Company, Baltimore Division, Bal-
timore, Md., as principal staff scientist. 

Dr. Spencer is a Fellow of the American 
Physical Society and the AAAS, and a mem-
ber of the American Optical Society, the 
American Mathematical Society, Sigma Xi, 
and RESA ( Research Society of America). 
He served on the U. S. National Committee 
of Commission VI of URSI and was a U. S. 
delegate to three International Assemblies 
in 1952, 1954, and 1957. 

James O. Spriggs ( M'60) was born in 
Syracuse, N. Y., on May 18, 1914. He re-
ceived the B.A. degree in sociology in 1936, 

the LL.B degree in 
1940, and the B.A. 
degree in physics in 
1945, all from Syra-
cuse University, Syr-
acuse, N. Y. He is 
a member of the New 
York State Bar. 

From 1940 to 1942, 
he practiced law with 
Spriggs, Merry, and 
Hartman of Syra-
cuse. He was engaged 
in research and de-

velopment in the fields of direction finding 
and countermeasures at the Naval Research 
Laboratory, Washington, D. C., from 1942 
to 1949, receiving the Meritorious Civilian 
Service Award in 1946. From 1949 tó 1958, 
he was in the Office of the Secretary of De-
fense, first in the Research and Development 
Board, the Office of the Assistant Secretary 
for Research and Development, and then the 
Office of the Director of Guided Missiles. 
Since 1958, he has been on the staff of the 
Advanced Research Projects Agency in the 
ballistic missile defense and space fields as 
Special Assistant to the Chief Scientist, to 
the Deputy Director, and, most recently, as 
Program Manager for the Courier communi-
cations and the Transit navigation satellite 
project. 

J. O. SPRIGGS 

R. E. Stalcup was born in Bloomfield, 
Ind., on February 19, 1927. He received the 
B.S.E.E. and M.S.E.E. degrees from Purdue 
University, Lafayette, hid., in 1950 and 
1959, respectively. He is now working on the 
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Ph.D. degree at the University of Illinois, 
Urbana. 

After receiving the B.S.E.E. degree, he 
joined ITT Labora-
tories, Fort Wayne, 
Ind., where he has 
done research and 
development in the 
following fields: de-
sign and develop-
ment of magnetic 
amplifiers for servo 
applications and for 
computing devices; 
design of radio and 
television circuitry; 
design and develop-

ment of digital computer circuitry, a radar 
system test set and fuze test set; Terrier and 
Bomarc missile programs; analysis, design 
and development of aircraft fire-control sys-
tems; studies pertaining to the use of radi-
ometers in guidance systems; and analysis of 
infrared attitude control system for space 
vehicle (orbiting) and studies of applicabil-
ity of Doppler radar to terminal guidance 
problems of space vehicles. 

4t, 

Armand R. Tanguay (S'49-A'51-SM'57) 
was born in Beloeil, Quebec, Can., on Feb-
ruary 1, 1924. He received the B.S.E.E. 

degree from the Uni-
versity of Massachu-
setts. Amherst, in 
1950 and the M.S.E.E. 
degree from the Mas-
sachusetts Institute 
of Technology, Cam-
bridge, in 1951. While 
at M.1.-r., he w:is a 
research assistant at 
the Digital Com-
puter I.aboratory 
(Project Whirlwind) 
doing research on 

electrostatic storage tubes. 
From 1951 to 1957, he was employed at 

the Cornell Aeronautical Laboratory, Buf-
falo, N. Y. Ile was Associate Research En-
gineer from 1951 to 1955, concerned with 
research and development of military elec-
tronic systems and responsible for develop-
ment of advanced missile ground guidance 
equipment. Front 1955 to 1957, he was head 
of the Systems Analysis Section in the 
Weapons Systems Design Department, re-
sponsible for analysis, evaluation and data 
processing for the Lacrosse missile program, 
as well as for studies on advanced missile 
systems. Now with Radiation Incorporated, 
Orlando, Fla., he is Ilead of the Systems 
Research Department, with responsibility 
for advanced missile systems, space vehicle 
systems and guidance studies, computer 
simulation, and research in automation. 

Mr. Tanguay is a member of l'hi Kappa 
Phi and a senior member of the American 
Astronautical Society and Sigma Xi. 

A. R. TANGI'AV 

Frederick J. Tischer (SM'55) was born 
on March 14, 1913, in Plan, Austria. He re-
ceived the 1'h. D. degree from the University 
of Prague, Czechoslovakia, in 1938, and did 
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advanced study at the University of Berlin, 
Germany. 

Before coming to the United States in 
1954, he directed ac-
tivities in micro-
waves at the Royal 
Institute of Technol-
ogy, Stockholm, Swe-
den. He headed a 
research group work-
ing on electronic 
guidance at Redstone 
Arsenal, Huntsville, 
Ala., until 1956, when 
he joined the staff of 
the Electrical Engi-
neering Department, 

The Ohio State University, Columbus. He 
is now an associate professor, and has 
taught, among other courses, one on space 
communications for two years. He is the 
author of " Microwave Measurements," and 
of numerous articles on communication 
theory, microwaves, and electromagnetics. 
He is the inventor of the Ring Resonator, 
the H-Guide, and several other microwave 
devices and antennas. 

Dr. Tischer is a member of Sigma Xi. 

Theodore H. Vea (S'50-A'53-M'59) was 
born in Canton, Ohio on December 13, 1930. 
He received the B.S.E.E. degree from the 

University of Cin-
cinnati, Cincinnati, 
Ohio, in 1953 where, 
on the cooperative 
engineering program, 
he was employed by 
the Wright Air De-
velopment Center in 
the search radar 
branch. In 1954-
1955, he was an in-
structor in the elec-
trical engineering de-
partment at the Uni-

versity of Pittsburgh, Pittsburgh, Pa., where 
he received the M.S. degree in 1955. 

He has been employed by the Westing-
house Air Arm Division, Stanford Applied 
Electronics Laboratory, and the General 
Electric Computer Department where he 
has worked on airborne fire control sys-
tems, electronic countermeasure systems 
and the development of a data processing 
system for banking applications. In 1957, he 
returned to Stanford University to do gradu-
ate study and was a Research Assistant in 
the Radio Propagation Laboratory. In 1959. 
he joined the Philco Western Development 
Laboratory, Palo Alto, Calif., where he is 
employed as a project engineer in the ad-
vanced applications section of the satellite 
systems department. His activities include 
the analysis and design of communication 
systems for satellite applications. 

Mr. Vea is a member of the American 
Institute of Physics, the Association for 
Computing Machinery, and A I EE. 

Joseph H. Vogelman (M'46-SM'49-
F'59) was born in New York, N. Y., on Au-
gust 18, 1920. He received the B.S. degree 
in 1940 from the College of the City of New 
York, N. Y., and the M.S. and Ph.D. de-

F. J. TISCHER 
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grees in 1948 and 1957, respectively, from 
the Polytechnic Institute of Brooklyn, N. Y., 
both in electrical engineering. 

In 1945, after sev-
eral years at the Sig-
nal Corps Radar 
Laboratory at Ft. 
Hancock and Bel-
mar, N. J., he joined 
the staff of the Wat-
son Laboratories, 
Red Bank, N. J., 
where he served as 
Chief of the Develop-
ment Branch until 
1951, responsible for 
research and develop-

ment of test equipment and microwave 
components and techniques. In 1951, he 
moved to the Rome Air Development 
Center, Griffiss Air Force Base, Rome, N. Y. 
From 1951 to 1953, he was Chief Scientist 
in the General Engineering Laboratory 
and consultant on UHF and SHF theory 
and techniques to the Air Force. From 1953 
to , 1956, he was Chief of the Electronic 
Warfare Laboratory, directing all research 
and development in ground-based electronic 
warfare for the Air Force. From 1956 
through June, 1959, he was Technical Di-
rector of the Communications Directorate 
with responsibility for the Air Force research 
and development effort in ground-based and 
ground-to-air contmunications. He is now 
Director of Research and Development at 
Dynamic Electronics Division, Capehart 
Corporation, Richmond Hill, N. Y. 

Dr. Vogelman is a Fellow of the AAAS 
and a member of Eta Kappa Nu, Sigma Xi, 
the MEE, and the Armed Forces Communi-
cations and Electronics Association. 

J. H. VOGELMAN 

James M. Walter, Jr. (S'54-M'56) was 
born on March 13, 1931 in Harrodsburg, Kv. 
He received the 13.E.E. degree from the Uni-

versity of Florida, 
Gainesville, in 1956. 

After serving with 
the U. S. Navy for 
four years as an avia-
tion electronic tech-
nician, he joined 
Radiation, Inc., Mel-
bourne, Fla., in 1956. 
His work there has 
included participa-
tion in low-level elec-

.!. M. WALTER, J it. tronic subcommtt ta-
don, 250-channel 

multiplexer, RAI ) 1 CON, RA DIAN, 
AFMTC Timing Terminal Equipment, 
PDM to digital coder and PPM to digital 
coder developments. He has recently been 
engaged in the development of a 96-channel 
digital data acquisition system for NORA I R 
and the acquisition system reported on in 
this issue. 

Mr. Walter is a member of Sigma Tau 
and Phi Eta Sigma. 

George C. Wei ffenbach was born on June 
20, 1921 in Newark, N. J. He attended Har-
vard University, Cambridge, Mass. where he 
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obtained the B.A. degree in 1949, and also 
Catholic University, Washington, D. C., 
where he obtained the Ph.D. degree in ex-

perimental physics in 
1958. 

He joined the Ap-
plied Physics Labora-
tory of The Johns 
Hopkins University, 
Silver Spring, Md., in 
1951 and is now a 
senior staff member 
in the field of experi-
mental physics. 

Dr. Weiffenbach 
G. C. WEIFFENBACH is a member of Sigma 

Chi, the American 
Institute of Physics, the American Geo-
physical Union and the Philosophical So-
ciety of Washington, D. C. 

William E. Williams, Jr. (SM'55) was 
born in Hattiesburg, Miss , on April 6, 1921. 
He received the B.S. degree in physics in 
1942 from Mississippi State College. 

After graduation, he joined the staff of 
the National Bureau of Standards where he 

was engaged in circuit design work on prox-
imity fuzes for bombs and rockets. After a 
tour of duty in the Army from 1944 to 1946, 

he returned to the 
Electronic Instru-
mentation Section, 
NBS, where his field 
of work was in the 
design of a variety of 
special-purpose in-
struments to measure 
pressure, liquid lev-
els, vibration, and oil 
film thickness, as well 
as pulse generators 

W. E. Wn.LiAms, JR. and temperature con-
trol equipment. From 

1953 to 1956, he was engaged in the design 
of aircraft flight simulators with primary re-
sponsibility for the simulated radar and 
electronic countermeasures systems. From 
1956 to 1959, he was responsible for the de-
sign of missile telemetry systems for the 
Diamond Ordnance Fuze Laboratory. Since 
then, he has been staff assistant for teleme-
try in the Office of Space Flight Operations, 
National Aeronautics and Space Adminis-
tration. 

Mr. Williams is an associate member of 
the Telemetry Working Group of the Inter-
Range Instrumentation Group. 

L. B. W ILNER 

L. Bruce Wilner was born in Fargo, 
N. D., on August 7, 1931. He attended Yale 
University, New Haven, Conn., with the 

assistance of scholar-
ships, and received 
the B.E. degree in 
1953. He studied at 
Stanford University, 
Stanford, Calif., and 
received an M.S. de-
gree in mechanical 
engineering in 1954. 

He was employed 
by Los Alamos Scien-
tific Laboratory for 
four years and par-
ticipated in several 

weapons test operations. In 1958, he was em-
ployed by Lockheed Missiles and Space Di-
vision, Palo Alto, Calif., and is now working 
in the Instrumentation Research Group of 
the Communications and Controls Depart-
ment at LMSD. His fields of activity have 
included nuclear component design, gas 
thermodynamics, and high-pressure technol-
ogy, relaxation phenomena, and instrumen-
tation for measurements in fluids. 

Mr. Wilner is an associate member of 
ASME. 

*7. 
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IRE Awards, 1960  

Founders Award 

HARADEN PRATT 

For outstanding contributions to The 
Institute of Radio Engineers through wise 
and courageous leadership in the planning 
and administration of technical develop-
ments which have greatly increased the im-
pact of electronics on the public welfare. 

Morris Liebmann Memorial 
Prize 

J. A. RAJCHMAN 

For contributions to the development of 
magnetic devices for information processing. 

Browder J. Thompson 
Memorial Prize 

J. W. GEWARTOWSKI 

For his paper entitled "Velocity and 
Current Distributions in the Spent Beam of 
the Backward-Wave Oscillator," which ap- 
peared in the October, 1958 issue of the 
IRE TRANSACTIONS ON ELECTRON DEVICES. 

1FL 
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Medal of Honor Award 

HARR% NYQUIST 

For fun<Lmental contributions to a 
quantitative understanding of thermal noise, 
data transmission and negative feedback. 

Harry Diamond Memorial 
Award 

K. A. NORTON 

For contributions to the understanding of 
radio wave propagation. 

W. R. G. Baker Award 

E. J. NALos 

For his paper entitled "A Hybrid Type 
Traveling-Wave Tube for High-Power 
Pulsed Amplification," which appeared in 
the July, 1958 issue of the IRE TRANSAC-
TIONS ON ELECTRON DEVICES. 
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New Fellows 

R. B. ADLER 

For contributions to engineering educa-
tion and to research in electronics. 

ets, 

W. M. BAILEY 

For contributions to capacitor tech-
nology. 

J. F. CALVERT 

For contributions to electrical engineer-
ing and education. 

It II. AIKEN 

For contribmions to the development of 
computer science and technology. 

Runot.i: BECHMANN 

For contributions i the field of piezo-
electric cr} stals. 

D. K. CHENG 

For contributions to engineering educa-
tion and antenna theory. 

H.0 t; \II•\i.• 

For contributions to the understanding 
of the properties of plasmas. 

J. I. BOHNERT 

For contributions in the field of micro-
wave antennas. 

TREVOR CLARK 

For contributions to military electronics. 
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P. W. C R A PUCH ETTES 

New Fellows 

A. N. CURTISS I )EAN 

For contributions to microwave tube For contributions to radio and radar For contributions in the field of radio and 
technology. technology. 

G. A. DEscuAmPs 

F07 contributions to analysi; of micro-
wave components. 

I. G. EASTON 

A. C. DICKIESON 

For contributions to wire and radio com-
muni( 'ations 

P. G. EowAltos 

television receivers. 

STEPHEN I )013A, J R. 

For contributions in the field of televi-
sion signal transmission. 

J. H. FELKER 

For contributions to impedance measur- For contributions in the field of tele- For contributions to computer tech-
ing techniques and equipment, phone communication systems. nology. 
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New Fellows 

.1 prii 

G. J. I IEDLER G. A. FOWLER I). W. FRY 

For contributions to electronic process For contributions to atomic energy For contributions to research in con-
control systems. instrumentation. trolled fusion. 

M. J. E. GOLAY 

For application of electronics to meas- For contributions to the field of compu- For contributions to the fields of corn-
urement techniques. tation. munications and infrared technology. 

GEORGES GOUDET 

For contributions to engineering educa-
i ion and for the administration of research. 

W. J. HAMM 

For service in teaching and research. 

H. C. HARDY 

For contributions to electroacoustics. 
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R. A. 11ELLiwELL 

For contributions to ionospheric radio 
propagation. 

W. H. C. HIGGINS 

For contributions to military electronics. 

F. L. HOPPER 

For contributions in underwater sound 
search and sound recordings 

New Fellows 

R. K. HELLMANN 

For work in military electronics. 

C. L. HOGAN 

S. W. HERWALD 

For contributions to servomechanism 
technology. 

J. M. HOLLYWOOD 

For pioneering in the application of For contributions to electronic counter-
ferrites, measures and mlor television. 

P. W. HOWELLS 

For contributions to color television. 

H. R. HUNTLEY 

For contributions to communications 
engineering. 
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E. O. JOHNSON 

For contributions to gaseous electronics 
and semiconductors. 

C. L. KOBER 

For application of elecironic techniques 
to defense systems. 

W. A. LYNCH 

New Fellows 

HARWICK JOHNSON 

For contributions to the development of 
electron devices. 

HARRY 1.1O• i TER 

For contributions to defense electronics. 

J. M. MANLEY 

E. A. KELLER 

For contributions to sound recording and 
telephone switching systems. 

J. G. LINVILL 

For contributions to network theory and 
transistor circuits. 

M. A. McLENNAN 

For contributions to engineering educa- For contributions to the theory of modu- For contributions in aero-medical elec-
tion. lators and parametric amplifiers. tronics. 



p.W) IRE Awards, 1960 817 

e °lb% 

)(MEN MyrcitEtc. 
For contributions to lcmg-distance com-

munications•systems. 

JotiN B. MooRE 

For impnwentents in communications 
coding techniques. 

SnoGo NAMBA 

l'or contributions to the understanding 
of ionospheric radio propagation 

New Fellows 

_I. MoLNAR 

For contributions to gaseous and solid-
state electron devices. 

THEODORE MORENO 

L. Il. NIoNTGomERv, 

For contributions to medical electronics. 

T. FI. NloRRIN 

For contributions in the field of micro- For the administration of research in 
wave electronics. 

F. R. NORTON 

electronic-s. 

FRANZ OLLENDORFT 

For contributions to radar and tele- For contributions to electromagnetic 
vision theory and engineering education. 
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New Fellows 

R. L. eAti 

April 

L. L. RAUCH 

For contributions in t he field of transistor For contributions to international radio For contributions to the theory and prac-
circuits communications systems. tice of radio telemetry. 

H. R. REED 

For contributions to engineering edu-
cation. 

V. H. RUMSEY 

For contributions to antenna theory and For contributions to the art of magnetic For contributions in the fields of micro-
practice. recording. 

V. C. RIDEOUT 

For contributions in the fields of micro-
wave and computer education. 

\\ . SELSTED 

A W ROGERS 

For contribution:- in the development of 
electronic components. 

SAMUEL SENSIPER 

wave instrumentation and radiation. 
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WILLIAM SICHAK 

For contributions to the techniques of 
microwave transmission. 

A. H. SommER 

For contributions in the field of photo-
emissive surfaces. 

L. G. TROLESE 

For contributions to the understanding 
of radio wave propagation. 

R. C. SPENCER 

wave antennas. 

D. F. TUTTLE, JR. 

For contributions to network theory and 
eduicat ion. 

New Fellows 

R. L. SINK 

For contributions to the field of digital For coutributions to the development of 
instrumentation systems. high-power transmitting tubes. 

P. T. SMITH 

W . E. TOLLES 

For contributions to the theory of micro- For the application of electronics to the 
field of medicine. 

G. E. VALLEY, JR. 

For contributions to military systems 
engineerng. 
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New Fellows 

J. A. VAN ALLEN 

For the experimental discovery and ex-
ploration of radiation belts around the 
earth. 

W. M. W EBSTER, JR. 

For contributions to gaseous electronic 
and solid-state devices. 

L. A. \V.-M.1:ER 

For services as an engineering teacher 
and administrator. 

Louis W EINBERG 

For contributions to the field of network 
theory. 
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Books  

Acoustique Musicale, Colloques Inter-
nationaux du Centre National de la 
Recherche Scientifique 

Published ( 1959) by the Editions du Centre Na-
tional de la Recherche Scientifique, 13. Quai Anatole 
France, Paris 7". France. 259 pages. 7 X8I. (In 
French.) 3.4170 fr. 

This volume contains the research papers 
presented at a three day international 
colloquium on musical sound, held at Mar-
seille in 1958. One section of ten papers is 
about musical scales and harmony matters. 
The other section of thirteen papers is con-
cerned with the physics of stringed and 
wind instruments. Electronics is involved 
only in the research instrumentation for 
spectrum analyses and frequency measure-
ment. Nevertheless, an engineer interested 
in electronic means for music production, or 
for music reproduction, will find interesting 
and worthwhile basic information here 
about the traditional tone sources and the 
characteristics of their output waves. Among 
the musical instruments studied are the 
violin, cello, guitar, harmonium, pipe organ, 
French horn, trumpet, flute, clarinet, saxo-
phone, bass horn, piano, and the human 
voice. The treatment of each instrument 
could not be comprehensive in one volume 
(or colloquium), but is illustrative and 
indicative of the possibilities for further re-

d> search. The authors are from England, 
France, Germany, Hungary, Iran, the 
Netherlands, the USA, and the USSR. 

DANIEL W. MARTIN 
The Baldwin Piano Company 

Cincinnati, Ohio 

Electron Tube Circuits, by Samuel Seely 

Published ( 1958) by McGraw-Hill Book Co., Inc., 
330 W. 42 St., N. Y. 36, N. Y. 657 pages + 14 index 
pages +21 appendix pages +xi pages. Illus. 64 X9I. 
$10.50. 

This book has been written for electrical 
engineering students in the fourth year of 
the electrical engineering curriculum. It con-
sists of some 657 pages exclusive of ap-
pendixes and index and is to a large extent 
identical to the preceding volume (first 
edition). Some thirty-five pages of new ma-
terial on semiconductors and transistor cir-
cuit applications have been added. 

The author covers the same topics that 
were covered in the first edition with some 
change in the order and with the material on 
feedback organized in a separate chapter. 
There is also some reorganization in the 
chapters on oscillators and relaxation oscil-
lators. New material has been added, in addi-
tion to the treatment of semiconductors and 
transistors, with respect to feedback and the 
effect of inverse feedback on the effective 
internal impedance of an amplifier. The dis-
cussion of internal impedance is considerably 
improved and expanded. The analysis of the 
cathode follower as a sample of the feedback 

circuit is very well done. A decided improve-
ment has been n made in Chapter 8 in the 
analysis of the difference amplifier. New 
material has also been included in the chap-
ter on electronic computer circuits on the 
solution of simple differential equations. 
This chapter has 23 problems of which 10 
are either identical with or slightly different 
from the problems in the old text. 

Most of the new material is to be found 
in the expansion of the treatment of electron 
tube circuits. To a large extent the problems 
remain unchanged except for the addition of 
a few problems in most chapters, as for ex-
ample Chapter 11, Tuned Potential Ampli-
fiers, where the 29 problems include seven 
new problems added to the original 22 used 
in the corresponding chapter of the old text. 
A considerable improvement has been 
made in portions of the treatment of tuned 
power amplifiers. 

The author makes a somewhat obvious 
effort to avoid the use of the word voltage, 
using potential instead. He also uses the 
term electron tube to refer to and to include 
all types of electron devices including 
transistors. 

The author provides introductory treat-
ment of the physical basis for semiconductor 
diode and transistor behavior as circuit com-
ponents. The space provided for this treat-
ment is not adequate for a satisfactory 
presentation. His development of the equiv-
alent circuit of the transistor is related to the 
method used for tube equivalent circuits but 
is not so complete or satisfying. No mention 
is made of the h-parameters. Four terminal 
network theory is not adequately intro-
duced and its usefulness is not made clear. 

In summary, the second edition of this 
text provides a thorough and improved 
treatment of electron tube circuits. It does 
not, however, provide an integrated treat-
ment of transistor and tube circuit theory 
with the proper distribution of emphasis in 
the semiconductor field. 

E. M. BOONE 
Ohio State University 

Columbus, Ohio 

Information Transmission, Modulation, and 
Noise, by Mischa Schwartz 

Published ( 1959) by McGraw-Hill Book Co., Inc., 
330 W. 42 St., N. Y. 36, N. Y. 454 pages +7 index 
pages +xv pages. Illus. 61 X9I. $11.00. 

A concomitant of progress in any field is 
the gradual assimilation of previously eso-
teric material into earlier and earlier stages 
of the university curriculum in that field. 
Thus, in electrical engineering, the almost 
incomprehensible electromagnetic theory 
of eighty-five years ago is now meat for 
sophomores, and juniors and seniors are 
regularly exposed to the abstrusenesses of 
the modern form of network theory originat-

ing some thirty years ago. We are currently 
in the process of absorbing into the under-
graduate electrical engineering curriculum 
the fruits of two decades of research into 
the application of statistical techniques to 
communication and control system design. 
The present book is a much-needed step in 
this process. 

At present, a course in probability 
theory is, unfortunately, not generally re-
quired in the beginning years of an electrical 
engineering education—a situation which 
assuredly will change. Without the benefit 
of such a prerequisite course, however, and 
given only one semester in the senior year in 
which to teach communication theory, the 
question is: what should be taught? The 
answers to this have largely been the unsat-
isfactory extremes either of concentrating 
on classical probability theory and statistics, 
with perhaps some vague indication of the 
connection of all this abstract basic material 
to communication systems, or of concen-
trating on ad hoc systems, without giving an 
underlying statistical approach to the theory 
of communication systems in general. Pro-
fessor Schwartz has now given us an excel-
lent compromise solution. 

In the first chapter, the author, by rely-
ing predominantly on the student's intuitive 
understanding of probability, gives a very 
brief introduction to the notions of informa-
tion content and system capacity. He shows 
that two principal features of a communica-
tion system which limit its ability to trans-
mit information by means of a physical sig-
nal are the maximum rate at which it will 
allow the signal to change, and the number of 
different signal states which the system can 
distinguish. The study of these features 
forms the unifying theme of the book. The 
first, related to the bandwidth of the sys-
tem, is investigated in Chapter 2, in which 
are considered the Fourier analysis of signals 
and the effects of linear systems on signals. 
The second is related to the noise in the 
system, the nature and origins of which are 
studied in Chapter 5; here, for simplicity, 
noise is characterized only by its mean and 
mean-square values, which, defined as time 
averages, are easily related to the student's 
previous experience with time averages for 
nonrandom waveforms. 

Chapters 3 and 4 form a detour into the 
detailed analysis of several conventional 
information transmission systems, both of 
the sine-wave (AM and FM) and pulse 
(PAM and PPM) modulation types. These 
chapters, interesting per se, are the more so 
for providing a background for Chapter 6, 
"Comparative Analysis of Information-
Transmission Systems," which in many re-
spects is the pièce de résistance of the book. 
Drawing together the results of the preced-
ing five chapters, the author in this chapter 
compares the previously discussed conven-
tional systems on the basis of the exchange 
relationship each exhibits between output 
signal-to-noise ratio and bandwidth. He 
shows that although some of these systems 
are more desirable on this basis than others, 
none approaches the performance predicted 
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by information-theoretic considerations. 
This leads to a discussion of coded modula-
tion schemes, and PCM in particular. 
A lengthy final chapter is obviously— 

and both necessarily and regrettably—a 
postscript to the book, not intended for in-
clusion in the course. It is a superior, self-
contained primer on the use in systems 
analysis of probability theory and statistics, 
the details of which had previously been 
avoided. 

Professor Schwartz writes very lucidly 
indeed. He makes especially deft use of 
heuristic and intuitive arguments to focus 
attention on fundamentals and to clarify 
topics which are apt to be conceptually con-
fusing for the beginner. Inevitably, there are 
a few minor features of organization with 
which this reviewer might disagree, and a 
modicum of those errors to which books, no 
matter how carefully written, seem to be 
prone. But in view of the over-all excellence 
of the book, to dwell on these would be mere 
carping. To those seeking a text which gives 
an elementary engineering insight into mod-
ern communication theory, this book is most 
highly recommended. 

G. L. TURIN 
Hughes Research Labs. 

Culver City. Calif. 

Advances in Space Science, Volume I, 
Frederick I. Ordway, III, Ed. 

Published (1959) by Academic Press. Inc.. Ill 
Fifth Ave., N. V. 3, N. V. 382 pages-1-16 index pages 
+14 appendix pages +xii pages. Illus. 6: X91. $ 12.00. 

The book is a collection of six articles 
and an appendix by separate authors. These 
are: 

I. Interplanetary Rocket Trajectories— 
by Derek F. Lawden 

2. Interplanetary Communications—by 
J. R. Pierce and C. C. Cutler 

3. Power Supplies for Orbital and Space 
Vehicles—by John H. Huth 

4. Manned Space Cabin Systems—by 
Eugene B. Konecci 

5. Radiation and Man in Space—by 
Herman J. Schaefer 

6. Nutrition in Space Flight—by Robert 
G. Tischer 

Appendix. A Decimal Classification Sys-
tem for Astronautics—by Heinz 
Hermann Koelle. 

It is written for the space scientist who 
may be a specialist but desires to have a 
working knowledge of his associated fields. 
By existing standards it represents a rather 
thorough treatment of each of the six sub-
jects presented. Much of the material in the 
first chapter was prepared as a report by 
Radiation Incorporated on an Air Force 
contract. Trajectories are considered mainly 
as a transfer between orbits which is gen-
erally predicated upon minimum propellant 
consumption and minimum time of flight 
criteria. The second chapter treats both the 
communications to other planets in space 
vehicles and to a satellite repeater, repeat-
ing signals back to the earth. The basic 
problems of the communications, the recent 
advances and the requirements of space 
systems are discussed in some detail. Typical 
systems are presented in terms of informa-

tion bandwidth, transmitter power, an-
tenna directivities, and receiver sensitivity. 
The third chapter treats power sources in 
the light of the space environment and the 
requirements of space vehicles. It considers 
both primary power sources and conversion 
techniques which include electrochemical 
systems, turbogenerators, magnetohydro-
dynamic conversion, thermocouples, thermi-
onic conversion devices, quantum conver-
sion techniques, (solar cells), and fission-
electric conversions. Present state-of-the-
art capabilities are outlined in some detail. 
In the fourth chapter many problems of the 
man in a space capsule are treated, including 
that of the closed life cycle. Specific methods 
of sustaining life in a space cabin are sug-
gested and experiments are described. In 
"Radiation and Man in Space" an introduc-
tion is given on the effect of radiation upon 
human tissue. Then, the types and intensity 
of radiation near the earth and in space are 
treated in some detail. In the chapter "Nu-
trition in Space Flight" all problems of nu-
trition are treated from the standpoint of 
the closed cycle cabin system. Human needs 
for nutrition and human wastes are de-
scribed, together with experiments which 
have been conducted in this field. In the Ap-
pendix, the classification adopted by the 
International Astronautical Federation is 
given under 90 General Headings and 900 
Detailed Headings. 

CONRAD H. HOEPPNER 
Radiation, Inc. 
Melbourne, Fla. 

Our Sun, by Donald H. Menzel 

Published (1959) by Ilarvard University Press, 
Cambridge 38, Mass. 340 pages 4-10 index pages. 201 
figures. h1 X91. $7.50. 

This is the second and revised edition of 
the Harvard Astronomy Series book on the 
sun. The first edition appeared ten years 
ago. The text and illustrations are for the 
most part unchanged, although there are 
numerous revisions, modifications, and addi-
tions. In fact, there are twenty-three addi-
tional illustrations bringing the total to over 
200. These include many recent photo-
graphs and spectra of the sun. 

The author is now the Director of the 
Harvard Observatory and is widely known 
and respected for his outstanding theoretical 
contributions to astrophysics and for the 
impact that he has had on solar astronomy 
in this country. 

The text is easy to read and can be un-
derstood throughout by an undergraduate 
student of engineering; it can be read with 
profit by any engineer interested in the sci-
entific aspects of the sun. Nearly every as-
pect of solar observation is included: the 
early history of solar observations, the basic 
elements of chemistry, physics, spectros-
copy, radio observations, ionospheric meas-
urements, and atomic energy. The text con-
centrated principally on the description of 
the physical characteristics of the sun such 
as rotation, energy generation, sunspots, 
faculae, prominences, granules, flares, for-
mation of solar absorption and emission lines, 
limb darkening, reversing layer, chromo-
sphere, corona, spicules, solar magnetic 
fields, the relationship of solar activity to 

geomagnetic storms, auroras, solar cosmic 
rays, terrestrial weather, the uses of solar 
energy, and the relationship of the sun to the 
stars. 

The instruments of optical observations 
and the techniques of solar measurements 
are simply described. The details of about 
200 solar eclipses occurring in the twentieth 
century are given in groups according to 
each individual saros epoch. This is an in-
teresting table to study in order to acquaint 
oneself with the patterns of solar eclipses. 

This book is not a treatise, it does not 
tuse mathematics and there are no references 
to the literature. A large number of solar 
astronomers are mentioned, but the choice 
clearly reflects the author's personal ap-
proach. For example, Barbara Bell, a col-
league, is referred to as often as are Profes-
sors Unsold and Minnaert combined. 

Solar radio astronomy is sketchily pre-
sented and the material given doesn't prop-
erly represent the amount of effort in this 
field. No mention is made of the exciting 
work going on in Paris and Tokyo, for e> am-
ple. 

This is an excellent introductory book 
on the sun for the engineer. It is lucidly 
written and well illustrated. 

FRED T. HADDOCK 
University of Michigan 

Ann Arbor. Mich. 

Digital and Sampled-Data Control Systems, 
by Julius T. Tou 

Published (1959) by McGraw-Hill Book Co., Inc.. 
330 W. 42 St., N. Y. 36, N. Y. 587 pages +7 index 
pages +I I bibliography pages +25 appendix pages. 
Illus. 6; X9:. $15.00. 

In the field of sampled-data control sys-
tems a great amount of literature has ap-
peared, but only a very few books have been 
published. This book takes its place along 
with the others as a notable contribution in 
bringing together the appropriate informa-
tion. It is an excellent book. 

The most notable features of this book 
are the logical development of the material, 
the manner in which various problems are 
faced up to, and the ease with which many 
of the topics are presented. The material 
reaches quite a bit beyond the theoretical 
and analytical aspects of sampled-data 
systems and touches on many of the prac-
tical problems such as quantization, analog-
digital conversion, and specific circuit de-
sign considerations. In this respect one might 
ask why digital computer equipment and 
design was by-passed, but one readily visual-
izes the limitations on length of an already 
large volume. 

In presenting the material the author as-
sumes a strong reader background in con-
trol systems and servomechanisms. As a re-
fresher, Chapter 2 summarizes this back-
ground material; but in an effort to condense, 
this chapter suffers from lack of clarity in 
places. The root-locus method for continu-
ous data systems is probably the hest part 
of this background material. 

In dealing with sampling the author does 
not always distinguish between pulse and 
impulse modulations (e.g., in the table of 
z-transforms, an impulse remains an impulse 
after impulse modulation), but here one can 
blame the negligence prevalent throughout 
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the literature. What is nice in the exposition 
of both the methods and theories is the log-
ical sequence in which problems are brought 
up and in the methods presented for their 
solutions. Somewhat too much emphasis is 
placed on Nyquist plots and their role in 
sampled-data analysis, but the use of root-
locus and Bode plots is nicely stressed to 
balance the prevalent approaches in the 
literature. The theory of z-transformation 
is handled quite thoroughly and with con-
siderable insight. System design, error 
anal) sis, and the use of error coefficients are 
treated. Statistical methods are used in sev-
eral places and developed to at least a mod-
erate extent. 

The book shines not so much by its 
originality, but by the balanced bringing to-
gether of a wide variety of relevant method-
ology in a logical fashion. The amount of 
material presented is great, and the details 
are more often clarifying than cumbersome. 
It is clear that the author made a critical 
examination of the relevance and usefulness 
of the various methods, and in this review-
er's opinion he has exercised sound judgment 
in gaging their place and importance. 

JOHN M. SAUER 
Ramo-Wooldridge 

Canoga Park, Calif. 

Encyclopedic Dictionary of Electronics and 
Nuclear Engineering, R. I. Sarbacher, Ed. 

Published ( 1959) by Prentice-Hall. Inc., 70 Fifth 
Ave., N. Y. 11. N. Y. 1417 pages -1-x pages. Illus. 
7: X101. $35.00. 

This book is truly an encyclopedic work, 
embracing, as it does the electronic and 
nucleonic fields. It obviously represents a 
thorough scanning of the definitions promul-
gated by the leading military and profes-
sional sources and includes over 14,000 
terms. 

The dictionary has been written for en-
gineers primarily, and particular effort has 
gone into the nuclear portion in an attempt 
to clarify nucleonic terms for the electronics 
engineer who wishes to enter this new field. 
Thus the reader will find many of the nuclear 
items expanded, with considerable explana-
tory matter. 

There are profuse illustrations, including 
many drawings of various types of reactors, 
and typical schematic diagrams for various 
electronic circuits, also drawings illustrating 
construction of many common electronic 
components. 

This reviewer has made a spot check of 
the material in several fields and is of the 
opinion that there is a wide variation in 
timeliness in these fields. In addition, this 
work suffers from the sanie fault that occurs 
so frequently where an author chooses to 
paraphrase existing standards. In many 
places the text gives credit to the IRE for a 
particular definition, yet there are various 
changes in the wording of the existing IRE 
Standard. While the basic meaning may not 
have been altered, the author has lost sight 
of the fact that these are no longer official 
IRE Standards and thus have no official 
authority. 

The reviewer must also take exception to 
the statement on the dust cover "This is the 
ONLY single source to provide you with all 
the standard definitions approved by official 

technical societies." In view of the liberties 
taken with a large percentage of the IRE 
definitions checked this statement is obvi-
ously misleading. 

To comment on specific sections: The 
nuclear portion was drawn previously from 
the ASME Glossary of Terms in Nuclear 
Science and Technology, interspersed with 
some IRE definitions (some altered) and 
others. Unfortunately, the above-mentioned 
Glossary is not widely accepted and was is-
sued as a preliminary standard, pending a 
more definitive effort which is currently un-
der way in the ASA. Thus this dictionary 
perpetuates a number of terms which are 
obviously inadequate. As an example, the 
various definitions of Plateau and related 
terms are restricted to Geiger counters, 
whereas in the IRE Standards these defini-
tions apply to Radiation Counter Tubes, 
a much more inclusive category. 

Some liberties have been taken with 
standard ASA and IRE symbology, e.g., T 
is occasionally used for time, which should 
be designated by t, T being used for temper-
ature. 

lii the semiconductor field, the book 
leaves much to be desired. There are numer-
ous errors, e.g., a diode is defined as "a two-
electrode electron tube," although examples 
of semiconductor diodes are listed; in the 
definition of diffusion length the terni ma-
jority carriers should be minority carriers. 
The transistor material is about five years 
out of date, all the equations being given in 
terms of the 'l'-equivalent circuit, whereas 
today's texts and specification sheets use 
the hybrid h parameters almost exclusively. 

Finally, the reviewer noted this amazing 
statement: "Standardization of transistor 
schematic symbols for point contact and 
junction transistors has not been attained." 
The text then proceeds to use both graph-
ical and letter symbols at variance with the 
standardized IRE forms. The writer would 
have been better informed if he had con-
sulted the IRE in this respect, as these items 
have been standardized since 1956 and 
1957. 

Despite these glaring errors, the book is 
still an important contribution to the art, 
provided the reader bears one thing firmly 
in mind: it is a dictionary, a glossary, defi-
nitely not a compendium of standard defini-
tions, hence cannot be quoted or used with 
any official exactness. The reader who wants 
complete rigor in his definitions must refer 
to the official works of the respective tech-
nical societies. This particular society, the 
IRE, cannot give official sanction to the 
definitions ascribed to it, for the obvious 
reasons illustrated above. 

R. F. SHEA 
General Electric Co. 

Knolls Atomic Power Lab. 
Schenectady, N. Y. 

Radar Meteorology, by Louis J. Batten 

Published ( 1959) by The University of Chicago 
Press, Chicago 37, 111. 154 pages-1-7 index pages-I-xi 
pages. Illus. 61 X91. $6.00. 

This book will serve to acquaint the 
radar designer with the pertinent character-
istics of weather which effect the propaga-
tion of microwave energy through the at-

mosphere. Also, meteorologists who desire 
to know more about the use of radar as a 
meteorological tool will find this book useful. 
There is a wealth of references throughout 
the book, which enhances its usefulness to 
those doing research as well as to the radar 
designer and the synoptic meteorologist. 
The author states in the preface that his 
purpose is one of . . . "briefly describing in 
one small volume the progress made since 
the birth of radar meteorology" This he has 
done in a well organized manner. 

The book starts with a short chapter on 
some of the basic principles of radar, appar-
ently directed at the meteorologist. The fol-
lowing five chapters are devoted to a more 
detailed consideration of the properties and 
propagation of electromagnetic waves, the 
use of the radar equation for determining 
power returned from reflecting spherical 
particles, scattering from nonspherical par-
ticles and factors which influence the attenu-
ation of electromagnetic waves. 

Chapter seven covers the use of radar 
as a means of providing quantitative meas-
urements of precipitation. Following this is 
a short discussion of the types of distortions 
which are to be expected as a result of having 
finite pulse lengths and beamwidths. The 
effects of antenna sidelobes are also men-
tioned. 

With chapter nine the book begins to de-
vote more to the meteorological aspects of 
"Radar Meteorology." It briefly describes 
mechanical, photographic and electronic 
methods of integration used in conjunction 
with rain gauges for determining the amount 
of rain falling over an area. The next chapter 
is concerned with the use of radar for cloud 
physics research. It covers such items as de-
tection of precipitation in, and growth of, 
convective clouds, diameter and duration of 
convective echoes, the "bright band" phe-
nomenon, precipitation generating levels 
and the use of radar for assessing results of 
cloud seeding. 

The use of radar as a means of obtaining 
otherwise unavailable information on thun-
derstorms, squall lines and tornadoes is dis-
cussed in some detail in chapter eleven. This 
is followed by a discussion of the use of air-
borne radar in aircraft operations as an aid 
toward reducing flight hazards. 

In recent years radar has proved to be 
valuable in the study and prediction of the 
behavior of hurricanes and other large 
weather systems. A discussion of the infor-
mation obtained by radar from such weather 
phenomenon is covered in chapter thirteen. 
This is followed by a short chapter on radar 
echoes (angels) which may occur during the 
absence of precipitation. The book con-
cludes with a description of special tech-
niques, such as isoecho contouring and 
stepped grey scale, which may be used in 
conjunction with the existing radar circuits 
to enhance the usefulness of the radar set as 
a meteorological device. 

While this is not a profound book, it 
will serve to acquaint the uninitiated with 
the possible uses of radar for meteorological 
purposes. The author has done an excellent 
job of providing references to books and 
papers that are pertinent to the subject of 
Radar Meteorology. 

JOHN R. BLAKELY 
Raytheon Wayland Lab. 

Wayland, Mass. 
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Scanning the Transactions  

Single-sideband goes underwater. SSB enthusiasts may be 
be interested to know that single-sideband suppressed-carrier 
transmission has proved to be the only effective system for 
underwater communication. FM is entirely unsuited to trans-
mitting acoustic energy through water because phase dis-
turbance of the wave components becomes so great that the es-
sential characteristics of the signal are completely destroyed. 
Conventional AM is subject to undesirable fluctuations in 
the signal due principally to the presence of the carrier. Sup-
pressed-carrier SSB has provided the most satisfactory 
answer. A mobile system recently designed for use between a 
hovering helicopter and a submarine had the following rather 
typical performance characteristics: a carrier frequency of 8 
kc, modulation frequency of 200 to 3000 cps, transmitted 
power of 20 watts, and a range of 5,000 to 10,000 yards. An 
interesting feature of the receiver, one which simplified the de-
sign and minimized the problem of signal drift, was the use of 
a double heterodyning system for recovering the signal in 
place of the usual process of generating and reinserting the 
carrier into the incoming suppressed-carrier signal. (N. D. 
Miller, "An underwater communication system," IRE TRANS. 
ON COMMUNICATIONS SYSTEMS, December, 1959.) 
A new look in phonograph needles may be in the offing. 

While the change may not be detectable to the eye, it will be 
to the ear. The tips of present day needles are in the shape of 
a hemisphere having a radius of 0.5 to 1.0 mil. Unfortunately 
this shape, while convenient to fabricate, does not correspond 
to the shape of the stylus used to cut records. This difference 
causes tracing distortion during playback, an effect which can 
be reduced by decreasing the radius of the needle tip, but only 
at the expense of increasing the wear and tear on the record. 
The new needle being proposed is in the shape of a pyramid, 
closely resembling the shape of the cutting stylus. This new 
shape, while more costly to produce, results in less distortion 
and background noise and longer life for recordings, both 
monaural and stereophonic. (C. D. O'Neal, "The pyramid 
stylus," IRE TRANS. ON AUDIO, November- December, 1959.) 

Ultrasonic welding celebrates its tenth birthday this year. 
It is still a poorly understood process, although ultrasonic 
welders have been successfully designed by trial and error 
methods for limited applications. Until the basic principles of 
the process are better known, however, the development of 
equipment will continue to be empirical and the limitations 
of the process will remain unknown. What is believed to be 
the first fundamental study of the mechanisms involved in 
ultrasonic welding has now been reported. It appears that the 
welding process, in which surfaces subjected to a clamping 
action are welded when made to slide in contact with each 
other, is directly related to the well-known frictional phe-
nomena of galling and seizing. This study also disclosed how 
clamping force, duration of weld cycle, ultrasonic motion, and 
temperature are related to weld strength. Present indications 
are that practical ultrasonic butt, seam, and spot welders can 
be designed for welding thin-gauge sheets or small com-
ponents of ductile materials. (J. N. Antonevich, "Ultrasonic 
welding equipment," IRE TRANS. ON ULTRASONICS EN-
GINEERING, February, 1960). 

Choosing the best type of communication system for a 
particular application is neither a purely technical problem nor 
a purely economic one, but a complex combination of these 
two factors. One engineer with considerable experience in this 

field has devised a novel formula for rating one system against 
another which takes both factors into account. This rating 
formula provides a good first-order approximation of the 
relative merits of various systems, making it possible to nar-
row down the number of systems that must be analyzed in 
greater detail. The formula for system performance rating is 
given by 

SPR — 
number of repeaters Xerror rate 

103 Xavailable bandwidth (mc) Xavailability 

X logio (TPR X RPR X 107), 

where TPR (transmitter power rating) is equal to transmitter 
power X antenna gain/bandwidth (cps); RPR (receiver per-
formance rating) is equal to receiver antenna gain/ [receiver 
noise figure] X [bandwidth (cps)); and "availability" is the 
fraction of the time that the transmission medium is available 
for use. The lower the system performance rating is, the more 
desirable it is, i.e., the lower the cost is. It will be interesting 
to see how well this evaluation technique, which thus far has 
checked out well, stands the test of time and experience. 
(J. H. Vogelman, "Comparative evaluation of communica-
tions transmission media," IRE TRANS. ON COMMUNICATIONS 
SYSTEMS, December, 1959.) 

The radiation tolerance of electronic components is re-
ceiving a growing amount of attention in the design of equip-
ment for both civilian and military applications. A number of 
organizations have been exploring the effects of radiation on 
standard components for the past several years. The results 
of these investigations, reported in over 600 scattered docu-
ments, have now been compiled in a single information file. 
By means of this file it has been found possible to modify exist-
ing equipment by selective replacement of radiation-sensitive 
parts with standard parts having a higher radiation tolerance. 
With this approach, circuits remain essentially unchanged, 
yet the amount of radiation the equipment can withstand has 
been raised orders of magnitude. Thus while more radiation 
data is still needed, it appears we have now reached the point 
where radiant-tolerant equipment can be successfully built 
with what is presently known, without need for extensive 
radiation testing. (J. R. Burnett, " Radiation-tolerant elec-
tronic equipment," IRE TRANS. ON NUCLEAR SCIENCE, De-
cember, 1959.) 

The development of new low-noise amplifiers has changed 
the emphasis in communication system design from considera-
tions of receiver noise to considerations of external noise. The 
noise level of a maser can be as little as one- thousandth that 
of a conventional amplifier. The question arises how much 
of this improvement is actually realized in an operating system 
and how much is lost to external noise. The answer has now 
been worked out at least for one type of system—a tropo-
spheric scatter system operating in the 1000 to 2000 mc range. 
It has been found that the cooled-crystal technique will pro-
vide a system improvement of 3 db, the parametric amplifier 
9.5 db, and the maser 12 db. When the problems associated 
with liquid helium operation of masers are taken into account, 
it appears that the parametric amplifier is the best choice. 
(A. Feiner and D. Savage, "The effects of low-noise tech-
niques on tropospheric scatter communications," IRE TRANS. 
ON COMMUNICATIONS SYSTEMS, December. 1959.) 
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Abstracts of IRE Transactions  

The following issues of TRANSACTIONS have recently been published, and 
are now available from the Institute of Radio Engineers, Inc., 1 East 79th 

Street, New York 21, N. Y. at the following prices. The contents of each issue 

and, where available, abstracts of technical papers are given below. 

Sponsoring Group 
Group IRE Non-

Publication Members Members Members* 

Aeronautical and Navi-

gational Electronics 

Audio 

Communications Systems 

Education 

Information Theory 

Nuclear Science 

Ultrasonics Engineering 

ANE-6, No. 4 $0.75 $1.15 $2.25 

AU-7, No. 6 0.80 1.20 2.40 

CS-7, No. 4 1.05 1.55 3.15 
E-3, No. 1 1. 10 1.65 3.30 

IT-5, No. 4 1.05 1.60 3.15 

NS-6, No. 4 0.70 1.05 2.10 
PGUE-8 1.00 1.50 3.00 

* Libraries and colleges may purchase copies at IRE Member rates. 

Aeronautical and Navigational 

Electronics 

VOL. ANE-6, No. 4, 
DECEMBER, 1959 

Frontispiece (p. 210) 
Airborne Dual Antenna System for Aerial 

Navigation —W. Spanos and J. M. Ashbrook 
(p. 211) 

This paper describes a 1000-me dual an-
tenna system which uses parallel-driven sector 
antennas. Methods for determining the per-
formance in pattern interference regions are 
given together with applications to DME, 
Radar Safety Beacon and TACAN navigation 
systems. A flyable-model dual antenna system 
for Constellation and DC-6 type aircraft is de-
scribed. Provision of an RF hybrid permits the 
simultaneous operation of two navigation 
equipments, such as DME and Radar Safety 
Beacon, from the same antenna system. A 
prototype of this antenna system on a DC-3 has 
provided improved performance for the 
TACAN navigation system. Flight tests with 
an experimental dual antenna system have 
shown improved performance for DME and 
Radar Safety Beacon systems. The results of 
flight tests show agreement with theoretically 
determined values of performance. 

The Indeterminacy of Measurements Per-
formed by Radar Equipment--R. Madden 
(p. 219) 
A theoretical derivation of the indetermina-

cies of simultaneous position and velocity meas-
urements of a reflector when using reflected 
electromagnetic waves is given. It is shown 
that the product of the indeterminacies is given 
by 1/(8a)/Xsc where Xs is the illuminating 
wavelength and c the speed of light. It is shown 
that the necessary consequence of nonsimul-
taneous measurements is an uncertainty as to 
whether the measurements are common to the 
same reflector. If this uncertainty is to be 
overcome, the reflectors must be spaced at a 
distance -1cAT where AT is the time separation 
of the position and velocity measurement. 

Principles of Electronic Navigation Systems 
—P. C. Sandretto ( p. 221) 

Electronic navigation systems of all types 
are discussed, and classified as classical or self-
contained. The error rates and accuracies of the 
various systems are discussed. 

Anticipatory Display Design Through the 
Use of an Analog Computer—L. J. Fogel and 
M. Dwonczyk (p. 228) 

Modern high-performance aircraft currently 

are pressing the limitations of the human oper-
ator. The increased speeds compress the allow-
able reaction time to sucla levels wherein logical 
decisions, and even conditioned reflex actions, 
may no longer be possible. The only way to 
overcome this human limitation of manned air-
craft performance is through the incorporation 
of anticipatory displays; displays which offer a 
prediction of the various parameters so that the 
human operator is projected ahead of the sys-
tem. An aircraft was analog computer simu-
lated, data reduction was programmed and the 
same computer was used to allow biophysical 
measurement, which furnished correlative 
measure. The effectiveness of various piloting 
techniques, as well as prediction intervals, was 
explored. The results indicated a first approxi-
mation to the design of improved displays 
through the use of anticipatory information. 

PGANE News (p. 240) 
Contributors (p. 242) 
Annual Index, 1959 (follows p. 242) 

Audio 

VOL. AU-7, No. 6, 
NOVEMBER/ DECEN1 BER, 1959 

The Editor's Corner (p. 137) 
PGA News (p. 139) 
The Pyramid Stylus —C. D. O'Neal (p. 140) 
A new shape for a phonograph needle stylus 

is described which greatly improves the repro-
duction possibilities from phonograph records. 
The new stylus was specifically produced for 
use with 45°-45° stereo recordings, but will per-
form equally well on all microgrooved mon-
aural recordings. The scheme described evolves 
a shape of reproducing stylus having a basic 
geometry relating to the cutting stylus used in 
forming all microgrooves. Computations, ex-
perimental data and charts are also used to 
support the improvements to be expected in 
reproducing reproduction performance. 

Time-Frequency Scanning in Narrow-Band 
Speech Transmission—D. L. Subrahmanyam 
and G. E. Peterson (p. 148) 

Two basic sampling methods for the trans-
mission of intelligible speech with reduced 
channel capacity have previously been studied. 
The channel vocoder developed by Dudley is 
based on frequency band separation or quanti-
zation, and Schisser, and Fairbanks, Everitt, 
and Jaeger have developed a technique of time 
sampling. Sampling in both time and frequency 
offers a third major possibility which should be 
investigated. 

For this study a narrow-band speech trans-

mission system was constructed which scans the 
time-frequency plane. The system scans in 
either a sinusoidal or in a sawtooth manner over 
a frequency range of 200 to 7000 cps. In order 
to achieve the scanning, a variable carrier fre-
quency oscillator, having a frequency shift of 
±30 per cent of the carrier frequency and an 
amplitude modulation of + 2 db, has been de-
veloped. The process of scanning leaves empty 
spaces in the time-frequency plane, and a four-
channel time-delay system which employs the 
method of dielectric recording has been used to 
fill the gaps in the time-frequency plane by 
repeating the signal samples. 

When signal reiteration is employed with 
this system, a score of 75 per cent of mono-
syllabic phonetically balanced word lists was 
obtained with a scanning filter of 1000-cps 
bandwidth and a sinusoidal scanning rate of 30 
times per second. This intelligibility is appreci-
ably higher than that which can be achieved 
with a fixed 1000-cycle filter located in the fre-
quency region of maximum intelligibility. 

Circuits for Three-Channel Stereophonic 
Playback Derived from Two Sound Tracks— 
Paul W. Klipsch (p. 161) 

Derivation of a third playback channel from 
two stereo sound tracks may be accomplished 
by several means. The center channel may be 
derived by recombination prior to power am-
plification; acoustically, after amplification, by 
using two center speakers; and in a variety of 
phase relationships, including the limiting case 
of equal signals (monophonic) in which either 
sum or difference combination may be chosen 
by polarity selection. 

Characteristics of Degenerative Amplifiers 
Having a Base-Emitter Shunt Impedance— 
William D. Roelar (p. 165) 

In amplifiers having emitter degeneration, 
an impedance is sometimes used between base 
and emitter. A common case occurs when sev-
eral emitter followers are used in cascade. The 
resistors become necessary in order to provide 
some measure of stability. 

In an audio amplifier of similar design it 
became necessary to know what effect this 
shunt resistor would have upon the input im-
pedance of the stage. As a result, the analysis 
given in this paper was performed. Experimen-
tal measurements which support the resulting 
equation are given. 

This analysis and these measurements led 
to the discovery of a circuit which would exhibit 
a high ac input impedance, yet the resistors in 
the dc base circuit could be kept low to provide 
good stability. Although it can be shown that 
circuit power gain is the same regardless of 
whether a resistor is used in series with the 
emitter or the base to obtain a high input 
impedance, considerations of dc stability and 
distortion demand a more thorough investiga-
tion of this problem. 

Design principles are outlined for this high 
input impedance stage and an example is 
worked out in detail. Supporting measurements 
are given. 

Correspondence (p. 169) 
Contributors (1). 170) 
Annual Index, 1959 (p. 172) 

Communications Systems 

VOL. CS- 7, No. 4, DECEMBER, 1959 

Frontispiece and Guest Editorial (p. 227) 
Comparative Evaluation of Communica-

tions Transmission Media—Joseph H. Vogel-
man (p. 230) 

The selection of communications transmis-
sion media for any specified operation is neither 
a purely technical problem nor a purely eco-
nomic one, but a complex combination of these 
two factors. To minimize work involved in 
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evaluating all the possible choices, a first-
order approximation method is provided to 
limit the number of specific transmission media 
which must be considered in any specific 
application. This method provides a numerical 
measure of the expected combination of techni-
cal and economic factors and is based on the 
author's empirically-derived experience with 
communications equipments and systems. 

Design Considerations for Space Communi-
cation—J. E. Bartow, et al. (p. 232) 

With the advent of Russian and American 
artificial earth satellites, the use of such ve-
hicles for communication purposes has been the 
subject of considerable study both by military 
and commercial organizations in the communi-
cations field. The purpose of this paper is to 
delineate the problems involved in space com-
munication, the assumptions that must be 
made and the technical limitations which 
determine the communication system that 
should be used for a particular time frame. 
Some characteristics for an optimum system 
are stated. Some technical characteristics of the 
first successful satellite communication system 
are given. 

Development Trends in USAF Global Com-
munication Systems—C. A. Strom, Jr. and 
A. A. Kunze (p. 241) 

This paper briefly summarizes one initial 
development approach for the 1962-1965 
USAF Global Communications Systems. A 
brief review is given of some of the early com-
munications systems work and the present de-
sign philosophy for the 600-voice bandwidth 
channel, 6000-mile trunk system is discussed. 
Specific requirements of the ground-based Air 
Force common-user system are listed and de-
velopments intended to provide much of the 
equipment for this time period are noted. This 
paper concludes that by adopting the system 
approach, the Air Force will be provided with 
a greatly increased communications capability 
at a total cost which differs little from today's 
annual expenditure. 

An Underwater Communication System— 
Norman D. Miller ( p. 249) 

Communications between submerged sub-
marines and surface craft require energy to be 
propagated through sea water. The only prac-
tical method for transmitting this energy is by 
acoustic means. Both FM and AM transmis-
sion systems have been used, but for long-
range communication, a single-sicleband sup-
pressed-carrier transmission system is the 
only effective way of propagating sound energy. 
The requirements for the transmission system 
and diagrams of the circuitry are given. 

Wide-Band Facsimile Transmission Over a 
900-Mile Path Utilizing Meteor Ionization— 
W. H. Bliss, el al. (p. 252) 

Preliminary tests of facsimile transmission 
over a 910-mile path have been made at 40 mc 
by means of intermittent meteor ionization. 
Printed matter was scanned at a rate of 2 
frames per. second, with a resolution of 67 ele-
ments per inch. An all-electronic facsimile sys-
tem recorded a picture when the received signal 
rose above a preset threshold. 

Tests were conducted employing band-
widths up to 110 kc with keying frequencies up 
to 73 kc, still maintaining the same optical 
resolution in the facsimile material. With the 
equipment used in the tests, it appeared that 
the maximum bit rate for acceptable facsimile 
was about 48,000 bits per second at 2 per cent 
duty cycle and about 86,000 bits per second at 
1 per cent duty cycle. Examples of signal re-
cordings with received facsimile are shown. 

Preparations are being made to conduct 
similar tests, employing a higher information 
rate and wider bandwidth, on a frequency near 
50 mc. 

A Very High-Speed Facsimile Recorder— 
G. M. Stamps and H. C. Ressler ( p. 257) 

An operating facsimile system is described 
which is capable of transmitting black and 
white graphic information at the rate of 24 

inches of copy feed per second. The system uses 
conventional line-by-line sequential scanning 
at the transmitter and a multistylus recorder 
with 100 lines per inch resolution at the re-
ceiver. The electrolytic recording medium em-
ployed is characterized by a relatively low 
internal impedance, which permits close spac-
ing of the stylus electrodes and the use of direct-
coupled transistors for the individual marking 
amplifiers. The high transmission speed results 
from the use of individual stylus electrodes for 
each elemental area along the scanning line and 
the holding of the video marking signal at each 
stylus for time intervals approximating the du-
ration of a complete scanning line. The system 
described uses a 100-stylus block assembly, re-
stricting the length of the scanning line to one 
inch. One thousand-stylus block assemblies 
have been made and these will permit repro-
duction of copy 10 inches wide. 

The NBS Meteor Burst Communication 
System—R. J. Carpenter and G. R. Ochs (p. 
263) 

This project was undertaken in 1955 to in-
vestigate the properties of the intermittent re-
ception of VHF signals over long distances by 
meteoric propagation and their communication 
usefulness. To accomplish this, a complete 
duplex teletype system operating at about 50 
mc was constructed, and results are reported 
from tests made over a 1277-km east-west 
path. Comparisons are macle of burst trans-
missions of 10, 20, 40, and 80 times normal 
teletype speed and of variations in a number of 
control system parameters. 

For the system under test, the optimum 
speedup was 40X, which produced a daily aver-
age channel capacity of about 40 wpm with a 
character error rate of about 0.0035 (with the 
best control system settings). Higher speedup 
ratios are advocated for future systems. The 
most serious causes of outages in this type of 
system are atmospheric noise and sustained 
multipath distortion from competing modes 
such as E. and auroral propagation. 

White Mice System—Design and Per-
formance—A. L. Durkee, el al. (p. 272) 

White Alice is an extensive communications 
network covering the entire state of Alaska. It 
provides essential defense communications as 
well as service for other government agencies 
and civilian commercial service. Both telephone 
and telegraph channels are provided with ca-
pacity for future growth. The Western Electric 
Company, as prime contractor for the USAF 
AMC, undertook the engineering, procurement, 
and installation of the electronic equipment as 
well as construction of some of the sites. 

The Bell Telephone Laboratories partici-
pated in the basic systems engineering and 
furnished consulting assistance in new scientific 
areas. New designs were made or supervised by 
the Laboratories. The White Alice system plan 
is based on the study by the Bell System of the 
communications needs of the area. 

Radio transmission was chosen for the ma-
jority of the routes. Wire and cable were con-
sidered either unreliable or impractical in the 
Alaskan terrain and climate. Where several 
hundred voice channels were required, micro-
wave line-of-sight radio was used. For the 
majority of the links, tropospheric beyond-
horizon transmission was used because of the 
economy and simplification of maintenance 
and logistic problems. 

The transmission objectives for the entire 
system were a median noise in the worst month 
of 38 dba and a maximum of 1 per cent outage 
in the worst month. These objectives were for 
4000-mile circuits and were prorated to each 
link. 

The microwave portions of the system were 
engineered in the same way that has been used 
previously. Tropospheric beyond-horizon was a 
relatively new mode of radio transmission and 
the engineering procedures were less well de-
fined. Propagation experience from a year-long 
test in Newfoundland, in addition to research 

by other groups, was used as the basis for the 
system engineering. These data include varia-
tion of signal strength from day to day and 
seasonally, the effective gain of .the large an-
tennas employed, the characteristics of the 
rapid fading typical of tropospheric propaga-
tion, and the effects of geographical profile and 
separation of the stations. 

Towards the completion of the project, 
comprehensive transmission tests were made of 
many of the links of the system to determine 
that the design objectives had been met. In 
particular, a 2400-mile circuit traversing much 
of the system was tested. The transmission 

stability and noise performance over a 30-day 
period was well within the limits set in the ob-
jectives. Teletype and voice performance were 
eminently satisfactory. 

White Alice has been operating continu-
ously since it was turned over to the Air Force 
in March, 1958. Its reliability has been gratify-
ing to the military and other agencies using it. 
It is certain to be a significant factor in the 
development of this last frontier. 

Installation and Operational Aspects of a 
Private Television Microwave System—Aaron 
Shelton ( p. 278) 

The problems of installation, operation and 
maintenance of a 165-mile, six-hop, private, 
intercity television relay system are reviewed. 
Careful planning of the path to be used is re-
quired. Equipment, its housing, power and 
frequency chosen for this service require careful 
evaluation. Emergency power supplies are re-
quired. Numerous modifications to commercial 
equipments were found necessary. The prob-
lems of sound diplexing through a multihop 
system proved difficult, but possible and worth-
while. Careful maintenance schedules and 
techniques developed for checking operation of 
each station proved their value. Communica-
tions for a multihop system become very im-
portant. Manpower required for a system of 
this magnitude proved to be greater than ex-
pected. Equipments designed and field checked 
for multihop installations can only be con-
sidered if truly dependable service is required 
and expected. 

Practical Considerations in the Design of 
Minimum Bandwidth Digital Frequency Modu-
lation Systems Using Gaussian Filtering— 
W. L. Glomb (p. 284) 

The characteristics of a digital frequency 
modulation system are reviewed. The Gaussian 
frequency response is specified and optimum 
filters for transmitter and receiver (both pre-
detection and postdetection) are developed. 
The relationship between peak deviation and 
system threshold is explored and an optimum 
deviation established. The location of the 
Gaussian filters in the system is discussed. It 
is shown that for best threshold performance, 
all receiver filtering should be predetection 
filtering and that optimum peak deviations 
under these conditions may correspond to the 
—4-db point of the IF filter. Practical details 
of transmitter and receiver design are discussed. 

These results have been applied to a 2000-
mc communication equipment. 
A Study of the Technical and Economic 

Feasibility for Tropospheric Scatter Circuits in 
Primary Toll Networks of Underdeveloped 
Countries—C. A. Parry (p. 290) 

The inherent capabilities of the tropo-
spheric scatter circuit have emphasized the 
need for careful economic and technical evalua-
tion. It is suggested that this should be carried 
out in two phases. The first is a broad study 
which determines the essential system parame-
ters for which detailed analysis is necessary. 
The second phase is concerned with this detail. 
Outlines are given relevant to the principal 
factors associated with the first of these phases. 
These cover such areas as trunk circuit growth, 
required channel, capacity at the end of the 
amortization period, revenue potential, opti-
mum routing, choice of transmission method, 
and the optimum number of tandem tropo-
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spheric scatter links. The performance sacrifice 
for a minimal cost " first in" system and the 
manner in which design accuracy may be traded 
against probable propagation reliability are two 
of the problems discussed. Evaluation of the 
scatter link may be based on a performance in-
dex and data relevant to this are given. It is 
concluded that adequate analysis of the 
modern system capability requires a sophisti-
cated engineering approach for which the 
present paper is a guide. 

50-kw Antenna Switching System—John 
W. Smith ( p. 295) 

There are many HF radio installations to-
day that illustrate the need for an improved 
antenna switching technique. Today there is a 
growing requirement to connect rapidly any 
one of several 50-kw transmitters to any one 
of many antennas. An antenna switching sys-
tem must be broad-band, convenient to use, 
fast, safe for operating personnel, and free of 
appreciable impedance discontinuities. This 
paper describes several components and tech-
niques that solve the transmitter-antenna selec-
tion problem up to a 50-kw power level. The 
influence of switching techniques on RF trans-
mission, impedance conversion and antennas 
are also discussed. 

The Effects of Low-Noise Techniques on 
Tropospheric Scatter Communications—A. 
Feiner and D. Savage (p. 302) 

This paper defines the expected benefits to 
be derived from the use of low-noise receiver 
techniques when applied to tropospheric scatter 
systems in the 1000- to 2000-mc range. Calcu-
lations were made of the expected antenna 
noise temperatures for "smooth" and "rough" 
ground locations. These data, plus the known 
and anticipated performance of various low-
noise techniques, permitted the calculation of 
increased sensitivity. The sensitivity improve-
ment is then expressed in terms of increased 
range, decreased transmitter power, and de-
creased antenna size. 

Contributors (p. 307) 

Education 

VOL. E-3, No. 1, FEBRUARY, 1960 

Editorial (p. 1) 
The Research Flavor—John S. McNown 

(p. 2) 
Research should be made a significant part 

of undergraduate engineering education in 
order to orient the student toward the solving 
of new problems. He should learn of the 
frontiers of his field of study, and should know 
of the people who are pushing back these 
frontiers. 

An increase is needed in the number of 
courses designed for guiding a student to define 
problems, to make assumptions, to search for 
his own methods of solving them, and to de-
velop a way to report his findings. Almost as a 
dividend, new ideas and the exercise of original-
ity provide a strong motivation to learning. 

The Scientific Manpower Shortage and Its 
Implications for the Engineering Technician— 
John Merrill (p. 3). 

Sonme of the background of the present 
scientific manpower shortage is reviewed. 
Utilization as an important aspect of engineer 
efficiency is discussed. With this setting, the 
engineering technician's complementary func-
tion with the engineer is introduced. The 
limited availability of technicians is cited. A 
discussion of the stepping-stone aspect of the 
technician job, an area worth consideration be-
cause of its ramifications, is presented and the 
concept of a four-year program for engineering 
technicians is shown to have significant value 
in coping with several phases of technician 
training. 

Four areas of study and investigation are 
suggested that can contribute to solution of the 
over-all need of increased scientific manpower 
through increased utilization. Utilization would 

be improved by the proper preparation of an 
adequate number of engineering technicians. 

Circuit Analysis—A Problem in Semantics 
—Thomas M. Adams (p. 10) 

The teaching-learning process in circuits is 
enormously complicated by the multiple mean-
ings and shades of meanings which are inherent 
in most of the technical terms. A method is 
offered for reducing every term relating to 
"functions" to its basic meaning for the par-
ticular circuit application under study. Using 
this method, which might be called "current 
analysis," it becomes possible to explain de-
tailed circuit phenomena to students with little 
or no technical or mathematical background. 

A General Course in Traveling Waves— 
R. K. Moore (p. 15) 

Traveling waves must be considered when-
ever the time for a disturbance to propagate 
from one place to another is important. A 
course with this as its theme has been developed 
to replace the usual course in transmission lines 
or distributed constant circuits. Emphasis is 
placed on the transmission line as a teaching 
vehicle, but plane waves in space; vibrating 
strings and membranes; acoustic waves in 
gases, liquids and solids; heat conduction; and 
chemica diffusion are also treated. The analo-
gies between the "telegraphers' equations" and 
comparable equations describing nonelectrical 
phenomena are stressed. 

Transients are treated for two special cases: 
1) lossless lines and acoustics, and 2) diffusion 
and heat transfer. Steady state analysis using 
phasors and the Smith Chart is applied to plane 
electromagnetic and acoustic waves at all 
angles of incidence, as well as time transmission 
line. Spherical acoustic waves are treated 
briefly. 

A First Course in Electrical Engineering— 
P. R. Clement and W. C. Johnson (p. 19) 

This article describes the introductory two-
semester course in electrical engineering that 
has been developed over a period of five years 
at Princeton University. The aims of the course 
are to provide an introduction to the field of 
electrical engineering via the basic concepts of 
electricity and magnetism (which are developed 
through Maxwell's equations in the integral 
form), to apply these concepts in developing 
the fundamentals of energy conversion and 
circuit theory, and to carry forward, in a con-
tinuous and integrated way, a modern treat-
ment of network analysis. Thus, the treatment 
proceeds from field ideas to circuits and physi-
cal apparatus, and to their mathematical 
models. With the circuit relations formulated, 
attention turns to the analysis of networks, 
starting with network topology and extending 
through pole-zero ideas. The treatment stops 
just short of the Laplace transform. This course 
is intended to serve as a foundation for subse-
quent courses such as electronic circuits, energy 
conversion, and advanced network analysis and 
synthesis, and has been developed with the 
purpose of providing the student with a uni-
fying point of view for these varied topics. 

The Organization of a Laboratory Elec-
tronics Course-- 1). Blackwood (p. 22) 

This paper describes the organization of a 
Laboratory Electronics Course in the Depart-
ment of Aircraft Electrical Engineering at the 
College of Aeronautics, Cranfield, England. 
The course caters to two standards of speciali-
zation and to students with a wide range of 
previous training. 

The minor specialization course concen-
trates solely on fundamentals and the basic 
concepts, while the major course is carried to 
the threshold of design procedures. The con-
tents of both courses are limited to the stu-
dent's previous training and the time available 
for practical work. The over-all standard of the 
major course is that of the M.Sc. degree of a 
British University. 

Four different ways of construction and 
presentation of experiments are described and 
the limitations of each are discussed. Finally, 

the laboratory layout, equipment, and scheme 
of work for both courses is described. 

A Supplementary DC Machine Test for 
Sophomores—E. Della Torre and C. V. Longo 
(p. 25) 
A blocked-rotor test may be used to deter-

mine curves for a family of dynamic operating 
characteristics for dc machines. Conventional 
performance characteristics may be predicted 
from these curves. The authors have used this 
test procedure to supplement the usual tests 
on machinery in the sophomore laboratory. The 
new procedure emphasizes the fundamental 
principles of machine operation and also points 
up the importance of certain details which have 
a significant effect upon performance. The test 
would logically precede the usual load tests. 
The latter are then anticipated with enthusiasm 
since they provide confirmation of performance 
predicted from the static tests. 

Contributors (p. 29) 

Information Theory 

Vol- 1T-5, No. 4, DECEMBER, 1959 

Frontispiece (p. 148) 
Editorial (p. 149) 
A Class of Systematic Codes for Non-

Independent Errors—N. M. Abramson (p. 150) 
A class of systematic codes has been ob-

tained which will correct all single errors and 
all double errors which occur in adjacent digits. 
These codes use significantly fewer checking 
digits than codes which correct all double 
errors. In addition, because of inherent regu-
larities in their structure, these codes may be 
instrumented in a strikingly simple fashion. 

A Probabilistic Model for Run-Length 
Coding of Pictures—Jack Capon (p. 157) 

A first-order Markoff process representation 
for pictures is proposed in order to study the 
picture coding system known as run-length 
coding (differential-coordinate encoding). A 
lower bound for the saving in channel capacity 
is calculated on the basis of this model, and is 
compared with the results obtained by previous 
investigators. In addition, this representation is 
shown to yield an insight into the run-length 
coding system which might not otherwise be 
obtained. The application of this probabilistic 
model to an "elastic" system of run-length 
coding is also discussed. 

A Note on Invariant Relations for Am-
biguity and Distance Functions—C. A. Stutt 
(p. 164) 

Woodward's result for the ambiguity func-
tion, that the volume associated with its 
squared magnitude over the time-shift and 
frequency-shift plane is a constant, has been 
shown to be true also for a cross-ambiguity 
function for two time functions. If complex 
time functions have been obtained by means of 
a Hilbert transformation from real time func-
tions, it is found for the cross-ambiguity func-
tion that the volumes under the squared real 
part and under the squared imaginary part are 
constant and contribute equally to the volume 
under the squared magnitude function. A 
"distance" function for two time functions is 
defined to be the integrated squared difference 
between these functions. The relation for the 
squared real part of the ambiguity function 
readily yields an invariant relation for the 
volume associated with this distance function 
in the case of Hilbert-derived complex time 
functions. An especially simple' invariant rela-
tion for the "mean" distance, as computed over 
the time-shift and frequency-shift plane, exists 
for such time functions having finite energy and 
finite mean value. 

On Upper Bounds for Error Detecting and 
Error Correcting Codes of Finite Length— 
Nelson Wax (p. 168) 

Upper bounds for error detecting and error 
correcting codes are obtained in this paper. One 
upper bound is found by exploiting the geo-
metrical model of coding introduced by 
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Hamming. The volume of an appropriate geo-
metrical body is compared with the volume of 
the unit cube, in getting the first upper bound. 
An improvement on this upper bound can be 
found by introducing a mass density function, 
and comparing the mass of the body with the 
mass of the unit cube. 
A comparison is made with known upper 

bounds, and with best codes found thus far. 
The improved upper bound given here is fre-
quently somewhat smaller than previously 
known upper bounds. 

The Probability Density of the Output of an 
RC Filter When the Input Is a Binary Random 
Process—H. A. McFadden (p. 174) 

A new method is given for obtaining the 
probability density of the output of an RC 
filter when the input is a stationary binary 
random process. The axis-crossing intervals of 
the input are assumed to be statistically inde-
pendent and identically distributed, but with 
an arbitrary density function. The method in-
volves a linear integral equation which can be 
reduced by Laplace transforms. A new family 
of solutions is given which includes two previ-
ously known cases: the random square wave of 
Poisson type, and the periodic square wave 
with random time origin. The general result of 
this family is given in terms of tabulated func-
tions. For other solutions, a recursive technique 
may be necessary. 

Recurrent Events in a Bernoulli Sequence 
—M. B. Marcus (p. 179) 

The " point of regeneration" method is used 
to obtain simple sequential equations for deter-
mining the complete probability density func-
tion for multiple occurrences of events in a 
Bernoulli sequence. Both the independent and 
overlapping classes of recurrent events are in-
cluded in the general framework of these equa-
tions. The equations also lead to the generating 
function for the probability distribution. This 
is used to obtain the expected recurrent times 
for the different classes of recurrent events. 

A distinction is made between the probabil-
ity distributions for the occurrence of the kth 
event at the nth trial and the occurrence of k 
events in n trials. The latter case is of primary 
concern. 

The methods employed and the results ob-
tained have extensive applications in problems 
in automatic control, communications, and in-
formation processing. 

Correspondence (p. 184) 
Contributors (p. 191) 
Annual Index, 1959 (follows p. 191) 

Nuclear Science 

VOL. NS-6, No. 4, DECEMBER, 1959 

Effects of Reactor Exposure on Boron-
Lined and BF3 Proportional Counters—William 
M. Trenholme (p. 1) 

The results of reactor exposure on the char-
acteristics of several types of boron-lined and 
BF3-filled proportional counters are presented, 
and the important design and application 
criteria that lead to improved performance of 
counters after long reactor exposure are 
discussed. 

The Describing Function of Nuclear Re-
actors—Henri B. Smets (p. 8) 

The integro-differential equation of reactor 
dynamics is studied and approximated. It is 
found that a reactor can be represented by 
means of a linear system and a nonlinear sys-
tem in cascade. The transfer function of the 
linear system is the classical low-power transfer 
function. The nonlinear system is a nonlinear 
amplifier with an exponential characteristic. 
The describing function is computed in the case 
of a water-moderated reactor and it is shown 
that gain near resonance increases with the 
magnitude of a reactivity sinusoidal oscillation. 

Radiation-Tolerant Electronic Equipment— 
James R. Burnett ( p. 12) 

PROCEEDINGS OF THE IRE 

Transistor-Driven Beam Switching Tube 
Decade Counter—Richard H. Graham (p. 16) 

This paper describes an electrical readout 
decade counter employing the magnetron beam 
switching tube with transistor drive. Double-
pulse resolution is 1 µsec. The unit will accept 
a variety of transistor types, and will tolerate 
supply voltage variations of ± 20 per cent at 
ambient temperatures up to 60°C. A "Pixie" 
neon indicator s driven without the use of addi-
tional transistors. A readout circuit for printer 
or punched paper tape is presented. 

A Stack Effluent Radioisotope Monitor— 
R. A. Harvey (p. 20) 
A system for simultaneously measuring and 

indicating each of several different radio-
isotopes in the stack effluent of an atomic 
energy facility is described. Analog computer 
techniques are employed for the solution of 
simultaneous equations and for the counting 
and scaling. Two types of presentations are 
included for the output. The total amounts of 
the radioisotopes emitted to the atmosphere are 
indicated on registers, and marks are recorded 
on a moving chart each time specific quantities 
are emitted. The emission quantity of each iso-
tope is indicated by a register and by a single 
channel on the chart recorder. 

Ultrasonics Engineering 

VOL. 7, PGUE-8, FEBRUARY, 1960 

Transducer Properties of Lead Titanite 
Zirconate Ceramics—D. Berlincourt, el al. ( 1).1) 

Physical properties of two commercial 
ceramics of the lead titanate zirconate family 
are presented and are compared with data for 
typical barium titanate ceramics. The im-
portance of dielectric losses is stressed. Prefer-
ence is given to showing heat generated as a 
function of nonresonant strain amplitude 
rather than electric-field amplitude. In this 
type of presentation, common barium titanate 
ceramics vary little from each other, while lead 
titanate zirconate ceramics are quite out-
standing. 

Thickness-Shear Mode BaTiO3 Ceramic 
Transducers for Ultrasonic Delay Lines—John 
E. May, Jr. ( p. 7) 

The properties of thickness-shear mode 
BaTiO3 ceramic transducers as applied to ultra-
sonic delay lines have been investigated. A 
method of fabricating these transducers has 
been developed which allows bonding to the 
delay line by conventional soldering tech-
niques. Compared with thickness-extensional 
mode transducers, the shear mode transducers 
have a higher dielectric constant, a lower re-
sistance and a lower capacitance ratio. Sub-
stitution for the former on short delay lines at 
15 mc increased the bandwidth from 30 per cent 
to 43 per cent for the same loss. When the 
quartz transducers on the longer polygon-type 
lines were replaced with the ceramic trans-
ducers, the loss was reduced from 40 db to 
20 db. 

Vibrations of Ferroelectric Transducer Ele-
ments Loaded by Mass and Acoustic Radiation 
—F. Rosenthal and V. D. Mikuteit (p. 12) 

The motion, stress distribution, and elec-
trical impedance are calculated for idealized 
three-layer sonic transducers, consisting of a 
piezoelectric element loaded at either end by a 
mass which may be distributed or lumped, and 
loaded further by resistive plane-wave acoustic 
radiation. The piezoelectric element may be 
driven by use of either the du or dal effect. The 
lumped constant equivalent circuit is given for 
the case of lumped end masses and negligible 
ceramic mass density. The lumped mass solu-
tions are compared with the somewhat more 
realistic solution based on the assumption of 
distributed end masses (obtained on an IBM 
650 computer). 

April 

Effect of Electrical and Mechanical Termi-
nating Resistances on Loss and Bandwidth Ac-
cording to the Conventional Equivalent Circuit 
of a Piezoelectric Transducer—R. N. Thurston 
(P. 16) 

This paper includes a rather complete 
analysis of transducer loss and bandwidth as a 
function of the mechanical and electrical termi-
nations. For the case of tuning with a shunt 
coil, Fig. 1 shows lines of constant loss at mid-
band and curves of constant bandwidth plotted 
with the electrical and mechanical terminations 
proportional to ordinate and abscissa, respec-
tively. Besides enabling one to find quickly the 
loss and bandwidth corresponding to any pair 
of terminations and to visualize the effect of 
termination changes, this plot also reveals 
quickly the terminations which have special 
properties, such as zero loss at midband, zero 
minimum loss, widest band for a given loss, etc. 
The case of a series tuning inductor is treated 
by making use of an approximate correspond-
ence with the shunt case. Results to be ex-
pected without a tuning inductor are also 
indicated. 

Ultrasonic Welding Equipment—John N. 
Antonevich (p. 26) 

Little or no work has been reported on in-
vestigations into the basic principles of ultra-
sonic welding. Until these principles are under-
stood, the development of ultrasonic welding 
equipment will continue to be empirical and 
the limitations of the process will remain un-
known. What is believed to be the first funda-
mental study of the mechanisms involved in 
ultrasonic welding has been started. On the 
basis of observations made in this study, it is 
postulated that this new welding process is a 
form of pressure or friction welding, in which 
material surfaces subjected to a clamping force 
are welded when made to slide in contact with 
each other. The process appears to be related 
directly to the frictional phenomena of galling 
and seizing. 

The relationships between weld strength 
and the variables of clamping force, duration 
of weld cycle, ultrasonic motion, and tempera-
ture, have been obtained for a Monet sphere 
welded to a copper plate. This work shows that 
there is a minimum displacement and tempera-
ture required for welding. Also, that weld 
strength is directly proportional to clamping 
force, displacement, weld time, and tempera-
ture, up to critical values of these variables. 
Under conditions where critical values are ex-
ceeded, weld strength is decreased, apparently 
because of fatigue about the weld zone. The 
minimum displacement required for welding 
agrees with displacements calculated to be 
necessary to produce sliding. 

The fundamental study shows that the es-
sential components of an ultrasonic welder are: 
1) an arrangement to clamp together members 
to be welded, 2) an arrangement to couple 
vibratory energy to one of the members being 
welded, 3) a controllable source of vibratory 
energy, and 4) a timing circuit to control the 
duration of clamping force and vibratory 
energy. On the basis of conditions found neces-
sary to produce a weld, the problems encoun-
tered in designing welder components are dis-
cussed and methods of circumventing them are 
presented. To improve weldability of materials, 
welders could be developed to weld materials 
in vacuo or in an inert atmosphere. This would 
reduce oxidation around weld zones caused by 
frictional heating. A control circuit differenti-
ating the temperature at or near the weld site 
could also be incorporated in ultrasonic welders 
to control the process and insure uniformity of 
strength of welds. Present indications are that 
practical ultrasonic butt, seam, and spot weld-
ers can be designed, but they would be limited 
in application to welding thin-gauge sheets or 
small components made of ductile materials. 

Correction (p. 32) 
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tions. 
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Large-Amplitude Ultrasonic Waves in Liquids 
—V. A. Shutilov. (Akust. Z., vol. 5, no. 2, pp. 
231-240; 1959.) 

534.2-8-14 724 
Propagation of an Acoustic Pulse in an 

Underwater Sound Channel—N. S. Ageeva 
(Akust. Z., vol. 5, no. 2, pp. 146-150; 1959.) 
Investigation of the waveform of 3-ms ultra-
sonic pulses propagated over distances up to 20 
km underwater. Recordings of these pulses are 
compared with ray diagrams corresponding to 
the experimental conditions. The pulse shape is 
observed to vary with the distance from the 
emit ter. 

534.213-8 725 
Velocity and Attenuation of a Narrow-Band, 

High-Frequency Compressional Pulse in a 
Solid Waveguide M. Redwood. (J. Acousi. 
Soc. Amer., vol. 31, pp. 442-448; April, 1959.) 
The Pochhammer-Chree solution does not cor-
rectly describe the propagation phenomena. A 
modification of the equations is proposed. 

534.22-13 726 
Velocity of Sound in Relaxing Gases— 

H. J. Whale. (Nature, vol. 1)14, suppl. no. 26, 
pp. 2007-2008; December 26. 1959.) Measure-
ments were made on pure CO2, 02 and dry air 
free from CO2 of the velocity of sound and 
corresponding attenuation at frequencies in the 
range 100-1500 cps at a pressure of one atmos-
phere and a temperature of 30°C. 

534.231 727 
A New Method of Solving the Problem of a 

Sound Field in a Fluid Wedge - V. K. Ktiznet-
sov. (Akusi. Z., vol. 5, no. 2, pp. 170-175; 1959.) 
Results are examined for the case of absolutely 
reflecting boundaries of the wedge. The theory 
indicates a new phenomenon of normal-wave 
refraction in the wedge with application to 
hydroacoustic shore refractions. 

534.232-8 728 
Dependence of the Gain of an Acoustic 

Focusing System on Sound Intensity—K. A. 
Nauganykli and E. V. Romanenko. (Akust. 
Z., vol. 5, no. 2, pp. 191 - 195; 1959.) An expres-
sion is obtained for estimating the effects of 
nonlinear distortion in a focusing system on the 
amplification coefficient. Miniature receivers are 
used in investigating the waveform near the 
focus and the amplification coefficients of three 
BaTiO3 focusing radiators operating at 0.5, 1.4, 
and 2.2 mc. 

534.26 729 
Diffraction of a Convergent Cylindrical 

Wave by a Cylinder - I N. (Aim,/ 

Z., vol. 5, no. 2, pp. 151-156; 1959.) A mathe-
matical analysis of the diffraction of waves on 
an infinite cylinder disposed coaxially with the 
front of the wave. A comparison is made with 
the case of scatter of a plane wave on a cylinder 
of small circumference compared to the wave-
length. 

534.4 730 
Theory and Practice of Vibration Analysis 

in the Transient Regime—L. Pinionow. ( Ann. 
Telecommun., vol. 13, pp. 100 Ill and 125 - 
152; .March/April and May/June, 1958.) An 
analyzer based on the physical characteristics 
of the ear is evolved. 

534.612:621.352:541.135.6 731 
Analysis of a Logarithmic Solion Acoustic 

Pressure Detector —A. F. Wittenborn. (J. 
Acoust. Soc. Amer., vol. 31, pp. 475-478; 
April, 1959.) An approximate method is used 
which avoids solving the Navier-Stokes equa-
tion describing the fluid-flow and the convec-
tion diffusion equation for calculating the cur-
rent. 

534.75 732 
Intensive Differential Thresholds for Oc-

tave-Band Noise—A. M. Small, Jr, W. E. 
Bacon, and J. L. Fozard. (I. Acoust. Soc. 
Amer., vol. 31, pp. 508-510; April, 1959.) 
Report of an experiment to determine the (lif-
ferential thresholds for octave bands of noise 
of different center frequencies at val loas sensa-
tion levels. 

534.75 733 
Multiple Observations of Signals in Noise — 

J. A. Swets, E. F. Shipley, M. J. NIcKey, and 
1). M. Green. (J. Acoust. Soc. Amer., vol. 
31, pp. 514-521; April, 1959.) Information on 
the general properties of the hearing process is 
obtained from experiments on the gain in de-
tectability resulting from repeated observations 
of a given signal in noise. 

534.75:621.391 734 
Indices of Signal Detectability Obtained 

with Various Psychophysical Procedures— 
Swets. (See 1013.) 

534.76 735 
Binaural Communication Systems: Pre-

liminary Examination— I. Pollack. (J. Acoust. 
Soc. Allier., vol. 31, pp. 81-82; January, 1959.) 
Report of an exploratory study of a binaural 
system with rejection filtering in which selec-
tive operations are transferred to the listener. 

534.76 736 
On the Localization of the Apparent Sound 
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Source in Two-Channel Stereophonic Trans-
mission—V. S. Man'kovskiI. (Akust. Z., vol. 5, 
no. 2, pp. 176-182; 1959.) Stereophonic tests 
carried out at frequencies of 200, 1000 and 6000 
cps in reverberation rooms of volume 1600 and 
1500 meters3 are described. The dependence of 
the apparent position of the sound source on 
the difference in sound level and the coordinates 
of the listener's position is investigated. 

534.78 737 
Intelligibility of Reiterated Speech—D. J. 

Shad. (J. Acoust. Soc. Amer., vol. 31, pp. 423-
427; April, 1959.) An attempt is made to in-
crease the intelligibility of speech sampled in 
time (interrupted speech) by filling in the 
blank spaces with repetitions of the speech 
samples (reiterated speech). There appears to 
be little advantage in the technique. 

534.78:621.391 738 
Communication Efficiency of Vocoders— 

Billings. (See 1014.) 

534.782 739 
An Experimental Transistorized Artificial 

Larynx—H. L. Barney, F. E. Haworth, and 
H. K. Dunn. (Bell. Syst. Tech. J., vol. 38, pp. 
1337-1356; November, 1959.) A modified 
telephone receiver driven by a transistor re-
laxation oscillator, and powered by 10.4-volt 
Hg cells, is used to produce 0.5-msec pulses at 
the required pitch. The pitch can be changed 
and, in use, the telephone receiver is held 
against the throat. 

534.79 740 
The Relation between Loudness and the 

Sound Pressure on the Tympanic Membrane— 
G. Jahn. (Hochfrequenz., vol. 67, pp. 69-72; 
November, 1958.) Subjective tests with spe-
cially developed equipment show that a given 
sound pressure at the membrane always results 
in the same loudness sensation irrespective of 
the shape of the external sound field. 

534.845.1 741 
Investigations on the Measurement of the 

Sound Absorption Coefficient in Echo Cham-
bers—E. Steffen. (Hochfrequenz., vol. 67, pp. 
73-77; November, 1958.) The effect of the 
arrangement and shape of the absorbent ma-
terial under test on the relation between meas-
ured and true absorption coefficients is investi-
gated. 

534.861:621.395.665.1 742 
Contribution on the Reciprocal Control of 

Dynamic Range—V.43lz (See 1019.) 

534.88 743 
On the Detection of Signals in Nonsta-

tionary Noise by Product Arrays—J. B. 
Thomas and T. R. Williams. (J. Acoust. Soc. 
Amer., vol. 31, pp. 453-462; April, 1959.) Two 
detection systems having multiple inputs each 
consisting of nonstationary noise and a sta-
tionary random signal are analyzed and com-
pared on the basis of signal/noise ratio. 

534.88 744 
Correlation of a Finite-Distance Point 

Source—M. J. Jacobson. (J. Acousl. Soc. 
Amer., vol. 31. pp. 448-453; April, 1959.) Er-
rors in predicted source directions obtained 
with a two-receiver steerable correlation sys-
tem are considered in relation to source dis-
tance. 

534.88:621.396.965.4 745 
Underwater Echo-Ranging with Electronic 

Sector Scanning: Sea Trials on R.R.S. Dis-
covery II—D. G. Tucker, V. G. Welsby, L. 
Kay, M. J. Tucker, A. R. Stubbs, and J. G. 
Henderson. (J. Brit. IRE, vol. 19, pp. 681-
696; November, 1959.) The general perform-
ance of the equipment and its ability to detect 

fish shoals is described, together with an ac-
count of the equipment design. See 3676 of 
1958 (Tusher, et al.). 

621.395.61.089.6:534.6-8 746 
Absolute Calibration of Pitot Tubes and 

Microphones by means of Ultrasonics—V. 
Gavreau and A. Calaora. (Ann. Télécommun., 
vol. 13, pp. 153-158; May/June, 1958.) A 
phase-difference technique for measuring the 
velocity of air flow is applied to the calibration 
of pitot tubes at low velocities. The technique 
is also applied to the absolute calibration of 
microphones at frequencies below 400 cps. 

621.395.623.7: 621.318.2 747 
Loudspeaker Magnet Design—A. E. 

Falkus. (Wireless World, vol. 66, pp. 41-44; 
January, 1960.) Magnet design using capped 
cylindrical slugs of Alcomax III is described. 

ANTENNAS AND TRANSMISSION LINES 

621.372.2 748 
Reflection Coefficients—R. A. Waldron 

and J. K. Skwirzynski. (Electronic Radio Eng., 
vol. 36, pp. 464-465; December, 1959.) "The 
reflection and transmission coefficients are 
considered for reflecting surfaces which have 
the same medium on either side. It is shown 
that the reflection coefficient can be written 
cos O•ei8 and the transmission coefficient sin 

O taking values between -- ir/2 and 
-1-7/2." 

621.372.2.012.11 749 
The Smith Chart—R. A. Hickson. (Wire-

less World, vol. 66, pp. 2-9 and pp. 82-85; 
January and February, 1960.) Derivation and 
uses of the chart are described. 

621.372.2.09 750 
Group Velocity and Energy Velocity of 

Electromagnetic Waves in Loss-Free Lines— 
W. Kleen and K. Pâschl. (Arch. elekt. ()bear°. 
gung, vol. 12, pp. 567-569; December, 1958.) 
Energy velocity equals group velocity in two 
special models of loss-free delay line and in 
loss-free lines, in general, including those of 
periodic structure. This is not in agreement 
with the findings of Borgnis (696 of 1959). 

621.372.8 : 621.77 751 
Waveguide Bending Design Analysis— 

F. J. Fuchs, Jr. (Bell Syst. Tech. J., vol. 38, pp. 
1457-1484; November, 1959.) "The art of rec-
tangular tube bending is analyzed, with par-
ticular attention be:11g given to tube wall 
thickness variations. Effects of these variations 
on tool design are discussed and methods and 
formulas for determination of wall distortions 
are presented." 

621.372.8.049.7 752 
High-Pressure Microwave Window—A. W. 

Lawson and G. E. Smith. (Rev. sci. Instr., vol. 
30, pp. 989-991; November, 1959.) Two coni-
cally tapered single crystals of Al2O3, with 
small ends abutting, are used to effect simul-
taneously a high-pressure seal and a matched 
transformation from a standard 1-cm circular 
waveguide at atmospheric pressure to a circu-
lar waveguide terminated by a high-Q cavity 
resonator with an internal hydrostatic pres-
sure up to 104 bars. 

621.372.81 753 
The Impedance Concept in Waveguide 

Theory—A. Guerbilsky. (Ann. Téléccmtmun., 
vol. 13, pp. 114-120; 1\ lay/June, 1958.) Wave 
propagation studies are simplified by breaking 
down the propagated wave into uniform plane 
waves. The method is applied to a parallel-
plate and a rectangular waveguide, each con-
taining two dielectrics. 

621.372.825 754 
Ridge Waveguide Impedance—G. Duck-

worth. (PRoc. IRE, vol. 47, p. 2121; Decem-
ber, 1959.) A simpler formula than that given 
by Mihran (2425 of 1949) is derived for the 
characteristic impedance. 

621.372.831 755 
Mode Conversion—L. Solymar. (Elec-

tronic Radio Eng., vol. 36, pp. 461-463; De-
cember, 1959.) The electric intensities in the 
taper section and larger waveguide are deter-
mined, and the amplitudes of the spurious 
modes computed for the case of rectangular 
waveguides of different cross sections joined by 
a pyramidal tapered section. A simple formula 
relating the taper section length to the mode-
conversion figure is derived. 

621.372.831:621.317.373 756 
Phase Measurements through Tapered 

Junctions—L. Lewin. (Proc. IEE, pt. B, vol. 
106, pp. 495-496; September, 1959.) The elec-
trical length of a tapered junction matched at 
the transitions to uniform waveguides is usu-
ally taken to be its physical length. A small 
correction, due to the cylindrical nature of the 
wave, is calculated theoretically. 

621.372.852.22 757 
Gyromagnetic Modes in Waveguide Par-

tially Loaded with Ferrite—H. Seidel and R. C. 
Fletcher. (Bell Syst. Tech. J., vol. 38, pp. 1427-
1456; November, 1959.) Analysis is made of 
all the propagating modes of a vanishingly 
small rectangular waveguide partially filled 
with transversely magnetized ferrite. Each of 
these modes is shown to propagate in only one 
direction and to tend to be lossy. These proper-
ties are of use in the design of a nonresonance 
isolator. 

621.372.855 758 
Rectangular-Waveguide Loads—W. G. 

Voss. (Electronic Tech., vol. 37, pp. 6-8; 
January, 1960.) Modifications to the construc-
tion and mounting of resistive-element dissi-
pative strips when used either as fixed flat 
loads or as adjustable sliding terminations are 
described. The two loads are considered to be 
improvements on any previous design of low-
power load, having particular application 
where a variation of voltage SWR is required 
over a wide range or where an extremely flat 
load is required. 

621.396.67.095 759 
Antenna Power Densities in the Fresnel 

Region—R. W. Bickmore and R. C. Hansen. 
(PRoc. IRE, vol. 47, pp. 2119-2120; Decem-
ber, 1959.) Curves of maximum power density 
are presented as a function of distance from 
the antenna for typical aperture distributions. 

621.396.677.43 760 
The Horizontal Radiation Patterns of 

Rhombic Receiving Antennas for Short-Wave 
Transmission Paths—H. Bohnenstengel, \V 
Kronjâger, and K. Vogt. (Nachrichtentech. Z., 
vol. 11, pp. 605-610; December, 1958.) Sta-
tistical methods were used to determine the 
horizontal radiation patterns of a rhombic with 
115-meter sides at Eschborn receiving station, 
for frequencies 5, 10, 15 and 20 mc. Levels of 
side-lobe and backward radiation were also 
determined. 

621.396.677.71 761 
Pattern Synthesis for Slotted-Cylinder An-

tennas—J. R. Wait and J. Householder. (J. 
Res. nat. Bur. Stand., vol. 63D, pp. 303-313; 
November/December, 1959.) Tchebycheff 
polynomials are used to calculate the distribu-
tion of excitation in phase and amplitude of the 
axial slots, arranged around the circumference 
of a vertical cylinder, which are necessary to 
produce the required beamwidth and side-
lobe levels in the horizontal plane. 
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621.396.677.83 762 
Passive Microwave Mirrors—R. G. Med-

hurst. (Electronic Radio Eng., vol. 36, pp. 
443-449; December, 1959.) Equations for the 
phase and amplitude of the near field, close to 
the main lobe axis, of the primary radiation are 
derived as modifications of the far-field ex-
pressions. Computation of the gain of the 
antenna-reflector system relative to the an-
tenna alone is simplified; the results agree well 
wit h measurements and previously calculated 
results. 

AUTOMATIC COMPUTERS 

681.142 763 
New Digital-Computer Techniques—(Proc. 

IRE, pt B, vol.106, pp. 444-469; September, 
1959.) A report of specialist discussion meetings 
of the Measurement and Control Section of the 
IEE, February 16-17, 1959, dealing with 
character recognition, peripheral equipment, 
low-temperature storage and \\ itching devices, 
and special aspects of logical design. 

681.142 764 
Study of Certain Errors in Analogue Com-

puters—M. W. Overhoff. (Ann. Télécommun., 
vol. 13, pp. 162-168; July/August, 1958.) 
Linear and nonlinear imperfections in adding 
and integrating circuits are related to errors in 
the solution of differential equations. Analog 
computers using only ac amplifiers are shown 
to be a practical proposition. 

681.142 765 
Electronic "Rotor"—J. S. Johnston. (Elec-

tronic Tech., vol. 37, pp. 2-6; January, 1960.) A 
method is described for introducing the con-
cepts of bearing and angle into fast Cartesian 
analog computations without the use of 
mechanical shafts and servomechanisms. 

681.142 : 621.3.029.6 765 
Microwave Computer Circuits—F. Leary. 

(Electronics, vol. 32, pp. 77-81; November 20, 
1959.) Examples of the use of microwave com-
ponents and techniques in the construction of 
simple high-speed computing elements are 
given. Main problems are the cost and com-
plexity of the waveguide systems required. 

681.142:621.376.22 767 
Use of a Diode Ring as a Four-Quadrant 

Multiplier—R. H. Wilcox. Rev. Sci. Instr., 
vol 30, pp. 1009-1011; November, 1959.) 
The operation of a diode ring as a passive 
analog multiplier is analyzed. Tests show that 
an accuracy within 1 per cent is obtainable at 
input levels up to 150 mv. 

681.142 768 
Electronic Digital Computers (Book Re-

viewl—C. V. L. Smith. Publishers: McGraw-
Fl ill, London, 443 pp. (Electronic Tech., vol. 37, 
in). 43-44; January, 1960.) 

CIRCUITS AND CIRCUIT 
ELEMENTS 

621.316.8:621.391.822 769 
Noise of Resistors and Resistor Combina-

tions without and with Load—K. Lunze. 
(NachrTech., vol. 8, pp. 580-584; December, 
1958.) Noise due to current flow in carbon-
film-type resistors is particularly considered. 
The increase over thermal noise is controlled by 
a factor which depends on loading, film dimen-
sions and the construction of the resistor; from 
this a formula is derived which contains a con-
stant dependent on film material. 

621.319.4 770 
The Impedance of Non-quasistationary. 

Annular-Plate Capacitors—W. Buschbeck 
(Telefunken Zig. vol. 32, pp. 23-28; March, 
1959. English summary, p. 72.) The maximum 
permissible dimensions for the avoidance of 

sell-resonance are calculated for high-fre-
quency grid stopper and lead-through capaci-
tors. 

621.319.42.004.6 771 
The Reliability and Life of Impregnated-

Paper Capacitors—J. P. Pitts. (Proc. IEE, vol. 
106, pp. 397-403; October, 1959. Discussion, 
pp. 403-408.) The construction of paper ca-
pacitors and the problems associated with 
failure in them are reviewed. Possible methods 
of prolonging life and reducing failures are 
discussed. 

621.372.414 772 
Coaxial Resonators with Helical Inner 

Conductor—W. \V. Nlacalpine and R. O. 
Schildknecht. (Pam_ IRE, vol. 47, pp. 2099-
2105; December, 1959.) Resonators of small 
size can be designed for the VHF and HF 
ranges. Design formulas are simple, and have 
been confirmed by experiment. 

621.372.44: 621.372.6 773 
General Energy Relations in Nonlinear 

Reactances—J. M. Manley and H. E. Rowe. 
(Paoc. IRE, vol. 47, pp. 2115-2116; Decem-
ber, 1959.) An alternative derivation to that 
used earlier (2988 of 1956) is based on con-
servation of energy and the properties of the 
device. 

621.372.44:621.372.6 774 
A Simplified Derivation of the Manley and 

Rowe Power Relationships—J. E. Carroll. (J. 
Electronics Control, vol. 6, pp. 359-361; April, 
1959.) See 773 above. 

621.372.5 775 
The Determination of Canonical Reactance 

Quadripoles with Prescribed Iterative Matrix 
—R. Unbehauen. (Arch. elekt. Übertragung, 
vol. 12, pp. 545-556; December, 1958.) The 
iterative matrix of any reactance quadripole is 
realized by means of canonical circuits (see, 
e.g., 2354 of 1957). The method consists in de-
veloping a two-pole function into a continued 
fraction. This function represents the imped-
ance of the two-pole network which results from 
terminating by unity resistance the output of a 
quadripole realizing the given matrix. 

621.372.5 776 
Applications of Wave Matrices for Calcula-

tions on Four-Terminal Networks with Trans-
verse Symmetry—L. R. Vavich. (Radiotekh. 
Elektron., vol. 4, pp. 341-344; February, 1959.) 
An extension of the method used in the classical 
theory of linear networks and based on bisect-
ing the four-terminal network. See 2149 of 
1959. 

621.372.5 : 061.3 777 
Modern Network Theory in Electrical 

Engineering—J. T. Allanson. (Nature, vol. 184, 
pp. 1691-1692; November 28, 1959.) Report of 
a conference held by the Department of Elec-
trical Engineering of the University of Bir-
mingham, September 22-24, 1959. 

621.372.5 : 621.3.016.35 778 
Some Considerations on the Stability of 

Electrical Circuits— I. Gumowski. (Ann. Télé-
commun., vol. 13, pp. 121-124; May/June, 
1958.) A definition of stability based on an 
integral equation is proposed. It is considered 
to be more general in applicability than the 
definitions of Bode and James and Weiss. 

621.372.5:621.391.822:621.375.4 779 
Contribution to the Theory of Noisy 

Quadripoles—R. Paul. (NachrTech., vol. 8, pp. 
548-568; December, 1958.) Detailed con-
sideration of the parameters which determine 
the noise figure, particularly of transistors. The 
effect of circuit configuration on noise figure is 
discussed and typical circuit parameters for 

thermal-noise networks are tabulated. The 
noise characteristics of a single-stage transistor 
amplifier are investigated. 

621.372.5.001.572 780 
Transient Synthesizer—P. Eyklioff. (Elec-

tronic Tech., vol. 37, pp. 31-36; January, 1960.) 
An instructional instrument is described which 
may be used to study the transient response of 
a quadripole of which the transfer function, in 
terms of poles and zeros, may be set immedi-
ately to the desired form. 

621.372.51:621.375.42 781 
Power Matching of Quadripoles with Com-

plex Parameters— H. J. Butterweck. (Arch. 
elekt. Überiragung, vol. 12, pp. 540-544; De-
cember, 1958.) The passive matching imped-
ances are derived which are required for maxi-
mum power amplification with quadripoles 
having complex parameters, such as transistors 
at high frequencies. A criterion is established 
for unconditional stability of a quadripole 
connected to passive impedances. 

621.372.54 782 
Monotonicity and Maximally Flat Rational 

Functions—T, R. O'Meara. (Paoc. IRE, vol. 
47, pp. 2116-2117; December, 1959.) It is 
shown that these functions describe the trans-
mission properties for some common cases in 
loss-free filter design. 

621.372.62 783 
The Multipole Network with Symmetry of 

Terminal Number—W. Klein. (Arch. elekt. 
Übertragung, vol. 12, pp. 533-539; December, 
1958.) Using matrix notation formulas are de-
rived for crosstalk in multipole networks which 
have an equal number of input and output 
terminal pairs. 

621.373:621.376.32 784 
The Modulation of the Natural Frequency 

of a Loss-Free Oscillator Circuit—E. Kettel. 
(Telefunken Zig., vol. 31, pp. 254-261; Decem-
ber, 1958, and vol. 32, pp. 29-38; March, 
1959. English summary.) The modulation can 
be represented by a Hill's equation. The 
properties of oscillator circuits with one or two 
controllable reactance elements are investi-
gated, and equations of the ideal frequency 
modulator are derived. 

621.373.4.029.65:376.23 785 
Transistor Phase Detector for Phase-Lock 

Stabilization of a 30,000-Mc/s Klystron— 
R. W. Zimmerer. (Rev. Sci. Distr., vol. 30, pp. 
1052-1053; November, 1959.) A 15-mc refer-
ence signal is applied to the common emitters 
of two transistors with their bases driven in 
push-pull by the output of a 15-mc IF ampli-
fier. A control signal is derived from the two 
collectors and is in series with the klystron 
repeller voltage supply. See 397 of 1958 
(Thompson and Cateora). 

621.373.42:621.316.729 786 
Oscillator Synchronization at Combination 

Frequencies for the Purpose of Wide-Band 
Frequency Stabilization—G. M. Utkin. (Radio-
tekh. Elektron., vol. 4, pp. 272-285; February, 
1959.) Investigation of a system of three 
coupled oscillators, two of which are tuned to 
the natural frequency of the third oscillator. 

621.373.42:621.316.729 787 
Effect of an E.M.F. with Periodically Vary-

ing Parameters on an Oscillatory System-
-N. N. Lunacharskil. (Radiotekh. Elektron., 
vol. 4, pp. 286-294; February, 1959.) Mathe-
matical analysis, based on the Ricatti equa-
tion with variable coefficients, to determine the 
phase variations in an oscillator with an applied 
EMF periodically varying in amplitude and 
frequency. 



832 

621.373.421.1 I 788 
On the Possibility of Flu ther Generaliza-

tion in Quasilinear Theory of Single-Circuit 
LC Oscillators—P. G. Korolev. (Radiolekh. 
Elektron., vol. 4, pp. 262-271; February, 1959.) 
A general expression is derived for the complex 
amplitude of the first harmonic of the oscillator 
anode current for a given tube characteristic 
and any arbitrary amplitude values of a 
synchronous or asynchronous EMF. 

621.374.32:621.387.4 789 
Millimicrosecond Discriminator—D. W. 

Swift and V. Perez- Mendez. (Rev. Sci. lusty., 
vol. 30, pp. 1004-1006; November, 1959.) A 
discriminator circuit for use with counting 
equipment is described which has a good re-
sponse to pulses as short as 3 masec. 

621.374.34 790 
10-9-sec-Resolving-Time Coincidence Cir-

cuit-Limiting Effect in Electron Tubes—F. 
Lepri. (Rev. Sci. ¡ asir., vol. 30, pp. 1049-1050; 
November, 1959.) The operation of the circuit 
described is based on the formation of a 
virtual cathode between adjacent electrodes 
under positive grid conditions. Characteristic 
curves for a pentode Type E 180 F are shown. 
Tests performed on 50 tubes showed a spread 
of about 5 per cent in limited-current values. 

621.374.4:621.372.44 791 
Frequency Multiplication with Nonlinear 

Capacitors—a Circuit Analysis—D. B. Leeson 
and S. Weinreb. ( PRoc. IRE, vol. 47, pp. 2076-
2084; December, 1959.) From the formulas 
given, it is possible to specify the optimum 
nonlinear characteristic for a given circuit and 
harmonic number, and to calculate the condi-
tions for maximum efficiency. The procedure 
can be used for frequency division and for 
circuits with nonlinear inductors. 

621.374.4: 621.382.22 792 
Two-Crystal Harmonic Generator—T. E. 

Hartman. (Rev. Sci. lase., vol. 30, pp. 1063-
1064; November, 1959.) The Si crystals are 
small polished pieces of microwave-diode ma-
terial with tungsten-wire cat whiskers. Input 
and output waveguides have their broad faces 
in contact. One whole crystal assembly is 
moved to tune the generator over the funda-
mental frequency range 22.8-24.3 kmc. 

621.375.1.016.35 793 
Multistage Amplifier Stability Design Cri-

teria—L. G. Cripps. (Electronic Radio Eng., 
vol. 36, pp. 454-458; December, 1959.) The 
stability of a cascade amplifier is considered 
for the two cases: where the stability factors 
of all the stages are equal a) before cascading, 
and 13) after cascading. A short discussion of 
the results is given. 

621.375.127 794 
Push-Pull Amplifier Balance—(Elearonic 

Tech., vol. 37, pp. 41-43; January, 1960.) Nega-
tive voltage feedback may be applied inde-
pendently to the two sides of a push-pull ampli-
fier circuit by the insertion of an inductance 
and shunt resistance network in the lead to the 
primary center tap of the output transformer. 

621.375.22: 621.372.44 795 
Reducing Amplifier Distortion—G. W. 

Holbrook. (Electronic Tech., vol. 37, pp. 13-20; 
January, 1960.) A method is described for 
correcting the nonlinear distortion in tube 
amplifiers using metallic rectifiers as nonlinear 
resistances. Examples of corrected single-
ended and push-pull amplifiers are given. 

621.375.4 796 
Some Design Considerations for High-

Frequency Transistor Amplifiers—D. E. 
Thomas. (Bell Sys,. Tech. J., vol. 38, pp. 1551-
1580; November, 1959.) The interaction be-
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tween output and input due to internal feed-
back in the transistor is illustrated, and design 
data are developed for networks used to over-
come this. Many practical amplifiers are simple 
and require a minimum of design effort. 

621.375.9: 538.569.4 797 
Spin-Spin Energy Transfer and the Opera-

tion of Three-Level Masers—W. B. Mims and 
J. D. McGee. (PRoc. IRE, vol. 47, p. 2120; 
December, 1959.) 

621.375.9:538.569.4 798 
Construction of a Strong-Field Maser-Type 

Type Self-Oscillator—C. Fric. (Corn pi. rend. 
Acad. Sci.. Paris, vol. 249, pp. 80-82; July 6, 
1959.) Proton spin resonance in a current of 
magnetically polarized water is applied in the 
design of a maser which operates in stable con-
ditions without parasitic modulation. Its fre-
quency is 29.66 mc corresponding to a field of 
6980 gc. See also 2548 of 1959 ( Benoit, el al.). 

621.375.9:538.569.4 799 
Operation of a Zero-Field X-Band Maser— 

J. E. King and R. W. Terhune. (J. Ape. Phys., 
vol. 30, pp. 1844-1845; November, 1959.) 
Note on the operation of a 3-level maser ampli-
fier at 12.3 kmc using iron-doped A1203 and only 
a small magnetic field for tuning. 

621.375.9:538.569.4 800 
• Operating Characteristics of an Ammonia 

Beam Maser—F. S. Barnes. (PRoc. IRE, vol. 
47, pp. 2085-2098; December, 1959.) The sim-
ple theory is expanded to predict the angular 
distribution of the molecules leaving the 
collimator, and the effect of the focuser on the 
velocity distribution. Comparison with experi-
mental data shows the importance of collisions 
and beam divergence. 51 references. 

621.375.9: 621.372.44 801 
Parametric Amplification and Conversion 

in Propagating Circuits using Nonlinear Re-
actances—N. C. Chang. ( PRoc. IRE, vol. 47, 
p. 2117; December, 1959.) The case of a time-
varying reactance coupling three propagating 
circuits is analyzed. 

621.375.9: 621.372.44 802 
Noise Figure for a Travelling-Wave Para-

metric Amplifier of the Coupled-Mode Type— 
C. G. Shafer. ( PRoc. IRE, vol. 47, pp. 2117-
2118; December, 1959.) 

621.375.9: 621.372.44: 621.382.22 803 
An Extremely Low-Noise 6-kmc/s Para-

metric Amplifier using Gallium Arsenide Point-
Contact Diodes—M. Uenohara and W. M. 
Sharpless. (PRoc. IRE, vol. 47, pp. 2114-
2115; December, 1959.) Variation of excess 
noise temperature with diode temperature has 
been measured; a range of values comparable 
to that for a maser has been obtained. See also 
805 below. 

621.375.9: 621.372.44: 621.382.22 804 
X-Band Parametric-Amplifier Noise Fig-

ures— B. C. De Loach and W. M. Sharpless. 
(PRoc. IRE, vol. 47, p. 2115; December, 1959.) 
Two types of GaAs point-contact diode with 
improved gain-bandwidth properties have 
been examined. See also 803 above. 

621.375.9: 621.372.44: 621.382.23 805 
Low-Noise Parametric Amplifier using Ger-

manium p-n Junction Diode at 6 kMc/s— 
M. Uenohara and A. E. Bakanowski. ( PRoc. 
IRE, vol. 47, pp. 2113-2114; December, 1959.) 
Experimental arrangements and results are 
given for noise-figure measurements at various 
bias voltages and temperatures. 

GENERAL PHYSICS 
535.62 806 

Subjective Colour Tests—( Wireless World, 
vol. 66, pp. 33-34; January, 1960.) "Land 

April 

colour" (3629 of 1959) is found to depend on 
subjective effects and picture composition to 
convey the color infomation to the mind of the 
observer. It does not, therefore, offer a practi-
cal system for color television. 

537.227:539.2 807 
Crystal Stability and the Theory of Ferro-

electricity—W. Cochran. (Phys. Rev. Lat., vol. 
3, pp. 412-414; November 1, 1959.) 

537.29 : 535.34 808 
Influence of an Electric Field on an Optical 

Absorption Edge—W. Franz. (Z. Naturforsch., 
vol. 13a, pp. 484-489; June, 1958.) The ab-
sorption edge displacement in a crystal with 
external field strength of the order of 10,-10, 
volt/cm is interpreted. 

537.311.3: 536.2 809 
Deviation from Matthiessen's Rule and 

Lattice Thermal Conductivity of Alloys—P. G. 
Klemens. (Aust. J. Phys., vol. 12, pp. 199-202; 
June, 1959.) The difference in the ideal elec-
tronic thermal conductivity between an alloy 
and a pure metal can be estimated from the 
corresponding difference in the ideal electrical 
resistivity, using the Wiedemann-Franz law. 

537.312.62 810 
The Inverse Skin Effect—M. G. Haines. 

(Proc. Phys. Soc., vol. 74, pp. 576-584; Novem-
ber 1, 1959.) The axial current density in an 
infinite cylindrical conductor is calculated as a 
function of radius and time. Rigid and radially 
expanding conductors are treated; current 
density distributions are obtained which some-
times have no resemblance to the normal skin 
effect. 

537.32:536.7 811 
Irreversible Thermodynamics and Kinetic 

Theory in the Derivation of Thermoelectric 
Relations—J. W. Leech. (Ganad. J. Phys., 
vol. 37, pp. 1044-1054; September, 1959.) 
Considerations of irreversible thermodynamics 
simplify the determination of thermoelectric 
coefficients using kinetic-theory arguments 
based on Boltzmann's equation. A new ex-
pression for Thomson's coefficient has been de-
rived. Only simple models have been used but 
the theory is capable of extension to more 
complex ones. 

537.56 812 
The Structure of a Stream of Electrons and 

Ions Drifting and Diffusing in a Gas when 
Ionization by Collision and Molecular Attach-
ment are Present—L. G. H. Huxley. (Aust. 
J. Phys., vol. 12, pp. 171-183; June, 1959.) 

537.56 813 
Calculation of the Thermal Conductivity of 

an Ionic Current—H. Cabannes. (Comm 
rend. Acad. Sci., Paris, vol. 249, pp. 47-49; 
July 6, 1959.) A thermal conductivity tensor 
for the ionic part of a plasma is derived from 
kinetic theory. 

537.56 814 
Electric Field Distributions in an Ionized 

Gas— NI. Baranger and B. Mozer. (Phys. 
Rev., vol. 115, pp. 521-525; August 1, 1959.) 
A method for improving systematically the 
Holtsmark distribution is described. It is then 
applied to the calculation of the distribution of 
the high-frequency component of the electric 
field in an ionized gas in thermal equilibrium. 

537.56:538.56 815 
Space-Charge Waves in Cylindrical Plasma 

Columns—A. W. Trivelpiece and R. W. 
Gould. (J. App!. Phys., vol. 30, pp. 1784-
1793; November, 1959.) The existence of space-
charge waves in stationary plasmas of finite 
cross section has been demonstrated theoreti-
cally and experimentally. In addition to for-
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ward waves, a plasma can support backward 
waves when there is a finite axial magnetic 
field. This makes possible the design of a back-
ward-wave oscillator in which the plasma is the 
slow-wave circuit. Other possible applications 
are noted. 

537.56:538.63 816 
Electromotive Force in a Highly Ionized 

Plasma Moving Across a Magnetic Field—M. 
Sakantula, B. E. Clotfelter, W. B. Edwards, and 
R. G. Fowler. (J. Ape Phys., vol. 30, pp. 
1669-1671; November, 1959.) The EMF is 
proportional to the flow speed. Oscillographic 
probe measurements of flow velocity and 
plasma resistance are described. 

538.221 817 
Statistical Mechanical Theory of a Random 

Ferromagnetic System—R. Brout. (Phys. Rev., 
vol. 115, pp. 824-835; August 15, 1959.) Study 
of the behavior of solid solutions of paramag-
netic impurities which are exchange-coupled in 
a nonmagnetic substrate yields a considerable 
amount of information about the nature of the 
exchange coupling and the temperature de-
pendence of the spin system. 

538.222:538.614 818 
Study of the Paramagnetic Faraday Effect 

—J. Soutif-Guicherd . (Ann. Télécommull., vol. 
13, pp. 169-185 and 222-238; July/August and 
September/October, 1958.) From a study of 
propagation in a gyromagnetic medium the 
magnitude of the Faraday effect is determined 
as a function of the constant k of the medium. 
The theory is applied to rotation in paramag-
netic salts, and curves are derived for the rota-
tion angle s as a function of the applied field. A 
description is given of experimental apparatus, 
and results of measurements on Mn and Fe 
salts at wavelengths of 1 and 10 cm are com-
pared with with theoretical calculations. 60 
references. For an abbreviated report in Eng-
lish see J. Ape Phys., vol. 29, pp. 256-258; 
March, 1958. 

538.3 819 
Structure of the Electromagnetic Field— 

B. Bertotti. (Phys. Rev., vol. 115, pp. 742-745; 
August 1, 1959.) A mathematical study of the 
structure of a curved space-time in which a 
source-free EM field is present. 

538.3: 517 820 
Helical Fields—H. Poritsky.. (J. Appt. 

Phys., vol. 30, pp. 1828-1837; November, 
1959.) Simple analytic helically invariant 
solutions of the Laplace equation are given and 
combined to describe the electrostatic field of a 
charged helix, and the magnetic field of a heli-
cal electric current. Certain graphical flux 
plotting methods are outlined and illustrated, 
and network analogies are suggested for solving 
these fields. 

538.3:530.145 821 
Significance of Electromagnetic Potentials 

in the Quantum Theory— Y. Aharonov and 
D. Bohm. (Phys. Rev., vol. 115, pp. 485-491; 
August 1, 1959.) Contrary to the conclusions of 
classical mechanics, there exist effects of po-
tentials on charged particles, even in the region 
where all the fields vanish. The significance of 
this is discussed. 

538.311 822 
Microwave Magnetic Field near a Con-

ducting Perturbation—D. S. Rodbell. (J. 
App!. Phys., vol. 30, pp. 1845-1846; Novem-
ber, 1959.) Experiments are described to show 
that locally intense microwave magnetic-field 
strengths can be obtained with low power 
levels by using a conductor to perturb the 
microwave electric field of a resonant cavity. 

538.561:539.12 823 
Radiation Produced by the Transit of 

Charged Particles near Ideally Conducting 
Bodies— Vu. N. Dnestrovskii and D. P. 
Kostomarov. (Radiotekh. Elektron., vol. 4, pp. 
303-312; February, 1959.) Expressions are 
obtained for the energy and radiation spectrum. 
The excitation of oscillations by electrons en-
tering a circular waveguide from an open half-
space is discussed. 

538.561:539.12:523.165 824 
Radiation from Particles Exceeding the 

Velocity of Light, and Several Applications of 
it in Experimental Physics—P. A. éerenkov. 
[Science and Culture, (Calcutta), vol. 25, pp. 
281-286; November, 1959.] The history of the 
discovery and interpretation of èerenkov 
radiation is outlined. The application of radi-
ation measurements in the investigation of 
cosmic-ray showers is discussed. 

538.566 825 
Vertex-Excited Surface Waves on Both 

Faces of a Right-Angled Wedge—S. N. Karp 
and F. C. Karal, Jr. (Commun. Pure App!. 
Math., vol. 12, pp. 435-455; August, 1959.) 

538.566: 535.42] + 534.26 826 
Diffraction by an Infinite Slit—H. Levine. 

(J. Ape Phys., vol. 30, pp. 1673-1682; No-
vember, 1959.) A rigorous analysis of the 
problem for plane waves with special emphasis 
on short wavelengths and grazing incidence. 

538.569.4:621.375.9 827 
Construction of a Strong-Field Maser-

Type Self-Oscillator— Fric. (See 798.) 

538.691 828 
On the Asymptotic Series Expansion of the 

Motion of a Charged Particle in Slowly Vary-
ing Fields—J. Berkowitz and C. S. Gardner. 
(Commun. Pure Appt. Math., vol. 12, pp. 501-
512; August, 1959.) 

539.2:537.122 829 
Self-Consistent Field Approach to the 

Many-Electron Problem—H. Ehrenreich and 
M. H. Cohen. (Phys. Rev., vol. 115, pp. 786-
790; August 15, 1959.) The self-consistent field 
method in which a many-electron system is 
described by a time-dependent interaction of a 
single electron with a self-consistent EM field 
is shown for many problems to be equivalent to 
the many-body treatment. 

539.2: 537.311.1 830 
Electrodynamics of Charge Carriers of 

Negative Effective Mass in Crystals—S 
Rodriguez. (Phys. Rev., vol. 115, pp. 821-823; 
August 15, 1959.) The transport properties of 
negative-effective-mass carriers in crystals are 
studied. The electrical conductivity of a sample 
in which the electron distribution function is 
weakly perturbed from its thermal equilibrium 
value is always positive, even in the presence of 
a magnetic field. Cyclotron resonance experi-
ments in equilibrium should therefore display 
energy absorption. 

539.2:538.569.4 831 
Optical Pumping in Crystals—H. H. 

Theissing, P. J. Caplan, F. A. Dieter, and N. 
Rabbiner. (Phys. Rev. Lea., vol. 3, pp. 460-
462; November 15, 1959.) An estimate is made 
of the expected population change in the 
ground state of a crystal due to optical pump-
ing. 

539.2: 538.569.4: 621.372.413 832 
The Coupling of a Spin System to a Cavity 

Mode—K. W. H. Stevens and B. Josephson, 
Jr. (Proc. Phys. Soc., vol. 74, pp. 561-575; 
November 1, 1959.) A wave-mechanics treat-
ment is given in which the expectation value of 
the component of total spin angular momen-
tum is determined. This problem has become 
important with recent developments in maser 
technology. 

GEOPHYSICAL AND EXTRATER-
RESTRIAL PHENOMENA 

523.152.3:621.396.96 833 
The Determination of the Electron Density 

in Interplanetary Space—J. M. Kelso. (J. 
Terr. Phys., vol. 16, pp. 357-359;Novem-

ber, 1959.) The average electron density and 
the arc length of the ray path from a space ve-
hicle to the ground can be measured by trans-
mitting a pulse to the vehicle on one VHF 
frequency and receiving pulses emitted from a 
transponder in the vehicle on this and on a dif-
ferent frequency. In this way, electron densities 
of the order of 100 electrons/cm, can be esti-
mated. 

523.16 834 
The Temperature required for Nuclear 

Reactions in Cosmical Electrical Discharges— 
C. E. R. Bruce. (Nature, vol. 184, suppl. no. 26, 
pp. 2004-2005 December 26, 1959.) It is 
probable that at a temperature of about 
4 X 10,0K nuclear reactions occur freely. 

523.164 835 
Technical and Astronomical Measurements 

with the Bonn 25-m Radio Telescope—P. G. 
Mezger. (Telefunken Zig., vol. 31, pp. 213-225; 
December, 1958, and vol. 32, pp. 38-46; 
March, 1959. English summary.) Details are 
given of operational tests on the receiving in-
stallation of the Bonn University radio tele-
scope on the Stockert [see 3845 of 1957 (Peder-
zani)]. Additions to the receiving equipment, 
and the calibration of the antenna by series of 
astronomical measurements and comparisons 
with results from other radio telescopes are 
also described. 

523.164 836 
The Positional Accuracy of the 25-m Radio 

Telescope of the Bonn Observatory— B. H. 
Grahl. (Telefunken Zig., vol. 31, pp. 226-232; 
December, 1958. English summary, pp. 272-
273.) The tracking system and its adjustment 
and control are described. Details are also 
given of the alignment of the telescope axes 
and the correction of mechanical inaccuracies 
of the reflector structure. 

523.164: 551.510.535 837 
Radio-Star Scintillations and Ionospheric 

Disturbances—T. R. Hartz. (Canad. J. Phys., 
vol. 37. pp. 1137-1152; October, 1959.) Spread-
F phenomena are not adequate to explain 
scintillations at 53 mc at Ottawa and precipita-
tion of solar particles seems to be involved at 
high latitudes. 

523.164:551.510.535 838 
Cosmic Radio Noise Absorption on 25 Mc/s 

and F. Scatter—K. R. Ramanathan and R. V. 
Bhonsle. (J. Geophys. Res., vol. 64, pp. 1635-
1637; October, 1959.) A close connection is 
suggested between the observed anomalous 
enhancement of scattered VHF signals and the 
post-sunset increase in the attenuation of 
cosmic noise. 

523.164.3 839 
Observation of the Central Region of the 

Galaxy at 33.3 cm X with the Large Radio Tele-
scope of the G.A.O. !Principal Astronomical 
Observatory]—V. G. Malumyan. (Dokl. Akad. 
Nauk SSSR, vol. 129, pp. 1003-1004; Decem-
ber 11, 1959.) A note on radio-telescope obser-
vations of Sagittarius macle in June, 1959, with 
a receiver of 60-mc bandwidth and antenna 
temperature sensitivity < 1°K with a 5-second 
time-constant. Recordings show two brightness 
components with half-widths respectively 5' 
and 1.25°. Observations were also macle at 3.2 
and 9.4 cm X. 

523.164.3 840 
Observation of the Sagittarius-A Radio 

Source at High Resoultion—Yu. N. Pariiskii. 
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Dokl. Akad. Nauk SSSR, vol. 129, pp. 1261-
1263; December 21, 1959.) Description of ob-
servations carried out in April, 1959, by the 
Pulkovo radio telescope. Graphs show the com-
plex structure of the source. See 839 above. 

523.164.3 841 
Neutral Hydrogen Gas in the Taurus-

Orion Region observed with a Multichannel 
21-cm Line Receiver—R. X. McGee and J. D. 
Murray. (Aust. J. Phys., vol. 12, pp. 127-133; 
June, 1959.) 

523.164.32 : 523.165 842 
Solar Radio Bursts and Low-Energy Cos-

mic Rays—A. R. Thompson and A. Maxwell. 
(Nature, vol. 185, pp. 89-90; January 9, 1960.) 
Events following a solar flare are elucidated 
from a study of the relation between continuum 
radiation 11126 1 of 1958 ( Maxwell, et al.)] and 
the occurrence of enhanced proton flux at the 
earth. 

523.164.32:523.755 843 
On the Correlation of Solar Noise Fluctua-

tions in Harmonically Related Bands—L. R. O. 
Storey. (J. Res. Nat. Bur. Stand., vol. 63D, pp. 
293-296; November/December, 1959.) A 
method is proposed for the study of the solar 
corona; a delayed correlation between rapid 
fluctuations of enhanced solar radio emission 
(Type II) in harmonically related frequency 
bands would be observed. 

523.164.4 844 
Occultations of the Crab Nebula by the 

Solar Corona in June 1957 and 1958-0. B. 
Slee, (Ans!. J. Phys., vol. 12, pp. 134-156; 
June, 1959.) The distribution of 85.5-mc radi-
ation on days when the angular separation is 
less than 10 solar radii is not consistent with a 
symmetrical scattering process; better agree-
ment is obtained by postulating the existence of 
scattering and regular refraction of comparable 
magnit ode. 

523.165 845 
Energy Spectrum of the Heavy Nuclei in the 

Cosmic Radiation between 7- and 100-BeV 
/Nucleon-1'. L. Jain, E. Lohrmann, and M. W. 
Teucher. (Phys. Rev., vol. 115. pp. 654-659; 
August 1, 1959.) From observations it is con-
cluded that a power spectrum of the form E,-, 
(where E= energy/nucleon) holds for heavy 
nuclei energies up to 100 bev/nucleon and for 
a particles up to 7 bey. With certain assump-
tions, the same exponent is a satisfactory value 
for the spectrum of a particles for energies up to 
1500 bey. 

523.165 846 
The Onset Times of Forbush-Type Cosmic-

Ray Intensity Decreases—A. G. Fenton, K. G. 
McCracken, D. C. Rose, and B. G. Wilson. 
(Gonad. J. Phys., vol. 37, pp. 970-982; Sep-
tember, 1959.) 

523.165 847 
A Comparison of the Cosmic-Ray Intensity 

at High Altitudes with the Nucleonic Compo-
nent at Ground Elevation—J. E. Henkel, J. A. 
Lockwood, and J. II. Trainor. (J. Geophys. Res., 
vol. 64, pp. 1427-1438; October, 1959.) Results 
of balloon-borne soundings with single Geiger 
tubes are compared with those made by a 
nucleonic detector on Mount Washington at 
1909-meter height. 

523.165 848 
On the Structure of Extensive Cosmic-Ray 

Air Showers: the Penetrating Component— 
E. W. Kellermann and N. Dickinson. (Proc. 
Phys. Soc., vol. 74, pp. 554-560; November 1, 
1959.) 

523.165 849 
Momentum Spectrum of the Van Allen 
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Radiation—H. Alfvén. (Phys. Rev. Lett., vol. 
3, pp. 459-460; November 15, 1959.) The spec-
trum appears to obey the same power law as 
cosmic radiation indicating that the Van 
Allen radiation may be explained by the 
mechanism responsible for the acceleration of 
cosmic radiation. 

523.3 850 
Absence of Craters on the Far Side of the 

Moon—D. B. Beard. (Nature, vol. 184, suppl. 
no. 21, p. 1631; November 21, 1959.) The re-
ported lower incidence of craters on the far side 
of the moon may be explained by the effect of 
the earth's gravitational field on meteoric ma-
terial in orbit about the sun. 

523.3:551.507.362.1 851 
Observations related to the Impact of Lunik 

II—G. Fielder. (Nature, vol. 185, p. 11; Janu-
ary 2, 1960.) A table is given of the results of 
a number of independent observations of the 
impact of Lunik II with the moon. See also 
4051 of 1959 ( Davies and Lovell). 

523.: 551.507.362.2 852 
First Results Derived from the Photo-

graphs of the Moon's Far Side— N. P. Bara-
bashov and Vu. N. Lipskii. (Dokl. Akad. Nauk 
SSSR, vol. 129, pp. 1000-1002; December 11, 
1959.) Photographs taken by the third soviet 
cosmic rocket launched October 4, 1959, are 
shown. During 40 minutes of camera operation, 
numerous photographs were taken of the 
moon's far side at distances 65,200 to 68,400 km 
from its surface. 

523.5:621.396.9 853 
The Temporal Variation of the Heights of 

Reflection Points of Meteor Trails—A. A. 
Weiss. (Aust. J. Phys., vol. 12, pp. 116-126; 
June, 1959.) There is no significant seasonal 
variation in either the mean height or the 
width of the height distribution. The mean 
height alone shows a diurnal variation with 
maximum height near midnight. Both height 
parameters depend on the zenith angle of the 
apex of the earth's way. 

523.5: 621.396.9 854 
Air Motions and the Fading, Diversity, and 

Aspect Sensitivity of Meteoric Echoes—L. A. 
Manning. (J. Geophys. Res., vol. 64, pp. 1415-
1425; October, 1959.) A theory is given of 
meteoric reflection from distorted trails. Ex-
perimental results confirm the predictions and 
facilitate a determination of the principal 
properties of the wind profile. 

523.5: 621.396.9 855 
Meteor Radiation Distributions and the 

Radio-Echo Rates Observed by Forward 
Scatter—M. L. Meeks and J. C. James. (J. 
Almos. Terr. Phys., vol. 16, pp. 228-235; No-
vember, 1959.) The diurnal variations observed 
by forward scatter over three different paths 
are found to be in reasonable agreement with 
predictions made using a simplified model dis-
tribution based on the radar data of Hawkins 
(Astrophys. J.,vol. 61, p. 386; 1956. 

523.5:621.396.9 856 
Turbulence at Altitudes of 80-100 km and 

its Effects on Long-Duration Meteor Echoes— 
J. S. Greenhow and E. L. Neufeld. (J. 'limos. 
Terr. Phys., vol. 16, pp. 384-392; November, 
1959.) The characteristics of the echoes can be 
readily explained in terms of multiple reflec-
tions from overdense columns of ionization and 
are not consistent with the theory of inco-
herent scattering from unclerclense columns. 

523.746.5 857 
Prediction of Sunspot Numbers for Cycle 

20—W. B. Chadwick. (Nature, vol. 184, suppl. 
no. 23, p. 1787; December 5, 1959.) Comment 
on 3282 of 1959 ( Herrinck). 
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550.38 858 
Note on Conjugate Points of Geomagnetic 

Field Lines for some Selected Auroral and 
Whistler Stations of the I. G. Y.— E. H. Vest ine. 
(J. Geophys. Res., vol. 64, pp. 1411-1414: 
October, 1959.) A method of deriving conjugate 
points of some auroral and magnetic stations 
of the I. G. V. 

550.385 859 
Geomagnetic Oscillations at Middle Lati-

tudes: Parts 1 and 2—E. Maple (J. Geophys. 
Res., vol. 64, pp. 1395-1409; October, 1959.) 
Observations of geomagnetic fluctuations in the 
frequency range 1-0.005 cps, are discussed, 
based on measurements at Tucson,Ariz. The 
results favor the hypothesis of intralayer 
hydromagnetic resonance in the ionosphere its 
the source mechanism. 

550.385 860 
Geomagnetic Activity at Halley Bay on 

Disturbed Days—J. MacDowall.(Nature», vol. 
184, pp. 1543-1545; November 14, 1959.) 
Diurnal variations of geomagnetic activity on 
disturbed days are related to auroral and 
ionospheric effects. An analysis of five world-
wide sudden storm commencements (SSC) 
shows positive departures of the horizontal 
field before midnight and negative departures 
after midnight. 

550.385:550.37 861 
The Relation between H- and Z-Variations 

near the Equatorial Electrojet—C. A. On-
wumechilli. (J. Atmos. Terr. Phys., vol. 16, pp. 
274-282; November, 1959.) Small fluctuations 
in H and 2 are strongly correlated particularly 
during daylight hours. The ratio of the ampli-
tudes of the components during these fluctua-
tions shows a marked dirunal variation but is 
almost constant during the day. 

550.385.26 862 
Note on the Tidal Theory of the Sq Mag-

netic Field—R. L. Ingrahatn. (J. Aimos. Terr. 
Phys., vol. 16, pp. 263-273; November, 1959.) 
The solar quiet day magnetic field has a diurnal 
component which is roughly a thousand times 
greater than expected on tidal theory. Possible 
explanations are given. 

550.385.4 863 
Hydromagnetic Propagation of Sudden 

Commencements of Magnetic Storms—W. E. 
Francis, M. I. Green, and A. J. Dessler. (J. 
Geophys. Res., vol. 64. pp. 1643-1645; October, 
1959.) A brief analysis of hydromagnetic 
propagation, which gives an expression for 
the transit time of waves traveling in the 
earth's equatorial plane. 

550.389.2 864 
The International Geophysical Year 1957-

58—D. Brunt. (Proc. IEE, pt. B. vol. 106, 
437-443; September, 19.59.) Research carried 
out during the in different branches of 
geophysics is reviewed. Attention is drawn to 
new concepts already established and to those 
probably true. 

551.507.362.2+629.19 865 
Space Probes and Satellites— Engineering, 

(London), vol. 187, pp. 615-616; May 8, 19591 
A summary of the main details of all satellite 
and space-vehicle launchings up to April 13, 
1959. 

551.507.362.2 866 
Temperature Stabilization of Highly Re-

flecting Spherical Satellites—G. Hass, L. F. 
Drummeter, Jr., and M. Schach. (J. Op. Soc. 
A mer., vol. 49, pp 918-924; September, 1959.) 

551.507.362.2 867 
A Correction Necessary for the Application 

of the Doppler Effect to the Measurements of 
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Distances to Satellites—J. M. Brito, Jr. 
(Paoc. IRE, vol. 47, p. 2023; November, 
1959.) The use of spherical-earth geometry 
gives a value for minimum passing range con-
siderably lower than that obtained from plane-
earth geometry. 

551.507.362.2 868 
The Fluctuations of the Acceleration of 

Satellites—H. K. Paetzold. (J. Atmos. Terr. 
Phys., vol. 16, pp. 259-262; November, 1959.) 
The fluctuations are associated with changes in 
air density at perigee height. These density 
variations may be associated with changes in 
sunspot activity; they are, in any case, certainly 
due to variable heating at the perigee height. 

551.507.362.2 869 
A Method for Measuring Local Electron 

Density from an Artificial Satellite —L. R. O. 
Storey. (J. Res. Nat. Bur. Stand., vol. 63D, pp. 
325-340; November /December, 1959.) A pro-
posal for a satellite equipped to measure the 
electric and magnetic fields in the radio wave 
set up in the neighborhood of the satellite by 
"whistler"-mode transmission from a ground-
based VLF transmitter. From the wave imped-
ance given by the ratio of the fields the local 
electron density could be deduced. 

551.510.52 870 
Applications of the Molecular Refractivity 

in Radio Meteorology —B. R. Bean and R. M. 
Gallet. (J. Geophys. Res., vol. 64, pp. 1439-
1444; October, 1959.) A discussion of the ad-
vantages of molecular refractivity as a sig-
nificant parameter in studies of climatic dif-
ferences and air mass characteristics. 

551.510.52:621.391.812.621.1 871 
Radio-Refractive-Index Climate Near the 

Ground—B. R. Bean and J. D. Horn. (J. Res. 
Nat. Bur. Stand., vol. 63D, pp. 259-271; No-
vember/December, 1959.) World-wide maps of 
refractive index contours are given. The index 
varies systematically with climate, and is most 
accurately deduced from charts of the reduced-
to-sea-level index. 

551.510.52:621.391.812.621.1 872 
Central Radio Propagation Laboratory Ex-

ponential Reference Atmosphere—B. R. Bean 
and G. D. Thayer. (J. Res. Nat. Bur. Stand., 
vol. 63D, pp. 315-317; November/December, 
1959.) A model for the variation of atmospheric 
refractive index with height is proposed which 
gives more accurate radio-ray profiles than the 
4/3 earth radius treatment. A sample table of 
ray profiles is given. 

551.510.53 873 
Analytic and Experimental Electrical Con-

ductivity between the Stratosphere and the 
Ionosphere—R. E. Bourdeau, E. C. Whipple, 
Jr, and J. F. Clark. (J. Geophys. Res., vol. 64, 
pp. 1363-1370; October, 1959.) Results for the 
height range 35-80 km obtained from rocket 
soundings are compared with predicted values 
based on ion equilibrium and ionization by 
cosmic rays only. 

551.510.535 874 
Detection of an Electrical Current in the 

Ionosphere above Greenland—L. J. Cahill, 
Jr. (J. Geophys. Res., vol. 64, pp. 1377-1380; 
October, 1959.) A description of measurements 
made on August 6, 1957, using a rocket-borne 
magnetometer. The average current density of 
the layer detected was about 11A/km2. 

551.510.535 875 
Langmuir Probe Measurements in the 

Ionosphere—R. L. Boggess, L. H. Brace, and 
N. W. Spencer. (J. Geophys. Res., vol. 64, pp. 
1627-1630; October, 1959.) Measurements are 
described of electron temperature and positive-
ion number density of the E layer above Fort 

Churchill, Manitoba, Canada, on November 
30, 1958. 

551.510.535 876 
Note on Quiet-Day Vertical Cross-Sections 

of the Ionosphere along 75°W Geographic 
Meridian—J. W. Wright. (J. Geophys. Res., 
vol. 64, pp. 1631-1634; October, 1959.) A dis-
cussion of results now being obtained from sta-
tions on the 75th meridian. 

551.510.535 877 
Gyro-Frequency in the Ionospheric Regions 

—S. Datta and R. N. Datta. (Indian J. Phys., 
vol. 33, pp. 316-324; July, 1959.) Experimental 
results show that the magnetic fields calculated 
from gyro frequencies in the E, F, and F2 
regions are higher than expected. The E-region 
gyrofrequency has a marked semidiurnal vari-
ation with a minimum at midday. 

551.510.535 878 
An Investigation of the Ionospheric D 

Region—J. A. Fejer and R. W. Vice. (J. 
Atmos. Terr. Phys., vol. 16, pp. 291-306; No-
vember, 1959.) A model of the lower iono-
sphere between 68 km and 85 km is obtained 
from the observation of weak echoes from the 
D region and the measurement of iono-
spheric wave interaction. 

551.510.535 879 
Some Measurements of Collision Fre-

quency in the E Region of the Ionosphere— 
D. M. Schlapp. (J. Almos. Terr. Phys., vol. 16, 
pp. 340-343; November, 1959.) Measurements 
are made by observing how the deviative ab-
sorption of a radio echo varies with changes in 
its group path as a critical frequency is ap-
proached. Collision frequency at a fixed height 
seems to increase with solar activity. 

551.510.535 880 
E-Region Winds—W. H. Ward. (J. Atmos. 

Terr. Phys., vol. 16, pp. 394-395; November 
1959.) The suggestion that heating of the E, 
region by the sun is responsible for E-region 
winds is supported by some experimental re-
sults. See also 3259 of 1955 (Greenhow and 
Neufeld). 

551.510.535 881 
A Relation between Giant Travelling Dis-

turbances and Sporadic-E Ionization—L. H. 
Heisler. (Nature, vol. 184, suppl. no. 23, pp. 
1788-1789; December 5, 1959.) lonosonde 
records for the period July 10-28, 1955, show a 
relation between E. anomalies and traveling 
disturbances. Sequential E. [1899 of 1951 
(McNicol and Gipps)] and F2 cusp-type 
anomalies [ 1434 of 1957 ( Munro and Heisler): 
are also discussed in relation to these disturb-
ances. 

551.510.535 882 
Two Anomalies in the Behaviour of the F2 

Layer of the Ionosphere—S. Croom, A. Rob-
bins, and J. O. Thomas. (Nature, vol. 184, 
suppl. no. 26, pp. 2003-2004; December 26, 
1959.) Report of a study of electron-density 
data at a number of widely distributed observa-
tories during equinox in a year of high sunspot 
activity. Results show that the "geomagnetic 
anomaly" described by Appleton ( 1337 of 
1955) extends much farther from the magnetic 
equator as lower heights are investigated. A 
diurnal asymmetry also exists, with forenoon 
electron densities greater than corresponding 
afternoon ones 

551.510.535 883 
Some Remarks on Motion of Ionospheric 

Irregularity—N. Matuura. (Rcpt. Ionosphere 
Space Research Japan, vol. 13, pp. 4-20; March, 
1959. Discussion.) The relative motion between 
irregularities in electron density and their sur-
roundings is discussed. Two treatments of the 

problem are considered: the surrounding 
ionization being assumed to be a) a hydro-
magnetic fluid, and b) a fully ionized gas. 

551.510.535 884 
The Motion of Irregularities in the Iono-

sphere—T. Tsuda. (Rept. Ionosphere Space 
Research Japan, vol. 13, ru). 56-61; March, 
1959. Discussion.) The mean velocity of irregu-
larities in electron density is determined using 
simple turbulence theory. The irregularities 
move with the same velocity as the winds in the 
E region but there is a marked difference from 
wind velocity in the F region. 

551.510.535 885 
World-Wide Measurements of Horizontal 

Ionospheric Drifts—T. Shimazaki. (Rept. 
Ionosphere Space Research Japan, vol. 13, pp. 
21-47; March, 1959. Discussion.) A critical 
survey is made of radio techniques for measur-
ing horizontal drifts. A comparison is then 
made of results obtained during the I.G.Y. 
using the closely-spaced-receiver method which 
discloses seasonal and latitudinal differences in 
the diurnal variation of drifts. Tentative ex-
planations of these results are given. 

551.510.535 886 
Ionospheric Drifts at Yamagawa in Japan— 

K. Tsukamoto and Y. Ogata. (Rept. Iono-
sphere Space Research Japan, vol. 13, pp. 48-
55; March, 1959. Discussion.) Drift speeds, 
diurnal variations of the drift vector, and the 
relation between speed and geomagnetic 
activity are discussed using results obtained 
during about one year from August, 1957. 

551.510.535 887 
Ionized Irregularities and Wind Motion in 

the Ionosphere—S. Kato. (Rept. Ionosphere 
Space Research Japan, vol. 13, pp. 62-78; 
March, 1959. Discussion.) The motion of 
irregularities in electron density are studied on 
the basis of a three-dimensional model. Elec-
trodynamic effects are slight in the E region 
under magnetically quiet conditions but are 
appreciable in the F region and even in the E 
region for disturbed conditions at high lati-
tudes. ,‘ general discussion on the stability and 
lifetime of regions of irregular electron density 
is given. 

551.510.535 888 
Horizontal Winds and Ionization Drifts in 

the Ionosphere—H. Maeda. (Rept. Ionosphere 
Space Research Japan, vol. 13, pp. 79 -90; 
March, 1959. Discussion.) From a study of 
geomagnetic observations during the Inter-
national Polar Year, 1932-1933, it is concluded 
that ionization drifts in the F region are due to 
an applied electric field and not to air move-
ment, while in the E region the ionization 
drift is almost the same as the air movement. 

551.510.535 889 
Horizontal Drifts in the E Region at 

Waltair—R. R. Rao and B. R. Rao. (Nature, 
vol. 185, pp. 27-28; January 2, 1960.) Results 
of an analysis of data obtained over a two-
year period. A 24-hourly east-west component 
predominates. 

551.510.535 890 
Study of "Winds" in the F Region of the 

Ionosphere during the Unusual Days in the 
I.G.Y. Calendar—R. N. Singh and S. R. 
Khastgir. (J. 'limos. Terr. Phys., vol. 16, pp. 
376-383; November, 1959.) Fading records 
were taken at 3.8-4.2 mc on three spaced re-
ceivers at Banaras. The experimental results 
are described and the fading records discussed 
with reference to the random and steady 
movement of irregularities. 

551.510.535:523.5:621.396.96 891 
A Theory for determining Upper-Atmos-
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phere Winds from 
Meteor Trails—G. 
Terr. Phys., voi. 16, 
1959.) 

Radio Observations on 
V. Groves. (J. Almos. 
pp. 344-356; November, 

551.510.535: 523.78 892 
The Effects of a Solar Eclipse on a Stratified 

Ionosphere- J. A. Gledhill. (J. Atmos. Terr. 
Phys., vol. 16, pp. 360-366; November, 1959.) 
The form of the isoelectronic surfaces in a 
three-layer ionosphere during an eclipse have 
been calculated. Tilts in these surfaces may 
lead to difficulties in the interpretation of 
ionograms. 

551.510.535: 523.78 893 
The Behaviour of the Ionosphere over Cape 

Town and Johannesburg during the Annular 
Solar Eclipse of 25 December 1954—J. A. 
Gledhill. (J. .4 Irnos. Terr. Phys., vol. 16, pp. 
367-375; November, 1959.) It was not possible 
to explain the ionospheric changes at Cape 
Town, Johannesburg and Grahamstown in 
terms of a single solar brightness model. 
Oblique reflections may have affected the 
ionograms. There is some evidence that a'E 
4 X 10-"cm"seconel. 

551.510.535:621.391.812.63 894 
The Frequency Dependence of Ionospheric 

Absorption— K. Bibi, A. Paul, and K. Rawer. 
(J. Aimos. Terr. Phys., vol. 16, pp. 324-339; 
November, 1959. In German.) The total ab-
sorption was formerly expressed as a function 
of nondeviative D-layer plus deviative E-
layer absorption [985 of 1952 ( Bibl and Rawer)]. 
The expression has been modified to include the 
effect of a thin E. layer. Experimental data are 
discussed in the light of the new theory. 

551.510.535: 621.391.812.63 895 
The Absorption of Short Radio Waves in 

the D, E and F Regions of the Ionosphere— 
J. D. Whitehead. (J. Aimos. Terr. Phys., vol. 
16, pp. 283-290; November, 1959.) Values of 
noon absorption at Slough from 1947 to 1953 
have been analyzed. The electron collision 
frequencies for the E and F regions have been 
calculated and the variations of D-region ab-
sorption with sunspot number examined. The 
significance of the results is discussed. 

551.510.535: 621.391.812.63 896 
The Use of Full-Wave Solutions in the 

Interpretation of Ionospheric Absorption Meas-
urements—J. A. Fejer and R. W. Vice. (J. 
Atmos. Terr. Phys., vol. 16, pp. 307-317; No-
vember, 1959.) A full-wave correction is given 
which can be made to the usual Appleton-
Hart ree absorption calculation. Examples show 
that for a frequency of 2 mc this correction 
cannot be neglected. 

551.510.535:621.396.96: 523.3 897 
Measurements of Ionospheric Electron 

Content by the Lunar Radio Technique— 
s. J. Barter and F. B. Daniels. (J. Geophys. 
Res., vol. 64. pp. 1371-1376; October, 1959.) 
Measurements of the Faraday rotation of 
lunar radio echoes at 151 mc are used to deter-
mine the time variation in the total ionospheric 
electron content. Absolute values of electron 
content are derived from data on the electron 
content below the F2 peak computed from 
vertical-incidence experiments. 

551.593 898 
Excitation Mechanisms of the Oxygen 5577 

Emission in the Upper Atmosphere—E. 
Tandberg-Hanssen and F. E. Roach. (J. Res. 
Nat. Bur. Stand., vol. 63D, pp. 319-324; 
November/December, 1959.) Photochemical 
reactions affected by mass motions, and direct 
excitation due to mass motions are examined. 

551.594.5+ 551.593 899 
Auroral and Nightglow Observations at As, 

Norway—G. Kvifte. (J. Atmos. Terr. Phys., 
vol. 16, pp. 252-258; November, 1959.) More 
precise wavelength measurements are given for 
bands of the Meinel OH system in the night-
glow. 

551.594.5 900 
Photometric Observations of Subvisual Red 

Auroral Arcs at Middle Latitudes—R. A. 
Duncan. (Aust. J. Phys., vol. 12, pp. 197-198; 
June, 1959.) The arcs have been observed on 
the night following a bright visual aurora at a 
time when the magnetic disturbance index had 
fallen to five or less. 

551.594.5 901 
The Southern Auroral Zone in Geomag-

netic Longitude Sector 20°E—S. Evans and 
G. M. Thomas. (J. Geophys. Res., vol. 64, pp. 
1381-1388; October, 1959.) Visual auroral ob-
servations at Antartic bases are tabulated to 
show the variation of the frequency of aurora 
occurrences with geomagnetic latitude between 
63° and 79°. 

551.594.5 902 
Antartic Auroral Observations, Ellsworth 

Station, 1957—J. M. Malville. (J. Geophys. 
Res., vol. 64, pp. 1389-1393; October, 1959.) A 
summary of auroral observations made during 
the antarctic winter of 1957. Evidence is ob-
tained of a spiraling zone of maximum auroral 
activity. 

551.594.5 903 
Spectroscopic Observations of the Great 

Aurora of 10 February 1958: Parts 1 and 2— 
K. C. Clark and A. E. Belon. (J. Atmos. Terr. 
Phys., vol. 16, pp. 205-227; November, 1959.) 
Spectrograms show an enhancement of vibra-
tional excitation in the B(F2.7.„') state of 1%1::-
which can be attributed to a charge exchange 
process in a strong proton shower. These spec-
trograms also show a large number of atomic 
lines seldom seen, most of which are clue to 
01 and N II transitions. 

551.594.5 904 
A Monochromatic Low-Latitude Aurora— 

F. E. Roach and E. Marovich. (J. Res. Nat. 
Bur. Stand., vol. 63D, pp. 297 301; November 
/December, 1959.) A particular monochro-
matic auroral arc (6300A') which occurred over 
Colorado, September 29-30, 1957, is described. 
It seems to have been a continuation of a simi-
lar one observed in France. 

551.594.6 905 
Telluric Origin of the Whistler Medium— 

F. S. Johnson. (Nature, vol. 184, suppl. no. 23, 
pp. 1787-1788; December 5.1959.) Arguments 
are presented to show that the medium cannot 
be of soar or interplanetary origin and a 
mechanism is suggested for a telluric origin. 

551.594.6 906 
Effect of Latitude on the Diurnal Maximum 

of "Dawn Chorus"—J. H. Pope. (Nature, vol. 
185, pp. 87-88; January 9, 1960.) Observations 
of the local time of diurnal maximum have been 
made at 16 stations. Analysis based on an 
eccentric dipole field is useful when consider-
ing "dawn chorus" theories. 

521.030:537.5 907 
Cosmic Electrodynamics. (Book Review)— 

J. W. Dungey, Publishers: University Press, 
Cambridge, 183 pp.; 19.58. (Nature, vol. 184, 
pp. 1672-1673; November 28, 1959.) This 
book, bearing a similar title to that by Alfvén 
(see 2777 of 1950), indicates the progress and 
consolidation achieved in the field during the 
intervening decade. 

LOCATION AND AIDS TO NAVIGATION 

621.396.96 908 
Optical Simulation of Radar Resolution— 

R. D. Rawcliffe, W. W. Lichtenberger, and 
H. V. Krone. (J. Opt. Soc. Amer., vol. 49, pp. 
887-890; September, 1959.) An optical simu-
lator has 1)een constructed in which the high 
resolution of an aerial photograph is degraded 
by known amounts in order to determine the 
radar resolution required to achieve a given 
target detectability. 

621.396.96:621.396.934 909 
Low-Cost Active Radar for Miss-Distance 

Data—W. H. Doty. (Electronics, vol. 32, pp. 
91-93; November 20, 1959.) Frequency-sweep 
radar located within the target gives a direct 
indication of the miss distance. 

621.396.965.4:534.88 910 
Underwater Echo-Ranging with Electronic 

Sector Scanning: Sea Trials on R.R.S. Dis-
covery 11--Tucker, Welsby, Kay, Tucker, 
Stubbs, and Henderson. (See 745.) 

621.396.967 911 
The Line Elements between Transmitter 

and Aerial of a Radar Installation and their 
their Influence on Transmitter Frequency 
Stability—H. Schwindling. (Telefunken Zig, 
vol. 31, pp. 242-253; December, 1958. English 
SU mmary, pp. 273-274.) An airport surveil-
lance radar installation is examined with re-
gard to stability conditions governed by the 
"long-line" effect (3653 of 1958). The mainte-
nance of stability by means of phase shifters 
can only be carried out by referring to the fre-
quency spectrum of the transmitted pulses. 

MATERIALS AND SUBSIDIARY 
TECHNIQUES 

535.215 912 
The Theory of Glow Curves—K. W. Mier, 

S. Oberkinder, and J. Voight. (Z. Naturforsch., 
vol. 13a, pp. 544-547; July, 1958.) The analysis 
of trapping-center distribution on the basis of 
glow curves and allowing for retrapping is con-
sidered. See also 3321 of 1959. 

535.215 913 
Gain-Bandwidth Product of Photoconduc-

tors—R. W. Redington. (Phys. Rer., vol. 115, 
pp. 894-896; August 15, 1959.) Extension of 
earlier treatment (1914 of 1958) to include an 
arbitrary distribution of impurity levels. Re-
sults show the reciprocal of the relaxation time 
to be an upper limit for the gain-bandwidth 
product of a photoconductor with space-charge-
limited dark current. 

535.215:546.48'221 914 
Dislocations in CdS Crystals and their Sig-

nificance in Photoconductivity—E. Votava. 
(Z. Naturforsch., vol. 13a, pp. 542-544; July, 
1958. plate.) Methods of growing crystals with 
pronounced dislocations and of making these 
visible are discussed. Experiments seem to con-
firm that dislocations may reduce the electron 
lifetime. 

535.215: 546.48'221 915 
The Electrical Behaviour of CdS Single 

Crystals with Voltage Pulses in the Breakdown 
Region—K. W. Biier, J. Dziesiaty, and U. 
Kummel. (Z. Naturforsch., vol. I3a, pp. 560-
562; July, 1958.) Crystal current is plotted as 
a function of pulse width, amplitude and repe-
tition frequency and comparisons are made 
with de measurements at breakdown field 
strength. [see also 2749 of 1958 (Beier and 
Kummel)]. 

535.215: 546.863'221 916 
Cathodoconductivity of Antimony Sulphide 

—Va. A. Oksman and G. P. Tikhomirov. 
(Radiotekh. Elektron., vol. 4, pp. 344-346; 
February, 1959.) Investigation of the possi-
bility of increasing the conductivity of thin 
dielectric and semiconductor films by electron 
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bombardment for the purpose of amplifying the 
photoelectron emission current. The limiting 
values of the gains which can be obtained using 
these films at room temperature are deter-
mined. See 2458 of 1957 (Oksman). 

535.37: 546.47'221 917 
Optical Properties ot Activated and Unacti-

vated Hexagonal ZnS Single Crystals—S. P. 
Keller and G. D. Pettit. (Phys. Rev., vol. 115, 
pp. 526-536; August 1, 1959.) Further meas-
urements on the polarization effects in the 
transmission spectrum of unactivated ZnS 
show that theoretical prediction holds except 
in the region 290-325 nits X. The wavelength 
dependence and the polarization of the excita-
tion and fluorescence spectra of the activated 
and unactivated crystals were measured at 
room temperature and at 77°K. 

535.376 918 
Energy Limit for Electroenhancement and 

Electroeztinction Effects—G. Destriau. (Compl. 
rend. Acad. Sci., Paris, vol. 249, pp. 245-247; 
July 15, 1959.) The sensitivity of luminescent 
compounds of the CdZnS-Mn, X type under 
electron bombardment is enhanced by X-ray 
and reduced by ultraviolet-ray excitation. 
Extrapolation of experimental curves indicates 
that with an activation energy below 5000 ev 
no electroenhancement occurs. 

535.376 919 
New Effect of Sensitization to the Action 

of X Rays, by means of Infrared, in Lumines-
cent Products of the Type CdZnS-Mn, X— 
F. Pingault. (Comp!. rend. Acad. Sci., Paris, 
vol. 249, pp. 248-250; July 15, 1959.) Infrared 
radiation produces an enhancement effect 
similar to that described by Destriau (see, e.g. 
918 above). The analogy between the action of 
an applied electric field and infrared irradiation 
is stressed. 

535.376:546.48'221 920 
Some Effects of Low Fields on Lumines-

cence of CdS—C. E. Bleil and D. D. Snyder. 
(J. Ape Phys., vol. 30, pp. 1699-1702; No-
vember, 1959.) Experimental results are given 
for the shift of cat hodoluminescence peaks with 
applied field and for the dependence of con-
ductivity on voltage and irradiation. An ex-
planation is suggested. 

537.227 921 
Asymmetric Hysteresis Loops and the 

Pyroelectric Effect in Triglycine Sulphate— 
A. Savage and R. C. Miller. (J. Ape Phys., 
vol. 30, pp. 1646-1648; November, 1959.) The 
apparent asymmetry, as disclosed by pyro-
electric measurements, is shown to be due to 
electrode edge effects. 

537.227 922 
Domain Processes in Lead Titanate Zir-

conate and Barium Titanate Ceramics—D. 
Berlincourt and H. H. A. Krueger. (J. App!. 
Phys., vol. 30, pp. 1804-1810; November, 
1959.) An experimental investigation of do-
main reorientation during poling, and domain 
switching processes under high mechanical or 
electric stress. 

537.227:546.431'824-31 923 
On the Dependence of the Switching Time 

of Barium Titanate Crystals on their Thickness 
—M. E. Drougard and R. Landauer. (J. App!. 
Phys., vol. 30, pp. 1663-1668; November, 
1959.) Analysis of domain motion and field 
calculations show that the dependence of 
switching rate on thickness is explained by a 
monomolecular surface layer having an irre-
versible polarization and a low dielectric con-
stant. Implications of this in explaining the 
switching mechanism are discussed. 

537.311.31:538.63 924 
Magnetoresistance of Copper—J. de 

Launay, R. L. Dolecek, and R. T. Webber. (J. 
Phys. Chem. Solids, vol. 11, pp. 37-42; Septem-
ber, 1959.) Report and discussion of measure-
ments at 297°, 78° and 4.2°K in transverse and 
in longitudinal fields up to 100 kg. 

537.311.33 925 
Electric Conduction in Semiconductors— 

H. Friihlich and G. L. Sewell. (Proc. Phys. 
Soc., vol. 74, pp. 643-647; November 1, 1959.) 
In semiconductors with low mobility the usual 
theory of conduction is invalid. An expression 
for mobility is derived which should apply in 
such cases under certain conditions. 

537.311.33 926 
Volume and Surface Recombination of In-

jected Carriers in Cylindrical Semiconductor 
Ingots—J. P. McKelvey. (IRE TRANS. ON 
ELECTRON DEVICES, vol. ED-5, pp. 260-264; 
October, 1958. Abstract, PROC. IRE, vol. 47, 
p. 495; March, 1959.) 

537.311.33 927 
Metal-to-Semiconductor Contacts: Injec-

tion or Extraction for Either Direction of Cur-
rent Flow—N. J. Harrick. (Phys. Rev., vol. 115, 
pp. 876-882; August 15, 1959.) Infrared radi-
ation is used to measure the current-density 
/added-carrier-density characteristics. The na-
ture of the semiconducting surface rather than 
the metal is the major factor controlling the 
contact characteristics. Two unusual classes 
of results are described. 

537.311.33 928 
Compound Semiconductors—D. A. Wright. 

(Electronic Engrg., vol. 31, ip. 659-665; No-
vember, 1959.) After a general description of 
some factors influencing performance, applica-
tions of individual binary and ternary com-
pounds are considered with reference to tabu-
lated data on their properties. The optimum 
requirements for thermoelectric refrigeration 
are noted. 

537.311.33 929 
On the Study of the Semiconductor Proper-

ties of Chalcogenides of Aluminium, Gallium 
and Indium—E. Kauer and A. Rabenau. (Z. 
Naturforsch., vol. 13a, pp. 531-536; July, 
1958.) Optical measurements confirm that all 
chalcogenides of Al, Ga and In of the type 
A2 111133" have semiconductor properties. Band 
gaps and their temperature dependence are 
given and compared with the results of other 
authors. 

537.311.33:061.3 930 
1958 International Conference on Semicon-

ductors—(J. Phys. Chem. Solids, vol. 8, pp. 
1-552; January, 1959.) The text is given of 
papers presented at the conference held in 
Rochester, N.Y. August 18-22, 1958. 

537.311.33: 534.2-8 931 
The Conductivity of Semiconductors in an 

Ultrasonic Field—V. A. Zhuravlev and M. I. 
Kozak. (Zh. Eksp. Teor. Fiz., vol. 36, pp. 343-
344; January, 1959.) Measurements have been 
made on Se, CdS, PbS, Cu2O, SnO2 and Ge 
semiconductors in a 600-kc field of intensity 
10 watts/cmz. Conductivity changes occurred 
in all cases and are attributed to thermal effects 
of the irradiation. 

537.311.33: 538.63 932 
The Influence of the Geometry on the 

Transverse Magnetoresistance Effect in Rec-
tangular Semiconductor Plates—H. J. Lipp-
mann and F. Kuhrt. (Z. Naturforsch., vol. 13a, 
pp. 462-474; June, 1956.) The resistance effect 
controlled by the geometry of the specimen is 
calculated for small and large Hall angles. The 
theoretical results obtained accord with meas-
urements made on InSb specimens by Weiss 
and Welker ( 143 of 1955). 

537.311.33:538.632 933 
The Influence of the Geometry on the Hall 

Effect in Rectangular Semiconductor Plates— 
H. J. Lippman and F. Kuhn. (Z. Nalurforsch., 
vol. I3a, pp. 474-483; June, 1958.) See also 
932 above. 

537.311.33:539.12.04 934 
Temperature-Dependent Defect Produc-

tion in Bombardment of Semiconductors— 
G. K. \\*( theim. (Phys. Rev., vol. 115, pp. 568-
569; August 1, 1959.) The decreased defect 
density observed after low-temperature bom-
bardment may be due to the production of a 
metastable vacancy—interstitial pair which 
may either anneal or form the defect. A tem-
perature dependence in the production rate 
arises if these two competing processes have 
different activation energies. 

537.311.33: 546.26-1 935 
Electrical Resistivity Changes Observed in 

a Semiconducting Diamond after Heat Treat-
ment—R. E. Mutch and F. A. Rant. (Nature, 
vol. 184, suppl. no. 24, pp. 1857-1858; De-
cember 12, 1959.) Resistivity measurements on 
a diamond slab consisting of a blue and a white 
portion show that both portions are semicon-
ducting to different degrees and are separated 
by a well-defined boundary. The reduction in 
donor concentration in both portions on heat-
ing appears to be consistent with a bimolecular 
annealing process, the white portion, with 
more donor centers, showing a greater change 
in resistivity. 

531.311.33:546.28 936 
Infrared Spectrum and Carrier Mobility in 

the Intrinsic-Conduction Range of Silicon— 
F. R. Kessler and J. Schnell. (Z. Naturforsch., 
vol. 13a, pp. 458-461; June, 1958.) Measure-
ments of conductivity and infrared absorption 
between 1.0 and 3.5µ were made in the tem-
perature range 300°-1000 °K on single-crystal 
i-type Si. The carrier density obtained is in 
agreement with that derived from Hall-effect 
measurements by other authors. 

537.311.33:546.28 937 
Deep Energy Levels in Silicon—H. Irmler. 

(Z. Naturforsch., vol. 13a, pp. 557-559; July, 
1958.) The recombination-center and acceptor 
energy levels were determined from measure-
ments on pure Si and Si specimens doped with 
Cu, Ag or Co. 

537.311.33:546.28 938 
The Control of Resistivity in Pulled Silicon 

Crystals—A. Trainor and P. T. Harris. (Proc. 
Phys. Soc., vol. 74, pp. 669-670; November 1, 
1959.) This is achieved by pulling with a re-
duced gas pressure to permit evaporation of 
the impurity. 

537.311.33:546.28 939 
Diffusion of Oxygen in Silicon—R. A. Lo-

gan and A. J. Peters. (J. Appt. Phys., vol. 30, 
pp. 1627-1630; November, 1959.) By studying 
the processs of the donor fomation by heat 
treatment in crystals of known oxygen con-
centration, the solubility and diffusivity of 
oxygen in Si in the temperature range 1250°-
1400°C have been determined. 

537.311.33: 546.28 940 
Infrared Studies of Birefringence in Silicon 

—S. R. Lederhandler. (J. Appt. Phys., vol. 30, 
pp. 1631-1638; November, 1959.) Techniques 
are described for observing and measuring 
permanent and elastic strains. 

537.311.33:546.289 941 
Zeeman Effect on Light due to Intrinsic Re-

combination in Germanium—C. Benoit à la 
Guillaume and O. Parodi. (J. Electronics Con-
trol, vol. 6, pp. 356-358; April, 1959. In 
French.) Observations of the Zeeman effect on 
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recombination radiation in As-doped Ge show 
the energy shift in a field of 40,000 oersteds to 
be about 4 X10-4 ev and confirm the hypothesis 
that this radiation is due to exciton annihila-
tion. See 3369 of 1959 ( Gosnet, el al.). 

537.311.33:546.289 942 
Light Emission and Noise Studies of Indi-

vidual Microplasmas in Silicon p-n Junctions— 
A. G. Chynoweth and K. G. McKay. (J. Ape 
Phys., vol. 30, pp. 1811-1813; November, 
1959.) "At low currents in the prebreakdown 

region of broad-area diffused silicon p-n junc-
tions in which the breakdown is by an ava-
lanche mechanism, only a few light-emitting 
microplasmas are present. These appear in 
succession as the current is increased and the 
appearance of each spot is accompanied by its 
own set of characteristic microplasma current 
pulses. It is found also that effectively all the 
emitted light arises at these microplasmas and 
that they carry, essentially, all of the break-
down current. The light intensity of an indi-
vidual microplasma is roughly proportional to 
the current flowing through it." 

537.311.33:546.289 943 
Visible Light from a Germanium Reverse-

Biased p-n Junction—J. T. Nelson and J. C. 
Irvin. (J. Ape Phys., vol. 30, p. 1847; No-
vember, 1959.) A phenomenon similar to tint 
observed in Si [see, e.e., 3514 of 1958 (Cheynoweth 
and Pearson)) is described. 

537.311.33: 546.289 944 
Observation of Direct Tunnelling in Ger-

manium—J. V. Morgan and E. O. Kane. (Phys. 
Rev. Lett., vol. 3, pp. 466-468; November 15, 
1959.) The transition from "indirect" to "di-
rect" tunnelling has been observed experi-
mentally at 77°K. Calculations are compared 
with experimental data. 

537.311.33:546.289:534.2-8 945 
Temperature Dependence of Fractional Ve-

locity Changes in a Germanium Single Crystal 
—F. Stein, N. G. Einspruch, and R. Truell. 
(J. App. Phys., vol. 30, pp. 1756-1758; No-
vember, 1959.) Report of interferometer meas-
urements of elastic constants for compressional-
wave propagation in the frequency range 30-
170 inc. 

537.311.33 : 546.289 : 535.514.2-15 946 
Polarization of Infrared Radiation by Re-

flection from Germanium Surfaces—D. F. 
Edwards and M. J. Bruemmer. (J. op. Soc. 
Amer., vol. 49, pp. 860-861; September, 1959.) 
A Ge surface is an efficient infrared polarizer 
over a wide range of wavelengths. 

537.311.33:546.289:538.63 947 
Nernst and Ettingshausen Effect in Ger-

manium between 300 and 750°K-11. Mette, 
\V W. G(irtner and C. Loscoe. (Phys. Rev., 
vol. 115, pp. 537-542; August 1, 1959.) Meas-

urements have been made between 300° and 
750°K of a) the two effects in single crystals of 
different conductivity type and with various 
impurity densities, in magnetic fields of 
9(8)0 G; b) the Nernst effect of 2100 G. Results 
are compared with theory. 

537.311.33:546.289:539.23 948 
Electrical Conductivity of Amorphous 

Vapour-Deposited Germanium Films—L. 
Reimer. (Z. Nalurforsch., vol. 13a, pp. 536-541; 
July, 1958.) The temperature dependance of 
resistivity was measured in vacuum in the 
temperature range 20°-400°C. Comparisons 
are made with the properties of crystalline 
films. 

537.311.33:546.48'19 949 
Cyclotron Resonance in CdAs2—M. J. 

Stevenson. (Phys. Rey. Lett., vol. 3, pp. 464-
466; November 15, 1959.) 

537.311.33:546.682'86 950 
Thermal Conductivity of Indium Anti-

monide at Low Temperatures—E. V. Miel-
czarek and H. P. R. Frederikse. (Phys. Rev., 
vol. 115, pp. 888-891; August 15, 1959.) Um-
klapp, isotope and boundary scattering contri-
butions to thermal resistivity were calculated 
theoretically and subtracted from the measured 
value of thermal resistivity. The number of 
point impurities subsequently deduced agrees 
with that given by electrical measurements. 

537.311.33:546.682'86 951 
The Energy-Dependence of Electron Mass 

in Indium Antimonide determined from Meas-
urements of the Infrared Faraday Effect— 
s. D. Smith, T. S. Moss, and K. \V. Taylor. 
(J. Phys. Chem. Solids, vol. 11, pp. 131-139; 
September, 1959.) Values of dE/dK as a func-
tion of kr for the conduction band of InSb. 
where kr is the wave vector at the Fermi sur-
face, have been calculated from the Faraday 
rotation due to tree electrons. Results are in 
agreement with the band structure calculated 
by Kane (3156 of 1958). 

537.311.33:546.682'86 952 
Plastic Deformation of InSb by Uniaxial 

Compression- -J. J. Duga, R. K. Willardson, 
and A. C. Beer. (J. Ape Phys., vol. 30. pp. 
1798-1803; November, 1959.) Plastic deforma-
tion by unixaial compression WaS found to de-
crease electron mobil ty and magnetoresistance 
but to have no effect on the Hall ctiefficient. 

537.311.33:546.873'241 953 
The Magnetic Susceptibility of Bismuth 

Telluride -R. Mansfield. (Proc. Phys. Soc.. 
vol. 74, pp. 599-603; November 1, 1959.) The 
susceptibility has been measured over the 
temperature range 100°-600°K; the magnitude 
of the contributions to the susceptibility from 
various sources is discussed. 

537.311.33:548.0 954 
The Effect of Pressure on Zinc Blende and 

Wurtzite Structures—A. L. Edwards, T. E. 
Slvkhouse, and H. G. Drickamer. (J. Phys. 
Cnem. Solids, vol. 11, pp. 140-148: September, 
1959.) 

537.311.33: 621.382 955 
Temperature Dependence and Lifetime in 

Semiconductor Junctions—D. A. Jenny and 
J. J. Wysocki. (J. Ape. Phys., vol. 30, pp. 
pp. 1692-1698; November, 1959.) The tem-
perature dependence of p-n-junction current 
can be held to a minimum over a given tem-
perature range by using material with a 

minority-carrier lifetime below a certain value. 
Calculations applied to GaAs show that an 
optimum lifetime should be attainable in prac-
tice by controlled doping with recombination. 
center impurities. The upper operating-tem-
perature limit of junction devices is calculated 
for Ge, Si, 1nP and GaAs. 

537.311.33: 621.391.822 956 
Load-Dependent Noise in Oxide Semicon-

ductors at Low Frequencies—K. I.eberwurst. 
(NachrTech., vol. 8, 1)1). 568-580; December, 
1958.) The changes of noise characteristics 
with temperature and oxygen pressure are in-
vestigated for a number of sintered oxide semi-
conductors. From consideration of the mecha-
nism of chernisorption a model is developed for 
a polycrystalline oxide semiconductor which 
allows for different types of noise to originate 
in the interior and at the boundary of unit cells 
making up the substance. Results of measure-
ments are discussed with reference to an equiva-
lent circuit based on the model. 

537.312.8 957 
Influence of Collective Effects on the Mag-

netoresistance of Metals—R. A. Coldwell-
Horsfall and D. ter. Haar. (Phys. Rev., vol. 

115, pp. 891-893: August 15, 1959.) Two 
methods are used to investigate the influence 
of the correlations between carriers on the 
magnetoresistance Ø. The change in # in both 
a one-band and a two-band model is consid-
ered. 

537.533 958 
On the Question of Electron Emission of 

Nickel in the Curie Region—F. Fraunberger 
and A. Kellerer. (Z. Phys., vol. 154, pp. 419-
422; April 7, 1959.) Electron emission and, in 
particular, exo-electron emission of a Ni 
specimen was investigated to discover a possi-
ble anomaly in the Curie region. No anomaly 
was found. 

537.533:546.431 959 

Effect of Oxygen on the Work Function of 
Barium—P. A. Anderson and A. L. I lunt. 
(Phys.. Rev., vol. 115, pp. 550-552; August 1, 
1959.) The effect is measured for various ex-
posures to oxygen. 

537.533:546.59 960 

Work Function of Gold—P. A. Anderson. 
(Pin's. Rey., vol. 115, pp. 535-554; August 1, 
195i).) The measured value of contact differ-
ence of potential Au-Ba is found to be 2.31 
+ 0.02 volts and the work function of Au 
4.83+0.02 ev. 

537.533:546.621 961 
Electron Emission from Plastically Strained 

Aluminum—W. I). Von Voss and F. R. Brot-
zen. (J. App!. Phys., vol. 30, pp. 1639-1645; 
November, 1959.) An experimental investiga-
tion is made of the effect of mechanical vari-
ables on emission, both during and after strain-
ing. A model is proposed correlating these in 
terms of the formation of point discontinuities 
in the surface oxide layer and this is compared 
with the experimental results. 

538.214: 546.31 962 
Magnetic Susceptibility of Alkali Elements 

—K. Venkateswarlu and S. Sriraman. (Z. 
Natterforsch., vol. 13a, pp. 451-458; June, 1958. 
In English.) 

Part 1: Sodium and Potassium (pp. 451-
455). 

Part 2: Liquid Alloys of Sodium and Po-
tassium ( 1)1). 455-458). 

538.22: 537.311.31 963 
Magnetic Susceptibility and Electrical Re-

sistivity of Au-Mn Alloys—A. Giansoldati, 
J. O. Linde, and G. Borelius. (J. Phys. Chem.. 
Solids, vol. 11, pp. 46-54; September, 195tp 
Report of measurements on alloys containing 
10-75 atomic per cent Mn. 

538.2.21 946 
The Magnetic Law of Approach in Plasti-

cally Deformed Nickel and Nickel-Cobalt 
Single Crystals— H. Kronmüller. (Z. Phys.. vol 
154, pp. 574-600; April 21, 1959.) Experimental 
investigation of the influence of plastic de-
formation at room temperature and at - 183° C 
on the approach to ferromagnetic saturation. 

538.221 965 
Magnetic Viscosity in Iron due to Carbon 

Atoms Anchored in Dislocations—G. Biorci, 
A. Ferro, and G. Montalenti. (J. Ape Phys., 
vol. 30, pp. 1732-1735; November, 1959.) 

538.221 : 539.234 : 537.312.8 966 
The Determination of the Curie Tempera-

ture of Thin Films by means of the Ferromag-
netic Resistance Variation—W. Hellenthal. 
(Z. Naturforsch., vol. 13a, pp. 566-567; July, 
1958.) The dependance of Curie tetnperature 
on film thickness is plotted for Ni films. See 
1944 of 1959. 
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538.221:621.318.134 967 
The Influence of the Valency States of 

Cations on Electrical Conductivity of Mg-Mr 
Fersite—S. Krupiaa and Závéta. (J. Elec-
tronics Control, vol. 6, pp. 333-336; April, 
1959.) The resistivity of iron-deficient Mg 
ferrite is low, owing to the presence of Fe2+ 
ions, but can be greatly increased by the addi-
tion of Mn. This is attributed to the formation 
of stable Mn4+-Fe2+ pairs, preventing the 
Fe2+ ions taking part in the conduction process. 

538.221:621.318.134 968 
Evidence for Triangular Moment Arrange-

ments in MO. Mn203—I. S. Jacobs. (J. Phys. 
Chem. Solids, vol. 11, pp. 1-11; September, 
1959.) A consequence of the triangular ar-
rangement of moments suggested by Yafet and 
Kittel (3414 of 1952) is that at field strengths 
higher than those required for ferrimagnetic 
domain alignment, there should be a linear in-
crease in net magnetization with field. Meas-
urements on several spinel-type compounds 
show this differential susceptibility. 

538.221:621.318.134 969 
The Magnetocrystalline Anisotropy of 

Cobalt-Substituted Manganese Ferrite—R. F. 
Pearson. (Proc. Phys. Soc, vol. 74, pp. 505-512; 
November 1, 1959.) The anisotropy due to Co 
ions in Mr ferrite varies linearly with Co con-
centration up to 25 per cent; the variation is not 
as great as in magnetite or as would be expected 
from Co ferrite values. 

538.221:621.318.134 970 
Paramagnetic Resonance of Ye in Yttrium 

Gallium Garnet—D. Boakes, G. Garton, D. 
Ryan, and W. P. Wolf. (Proc. Phys. Soc., vol. 
74, pp. 663-665; November 1, 1959.) 

538.221:621.318.134 971 
Magnetic Properties of Rare Earth Ions in 

Garnets—W. P. Wolf. (Proc. Phys. Soc., vol. 
74, pp. 665-667; November 1, 1959.) See also 
970 above. 

538.221 : 621.318.134: 538.566 972 
Faraday Effect in Various Small Ferrite 

Rods—F. Picherit. (Cornpt. rend. Acad. Sci., 
Paris, vol. 249, pp. 69-70; July 6, 1959.) The 
polarimetric analyzer described in 3574 of 1958 
has been applied to the study of the Faraday 
effect in 413 ferrite rods of diameter down to 
1.6 mm. 

538.221:621.318.134:538.569.4 973 
Magnetic Resonance of Ferrites at the 

Compensation Temperature—J. Paulevé. 
(Ann. Télécommun., vol. 13, pp. 311-324; 
November/December, 1958. and vol. 14, pp. 
2-20; January/February, 1959.) A study of 
fern magnetic resonance theory at temperatures 
below the Curie point supported by measure-
ments on Li chrome ferrites and Gd and Er 
garnets. 43 references. 

538.221:621.318.134: 538.569.4 974 
The Influence of Conducting Surfaces on 

the Gyromagnetic Resonance of Ferrite Bodies 
—W. I Liken. (Arch. elekt. Übertragung, vol. 12, 
pp. 562 566; December, 1958.) The calculation 
of demagnetizing factors by magnetostatic 
methods must be modified if conducting sur-
faces are present. Using a mirror-image princi-
ple the demagnetizing factors are calculated 
for magnetized ferrite strips in rectangular 
waveguides; measurement results confirm the 
analysis. 

538.222:538.569.4 975 
Optical Detection of Paramagnetic Reso-

nance Saturation in Ruby—I. Wieder. (Phys. 
Rev. Leu., vol. 3, pp. 468-470; November 15, 
1959.) Description of experimental measure-
ments. 

538.632:546.87:539.23 976 
Hall Effect of Bismuth Films Condensed 

by Quenching—W. Buckel. (Z. Phys., vol. 154, 
pp. 474-485; April 7, 1959.) 

538.652 977 
Measurement of the Linear Magnetostric-

fion of Hard-Worked Nickel—H. E. Stauss. 
(J. Ape Phys., vol. 30, pp. 1648-1650; No 
vember, 1959.) 

539.2:539.12.04 978 
The Effects of Nuclear Radiation on Ma-

terials—T. P. Flanagan. (J. Electronics Con-
trol, vol. 6, pp. 337-346; April, 1959.) The 
effects of gamma and neutron radiation are de-
scribed. Magnetic materials and thermocouples 
are included. 

621.315.612.015.5 979 
Dielectric Breakdown of Porous Ceramics 

—R. Gerson and T. C. Marshall. (J. Appt. 
Phys., vol. 30, pp. 1650-1653; November, 
1959.) The measured dielectric strength in 
porous materials is a function of porosity, void 
size, and of the dimensions of the test specimen. 

621.315.615.015.5 980 
Conduction Currents in Liquid n-Hexane 

under Microsecond Pulse Conditions—A. H. 
Sharbaugh and P. K. Watson. (Nature, vol. 
184, suppl. no. 26, pp. 2006-2007; December 26, 
1959.) No evidence for electron multiplication 
was obtained at fields below 1.25 mv/cm. At 
fields in the vicinity of breakdown, large values 
of current density were measured which may 
lead to local vaporization and the formation of 
bubbles with subsequent breakdown of the 
liquid dielectric. 

621.315.616.9:621.3.048 981 
An Alternative Method for Comparing the 

Electrical Properties of Epoxy Casting Resins 
—1). A. Thompson. (Electronic Engrg., vol. 31, 
pp. 686-687; November, 1959.) 

669.21/.22:621.382.3.032.27 982 
Investigations on some Noble-Metal Alloys 

used in Semiconductor Techniques— K. M tiller 
and W. Med. (Elektrotech. Z., Edn A, vol. 80, 
pp. 515-518; August 1, 1959.) Physical and 
mechanical properties are tabulated of vari-
ous alloys of Ag and Au with group-III and 
group-V elements suitable as contact materials 
for semiconductor devices, and curves of spe-
cific resistance as a function of alloy composi-
tion are given. 

MEASUREMENTS AND TEST GEAR 

529.786+621.3.018.41 (083.7) 983 
The Determination of Time and Frequency 

—(Tech. Mill. PTT, vol. 37, pp. 1-32; January 
1, 1959.) The text is given of the following 
papers presented at a meeting of the Swiss 
national committee of URSI at Neuchiitel, 
1958. 

a) The Scientific Importance of Atomic 
Frequency Standards—J. Rossel (pp. 2-6. In 
French). 

b) The Atomic Clocks—J. Bonanomi (pp. 
6-9). 

c) The Technique of the Atomic Determi-
nation of Frequency and Time—J. De l'rins 
and P. Kartaschoff(pp. 10-14). 

d) Problems of Astronomic Time—J. P. 
Blaser, and W. Schuler ( pp. 14-17. In French). 

e) Time Signals and Standard Frequencies 
—C. Wvser (pp. 18-23. In French). 

f) The Time Service of the Swiss Post, 
Telegraph and Telephone Administration— 
K. J. Bohren (pp. 23-32). 

529.786+ 621.3.018.41(083.74) 984 
An Improved Caesium Frequency and Time 

Standard— I.. Essen and J. V. L. Parry.(Na-
lure, vol. 184, suppl. no. 23, p. 1791; December 

5, 1959.) Preliminary measurements show that 
a precision of a few parts in 10 inches is practi-
cable. See 204 of 1958. 

621.317.331.029.6 985 
Measurement of Microwave Resistivity by 

Eddy-Current Loss in Spheres—T. Kohane 
and M. H. Sirvetz. (Rev. Sci. Instr., vol. 30, pp. 
1059-1060; November, 1959.) Applies to ma-
terials in which "skin effect" is appreciable in 
samples of ordinary size. 

621.317.36:621.374.32 986 
Digital Rate Synthesis for Frequency Meas-

urement and Control—T. J. Rey. ( Pnoc. IRE, 
vol. 47, pp. 2106-2112; December, 1959.) The 
signal whose period is to be measured is in the 
form of a pulse train of constant repetition rate. 
This train is compared with the average repeti-
tion rate of a series of nonuniformly spaced 
pulses from a standard source, the differences 
being used for frequency indication, or in a 
feedback loop for control purposes. 

621.317.373:621.374.4 987 
A Phase Multiplier—E. Augustin. (Hoch-

frequenz., vol. 67, pp. 84-87; November, 1958.) 
Frequency multiplication and mixing are used 
in the equipment described to obtain a ten- or 
hundred-fold increase of very small phase 
angles at 10 kc. Phase multiplication by a factor 
of 1000 may be achieved using a carefully 
designed circuit and highly stable supplies. 

621.317.412 988 
Application of a Weakly Inhomogeneous 

Magnetic Field to the Quantitative Determina-
tion of Small Ferromagnetic Admixtures in 
Susceptibility Measurements— D. Gersten-
berg. (Z. Metallk., vol. 50, pp. 472-477; August, 
1959.) Ferromagnetic content of 10-14 gram in 
a specimen can be determined with the appa-
ratus described. 

621.317.412 989 
Absolute Measurement of Magnetic Sus-

ceptibility by a Quasistatic Induction Method— 
M. C. Mesnage, P. Grivet and M. Sauzade. 
(Comp!. rend. Acad. Sci., Paris, vol. 249, pp. 
59-60; July 6, 1959.) Changes in induction 
when a hollow cylinder placed in the gap of a 
permanent magnet is filled with a liquid or a 
gas are observed by a null method. Results of 
observations on 02 and NO are given. 

621.317.742 990 
VSWR Indicators with Automatic Read-

Out—M. Kollanyi and R. M. Verran. (Elec-
tronic Engrg., vol. 31, pp. 666-671; November, 
1959.) A probe carriage is moved along a slotted 
line to produce stored values of the maximum 
and minimum detected signals. Different meth-
ods of obtaining a direct reading of the ampli-
tude ratio of these signals are described with 
circuit details. 

621.317.75: 534.44 991 
Method of Obtaining Amplitude and Phase 

Spectra of a Transient Function using Graphi-
cal Input Data—W. J. Remillard. (J. Acousi. 
Soc. Amer., vol. 31, pp. 531-534; April, 1959.) 
A method of harmonic analysis is describe 
using commercial equipment in conjunction 
with switching, adding and triangular-wave 
shaping circuits. 

621.317.77:621.373 992 
A System for Providing a Precise Vector 

Voltage—D. J. Collins and J. E. Smith. 
(Electronic Engrg., vol. 31, pp. 684-685; No-
vember, 1959.) Schematic details are given of a 
means of producing, from a reference oscillator 
source, signals of any desired amplitude and 
phase. 
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OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

551.510.62: 621.372.413 993 
A Microwave Refractometer—R. Schiine-

mann and W. Steffen. (Hochfrequenz., vol. 67, 
pp. 78-83; November, 1958.) A cavity-reso-
nator-type refractometer operating at 9.4 kmc 
is described and some initial measurements 
near the ground are discussed. 

621-52:621.318.57:621.387 994 
Cold-Cathode Tube Circuits—H. Lieben-

diirfer. (Electronic Radio Eng., vol. 36, pp. 436-
442; December, 1959.) Describes briefly vari-
ous basic control circuits using cold-cathode 
triodes and their application in systems for 
lighting control, flame detection in oil-fired 
boilers, thread-break detectors. etc. 

621-52:621.318.57:621.387 995 
ACCESS—a Static Switching System using 

Cold-Cathode Tubes—R. W. Brierley. (Elec-
tronic Engrg., vol. 31, pp. 646-654; November, 
1959.) A description of some features of an 
automatic production control system developed 
by the Austin Motor Co. 

621-57: 537.228.4 996 
Flame-Sprayed Ceramic Dielectric for 

Transducers—G. V. Planner and A. Foster. (J. 
Brü. IRE, vol. 19, pp. 699-702; November, 
1959.) "A high-speed electromechanical trans-
ducer system based on the Johnson-Rahbek 
effect is described, in which a flame-sprayed 
ceramic of high permittivity replaces the con-
ventional semiconductor." 

621.363 997 
Thermomagnetic Generator—J. F. Elliott. 

(J. Appi. Phys., vol. 30, pp. 1774-1777; No-
vember, 1959.) Calculations are given for a 
practical thermal-energy converter using gado-
linium. Energy is extracted from heat sources 
near 20°C; reasonable efficiency and power out-
put are claimed. See 1309 of 1949 ( Brillouin and 
Iskenderian). 

621.383.4: 535-15:621.397.331.2 998 
Electronic Scanning System for Infrared 

Imaging—M. E. Lasser, P. H. Cholet, and 
R. B. Emmons. ( Paoc. IRE, vol. 47, pp. 2069-
2075; December, 1959.) An infrared image is 
focused on a semiconducting window of silicon 
at one end of a tapered tube. This is scanned 
by an electron beam creating free carriers 
locally in the semiconductor and producing a 
moving opaque spot which absorbs energy as 
the image passes through the tube to an infra-
red detector. The detector output is fed to a 
television-type monitor for display. 

621.384.622.21 999 
Longitudinal Movement of Electrons and 

Tolerances in a Linear Accelerator—A. D. 
Vlasov. (Radiotekh. Elektron., vol. 4, pp. 295-
302; February, 1959.) Determination of the 
injection conditions governing the acceleration 
and the compactness of the energy spectrum of 
accelerated particles. 

621.385.833 1000 
The Construction of Four-Pole Magnetic 

Lenses without Iron—A. Septier and G. 
Chartier. (Corny. rend. Acad. Sci., Paris, vol. 
249, pp. 64-66; July 6,1959.) A theoretical in-
vestigation of the magnetic field due to four-
pole linear and sheet currents has been applied 
to the design of a strong-focusing magnetic 
lens which has been constructed and found to 
give satisfactory results. 

621.387.4:621.374.3 1001 
Fast Neutron Time-of-Flight Spectrometer 

—G. C. Neilson, W. K. Dawson, and F. A. 
Johnson. (Rev. Sci. Instr., vol. 30, pp. 963-
975; November, 1959.) A detailed description 

is given of a neutron spectrometer incorporating 
a simple time/pulse-height converter suitable 
for use in the tugs region. Either RF beam de-
flection or the gamma coincidence method is 
used to provide zero time indication. 

621.56: 537.322.1 1002 
Thermoelectric Cooling--(Electronic Engrg., 

vol. 31, pp. 690-692; November, 1959.) Re-
frigeration figures-of-merit of thermocouple 
elements are shown to be greater for certain 
semiconductors than for metals. Practical 
applications of thermoelectric cooling are dis-
cussed. 

PROPAGATION OF WAVES 

621.391.812.62 1003 
Correlation of Meteorological Phenomena 

with Propagation beyond the Horizon over the 
Mediterranean—L. Bonavoglia. (Alta Fre-
quenza, vol. 27, pp. 815-824; December, 1958.) 
Results of propagation tests between Sardinia 
and Minorca (see also 2229 of 1958) and of 
meteorological measurements are compared. 

621.391.812.62 1004 
Path Antenna Gain in an Exponential At-

mosphere—W. J. Hartman and R. E. Wilker-
son. (J. Res. Nat. Bur. Stand., vol. 63D, pp. 
273-286; November/December, 1959.) This 
extension of previous estimates of the loss in 
gain caused by tropospheric or stratospheric 
scattering includes the effect of an exponential 
model atmosphere and a scattering cross section 
inversely proportional to the fifth power of the 
scattering angle. Assuming isotropic turbulence 
the loss is about 2-db less than Staras' estimate 
(235 of 1959), which ignored the exponential 
atmosphere. The loss would be further reduced 
if anisotropic turbulence were included. 

621.391.812.621 1005 
Effect of Atmospheric Horizontal Inhomo-

geneity upon Ray Tracing—B. R. Bean and 
B. A. Cahoon. (J. Res. Nat. Bur. Stand., vol. 
63D, pp. 287-292; November/December, 
1959.) The effect is negligible above 1 km. 
Below this, rays at elevation angles less than 
about 2° are sensitive to extreme horizontal 
inhomogeneities, as in ducting conditions. The 
method is partly graphical and unjustifiable 
for routine correction of ray paths. 

621.391.812.621 1006 
Partial Reflections in the Atmosphere and 

Long-Distance Propagation: Parts 1 and 2— 
F. du Castel, P. Misme, and J. Voge. (Ann. 
Télécommun., vol. 13. pp. 209-214 and pp. 
265-270; July/August and September/October, 
1958.) Refractive-index measurements show the 
existence in the atmosphere of small layers 
(feuillets) each with a refracti% e index different 
from that of the mean surrounding value. 
Interpretation of the results suggests that the 
atmosphere may be considered as a dielectric 
medium composed of such layers which may 
be stable or unstable and identifiable by the 
slope of the index gradient through the layer. 

621.391.812.63 1007 
A Discussion of Ionospheric Demodulation 

Near Gyro-Frequency—G. L. Goodwin. (Ana. 
J. Phys., vol. 12, pp. 157-163; June, 1959.) 
The effect occurs at a height of about 90 km and 
does not appear to decrease at dawn. A wave 
reflected from the F-layer is demodulated by 
unequal amounts during its two passages 
through the region. The results cannot be ex-
plained by the theory of wave interaction. 

621.391.812.8 1008 
Comparison of the Long-Term Prediction 

Methods of C.R.P.L. and S.P.I.M.—P. Halley, 
D. Lepechinsky and P. Mouchez. (Ann. Télé-
commun.. vol. 13, pp. 254-264; September 
/Octol e.. 1958.) 

RECEPTION 

621.391.812.3:621.317.6.087.4 1009 
Correlation between Fading Signals—J. 

Bell. (Electronic Tech., vol. 37, pp. 36-40; 
January, 1960.) An instrument is described for 
the determination of the correlation coefficient 
between two positive rectified fading signals 
using a sum-and-difference method. 

621.391.821:621.3.087.4 1010 
Recording of the Mean Square Value of 

Atmosphereic Noise—F. Carbenay. (Comp!. 
rend. Acad. Sci., Paris, vol. 249, pp. 67-68; 
July 6, 1959.) The method used at the CNET 
is described. A vertical omnidirectional an-
tenna above a metal earth is used and the 
square of the intensity of the linearly ampli-
fied current at a given frequency is measured 
by three thermocouples of different sensitivity 
each associated with a galvanometer. Record-
ings may be made photographically. 

STATIONS AND COMMUNICATION 
SYSTEMS 

621.391 1011 
Poisson, Shannon, and the Radio Amateur 

J. P. Costas. (Paoc. IRE, vol. 47, pp. 2058-
2068; December, 1959.) From a statistical 
analysis of the problem of communicating in a 
congested band of frequencies, it is concluded 
that reducing the required bandwidth for a 
service, in the hope of acquiring an exclusive 
channel does not always offer the best prospect 
of intelligible reception. The use of wider 
bandwidths is advocated, particularly for 
amateur work where specific frequencies are not 
allocated for individual transmitters, and for 
military situations in which considerable inter-
ference, unintentional or deliberate, may be 
expected. 

621.391 1012 
Error-Correcting Codes—a Linear Pro-

gramming Approach—E. J. McCluskey, Jr. 
(Bell Syst. Tech. J., vol. 38, pp. 1485-1512; 
November, 1959.) Theorems are given for the 
matrices used to construct systematic error-
correcting codes and are proved for minimum-
redundancy codes. 

621.391:534.75 1013 
Indices of Signal Detectability Obtained 

with Various Psychophysical Procedures— 
J. A. Swets. (J. Acoust. Soc. Amer.. vol. 31, 
pp. 511-513; April, 1959.) See also 3854 of 
1959 (Tanner and Birdsall). 

621.391:534.78 1014 
Communication Efficiency of Vocoders— 

A. R. Billings. (Electronic Radio Eng., vol. 36, 
pp. 449-453; December, 1959.) A vocoder, in 
which speech is modulated and a single side-
band passed to the analyzer filters through an 
amplitude limiter, is shown on comparison with 
the convention vocoder to have a greater com-
munication efficiency, this being defined as the 
ratio of the actual rate of information to the 
rate of transmission in an ideal system subject 
to the same restrictions. 

621.391:621.376.5 1015 
Ideal Binary Pulse Transmission by A.M. 

and F.M.—E. D. Sunde. (Bell Syst. Tech. J., 
vol. 38, pp. 1357-1426; November, 1959.) Inter-
symbol interference can be avoided in binary 
pulse transmission by FM without the need 
for a wider channel bandwidth than in DSB 
AM for equal pulse transmission rates. Explicit 
general expressions are derived for the appro-
priate shaping of the band-pass channel. The 
optimum division of channel shaping between 
transmitting and receiving filters for FM and 
AM with random noise, and the relation be-
tween error probability and signal/noise ratio 
are discussed. 
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621.391.822 1016 
Transition Probability Densities of the 

Smoothed Random Telegraph Signal—W. M. 
Wonham. (J. Electronics Control, vol. 6, pp. 
376-384; April, 1959.) An extension of earlier 
analysis (3634 of 1958) to derive the transition 
probability functions of the associated Markov 
process. 

621.395:621.372 1017 
The South Lancashire Radiophone Service 

—(Brit. Commun. Electronics, vol. 6, pp. 858-
861; December, 1959.) 

Part 1—The General System—L. T. Arman 
(pp. 8.58-860). A VHF mobile radio service 
provides communication between land mobile 
stations and the public telephone network. 

Part 2—The Radio-Telephone Equipment 
— B. Armstrong (pp. 860-861). A discussion of 
the technical specification. 

621.395:621.376.56 1018 
A Delta Modulation System using Junction 

Transistors— B. E. Williams. (Electronic Engrg. 
vol. 31, pp. 674-680; November, 1959.) A 
speech link operating at a digit frequency of 
14 kc uses alternating binary encoding—a form 
in which the signal has no de component—and 
requires less bandwidth than normal binary 
code. 

621.395.665.1:534.861 1019 
Contribution on the Reciprocal Control of 

Dynamic Range—H. Vülz. (Hochfrequenz., vol. 
67, pp. 87-94; November, 1958.) Six-terminal 
networks are introduced in this theoretical con-
sideration of dynamic compression and restitu-
tion of the original dynamics after the signal 
has passed through a noisy communication 
channel. Practical systems designed to avoid 
the occurrence of transients are discussed. 

621.396.65 1020 
Convention on Radio Links—(Alla Fre-

quenza, vol. 27, pp. 578-832; December, 1958.) 
Third issue covering the proceedings of a con-
vention held in Rome, June 5-8, 1957. Second 
issue: 2014 of 1959. Abstracts of some of the 
papers are given individually; titles of others 
are as follows: 

a) Microwave Amplification by Earthed-
Grid Triodes—G. B. Stracca (pp. 578-614). 

b) Applications of Ferrites in Microwave 
Radio Links—M. Vadnjal (pp. 615-628). 

c) Frequency Control of Klystrons by Ref-
erence Cavity—L. Del Bello (pp. 629-633). 

(I) On the Improvement of Linearity of Re-
flex Klystrons used as Frequency-Modulated 
Oscillators—G. Cicconi (pp. 634-682.) 

e) New Components for Miniaturized 
Microwave Radio Links—M. Mueller ( Müller) 
(pp. 683-698. In English). 

f) Problems of Automatic Switching—A. 
Ricagni (pp. 699-715). 

g) Criteria and Measurements of Suita-
bility of Equipment for Radio Links—G. Monti-
Guarnieri (pp. 716-751). 

h) A 6000-Mc/s Communication System 
for 300 Telephone Channels—E. Viti (pp. 752-
778). 

i) Multiplex for Three High-Quality Music 
Channels—A. Pasini (pp. 779-789). 

j) Directive Aerials with Dual Polarization 
—G. Parmeggiani (pp. 794-814). 

621.396.74.029.51/.53(43) 1021 
Long and Medium-Wave Transmitters in 

the German Federal Republic—( Rundfunk-
tech. Mtn., vol. 2, pp. 304-307; December, 
1958.) See also 1023 below. 

621.396.74.029.55(43) 1022 
Short-Wave Frequencies in the German 

Federal Republic—( Rundfunktech. Mitt., vol. 
2, p. 303; December, 1958.) 

621.396.74.029.62 (43) 1023 
List of VHF Transmitters in the German 

Federal Republic—(Rundfunktech. Mitt., vol. 
2, pp. 300-303; December, 19.58.) The lists and 
map of transmitter locations give the position 
as of November 1, 1958. 

621.396.931 1024 
Radio Telephony in French Express Trains 

--(Engineer (London), vol. 208, pp. 158-159; 
August 28, 1959.)] On the route Paris-Lille a 
VHF link operating at 160 mc is provided be-
tween trains and a chain of 11 lineside stations 
with a cable connection to a Paris exchange. 

SUBSIDIARY APPARATUS 

621.3.087.4:621.396.96 1025 
Electronic Line-Storage Device for the 

Compression of the Frequency Band of Periodi-
cally Recurring Signals, particularly of Radar 
Displays—K. Lange. (Nachrichtentech. Z., vol. 
11, pp. 619-627; December, 1958.) The opera-
tion of a CR -tube line-storage system is dis-
cussed. Equipment is described for measuring 
the integrating characteristics of such storage 
devices. See also 3744 of 1956 ( Meinke and 
Groll). 

621.316.722.027.5 : 621.385.4 1026 
A Small, High-Voltage, Regulated Power 

Supply with Variable Output—J. D. O'Toole. 
(Electronic Engr., vol. 31, pp. 681-683; No-
vember, 1959.) The design of a regulating cir-
cuit operating in the range 1-4kv is described 
which uses a beam tetrode as a series regulator 
and two double triodes in the feedback circuit. 

621.316.722.073.3: 621.385.032.213 1027 
A Transistorized L. T. Regulator—J. H. 

Deichen. (Electronic Engr., vol. 31, pp. 688-
689; November, 1959.) "The methods of pro-
viding a stabilized de supply for tube heaters 
are examined and their limitations are dis-
cussed. A simple circuit using a transistor and 
two Zener diodes is then given and its design 
and performance described." 

TELEVISION AND PHOTOTELEGRAPHY 

621.397: 621.391.8.029.63 1028 
Some Aspects of Television Reception on 

Band V—H. N. Gant. (J. Brit. IRE, vol. 19, 
pp. 727-733; November, 1959.) Band-V tele-
vision receiver design problems are considered 
with regard to available components. Suitable 
antenna systems and their performance figures 
are noted. 

621.397.132.001.4 : 621.317.755 1029 
A Vectorscope Unit—K. G. Freeman. 

(Electronic Engrg., vol. 31, pp. 655-658; No. 
vember, 1959.) Circuit details are given of an 
instrument which uses the principles of co-
herent detection to provide a vectorial display 
of NTSC subcarrier chrominance signals. 

621.397.232.2: 621.391.82 1030 
Co-channel Television Interference and its 

Reduction—E. W. Chapin, L. C. Middlekamp, 
and W. K. Roberts. ( IRE TRANS. ON BROAD-
CAST TRANSMISSION SYSTEMS, VOL PGBTS-10, 
pp. 3-24; June, 1958. Abstract, PROC. IRE, 
vol. 46, p. 1665; September, 1958.) 

621.397.232.2:621.391.82 1031 
Reduction of Co-channel Television Inter-

ference by Very Precise Offset Carrier Fre-
quency—L. C. Middlekamp. (IRE TRANS. 
ON BROADCAST TRANSMISSION SYSTEMS, VOL 
PGBTS-12, pp. 5-10; December, 1958.) The 
effect on picture degradation of frequency-
offset variation is investigated, and the im-
provement in picture quality to be gained by us-
ing precise offset values held to a close toler-
ance is discussed. 

621.397.232.2 : 621.391.82 1032 
Investigation of the Operation of Televi-

sion Transmitters with Precise Offset-Carrier 
Frequencies—H. Hopf. ( Rundfunkiech. Mitt., 
vol. 2, pp. 265-276; December, 1958.) The re-
duction of the transmitter-frequency tolerance 
to about + 2.5 cps results in an improvement 
by more than 10 db in the RF protection ratio 
(see also 1030 above). Curves of protection 
ratios are plotted for various types of carrier-
offset and include a set of curves of recom-
mended ratios for the 625-line CCIR system, 
with a reference-interference ratio of 30 db for 
carrier offset equal to X line frequency. 

621.397.334 1033 
A New Approach to Kinescope Beam Con-

vergence—J. W. Schwartz and P. E. Kaus. 
(IRE TRANS ON ELECTRON. DEVICES, VOL 
ED-5, pp. 275-282; October, 1958. Abstract, 
PROC. IRE, vol. 47, p. 495; March, 1959.) 

621.397.334: 621.374.33 1034 
A Gating Circuit for Single-Gun Colour. 

Television Tubes.—K. G. Freeman. (J. Brit. 
IRE, vol. 19, pp. 667-677; November, 1959.) 
Gating circuits and their limitations are dis-
cussed. A new gating circuit is described, 
which employs low-leve gating of the red, 
green and blue video signals in conjunction 
with a wide-band amplifier. 

621.397.6.001.4 1035 
Laboratory Television Transmitter for the 

Intermediate-Frequency Range—P. Klopf. 
(Rundfunktech. Mitt., vol. 2, pp. 253-264; 
December, 1958.) A modulator unit is described 
for use in tests on residual-sideband trans-
mission for the 625-line CCIR system. The 
quality of transmission via the modulator and 
a standard IF receiver is examined. 

621.397.61 : 535.88 1036 
Further Development of the Television Epi-

scope—R. Theile and F. Pilz. (Rundfunklech. 
Mitt., vol. 2, pp. 290-292; December, 1958.) 
Details are given of an improved version of the 
equipment described in 1374 of 1959. 

621.397.7-182.3 1037 
A Contribution to the Design and Construc-

tion of Television Outside-Broadcast and 
Film-Recording Vehicles—G. Schaclwinkel and 
H. Ktiding. (Rundfunktech. Mitt., vol. 2, pp. 
277-289; December, 1958.) Vehicles developed 
by the West German radio organizations and 
their equipment are described. 

621.397.72 1038 
Some Aspects of the Design of a Small 

Television Station—A. Harris. (J. Brit. IRE, 
vol. 19, pp. 705-721; November, 1959.) "Some 
of the factors governing the choice of equip-
ment for use in small commercial television 
stations in isolated areas are discussed. Specific 
reference is made to two different types of in-
stallation at station ZBNI-TV, Bermuda, using 
the same basic equipment." 

621.397.74(43) 1039 
The Television Network of the German Federal 
Republic—(Rundjunktech. Mitt., vol. 2, pp. 
293-299; December, 1958.) Tabulated data on 
television transmitters as of November 1, 
1958, with maps showing their location and 
that of television links. 

621.397.743 1040 
Climatic Resistance, Operational Relia-

bility, and Emergency Circuitry of Television 
Frequency Translators—K. Fischer, H. J. 
Fraisse, and W. Marks. (Telefunken Ztg. vol. 
32, pp. 47-58, March, 1959. English> summary, 
pp. 73-74.) The effects of outdoor operation on 
unattended television relay equipment are 
discussed. Means of minimizing these effects 
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and of ensuring the maintenance of services are 
illustrated by examples of specially designed 
Units. 

TRANSMISSION 

621.396.61:621.372.51 1041 
Gauging Transmitters to Overcome Jam-

ming- -P. W. F:sten. (Electronics, vol. 32, pp. 
68 70; November 27, 1959.) A combining net-
work enables four transmitters to feed a com-
mon antenna to increase radiated power. 

621.396.61:621.301.82 1042 
Interference Area of a Transmitter for 

Tropospheric-Scatter Radio Links—A. Chinni 
(Alta Frequeer.,a, vol. 27, pp. 825-832; Decem-
ber, 1958.) A nomogram has been constructed 
for obtaining the distance from a transmitter at 
which the interference field intensity exceeds a 
certain level for 0.1 per cent of the time, for 
any given frequency, radiated power, antenna 
gain and radiation pattern. 

TUBES AND THERMIONICS 

621.382.2 1043 
Zener Diodes—their Properties and Appli-

cations—J. M. Waddell and D. R. Coleman. 
(Wireless lVorll, vo). 66, pp. 17-21; January, 
1960.) 

621.382.2:621.391.822 1044 
The Noise of Diodes—W. Drechsel. 

(NachrTech., vol. 8, pp. 538-541; December, 
1958.) Fundamental causes of LF and HE noise 
in semiconductor diodes are considered and the 
choice of diode characteristics for optimum 
performance in static, dynamic, and mixer 
operation is discussed. 

621.382.2/.3:539.12.04 1045 
How Radiation Affects Semiconductor De-

vices—M. F. Wolff. (Electronics, vol. 32, pp. 
55-57; November 27, 1939.) Transistor and 
diode damage and the change in circuit 
characteristics due .to radiation effects are 
noted. Radiation-resistant devices such as the 
thin-base Ge transistor and the tunnel diode 
are mentioned. 

621.382.23 1046 
The Tunnel Diode—Circuits and Applica-

tions— I. A. Lesk, N. Holonyak, Jr. and U. S. 
Davidsolin. (Electronics, vol. 32, pp. 60-64; 
November 27, 1959.) Details are given of the 
characteristics of tunnel dicxles possessing a 
high negative conductance and a high resis-
tance to nuclear-radiation and temperature 
effects. Their applications in amplifier, oscil-
lator and detector circuits are illustrated. 

621.382.23:621.372.44 1047 
Surface-Dependent Losses in Variable-Re-

actance Diodes—D. E. Sawyer. (J. App!. 
Phys., vol. 30, pp. 1689-1691; November, 
1959.) High-frequency performance is lowered 
by these losses which cause the series equiva-
lent resistance to be larger than the inte-
grated bulk resistance. The effect is shown to 
vary with surrounding atmosphere and an 
explanatory model is given. 

621.382.3:621.391.822 1048 
The Noise Equivalent Circuit of the Tran-

sistor—G. \\ inkier. (NachrTech., vol. 8. pp. 
542-548; December, 1958.) The representation 
of transistor noise in the form of an equivalent 
noise three-pole network using noise para-
meter measurements or by an equivalent cir-
cuit based on calculation is described. 

621.382.3.012.6 1049 
Transistor Matching Impedances—A. G. 

Bogle: (Electronic Tech., vol. 37, pp. 28-30; 
January, 1960.) Calculations are described re-
lating the variation of input impedance, out-
put impedance and gain of a Type-OC 71 
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transistor to changes ot operating point and 
negative feedback. 

621.382.3.032.27 1050 
Application of a Photogravure Process to 

the Deposition of Metal Contacts on Semicon-
ductors—P. Michelet and J. Vareine. (Onde 
¿led., vol. 39, pp. 858-862; November, 1959.) 
A photosensitive synthetic resin is used in the 
process which is applied to HE Si transistors. 
Reference is made to the elimination of the 
superficial oxide layer by the process. 

621.382.333 1051 
An 85-Watt-Dissipation Silicon Power 

Transistor— R. W. Aldrich, R. H. I,anzl, I). E. 
Maxwell, J. O. Percival, and M. Waldner. 
(IRE TRANS. ON ELECTRON DEVICES, VOL 
ED-5, pp. 211-215; October, 1958. Abstract, 
PROC. IRE. vol. 47, p. 494; March, 1959.) 

621.382.333 1052 
Large-Signal Rise Times in Junction 

Transistors—W. W. Glirtner. ( IRE TRANS. 
ON ELECTRON DEVICES, VOL ED-5. p. 316; Oc-
tober. 1958.) An investigation of collector cur-
rent response using a more exact expression for 
ax than that used by Moll (885 of 1955) yields 
considerably higher values for the large-signal 
rise t imes. 

621.382.333 1053 
The Physical Interpretation of Measure-

ments on Transistors—F. J. Hyde (J. Electron-
ics Control, vol. 6, pp. 362-364; April, 1959.) 
The equation for the effective lifetime of holes 
in the base given by Deb and Daw (2043 of 
1959) is shown to be not generally valid, and 
a modified equation is derived. 

621.382.333: 621.317.3 1054 
Measurement of the High-Frequency Base 

Resistance and Collector Capacitance of Drift 
Transistors—F. J. Hyde and T. E. Price. (J. 
Electronics Control, vol. 6, pp. 347-355; April, 
1959.) A modified Turner circuit (354 of 1955) 
is used to determine rbb' and c separately. The 
effect of stray emitter-collector capacitance on 
the measurements is analyzed. 

621.382.333:621.318.57 1055 
Two-Terminal Asymmetrical and Sym-

metrical Silicon Negative-Resistance Switches 
—R. W. Aldrich and N. Holonyak, Jr. (J. 
App!. Phys., vol. 30, pp. 1819-1824; Novem-
ber, 1959.) " By making use of an emitter re-
gion shorted by a metallic contact to an adja-
cent base region, a new form of p-n-p-n switch 
is obtained. Several new structures are de-
scribed, including a symmetrical (or ac) 
switch. Typical experimental results on 
switches which break down in the range from 
25 to 40 volts are presented." 

621.382.333.33 1056 
A Silicon p-n-p-n Power Triode—K. Kaw-

ana and T. Misawa. (J. Electronics Control, 
vol. 6, pp. 324-332; April, 1959.) A simplified 
theory assuming equal ionization for electrons 
and holes is presented which explains the con-
trolling effect of base current on the //V 
charactieristics of the triode. Characteristics 
of a developmental triode are given. 

621.382.333.4 1057 
The Emitter Tetrode—R. A. Gudmundsen. 

(IRE TRANS. ON ELECTRON DEVICES, vol. 
ED-5, pp. 223-225; October, 1958. Abstract, 
PROC. IRE, vol. 47, p. 495; March, 1959.) 

621.383.4 1058 
The Limiting Sensitivity and the Noise 

Spectrum of Germanium Junction Photodiodes 
—L. Ya. Pervova. (Radiolekh. Elektron., vol. 
4, pp. 330-334; February, 1959.) The sensi-
tivity threshold was of the order of 10-10 lumen 
second lis with a light-beam modulation fre-

April 

quency 70 cps. The noise spectrum in the 
range 0.5 cps to several hundres of cps obeys 
the law; for higher frequencies the noise is 
close to the shot noise of the photodiode dark 
current. 

621.385 (083.72) 1059 
Vacuum Diodes and Grid-Controlled Vac-

uum Tubes: Terminology—(Nachrichtentech. 
Z., vol. 11, pp. 635-644; December, 1958.) A 
list of 138 terms and their definitions recom-
mended by the Nachrichtentechnische Gessel-
schaft; the corresponding English and French 
terms are given in most cases. This is an 
amended version of 652 of 1958. 

621.385.1:621.391.822 1060 
Flicker Noise of Valves in the L.F. Region— 

H. 1\1 ut schke. (NachrTech., vol. 8, pp. 585 -590; 
December, 1958.) The mechanism of flicker 
noise is discussed with reference to previous 
work (e.g., 1284 of 1957 (Lindemann and van 
lvi Ziel)] and results are given of tests on vari-
ous types of tubes to determine the dependence 
of flicker noise on heater voltage, anode current 
and running time. 

621.385.3.029.63 1061 
PC86, a Newly Developed Grounded-Grid 

Triode for Decimetre Waves (U.H.F.)—H. 
Hunger. (Telefunken Zig., vol. 31, pp.262-265; 
December, 1958. English summary, p. 274.) 
The glass tube described is designed for opera-
tion at frequencies up to 800 mc; its amplifi-
cation factor is 68, and its slope 14 ma/volt. 

621.385.6 1062 
Periodic Electrostatic Focusing of a Hollow 

Electron Beam—C. C. Johnson. (IRE TRANS. 
ON ELECTRON DEVICES, vol. ED-5, pp. 233-
243; Abstract, PROC. IRE, vol. 47, p. 495; 
March, 1959.) 

621.385.6 1063 
A Symmetry Property of Space-Charge 

Waves in Accelerated Electron Beams— I. P. 
Slikarofsky. ( IRE TRANS. ON ELECTRON DE-
VICES, vol. ED-5, pp. 283-288; October, 1958. 
Abstract, PROC. IRE, vol. 47, p. 495; March, 
1959.) 

621.385.6 1064 
On Speed Charge Waves—R. H. C. New-

ton. (J. Electronics Control, vol. 6, pp. 321-323; 
April, 1959.) Comment on 2058 of 1959 (Tre-
vena). 

621.385.6 1065 
Calculation of Electron-Beam Divergence 

at Medium Gas Pressures—B. H. Wadia. (J. 
Electronics Control, vol. 6, pp. 307-320; April, 
1959.) A method is described involving step-
by-step integration, by which the beam pro-
files in the presence of gas at 10-5 -10-7 mm Hg 
can be estimated. Universal curves are given 
which enable the designer to estimate the modi-
fication of the "perfect-vacuum" behavior 
(<10-8 mm Hg) to be expected in practical 
tubes. 

621.385.6: 621.375.9 1066 
The Kinetic Power Theorem for Parame-

tric, Longitudinal, Electron-Beam Amplifiers— 
H. A. Haus. ( IRE TRANS ON ELECTRON DE-
VICES, vol. ED-5, pp. 225-232; October, 1958. 
Abstract, Psoc. IRE, vol. 47, p. 495; March, 
1949.) 

621.385.6:621.391.822 1067 
New Method of Measuring the Noise Pa-

rameters of an Electron Beam—S. Saito. ( IRE 
TRANS. ON ELECTRON DEVICES, VOL ED-5, pp. 
264-275; October, 1958. Abstract. PROC. IRE, 
vol. 47, p. 495; March, 1959.) 

621.385.62 1068 
A Multicavity Klystron with Double-Tuned 
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Output Circuit—H. J. Curnow and L. E. S. 
Mathias. (Proc. IEE, pt. B, vol. 106, pp. 487-
488; September, 1959. Discussion, pp. 492-
494.) An improved bandwidth (5.3 per cent-
6.3 per cent for 2.5-mw output) has been ob-
tained from a 6-cavity puked S-band klystron 
amplifier by the use of a double-tuned output 
circuit. 

621.385.62:621.376.32 1069 
A Simple Investigation of the Cross-Modu-

lation Distortion arising from the Pulling 
Effect in a Freqency-Modulated Klystron— 
D. T. Gjessing. (Proc. IEE, pt. B, vol. 106, 
pp. 473-477; September, 1959. Discussion, pp. 
492-494.) An expression for the distortion 
spectrum is derived theoretically, and families 
of curves showing severity of distortion are 
plotted. It is shown that small mis-matches of 
the output feeder give serious crosstalk. 

621.385.624 1070 
Large-Signal Analysis of the Multicavity 

Klystron— S. E. Webber. (IRE TRANS ON 
ELECTRON DEVICES, vol. ED-5, pp. 306-315; 
October, 1958. Abstract, PROC. IRE, vol. 47, 
p. 496; March, 1959.) 

621.385.63 1071 
Space and Time Harmonics in Electron 

Streams— R. Muller, (Arch. elekl. Cher-
&ogling, vol. 12, pp. 527-532; December, 

1958.) Wave propagation is analyzed in sys-
tems with space-periodic structure which 
changes with time. These conditions arise 
when a high-intensity traveling wave interacts 
with an electron beam; harmonic frequencies 
are then generated. See also 2962 of 1957. 

621.385.63 1072 
General Design Procedure for High-Effi-

ciency Travelling-Wave Amplifiers—J. E. Rowe 
and H. Sobol. ( IRE TRANS. ON ELECTRON DE-
VICES, vol. ED-5, pp. 288-300; October, 1958. 
Abstract, PROC. IRE, vol. 47, p. 495; March, 
1959.) 

621.385.63 1073 
Design and Performance of Coupled-Helix 

Transducers for Travelling-Wave Tubes— 
T. S. Chen. (J. Electronics Control, vol. 6, pp. 
289-306; April, 1959). Discussion of systems in 

which coupling between a traveling-wave-tube 
helix and the input or output coaxial cable is 
achieved by connecting the inner of the cable 
to a short helix wound round the outside of the 
main helix. The choice of pitch for the coupling 
helix is discussed and experimental results are 
given. 

621.385.63 1074 
Approximate Analytic Expressions for TWT 

Propagation Constants—W. H. Louisell. ( IRE 
TRANS ON ELECTRON DEVICES, vol. ED-5, pp. 
257-259; October, 1958. Abstract. PROC. IRE, 
vol. 4, p. 495; March, 1959.) 

621.385.63 1075 
Travelling-Wave-Tube Propagation Con-

stants for Finite Values of Gain per Wave-
length—D. A. Dunn, G. S. Kino, and G. W. C. 
XI milers. ( IRE TRANS. ON ELECTRON DEVICES, 
vol. ED-5, pp. 243-251; October, 1958. Ab-
stract, PROC. IRE, vol. 47, p. 495; March, 
1959.) 

621.385.63 1076 
Improvement of Travelling-Wave-Tube 

Efficiency through Collector Potential De-
pression—F. Sterzer. ( IRE TRANS. ON ELEC-
TRON DEVICES, VOL ED-5, pp. 300-305; Octo-
ber, 1958. Abstract. PROC. IRE, vol. 47, pp. 
495-496; March, 1959.) 

621.385.63 1077 
Theory and Behaviour of Helix Structures 

for a High-Power Pulsed Travelling-Wave 
Tube—G. W. Buckely and J. Gunson. (Proc. 
IEE, pt. B, vol. 106, pp. 478-486; September, 
1959. Discussion, pp. 492-494.) A multistart 
helix structure which may be water-cooled is 
considered theoretically and experimentally. 
There is reasonable agreement between meas-
urements on 4- and 8-start structures and cal-
culations of impedance and phase velocity on 
equivalent bounded sheath helices. 

621.385.63 1078 
Traveling-Wave-Tube Analogue—G. D. 

Sims and I. M. Stephenson. (Electronic Tech., 
vol. 37, pp. 20-24, January, 1960.) The proper-
ties of any traveling-wave tube whose structure 
possesses equivalent parameters can be simu-
lated, regardless of its actual physical form, by 

using the lumped-circuit principle and de-
signing the inductance drift-tube structure to 
provide a given impedance and phase shift. The 
model described was designed primarily to in-
vestigate forward-wave interaction. 

621.385.633 1079 
Velocity and Current Distributions in the 

Spent Beam of the Backward-Wave Oscilla-
tor—J. W. Gewartowski. ( IRE TRANS. ON 
ELECTRON DEVICES, vol. ED-5, pp. 215-222; 
October, 1958. Abstract, PROC. IRE, vol. 47, 
pp. 494-495; March, 1959.) 

621.385.633.1 1080 
Influence of Magnetic Focusing Fields and 

Transverse Electron Motion on Starting Con-
ditions for Spurious Oscillations in 0-Type 
Backward-Wave Oscillators—H. G. Kos-
maid. (IRE TRANS. ON ELECTRON DEVICES, 
VOL ED-5, pp. 252-257; October, 1958. Ab-
stract, PROC. IRE, vol. 47, p. 495; March, 
1959. 

621.385.69:621.372.2 1081 
A New Wide-Band Thermionic Valve—T. 

Kojima. (Onde élect., vol. 39, pp. 876-833; No-
vember, 1959.) Theoretical and practical con-
siderations in the design of a distributed-ampli-
fier-type tube are discussed [see 902 of 1954 
(Lewis)]. Results obtained with a prototype 
tube operating from low frequencies up to 70 
mc are compared with theoretical calculations. 

621.387:621.362 1082 
"Open-Circuit" Voltages in the Plasma 

Thermocouple—H. W. Lewis and J. R. Reitz. 
(J. Ape Phys., vol. 30, pp. 1838-1839; 
November, 1959.) Further discussion of the 
plasma diode (366 of January) clarifying the 
mechanism involved. 

MISCELLANEOUS 

621.38/.39:061.3 1083 
Annual Convention of the Popov Society in 

Moscow, 12th-17th May, 1958—F. H. Lange. 
(NachrTech., vol. 8, pp. 591-592; December, 
19.58.) A brief report on some of the papers 
presented at the convention, and a complete 
list of titles and authors covering the following 
four of twelve sections: a) information 
theory, b) antenna installations, c) semicon-
ductor and miniature circuit elements, and d) 
electronics. 
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On the Mean Square Stability of Random Linear Systems, J. C. 
Samuels. 

Stability of Circuits xvith Randomly Time-Varying Parameters, 
J. E. Bertram and P. E. Sarachik  

Functional Equations in Adaptive Processes and Random Trans-
mission, R. Beaman and R. Kalaba  

Ott Passive One-Way Systems, H. Gamo  

Vol. CT-6, No. 2, June, 1959 

Abstracts 
Application of Routh's Algorithm to Network-Theory Problems, 

H'. D. Fryer  
On the Optimum Performance of Variable and Nonreciprocal Net-

works, T. Schang-Pettersen and A. Tonning  
Correction to "Numerical Determination of Cascaded LC Network 

Elements from Return Loss Coefficients," I). C. Fielder  
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26 
30 
35 
45 
61 
69 

75 

81 
91 
95 

102 

124 

127 

129 
Abstracts  
Steady-State Transmission through a Network Containing a Single 

129 Tiine-Varying Element, C. .4. Desoer  
131 Steady-State Analysis of Circuits Containing a Periodically-Oper-

ated Switch, A. Feuweis 
131 On a Problem of Network Topology, T. Fujisawa  

The Path Matrix and its Realizabifity, O. Wing and W. II. Kim. 
133 The Problem of Phase Equalization, G. Szentermai  
134 Optimum Filters of Even Orders with Monotonic Response. M. 

Fukada  
1.33 A Note on Zeros of Reflection and Transmission in a Cascade of 

Lossless Two-Terminal-Pair Networks, D. C. Fielder  
136 Network Realizability in the Time Domain, .4. II. Zemanian  

Envelope and Angle Response of Asymmetrical Narrow-Band Net-
137 works, J. J. lin pert  
139 Optimization of Negative- Impedance Conversion NIethods of Ac-

tive RC Synthesis, I. M. Horowitz  
DC Design of Resistance-Coupled Transistor Logic Circuits, W. J. 

Wray, Jr  
RC Constant-Argument Driving-Point Admittances, R. Morrison.   
Correction to " Bounded Real Scattering Matrices and the Founda-

tions of Linear Passive Network Theory," D. C. Youla, L. J. Cas-
14 triota, and II. J. Carlin  
30 Reviews of Current Literature 

Abstracts of Articles on Circuit Theory  
41 Correspondence 

Ladder- Network Analysis Using Fibonacci Numbers. A. M. Mor-
60 gun-Voyce  

Remarks on a Paper bv Grayzel, E. N. Torgow and D. C. Youla.. . 
71 Cascade Two-Port Nei works, D. T. Swift-Hook and .4. J. Cole, Jr  

Computation of F Al Transient Response, F. L. Dennis and D. A. 
79 Linden  
95 Analysis and Syntlwsis of Delay Line Periodic Filters, M. Drubin 

and II. Urkowitz  
A Property of the Generalized Envelope, J. L. Brown, Jr.  
PGCT New  • 

2 

A Power Theorem on Absolutely Stable Two-Ports, G. E. Sharpe, 
J. L. Smith, and J. R. W. Smith  

Time-Response Characteristics of a System as Determined by its 
4 Transfer Function, J. D. Brute  

Flow-Graph Solutions of Linear Algebraic Equations, C. L. Coates  
Triode Network Topology, A. W. Keen  
Application of Mellin and Hankel Transforms to Networks with 
Time-Varying Parameters, F. R. Gerardi  

Image Parameter Square-Frequency Filter Design, D. B. Pike  
Maximally-Flat Time Delay Ladders, S. Deutsch  
On Realizability of a Circuit Matrix, R. B. Ash and W. II. Kim.   
Theoretical Limitations on the Gain- Bandwidth Product of Three-
Terminal Networks, J. J. Spilker, Jr.  

Reviews of Current Literature 
Abstracts of Articles on Circuit Theory  
Correspondence 
Matrix Analysis of RL and RC Oscillators, A. J. Cote, Jr  
Node Duplication—A Transformation of Signal-Flow Graphs, V. 
Chow  

An Equivalent Circuit for Linear N-Port Active Networks, J. L. 
Stewart  

Maximally-Flat Delay Networks, W. E. Thomson  
PGCT News  
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110 
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176 
187 
197 
217 
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Abstracts  
Analysis of Periodic Filters with Stationary Random Inputs, H. 

th:kowitz  
Generation of Squares with the Use of Nonlinear Resistors, E. 

228 Grosswald  
Direct Single Frequency Synthesis from a Prescribed Scattering 

234 M at rix, D. C. Foula  
Nlinimal Realizations of the Biquadratic Minimum Function, 

248 S. Seshu  
On the Represi•nt;it ion of Transients by Series of Orthogonal Func-

260 tions, H. l.Irmstrong  
Improving t lit .\ pjtroximation to a Prescribed Time Response, J. D. 

271 Brulé 
283 An Extension of Wiener Filter Theory to Partly Sampled Systems, 

//. Al. Robbins  
Network Functions with a Constant Imaginary Part, II. J. Orchard 
Generalizations of the Concept of the Positive Real Function, 

.4. H. Zemanian  
142 Reviews of Current Literature  

Corresismilence 
144 Design of I ) ispersionless Ideal Low-Pass Filter Delay Lines in Sole-

noidal Form. Drubin  
150 On the Response of a Linear System to an FM Signal, E. J. Bagh-

dady  
158 Realizability of Matched N-Port Lossless Junctions, G. Kent  
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214 
219 

224 
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An Alternative Derivation of Brune's Cycle, V. Belevitch  
Two-Port Terminations for Maximum Power Gain, E. N. Bramely 
On the Topology of Printed Circuits, L. Auslander and H. M. Trent 
Notation of Circuit Analysis, F. W. Schott  
Matrices in Theory of Autonomous Sequential Networks, L. Lunelli 
A Generalization of the Impulse Train Approximation for Time-
Varying Linear System Synthesis in the Time Domain, J. B. 
Cruz, Jr  

389 Correction to "Reducing Computing Time in the Analysis of Net-
390 works by Digital Computer," W. Mayeda  394 
390 A Note on Predistortion, P. R. Geffe  395 
391 Notes Commenting on Darlington's Design Procedure for Networks 
392 Made of Uniformly Dissipative Coils (d0-1-(5) and Uniformly Dis-

sipative Capacitors (do- 6), C..4. Desoer  397 
The 1960 Solid-State Circuits Conference  399 

393 Annual Index 1959 Follows page 402 

Communications Systems 

Vol. CS- 7, No. 1, May, 1959 

Quo Vadis?, E. N. Dingley, Jr  
Performance of Digital Phase-Modulation Communication Sys-

tems, C. R. Cahn  
Radio Channel Selection for Interference-Free Operation, J. Aw-

ramik, Jr. and W. M. Jewett  
Performance Analysis of a Data Link System, A. B. Glenn  
Doppler Phenomena in Space Communications, F. J.Tischer  
Performance Equations for a "Stationary" Passive Satellite Relay 

(22,000 Mile Altitude) for Communication, M. Handelsman. . . . 
An Analog Computer for Finding an Optimum Route Through a 
Communication Network, H. Rapaport and P. Abramson  

Prelimiting Band-Pass Filtering on Fading Radio Circuits, C. Big!  
Radio Link Communication Reliability: A Three-Part Problem, 
M. Green  

Analysis of SSB Power Amplifiers, F. Assadourian  
Two Dimensional Predictive Redundancy in a Television Display, 

A. V. J. Martin  
Contributors  

Vol. CS-7, No. 2, June, 1959 
1958 IRE-PGCS Awards  
Frontispiece and Guest Editorial, H. P. Westman  
Optical Communication During Hypersonic Re-Entry, E. Langberg 
An Experimental Automatic Communication System for Air Traffic 

Control, W. R. Deal  
Factors Affecting Modulation Techniques for VHF Scatter Sys-

tems. J. W. Koch  
Double-Sideband Suppressed-Carrier Multiplex Equipment for 
Cable and Microwave Applications, W. S. Chaskin and G. L. 
Curtis 

Integrated Data Systems, F. Filipowsky  
Pulse Phase-Change Signaling in the Presence of Ionospheric Multi-

path Distortion. S. G. Lutz, F. A. Losee, and A. W. Ladd  
Synchronization of Single-Sideband Carrier Systems for High-Speed 
Data Transmission, T. Combellick  

Global Public Telephone Service- 1958, D. D. Donald and T. A. 
Chandler  

Propagation of HF and VHF in the Arctic Region, R. Penndorf and 
S. C. Coroniii  

High-Speed Terminal Printers Using the Burroughs Electrostatic 
Technique, K. M. Kiel  

A Synchronous Communications Receiver for the Military UHF 
Band, R. H. Wood and W. P. Whyland  

A New Simplified Aircraft Data Link, M. Cooper  
Microwave and Scatter Communications System for the Eglin Gulf 

Testing Range, T. J. Ileckelman  
Contributors  

Vol. CS- 7, No. 3, September, 1959 
Frontispiece and Guest Editorial, C. A. Strom, Jr.  
New Developments in FM Reception and Their Application to the 

Realization of a System of " Power-Division" Multiplexing, E. J  
Baghdady  

Probability Distribution of Noise Due to Fading on NI ultisection 
FM Microwave-Systems, H. E. Curtis  

1 Concerning Optimum Frequencies for Space Vehicle Communica-
tion, S. Perlman, L. C. Kelley, W. J. Russell, and W. D. Stuart. . 

3 Effects of Frequency Cutoff Characteristics on Spiking and Ringing 
of TV Signals, .4. D. Fowler and J. C. Igleheart  

7 A 2500- Baud Time-Sequential Transmission System for Voice-
14 Frequency \Vire Line Transmission, G. Holland and J. C. Myrick 
25 An Experimental Equipment to Reduce Teleprinter Errors in the 

Presence of Multipath, J. L. Hollis 
31 Impulsing of Linear Networks in Integrated Data Systems, G. K. 

McA uliffe  
37 Angular Diversity Reception at 2290.MC Over a 188-Mile Path, 
42 J. H. Chisholm, L. P. Rainville, J. R. Roche, and H. G. Root. .. . 

Real Time Data Transmission System, C. R. Scott and W. II. Butler 
47 Tropospheric Scatter Path Loss Tests, Florida Bahamas, K. P  
53 Stiles  

Applicability of Multipath Protection to Meteor Burst Communica-
57 tions, T. G. Knight  
62 A Formalized Procedure for the Prediction and Analysis of Multi-

channel Tropospheric Scatter Circuits, C. A. Parry  
Contributors  

65 
66 
68 

71 

Vol. CS- 7, No. 4, December, 1959 

Frontispiece and Guest Editorial, E. J. Baghdady  
Comparative Evaluation of Communications Transmission Media, 

77 J. H. Vogel man  
Design Considerations for Space Communication, J. E. Barlow, 

G. N. Krassner, and R. C. Riehs 
92 Development Trends in USAF Global Communications Systems, 
95 C. A. Strom, Jr. and A..4. Kunse  

An Underwater Communication System, N. D. Miller  
102 Wide-Band Facsimile Transmission Over a 900- Mile Path Utilizing 

Meteor Ionization, W. H. Bliss, R. J. Wagner, Jr., and G. S. 
110 Wickiser  

A Very High-Speed Facsimile Recorder, G. M. Stamps and H. C. 
115 Ressler  

The NBS Meteor Burst Communication System, R. J. Carpenter 
121 and G. R. Ochs  

White Alice System—Design and Performance, A. L. Durkee, D. 
125 Metcalfe and W. H. Tidd  

Installation and Operational Aspects of a Private Television Micro-
129 wave System, A. Shelton  
133 Practical Considerations in the Design of Minimum Bandwidth 

Digital Frequency Modulation Systems Using Gaussian Filter-
136 ing, IV. L. Glomb  284 
142 A Study of the Technical and Economic Feasibility for Tropo-

spheric Scatter Circuits in Primary Toll Networks of Underde-
veloped Countries, C. A. Parry  290 

50-kw Antenna Switching System, J. W. Smith  295 
145 The Effect of Low-Noise Techniques on Tropospheric Scatter Com-

munications, A. Feiner and D. Savage  302 
Contributors  307 
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Vol. CF-6, No. 1, March, 1959 

Information for Authors  
Who's Who in PGCP 
Louis Kahn, Member, Administrative Committee, July, 1958 to 

July, 1961  
An Introduction to Inorganic Dielectrics, K. H. McPhee  
Components for Submarine Telephone Cable Repeaters, M. C  

Wooley  
A New Memory Device—The Twister, D. A. Ellerbruch  
Contributors  

Vol. CP-6, No. 2, June, 1959 
Information for Authors  

TRANSACTIONS Index- 8 

Who's Who in PGCP 
J. T. Brothers, Member, Administrative Committee  
A Comparison of Thin Tape and Wire Windings for Lumped-Pa-

rameter, Wide- Band, High-Frequency Transformers, T. R  
O'Meara  

2 A Comparison of the Noise and Voltage Coefficients of Precision 
3 Metal Film and Carbon Film Resistors, T. R. Williams and 

J. B. Thomas  
34 Problems in Long-Term Component Reliability, K. E. Latimer.. 
42 The Physics of the Solid-State Maser, D. J. Howarth  
45 Magnetism and the Rare-Earth Metals, J. M. Lock  

Metal and Oxide Film Potentiometers, G. V. Planer  
Recent Developments in Fixed Resistors, R. if. W. Burkett  
Development of Plastic Dielectric Capacitors, J. H. Cozens  
Some Recent Developments in Magnetic Alloys, C. E. Richards. .   

47 Contributors  

227 

230 

232 

241 
249 

252 

257 

263 

272 

278 

48 

49 

58 
62 
81 
93 
105 
109 
114 
119 
123 



Vol. CP-6, No. 3, September, 1959 

Information for Authors  
Who's Who in PGCP 
J. J. Drvostep, Chairman, 1959-1960  
A Message from the Chairman  
Progress Report on Ad Hoc Study on Parts Specifications Manage-
ment for Reliability, E. J. Nucci  

Trends of Things to Come, C. H. Lewis  
Capacitors-1959, L. Kahn  
Electronic Materials—an Industry-Wide Problem, A. M. Hadley.   
Uniform Cooling Air Flow During Computer Maintenance and 

Operation, A. Perlmutter  
A Practical, Comprehensive Component Application Program, 

C. G. Walance  
Army Electronics Research: Theory to Reality, L. J. D. Rouge. . 
A Review of the Influence of Recent Material and Technique De-

velopment on Transformer Design, H. M. Nordenberg  
Improvements Made in Electronic Parts During the Past Ten 

Years, H. V. Noble   210 
An Analysis of Printed Wire Connectors, D. R. Sheriff   223 

Vol. CP-6, No. 4, December, 1959 
125 Information for Authors 

Who's Who in PGCP 
126 J. D. Heibel, Member, Administrative Committee   237 
127 High Dielectric Constant Ceramics, F. Brown  238 

Component-Part Screening Procedures Based on Multiparameter 
128 Measurements, R. E. Thomas  252 
144 Aircraft Secondary Power Generator with Direct Compensation 
150 Frequency Control, L. J. Johnson and S. E. Rauch  259 
175 Delay-Line Specifications for Matched-Filter Communications Sys-

tems, R. M. Lerner, B. Reifen, and H. Sherman  263 
180 Some Rating and Application Considerations for Silicon Diodes, 

H. C. Lin  269 
190 Correction to "A Comparison of Thin Tape and Wire Windings for 
193 Lumped-Parameter Wide-Band High-Frequency Transformers," 

T. R. O'Meara  273 
201 Contributors  274 
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Education 

Vol. E-2, No. 1, March, 1959 

Looking Forward, The Editor  
The Time Is Now, E. A. Walker  
A Senior-Year Semiconductor and Electron Device Course, A. G. 

Milnes  
College Recruiting—A Portfolio of Expectations, W. T. Hudson, 
W. M. Hoyt, D. M. Cook, F. L. Cason, and L. R. Hill yard  

Teaching Machines, B. F. Skinner  
Role of the Laboratory in Engineering Education, R. L. McFarlan  
Contributor% 

Vol. E-2, No. 2, April, 1959 

Editorial, W. R. LePage  
Advanced Education—Past, Present, and Future, F. Hamburger, 

Jr.  
Industry's Contributions and Needs in Graduate Education, D. F. 

Kline  
The Challenges in the Development of Graduate Programs, E. 

Weber  
Current Developments in Patterns of Graduate Study, N. A. Hall  
Off-Campus Resident Graduate Programs at Company Centers 
The Syracuse-IBM Program, R. A. Galbraith and J. R. Lakin  
The R.P.I.-United Aircraft Program, W. C. Stoker and G. C. 

Barnes  
The NYU-Bell Labs Program, S. S. Shamis and S. B. Ingram  
Question and Answer Period Following Panel Discussion  

Contributors  

Vol. E-2, No. 3, June, 1959 

An Experiment in IRE-Secondary School Cooperation, J. W. 
Kearney and M. T. Lebenbaum  

Advanced Education in Industry, J. D. Cassidy  73 
Undergraduate Laboratories—Some Comments on Efficient Use of 

I Students' Time, W. J. Fahey  75 
2 Criteria for the Selection of Engineers for Employment, L. H. 

Noggle  78 
6 1200 Case Studies of Engineering Motivation, G. E. Moore  82 

Understanding, Mathematics, and Scientific Education, W. L. 
10 Kilmer  85 
14 Dynamics of Engineering Education—Uniformity or Quality, E. 
23 Weber  89 
27 Success in Science or Engineering, A G. Grasberg  94 

Preliminary Studies in Automated Teaching, R. F. Mager  104 
Industry's Contribution and Needs in Graduate Education, D. F. 

Kline   108 
Contributors  110 

30 

31 

38 

39 
43 

50 

53 
58 
62 
64 

Vol. E-2, No. 4, September, 1959 
An Engineering Experiment in Industry-Community-School Rela-

tions, R. K. Hellmann  113 
Physics Courses in the New Arizona Engineering Curriculum, A. B. 

Weaver  117 
Laboratory: Its Scope and Philosophy, R. F. Schwartz   120 
A Course in Engineering Analysis for Superior Students, G. B. 

Hoodley  122 
Elementary Introduction to Electrodynamics, V. Bevc  124 
A Combined Machinery and Control Systems Laboratory, W. A. 

Blackwell and H. E. Koenig  128 
A Realistic Program in Energy Processing, R. D. Chenoweth  134 
Energy Conversion and Control at Berkeley, H. C. Bourne, E. C. 

Guilford, and R. M. Saunders  138 
67 Contributors  143 

Electron Devices 

Vol. ED-6, No. 1, January, 1959 
On Calculating the Current Gain of Junction Transistors with Arbi-

trary Doping, H. L. Armstrong  
Traveling-Wave Tube Efficiency Degradation Due to Power Ab-

sorbed in an Attenuator, C. K. Birdsall and C. C. Johnson  
A Class of Waveguide-Coupled Slow-Wave Structures, J. Feinstein 
and R. J. Collier  

A Gun and Focusing System for Crossed-Field Traveling-Wave 
Tubes, O. L. Hoch and D. A. Watkins  

Germanium P-N-P-N Switches, I. A. Lesk  
Large-Signal Theory of UHF Power Triodes, A. D. Sutherland. . 
The Design and Characteristics of a Megawatt Space-Harmonic 

Traveling-Wave Tube, M. Chodorow, E. J. Nalos, S. P. Otsuka, 
and R. H. Pantell  

The Effect of Space Charge on Bunching in a Two-Cavity Klystron, 
T. G. Mihran  

A Microwave Electron Velocity Spectrograph, P. B. Wilson and 
E. L. Ginzton  

Independent Space Variables for Small-Signal Electron Beam 
Analyses, D. L. Bobrof  

Effect of Transient Voltages on Transistors, H. C. Lin and W. F. 
Jordan, Jr.  

The Germanium Microwave Crystal Rectifier, A. C. MacPherson. 
Transient Analysis of Junction Transistors, W. F. Gariano  
Electron-Beam Flow in Superimposed Periodic and Uniform Mag-

netic Fields, J. R. Anderson  

18 
28 
35 

Strapped Bifilar Helices for High-Peak-Power Traveling-Wave 
Tubes, D. A. Watkins and D. G. Dow  

Dispenser Cathode Magnetrons, G. A. Espersen  
1 Correction to "Ultrasensitive Techniques Employing the Helium 

Leak Detector," J. L. Lineweaver  
6 Experimental Notes and Techniques 

Method for Determining Specific Cooling Rates of Plate Materials 
9 in Vacuum, C. W. Horsting, I. S. Sold, T. A. Sternberg, and P. 

Avakian  
Contributors  

Vol. ED-6, No. 2, April, 1959 

48 Frequency Characteristics of Semiconductor Rectifier at Voltages 
Greater than kT/q, L. Depian, W. E. Newell, and A. G. Milnes. 

54 A Lumped Model Analysis of Noise in Semiconductor Devices, 
R. N. Beatie  

64 A Physical Theory of Junction Transistors in the Collector-Voltage-
Saturation Region, C. Huang  

68 Surface and Geometry Effects on Large Signal Base Input Voltage 
and Input Resistance of Junction Transistors, C. Huang, C. M. 

79 Chang and M Weissenstern  
83 On the Theory of DC Amplification Factor of Junction Transistors, 
90 S. Wang and T. T. Wu  

An Alloy-Diffuse Silicon High Current Transistor With Fast 
101 Switching Possibilities, D. Navc»t and P. De Beurs  

106 
115 

118 

119 
120 

125 

133 

141 

154 

162 

169 
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High-Level Transistor Operation and Transport Capacitance, 
K. E. Mortenson  

Impedance and Dispersion Characteristics of the Flattened Helix, 
C. C. Johnson  

An Investigation and Application of the Contrawound Helix, J. E  
Nevins  

Bibliography on Electroluminescence and Related Topics, H. F  
Ivey  

The Variable-Capacitance Parametric Amplifier, E. D. Reed  
Propagation of Space-Charge Waves in Diodes and Drift Spaces, 
H. G. Kosmahl  

Disturbances in a Multi-Velocity Plasma, J. R. Pierce and J. A. 
Morrison  

A Self-Excited Drift Tube Klystron Frequency Multiplier for Use 
in Generating Millimeter Waves, W. H. Cornete!, Jr.  

Experimental Notes and Techniques. 
A High-Frequency Alpha Cutoff Jig, L. M. Terman  
Magnetron Cathode Arm Radiation and Luminescence, R. A. 

White and A. Bamford  
Program of 1958 Electron Devices Meeting, October 30-31, Wash-

ington, D. C.  
Contributors  

Vol. ED-6, No. 3, July, 1959 
Electron Beams in Axially-Symmetric Crossed Fields, J. A. Brad-
shaw  

Laminar Flow in Magnetically-Focused Cylindrical Electron 
Beams, J. L. Palmer  

Point-Contact Diodes in Terms of p-n Junction Theory, R. E. Nel-
son  

The Nesistor—A Semiconductor Negative Resistance Device, 
R. G. Pohl  

Super-Radiation and Super-Regneration, C. Greifinger and G. Birn-
baum  

A Low Potential Collector Employing an Asymmetrical Electrode 
in an Axially-Symmetric Magnetic Field, D. A. Dunn, W. R. 
Luebke, and G. Wada  

Electrostatic Optics for Camera Tubes, R. W. Redingion, G. A  
Saum, and P. J. van Heerden  

Thermally-Induced Cracking in the Fabrication of Semiconductor 
Devices, T. C. Taylor  

Medium Power High-Speed Germanium Alloy Transistors, H. E  
Hughes, T. R. Robillard, and R. W. Westberg  

New Methods for the Measurement of Cathode Interface Im-
pedance, H. B. Frost  

Maximum Rapidly-Switchable Power Density in Junction Triodes, 
J. M. Early  

On the Periodic Coupling of Propagating Structures, N. Rynn.   

Some Reactive Effects in Forward Biased Junctions, T. E. Firle 
174 and O. E. Hayes  330 

The Effects of Electrode Resistance in Electroluminsecent Cells, 
189 H. F. Ivey  335 

Semiconductor Diode Amplifiers and Pulse Modulators, W. Ko and 
195 F. E. Brammer  341 

A Design Theory for the High-Frequency p-n Junction Variable 
203 Capacitor, C. J. Spector  347 
216 The Radio-Frequency Current Distribution in Brillouin Flow, 

M. Chodorcnv and L. T. Zitelli   352 
225 Experimental Notes and Techniques 

Technique for Making Crack-Free Alloyed Junctions in Silicon, 
231 T. C. Taylor  358 

Contributors  360 
236 

242 Vol. ED-6, No. 4, October, 1959 
Large Signal Bunching of Electron Beams by Standing-Wave and 

242 Traveling-Wave Systems, S. E. Webber  365 
A Theoretical Study of Ion Plasma Oscillations, W. W. Peterson 

243 and H. Puthof  372 
254 A New Electronic Gun for Picture Display with Low Drive Signals, 

K. Schlesinger  377 
Diffused Silicon Nonlinear Capacitors, A. E. Bakanowski, N. G. 
Cranna, and A. Uhlir, Jr  384 

The Design and Performance of Grid-Controlled, High-Perveance 
Electron Guns, H. E. Gallagher  390 

257 The Effects of Initial Electron Velocities and Space Charge in 
Secondary Emission, M. D. Hare  397 

262 Space-Charge Layer Width in Diffused Junctions, R. M. Scarlet!  405 
Electron Beam Characteristics in Radially Varying Periodic Mag-

270 netic Fields, C. C. Johnson  409 
The Effect of Secondary and Backscattered Electrons in the Paral-

278 lel-Plane Diode, L. A. Harris  413 
Theory of the Amplitron, G. E. Dombrowski  419 

288 Low-Noise Klystron Amplifiers, R. G. Rockwell  428 
The Effect of Beam Cross-Sectional Velocity Variation on Back-

ward-Wave-Oscillator Starting Current, N. C. Chang, A. W. 
294 Shaw, and D. A Watkins  437 

The Cylindrical Field Effect Transistor, H. A. R. Wegener  442 
297 Small-Signal Theory of Multicavity Klystrons, G. R. While  449 

Cross Modulation and Nonlinear Distortion in RF Transistor Am-
299 plifiers, M. Akgun and M. J. O. Strut!  457 

Experimental Notes and Techniques 
311 Magnetron Cathode Arm Radiation and Luminescence—Sequel, 

R. A. White, A. Bamford, and D. C. Buck  468 
315 Plasma Frequency Reduction in Electron Streams by Helices and 

Drift Tubes, C. K. Birdsall and F. M. Schumacher  468 
322 Contributors  470 
325 Annual Index, 1959 Follows page 472 

Electronic Computers 

Vol. EC-8, No. 1, March, 1959 
The Chairman's Column  
Absolute Minimal Expressions of Boolean Functions, S. Abhyankar 
A Generalized Resistor-Transistor Logic Circuit and Some Applica-

tions, S. C. Chao  
A Synthesis Technique for Minimal State Sequential Machines, 

S. Ginsburg  
A Ring Model for the Study of Multiplication for Complement 

Codes, H. L. Garner  
A High-Speed Analog to Digital Converter, D. Savitt  
A Non-Real-Time Simulation of SAGE Tracking and BOMARC 

Guidance, D. W. Ladd and E. W. Wolf  
Time Multiplexing as Applied to Analog Computation, E. Ratvelin 
A Figure of Merit for Single-Pass Data Recording Systems, J. H  

Mulligan, Jr  
Simulation to Obtain a Systems Measure of an Air Duel Environ-

ment, A. A. B. Pritsker, R. C. Van Buskirk, and J. K. Wetherbee. 
1958 PGEC Membership Survey Report, K. W. Uncapher  
Correspondence 
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395 
Gerardi, F. R.: CT Jun 197 
Gerhold, R. A.: PT Aug 12 
Germano, C. P.: AU Jul-Aug 96 
Gerosa, G.: AP Dec S471 
Gerst, I.: MTT Oct 475 
Getting, I. A.: MIL Jan 19 
Gianoplus, A. S.: SET Jun 66 
Giesselman, A. C.: VC Sep 4 
Giguere, W. J.: EC Dec 432 
Gilbert, E. G.: EC Jun 204 
Gilbert, E. O.: EC Sep 391 
Gill, A.: EC Dec 486; IT Jun 52 
Gillespie, E. F. F.: AP Dec S219 
Ginsburg, S.: EC Mar 13, Sep 

346, Dec 441 
Ginzton, E. L.: ED Jan 64 
Glass, H. I.: MTT Apr 295 
Glenn, A. B.: CS May 14 
Glomb, W. L.: CS Dec 284 
Golay, M. J. E.: SET Dec 186 
Gold, B.: IT Mar 17, 25 
Gold, L.: SET Dec 162 
Gold, R. D.: EC Sep 287 
Goldin, P. J.: PQC Jun 7 
Goldman, I.: EM Jun 55 
Goldstein, H.: ANE Jun 142 
Goldstone, L. O.: AP Jul 274, Oct 

307; MTT Apr 213 
Golomb, S. W.: CT May 176; IT 
May 176 

Gonzales, C.: VC Sep 83 
Goodrich, R. F.: AP Jul 213, Dec 
S28 

Gordon, E. S.: BTR Dec 8 
Gordon, J.: VC Apr 74 
Gorozdos, R. E.: AC Dec 46 
Goubau, G.: AP Dec S140 
Goudet, G.: MTT Jul 327 
Graham, M.: EC Dec 479 
Graham, R. H.: NS Dec 16 
Grasberg, A. G.: E Jun 94; EM 
Mar 31 

Gray, C. L.: AP Jul 281 
Green, H. D.: ME Dec 277 

TRANSACTIONS Index-19 



Green, J. FL: VC Apr 74 
Green, M.: CS May 47 
Greenleaf, R. K.: EM Mar 19 
Greifinger, C.: ED Jul 288 
Grimm, H. J.: I Dec 97 
Grinich, V. H.: EC Jun 108 
Groginsky, H. L.: ANE Sep 111 
Grosswald, E.: CT Dec 334 
Guilford, E. C.: E Sep 138 
Guillemin, E. A.: CT May 110, 
IT May 110 

Haas, I.: EC Jun 108 
Hadady, R. E.: SET Mar 14 
Haddad, R. A.: AC Nov 121 
Hadley, A. M.: CP Sep 175 
Haefeli, H. G.: CT May 79; IT 
May 79 

Hall, N. A.: E Apr 43 
Halstenberg, R. V.: AC Dec 97 
Hamasaki, J.: MTT Jul 360 
Hamburger, F., Jr.: E Apr 31 
Hammerle, K. J.: IT Mar 9 
Handelsman, M.: CS May 31 
Ilanlev, G.: MTT Jan 23 
Hanse-n, R. C.: AP Jul 276, Dec 
S458 

Harary, F.: CT May 59; IT May 
95 

Hare, M. D.: ED Oct 397 
Harken, D. E.: ME Dec 246 
Harrington, R. F.: AP Apr 150 
Harris, C. M.: AU May-Jun 80 
Ilarris, E. F.: AP Jul 281; VC 
Apr 2 

Harris, L. A.: ED Oct 413 
Ilartel, R. R.: E(' Jun 159 
Ilartin, W. I.: NS Mar 11 
Hartline, II. K.: ME Jun 84 
Hartmanis, J.: CT Mar 69 
Harvey, A. F.: MTT Oct 402 
Ilarvev, R. A.: NS Dec 20 
Hassle-r, G. L.: ME Mar 52 
Hauser. G.: RQ( jun 53 
Hawkins, H. E.: ANE Mar 26 
Haycock, O. C.: AP Oct 414 
Hayes, O. E.: ED Jul 330 
Hazel, H. K.: PT Aug 39 
Hazony, D.: AC Nov 132 
Heald, M. A.: NS Sep 33 
Ileckelman, T. J.: CS Jun 142 
Hedgecock, N. E.: AP Dec S284 
Hedrich, A. L.: I Mar 22 
Heffner, H.: MTT Jan 83 
Heider, E.: AP Apr 201 
field, G.: AP Dec S296 
Hellman, R. K.: E Sep 113 
liellstrom, M. J.: BTR May 7 
Ilelstrom, C. W.: IT Sep 139 
lieIvey, T. C.: SET Jun 57, Sep 99 
Henn, W.: AC Dec 116 
hennie, F. C.: CT Mar 35 
'Jenny, G.: ME Jun 75 
Herold, E. W.: NE Sep 1 
Ilerrick, J. F.: ME Dec 195, 202 
Herrman, G. F.: BTR Dec 75 
lierrold, G.: ME Dec 213 
Ilessel, A.: AP Dec S201 
newish, A.: AP Dec S120 
lievne, J. B.: RQC Jun 41 
Ilieks, B. L.: CT Mar 137 
Higgins, S. F.: SET Sep 123 
Higgins, T. J.: AC Dec 150; ME 
Sep 125 

Hilibrand, J.: EC Sep 287 
Hill, R. M.: MTT Jan 73 
IliIlyard, L. R.: E Mar 10 
lloadley, G. B.: E Sep 122 
Hobbs, E. W.: CT Mar 135 
Hoch, O. L.: ED Jan 18 
Hodder, W. K.: SET Sep 117 
Hoelindorf, F.: MIL Oct 162 
Iloffman, R. A.: MIL Oct 160 
Hoffman, W. C.: AP Dec S301 
Hoge, R. R.: IE Jan 38; NS Jun 
42 

Holland, D. B.: ME Sep 125 
I lolland, G.: CS Sep 180 
Hollis, J. L.: CS Sep 185 
Holt, S. F.: AP Oct 434 
Honey, R. C.: AP Oct 320 
Hoover, G. W.: PT Aug 23 
Horowitz, I. M.: AC Dec 5; CT 
Sep 296 

Horsting, C. W.: ED Jan 119 
Hosono, T.: MTT Jul 370 
Hougardy, R. W.: AP Jul 276 

TRANSACTIONS Index-20 

Houseman, E. O., Jr.: MTT Oct 
475 

Howarth, D. J.: CP Jun 81 
Hoyt, W. M.: E Mar 10 
Hsieh, H. C.: AC Nov 16, Dec 212 
Hu, M. K.: AP Oct 373 
Ilu, Y. Y.: AP Oct 373 
Huang, C.: ED Apr 141, 154 
Huber, J. C., Jr.: AP Jul 281 
Hudson, A. C.: MTT Apr 277 
'Hudson, W. T.: E Mar 10 
Huffman, D. A.: CT Mar 4, May 

41; IT May 41 
Hufnagel, C. A.: ME Mar 13 
Iluggins, W. H.: AC Nov 91 
Hughes, H. E.: El) Jul 311 
Hull, J. L.: PT Aug 50 
Hupert, J. J.: CT Sep 292 
Hyneman, R. F.: AP Oct 335 

Hen, F. W.: ANE Jun 100 
Igleheart, J. C.: CS Sep 173 
lizuka, K.: AP Oct 386 
Ikegami, F.: AP Jul 252 
Ikeno, N.: CT May 187; IT May 

187 
Ingrain, S. B.: E Apr 58 
Inouye, G. T.: MIL Oct 178 
Isley, C. T.: IT Sep 139, Dec 186 
Ivey, H. F.: ED Apr 203, Jul 335 

Jackson, H. G.: NS Jun 64 
Jackson, W. E.: ANE June 85 
Jacobsen, A. B.: PT Aug 28 
Jacobson, B. S.: ME Jun 66 
Jacobson, E. D.: ME Sep 116 
Jacobson, M. J.: IT Mar 4 
Jameson, W. P.: MIL Jul 105 
Jamison, J. H.: EC Dec 432 
Janes, W. A.: IT Jun 67 
avnes, E. T.: IT Sep 98 

.eWett, R. H.: MIL Jan 12 

..-welt, W. M.: CS May 7 
Jochim, K. E.: ME Dec 232 
Jollier, J. R.: AP Jan 1 
Johnson, C. C.: El) Jan 6, Apr 

189, Oct 409 
Johnson, C. M.: NITT Jan 27, 
Apr 229 

Johnson, C. W.: ME Sep 134 
Johnson, L. J.: CP Dec 259 
Johnson, P.: ME Dec 287 
Johnson, R. C.: MTT lid 374 
Johnston, C.: VC Sep 24 
Johnston, L. B.: BTR May 54 
Johnston, T. W.: AP Dec S337 
Jones, E. M. T.: MTT Jan 128, 

Oct 453 
Jones, H. C.: RQC Jun 16 
Jones, R. E.: ME Jun 92 
Jordan, E. C.: AP Jan 87 
Jordan, W. F., Jr.: ED Jan 79 
Junga, F. A.: 'SS Jun 40 
Jury, E. I.: AC May 15 

Kahn, L.: CP Sep 150 
Kahn, W. K.: N ITT Jan 102, Oct 
430 

Kalaba, R.: AC Nov 1; CT May 
271; IT May 271 

Kalman, R. E.: AC Dec 20, 110, 
112 

Kamenetskv, NI.: MIL Jul 75 
Kane, NV. É.: RQC Jun 34 
Kantrowitz, A.: MIL Apr 34 
Kaplan, L. J.: MTT Apr 298, Jul 

392, Oct. 473, 475 
Karal, F. C., Jr.: AP Dec S91 
Karbowiak, A. E.: AP Dec SI91 
Karp, S. N.: AP Dec S91 
Karr, P. R.: IT Mar 33, Sep 140, 
Dec 186 

Katsura, S.: ME Dec 283 
Katz, A.: EM Sep 75 
Kawaliashi, T.: MTT Apr 247 
Kay, A. F.: AI' Jan 22, 32 
Kai-, I.: AP Jan 11, Dec S255 
Kazarinoff, N. D.: AP Dec S21 
Kear, F. G.: ANE Jun 61 
Kearney, J. W.: E Jun 67 
Keen, A. W.: CT Jun 188 
Keilson, J.: IT Jun 75, 77 

Keller, E. A.: IE Apr 35 
Keller, J. B.: AP Apr 146, Dec 

S52, S87 
Kelley, L. C.: CS Sep 167 
Kenna, L. A.: EM Jun 49 
Kennedy, W, F.: SET Sep 138 
Kent, G.: CT Dec 388 
Kenyon, R. J.: MTT Jul 391 
Kessler, E., III: ANE Mar 31 
Keys, J. E.: AP Dec S77 
Kie, K. M.: CS Jun 125 
Kilmer, W. L.: E Jun 85; EC Sep 

321 
Kim, C. S.: BTR Dec 83 
Kim, W. H.: CT May 71, Jun 219, 
Sep 267; IT Jun 62; AC Dec 108 

King, D. D.: MTT Apr 229 
King, E. N.: PT Jun 18 
King, II. E.: AP Apr 197 
King, R.: AP Ian 53, Dec S440 
Kingston, R. MTT Jan 92 
Kintner, P. M.: EC Jun 227 
Kirkpatrick, J.: ME fun 82 
Kirschbaum, H. S.: MTT Jan 142 
Klante, K.: AP Dec S68 
Klapper, J.: AU May-Jun 80 
Kle n, J. J.: AC Nov 182 
Klein, R. J.: VC Apr 13 
Kleinman, R. E.: AP Jul 213 
Kline, I). F.: E Apr 38, Jun 108 
Klipsch, P. W.: AU Mar-Apr 34, 

itil-Aug 93, Nov - Dec 161 
Knight, T. G.: CS Sep 209 
Knudsen, II. L.: AP Dec S361 
Knudsen, II. K.: AC Nov 112 
Ko, W.: El) Jul 341 
Koch, J. W.: CS Jun 77 
Kochenburger, R. J.: AC Dec 59 
Kedis, R. D.: AP Dec S468 
Koenig, H. E.: E Sep 128 
Kogo, II.: NITT Jul 393 
Kohn°, S.: N ITT Jul 370 
Kol'f, W. J.: ME Mar 7 
Kolodkin, S. S.: SET Mar 47 
Konrad, M.: NS Mar 35 
Kosmahl, H. G.: El) Apr 225 
Kosonocky, W. F.: EC Sep 277 
Kouyoumpan, R. G.: AP Dec S273, 

S379, S406 
Kranc, G. M.: AC Dec 108 
Krassner, G. N.: CS Dec 232 
Krendel, E. S.: ME Sep 149 
Kroll, N.: EC Sep 307 
Kudravcev, V.: ME Dec 267 
Ktiether, F. W.: ME Dec 286 
Kummer, W. H.: AP Oct 428 
Kunze, A. A.: CS Dec 241 
Kilo, F. F.: CT Mar 131 
Kurokawa, K.: MTT Jul 360 
Kurshan, J.: EM Mar 14 

Ladd, A. W.: CS Jun 102 
Ladd, D. W.: EC Mar 36 
Lai, D. C.: AC Nov 91 
Lakin, T. R.: E Apr 50 
Lambert, L. M.: EC Dec 470 
Lambert, V. L.: EM Mar 8 
Lindy, J. J.: AC Dec 81 
Lane, J. A.: MTT Jan 177 
Lane, W. V.: PT Aug 12 
Langberg, E.: CS Jun 68 
Lange, A. S.: AC May 21 
Lanzkron, R. W.: AC Dec 150 
La Plant, O.: ANE Mar 26 
La Rosa, R.: CT Mar 95 
Lass, H.: IT Sep 138 
Latimer, K. E.: CP Jun 62 
Leadabrand, R. L.: AP Apr 127 
Lebenbaum, M. T.: E Jun 67 
Ledlev, R. S.: EC Jun 131, 230 
Lee, I:I. E.: BTR May 25 
Lee, L. K.: PT Jun 2-2 
Lee, R. C.: EC Jun 186 
Leipnik, R.: IT Dec 184 
Leith, E. N.: AC Nov 137 
Leondes, C. T.: AC Nov 16, 100, 
Dec 212 

Lerner, R. M.: CT May 197; CP 
Dec 263; IT May 197 

Lesk, I. A.: ED Jan 28 
Levadi, V. S.: AC Nov 55 
Levey, L.: N ITT Jan 102 
Levin, E.: AP Apr 142 
Levine, A.: IT Jun 90 
Levine, D.: AC May 69 
Levine, M. B.: IE Dec 26 
Levis, C. A.: AP Dec S424 

Levy, B. R.: AP Dec S52 
Levy, E. C.: AC May 37 
Lewin, L.: AP Apr 162 
Lewis, C. H.: CP Sep 144 
Lewis, D. J.: MTT Jan 110 
Li, T.: AP Jul 223 
Li, Y. T.: IE Dec 57 
Lin, G.: ME Dec 277 
Lin, H. C.: CP Dec 269; ED Jan 

79 
Linden, D. A.: CT Sep 323 
Lindorff, D. P.: AC Dec 173 
Lineweaver, J. L.: El) Jan 118 
Litchford, G. B.: ANE Jun 118 
Lo, A. W.: EC Sep 277 
Lock, J. M.: CP Jun 93 
Lofgren, L.: CT May 158; IT May 

158 
Loh, S. C.: AP Jan 46, Jul 226 
London, F. H.: IE Jan 31 
Lory, H. J.: AC Nov 91 
Losee, F. A.: CS Jun 102 
..ucal, H. M.: EC Dec 449 
ui•hlte, NV. R.: ED Jul 294 
.uedicke, E.: BTR May 33 
.ukatela, G. L.: IE Jul 40 
.unelli, L.: CT Dec 392 
..utz, S. G.: CS Jun 102 

Macdonald, J. R.: AU Sep-Oct 
128 

Mack, D. A.: NS Jun 64 
Mackay, R. S.: ME Jun 100 
Maclean, T. S. M.: AP Dec S379 
MacPherson, A. C.: ED Jan 83; 
I Sep 44 

MacWilliams, F. J.: CT Mar 135 
Madden, R.: AXE Dec 219 
Madich, P.: EC Jun 182 
Madrid, D. C.: SET Jun 73 
Maffett, A. L.: AP Jul 213 
Mager, R. F.: E Jun 104 
Maher, T. M.: AP Apr 199 
Nlakow, D. M.: ANE Sep 222; I 
Mar 32 

Mangiaracina, R. S.: N ITT Jan 11 
Manke, A. G.: VC Apr 47 
Mann, P. A.: AP Oct 353 
Marcus, M. B.: IT Dec 179 
Marcus, R. S.: IT Mar 12 
Marcus, S. M.: EC Jun 98 
Marden, E.: ME Sep 167 
Margolis, M.: AC Nov 100 
Marie, P.: Al' Dec S412 
Markham, A. S.: ANE Mar 4 
Martin, A. V. J.: CS May 57 
Martin, M. A.: SET Mar 33 
Martinek, J.: ME Sep 112 
Martinengo, R.: BTR Dec 31 
Maslen, S. H.: MIL Apr 52 
Mason, H. L.: ME Sep 167 
Mathews, M. V.: IT Sep 129 
Matsumaru, K.: MTT Jan 175, 
Apr 192 

Matthaei, G.: MTT Oct 453 
Matthews, L. E.: BTR Jan 22 
Matzek, T.: BTR Jan 18 
Mayeda, W.: CT Mar 136, Dec 

394 
McAuliffe, G. K.: CS Sep 189 
McClurg, G. O.: IE Dec 20 
NIcCluskey, E. J., Jr.: EC Dec 439 
McConnell, D.: ME Sep 121 
McCook, R. D.: ME Dec 234 
McCormick, G. C.: AP Dec S288 
McFadden, J. A.: CT May 228; 

IT May 228, Dec 174 
McFarlan, R. L.: E Mar 23 
NIcFee, R.: AP Apr 199 
McGhee, R. B.: AC Dec 199; IT 
Jun 90 

McGregor, J. E.: PT Sep 30 
McGregor, R. R.: ME Mar 51 
McKain, J. L.: AU Jul-Aug 101 
NIcLav, A. B.: AP Dec S284 
McLean, J. D.: EM Sep 71 
McMillan, S. H.: IE Jan 34 
NIcPliee, K. H.: CP Mar 3 
McRae, D. D.: SET Jun 61 
Meagher, R. E.: EC Sep 263 
Nledd, W. J.: NITT Jul 395 
Nleixner, J.: AP Dec S435 
Melchor, J. L.: MTT Jan IS 
Melmed, A.: EC Dec 474 
Meingailis, I.: RFI May 11 
Mermin, N. D.: IT Jun 75, 77 
Metcalfe, D.: CS Dec 272 



Metz, H. I.: ANE Jun 78 
Metze, G.: CT Mar 5 
Meyer, D. R.: ME Sep 121 
Michaelson, H. B.: EWS Dec 89 
Mickelson, N. B.: MIL Jul 69 
Mickelwait, A. B.: MIL Oct 149 
Middleton, D.: CT May 234; IT 
May 234, Jun 86 

Mihran, T. G.: ED Jan 54 
MikeIson, W.: AC Dec 21 
Miller, F. B.: IE Jul 3 
Miller, G. L.: EC Dec 479 
Miller, N. D.: CS Dec 249 
Miller, R.: BTR Jan 5 
Miller, R. E.: CT Mar 5 
Milligan, J. V.: ME Dec 274 
Mines, A. G.: E Mar 6; ED Apr 

125; EC Dec 458 
Mine, H.: CT May 138; IT May 

138 
Mishkin, E.: AC Nov 121 
Mitchell, J. F.: VC Sep 20 
Mittra, R.: AP Dec S244 
Miyata, J. J.: EC Jun 159 
Moglia, G. A.: PT Jun 29 
Montgomery, L. H.: ME Mar 29 
Montgomery, P. O'B.: ME Sep 

186 
Montgomery, R. A.: MIL Jan 12 
Mood, A.: RQC Jun 16 
Moore, G. E.: E Jun 82 
Moore, R.: ME Sep 171 
Morgan, S. P.: AP Oct 342 
Morgan, W. L.: EC Jun 148 
Morgan-Voyce, A. M.: CT Sep 

321 
Morgenthaler, F. R.: MTT Jan 6 
Morris, R. M.: BC Feb 22 
Morrison, J. A.: ED Apr 231 
Morrison, R.: CT Sep 310 
Mortenson, K. E.: ED Apr 174 
Muchmore, R. B.: AP Apr 142 
Muehe, C. E.: MTT Apr 296 
Mueller, C. W.: EC Sep 287 
Mueller, G. E.: SET Dec 196 
Muldrew, D. B.: AP Oct 393 
Muller, D. E.: EC Sep 401 
Mulligan, J. H., Jr.: EC Mar 48 
Mullin, A. A.: CT Mar 131; EC 
Dec 498, 499; IT Sep 137 

Mullin, F. J.: AC May 15 
Muniz, R.: BTR Jan 76 
Munson, J. K.: EC Jun 200 
Murakami, T.: BTR Jan 46 
Muroga, S.: EC Sep 308 
Murphy, G. J.: AC Dec 71 
Murphy, W. A.: EWS Dec 75 
Myrick, J. C.: CS Sep 180 

Nakada, T.: AC Dec 37 
Nakahara, T.: MTT Jul 366 
Nalos, E. J.: ED Jan 48 
Nash, C. W.: ME Dec 274 
Navarro, J. A.: RQC Jun 64 
Navon, D.: ED Apr 169 
Neal, G.: AP Apr 117 
Nelson, C. V.: ME Sep 107 
Nelson, J. G.: PT Aug 51 
Nelson, R. E.: ED Jul 270 
Nelson, R. J.: VC Sep 83 
Nelson, S. W.: PT Sep 1 
Nesh, F.: UE Feb 3 
Netherwood, D. B.: EC Sep 339, 

367 
Neugebauer, H J.: AP Dec S226 
Neuringer, J. L.: SET Jun 55 
Neville. W. E.: ME Mar 50 
Nevins. J. E.: ED Apr 195 
Newell, W. E.: ED Apr 125 
Nicholas. 11. C.: PT Aug 28 
Nicholson,' N. N.: EWS Jun 52 
Niehaus, 1). J.: IE Jan 38; NS 
Jun 42 

Nishino, H. H.: EC Sep 326 
Noble, B.: AP Dec S37 
Noble, H. V.: CP Sep 210 
Noggle, L. H.: E Jun 78 
Noll, J. C.: EC Dec 432 
Nordenberg, H. M.: CP Sep 201 
Northoyer, F. II.: AP Dec S340 
Novak, J. F. Al Jan-Feb 5 
Nucci, E. J.: Cl' Sep 128 

O 

Och, H. G.: MIL Jan 8 
Ochs, G. R.: CS Dec 263 
O'Hara, F. J.: \ ITT Jan 32 

Oldenburger, R.: AC May 5, Dec 
37 

Oliner, A. A.: AP Apr 153, Jul 
274, Oct 307, Dec S201; MTT 
Jan 134 

Olmsted, F.: ME Dec 210 
Olte, A.: AP Dec S6I 
O'Meara, T. R.: CP Jun 49, Dec 

273 
O'Neal, C. D.: AU Nov-Dec 140 
Onyshkevych, L. S.: EC Sep 277 
Orchard, H. J.: CT Dec 370 
Orlando, P.: EC Jun 218 
Ornstein, W.: VC Sep 64 
Ortel, W. C. G.: EC Sep 265 
Otsuka, S. P.: ED Jan 48 
Otterman, J.: I Mar 8, Sep 55 
Overstreet, R. L.: I Sep 46 
Owen J.: MTT Jul 384 

Packer, L.: MIL Jul 114 
Palmer, J. L.: ED Jul 262 
Pantell, R. H.: ED Jan 48 
Papadopoulos, V. M.: AP Dec S78 
Papoulis, A.: AC Nov 67; CT 
Mar 129 

Parezanovich, N.: EC Jun 182 
Parker, H. N.: BTR Dec 70 
Parker, N. W.: BTR Dec 54 
Parry, C. A.: CS Sep 211, Dec 290 
Pastel, M. P.: AC Nov 192 
Patapoff, H.: AC Dec 139 
Pate, H. R.: EC Dec 479 
Patrick, D.: ME Dec 287 
Patterson, K. G.: MTT Oct 466 
Paull, M. C.: EC Sep 356; IT Mar 

34 
Paulsen, R. C.: EC Jun 169 
Peake, W. H.: AP Dec S324 
Pearlman, L. S.: VC Apr 54 
Peirce, E. C., II: ME Mar 54 
Peiss, C. N.: ME Dec 234 
Peless, Y.: RFI May 18 
Penndorf, R.: CS Jun 121 
Perkins, J. F.. Jr.: ME Mar 24 
Perlman, S.: CS Sep 167 
Perlmutter, A.: CP Sep 180 
Peterson, A. M.: AP Apr 127 
Peterson, A. P. G.: EWS Dec 73 
Peterson. G. E.: AU Nov-Dec 148 
Peterson, W. W.: CT May 60; 

IT May 60; ED Oct 372 
Petrich, J.: EC Jun 182 
Petschek., H. E.: MIL Apr 34 
Pettingall, C. E. SET Mar 8 
Pfei'ver, P. E.: EC Jun 222 
Phillips, C. E.: AP Jul 245 
Phillips, T. L.: MIL Ian 19 
Phister, M., Jr.: IF Dec 44 
Piefke, G.: AP Dec S183 
Pierce, J. N.: IT Dec 186 
Pierce, J. R.: ED Apr 231 
Pike, I). B.: CT Jun 208 
Pinkerton, D. C.: VC Apr 24 
Pipberger, H. V.: ME Sep 167 
Pittman, P. F.: NS Jun 69 
Planer, G. V.: CP Jun 105 
Platzer, G.: IE Jul 43 
Plesser, E. W.: PT Aug 17 
Plummer, C. B.: VC Sep I 
Plummer, R. E.: AP Jul 213 
Poehler, H.: AP Oct 379 
Pohl, R. G.: ED Jul 278 
Polidora, V. J.: ME Sep 121 
Polk, C.: AP Dec S414 
Porcello, L. J.: AC Nov 137 
Porterfield, C.: ANE Jun 71 
Posthill, B. N.: SET Mar 8 
Powell, F. D.: ANE Jun 128 
Powell, R. V.: EC Jun 197 
Prausnitz, S. B.: ME Jun 66 
Premo, D. A.: MIL Apr 46 
Preston, G. W.: SET Mar 30 
Price, V. G.: MTT Ian 116 
Primich, R. 1.: Al' Dec S77 
Pritchard, W. L.: \ITT Jan 4 
Pritsker, A. A. B.: EC Mar 55 
Proudfoot, H. W.: BTR May 18 
Pugh, A. L., Jr.: PT Aug 28 
Puller, J. K.: MTT Jul 356 
Puthoff, H.: ED Oct 372 

Racker, J.: EWS Jan 16 
Rado, L. G.: RQC Jun 77 
Ragsdale, R. H.: NS Mar 31 

Rainville, L. P.: CS Sep 195 
Ramey, R. L.: I Sep 46 
Rapaport, H.: CS May 37 
Rapela, C. E.: ME Dec 277 
Raphael, M.: Mil Jul 114 
Rauch, S. E.: CP Dec 259 
Rawdin, E.: EC Mar 42 
Rayle, W.: MIL Apr 42 
Reber, G.: AP Jan 101 
Rechtin, E.: SET Sep 95 
Redheffer, R.: MTT Oct 423 
Redington, R. W.: ED Jul 297 
Reed, E. D.: ED Apr 216 
Reed, I. S.: IT Sep 102 
Reed, J.: MTT Oct 477 
Reiff en, B.: CP Dec 263 
Renick, R. C.: ANE Mar 9 
Ressler, H. C.: CS Dec 257 
Riblet, H. J.: MTT Apr 297 
Richards, A. M. D.: ME Dec 286 
Richards, C. E.: CP Jun 119 
Richardson, A. W.: ME Dec 207 
Richman, D.: BTR Jan 27 
Richter, H. L., Jr.: SET Dec 196 
Riehs, R. C.: CS Dec 232 
Riley, J.: AC Nov 132 
Rines, R. H.: EWS Dec 84 
Ritt, R. K.: AP Dec S2I 
Robbins, H. M.: CT Dec 362 
Roberts, C. S.: EM Sep 68 
Robicsek, F.: ME Dec 249 
Robieux, J.: AP Dec S118 
Robillard, T. R.: ED Jul 311 
Robinson, A. S.: AC Dec 128, 133 
Robinson, M.: ME Jun 63 
Roche, J. R.: CS Sep 195 
Rockett, F. H.: EWS Jun 56 
Rockwell, R. G.: ED Oct 428 
Rodgers, R. W.: BC Feb 1 
Roehr, W. D.: AU Sep-Oct 125, 
Nov-Dec 165 

Ronchi, L.: AP Dec S125 
Root, H. G.: CS Sep 195 
Root, L. E.: SET Mar 28 
Rose, H. B.: IE Apr 29; PT Sep 

19 
Rosen, M. W.: SET Dec 155 
Rosenblith, W. A.: ME Mar 23 
Rosenheim, D. E.: EC Jun 125 
Ross, D. C.: SET Mar 42 
Rothstein, J.: EC Jun 229 
Rotman, \V.: Al' Apr 153; MTT 
Jan 134 

Rouge, L. J. D.: CP Sel) 193 
Roy, O. Z.: ME Sep 184 
Rozenstein, S.: SET Set) III 
Rubin, A. I.: EC Jun 200 
Rubin, H.: IE Dec 9 
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Electroluminescent Cells, Effects of Electrode 
Resistance in: ED Jul 335 

Electromagnetic Field in a Randomly Inhomo-
geneous Medium: AP Dec S301 

Electromagnetic Waves with Some Natural 
Surfaces, Interaction of: AP Dec S324 

Electromechanical Energy Conversions in a 
Cylindrical Pinch Process: SET Jun 55 

Electrometer Measurements of Very Low Ion 
Densities in Gases: I Sep 46 

Electrotnyogram, Integrated, Computation of 
Muscle Activity from: ME Sel) 119 

Electronic Photography: IE Dec 26 
Electro-Optical Shift Register: EC Jun 113 
Electron Beams: 

in Axially-Symmetric Crossed Fields: ED 
Jul 257 

Characteristics in Radially Varying Mag-
netic Fields: ED Oct 409 

Flow in Superimposed Magnetic Fields: 
ED Jan 101 

Laminar Flow in Magnetically Focused: 
El) Jul 262 

Large Signal Bunching by Traveling-
Wave Systems: El) Oct 3i)5 

Space Variables for Small-Signal Analysis: 
ED Jan 68 

Velocity Variation, Effect on Backward-
Wave-Oscillator Starting Current: ED 
Oct 437 

Eardrum, Magnetic Auditory Stimulation by 
Magnet Fixed to: ME Mar 22 

Earth's Topography, Simulation of: MIL Jul 
87 

Electron Densities of the Ionosphere Utilizing 
Rockets: AP Oct 414 

Electrons, Effect of Secondary and Backscat-
tered, in the Parallel- Plane Diode: ED Oct 
413 

Electrons, Ferrimagnetically Coupled, Micro-
wave Radiation from: MTT Jan 6 

Electron Gun for Picture Display with Low 
Drive Signals: ED Oct 377 

Electron Guns, High-Perveance, Grid-Con-
trolled: ED Oct 390 

Electron Streams, Plasma Frequency Reduc-
tion by Helices and Drift Tubes: ED Oct 468 

Electron Velocities, Effects in Secondary Emis-
sion: ED Oct 397 

Electron Velocity Spectrograph: ED Jan 64 
Electrostatic Memory, Large, Design of: EC 
Dec 479 

Electrostatic Optics for Camera Tubes: ED 
Jul 297 

Electrostatic Technique, Burroughs, High-
Speed Terminal Printers Using: CS Jun 125 

Electroturbinometer, Potter: ME Dec 270 
Employment, Criteria for the Selection of Engi-

neers for: E Jun 78 
Encapsulating, Potting and Small Parts Mold-

ing: PT Aug 50 
Energy Conversion and Control at Berkeley: E 
Sep 138 

Energy Processing, A Realistic Program in: E 
Sep 134 

Engineering: 
Analysis Course for Superior Students: E 
Sep 122 

Department Organization in a Small Com-
pany: EM Jun 41 

Education, Role of Laboratory in: E Mar 
23 

or Science, Success in: E Jun 94 
Engineers, Turning, into Authors: EWS Dec 

75 
Envelope and Angle Response of Asymmetrical 
Narrow-Band Networks: CT Sep 292 

Envelope, Generalized, A Property of: CT Sep 
325 

Environment, Human, Control of: AC Dec 36 
Error-Correcting: 

Codes for Asymmetric Binary Channels: 
IT Jun 62 

Codes, Characteristics of: IT Jun 91 
Codes, Orthogonal Matrices and Matrix 

Switches: EC Sep 400 
Computer Having Only an Error-Detect-

ing Part: EC Sep 321 
p-nary Codes, Application of Modular 

Sequential Circuits to: IT Sep 114 
Error Detecting and Correcting Codes of 

Finite Length, Upper Bounds for: IT Dec 
168 

Errors, Equipment to Reduce Teleprinter, in 
the Presence of NIultipath: CS Sep 185 

Errors, Non-Independent, Systematic Codes 
for: IT Dec 150 

Excitation of the Waves of Proper Solutions: 
AP Dec S209 

Eye, Neural Interaction in, and Its Relation to 
Vision: ME Jun 84 

Facsimile Recorder, Very High Speed: CS Dec 
257 

Facsimile Transmission Utilizing Meteor Ioni-
zation: CS Dec 252 

Fading, Microwave, Influence of Atmospheric 
Duct on: AP Jul 252 

Fading Radio Circuits, Prelimiting Band- Pass 
Filtering on: CS May 42 

Failure Rate Data in Logistic Planning: RQC 
Jun 41 

Far-Field Scattering from Simple Shades, Ex-
perimental Determination of: AP Dec S77 

Far Fields of a Line Source at the Tip of an 
Absorbing Wedge: AP Dec S91 

Feedback Control Systems, Automatic Linear: 
AC Dec 5 

Feedback, Synthesis of, Systems with Open-
Loop Constraints: AC May 31 

Feedback Systems with Specified Poles and 
Zeros, Synthesis of: AC Dec 185 

Feeding RF Power from a Pulsed Source Into 
a High-Q Resonant Load: MTT Jul 391 

Feed for Tracking Telemetry Antenna: SET 
Sep 103 

Ferrites: 
Circular Cylindrical Waveguides Con-

taining, Propagation Constants of: 
\ITT Jul 337 

Circulators, UHF, Design Calculations 
for: MTT Oct 475 

Cutoff Switch: MTT Jul 332 
Devices, Temperature Effects in: IN ITT 
Jan 15 

Filled Cylindrical Cavity: AP Dec S273 
Half-Wave Plate for a Single-Sideband 

Modulator: MTT Apr 295 
High-Power Effects in Waveguides: \ITT 
Jan 11 

Loaded Rectangular Waveguide Twist: 
MTT Apr 299 

Loaded Wayeguides, Transverse Electric 
Field Distributions in: N ITT Jul 390 

Load Isolator: M TT Jan 174 
icrowave Limiters, Characteristics of: 
\ITT Jan 18 

NI Ili meter-Wave Generation Utilizing: 
NI TT Jan 62 

NI , s1 ulation System for an FM Cyclotron, 
Feasibility of a: NS Mar 14 

PerineabilitY Matrix for: MTT Jan 176 
Rot:itors Using Quadruply-Ridged Wave-

guide: MTT Jan 38 
Phase Shifter for UHF: MTT Jan 27 
Phase Shifters, Precise Control of: N ITT 
Apr 229 

Serrodyne for Frequency Translation: 
MTT Jan 32 

Variable Attenuator, Minimizing Hys-
teresis in: MTT Apr 295 

Fibonacci Numbers, Ladder-Network Analysis 
Using: CT Sel) 321 

Field Analysis, Near, New Method of: AP 
Dec S458 

Field Effect Transistor, Cylindrical: ED Oct 
442 

Field, Electromagnetic, in a Randomly In-
homogeneous Medium: AP Dec S301 

Field Intensities from a Linear Radiating 
Source: AP Jan 104 

Fields in the Neighborhood of a Caustic: AP 
Dec S255 

Filtering on Fading Radio Circuits, Prelimiting 
Band-Pass: CS May 42 

Filtering, Optimal, of Periodic Pulse-Modu-
lated Time Series: IT Jun 67 

Filters: 
Cascade Directional: MTT Apr 197 
Cascaded Butterworth, Response to Unit 

Step: CT Mar 137 
Delay Line Periodic: CT Sep 325 
Delay Lines in Solenoidal Form: CT Dec 

386 
Evacuated Waveguide, for Radar: MTT 
Jan 154 

Flatness and Symmetric Low-Pass Loss-
less: CT Mar 129 

High Power Diplexing: MTT Jul 384 
I ligh-Power Microwave: MTT Jan 149 
High Power Microwave Rejection: MTT 
Oct 461 

lIybrid Junction-Cutoff Waveguide: MTT 
Jan 163 

Image Parameter Square-Frequency De-
sign: CT Jun 208 

Matched, A New Kind of: CT May 14; 
IT May 14 

Microwave Design Using Digital Compu-
ter: MTT Jan 99 

Minimum-Loss, Tunable Passive Multi-
couplers Employing: MTT Jan 121 

Noise Power of an Optimum Linear Digi-
tal: IT Jun 58 

Optimum, of Even Orders with Mono-
tonic Response: CT Sep 277 

Parallel, Interchannel Correlation in: IT 
Sep 106 

Periodic, with Stationary Random In-
puts: CT Dec 330 

Pole Migration in Coupled Resonator: CT 
Mar 95 

Probability Density of Output for Binary 
Random Input: IT Dec 174 

Response and Approximation of Gaussian: 
AU May-Jun 80 

Strip-Transmission-Line Resonator Di-
rectional: MTT Jan 168 

Theory, Statistical, for Time-Varying Sys-
tems: AC Nov 74 

Tunable Passive NI ulticouplers Employing 
Minimum-Loss, Correction to: N ITT 
Jul 369 

Waveguide, for Suppressing Spurious 
Transmission from S- Band Radar, Cor-
rection to: MTT Jul 369 

Wiener, Property of: IT Mar 15 
Wiener Theory, Extension to Partly-
Sampled Systems: CT Dec 362 

Flight Control Systems: 
Adaptive: AC Dec 113 
Automatic, Gain Control in: AC Dec 116 
Automatic, Electronic Memory in: AC 

Dec 128 
Automatic, Pulse Controlled Integration 

in: AC Dec 133 
Solid-State Automatic: AC Dec 114 

Flight Test Data, Computer Entry of: SET 
Sep 123 

Flight Testing, Aircraft, Application of Pulse 
Code Modulation to: SET Sep 148 

Flight Trainer, Multiple-Cockpit Digital Op-
erational: EC Sep 326 

Flow-Graph Solutions of Linear Algebraic 
Equations: CT Jun 170 

Flow Measurements, Electromagnetic Blood, 
in Extracorporeal Circuits: ME Dec 228 

Flowmeters, Blood: 
Automatic Recording Bubble: ME Dec 

274 
Chopper-Operated Electromagnet ic: M E 

Dec 216 
Commercial Performance and Application 

of: ME Dec 237 
DC Electromagnetic, and Its Application: 
ME Dec 240; Discussion of: ME Dec 
250 

Electromagnetic Output Circuit Design 
in: ME Dec 207 

for Extracorporeal Circulation: ME Dec 
249; Discussion of: ME Dec 250 

Gated Sine Wave Electromagnetic: ME 
Dec 213 

Implanted Electromagnetic, Measurement 
of Cardiac Output in Dogs by: ME Dec 
210 
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Integrating Drop, for Optical or Pen Re-
cording: ME Dec 234 

Magnetic, for Recording Cardiac Output: 
ME Dec 232 

Square-Wave Electromagnetic, Operation 
and Design: ME Dec 220 

Ultrasonic: ME Dec 195 
Ultrasonic, Design Considerations for: 
ME Dec 198 

Ultrasonic, Discussion of: ME Dec 202 
Ultrasonic, Pulsed: ME Dec 204 
Utilizing Nuclear Magnetic Resonance: 
ME Dec 267 

Fluid Dynamics Facility, Automatic Tempera-
ture Control System for: AC Dec 81 

Fluoroscopic Image Intensification, Medical 
Applications of: ME tun 75, 78, 82 

Flutter, Radio, in Future Communications: 
VC Sep 27 

Flying-Spot Television Microscope, Ultra-
violet: ME Sep 186 

FM Multiplex Stereo Receiver: BTR Dec 70 
Fock Theory: AP Dec S28 
Focusing and Gun System for Crossed-Field 

Traveling-Wave Tubes: ED Jan 18 
Frequencies for High-Frequency Communica-

tion, Effect of Multipath Distortion on the 
Choice of: AP Oct 397 

Frequency Control, Direct Compensation, Air-
craft Secondary Power Generator with: CP 
Dec 259 

Frequency Conversion, Regenerative, IF Sta-
bilisation by: I Mar 32 

Frequency Cutoff Characteristics on TV Sig-
nals, Effects of: CS Sep 173 

Frequency Domain Applications to Data 
Processing: SET Mar 33 

Frequency: 
Modulation. Power-Division Multiplexing 

in: CS Sep 147 
Modulation Interference and Noise-Sup-

pression Properties of the Oscillating 
Limiter: VC Sep 37 

Modulation Signal, Response of a Linear 
System to: CT Dec 387 

Modulation Systems, Minimum Band-
width Digital, Using Gaussian Filter-
ing: CS Dec 284 

Multiplier for Millimeter Waves, Klys-
tron: ED Apr 236 

Response of Linear Systems, Determining 
Transient Response from: AC Nov 55 

Stand ni  Microwave, Employing Opti-
cally Pumped Sodium Vapor: MTT Jan 
95 

Standard, Rubidium Gas Cell: MIL Oct 
178 

Translation, Ferrite Serrodyne for: MTT 
Jan 32 

Function Generation and Multiplying, Posi-
tion and Velocity Servos for: EC Sep 391 

Fusion: 
Controlled Thermonuclear, Papers on: 
NS Sep 42 

Controlled Thermonuclear, A Post-Geneva 
Review of: NS Sep 1 

Electronics, Developments in Controlled, 
Report on the Geneva Conference: NS 
Sep 1.1 

Experiments, Controlled, Microwave In-
terferometer Measurements for the De-
termination of Plasma Density Profiles 
in: NS Sep 20 

Research, Controlled, Experimental Meas-
urements in: NS Sep 33 

Research, Controlled, Switching Compo-
nents for: NS Sep 23 

for Space Propulsion. MIL Apr 52 

G 
Gain- Bandwidth Product of Three-Terminal 

Networks, Theoretical Limitations on: CT 
Jun 224 

Gain-Control and Audio-Driver Circuits of 
Transistorized Broadcast Receivers, Im-
provements in Detection: BTR Dec 46 

Gain Control in Automatic Flight Control Sys-
tems: AC Dec 116 

Gas Cell Frequency Standard, Rubidium: 
MIL Oct 178 

Gas-Discharge Plasmas, Interaction of Micro-
waves with: MTT Jan 69 

Gas Discharge Switches, Magnetic Field Con-
trolled Microwave: MIT Jan 73 

Gases, Ionized, Propagation of Electromag-
netic Waves in: AP Dec S340 

Gastrointestinal Tract, Substitution of Foreign 
Materials in: ME Mar 50 
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Gate, Bidirectional Transmission, Using Semi-
conductor Diodes: EC Dec 498 

Generation, Multiplying and Function, Posi-
tion and Velocity Servos for: EC Sep 391 

Generation of Squares with Nonlinear Re-
sistors: CT Dec 334 

Generator, Aircraft Secondary Power, With 
Direct Compensation Frequency Control: 
CP Dec 259 

Generator, Bias Function, for the Zero Gra-
dient Synchrotron: NS Mar 2 

Geneva Conference, Report on, Developments 
in Controlled Fusion Electronics: NS Sep 11 

Geometrical Optics Approximation of Near-
Field Back Scattering: AP Oct 434 

Gibbon-Mayo Pump-Oxygenator: ME Jun 92 
Glide-Slope Antenna Arrays: ANE Jun 100 
Global Communications, USAF, Trends in: 
CS Dec 241 

Global Public Telephone Service 1958: CS Jun 
115 

Glossary of Astronautics Terminology: SET 
Jun 73 

Glow Counting Tube Read-Out Technique: 
EC Sep 317 

Graduate Education, Industry's Contributions 
and Needs in: E Apr 38, Jun 108 

Graduate Programs at Company Centers, Off-
Campus Resident: E Apr 50 

Graduate Programs, Challenges in Develop-
ment of: E Apr 39 

Graduate Study, Current Developments in: E 
Apr 43 

Graph Theory and Electric Networks: CT 
May 95; IT May 95 

Gravitation Field and Application to Space 
Navigation; SET Mar 47 

Grayzel, Remarks on a Paper by: CT Sep 322 
Great Britain, Microwave Advances in 1958: 
MTT Jul 325 

Greeks, The, Had a Word For It: EWS Dec 73 
Ground-Controlled Approach, Development 

of: ANE Jun 71 
Ground-Controlled Automatic Approach Sys-

tem: ANE Jun 142 
Ground Wave Pulse, Propagation of: AP Jan 1 
Group Contracting: EM Sep 71 
Guidance and Control System for Discoverer: 
MIL Oct 184 

Guidance, Non-Real-Time Simulation of SAGE 
Tracking and BOMARC: EC Mar 36 

Guide, Transmission Characteristics of: AP 
Dec S183 

Guided Waves and Radiation: AP Dec S191 
Guided Waves on Sinusoidallv-Modulated Re-

actance Surfaces: AP Dec S201 
Guiding of Waves by Uniformly Rough Sur-

faces: AP Dec S154 
Gun and Focusing System for Crossed-Field 

Traveling-Wave Tubes: ED Jan 18 
Gyrator and Isolator, Wide-Band, Nonrecipro-

cal TEM-Mode Structure for: MTT Oct 453 
Gyro-Drift Measurement, Single-Axis Floated, 
Automation of: PT Aug 51 

Gyrovibrator: ANE Mar 16 

H 
Harmonic Analysis of Frequencies in Pulsatile 

Blood Flow: ME Dec 291 
Harmonic Exponent jais to Identify Nonlinear 

Operators: AC Nov 91 
Harmonic Power Generated by Microwave 

Transmitters, Measurement of: \ITT Jan 
116 

Heart Electrical Activity, Display of: ME Sep 
116 

Heart Potentials, Multichannel Analyzer for: 
ME Sep 107 

Height-Gain Curves Taken Over Rough Ter-
train: AP Oct 405 

Helical Antenna, Elliptical, Field of: AP Jan 46 
Helical Antennas, Bandwidth of: AP Dec S379 
Helical Array Elements, Short, Complex Mu-

tual Impedance Between: AP Jul 279 
Helices and Drift Tubes, Plasma Frequency 

Reduction in Electron Streams by: ED Oct 
468 

Helicopter Operational Flight Trainer: MIL 
Jul 82 

Helium Leak Detector, Correction to Ultra-
sensitive Techniques Employing: ED Jan 
118 

Helix, Application of the Contrawound: ED 
Apr 195 

Helix, Impedance and Dispersion Charac-
teristics of Flattened: ED Apr 189 

Helix Waveguides, Transmission of TE., 
Wave in: MTT Jul 370 

Helmholtz Equation, Asymptotically Expans-
ible Solutions of: AP Dec S475 

Helmholtz's Theorem in Finite Regions: AP 
Dec S119 

H-Guide, Mode Attenuation in: MTT Oct 480 
Hot Gas Servo Design: AC Dec 97 
Human Body, Telemetering from Within the: 
ME Jun 100 

Human Disorientation Device Simulating An-
gularly-Accelerated Motion: MIL Jul 99 

Human Environment, Control of: AC Dec 36 
Huygens Principle, New Forms of: AP Dec 
S103 

Hydrodynamics as Applied to the Living Car-
diovascular System: ME Dec 252; Discus-
sion of: ME Dec 266 

Hypodermic Needles, Ultrasonic Cleaner for: 
UE Feb 3 

Hysteresis, Minimizing, in a Ferrite Variable 
Attenuator: MTT Apr 295 

Human Link in an Automatic Control System: 
ME Sep 125 

Human Operator in Manual Control Systems, 
Characteristic of: AC May 44 

Illustrations, Planning, First, Simplifiers 
Writing Later: EWS Jun 56 

Imaginary Part, Constant, Network Functions 
with: CT Dec 370 

Image Intensification, Fluoroscopic, Applica-
tions of: ME Jun 75, 78, 82 

Image Line Coupler: MTT Jul 391 
Image Lines, Dielectric, at Millimeter Wave-

lengths, MTT Jan 65 
Image Parameter Square-Frequency Filter De-

sign: CT Jun 208 
Impedance: 

Characteristic, of Split Coaxial Line: MTT 
Jul 393 

Complex Mutual, Between Short Helical 
Array Elements: AP Jul 279 

with Negative Real Parts, Representation 
of: MTT Oct 475 

Parameters in a Coupled Antenna System, 
Approximation of: AP Oct 373 

Properties of Complementary Multiter-
minal Planar Structures: AP Dec S371 

Impulse Train Approximation for Time-Vary-
ing Linear System Synthesis in the Time 
Domain: CT Dec 393 

Impulsing of Linear Networks in Integrated 
Data Systems: CS Sep 189 

Incidence Angle, Dependence of Reflection on: 
MTT Oct 423 

Indicator, Beam-Profile: NS Jun 64 
Industrial Electronics, Applying Military Re-

liability Research to: IE Dec 34 
Industrial Electronics, Frontiers in: IE Jul 2 
Industrial Instrumentation, Infrared Tech-

niques in: IE Dec 15 
Industry: 

Advanced Education in: E Jun 73 
Community-School Relations, Experi-
ment in: E Sep 113 

Contribution and Needs in Graduate 
Education: E Apr 38, Jun 128 

University Cooperation in Research: EM 
Mar 12 

View of Electronic, by Investment Capi-
tal: EM Mar 1 

Inertial Navigation, Vector Principles: ANE 
Sep 159 

Inertial Reference, Nongyroscopic: AC Nov 
182 

Information: 
Administering, Input and Output in Re-

search Laboratories: EM Jun 55 
and Control in Organ Systems: ME Mar 

23 
Conversion on Control, Impact of: AC 
Dec 21 

or Data: IE Apr 35 
Entropy Functionals, Direction of Change 

for: IT Dec 184 
Infrared Techniques in Industrial Instrumen-

tation: IE Dec 15 
Insertion Loss in Feedthrough Capacitors: 
RFI May 11 

Insertion Machine, Punched-Card-Controlled 
Component-Part: PT Aug 39 

Instrument Landing: 
Approach Systems, Survey of: ANE Jun 

78 
Early Systems: ANE Jun 67 
FAA Program of: ANE Jun 112 



Improvements: ANE Jun 85 
National Bureau of Standards Work: 
ANE Jun 61 

Instrumentation in Medical Research: ME 
Jun 63 

Integrated Data Systems: CS Jun 95 
Integrated Devices Using Direct-Coupled 

Unipolar Transistor Logic: EC Jun 98 
Integration, Generalized, on the Analog Com-

puter: EC Jun 210 
Integrator Circuit, Simplified Logarithmic: 
NS Jun 74 

Interfaces, Waves on: AP Dec S140 
Interference: 

FM, and Noise-Suppression Properties of 
the Oscillating Limiter: VC Sep 37 

Identifying, Using a Tunable Receiver 
and a Panadapter: VC Apr 13 

Intermodulation Products Generated in 
Mobile Transmitters: VC Sep 16 

Microwave, Control of: RFI May 1 
Prevention: VC Sep 4 

Interferometers: 
Broad-Band Radio Frequency: I Sep 39 
Fabry-Perot, Reflectors for: MTT Apr 

221 
Measurements of Plasma Density Fusion 

Experiments: NS Sep 20 
Synthesis of Large Radio Telescopes by 

Use of: AP Dec S120 
Interferometry in Extraterrestrial Metrology: 
SET Dec 186 

Intermediate Frequency Stabilization by Re-
generative Frequency Conversion: I Mar 32 

Intermodulation Products Generated in Mo-
bile Transmitters, Interference Caused by: 
VC Sep 16 

Interplanetary Communication System: SET 
Dec 196 

Instrumentation and Range Safety System for 
Vandenberg Air Force Base: SET Mar 14 

Invariant Relations for Ambiguity and Dis-
tance Functions: IT Dec 164 

Investment Capital, View of Electronic In-
dustry by: EM Mar 1 

Ion Densities in Gases. Electrometer Measure-
ments of Very Low: I Sep 46 

Ionic Propulsion Systems, Problems in: MIL 
Apr 27 

Ionized Gases, Propagation of Electromag-
netic Waves in: AP Dec S340 

Ion Phase Measurement Techniques on the 
Birmingham Cyclotron: NS Mar 35 

Ion Plasma Oscillations, Theoretical Study of: 
ED Oct 372 

Ionospheric Multipath Distortion, Pulse Phase-
Change Signaling in the Presence of: CS 
Jun 102 

Ionospheric Ray Tracing Technique: AP Oct 
393 

Ionosphere, Electron Densities of, Utilizing 
Rockets: AP Oct 414 

IRE and Secondary School Cooperation: E 
Jun 67 

IRE Section Bulletins: EWS Jan 34 
Isolator, Ferrite Load: MTT Jan 174 
Isolator and Gyrator, Wide-Band, Nonrecip-

rocal TEM-Mode Structure for: MTT Oct 
453 

Isothermal Blood Flow Velocity Probe: ME 
Dec 283 

Isotropic Radiators, Directivity of Broadside 
Array of: AP Apr 197 

Japan, Microwave Advances in 1958: MTT 
Jul 331 

Junctions: 
Diffused, Space-Charge Layer Width in: 

El) Oct 405 
RN Theory, Point-Contact Diodes in 
Terms of: ED Jul 270 

Reactive Effects in Forward Biased: ED 
Jul 330 

Triodes, Maximum Switchable Power 
Density in: ED Jul 322 

Variable Capacitor, Design of High Fre-
quency p-n: ED Jul 347 

Kidney, Extracorporeal Artificial: ME Mar 7 
Knife Edge Diffraction in the Shadow Region, 
Computing: AP Apr 198 

Klystrons: 
Amplifiers. Low-Noise: ED Oct 428 
Effect of Space Charge on Bunching in: 
ED Jan .54 

Frequency M uIt inlier for Millimeter 
Waves: ED Apr 236 

Multicavity, Small-Signal Theory of: ED 
Oct 449 

Laboratories, Undergraduate, and Efficient 
Use of Students' Time: E Jun 75 

Laboratory, Combined Machinery and Con-
trol Systems: E Sep 128 

Laboratory in Engineering Education, Role 
of: E Mar 23 

Laboratory, Its Scope and Philosophy: E Sep 
120 

Ladders, Maximally-Flat Time Delay: CT 
Jun 214 

Laguerre Polynomials for Treating Envelope 
and Phase Components of Gaussian Noise: 
IT Sep 102 

Landing Systems: 
Aids for Carrier Aircraft: ANE Jun 95 
All-Weather: ANE Jun 75 
Automatic: ANE Jun 128 
Instrument Approach and, FAA Pro-
gram of: ANE Jun 112 

REGAL Approach and: ANE Jun 115 
Lathe, An Automatically Controlled Vertical 

Turret: IE Apr 19 
Legal Considerations in Presenting Technical 

Information: EWS Dec 84 
Lenses, Application of Non-Symmetrical Elec-

tron, to TV Image Reproduction: BTR Dec 
54 

Lenses, Spherically Symmetric: AP Jan 32 
Lenses, Spherically Symmetric, Generaliza-

tions of: AP Oct 342 
Libraries, Technical, in the Boston Area: 
EWS Jun 52 

Limiter, Oscillating, FM Interference and 
Noise-Suppression Properties of: VC Sep 37 

Limiters, Ferrite Microwave, Characteristics 
of: MTT Jan 18 

Limiters, Signal-to-Noise Ratios in Smooth: 
IT Jun 79 

Linear Systems, Network Theory and Its Re-
lation to the Theory of: AP Dec S435 

Logarithmic Amplifier Design: I Dec 91 
Logarithmic Integrator Circuit, Simplified: 
NS Jun 74 

Logic: 
Circuit, Generalized Resistor-Transistor: 
EC Mar 8 

Circuits, Fast Microwave: EC Sep 297 
Circuits, Microwave, Using Diodes: EC 
Sep 302 

Circuits, Resistance-Coupled Transistor, 
DC Design of: CT Sep 304 

Design for a Microwave Computer: EC 
Sep 271 

Dual Polarity as a Design Tool: EC Jun 
227 

Integrated Devices Using Unipolar Tran-
sistor: EC Jun 98 

Magnetic Core, in Card-to-Tape Con-
verter: EC Jun 169 

Nanosecond, by Amplitude Modulation 
at X Band: EC Sep 265 

Logical Machine Design Bibliography: EC 
Sep 367 

Logical Machines, Information-Lossless Fi-
nite-State, Canonical Forms for: CT May 41; 
IT May 41 

Logistic Planning, Failure Rate Data in: RQC 
Jun 41 

Loops, Phase-Locked, Linear Design of: SET 
Dec 166 

Loudspeakers, Performance of Enclosures for 
Low-Resonance: AU Jan-Feb 5 

Loudspeakers, Pitase Shift in: AU Sep-Oct 120 
Luminescence, Magnetron Cathode Arm Radi-

ation and: ED Apr 242, Oct 468 
Lunar Exploration, Manned, Rocket for: SET 
Dec 155 

Lyapunov, Control System Analysis Via Meth-
od of: AC Dec 112 

Lyapunov, Control Theory Based on Methods 
of: AC Dec 20 

1.1 
Machinery and Control Systems Laboratory, 

Combined: E Sep 128 
Machines, Minimal Sequential: EC Sep 339 
Machine, Minimal-State, Reduction of a Ma-

chine to: EC Sep 346 
Machines, Minimal State, Synthesis of: EC 

Dec 441 
Machine Recognition of Hand-Sent Morse 
Code: IT Mar 17 

Machine Tool with Digital Control, First 
Yugoslav: IE Jul 40 

Magnetostrictive Delay Lines: UE Feb 16 
Magnetic Alloys, Recent Developments in: 
CP Jun 119 

Magnetic Auditory Stimulation by Magnet 
Fixed to Eardrum: ME Mar 22 

Magnetic Circuits and Materials, Bibliography 
of Digital: EC Jun 148 

Magnetic Core Logic in Card-to-Tape Con-
verter: EC Jun 169 

Magnetic-Core Memory, Diode-Steered: EC 
Dec 474 

Magnetic Fields of Square-Loop Thin Films: 
EC Dec 458 

Magnetic Tape Recording: 
with Longitudinal or Transverse Oxide 

Orientation: AU May-Jun 76 
Null Method of Alignment in: AU Sep-
Oct 166 

Techniques, New for Data Processing: IE 
Dec 47 

Useful for Industrial Control, Aspects of: 
IE Dec 53 

Magnetism and the Rare-Earth Metals: CP 
Jun 93 

Magnetron Cathode Arm Radiation and 
Luminescence: ED Apr 242, Oct 468 

Magnetrons, Dispenser Cathode: ED Jan 115 
Mail, Automatic, Cancelling and Facing, Elec-

tronics in: IE Apr 14 
Mammals, Investigation of Thermal Balance 
by Microwave Radiation: ME Jun 66 

Management: 
Control of Professional Operations: EM 
Sep 81 

Development, Forward Look at: EM Mar 
19 

of Research and Development: EM Sep 
75 

Study on Parts Specifications, for Relia-
bility: CP Sep 128 

Views Automation: IE Jan 59; PT Sep 35 
Weapons Systems: MIL Jan 19 
Weapon System, and Systems Engineer-

ing: MIL Jan 4 
Man-Machine Systems, Research and Devel-
opment for: PT Aug 23 

Manufacture of Microwave Structures and 
Mechanical Design: MTT Oct 402 

Manufacturing Cost, Designing Standard As-
semblies for Minimum: PT Jun 4 

Manufacturing in General Industry, Numer-
ical Control for Automatic: IE Jul 33 

Manufacturing System, Numerically Con-
trolled: IE Jan 2 

Markoff Envelope Process: IT Sep 139 
Markoff Envelope Process, Further Comments 

on: IT Dec 187 
Maser, Solid-State, Physics of: CD Jun 81 
Maser, UHF Solid-State: \ITT Jan 92 
Matching of Parallel Dielectric Plates to Free 

Space: AP Dec S288 
Material Development, Influence on Trans-

former Design: CP Sep 201 
Materials, an Industry-Wide Problem: CP 
Sep 175 

Mathematical Models for Computer Control 
Systems: AC Dec 80 

Matrices: 
Cut-Set of Tie-Set, How to Grow Your 
Own Trees from: CT May 110 

Orthogonal, Error-Correcting Codes and 
Matrix Switches: EC Sep 400 

in Theory of Autonomous Sequential 
Networks: CT Dec 392 

Tie-Set or Cut-Set, How to Grow Your 
own Trees from: IT May 110 

Matrix: 
Algebra, Applications to Network Theory: 
CT May 127; IT May 127 

Analysis of RL and RC Oscillators: CT 
Jun 232 

Circuit, Realizability of: CT Jun 219 
Path, and its Realizability: CT Sep 267 
Prescribed Scattering, Direct Single Fre-
quency Synthesis from: CT Dec 340 

Measurements Performed by Radar, Indeter-
minacy of: ANE Dec 219 

Measurements, Russian Test Equipment for 
Audio, Radio and Microwave: I Dec 67 

Mechanical Design and Manufacture of Mi-
crowave Structures: MTT Oct 402 

Mechanization, Future Component Parts for: 
PT Aug 17 

Mechanized Assembly, Modular Dimensioning 
of Component Parts for: PT Aug 12 
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Mechanized Assembly and Test, Increased 
Reliability and Better Quality Control 
Through: PT Jun 22 

Mechanized Production of Equipment of All 
Lot Sizes: PT Aug 42 

Medical Applications of Fluoroscopic Image 
Intensification: ME Jun 75, 78, 82 

Medical Research. Instrumentation in: ME 
Jun 63 

Membranes, Teflon, Diffusion of Oxygen and 
Carbon Dioxide Through: ME Mar 54 

Memories, Thin-Film: EC Jun 92 
Memories: 

in Automatic Flight Control Systems: AC 
Dec 128 

Diode-Steered Magnetic-Core: EC Dec 
474 

Large Electrostatic: EC Dec 479 
Sequential Transducers: CT Mar 26 
Twistor: CP Mar 42 

Merit Rating and Productivity in a Research 
Laboratory: EM Mar 31 

Meteor Burst Communications, Multipath 
Protection in: CS Sep 209 

Meteor Burst Communication System, NBS: 
CS Dec 263 

Meteor Ionization, Facsimile Transmission 
Utilizing: CS Dec 252 

Meteor Trails, High-Density, Scattering by: 
AP Dec S330 

Metrology, Extraterrestrial, Interferometry in: 
SET Dec 186 

Microminiaturization Techniques: PT Aug 50 
Micro-Modules: Component Parts and Ma-

terials Requirements: PT Aug 29 
Microphone, Hand-Held, for Mobile Equip-
ment: VC Apr 86 

Microphone, High Sensitivity Ultrasonic: 
BTR Dec 64 

Microphone Technique: EWS Jan 32 
Microscope, Ultraviolet Flying-Spot Tele-

vision: ME Sep 186 
Microscopy, Time Lapse Ultraviolet Televi-

sion: ME Jun 68 
Microwaves: 

Advances in Great Britain, 1958: MTT 
Jul 325 

Advances in Japan, 1958: MTT Jul 331 
Advances in U.S.A., 1958: MTT Jul 308 
Advances in Western Europe, 1958: MTT 

Jul 327 
Component, Production Problems Relat-

ing to the Power-Carrying Capacity of 
a K-Band: PT Jun 29 

Computers: 
History and Introduction: EC Sep 
263 

Logic Circuits, Fast: EC Sep 297 
Logic Design for: EC Sep 271 
Logic Circuits Using Diodes: EC Sep 

302 
ONR Symposium on: EC Sep 262 
Semiconductor Parametric Diodes in: 
EC Sep 287 

Interaction with Gas-Discharge Plasmas: 
MTT Jan 69 

Interference, Control of: RFI May 1 
Radiation, Investigation of Thermal Bal-
ance in Mammals by: ME Jun 66 

and Scatter Communications System for 
the Eglin Gulf Testing Range: CS Jun 
136 

Structures, Mechanical Design and Manu-
facture of: MTT Oct 402 

Military Electronics Design, Impact of Tran-
sistors: PT Aug 28 

Military Reliability Research, Applying, to 
Industrial Electronics: IE Dec 34 

Military UHF Band, Synchronous Communi-
cations Receiver for: CS Jun 129 

Millimeter Waves: 
Dielectric Image Lines at: MTT Jan 65 
Generation, Present State of: MTT Jan 42 
Generation Utilizing Ferrites: MTT Jan 

62 
Klystron Frequency Multiplier for: ED 
Apr 236 

Molecular Oscillator and Amplifier, Tun-
able: MTT Apr 268 

Mirror, Automatic Rearview: IE Jul 43 
Mirror, Stepped Zone, for Microwaves Experi-

mental Test of: AP Dec S125 
Mismatch Errors in Cascade-Connected Vari-

able Attenuator: MTT Oct 447 
Missiles: 

Boosters, Ballistic, Reliability Space Sys-
tems Using: MIL Oct 173 
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Data Collection Problems in Ballistic: 
SET Mar 1 

Impact Instrumentation, Telemetry Sys-
tem for: SET Jun 76 

Radar Beacons for: MIL Oct 175 
Reliability Analysis of Recoverable: RQC 
Jun 34 

Mitral Valves, Artificial: ME Mar 42 
Mixers, Crystal, Delay Distortion in: MTT 
Apr 247 

Mobile Communications: 
Antennas for Two-Way: VC Apr 2 
Digital Selective Signaling System for: 
VC Apr 74 

Hand-Held Microphone for: VC Apr 86 
Motor Carrier Systems: VC Sep 24 
Radio-Telephone Design, Compactness in: 
VC Sep 64 

Telephone System, New Manual: VC 
Sep 73 

Telephone, Transistorized Selector De-
vice for: VC Apr 71 

Transmitters, Interference Caused by 
Intermodulation Products: VC Sep 16 

Mode Attenutation in the 1f-Guide: MTT Oct 
480 

Mode Couplers and Multimode Measurement 
Techniques: MTT Jan 110 

Modes in Rectangular Waveguides Partially 
Filled with Transversely Magnetized Fer-
rite: AP Dec 471 

Mode Theory of Lossless Periodically Dis-
tributed Parametric Amplifiers: MTT Jul 
360 

Modular Automatic Test Equipment, Mini-
mizing Production Costs Through: IE Apr 
29; PT Sep 19 

Modular Dimensioning of Component Parts 
for Mechanized Assembly: PT Aug 12 

Modulation: 
Angle, by a Mixture of a Periodic Func-

tion and Noise: IT Sep 140; Correc: IT 
Dec 186 

Delta, for Cheap and Simple Telemeter-
ing: SET Dec 205 

Pulse Code, Telemetry, Standards for: 
SET Dec 194 

Systems, Minimum Bandwidth Digital 
Frequency, Using Gaussian Filtering: 
CS Dec 284 

Techniques, Factors Affecting, for VHF 
Scatter Systems: CS Jun 77 

Modulator, Single-Sideband, Ferrite Half-
Wave for: MTT Apr 295 

Modulators, Pulse, Semiconductor Diode Am-
plifiers and: ED Jul 341 

Module Prediction: RQC Jun 53 
Molding, Small Parts, Potting, Encapsulating 
and: PT Aug 50 

Molecular Oscillator and Amplifier, Tunable 
Millimeter Wave: MTT Apr 268 

Monitor, A Stack Effluent Radioisotope: NS 
Dec 20 

Morse Code, Machine Recognition of Hand-
Sent: IT Mar 17 

Morse Distribution: IT Mar 25 
Motivation, Engineering, 1200 Case Studies of: 
E Jun 82 

Motor Carrier Mobile Radio Systems: VC 
Sep 24 

Multicouplers Employing Minimum-Lose Fil-
ters, Tunable Passive, Correction to: MTT 
Jul 369 

Multicouplers, Tunable Passive, Employing 
Minimum-Loss Filters: MTT Jan 121 

Multipath Distortion, Effect on the Choice of 
Frequencies for High Frequency Communi-
cation: AP Oct 397 

Multipath, Equipment to Reduce Teleprinter 
Errors in the Presence of: CS Sep 185 

M ultipath Protection in Meteor Burst Com-
munications: CS Sep 209 

Multiplex Equipment, Double-Sideband Sup-
pressed-Carrier: CS Jun 92 

Multiplex Error in FM/FM and PAM/FM/ 
FM Telemetry: SET Sep 138 

Multiplexers, Waveguide, Strip Transmission 
Line and: MTT Oct 475 

Multiplexing, Power-Division, in Frequency 
Modulation: CS Sep 147 

Multiplexing, Time, Applied to Analog Com-
putation: EC Mar 42 

Multiplication for Complement Codes, A Ring 
Model for: EC Mar 25 

Multiplier, Four-Quadrant: EC Jun 222 
Multiplier, Klystron Frequency, for Milli-

meter Waves: ED Apr 236 

Multiplying and Function Generation, Posi-
tion and Velocity Servos for: EC Sep 391 

Multivibrator Counter in the Design of Dis-
criminator Calibrator, Use of: SET Sep 131 

Muscle Activity, Computation of, from the 
Integrated Electromyogram: ME Sep 119 

Muscle Rigidity, Strength and Tremor, Meth-
od of Measuring: ME Sep 159 

Musical, Instruments and Orchestras, Ampli-
tudes and Spectra of: AU May-Jun 47 

Nanosecond Logic by Amplitude 'Modulation 
at X Band: EC Sep 265 

Nanosecond Pulse Transformers: NS Mar 26 
Navigation: 

Inertial, Vector Principles of: ANE Sep 
159 

Space, Application of Gravitation Field 
to: SET Mar 47 

Systems, Principles of: ANE Dec 221 
Trainer, Celestial: MIL Jul 69 

Near Field Analysis, New Method of: AP Dec 
S458 

Negative-Impedance Conversion Methods of 
Active RC Synthesis: CT Sep 296 

Negative Resistance Amplifiers, Noise Meas-
urement of: I Sep 44 

Negative Resistance Device, Nesistor Semi-
conductor: ED Jul 278 

Nervous System, Central, Synaptic Trans-
mission in: ME Jun 85 

Nesistor Semiconductor Negative Resistance 
Device: ED Jul 278 

Networks: 
Asymmetrical Narrow-Band, Envelope 
and Angle Response of: CT Sep 292 

Autonomous Sequential, Matrices in 
Theory of: CT Dec 392 

Bilaterial Iterative, Analysis of: CT Mar 
35 

Boolean Branch, Irredundant and Re-
dundant: IT May 158 

Cascade Two-Port: CT Sep 323 
Cascaded LC Elements, Determination 

of: CT Jun 158 
Degrees of Freedom in RLC: CT Mar 91 
Equivalent Ladder, by Use of Signal Flow 
Graph; CT Mar 75 

Functions with a Constant Imaginary 
Part: CT Dec 370 

Irredundant and Redundant Boolean 
Branch: CT May 158 

Ladder, Analysis Using Fibronacci Num-
bers: CT Sep 321 

Linear N-Port Active, Equivalent Circuit 
for: CT Jun 234 

Lossless Two-Terminal-pair, Zeros of Re-
flection and Transmission in a Cascade 
of: CT Sep 282 

Maximally-Flat Delay: CT Jun 235 
Realizability in the Time Domain: CT 
Sep 288 

Reducing Computation Time by Digital 
Computer: CT Mar 136; Correc: CT 
Dec 394 

Representations of Obstacles in Wave-
guides: MTT Apr 213 

Series- Parallel, Analyzing: CT Mar 124 
Single Time-Varying Element, Steady-

State Transmission through: CT Sep 
244 

Theory and Its Relation to the Theory of 
Linear Systems: AP Dec S435 

Three-Terminal Theoretical Limitations 
on the Gain-Bandwidth Product of: CT 
Jun 224 

Time-Varying, Application of Mellin and 
Hankel Transforms to: CT Jun 197 

Topology, Problem of: CT Sep 261 
Variable and Nonreciprocal, Optimum 

Performance of: CT Jun 150 
Zobel Stop and Pass Bands Reciprocal 
Two Port, Extension of: MTT Jul 392 

Neural Interaction in the Eye and Its Relation 
to Vision: ME Jun 84 

Neutron Time-Of-Flight Measurements, 
Chronotron for Relativistic: NS Mar 31 

Node Duplication, Transformation of Signal-
Flow Graphs: CT Jun 233 

Noise: 
Argon Tubes, S-Band: MTT Jul 395 
Bias Signals in Nonlinear Devices: AC 
Nov 167 

External, Fundamental Limitations of: I 
Dec 97 



Fading on FM Microwave Systems, 
Probability Distribution of: CS Sep 161 

Filter, Optimum Linear Digital Filter: IT 
Jun 58 

Gaussian, Laguerre Polynomials for Treat-
ing Components of: IT Sep 102 

Negative Resistance Amplifiers, Meas-
urement: I Sep 44 

Resistors, Metal and Carbon Film: CP 
Jun 58 

Semiconductor Devices, Lumped Model 
of: ED Apr 133 

Shot, Second-Order Distribution of: IT 
Jun 75 

Sinusoid Plus Gaussian, Distribution 
Functions: IT Jun 90 

Suppression Properties of Oscillating 
Limiter: VC Sep 37 

Television Input Tubes: BTR Jan 22 
Through Circuits, Some Results on: CT 
May 217; IT May 217 

Weighted Random, Spectral Properties of: 
IT Sep 123 

Nongyroscopic Inertial Reference: AC Nov 182 
• Nonlinear Capacitors, Diffused Silicon: ED 

Oct 384 
Nonlinear Control Techniques Employed by a 

Biological Control System: AC Dec 45 
Nonlinear Devices, Random Noise with Bias 

Signals in: AC Nov 167 
Nonlinear Operators, Harmonic Exponentials 

to Identify: AC Nov 91 
Nonlinear Resistors, Generation of Squares 

with: CT Dec 334 
Nonlinear Servomechanisms, Root-Locus 
Method for the Analysis of: AC Dec 38 

Nonlinear System Characterization and Opti-
mization: CT May 30; I May 30 

Nonlinear Time-Varying Systems, Phase Plane 
Analysis of: AC Nov 80 

Nonreciprocal Devices, Enhancing the Per-
formance of: MTT Jul 394 

Notation of Circuit Analysis: CT Dec 391 
N-Port Lossless junctions, Matched, Realiza-

bility of: CT Dec 388 
Nuclear Magnetic Resonance Applications: 
IE Dec 9 

Nuclear Magnetic Resonance, Blood Flow-
meter Utilizing: ME Dec 267 

Nuclear Reactor Control System: IE Jan 38 
Nuclear Reactor Exposure on Boron-Lined Pro-

portional Counters, Effects of: NS Dec 1 
Nuclear Reactors, Describing Function of: NS 
Dec 8 

Numbering systems, Greek and Latin pre-
fixes: EVVS Dec 73 

Numbers, Binary, Modulo Three, Residues of: 
EC Jun 229 

Number System, The Residue: EC Jun 140 
Numerical Control for Automatic Manufac-

turing in General Industry: JE Jul 33 
Numerically Controlled Manufacturing Sys-

tem: IE Jan 2 

O 

Office of Naval Research Symposium on Mi-
crowave Technique for Computers: EC Sep 
262 

0-Guide and X-Guide: Surface Wave Trans-
mission: MTT Jul 366 

Omnidirectional Patterns, Circular Arrays to 
Obtain: AP Oct 436 

One-Way Systems, Passive: CT May 283; IT 
May -283 

Operational Amplifiers, Four-Quadrant Multi-
plier Using: EC Jun 222 

Optical Communication During Hypersonic 
Re-Entry: CS Jun 68 

Optical Data Processing, Coherent: AC Nov 
137 

Optics, Electrostatic, for Camera Tubes: ED 
Jul 297 

Optimization by Random Search on the Ana-
log Computer: EC Jun 200 

Optimum Performance of Variable and Non-
reciprocal Networks: CT Jun 150 

Orchestras and Spectra of Musical Instruments 
and: AU May-Jun 47 

Organ Culture at the Rockefeller Institute: 
ME Mar 6 

Organ Systems, Information and Control in: 
ME Mar 23 

Oscillating Systems, Self. Signal Stabilization 
of: AC Dec 37 

Oscillations, Ion Plasma, Theoretical Study of: 
ED Oct 372 

Oscillators: 
Deflection, for Television Receivers: BTR 
May 33 

Locked in Tracking FM Signals: SET 
Mar 30 

Molecular, Tunable Millimeter Wave: 
MTT Apr 268 

Parametric Phase-Locked, Application to 
Digital Systems: EC Sep 277 

RL and RC, Matrix Analysis of: CT Jun 
232 

Oscillatory Element, Maximum Effort Con-
trol for: AC Nov 112 

Oscilloscope Display for Weather Radars: 
ANE Mar 31 

Oxygen and Carbon Dioxide Diffusion Through 
Teflon Membranes: ME Mar 54 

Ozaki's Comments, Comments on: MTT Apr 
297 

Packaging, Automatic, of Gelatin Capsules: 
IE Jan 34 

Panadapter, Identifying Interference Using a 
Tunable Receiver and a: VC Apr 13 

Papers, Engineering, Information Gaps and 
Traps in: EWS Dec 89 

Parametric: 
Amplifiers, Circuit Aspects of: BTR Dec 

75 
Amplifiers, Lossless Periodically Distrib-

uted, Mode Theory of: MTT Jul 360 
Amplifier, Variable-Capacitance: El) Apr 

216 
Diodes, Equivalent Circuits of: BTR Dec 

83 
Diodes, Semiconductor, in Microwave 
Computers: EC Sep 287 

Phase-Locked Oscillator Applications to 
Digital Systems: EC Sep 277 

Parmetron Digital Computer MUSASINO-1: 
EC Sep 308 

Parts Specifications Management for Relia-
bility, Study on: CP Sep 128 

Passive One-Way Systems: CT May 283; IT 
May 283 

Path Matrix and its Realizability: CT Sep 267 
Pattern Recognition, Minimum-Scan: IT Jun 

52 
Pattern Redundancy, Comment on: IT Mar 34 
Pendulous Velocity Meter Control Synthesis: 
AC Dec 60 

Pentode, Frame-Grid Audio, for Stereo Out-
put: AU Jul-Aug 101 

Permeability Matrix for a Ferrite: M TT Jan 176 
Personnel Turnover and Replacement: EM 
Jun 49 

Perturbation Technique for Analog Com-
puters: EC Jun 218 

Phase Equalization, Problem of: CT Sep 272 
Phase-Locked Loops, Linear Design of: SET 
Dec 166 

Phase-Modulation Communication System 
Digital: CS May 3 

Phase Plane Analysis of Nonlinear Time-
Varying Systems: AC Nov 80 

Phase Plane Analysis in Quantized Systems: 
AC Nov 43 

Phase Shift in Loudspeakers: AU Sep-Oct 120 
Phase Shifter, Ferrite, for UHF: \ITT Jan 27 
Phase Shifters, Ferrite, Precise Control of: 
\ITT Apr 229 

Phase Velocity, Calculated, of Long End-Fire 
Dipole Arrays: AP Dec S424 

Phase Velocity of Propagation Along Vagi 
Structure: AP Jul 234 

Phonograph Cartridges, Stereo, Two-Channel 
Ceramic Transducer for: AU Jul-Aug 96 

Photography, Electronic: IE Dec 26 
Physics Course in Arizona Engineering Cur-

riculum: E Sep 117 
Physiological Considerations of Respiration: 
M E Mar 24 

Physiological Information, Short-Distance 
Telemetering of: SET Jun 82 

Picture Display with Low Drive Signals, Elec-
tron Gun for: El) Oct 377 

Pictures, Probabilistic Model for Run-Length 
Coding of: IT Dec 157 

Pinch Process, Electromechanical Energy Con-
versions in a Cylindrical: SET Jun 55 

Pioneer IV, Tracking of: SET Dec 196 
Planar Structures, Complementary Multiter-

mina', Impedance Properties of: AP Dec 
S371 

Plasma: 
Density in Fusion Experiments, Inter-

ferometer Measurements: NS Sep 20 

Disturbances in a Multi-Velocity: ED Apr 
231 

Frequency Reduction in Electron Streams 
by Helices and Drift Tubes: ED Oct 
468 

Gas-Discharge, Interaction of Microwaves 
with: MTT Jan 69 

Oscillations, Ion, Theoretical Study of: 
ED Oct 372 

Physics, Contemporary: SET Dec 162 
Propagation Through a Hypersonically 

Produced: AP Jul 240 
Propulsion Devices for Space Flight: 
MIL Apr 34 

Propulsion Possibilities: MIL Apr 42 
Plastic Cornea: ME Mar 43 
Plastic Dielectric Capacitors: CP Jun 114 
Plastics, Use in Medicine: ME Mar 52 
Pocket Receiver, A VHF: VC Sep 20 
Poincaré Metric Reliability of Switching Com-

ponents: IT Sep 137 
Poles: 

Determinations with Complex-Zero In-
puts: AC Nov 150 

High Order, Evaluating Residues and Co-
efficients of: AC Nov 132 

Migration in Coupled-Resonator Filters: 
CT Mar 95 

Zero Concepts in Sampled-Data Systems: 
AC Dec 173 

and Zeros, Specified, Synthesis of Feed-
back Systems with: AC Dec 185 

Polystrip Flat-Wire Cables, Designing with: 
PT Aug 28 

Position Information Using Simultaneous 
Range Measurements: ANE Sep Ill 

Positive Real Function, Generalizations of the 
Concept of: CT Dec 374 

Potentiometers, Metal and Oxide Film: CP 
Jun 105 

Potter Electroturbinometer: ME Dec 270 
Potting, Encapsulating, and Small Parts 

Molding: PT Aug 50 
Power Source Regulation on Control System 

Amplifier Response, Effect of: AC Dec 59 
Power Theorem on Absolutely Stable Two-

Ports: CT Jun 159 
Power, Transistorized, Supplies for Higher In-

put Voltages: VC Apr 54 
Prediction, Module: RQC Jun 53 
Prediction Using Network Theory Concepts, 

Nonstationary Smoothing and: CT May 1; 
IT May 1 

Pressure Regulator, Automatic, for Extra-
corporeal Circulation: ME Sep 184 

Primate Behavior, Automatic Recording of 
Digital Data in the Analysis of: ME Sel) 121 

Printed Circuits, Topology of: CT Dec 390 
Printed Wire Connectors, Analysis of: CP Sep 

223 
Printed Wiring, "Tuf-Plate Hole" for: PT 
Aug 27 

Printers, High-Speed Terminal, Using the 
Burroughs Electrostatic Technique: CS Jun 
125 

Private Television Microwave System: CS 
Dec 278 

Probability Density: 
of Filter Output for Random Tek-graphic 

Signal Input: CT May 228; IT May 
228 

Function, Quasi- Peak Detector to Meas-
ure of: I Mar 19 

of RC Filter Output for Binary Random 
Input: IT Dec 174 

Probability Distribution of Noise Due to Fad-
ing on FM Microwave Systems: CS Sep 161 

Processing Data in Bits and Pieces: EC Jun 118 
Product Selection: EM Sep 68 
Production Costs, Minimizing, Through Mod-

ular Automatic Test Equipment: IE Apr 
29; PT Sep 19 

Production, Mechanized, of Equipment of All 
Lot Sizes: PT Aug 42 

Professional Operations, Management Con-
trol of: EM Sep 81 

Profitability Criterion for Measurement and 
Decision-Making: EM Sep 65 

Projector, Running Your Own: EWS Jan 33 
Propagating Structures, Periodic Coupling of: 
EC Jul 325 

Propagating Structures with Variable Param-
eter Elements, Properties of: EC Sep 307 

Propagation: 
Along Vagi Structure, Phase Velocity of: 
AP Jul 234 

through Anisotropic Layers: P Dec S296 
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Beyond-the-Horizon, Sweep-Frequency 
Studies in: AP Oct 428 

Beyond the Radio Horizon, Tropospheric, 
Diffraction Theory of: AP Jul 261, 268 

Constants of Circular Cylindrical Wave. 
guides Containing Ferrites: MTT Jul 
337 

Constants in Waveguide Partially Filled 
with Dielectric: MTT Apr 294 

in a Dielectric-Loaded Waveguide: MTT 
Apr 202 

Ground Wave Pulse: AP Jan 1 
of HF and VHF in the Arctic Region: CS 
Jun 121 

through Hypersonically Produced Plasma: 
AP Jul 240 

in Ionized Gases: AP Dec S340 
Scatter Experiment Using Six Parabo-

loids: AP Oct 419 
Scattering of Waves, Modified WKB 
Methods for: AP Dec S320 

of Space-Charge Waves in Diodes and 
Drift Spaces: ED Apr 225 

Propulsion: 
and Astronautics: MIL Apr 58 
Controlled: AC Dec 30 
Fusion. for Space: MIL Apr 52 
Ionic, Problems in: MIL Apr 27 
Plasma, for Space Flight: MIL Apr 34 
Plasma Possibilities: MIL Apr 42 

«Proselyting"—Good Business?: EM Mar 37 
Publications as Tools of the Electronics Indus-

try: EWS Jun 49 
Pulse Amplifiers, Transistorized Linear: NS 

Jun 57 
Pulse Circuits, Transistor, for 160 MC Clock 

Rates: EC Dec 432 
Pulse Code Modulation, Application to Air-

craft Flight Testing: SET Sep 148 
Pulse Code Modulation Telemetry, Standards 

for: SET Dec 194 
Pulse Controlled Integration in Automatic 

Flight Control Systems: AC Dec 133 
Pulse-Modulated Time Series, Optimal Filter-

ing of Periodic: IT Jun 67 
Pulse Modulators, Semiconductor Diode Am-

plifiers and: ED Jul 341 
Pulse Phase-Change Signaling in the Presence 

of Ionospheric Multipath Distortion: CS 
Jun 102 

Pulse Return from a Sphere: AP Dec S43 
Pulses, Diffraction and Refraction of: AP Dec 
S78 

Pulse-Time Positioning for Safety Control of 
High-Speed Tester: IE Jan 25 

Pulse Transformers, Nanosecond: NS Mar 26 
Pump-Oxygenator, Gibbon-Mayo: ME Jun 92 
Punched-Card-Controlled Component-Part In-

sertion Machine: PT Aug 39 

Quality Control, Sonic Tester for Casting: IE 
Jan 46 

Quality Control Through Mechanized Assem-
bly and Test, Increased Reliability and 
Better: PT Jun 22 

Quantized Systems, Phase Plane Analysis in: 
AC Nov 43 

Quarter-Wave Compensation of Resonant 
Discontinuities: MTT Apr 296 

Quasi-Peak Detectors with Specified Time 
Constants, Design of: RFI May 18 

Radars: 
Auroral Echoes 400-MC: AP Apr 127 
Beacons for Missiles: MIL Oct 175 
Dectection, First Probability of: IT Mar 9 
Echo-Measuring, Time Gate for: I Dec 

79 
Filter for Suppressing Spurious Trans-

mission from: MTT Jul 369 
Fog and Rain, Degradation by: ANE 
Mar 26 

Measurements, Indeterminacy of: ANE 
Dec 219 

Rain Cancellation: AP Apr 199 
Simulated Airborne, Synthetic Repre-

sentation of Terrain Features on: MIL 
Jul 75 

Simulator, Land-Mass: MIL Jul 105 
Simulator, Tracking Thirty-Two Aircraft: 
MIL Jul 114 

Weather, Oscilloscope Display for: ANE 
Mar 31 

Radiations: 
Between Parallel Plates, Cylindrical An-

tennas: AP Apr 162 
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Effects in Silicon Solar Cells: NS Jun 49 
and Guided Waves: AP Dec S191 

Microwave, from Ferrimagnetically Cou-
pled Electrons: MTT Jan 6 

Pattern, Current Distribution over a 
Cone Surface for a Prescribed, Correc-
tion to: AP Jan 104 

from Ring Sources in Presence of Cone: 
AP Apr 168 

from Slot Arrays on Cones: AP Jul 213 
Space, Detection and Evaluation of: MIL 

Oct 160 
from Thin Wire Loop Antenna Em bedded 

in a Spherical M edium: AP Oct 345 
Tolerant Electronic Equipment: NS Dec 

12 
Radiators, Isotropic, Directivity of Broadside 
Array of: AP Apr 197 

Radio Compass Testing with Small Shielded 
Enclosures: ANE M ar 4 

Radio Flutter in Future Communications: VC 
Sep 27 

Radio-Line, A 215-Mile 2720-MC : AP Apr 117 
Radio Link Communication Reliability: CS 
May 47 

Radio Links, Correlation Function and Power 
Spectra of: AP Apr 137 

Radio Relay Systems, Operation of Closed-
Spaced Antennas in: VC Sep 11 

Radio-Telephone Design, Mobile, Compact-
ness in: VC Sep 64 

Radio Telescopes, Synthesis of by Use of 
Radio Interferometers: AP Dec S120 

Radioisotope Detectors, External, M easure-
ment of Branched Flow by : ME Dec 287 

Radioisotope Monitor, A Stack Effluent: NS 
Dec 20 

Railroads, Vehicular Communications for: VC 
Apr 62 

Random, Pseudo, Sequences, Two Properties 
of: IT Mar 32 

Random Sampling: Effect on Spectral Density: R 
AC Dec 198 

Range and Instrumentation Safety System for 
Vandenberg Air Force Base: SET Mar 14 

Range Measurements, Simultaneous, Position 
Information Using: ANE Sep Ill 

Rare-Earth Metals, Magnetism and: CP Jun 
93 

Rating and Application Considerations for 
Silicon Diodes: CP Dec 269 

Rating System Produce, Making a Multiplant Re 
Supplier: RQC Jun 7 

Reactive Effects in Forward Biased Junctions: Re 
ED Jul 330 

Reactance Surface, Sinusoidally-Modulated 
Guided Waves on: AP Dec S201 

Reaction Wheel Attitude Control for Space 
Vehicles: AC Dec 139 

Reactor Instrumentation, Servologarithmic 
Amplifier for: NS Mar II 

Reactor, Transistorized, Instrumentation and 
Protective Circuits: NS Jun 42 

Reader's Eyes, Use Your: EWS Jan 6 
Readout, Nondestructive. of M eta llic Tape 
Computer Cores: EC Dec 470 

Read-Out Technique, Glow Counting Tube: 
EC Sep 317 

Real Function. Positive, Genera lizations of the 
Concept of: CT Dec 374 

Realizability of Matched N-Port Lossless 
Junctions: CT Dec 388 

Rearview Mirror, Automatic: IE Jul 43 
Receivers: 

Automobile, Employing Drift Transistors: 
BTR Dec 38 

Automobile, Transistor, Front End De-
sign: BTR Dec 31 

FM, Drift Transistors in: BTR Jan 13 
FM Multiplex Stereo : BTR Dec 70 
Svncl ronous Communications, for the 

Military UHF Band: CS Jun 129 
Television, Color Decoder Design: BTR 

fan 27 
TV Color, Simplification of Controls on: 
BTR May 54 

Reception, Optimal Properties in Statistical 
Theory of: IT Sep 138 

Recognition, Machine, of Hand-Sent M orse 
Code: IT Mar 17 

Recognition, Minimum-Scan Pattern: IT Jun 
52 

Recognition Systems, Optimum Character: 
EC Jun 230 

Recorder, Automatic Digital, for Tim ing Se-
quential Events: ME Sep 157 

Recorder Operation, Economics of Video 
Tape: BC Feb 25 

Recorder, Very High Speed Facsim ile: CS Dec 
257 

Recording: 
Bubble Flowmeter, Automatic: ME Dec 
274 

Cardiac Output, M agnetic Flowmeter for: 
ME Dec 232 

Data, Figure of Merit for: EC M ar 48 
Digital Data for Analysis of Primate Be-

havior: ME Sep 121 
Electrocardiographic, Analysis, and Di-

agnosis: ME Sep 112 
Electrocardiographic Data for Analysis 
by Computer: ME Sep 167 

Magnetic, for Industrial Control: IE Dec 
53 

Magnetic, New Techniques for Data Proc-
essing: IE Dec 47 

Magnetic Tape, with Longitudinal or 
Transverse Oxide Orientation: AU 
May-Jun 76 

Magnetic Tape, Null Alignment in: AU 
Sep-Oct 116 

Multiple-Channel Tape, for Biomedical 
Purposes: ME Sep 171 

Optical or Pen, Integrating Drop-Flow-
meter for: ME Dec 234 

on Saturation-Type: EC Jun 159 
ecruiting: EM Mar 14 
ectangular Wave Functions : I Dec 112 
ectangular Wave Functions and the Concept 
of Sign Correlation: I M ar 36 
ectifier, Frequency characteristics of Semi-
conductor: ED Apr 125 
ectifier, Germanium Microwave Crystal: 
ED Jan 83 
ecurrent Events in a Bernoulli Sequence: IT 
Dec 179 
edundancy, Comment on Pattern: IT M ar 34 
dundancy, Two-Dimensional Predictive, in 
Television Display: CS May 57 
dundant Machines, Increasing Reliability 
by: EC Jun 125 
-Entry, Hypersonic, Optical Communica-
tion During: CS Jun 68 

Reflection: 
Coefficient Chart to Include Active Net-

works, Extension of: MTT Apt- 298 
Coefficient NIeasurements, Microwave, 
VSWR Responses for: MTT Jul 346 

Coefficient Zero Locations: CT Mar 81 
on Incidence Angle, Dependence of: MTT 

Oct 423 
Refiectometer Techniques, Microwave: M TT 

Jul 351 
Reflectors: 

Corner Antennas, Gains of: AP Jul 281 
for a Fa bry- Perot Interferometer: NI TT 
Apr 221 

Inverse Scattering Problem: AP Apr 146 
Spherical, as Wide-Angle Scanning An-

tennas: AP Jul 223 
Refraction and Diffraction of Pulses: AP Dec 
S78 

Ref i-act ion, Atmospheric. Comparison of Com-
pined With Observed: AP Jul 258 

Regal Approach and Landing System: ANTE 
Jun 115 

Regulation, Effect of Power Source, on Con-
trol System Amplifier Response: AC Dec 59 
ection Filter, High Power Microwave: 
ITT Oct 461 
my. The Trinistor Switch Solid-State 
ower: NS Jun 69 
tivistic Consideration of Doppler Shift: 
NE Mar 37 
ability: 
Analysis of Recoverable Missiles: RQC 
Jun 34 

Component, Long-Term: CP Jun 62 
Confidence Interval on Predicted System: 
RQC Jun 64 

Design Review, Increased System Worth 
Through: RQC Jun 70 

Mechanized Assembly and Test for In-
creasing: PT Jun 22 

Re 

Rej 

Reli 

Rela 
Television, Deflection Oscillators for: A 
BTR May 33 Reli 

Television. Delta Sound System for: AU 
Jan-Feb 16 

Television, Modification for 50 Cycles: 
BTR May SO 

TV, Transistor IF Amplifiers for: BTR 
May 25 

Transistorized Broadcast, Improvements 
in: BTR Dec 46 

VHF Pocket 7 VC Sep 20 



Military Research Applied to Industrial 
Electronics: IE Dec 34 

Parts Specifications Management for: CP 
Sep 128 

of a Physical System: CT May 138; IT 
May 138 

Poincaré Metric, of Switching Compo-
nents: IT Sep 137 

Program, Heart of: RQC Jun 16 
Radio Link Communication: CS May 47 
Redundant Machines: EC Jun 125 
Sample Size and Test-to-Failure: RQC 
Jun 24 

Space Systems Using Ballistic Missile 
Boosters: MIL Oct 173 

Stochastic Combinational Relay Switch-
ing Circuits: CT Mar 131 

Systems Engineering: MIL Jan 8 
Reliable Design and Development Techniques: 
PT Sep 30 

Remote Control, Television Wireless: BTR 
Jan 76 

Renal Function, Supplementation by Artificial 
Means: ME Mar 11 

Repeaters, Components for Submarine Tele-
phone Cable: CP Mar 34 

Research: 
and Development Cost Estimation: EM 
Mar 8 

and Development, Management of: EM 
Sep 75 

Industry-University Cooperation in: EM 
Mar 12 

Laboratory, Merit Rating and Produc-
tivity in a: EM Mar 31 

Laboratories, Administering Information 
Input and Output in: EM Jun 55 

Residue Number System, The: EC Jun 140 
Resistors, Fixed Recent Developments in: CP 
Jun 109 

Resistors, Noise in Metal Film and Carbon 
Film: CP bin 58 

Resistors, Nonlinear, Generation of Squares 
with: CT Dec 334 

Resonance and Supergain Effects in Loaded 
Biconical Antennas: AP Dec S414 

Resonant Cavities, Design of Open-Ended: 
MTT Jul 389 

Resonant Discontinuities, Quarter-Wave Com-
pensation of: MTT Apr 296 

Resonators, X-Band Cavity End Plate Modi-
fication of: MTT Jul 388 

Response of a Linear System to an FM Signal: 
CT Dec 387 

Respiration, Artificial: ME Mar 29 
Respiration, Artificial, CO, Control of: ME 
Mar 30 

Respiration, Physiological Considerations of: 
ME Mar 24 

Rhombic Antenna Arrays, Design of: AP Jan 
39 

Rhombic Antenna, Gain and Current Attenua-
tion of: AP Apr 188 

Riblet's Theorem, Comment on: MTT Oct 477 
Rocket for Manned Lunar Exploration: SET 
Dec 155 

Rockets, Electron Densities of the Ionosphere 
Utilizing: AP Oct 414 

Root-Locus Method for the Analysis of Non-
linear Servomechanisms: AC Dec 38 

Routh's Algorithm to Network-Theory Prob-
lems, Applications of: CT Jun 144 

Rubber, Silicone, Use in Medicine: ME Mar 
51 

Rubidium Gas Cell Frequency Standard: MIL 
Oct 178 

Russian Test Equipment for Audio, Radio, and 
Microwave Measurements: I Dec 67 

Russian Visit to U.S. Computers: EC Dec 489 

Sage Tracking and ROM ARC Guidance, Non-
Real-Time: EC Mar 36 

Sample Data Systems: 
Analysis of: AC Nov 67 
Design by Log Gain Diagrams: AC Nov 

192 
Pole-Zero Concepts in: AC Dec 
with Time-Varying Sampling Rate: AC 
May 15 

Topological Techniques for Solution of: 
AC Dec 108 

Sampling, Random, Effect on Spectral Den-
sity: AC Dec 198 

Sampling, Random and Periodic Data, Com-
parison of: CT May 234; IT May 234 

Satellite Emissions, Doppler Shift of: AP Jan 
99 

Satellite Relay, Performance Equations for a 
Stationary Passive: CS May 31 

Scanner, High-Speed Low-Level: I Mar 3 
Scanner, A High-Speed Low-Level: IE Jan 17 
Scanning Antenna Arrays of Discrete Ele-

ments: AP Oct 435 
Scanning, Time-Frequency, in Narrow Band 

Speech Transmission: AU Nov-Dec 148 
Scatter Propagation: 

Eglin Gulf Testing Range System: CS 
Jun 136 

Experiment Using Six Paraboloids: AP 
Oct 419 

Feasibility cf Tropospheric, in Toll Net-
works of Underdeveloped Countries: 
CS Dec 290 

Multichannel Tropospheric Circuits, Pre-
diction of: CS Sep 211 

Path Loss Tests, Tropospheric: CS Sep 
205 

Tropospheric, Effects of Low Noise Tech-
niques on: CS Dec 302 

Tropospheric Research, 1954-1957: AP 
Jan 80 

1954-1957 Tropospheric, Research on: 
AP Jan 80 

VHF Systems, Factors Affecting Modu-
lation Techniques for: CS Jun 77 

Scattering of Waves: 
an Antenna Problems, Numerical Solu-

tion of: AP Dec S402 
Back Scattering from Cones and Spher-

oids: AP Dec S67 
Back Scattering at High Frequencies from 
a Conducting Cylinder with Dielectric 
Sleeve: AP Dec S468 

Back Scattering, Near-Field, Geometrical 
Optics Approximation of: AP Oct 434 

Far-Field, Experimental Determination 
of: AP Dec S77 

from Feed of Cheese Antenna, Reduction 
of: AP Jul 226 

by High-Density Meteor Trails: AP Dec 
S330 

by Large Conducting Bodies: AP Apr 150 
Matrices, Bounded Real: CT Mar 102; 

Correc: Sep 317 
Matrix, Prescribed, Direct Single Fre-
quency Synthesis from: CT Dec 340 

Microwave, by Turbulent Air: AP Jul 245 
off Path, Filling in of an Antenna Null by: 
AP Jul 277 

Modified VVKB Methods for: AP Dec 
S320 

by Quasi-Periodic and Quasi-Random 
Distributions: AP Dec S307 

of a Surface Wave: AP Jan 22 
School-Industry-Community Relations, 

Experiment in: E Sep 113 
Science or Engineering, Success in: E Jun 94 
Science and Education in a Mature Society: 
MTT Jan 4 

Scientific Message, Function and Design of: 
EWS Jan 2 

Secondary Emission, Effects of Initial Elec-
tron Velocities and Space Charge in: ED 
Oct 397 

Secondary School Cooperation, IRE and: E 
Jun 67 

Selective, Digital, Signaling System for Mo-
bile Radio: VC Apr 74 

Selective Signaling in the Bell System: VC Apr 
67 

Selector, Transistorized, Device for Mobile 
Telephone: VC Apr 71 

Semiautomatic Circuit Component Tester: PT 
Sep 12 

Semiconductors: 
Devices, Lumped Model of Noise in: ED 
Apr 133 

Devices, Thermally Induced Cracking: 
ED Jul 299 

High-Speed Microwave Switching of: 
MTT Apr 272 

Nesistor, Negative Resistance Device: 
El) Jul 278 

Seminar, Working with Electrical Engineers 
in: EWS fun 46 

Senior-Year 'Semiconductor and Electron De-
vice Course: E Mar 6 

Sensitivity Theorem: CT Mar 131 
Sequences, Two Properties of Pseudo-Random: 

IT Mar 32 
Sequoia ial Circuits: 

Asynchronous Switching, Hazards and 
Delays in: CT Mar 12 

Autonomous, Matrices in Theory of: CT 
Dec 392 

Autonomous Linear: CT Mar 45 
Coding Networks, Linear Multivalued: 
CT Mar 69 

Equivalent Circuits: CT Mar 30 
Linear Modular: CT Mar 61 
Linear Modular, Periodicity of States in: 

IT Sep 136 
Modular, Application to Error-Correct-

ing p-nary Codes: IT Sep 114 
The Number of Internal Variable Assign-
ments for: EC Dec 439 

Transducers: CT Mar 4 
Transducers, Memory Aspects of: CT Mar 

26 
Sequential Detection, Experimental Results in: 

IT Jun 41 
Sequential Events, Timing, Automatic Digital 

Recorder for: ME Sep 157 
Sequential Machines, Minimal: EC Sep 339 
Sequential Machines, Synthesis Technique for 

Minimal State: EC Mar 13 
Sequential Machines, Transition Matrices of: 
CT Mar 5 

Sequential Switching Functions, Minimizing 
the Number of States in: EC Sep 356 

Serrodyne, Ferrite, for Frequency Translation: 
NITt Jan 32 

Servo Design, Hot Gas: AC Dec 97 
Servologaritlimic Amplifier for Reactor Instru-

mentation: NS Mar 11 
Servomechanisms, Adaptive: ME Sep 134 
Servomechanisms, Nonlinear, Root-Locus 
Method for the Analysis of: AC Dec 38 

Servos: 
Comparison of Stabilization Techniques 

for: AC May 7 
Instrument, for General Purpose Compu-

tation: IE Apr 1 
Parameter Tracking, for Adaptive Con-

trol Systems: AC Nov 100 
Positioning, for Automatic Machine Tool 

Operation: IE Jan 31 
Position and Velocity, for Multiplying 
and Function Generation: EC Sep 391 

Predictor-Relay, with Random Inputs: 
AC Dec 232 

Shift Register, Electro-Optical: EC Jun 113 
Shot Noise, Second-Order Distribution of In-

tegrated: IT Jun 75 
Sideband Signals in the Presence of Noise, De-

tection of Asymmetric: BTR Jan 46 
Signaling, Puls-e Phase-Change, in the Pres-

ence of Ionospheric Multipath Distortion: 
CS Jun 102 

Signal Flow Graphs, Equivalent Ladder Net-
works by Use of: CT Mar 75 

Signal-Flow Graphs, Node Duplication— 
Transformation of: CT Jun 233 

Signal Generator Attenuator Calibration, 
Voltmeter for: I Mar 22 

Signal-to-Noise Ratios in Smooth Limiters: 
IT Jun 79 

Signals, The Representation of: CT May 197; 
IT May 197 

Signal-Seeking Receivers and Automatic Sweep 
Circuits, Voltage Variable Semiconductor 
Capacitor in: BTR Dec 16 

Signal Waveform, Estimation of: IT Jun 86 
Silicone Rubber, Use in Medicine: ME Mar 51 
Silicon, Making Crack-Free Alloyed Junctions 

in: ED Jul 358 
Silicon Solar Cells, Radiation Effects in: NS 
Jun 49 

Simulated Airborne Radar Display, Synthetic 
Representation of Terrain Features on: 
MIL Jul 75 

Simulating, Human Disorientation Device, of 
Angularly-Accelerated Motion: MIL Jul 99 

Simulation: 
of Air Duel Environment: EC Mar 55 
Analog-Digital Computer for: EC Jun 186 
of Earth's Topography for Research and 

Engineering: MIL Jul 87 
Ground, of Space Flight Environment: 
SET Jun 57 

Non-Real-Time, of Sage Tracking and 
BOMARC Guidance: EC Mar 36 

Operational Analog, of the Vibration of a 
Structure: EC Sep 381 

Simulator, Integrated Space-Flight: MIL Jul 92 
Simulator, Land-Mass Radar: MIL Jul 105 
Simulator, Thirty-Two Aircraft Radar Track: 
MIL Jul 114 

Single-Sideband Carrier Systems for High-
Speed Data Transmission, Synchronization 
of: CS Jun 110 

Single-Sidebancl Modulator, Ferrite Half-Wave 
Plate for: MTT Apr 295 

TRANSACTIONS I n d ex-33 



Single Sideband Power Amplifiers, Analysis of: 
CS May 53 

Slot Arrays on Cones. Radiation from: AP Jul 
213 

Slots, Closely-Spaced Transverse, in Rectangu-
lar Waveguide: AP Oct 335 

Slotted Dieletric Interfaces, Properties of: AP 
Jan 62 

Slow Wave Structures, Waveguide-Coupled: 
Ell Jan 9 

Smoothing, Nonstationary, and Prediction 
Using Network Theory Concepts: CT May 
1; IT May 1 

Sodium Vapor, Microwave Frequency Stand-
ard Employing Optically Pumped: MTT 
Jan 95 

Solar Cells, Radiation Effects in Silicon: NS 
Jun 49 

Solid-State Automatic Flight Control Sys-
tems: AC Dec 114 

Solid-State Maser, UHF: MTT Jan 92 
Solid-State Microwave Amplifiers: MTT Jan 

83 
Sonic Tester for Casting Quality Control: IE 
Jan 46 

Sound: 
Compatible Stereophonic: BC Nov 16 
Compatible Stereophonic: AU Nov-Dec 

169 
Delta, for Television Receivers: AU Jan-
Feb 16 

New Dimensions in: BC Nov 19 
Space: 

Capsules, Telemetered Parameters of 
Primates and Humans from: SET Sep 
99 

Charge Layer Width in Diffused Junc-
tions: ED Oct 405 

Charge in Secondary Emission, Effects of 
Initial Electron Velocities and: ED Oct 
397 

Charge Waves in Diodes and Drift Spaces, 
Propagation of: ED Apr 225 

Communication, Design Considerations 
for: CS Dec 232 

Communications, Doppler Phenomena in: 
CS May 25 

Exploration, Communication Techniques 
for: SET Sep 95 

Flight Environment, Ground Simulation 
of: SET Jun 57 

Flight, Plasma Propulsion Devices for: 
MIL Apr 34 

Flight Simulator, Integrated: MIL Jul 92 
To-Ground Transmissions Beyond the 

Line-of-Sight: SET Dec 179 
Navigation, Gravitation Field and Appli-

cation to: SET Mar 47 
Propulsion, Fusion for: MIL Apr 52 
Radiations, Detection and Evaluation of: 
MIL Oct 160 

Systems, Reliability, Using Ballistic NI is-
site Boosters: MIL Oct 173 

Vehicle Communication, Optimum Fre-
quencies for: CS Sep 167 

Vehicles, Attitude Control of: AC Dec 34 
Vehicles, Direct Energy Conversion De-

vices for: MIL Apr 46 
Vehicles, Tracking of: MIL Oct 162 
Vehicles, Reaction Wheel Attitude Con-

trol of: AC Dec 139 
Speak, Can They See What You Say When 

You: EWS Jan 24 
Specification Limits, Evaluation of Ball Bear-

ings To Establish: RQC Jun 77 
Specifications Management for Reliability: 
CP Sep 128 

Spectral Characterization of Control System 
Nonlinearities: AC Dec 199 

Spectral Density, Effect on, Random Sam-
pling: AC Dec 198 

Spectral Properties of Weighted Random 
Noise: IT Sep 123 

Spectrograph, Microwave Electron Velocity: 
ED Jan 64 

Spectrum Analyzer, Croas, Analysis of Elec-
troencephalograms by: ME Sep 149 

Speech Techniques, Study of Writing and: 
EWS Jan 12 

Speech Transmission, Extremal Coding for: 
IT Sep 129 

Speech Transmission, Narrow Band, Time-
Frequency Scanning in: AU Nov-Dec 148 

Sperm Cells, Effects of Electric Fields on 
Movements of: ME Sep 174 

Spherical Reflectors as Wide-Angle Scanning 
Antennas: AP Jul 223 

TRANSACTIONS Index-34 

Spiral Equiangular Antenna: AP Dec S117 
Spurious Mode Generation in Nonuniform 
Waveguide: MTT Jul 379 

Spurious Transmission from S-Band Radar, 
Waveguide Filter for Suppressing, Correc-
tion to: MTT Jul 369 

Stability of Circuits With Randomly Time-
Varying Parameters: CT May 260; IT May 
260 

Stability Criteria in Rectangular Coordinates: 
AC May 69 

Stability, Mean Square, of Random Linear 
Systems: CT May 248; IT May 248 

Stabilization, Signal, of Self-Oscillating Sys-
tems: AC Dec 37 

Standards for Pulse Code Modulation Telem-
etry: SET Dec 194 

Statistical Filter Theory for Time-Varying 
Systems: AC Nov 74 

Statist ical Theory of Reception, Optimal 
Properties in: IT Sep 138 

Steady-State Analysis of Circuits Containing a 
Periodically-Operated Switch: CT Sep 252 

Steady-State Transmission through a Network 
Containing a Single Time-Varying Element: 
CT Sep 244 

Steel Mill Processes, Data-Logging and Pro-
gramming in: IE Jul 24 

Stepped Zone Mirror for Microwaves, Experi-
mental Test of: AP Dec S125 

Step Response, Bounded Nondecreasing: CT 
Mar 129 

Stereophonic: 

Broadcast System, Optimized Compat-
ible AM: BC Nov 2 

Frame-Grid Audio Pentode for: AU Jul-
Aug 101 

Phonograph Cartridges, Two-Channel 
Ceramic Transducer for: AU Jul-Aug 
96 

Playback, Three Channel, Derived From 
Two Sound Tracks: AIT Nov-Dec 161 

Playback, Three-Channel, Two Tracks 
Derived from Three Microphones: AU 
Mar-Apr 34 

Receiver, FM Multiplex: BTR Dec 70 
Sound, Compatible: AU Nov-Dec 169 
Sound System, A Compatible: BC Nov 16 
Wide-Stage: AU Jul-Aug 93 

Stream Analysis, New Developments in: IE 
Dec 

Strip-Line Balun, Wide-Band: MTT Jan 128 
Strip-Transmission-Line Resonator Directional 

Filters: MTT Jan 168 
Strip Transmission Line and Waveguide Mul-

tiplexers: MTT Oct 475 
Stub Design, Broad-Band: MTT Oct 478 
Stylus, Pyramid: AU Nov-Dec 140 
Submarine Telephone Cable Repeaters, Com-

ponents for: CP Mar 34 
Success in Science or Engineering: E Jun 94 
Supergain and Resonance Effects in Loaded 

Biconical Antennas: AP Dec S414 
Super-Regeneration and Super-Radiation: ED 

Jul 288 
Surface Waves: 

Along Corrugated Structures: AP Jul 274 
Anatomy of: AP Dec S133 
Antennas, Scanning: AP Jul 276 
Decay Exponents and Diffraction Coeffi-

cients for: AP Dec S52 
on a Dielectric Cylinder, Efficiency of: 
MTT Apr 257 

Launchers. Theoretical Results for: AP 
Dec S169 

Launching, by a Parallel Plate Wave-
guide: AP Oct 359 

Over a Lossy Conductor: AP Dec S227 
Papers, Preface to: AP Dec S132 
Propagation Trajectories Associated With 

the Sommerfeld Problem: AP Dec 
S175 

Research in Sheffield: AP Dec S219 
Scattering of: AP Jan 22 
Supported by Cylindrical Surfaces: AP 
Dec S147 

Transmission, 0-Guide and X-Guide: 
MTT Jul 366 

Sweep Frequency Studies in Beyond-the-Hori-
zon Propagation: AP Oct 428 

Switches: 
Germanium P-N-P-N: ED Jan 28 
Ferrite Cutoff: MTT Jul 332 
Magnetic Field Controlled Microwave 
Gas Discharge: MTT Jan 73 

Matrix, Orthogonal Matrices, Error-Cor-
recting Codes and: EC Sep 400 

Periodically-Operated, Steady-State Anal-
ysis of Circuits Containing: CT Sep 
252 

The Trinistor, Solid-State Power Relay: 
NS Jun 69 

Switching: 

Alloy-Diffuse Silicon Transistor for Fast: 
ED Apr 169 

Applications of P-N-II-N Triode: EC 
Jun 108 

Circuits, Hazards and Delays in Asyn-
chronous Sequential: CT Mar 12 

Circuits and Reliability, Stochastic Com-
binational Relay: CT Mar 131 

Circuits, Transition Signals in: EC Sep 
401 

Combinational Relay Fields: EC Dec 499 
Components for Controlled Fusion Re-

search: NS Sep 23 
Components, Poincaré Metric Reliability 

of: IT Sep 137 
Functions, Self-Dual Symmetric: EC Dec 
498 

High-Speed Microwave, of Semiconduc-
tors: MTT Apr 272 

Nets, Theory of: CT May 152; IT May 
152 

Sequential, Minimizing the Number of 
States in: EC Sep 356 

Sequential Circuits, The Number of In-
ternal Variable Assignments for: EC 
Dec 439 

System, Preset Broadcast: BC Feb 1 
Symmetric Magnetic Field: ED Jul 294 
Synaptic Transmission in Central Nervous 
System: ME Jun 85 

Synchronous Communications Receiver for the 
Military UHF Band: CS Jun 129 

Synchrotron, Bias Function Generator for the 
Zero Gradient: NS Mar 2 

Synthesis: 
Active RC, Negative-Impedance Conver-

sion Methods of: CT Sep 296 
Direct Single Frequency, from a Pre-

scribed Scattering Matrix: CT Dec 340 
Procedure Based on Linvill's RC Active 

Structure: CT Mar 133 
Time Domain, Impulse Train Approxima-

tion for Time-Varying Linear System: 
CT Dec 393 

Systems Engineering: MIL Jan 12 
Systems Engineering for Usefulness and Relia-

bility: MIL Jan 8 
Systems Engineering and Weapon System 
Management: MIL Jan 4 

Systems Management, Weapons: MIL Jan 19 

Tacan Data Link: AME Mar 9 
Talk, Write Better Than You: EWS Jan 15 
Talking and Writing About Science: EWS 
Dec 69 

Tape Computer Cores, Metallic, Nondestruc-
tive Readout of: EC Dec 470 

Tape, Video: 
Automatic Control of: BC Feb 5 
Cueing Methods: BC Feb 26 
Facilities, CBS: BC Feb 14 
Operational Experiences: BC Feb 22 
Production Problems: BC Feb 24 
Recorder Operation, Economics of: BC 
Feb 25 

Tapers, Double, in Rectangular Waveguides: 
MTT Jul 374 

Teaching, Automated, Preliminary Studies in: 
E Jun 104 

Teaching Machines: E Mar 14 
Telemetered Parameters of Primates and Hu-
mans from Space Capsules: SET Sep 99 

Telemetering, Cheap and Simple, Delta Modu-
lation for: SET Dec 205 

Telemetering, Short-Distance, of Physiological 
Information: SET Jun 82 

Telemetering from Within the Human Body: 
ME Jun 100 

Telemetry: 
Antenna, Automatic Tracking: SET Jun 

87 
Challenging Aspects of: SET Mar 28 
Missile Impact Instrumentation System: 
SET Jun 76 

Multiplex Error in FM/FM and PAM/ 
FM/FM: SET Sep 138 

Pulse Code Modulation, RF Parameters 
for: SET Jun 61 

Pulse Code Modulation, Standards for: 
SET Dec 194 



Telephone: 
Aircraft Service: VC Apr 20 
Global Public Service 1958: CS Jun 115 
Manual Mobile System: VC Sep 73 
Submarine Cable Repeaters, Components 

for: CP Mar 34 
Transistorized Selector Device for Nlobile: 
VC Apr 71 

Teleprinter Errors, Equipment to Reduce, in 
the Presence of Multipath: CS Sep 185 

Television: 
Display, Two-Dimensional Predictive Re-
dundancy in: CS May 57 

IF Selectivity and Adjacent-Channel In-
terference: BTR Jan 18 

Image Reproduction with Non-symmet-
rical Electron Lenses: BTR Dec 54 

Input Tubes, Optimum Noise Figures of: 
BTR Jan 22 

Microscope, Ultraviolet Flying-Sport: ME 
Sep 186 

Microscopy, Time Lapse Ultraviolet: ME 
Jun 68 

Microwave System, Private: CS Dec 278 
Receiver Color Decoder Design: BTR Jan 

27 
Receivers, Deflection Oscillators for: BTR 
May 33 

Receiver Modifications for 50-Cycles: 
BTR May 50 

Receivers, Delta Sound System for: AU 
Jan-Feb 16 

Receivers, Transistor IF Amplifiers for: 
BTR May 25 

Signals, Effects of Frequency Cutoff Char-
acteristics on: CS Sep 173 

Wireless Remote Control: BTR Jan 76 
Temperature-Compensating Devices, Nonlin-

ear, for Transistors: AU Sep-Oct 134 
Temperature Control System, Automatic, for 

Fluid Dynamics Facility: AC Dec 81 
Temperature Effects in Ferrite Devices: MTT 
Jan 15 

Terrain Features on a Simulated Airborne 
Radar Display, Synthetic Representation of: 
MIL Jul 75 

Terrain, Rough, Height-Gain Curves Taken 
Over: AP Oct 405 

Test Equipment, Minimizing Production Costs 
Through Modular Automatic: IE Apr 29; 

10 PT Sep 19 
Test Equipment, Russian, for Audio, Radio 
and Microwave Measurements: I Dec 67 

Tester, Semiautomatic Circuit Component: 
PT Sep 12 

Testing, Automatic, of Components: PT Sep 1 
Thermal Balance in Mammals, Investigation 
by Microwave Radiation: ME Jun 66 

Thermal Design of Equipment Operating at 
300-500°C: PT Sep 25 

Thermally Induced Cracking Semiconductor 
Devices: ED Jul 299 

Thermonuclear Fusion, Controlled, Papers on: 
NS Sep 42 

Thermonuclear Fusion, Controlled, A Post-
Geneva Review of: NS Sep 1 

Thin-Film Memories: EC Jun 92 
Thin Films, Square-Loop, Magnetic Fields of: 
EC Dec 458 

Thorax, Living Human, Transmission of Ultra-
sound Through: ME Sep 141 

The Time Is Now: E Mar 2 
Time Delay Ladders, Maximally-Flat: CT 
Jun 214 

Time Multiplexing Applied to Analog Compu-
tation: EC Mar 42 

Time-Response Characteristics of a System as 
Determined by its Transfer Function: CT 
Jun 163 

Time-Varying Systems, Nonlinear, Phase 
Plane Analysis of: AC'Nov 80 

Time-Varying Systems, Statistical Filter 
Theory for: AC Nov 74 

Toll Networks of Underdeveloped Countries, 
Feasibility of Tropospheric Scatter Circuits 
in: CS Dec 290 

Topography, Simulation of Earth's, for Re-
search and Engineering - MIL Jul 87 

Topological Network Analysis as a Computer 
Program: CT Mar 135 

Topological Techniques for the Solution of 
Multi-Loop Sampled Systems: AC Dec 108 

Topology, Network Problem of: CT Sep 261 
Topology of Printed Circuits: CT Dec 390 
Topology, Triode Network: CT Jun 188 
Tracheae, Substitution of Foreign Materials in: 
ME Mar 49 

Track Simulator, Thirty-Two Aircraft Radar: 
MIL Jul 114 

Tracking: 
and BOMARC Guidance, Non-Real-
Time Simulation of SAGE: EC Mar 36 

FM Signals, Theory of Locked Oscillators 
in: SET Mar 30 

and Path Control: AC Dec 35 
Pioneer IV: SET Dec 196 
Space Vehicles: MIL Oct 162 
Telemetry Antenna, Automatic: SET Jun 

87 
Telemetry Antenna, Feed for: SET Sep 

103 
Trainer, Celestial Navigation: MIL Jul 69 
Trainer, Helicopter Operational Flight: MIL 

Jul 82 
Transducer Technology, Recent Developments 

in: IE Dec 57 
Transducer, Two-Channel Ceramic, for Stereo 

Phonograph Cartridges: AU Jul-Aug 96 
Transfer Function, Time-Response Charac-

teristics of a System as Determined by its: 
CT Jun 163 

Transformers: 
Cascaded Quarter-Wave, Tables for: MTT 
Apr 233 

Comparison of Thin Tape and Wire Wind-
ings for: CP Jun 49; Correc: CP Dec 
273 

Materials Development, Influence on De-
sign: CP Sep 201 

Nanosecond Pulse: NS Mar 26 
Weissflock Theorem, Analogy to Ideal 

Attenuator: MTT Oct 473 
Transforms, Application of MeIlin and Hankel, 

to Time-Varying Networks: CT Jun 197 
Transient: 

Analysis of Junction Transistors: ED 
Jan 90 

Response, Determining from Frequency 
Response of Linear Systems: AC Nov 
55 

Response, FM, Computation of: CT Sep 
323 

Voltages, Effect on Transistors: ED Jan 79 
Representation by Series of Orthogonal 

Functions; CT Dec 351 
Transistors: 

Alloy-Diffuse Silicon For Fast Switching: 
ED Apr 169 

Amplifier, Unilateralized: AU Mar-Apr 36 
Applications, Bias Considerations in: VC 
Apr 7 

Audio Amplifier, Two-Watt: AU Sep-
Oct 125 

Automobile Receiver Employing Drift 
Transistors: BTR Dec 38 

Automobile Receiver Front End Design: 
BTR Dec 31 

for Cardiac Conduction System: ME Mar 
36 

Collector-Voltage-Saturation Region: ED 
Apr 141 

Current Gain with Arbitrary Doping: ED 
Jan 1 

Cylindrical Field Effect: ED Oct 442 
DC Amplification Factor of Junction: ED 
Apr 162 

Effect of Transient Voltages on: ED Jan 
79 

in FM Receivers, Drift: BTR Jan 13 
High-Level Operation and Transport 

Capacitance: ED Apr 174 
High Speed Germanium Alloy: ED Jul 311 
IF Amplifiers for TV Receivers: BTR 
May 25 

Logic Circuits, Resistance-Coupled, DC 
Design of: CT Sep 304 

Logic, Integrated Devices Using Direct-
Coupled Unipolar: EC Jun 98 

on Military Electronics Design, Impact 
of: PT Aug 28 

Mobile, Interference Caused by Inter-
modulation Products Generated In: 
VC Sep 16 

A New Era in Communications Through: 
VC Apr 35 

Nonlinear Temperature-Compensating 
Devices for: AU Sep-Oct 134 

Pulse Circuits for 160 MC Clock Rates: 
EC Dec 432 

RC Amplifiers, Design of: AU Jan-Feb 22 
Surface Effects on Input Voltage and Re-

sistance of Junction: ED Apr 154 
Switch Solid-State Power Relay, The: 
NS Jun 69 

Temperature Analysis for Differential 
Amplifiers: I Dec 82 

Transient Analysis of Junction: ED Jan 
90 

Vertical Deflection Output and Driver 
Stages: BTR May 7 

Transistorized: 
Broadcast Receivers, Improvements in 

Detection, Gain-Control and Audio-
Driver Circuits of: BTR Dec 46 

Class " B" Vertical Deflection System: BTR 
Dec 20 

Linear Pulse Amplifiers: NS Jun 57 
Log-Period Amplifier: NS Jun 53 
Power Supplies for Higher Input Voltages: 
VC Apr 54 

Reactor Instrumentation and Protective 
Circuits: NS Jun 42 

Selector Device for Mobile Telephone: 
VC Apr 71 

Transmission Characteristics of a Guide: AP 
Dec S183 

Transmission Coefficient from a Transmitting 
to a Receiving System, Theorems on: AP 
Dec S118 

Transmission Line Chart, Logarithmic: MTT 
Apr 277 

Transmission Lines, Dielectric Loaded, Non-
reciprocity in: MTT Jan 23 

Transmission Lines, Strip, and Waveguide 
Multiplexers: MTT Oct 475 

Transmission Lines, Two-Wire, Dipole An-
tenna Coupled to: AP Oct 386 

Transmission Media, Communications, Com-
parative Evaluation of: CS Dec 230 

Transmission, Steady-State, through a Net-
work Containing a Single Time-Varying 
Element: CT Sep 244 

Transmission, Surface Wave, O-Guide and 
X-Guide: MTT Jul 366 

Transmission of TE 01 Wave in Helix Wave-
guides: MTT Jul 370 

Transmission, Tropospheric Extended-Range 
Status of: AP Oct 439 

Transmission, Voice Frequency Wire Line, 
Time-Sequential System for: CS Sep 180 

Transmitters, Microwave, Measurement of 
Harmonic Power Generated by: \ITT Jan 
116 

Transportation Lag Bibliography: AC May 56 
Traveling-Wave Antenna, Cylindrical, Design: 
AP Jan 74 

Traveling-Wave Tubes: 
Gun and Focusing System for Crossed-

Field: ED Jan 18 
Large Signal Bunching of Electron Beams: 
ED Oct 365 

Megawatt Space-Harmonic: ED Jan 48 
Strapped Bifilar Helices for: ED Jan 106 
Efficient Degradation Due to Power Ab-

sorbed in an Attenuator: ED Jan 6 
Trees, How to Grow Your Own, from Cut-

Set or Tie-Set Matrices: CT May 110; IT 
May 110 

Trigonometric Computing Technique, 
CORDIC: EC Sep 330 

Triode Network Topology: CT Jun 188 
Triodes, Junction, Maximum Switchable Pow-

er Density in: ED Jul 322 
Triodes, Large-Signal Theory of UHF Power: 
ED Jan 35 

Tropospheric Extended-Range Transmission, 
Status of: AP Oct 439 

Tropospheric Propagation Beyond the Radio 
Horizon, Diffraction Theory of: AP Jul 261, 
268 

Tubes: 
Argon Noise Source, at S- Band: MTT Jul 

395 
Glow Counting, Read-Out Technique: 
EC Sep 317 

Low-Plate-Potential, Performance of: VC 
Sep 83 

Miniature, in Class C Circuits: VC Apr 58 
Twistor, Electrodeposited, and Bit Wire Com-

ponents: EC Dec 465 
Twistor Memory Device: CP Mar 42 
Two-Ports, Absolutely Stable, Power Theorem 

on: CT Jun 159 
Two-Port Terminations for Maximum Power 

Gain: CT Dec 390 

Ultrasonics: 
Atomization of Liquids: UE Feb 6 
Cleaner for Hypodermic Needles: UE 
Feb 3 

Flowmeters: ME Dec 195 
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Flowmeters, Design Considerations for: 
ME Dec 198 

Flowmeters, Discussion of: ME Dec 202 
Flowmeter, Pulsed: ME Dec 204 
Metal Fusion-Joining Processes: PT Jun 

28 
Microphone, High Sensitivity: BTR Dec 

64 
Transmission Through Living 11 uman 
Thorax: ME Sep 141 

Ultraviolet Flying-Spot Television Microscope: 
ME Sep 186 

Ultraviolet Television Microscopy, Time 
Lapse: ME Jun 68 

Underwater Communication System: CS Dec 
249 

University-Industry Cooperation in Research: 
EM Mar 12 

URSI Report on Antennas and Waveguides 
and Bibliography: AP Jan 87 

U.S.A. Microwave Advances in 1958: MTT 
Jul 308 

V 
Vanderberg Air Force Base, Instrumentaion 
and Range Safety System for: SET Mar 14 

Variable Parameter Elements, Properties of 
Propagating Structures with: EC Sep 307 

Vector Quantities, Automatic Control of: AC 
May 21 

Vehicular Communication, Future of: VC Apr 
27 

Vehicular Communication for Railroads: VC 
Apr 62 

Vehicular Communications, Meeting the De-
mands for: VC Sep 1 

Velocity Meter Control Synthesis, Pendulous: 
AC Dec 60 

Velocity Probe, Isothermal Blood Flow: ME 
Dec 283 

Velocity Probe for Sensing Pulsatile Blood 
Flow: ME Dec 286 

Venus, Three-Dimensional Trajectory to: MIL 
Oct 149 

Vertical Synchronization, Improving: BTR 
May 18 

Vibration, Distributed Parameter, with Struc-
tural Damping and Noise Excitation: EC 
Jun 197 

Vibrations and Dynamics, Airborne System 
Mathematical Prediction of: PT Jun 11 

Vibration of a Structure, Operational Analog 
Simulation of: EC Sep 381 

Video Tape: 
Automatic Control Equipment at NBC: 
BC Feb 5 

Cueing Methods: BC Feb 26 
Facilities, CBS: BC Feb 14 
Operational Experiences: BC Feb 22 
Production Problems: BC Feb 24 
Recorder Operation, Economics of: BC 
Feb 25 

Virtual Height, Measurement of: AP Jan 11 
Vision, Neural Interaction in the Eye, and Its 

Relation to: ME Jun 84 
Voice Frequency Wire Line Transmission, 

Time-Sequential System for: CS Sep 180 
Voltage Standing Wave Ratio Responses for 
Microwave Reflection Coefficient Measure-
ments: MTT Jul 346 

Voltmeter for Signal Generator Attenuator 
Calibration: I Mar 22 

Waveform, Signal, Estimation of: IT Jun 86 
Wave Functions, Rectangular: I Dec 112 
Wa veguides: 

Anisotropic, Discontinuity Problem at the 
Input to: AP Dec S261 

and Cavities with Inhomogeneous Aniso-
tropic Media: MTT Oct 441 

Circulators, Synthesis of: MTT Apr 238 
Containing Ferrites, Circular Cylindrical, 

Propagation Constants of: MTT Jul 337 
Coupler, Optimum Multi-Branch, Design 

of: MTT Oct 466 
Dielectric-Loaded, Propagation in: MTT 
Apr 202 

Discontinuities, Measurement of: MTT 
Jan 102 

Far Fields Excited by Point Sources in: 
MTT Apr 282 

Ferrite High-Power Effects in: MTT Jan 
11 

Ferrite Loaded, Transverse Electric Field 
Distributions in: MTT Jul 390 

Filter, Evacuated, for Radar: MTT Jan 
154 

Filters, Hybrid Junction-Cutoff: MTT 
Jan 163 

Filter for Suppressing Spurious Transmis-
sion from S-Band Radar, Correction to: 
NUT Jul 369 

Finite Range Wiener-Hopf Integral Equa-
tion: AP Dec S244 

Helix, Transmission of TE ot Wave in: 
MTT Jul 370 

Junctions, Symmetrical, Asymmetry Pa-
rameters for: MTT Oct 430 

Modes in, Partially Filled with Ferrite: 
AP Dec S471 

Multiplexers, Strip Transmission Line 
and: MTT Oct 475 

Network Representations of Obstacles in: 
MTT Apr 213 

Nonuniform, Spurious Mode Generation 
in: MTT Jul 379 

Parallel Plate, Launching Surface Waves 
by: AP Oct 359 

Partially Filled with Dielectric, Propaga-
tion Constants in: MTT Apr 294 

Quadruply-Ridged, Ferrite Rotators Us-
ing: MTT Jan 38 

Rectangular, Closely-Spaced Transverse 
Slots in: AP Oct 335 

Rectangular, Design of Double Tapers in: 
MTT Jul 374 

Rectangular, Leaky Wave Antennas: AP 
Oct 307 

Serrated Ridge: MTT Jan 142 
Tapered Rectangular, Reflection of: MTT 
Apr 192 

Tapered, Reflection Coefficient of: MTT 
Jan 175 

Trough, Periodic Structures in: MTT 
Jan 134 

Twist, Ferrite-Loaded Rectangular: MTT 
Apr 299 

URSI Report and Bibliography: AP Jan 
87 

Vector Formulations tor Field Equations 
in: MTT Apr 298 

Wedge and Septate, Attenuation in: AP 
Dec S279 

Wavelengths in Dielectric Filled Periodic 
Structures, Experimental Determination of: 
MTT Oct 480 

Waves on Interfaces: AP Dec SI40 
Weapon System Management and Systems 

Engineering: MIL Jan 4 
Weapons Systems Management: MIL Jan 19 
Weather Radars, Oscilloscope Display for: 
ANE Mar 31 

Wedges and Cone Surfaces with Varying Sur-
faces Impedance, Properties of: AP Dec 
S231 

Weissfloch Transformer Theorem and Ideal 
Attenuator, Analogy Between: MTT Oct 
473 

Western Europe, Microwave Advances in 1958: 
MTT Jul 327 

White Alice System Design and Performance: 
CS Dec 272 

Wiener Filter Theory Extended to Partly-
Sampled Systems: CT Dec 362 

Wiener-Hopf Integral Equation, Finite Range, 
and a Boundary Value Problem in a Wave-
guide: AP Dec S244 

Wiring, Printed, "Tuf-Plate Hole" for: PT 
Aug 27 

WKB Methods, Modified, for Propagation and 
Scattering of Waves: AP Dec S320 

Write Better Than You Talk: EWS Jan 15 
Writing: 

Good Article, Keys to: EWS Dec 78 
Planning Illustrations First: EWS Jun 56 
Proper Level of: EWS Jan 16 
and Speech Techniques, Study of: EWS 

Jan 12 
and Talking About Science: EWS Dec 69 
Up or Down: EWS Jan 22 

X-Guide and O-Guide Surface Wave Trans-
missirm: MTT Jul 366 

Y 

Vagi Antennas, Obtaining Maximum Gain 
From: AP Oct 379 

Vagi Structure, Phase Velocity of Propagation 
Along: AP Jul 234 

Yugoslav Machine Tool with Digital Control, 
First: IE Jul 40 

Zero Locations, Reflection Coefficient: CT 
Mar 81 

Zeros of Functions in Control System Prob-
lems: AC Dec 197 

Zeros of Reflection and Transmission in a Cas-
cade of Losslee Two-Terminal-Pair Net-
works: CT Sep 282 

Z-Transform Method, Optimization of the 
Adaptive Function by: AC Dec 172 

Zobel Stop and Pass Bands Reciprocal Two 
Port Network, Extension of: MTT Jul 392 
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Sample cell used at the IBM Watson Laboratory for studies of the self-diffusion of quantum liquids. 

Studying Quantum Liquids to Observe Nuclear Theory 

Atomic nuclei are dense systems composed 
of identical particles which obey Fermi-
Dirac statistics. Using these statistics, 
scientists have computed the theoretical 
behavior of the particles which compose 
heavy nuclei. 

Helium3, a quantum liquid, provides 
scientists with an extremely convenient 
model of this nuclear matter — a model 
readily accessible to research. A cryogenic 
liquid. 11e3 permits the investigation of 
quantum effects. This makes it possible to 
compare nuclear behavior with theoretical 
predictions. 

Research in quantum liquids is being 

done at the IBM Watson Laboratory at 
Columbia University. Direct spin-echa 
measurements of diffusion and nuclear re-
laxation were made on He3 atoms in the 
pure liquid, and also in dilute solutions of 
He3 in He4 . Measurements were made ir. 
the temperature range 0.5°K to 4.2°K, 
at pressures up to 67 atmospheres. 
Experiments on the pure auantum 

liquid revealed diffnsion persisting to the 
lowest temperatures. However, it was 
apparent that the diffusion was not ther-
mally activated as in an ordinary liqui0. 
or in a gas. Diffusion persisted for two rea-
sons: ( 1) because of the zero-point energ. 

of the atoms, and (2), because of the 
atoms' long wave length as compared 
with the thickness of the potential bar-
riers which inhibited their motion. The 
results of the experiments on dilute solu-
tions of He3 in He4, in accord with ex-
pectations, showed that the He3 diffusion 
coefficient increased rapidly with decreas-
ing temperature. 

This study will help to increase our 
understanding of quantum systems, and 
consequently. help to increase our famili-
arity with nuclear matter. 

IBM RESEARCH 
Investigate the many career.apportunities available in excit ing new fields at IBM. 

International Busine•es Machines Corporation, Dept. 6.15P, 590 Madison Avenue, New York 22, New York 
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Studying Quantum Liquids to Observe Nuclear Theory 

Atomic nuclei are dense systems composed 
of identical particles which obey Fermi-
Dirac statistics. Using these statistics, 
scientists have computed the theoretical 
behavior of the particles which compose 
heavy nuclei. 

Helium3, a quantum liquid, provides 
scientists with an extremely convenient 
model of this nuclear matter — a model 
readily accessible to research. A cryogenic 
liquid, He3 permits the investigation of 
quantum effects. This makes it possible to 
compare nuclear behavior with theoretical 
predictions. 

Research in quantum liquids is being 

done at the IBM Watson Laboratory at 
Columbia University. Direct spin-echo 
measurements of diffusion and nuclear re-
laxation were made on He3 atoms in the 
pure liquid, and also in dilute solutions of 
He3 in He4. Measurements were made in 
the temperature range 0.5°K to 4.2°K, 
at pressures up to 67 atmospheres. 
Experiments on the pure quantum 

liquid revealed diffusion persisting to the 
lowest temperatures. However, it was 
apparent that the diffusion was not ther-
mally activated as in an ordinary liquid, 
or in a gas. Diffusion persisted for two rea-
sons: ( 1) because of the zero-point energy 

of the atoms, and (2), because of the 
atoms' long wave length as compared 
with the thickness of the potential bar-
riers which inhibited their motion. The 
results of the experiments on dilute solu-
tions of He3 in He4, in accord with ex-
pectations, showed that the He3 diffusion 
coefficient increased rapidly with decreas-
ing temperature. 

This study will help to increase our 
understanding of quantum systems, and 
consequently, help to increase our famili-
arity with nuclear matter. 

IBM. RESEARCH 
Investigate the many career.opportunities available in exciting iictu fields at IBM. 

International Business Machines Corporation, Dept. 645P, 590 Madison Avenue, New York 22, New York 
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TRACK THIS HIGH-ENERGY 
SOURCE OF PRECISION 
ELECTRONIC STRENGTH 
FOR YOUR SYSTEM 
DEVELOPMENT NEEDS 
The symbol... GP. The name... General Precision, Inc. The meaning...oppor-

tunities for high-energy aid to the fulfillment of your system development 

plans. Facilities, personnel, capabilities, management...the strength of four 

companies with high reputations in their respective fields. GPL: KEARFOTT: 

LIBRASCOPE: LINK: Air traffic control system, communications, navigation 

systems, components, inertial guidance, test equipment, digital and analog com-

puting systems, controls, instruments, flight training devices and simulators, 

ground support systems, doppler systems and television systems. Keep GP in 

your view for technical and corporate planning. Write for facilities and capabil-

ities brochure. GENERAL PRECISION, 

INC., 92 Gold Street, New York 38, N.Y. 

Affiliates, licensees in Canada, France, 

Italy, Japan, U. K. and West Germany. 

GPL • KEARFOTT • LIBRASCOPE • LINK 

% IV 
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DEAD END 
FOR STRAY POWER... 

New rotary shutter for S-Band 
extends reliable standby protection to RG 481 LI 

waveguide systems. 
Microwave Associates' new MA-788 
rotary shutter puts up an effective sec-
ondary barrier to high level signals . . . 
forms an important element in the guar-
anteed crystal protection offered by 
Microwave's complete duplexing units. 

NOW SIX SHUTTERS AVAILABLE 

Six magnetically operated rotary shut-
ters for S, X, Ku and Ka bands are now 
in our line and are charted below. They 
form the best-yet supplementary protec-
tion against crystal damage when radar 

system is inoperative. They may also be 
used as on- off waveguide switches for 
low power applications. In the closed 
position they create a dead end short 
circuit across the waveguide, reflecting 
essentially all the incident power. 

COMPLETE DUPLEXERS OR SEPARATE SHUTTERS 

They're available as separate units sup-
plied to fit your system or as components 
in complete duplexers carrying guaran-
teed crystal protection for life... at full 
rated power and elevated temperatures. 

SIP ECIFICAT1ONS 

Band Type Frequency kMc 
Isolation 

(Closed position) 
Insertion Loss 
(Open position) 

VSWR 
(Open position) 

S 
X 
X 
Ku 
Ku 
Ka 

MA-788 
MA-710 
MA-750 
MA-760 
MA-776' 
MA-761 

2.7-3.1 kMc 
8.5-9.6 kMc 
8.5-9.6 kMc 

16.0-17.0 kMc 
16.0-17.0 kMc 
33.0-36.0 kMc 

25 db min. 
30 db min. 
30 db min. 
30 db min. 
75 db min. 
28 db min. 

0.2 db max. 
0.2 db max. 
0.2 db max. 
0.2 db max. 
0.2 db max. 
0.2 db max. 

1.10 max. 
1.10 max. 
1.10 max. 
1.10 max. 
1.10 max. 
1.10 max. 

•Dual • • Tandem 
Write or call for complete data and prices to: 

MICROWAVE ASSOCIATES, INC. 
BURLINGTON, MASSACHUSETTS • BRowning 2-3000 TWX 942 

The following transfers and admissions 
have been approved and are now effec-
tive: 

Transfer to Senior Member 
Aii,lurson, J. M., Schenectady, N. Y. 
Bachmann, A. E., Bern, Switzerland 
Itaker, J. C., I.os Altos, Calif. 
Bottom, V. E., Abiline, Tex. 
Clark, C. B., Mountain View, Calif. 
Clavin, A., Calabasas, Calif. 
Draper, C. A., Washington, D. C. 
Foster, W. H., West Covina, Calif. 
l.reiberg, L., San Jose, Calif. 
i;aroff, K., Little Silver, N. J. 
George, W. D., Boulder, Colo. 
Glaser, E. L., Pasadena, Calif. 
Haas, V. B., Jr., Storrs, Conn. 
Haviland, R. P., Philadelphia, Pa. 
Higgins, W. F., Cochituate, Mass. 
Inami, F. A., Livermore, Calif. 
Jatras, S. J., Los Angeles, Calif. 
Lee, B. D., Bellaire, Tex. 
I.eone, J. M., Washington, D. C. 
Ineaume, R. H., Upton, L. I., N. Y. 

Rizzi, P. A., West Newton, Mass. 
Roehm, F. J., Endwell, N. Y. 
Simmons, A. J., Somerville, Mass. 

Smith, G. M., New York, N. Y. 
Storck, H. C., Ft. Huachuca, Ariz. 
Strother, J. A., Trenton, N. J. 
1Vebster, R. E., Orlando, Fla. 
Weinhouse, N. P., Canoga Park, Calif. 
Woodbury, E. J., Tarzana, Calif. 

Admission to Senior Member 
Atwater, H. A., University Park, Pa. 
Rabin, F. J., Paris, France 
'Sisson, E. W., Syracuse, N. Y. 
Bowser, W. S., Anaheim, Calif. 
ISrachet, C., l'aris, France 
Brooks, R. E., Winston-Salem. N. C. 
Brown, B. P.. Baldwinsville. N. Y. 
Brumbaugh, R. T. Evanston, Ill. 
Clarke, E. N., Ridgefield, Coniir. 
Easton, K. J, Ileaurepaire, Que, Canada 
Fisher, C. R., Rochester, N. Y. 
Guertler, R. J. F., Eastwood  N: S W., Australia 
Hatch, B. D., Syracuse, N. Y. 
Ileavner, W. S., Wright Patterson, AFB, Ohio 
Hudson, R. D., Jr., V1'oodland I lills, Calif. 
Johnson, C. M., Towson, Md. 
Jones, H. C., College Park, Mil. 
Krzyczkowski, R., Santa Barbara, Calif. 
Kulmke, H., Malente/Holstein, Germany 

Ouchi, A., Kawasaki-shi, Kanagawa-ken. Japan 
l'etersen, D. R., Towson, Md. 
Redden, G. W., Massapequa Park. I.. I., N. Y. 
Schloss, J. K., Fairborn, Ohio 
Shuster, R. G., Bayside, L. I., N. Y. 
Stecca, A. J., Cicero, Ill. 
Stolar, G., Newark, N. J. 
Utley, W. A., Baldwin, N. Y. 
Wood, W. A., Scarboro, Ont., Canada 

Wosnik, J., Duesseldorf, Germany 
Zaltalka, L. B., Timonium, Md. 

Transfer to Member 
Agule, G. J., Old Greenwich, Conn. 
Albert, S. L., San Diego, Calif. 
Allen, R. E., Beaconsfield, P. O.. Canada 
Amdahl, L. D., Northridge, Calif. 
Anderson, D. D., Owego, N. Y. 
Anderson, S. D., Idaho Falls, Idaho 
Anderson, W. A., Palo Alto, Calif. 
Anto, H., Don Mills, Ont., Canada 
Appleton, E. R., St. Louis, Mo. 
Arlan, L., Levittown, N. J. 
Armstrong, R. A., Owego, N. Y. 
Arnold, J. R., Los Angeles, Calif. 
Bandy, G. C., Dallas, Tex. 
Barlow, J. T., Los Angeles, Calif. 

(Continued on page 112A) 
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MOTOROLA MESA TRANSISTORS 
MOTOROLA 2 N695 MESA SWITCHING TRANSISTOR 

TINOS 

Characteristic Symbol Rating Unit 

Collector to Base Voltage VI•11 15 volts 

Collector to Emitter Voltage V, 15 volts 

Emitter to Base Voltage V, 3.5 volts 

Maximum Storage Temperature 1;T/i 100 °C 

Collector Dissipation P. 75 mw 

DC. Collector Current 1,. 50 ma 

OTHER MOTOROLA MESA TRANSISTORS INCLUDE: 
2N700 UHF Amplifier in TO- 17 package 

22N77 1 1 0151 N f Ultra High-Speed Switches in TO- 18 package 

DISTRICT OFFICES: 

BELMONT 76, MASSACHUSETTS 
efl. Cone nu, Avenue 

CUFT011. NEW 1ENSET 
J':) Bloomfield Avenue 

GR. gory 2-5300 
trans New York WI r 2980 

DETROIT 27. MICHIGAN 
13131 Lyndon Ave., 
Blinadwes 3 7171 

2N741 VHF Amplifier in TO- 18 
} package 

2N1562 
2NI561 160 MC Power Amplifier 

CHICAGO 311. SLUMPS 
5234 We t Dovnrsey Avenue 
AVenue 2-4300 

MINNEAPOUS 27, MINNESOTA 
7731 6th Avenue North 
Liberty S-2190 

HOLLYWOOD 28, CALIFORNIA 
1741 Tar AVM!! 
H011ytvood 2-01121 

SAN FRANCISCO, CALIFORNIA 
1299 Bayshore Highway 
Burl ngame 
Diamond 2-3278 

The 1,,m, stability of the 2N695 over 2,500 hours of life-
test is a vivid example of the extreme reliability of 

Motorola Mesa transistors. 

The ultra-precise processes used in the volume-production 
of the Motorola Mesa family, and the basic device design 
combine to give you the most reliable transistors yet 
available. Greater device reliability means more depend-
able circuits ... continued high-quality performance. 

FOR COMPLETE INFORMATION contact your Motorola Semi-

conductor district office. 

ISemiconductor Products Oivi,ic,re 

MOTOROLA 
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For more QUALITY 

than meets the eye . . • 
USE 

HICKORY BRAND 
Intercommunicating and 

Sound System Cables 

Manufactured from quality materials, Hickory 
Brand plastic insulated cables provide long serv-
ice life and excellent mechanical and electrical 
characteristics. 
Available in shielded and unshielded types for 
use as inter-connecting cables on electronic 
equipment, remote control circuits, special 
microphone circuits, power supply cords and 
for many other electronic applications. 
Quick termination, positive color-coding and 
small diameters insure maximum economy in 
all installations. 

Representative types: 

No. 8757-2 conductors: 20 AWG 7 x 28 

Cu. tinned .015" ins. . 185" nom. dio. 

No. 8446-6 conductors: 4-22 AWG 7 x 30 strand 

.010" ins.—plus 2 18 AWG 16 x 30 strand 

.018" ins. . 212" nom. dio. 

No. 8208-2 conductors: 18 AWG 7 x 27 copper 
tinned 

.040" ins. . 155' nom. dio. 

No. 8738-2 conductors: 22 AWG solid 

.015" ins. . 130" nom. dio. 

For more QUALITY than meets the eye . . . 
decide on Hickory Brand! 

Write for complete information on the full line of 

HICKORY BRAND 
Electronic Wires and Cables 

Manufactured by 
SUPERIOR CABLE CORPORATION, Hickory, North Carolina 

Membership 
• die 

(Continued from page 1104) 

Barylski, M. W., Silver Spring, Md. 
Beneteau, P. J., Mountain View, Calif. 
Bernhard, C. J., Cincinnati, Ohio 
Bielawa, F. R., Hyde Park, N. Y. 
Bloom, L. J., Newton Centre, Mass. 
Brahan, J. W., Eastview, Ont., Canada 
Brinkerhoff, D. E., Kokomo, Ind. 
Brown, H. C., Kings Co., Nova Scotia, Canada 
Brown, W. J., St. Remy, N. Y. 
Brownell, F. P., Jr., Logan, Utah 
Carl, W. L., Decatur, Ala. 
Carson, D. N., Murray Hill, N. Y. 
Chevli, N. A., Syracuse, N. Y. 
Chick, R. F., Jeannette, Pa. 
Chidambaram, R., Bangalore, India 
Clark, R. G., Pittsburgh, Pa. 
Coniber, G. A., Memphis, N. Y. 
Cutler, E. C., Jr., West Point, N. Y. 
Dahlberg, A. W., Binghamton, N. Y. 
De Busk, W. H., El Paso, Tex. 
Degan, J. J., New Brunswick, N. J. 
Dobberstein, E. A., Kingston, N. Y. 
Dobberstein, R. H., Cheyenne, Wyo. 
Dorn, R. J., Whippany, N. J. 
Drogin, E. M., North Merrick, L. I., N. Y 
Edgerton, J. F., Kingston, N. Y. 
Elkin, H. S., Torrance, Calif. 
Fang, J-C., Camden, N. J. 
Fiden, W. H., Woodland Hills, Calif. 
Finch, J. B., Bethesda, Md. 
Fraleigh, R. V., Hopkinton, Mass. 
Gantt, E. D., Everett, Mass. 
Gillette, A. J., Jr., San Diego, Calif. 
Glenn, H. L., Owego, N. Y. 
Goodlow, R. R., Baltimore, Md. 
Guckenheimer, E., Syracuse, N. Y. 
Hanlon, E. G., Houston, Tex. 
Harker, K. J., Stanford, Calif. 
Heijboer, R. J., Eindhoven, Holland 
Helmer, R. J., Austin, Tex. 
Hill, D. L., Roswell, N.M. 
Holland, J. E., Rolling Hills, Calif. 
Hwang, Y-C., Liverpool, N. Y. 
Inskeep, J. Z., Lancaster, Calif. 
Johnson, K. R., Cambridge, Mass. 
Johnson, R. R., Seattle, Wash. 
Kemp, J. R., Moncton, N. B., Canada 
Kennedy, C. L., Jr., Richardson, Tex. 
Kessinger, H. E., Sharon, Mass. 
King, E. E., Riverhead, L. I., N. Y. 
Kramer, H., Oceanside, L. I., N. Y. 
Krebs, R. O., Falls Church, Va. 
Lehmann, W. K., Amsterdam, Netherlands 
Le Veau, C. G., Cupertino, Calif. 
Lewis, K. E., Anaheim, Calif. 

Linder, H. S., Baltimore, Md. 
Macken, D. R., Rapid City, S. D. 
Malang, A. W., Bayside, L. I., N. Y. 
Malme, C. 1., Jr., Cambridge, Mass. 
Mansfield, K. I., South Bend, Ind. 
Marcinko, A. M., Fort Wayne, Ind. 
Martin, G. L., Glendale, Ariz. 
Mason, P. R., Jr., Johnson City, N. Y. 
Mathews, M. V., Murray Hill, N. J. 
McCann, G. R., Jr., Dayton, Ohio 
McIntyre, B. J., Bells Corners, Ont., Canada 
Meyer, R. B., Dallas, Tex. 
Moseley, S. V., St. Johns, Nfld., Canada 
Neumann, H. D., Brookline, Mass. 
Norsell, P. E., Manhattan Beach. Calif. 
Oken, S.. Plainview, I.. I., N. Y. 
Otey, C. A., Nashua, N. H. 

Padgett, W. J., Cicero, Ill. 
Pecina R. G., Elizabeth, N. J. 
Peters, G. J., Wayne. N. J. 
Pierce, J. A., Westmont, N. J. 
Pike, N., North Plainfield, N. J. 
Piscatello, D. J. Tooyhanna, Pa. 
Plouffe, R. H., Wellesley, Mass. 
Poe, H. E., Cape Girardeau, Mo. 

(Continued on page 133A) 
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"FADE-OUT" PAPER D Have your representative call at my office to discuss special 
applications for my particular needs. 

CLEARPRINT 
FORMS, CHARTS and GRAPHS 

SAVE YOU TIME AND MONEY 

Easier on the eyes 

Designed for rapid, accurate use 

Erase without ghosting 

Make faster, sharper reproductions 

Clearprint Forms, Charts and Graphs 
are now printed on #1015 Watermarked 
Clearprint...America's leading technical 
paper. The accurately printed soft brown 
lines are now printed on the back en-
abling you to erase and erase without 
disturbing them. Easy on the eyes and 
ideal for ready plotting and photogra-
phic prints. Clearprint will not become 
yellow, brittle or opaque with age. 

12 

T 

TECHNICAL PAPER 

FORMS • CHARTS • GRAPHS 

"PRE-PRINT" PAPER 
T 

THERE IS NO SUBSTITUTE 
Clearprint is Watermarked For Your Protection 

MUMMUMUMBIll 
MINIUMBOMMIBM 
UMUMBOMMUMBB 
MMIIMMBUIMUM 
IIMIIMMUMMMM 
immummem 

 mimmemmumm 
gmeginemma 
mmemmumme 
•......m..a.n 
nammemeggm 
emmummilm 

  ummum 
MUMMOMUMM 
IMBRIUM mmememman 
miumummg_ 
immummummia 
umnimmimm 

  immummen 

L CROSS-SECTION FORMS 

2. MATHEMATICAL FORMS 

3. LOGARITHMIC FORMS 

4. TIME PERIOD FORMS 

Clearprint is watermarked 
for your protection. Look 
for the watermark. 

Special graphs and forms 
can be made up on short 
notice providing quantities 
are large enough to make 
special plates. 

Write now for samples, 
sizes and prices. 

CLEARPRINT PAPER CO. 
1482 - 67th Street, Emeryville, Calif. 

D Send me Clearprint samples, with prices, for the following uses: 

IRE-358 

Name 

Firm_  

Add ress  

City 7.one_State  
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NOW for L-Band 

Small-size, light-weight 

Tunable Magnetrons 

power output, high 

ENEMY 
RADAR 
SIGNAL 

JAMMING 

SIGNAL 

TWO POSSIBLE VTIVI APPLICATIONS 

VTM 
LOCAL 

OSCILLATOR 

COUNTER-MEASURE SYSTEM 

RECEIVER 

AND MIXER 

HIGH POWER 

MICROWAVE 

AMPLIFIER 

1 HIGH FREQUENCY 

SWEEP 

GENERATOR 

DISCRIMINATOR 

V T M 
DRIVER 

FREQUENCY 

SENSING 

UNIT 

FREQUENCY 

CONTROL 

UNIT 

RECEIVER 

AND MIXER 

DUPLEXER 

ANTENNA 

1 11, TRANSeeTTED 

SIGNAL 

f f 

EARTH 

REFLECTED 

SIGNAL 

1 FREQUENCY 
DISCRIMINATOR 

DIRECTIONAL _ vTm 
COUPLER 

. OUTPUT 
TRANSMITTER 

D. LOCAL 
OSCILLATOR 

ALTITUDE 

DISPLAY 

UNIT 

SWEEP 

GENERATOR 

ALTIMETER APPLICATION 

1 14A WHEN WRITING TO ADVERTISERS PLEASE MENTION-PROCEEDINGS OF THE IRE April, 1960 



as well as S-Band. 

General Electric Voltage-

oscillate with uniform 

efficiency, linear tuning. 
New L-Band VTM . . . 1000-2300 MCS 

Features which make the new Z-5405 particularly 
valuable in equipments like sophisticated radar: 

Linear Tuning. Permits designing simpler circuitry to 
use information generated. 

High Efficiency. Eliminates need for forced air-cooling. 
Also reduces battery load, therefore 
lengthens battery life. 

Uniform Power Spectrum. Assures driving traveling 
ave tubes at optimum conditions. 

Smallest in Size, Lightest in Weight, Higher Power 

Output. Aids in design of compact, 
light-weight equipments. 

Progress /s Our Most /mporiant Product 

GENERAL ELECTRIC 

3 lbs.... Shown 1/4 Size 

Phone your nearest General Electric 

Power Tube Department office for 

samples and application assistance. 

Schenectady, New York 

FRanklin 4-2211 

Chicago, Illinois 

SPrIng 7-1600 

Clifton, New Jersey 

GRegory 3-6387 

Dayton, Ohio 

BAldwin 3-7151 

Los Angeles, Calif. 

BRadshaw 2-8566 

Newtonville, Mass. 

WOodward 9-9422 

Washington, D. C. 

EXecutive 3-3600 
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CRYSTAL 
FILTERS 

Within three years Hermes 

Electronics ( 7o. has become the 

nation's leading producer of fre-

quency selective devices uti-

lizing piezoelectric crystal res-

onators. The growing demand 

for crystal filters and related 

devices has created a number of 

career opportunities for: Circuit 

Design Engineers, Crystal 

Physicists, and Network Theory 

Specialists. 

Hermes Electronics Co. is a 

unique organization where re-

sponsibility and initiative are 

encouraged. Here you will also 

find the stimulation and en-

vironment of a young and grow-

ing company. Your association 

will be with staff members who 

are in the vanguard of many of 

today's rapidly expanding tech-

nical frontiers. 

Salaries and other benefits are 

comparable to those of major 

research and development or-

ganizations. The company's lo-

cation in Cambridge, Mass. 

affords unequaled cultural, liv-

ing, and recreation facilities. 

Liberal educational benefits are 

allowed for graduate study at 

leading universities in this area. 

Interested scientists and engi-
neers are invited to address in-
quiries to: Mr. E. E. Landefeld, 
Personnel Director. 

Ltc r 1111E s 
UICiCt F()u1i(S CtUl. 

75 CAMBRIDGE PARKWAY 

CAMBRIDGE 42, MASSACHUSETTS 

Positions 
III 

Open 

The following positions of interest to 
IRE members have been reported as 
open. Apply in writing, addressing reply 
to company mentioned or to Box No..... 

The Institute reserves the right to refuse any 
announcement without giving a reason for 
the refusal. 

Proceedings of the IRE 

I East 79th St., New York 21, N.Y. 

ELECTRONIC ENGINEER 

Young Electronic Engineer, experienced in 
circuit design, to work as assistant to one of the 
outstanding engineers in the country in the de-
sign and development of precision analog equip-
ment. This is once-in-a-career opportunity for the 
right individual to learn from one who has, over 
the past 15 years, established a proven record 
of accomplishment in the analog field. Apply 
Migo Electronic Corp., 7620 N.W. 36th Ave., 
Miami 47, Florida. 

STAFF OPENINGS—ELECTRICAL 

ENGINEERING DEPT. 

Staff openings for September 1960 in Electrical 
Engineering Dept. Mostly undergraduate instruc-
tion. Attractive salary, living conditions. Recrea-
tion center of the West. Correspondence invited. 
I. J. Sandorf, Chairman, Dept. of E.E., Univer-
sity of Nevada, Reno, Nevada. 

PROFESSOR 

The University of Alaska has an opening for 
an Assistant Professor of Electrical Engineering 

—to teach and do research on the ionosphere, the 
aurora, or on problems in communications or 
power in the North. Industrial experience or ad-
vanced degree required. Write Airmail to Dept. 
Of E.E., University of Alaska, Box 497, College, 
Alaska. 

RESEARCH ENGINEER 

Engineering or Physics degree. 5-10 years ex-
perience in inertial guidance systems and/or com-
ponents. Aid in developing concepts of advanced 
guidance systems and in promulgating written 
and verbal communications on the subject to other 
groups in allied fields. Send resume to G. A. 
Nesbet, Litton Industries, Beverly Hills, Calif. 

RESEARCH SCIENTIST 

Physics degree, advanced preferable. Experi-
enced in thermodynamics, cyrogenics, vacuum 
technology, optics. Aid in developing space stimu-
lation techniques. Send resume to G. A. Nesbet, 
Litton Industries, Beverly Hills, Calif. 

ENGINEERING EDITOR 

Young engineer with an interest in technical 
publications work has an excellent opportunity 
for a permanent position on the IRE headquar-
ters staff as assistant to the Managing Editor. 
Send resume to E. E. Gannett, Managing Editor, 

Institute of Radio Engineers, I East 79 Street, 
New York 21, N. Y. 

TEACHING POSITION 

Expanding, recently organized dept. with a 
modern science-oriented curriculum, seeks a well-
qualified person who is interested primarily in 
teaching. Advanced degree required. This is an 
unusually attractive position for the right in-
dividual. 12 month salary assured, if desired 
for approximately 10!', months service. Possible 
to have every other summer off while earning 
full salary. Salary range is approximately 

(Cneirinned on rage 

COMPUTER SYSTEMS SUPERVISOR 
We are seeking an engineer with a record of outstanding achievement 
in research and development to direct the activities of our Computer 
Systems Section. As supervisor of this important activity, you will have 
the opportunity to develop research programs of greatest appeal to 
you and your staff in the following areas: 

Analysis of Components and Systems 
Advanced Development 

Digital System Organization 
Logic 
Storage 
Input/Output 

Self-Organizing Systems 

As a Foundation staff member you will be joining a mature, independent 
research organization with a staff of over 600 engineers and scientists 
contributing to a wide variety of military and industrial research 
programs. 

You will receive a competitive salary plus liberal insurance and retire-
ment benefits in addition to four weeks vacation after one full calendar 
year of service. Our location in a major midwestern city offers excellent 
cultural and recreational opportunities. 

If this is the unusual professional opportunity you have been looking for, 
reply in confidence to: 

A. J. Paneral 
Armour Research Foundation 

of Illinois Institute of Technology 
10 West 35th Street 
Chicago 16, Illinois 
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SHAPE 
OF PROGRESS 

The principles of spectral energy distribution of the 
radiation from a black body, announced by Max 
Planck in 1900, were of intense interest to the theo-
retical physicists of the day. Since then, these prin-
ciples have paved the way for major advances in 
marine navigation and radio astronomy. For ex-
ample, Collins new Radio Sextant pictured here is 
capable of continuously tracking the sun or the 
moon under any weather conditions, furnishing both 
the ship's location and heading with high precision. 

\lax Planck's work was done in an atmosphere of 
unrestricted scientific freedom. Such an atmosphere 
is provided in Collins Radio Company Research lab-
oratories for physicists, mathematicians and engi-
neers engaged in basic research. These are men 
capable of looking beyond man's present limitations, 
with the ability and ambition to analyze man's prog-
ress and envision his future environment. To further 
implement the advancement of scientific knowledge 
at Collins, with the resultant development of new 
technologies, unique professional opportunities are 
now being offered in the fields of radio astronomy, 
circuits, advanced systems, antennas and propaga-
tion, mechanical sciences and mathematics. Your 
inquiry is invited. 

COLLINS RADIO COMPANY • CEDAR 

COLLINSE— 

RAPIDS. IOWA • DALLAS. TEXAS • BURBANK. CALIFORNIA 



ENGINEERS 

--

NOW—CHOOSE YOUR ASSIGNMENT 
AND LOCATION THROUGH OUR 

NATION-WIDE PLACEMENT SERVICE 

SALARIES $7,500 TO $18,000 

We can offer you a large selection of diversified 
positions with America's foremost electronic organi-
zations. Some positions for non-citizens. 

The following are just o few of a large number of 
desirable opportunities. 

SR. ENGR.—DIGITAL COMPUTERS— 

Exp. required in systems, logical 

design, packaging, system integra-

tion or pulse circuitry. To $ 15,000 

FLIGHT TEST EVALUATION—Sr. Opp. 

in Ground & Flight Test on data 

links, precision transducers, tele. 

metering equipment, power supplies, 

circuit monitors and impedance 

matching units. To $ 15,000 

RF ANTENNA—Proj. Engr. $ 15,000 

INFRA RED—Proj. Engr. $15,000 

CIRCUIT DESIGNERS — 2-5 years 

Transistor experience. $ 11,000 

ADVANCED SYSTEM DEVELOPMENT 

—Supervisory position in digital 

computer, fire control or missile 

guidance development. To $ 17,000 

PHYSICIST Phd.—Nuclear experi-

ence pertaining to radiation from 

propulsion units—unusual opportu-

nity. To $ 18,000 

PROJECT LEADER—Antenna Pedes-

tals. $ 13,000 

SR. ENGINEER—DEVELOP Airborne & 

spaceborne communications systems. 

$15,000 

Just tell us what you would like to do and where you would like to locate, 
and we will handle everything for you without cost or obligation. 

LOCATION DESIRED POSITION DESIRED 

El New England 
D Northern East Coast 
D Southern East Coast 
D Midwest 
D Southwest 
EJ West Coast 

D Systems 
Radar 

El Transistors 
El Tubes 
LI TV Receivers 
LI Microwave 

Anal. Computers 
D Dig. Computers 
D Antenna 

D Servo-Mechanisms 
D Navigation 
D Counter Measures 

Telemetering 
EJ Nucleonics 
EJ Ind'I. Instruments 
D Components 
D Circuit Design 

WHAT SATISFIED ENGINEERS SAY: 

Dear Mr. Brisk: 
This is to advise you j have accepted 

employment with  Company 
as a project leader at $15,000. 

Your service bas been a real help to 
me, for I am sure I could not have found 
this unusual opening by myself. 

Thank you. 
H.M.P. 

Dear Mr. Brisk: 
I have today advised Com-

pany that I would be Pleased to accept 
their offer. I start August Is: as a senior 
engineer at $ 13,000. 
The opportunity is one of the most 

outstanding I bave seen. 

A National Electronic Placement Service Established in 1937. 
You ore assured of prompt and completely confidential service by 

forwarding three resumes to HARRY L. BRISK, (Member IRE) 

ccredited ersonnel ervice 
Employment Counselors Since 1937 

Department A 

12 South 12th St., Philadelphia 7, Penna. 

aem 

WAInut 2-4460 

Positions , 

Open 
11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111!11111111111101111 

(Continued from page 116A) 

$6,000 to $8,000. Private, medium-sized university 
in midwest. Send complete resume to Box 2011. 

ENGINEER 

Electronics Research and Development Lab. 
needs man with experience in transistor-circuit 
development. Position carries opportunity to 
study for advanced degrees in Physics or Engi-
neering. Salary consistent with training and 
experience. Applicants will be required to have 
BS. degree or better in Physics or Engineering 
to qualify. For more details write Research 
Foundation, Oklahoma State University, Still-
water, Okla., or call R. F. Buck, FRontier 
2-6211, Ext. 579, after 5 P.M. or holidays call 
FRontier 2-8480. 

ELECTRICAL ENGINEERS 

University appointments Electrical Engineer-
ing. Three openings including the Chair in Elec-
trical Engineering in new Faculty of Applied 
Science with opportunity for advancement and 
research. Attractive salary schedule. New build-
ing under construction. Ph.D. or Master's degree 
desirable. Apply to F. A. DeMarco, Principal, 
Essex College, Windsor, Ontario. 

TEACHING POSITION 

Expansion of graduate work in E.E. at Syra-
cuse University has created several opening at 
the Assistant and Associate Professorial ranks. 
Except in very unusual circumstances, appli-
cants should have a Doctorate in E.E. or a 
closely allied field. Opportunities exist for com-
bination of teaching and research during the 
academic year, and for summer employment on 
research. Teaching is primarily at the graduate 

level. Salary depends on experience, but in most 
cases the yearly salary ( for 11 months work) 
is reasonably competitive with industry. Write to 
Dr. W. R. LePage, Chairman, Dept. of E.E., 

Syracuse University, Syracuse 10, New York. 

ASSOCIATE OR ASSISTANT PROFESSOR 

Expert in field of semiconductors. Ph.D. is 
minimum requirement, applicant must have some 
teaching experience. Academic rank and salary 
dependent on demonstrated ability and over-all 
experience. The man in this position will divide 
his tinte between teaching and research. Ap-
pointment begins Sept. 1960. Write, including 
resume to W. R. Beam, Head, E.E. Dept., 

Rensselaer Polytechnic Institute, Troy, N. Y. 

EDITOR 

Scientific book publisher needs radio engineer 
to plan and develop new books. Publishing ex-
perience desirable. Write in detail. State salary. 

Box 2012. 

ENGINEERS 

Major firm seeking ( 1) Section leader, Elec-
tromechanical design, ( 2) Section leader, test-
ing and reliability, knowledge of Military ac-
ceptance testing, ( 3) Manufacturing engineers, 
knowledge of standards, process and tool engi-
neering for electromechanical display equipment. 
Top future positions. Benefit programs. Salaries 
$8.000-$15,000. Contact Mr. W. Hart, Witty-
Polon Management Con ,iiitants, 176 East 75 
St., New York 21, N. Y. Telephone: Lehigh 
5-4222. 

INSTRUCTOR AND ASSISTANT 
PROFESSOR 

For those interested in teaching fundamental 
electrical & electronic subjects. Opening for fall 
semester beginning Sept. 1960. Salary depends 

(Continued On page 120A) 
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LIS E 
To the Westinghouse-Baltimore Story 

Before you make your career decision, you should hear the 

,,tory that is now unfolding at the Baltimore Divisions of 

Westinghouse. Get the facts on the exciting programs now 

under way . . . including advanced development work on 

new weapons systems with revolutionary data processing, 

antenna systems, and system synchronization. If you 

are beginning or continuing your career as an electrical 

or mechanical engineer, we would welcome the 

opportunity to give you the facts about career opportunities 

in the fol:owing fields: 

MO, 

MICROWAVE SYSTEMS 

SYSTEM SYNCHRONIZATION 

SYSTEMS RELIABILITY PREDICTION 

MOLECULAR ELECTRONICS 

ADVANCED DATA DISPLAYS 

LIAISON AND FIELD ENGINEERING 

MECHANICAL DESIGN & PACKAGING 

DIGITAL COMPUTER DESIGN 

ADVANCED ANTENNA SYSTEMS 

ADVANCED SYSTEMS AUTOMATED TEST 

TRANSMITTER AND RECEIVER SYSTEM DEVELOPMENT 

TRANSFORMER DESIGN 

Send resume to: Mr. A. M. Johnston, Dept. 279 

Westinghouse 
BALTIMORE 
P. O. Box 746 Baltimore 3, Maryland 

AIR ARM • ELECTRONICS • ORDNANCE 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
OFFERS REWARDING CAREERS IN 

OPERATIONS RESEARCH 

The M.I.T. OPERATIONS EVALUATION GROUP has since 1942 had the 

responsibility for doing operations research for the Chief of Naval Opera-

tions. This group of M.I.T. staff scientists advises the Chief of Naval Op-

erations and certain Fleet and Force commanders on a variety of complex 

operational problems susceptible to quantitative analysis. 

TO THE MAN WELL GROUNDED in the basic principles of mathematics 

or physics we offer research challenging to the imagination, professional 

advancement with a progressive organization in a fast growing field, status 

as an M.I.T. professional staff member, and an opportunity to participate 

in the M.I.T. academic research program. 

For further details write  OPERATIONS EVALUATION GROUP 

P.O. BOX 2176, POTOMAC STATION 

ALEXANDRIA, VIRGINIA 

U.S. Citizenship required 

KLYSTRON 
To electrically and mechanically 
design and develop broadband 
and super high power Klystron 
tubes. 

TRAVELING WAVE DEVICES 
To join a development team on 
high and low powered Traveling 
Wave Tubes and Carcinotrons. 

CROSSED FIELD DEVICES 
To perform advanced research 
on Crossed Field Amplifiers. 

BARRATRON' 
To carry on development work 
on this new and unique micro-
wave product. 

MAGNETRON 
To perform unique design work 
in both the CW and Pulse type 
tube areas. 

Openings exist in these product 
line areas for Junior, Intermedi-
ate, and Senior level engineers. 

MICROWAVE 

TUBE 

ENGINEERS 

If you qualify for any of 
these positions, please 
contact Mr. Thomas L. 
Fike, 960 Industrial Road, 
San Carlos, California. 

I. 

LITTON INDUSTRIES 
Electron Tube Division 

San Carlos, California 

Positions 

Open /\ 

(Continued from page 118A) 

on qualifications. New building and equipment. 
Opportunity for advancement and further study. 

9 month academic year. Part time evening ses-
sion work available. Health Insurance and Pen-

sion Plan. Senil complete resume to l'rof. I. L. 
Kosow, Dept. Head. Electrical Technology, Staten 

Island Community College, 50 Bay St., Staten 
Island 1, N. Y. 

ELECTRICAL ENGINEERING PROFESSORS 

Fast growing Engineering School in west 
coast needs 3 electronic-electrical engineers able 

to teach circuits and electronics, with a special-
ty in communications, industrial electronics or 

computers. MS. degree plus industrial experience 
is the minimum requirement; a Ph. D. is de-

sirable. Salary and rank will depend on experi-
ence. The dept. has just moved into a new 

building and needs aggressive men who wish to 
develop curricula and labs. Apply L. Crom-

well, Head, E.E. Dept., Los Angeles State Col-
lege, 5151 State College Dr., Los Angeles 32, 

Calif. 

PROFESSOR 

Assistant and/or Associate Professor of E. E. 
with interest and experience in one of the fol-

lowing areas: electromagnetic theory, information 

theory. digital computer logic and numerical 
methods, solid state. Ph.D. required, Combina-

tion of reasearch, graduate and undergraduate 
teaching. Address inquiries to Dr. C. Polk, Head 

Dept. of E.E., University of Rhode Island, King-
ston, Rhode Island. 

PROJECT ENGINEER 

Project Engineer to supervIse complete pro-

jects in design and development of automatically 
sequencing, self checking test equipment used 
to evaluate complex airborne guidance systems 
and components, as well as industrial process 

instrumentation. E.E plus 5-7 years experience. 

Kearfott Div.—General Precision, Inc. Att: P. 
Kull, 1500 Main Ave., Clifton, New Jersey. 

SENIOR ELECTRICAL ENGINEER 

E.E. degree and 8-10 years experience in-
cluding experience in electronics. Interesting 
work in conjunction with a nuclear physics re-

search program. Benefits include a reduced tui-
tion rate for the employee and free tuition for 

children of employees with 5 or more years of 
service. If interested, send cotnplete resume, in-
cluding salary expectations to J. R. Whitley, 

Employment Supervisor, University of Rochester, 

260 Crittenden Blvd., Rochester 20, N.Y. 

MEDICAL ELECTRONICS 

Biophysical Electronics, I tic. devotes its 

efforts to the design and manufacture of in-
struments assisting the physician, psychologist, 

and research scientist to meet the challenge of 
preserving and extending life. Positions are 

open for: Senior Transistor Circuit Designer, 

Sales and Office Manager and experienced Elec-
tronic Technician. Submit resume, availability 
and salary requirements in first letter to Bio-
physical Electronics. Inc., New ! lope, Pa. 

ELECTRONICS ENGINEER OR PHYSICIST 

High qualifications and varied experience, par-

ticularly in control, rf or nuclear electronics. 
Appointment as Assistant l'rofessor at $ 7,000-

$8,900 or as Associate Professor at $9,000-
$11,700, or to non-academic position at equiva-

lent salaries. To supervise construction of a 

spiral-ridge cyclotron to produce 50 Mev protons. 

(Continued on page I22A) 
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the careers of 
these S/C engineers are 
assured at T/I in '60 

DEVICE DEVELOPMENT ENGINEER. 
Mission: Probing the unknown to 
evolve a variety of new advanced 
semiconductor-component devices. 

CIRCUIT DEVELOPMENT ENGINEER. 
Mission: Discovering through expe-
rience and educated imagination, new 
uses for transistors and specialized 
semiconductor devices by exploring 
new frontiers in thought. 

Device and Circuit Development Engineers 
we seek, want liberal freedom of thought and 
action and advanced physical facilities to per-
mit maximum creative productivity. They de-
sire broad and rapid expansion of their profes-
sional horizons with solid financial security and 
recognition matching personal achievements. 

Our Device Development Engineer would be 
equally intrigued with studies in solid-state 
diffusion and nuclear radiation experimenta--
tion on semiconductor materials and devices. 
Our Circuit Development Engineer would be 
productively stimulated by participation in 
transistorization projects ranging from AM, 
FM and TV receivers to computer system logic. 

You qualify as our Device Development Engi-
neer if you hold a degree in Electrical Engi-
neering, Chemistry or Physics and experience 
in semiconductor or related development areas. 
An Electrical Engineering degree and knowl-
edge of transistor circuitry are required for 
Circuit Development Engineers. 

START NOW TO SUCCEED IN '60 AT TEXAS INSTRUMENTS 

INTERVIEWS will soon be held in your 
area. If you qualify for either of these 
positions, please send a resume imme-
diately to C. A. BESIO,DEPT.105. 

Whether or not you apply now, send 
for TIPS booklet today and get better 
acquainted with Trs S-C division. 

TEXAS INSTRUMENTS 
INCORPORATED 

SEMICONDUCTOR - COMPONENTS DIVISION 

POST OFFICE COX 312 •  . TEXAS 

PROCEEDINGS OF THE IRE April, 7 960 

'Cfi 

ti 

fl 

TEXAS INSTRUMEINTS INCORPORATED 
Semiconductor-Components Division 
P. O. Box 312, Dept. 105, Dallas, Texas 

Please send me TIPS containing complete 
information about currently available TI 
S-C professional careers in my field plus facts 
on advanced S-C facilities, personnel policies 
and unique advantages of living in Dallas. 

NAME 
I am a 
ADDRESS  
CITY STATE  

Engineer 

12IA 



f ENGINEERS 11\ 

Join Sanders Associates 
and combine 

PLEASANT COUNTRY LIVING 

with a TOP FLIGHT 

ENGINEERING CAREER 
At Sanders Associates—located in the friendly New England community 
of Nashua, NH.—you will find a variety of engineering programs that 
probe deeply into advanced areas of electronic and electromechanical 
systems and components for industry and defense. 

Here in the fresh clean world of the country, away from the soot, and 
strain of heavily populated areas, you will discover that Sanders can 
offer you a wide range of opportunities—at fully competitive salaries. 

You will enjoy diversified assignments on technically advanced projects 
in Radar, ECM, Navigation, ASW systems & devices, Industrial Automa-
tion techniques, working with the engineers who originated such prod-
ucts as Panarg radar, Dare target-seeker system, Flexprintli) flexible 
printed circuits, Tri-Plate microwave products and other Sanders 
"firsts." 

The cost of living is low in Nashua; schools are excellent and attractive 
homes are available. Downtown Boston is less than an hour away, as 
are the recreations of mountains, ocean, lakes. 

Openings available for: 

SYSTEMS ENGINEERS 

Through Project. Engineer level. Need not be spe-
cialists, hut must have creative abilities and 
backgrounds of VHF transmitters and receivers, 
communications systems in general, data processing 
techniques, propagation and must be capable of 
translating this knowledge into complex integrated 
systems. 

RECEIVER DESIGN ENGINEERS 

VHF electronically scanned airborne receivers, filt-
ers, problems in spurious response reduction and 
multiplexing. 

CIRCUIT DESIGN ENGINEERS 

With particular emphasis on transistor application 
to analog and digital techniques; data 
handling equipment; audio, video, RF circuitry 
and switching. 

CHIEF MANUFACTURING ENGINEER 

10 to 15 years experience in the successful manu. 
facture of complex military electronic 
systems and instruments 

TRANSMITTER & MAGNETIC 
DESIGN ENGINEERS 

GYRO & SERVO DESIGN 

ENGINEERS 

To learn more about opportunity for YOU at Sanders, 

b5 send a resume to Lloyd Ware, Staff Engineer, Dept. 908 5RNDERS R550CIFITES, INC. 
NASHUA, NEW HAMPSHIRE 

@registered trademark 

Positions /j 
Open 

ydnimmuminimmumniumiiiiiiiiinumniminui, album 
(Continued from page 120A) 

Apply to Dr. It. G. Whitmore, Physics Dept., 
University of Manitoba. Winnipeg 9, Manitoba, 
Canada. 

ENGINEER 

To assist in construction of new cyclotron in-
stallation. I 'ermanen t position. Experience in 
building and maintaining scientific apparatus es-
sential. Specific experience with cyclotrons de-

sirable. Salary dependent on qualifications and 
experience. Apply to Dr. It. G. Whitmore, 
Physics Dept., University of Manitoba, 1Vinni-
peg 9, Manitoba, Canada. 

TEACHING-RESEARCH, 
ELECTRICAL ENGINEERS 

Expanding university program provides un-
usual opportunities for positions combining 
teaching and research. Rank and salary open. 
Teaching in all E.E. fields. Research primarily 
in microwave electronics. Apply: Dean E. C. 
Easton, Rutgers University, New Brunswick, 

New Jersey. 

TEACHING AND RESEARCH 
Attractive opening for Electrical Engineer 

with Ph.D. to help develop graduate program, 
supervise graduate research and do some teach-
ing. Encouragement given to private research and 
consultation. Good salary and faculty ranking 
will be offered to exceptional individual. Posi-
tion available Sept. 1960 or sooner. Write, Dean, 

School of Engineering, Vanderbilt University, 
Nashville 5, Tenn. 

ELECTRONIC ENGINEERS 

Positions open to Electronic Engineers teach-
ing lecture and laboratory courses in a rapidly 
growing 4 year college. A background of servo-
mechanisms, circuit analysis, microwaves, and/or 
transistors is desired. Applications desired from 
both academic and industrial personnel. Write, 
Harold P. Skamser, Dean of Engineering, Calif. 
State Polytechnic College, Kellog-Voorhis Cam-
pus, Pomona, Calif. 

TEACHER IN ELECTRICAL ENGINEERING 

Teacher in E.E. beginning Sept. 1960. One 
qualified and interested in teaching fundamental 
undergraduate courses plus one graduate course. 
Ph.D. or MS. required with salary and rank 
dependent on qualifications. City location with 
many industrial contacts. Apply Dept. of E.E., 
Saint Louis University, St. Louis 8, Missouri. 

STAFF ENGINEER 

Research engineering position for creative per-
son to form nucleus of a new section in the 
Electro-physical Labs. Will propose and evaluate 
new electronic component, circuit and systems 
concepts. Minimum experience and educational 
background would be 5 years with at least an 
MS. in E.E. or Physics. A Ph.D. degree would 
be preferred with strong interests in electronics, 
theoretical physics or mathematics. Forward 
resumes to Mr. R. D. Williams, Employment 
Mgr., P. R. Mallory & Co. Inc. 3029 E. Wash-
ington St., Indianapolis, Ind. 

ANALYST 
Research and consulting in fields such as 

transportation, logistics, equipment investment, 
inventory control, marketing, operations research, 
data processing. Educational background in eco-
nomics, transportation, mathematics, statistics, 
engineering. United Research, Inc., 808 Me-
morial Dr., Cambridge, Mass. Mrs. Paulsen, 

Personnel Director. 
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INTERESTING & 

CREATIVE SENIOR 

OPENINGS AT: 

THE UNIVERSITY 

OF MICHIGAN 
Radiation 
Laboratory 

The Radiation Laboratory's ef-

forts in plasma physics include 

high density and low density 

plasmas, using plasma diagnostic-

techniques for the design of in-

strumentation to learn about the 

possible ionospheres of other 

planets, such as Venus. Analyses 

of possible plasma radiation 

from ionospheric trails, shock 

fronts and flame fronts are be-

ing conducted. This work is pri-

marily in theoretical physics. 

We are seeking scientists with the 

Ph.D. degree or with comparable 

significant experience in the 

above or closely related fields of 

research. 

Pleasant Mid-West location with 

liberal fringe benefits. Salary 

commensurate with abilities and 
background. 

Write sending résumé to: 

Mr. C. W. Marlatt 

THE UNIVERSITY 

OF MICHIGAN 
RESEARCH INSTITUTE 

Ann Arbor, Michigan 

• 

To the ELECTRONIC 

ENGINEER who 

neglected to 

MARRY 
THE BOSS" dib 

DAUGHTER: 
Don't bother telling us how it happeried . . . we almost know. 

It was Spring—or Fall, no matter—and there you were, alone with 

That Other Girl. You couldn't have been thinking of your 

professional future because you'd had to explain to her dad that 

you didn't drive a locomotive. But she was lovely, desirable 

and it seemed unthinkable not to share your breakfast Wheaties with 

her the rest of your days. So, of course, you married her instead 

of the boss' daughter and your father-in-law turned out to be 

a grand guy even though he now tells people proudly that you 

make TV sets or something. 

Which pretty much leaves your career up to you, doesn't it? 

We have some advice for you; we'll not guarantee that it's 

impartial, but check it for logic anyway: Look for a leading 

electronics corporation which is essentially an engineering firm, 

where not only your immediate supervisors but top management will 

be engineers. Being engineers, they're more likely to recognize 

ability and to reward achievement fairly and impartially. 

It figures, we think, that where there's an atmosphere of mutual 

confidence, respect and understanding you'll realize your 

maximum potential at least a little sooner and more surely. 

You may be pretty sure that Bendix, Kansas City, meets the 

specifications outlined above or instead of mentioning them at all 

we'd probably follow the crowd by speaking only vaguely of 

"opportunity" and "challenge." You have criteria of your own ... 

measure Bendix with them and let us help you if we may. 

°S° marry will like 
That girl you did 

Kansas City. So will 
you and the children. 
Practically everyone 
does. 

Mail bricf confidential resume to MR. T. H. TILL-
MAN, BENDIX, BOX 303-OX, KANSAS CITY, MO. 

LONG TERM AEC PRIME CONTRACTOR 

‘quatrof//01 
AVIATIO4 CCIRPORAT: ."1 

KANSAS CITY DIVISION 
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The Fording Test is typical of the tough environ-
mental tes-ta imposed upon advanced electronic equipment 
designed and produced by Hughes Fullerton engineers. 

in the dark 

TARAN (Tactical Attack Radar and Navigator) 
is typical of the important new electronic 
systems developed by Hughes— in an atmos-
phere famed for its engineering orientation. 

Hughes engineers have designed this system to 
enable pilots to fly blind at very low altitudes 
in any kind of weather— and actually deliver 
any kind of armament at tactical targets. 

TARAN's amazing abilities are based on several 
major electronic advances developed by Hughes 
engineers: A radar system with several times 
the range and azimuth resolution of current 
radars. An Automatic Navigation and Display 
System which pinpoints position continuously 
and automatically corrects for any navigational 
deviations. A unique terrain clearance indication 
warns the pilot of any obstacles when flying at 
low altitudes. A radar antenna utilizing elec-
tronic rather than mechanical lobing. 

Molten Ladle of silicon is watched during first step in 
the precise manufacture of Hughes semiconductors, just 
one of the Hughes commercial activities. 

Other Hughes activities provide similarly stim-
ulating outlets for creative engineers. A few 
representative project areas include: advanced 
data processing systems, molecular electronics, 
advanced 3-D surface radar systems, space 
vehicles nuclear electronics, ballistic missiles, 
infrared devices— and a great many others. 
The commercial activities of Hughes have many 
interesting assignments open for imaginative 
engineers to perform research, development, 
manufacturing of semiconductors, electron 
tubes, and microwave tubes. 

Whatever your field of interest, you'll find 
Hughes' diversity of advanced projects gives 
you widest possible latitude for professional and 
personal growth. 

Newly instituted programs at Hughes have created immediao e 
openings for engineers experienced in the following areas 

Electroluminescence 
Infra-red 
Solid State Physics 
Digital Computers 
Reliability & Quality Assurance 
Systems Design & Analysis 

Equipment Engineering 
Microwave & Storage Tubes 
Communications Systems 
Inertial Guidance 
Field Engineering 
Circuit Design & Evaluation 

Write in confidence to Mr. R. A. Martin 

Hughes General Offices, Bldg. 6-E4, Culver City, Calif. 

Creating a new world with ELECTRONICS 

HUGHES 

01960, Hughes Aircraft Company 

HUGHES AIRCRAFT COMPANY 
Culver City, El Segundo, Fullerton, Newport Beach, 
Malibu and Los Angeles, California; Tucson, Arizona 
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Excellence in Electronics 

SENIOR MICROWAVE ENGINEER 

You will be given system responsibility for the development 
of new concepts in the generation, propagation and radiation 
of microwave power for heating, cooking and curing purposes, 
in numerous commercial and industrial applications. ( Raytheon 
is one of the few electronics companies whose staff includes 
systems, advanced development, and design engineers in these 
fields). 

You must have a BSEE or equivalent and should have 8 years 
of broad design or advanced development experience in the 
microwave field in order to handle the planned assignments. 
(Experience in radar development, for instance, or DC power 
generators or magnetrons.) Since we're looking for an excep-
tional individual—who will be rewarded accordingly—the de-
ciding factor will probably be your creativeness and ingenuity, 
as evidenced by: patent disclosures; significant publications; 
or descriptions of accomplishments not formalized by patents 
or publication. 

MICROWAVE LICENSEE ENGINEER 

You will serve as liaison between Raytheon and licensees, 
assisting in the design of microwave cooking units for these 
licensees' commercial ovens. This will involve working with 
the licensees' design engineers to solve such problems as heat, 
sanitary considerations, microwave distribution, wave modula-
tion, insulation and cost reduction. You will also help translate 
licensees' suggestions into product improvements. 

You should be a senior-level electronics engineer with a BSEE 
or equivalent and should have 5 years' applicable experience. 
Background in design of test equipment, high-power modu-
lators, or commercial microwave equipment is especially useful, 
as is knowledge of magnetrons, underwriters' requirements and 
FCC regulations. Basically, we're looking for a top design and 
sales engineer ( travel will be limited, however) so salary is 
commensurate—that is, excellent. 

Both positions are in the suburban Boston area and offer attrac-
tive cultural, educational and recreational opportunities. Relo-
cation assistance is available. Please phone collect (Bigelow 
4-7500) or forward your detailed resume to Mr. Paul R. Alex-
ander, Manager of l'rofessional Personnel, Commercial Appa-

ratus & Systems Division, Raytheon 
Company, Watertown, Massachusetts. 

COMMERCIAL 

APPARATUS & SYSTEMS 

PROFESSORS 
Electrical Engineering Faculty in new and rapidly expanding 

university has openings at senior levels. Duties include grad-

uate teaching and research. Immediate opening for professor 

interested in developing courses and participating in research 

in logic, switching and computery. Ph.D. essential. Salary up 

to $ 13,000. Apply Chairman, Electrical Engineering Depart-

ment, University of Waterloo, Waterloo, Ontario. 

Positions 
Wanted 

1111111r!fl huh nn Ill 

By Armed Forces Veterans 
In order to give a reasonably equal op-

portunity to all applicants and to avoid 
overcrowding of the corresponding col-
umn, the following rules have been 
adopted: 
The IRE publishes free of charge 

notices of positions wanted by IRE mem-
bers who are now in tlte Service or have 
received an honorable discharge. Such 
notices should not have more than five 
lines. They may be inserted only after a 
lapse of one month or more following a 
previous insertion and the maximum num-
ber of insertions is three per year. The 
IRE necessarily reserves the right to 
decline any announcement without assign-
ment of reason. 

Address replies to box number indi-
cated, c/o IRE, 1 East 79th St., New 
York 21, N.Y. 

ENGINEERING TEACHER 

B.S. and M.S. in E.E. 2 years industrial re-
search, 2 years applicable military, and 4 years 

full-time teaching on the faculty of a major east 
coast university. Desires position of permanence 

with good family living conditions. Summer in-
come opportunity , lesirable. Available June 1960. 

Box 2052 W. 

ELECTRICAL ENGINEER 

B.S. in physics, graduate work in E.E.; 71/4  

years experience in electronics of which 3¶ 
years is in commercial data processing. Have pub-

fished articles and hold patents in electronics. 
Desires overseas position. Box 2053 W. 

ENGINEER 
BSEE., extensive antenna and R. g, experience, 

design and project supervision. Broad background 

includes sales and engineering management, con-

tract negotiations. Desires position as General 
Manager of antenna company, or participant in 
ownership management of antenna consulting firm 

or small growing company. Box 2054 W. 

COMPONENTS ENGINEER 

E.E. degree. 10 years solid experience in elec-
tromechanical components—development, evalua-

tion, application and standardization. Desires a 
challenging, responsible position in a supervisory 

capacity. New York, Long 1,Iand area preferred. 

Box 21 ,- W. 

ELECTRONIC FIELD ENGINEER 

Graduate engineer, IISEE., several years ex-

perience, age 32, fair health, seeking position as 
electronic engineer—sales engineer. Sell engineer, 
coordinator customers' technical requirements 

either commercial or military customers, or super. 
visor equipment installation and installation check-

out. Preparation with company training course de-

sirable. Box 2056 W. 

(Continued on Page 128A) 
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Use Your 

IRE DIRECTORY! 

It's Valuable 
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Take • • • 
II forefront work essential to 

National defense 

Ill varied "doing" as well as 

"thinking" projects 

III the academic atmosphere 

of a great University 

II big Company orderliness plus 

small-group freedom 

II inspirational elbow- rubbing with 

outstanding men 

a stability, permanence, most 

fortunate living conditions 

a California, Stanford nearby 

for advanced work 

blend—and know why 

so many leading 

engineers and scientists 

come to, and remain at 

Large-scale 

csynarnicas 

model of gas 

in operat,on 

SYLVANIA MOUNTAIN VIEW OPERATIONS 
on the San Francisco Peninsula 

Rewarding assignments at B. S., M. S., Ph. D levels in the 

following: Evaluation, Concept, Design of Systems, Circuits, 

Receivers, Transmitters. Receiver Design, Antenna Systems 

Design. Theoretical, Experimental and Solid State Physics. 

Microwave Tube R & D. Sales Engineering. Engineering 

Writing. Interested? Mr. Wayne Pearson will welcome your 

letter and/or resume, and answer quickly in confidence. 

Electronic Systems Division 

e SYLVAN I Mee) Dept. B4. Box 188, Mountain View, California 

GENERAL TELEPHONE & ELECTRONICS 
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An Invitation To Join 

ORO...Pioneer In 

Operations Research 

Operations Research is a young science, earning recog-
nition rapidly as a significant aid to decision-making. It 
employs the services of mathematicians, physicists, 
economists, engineers, political scientists, psycholo-
gists, and others working on teams to synthesize all 
phases of a problem. 

At ORO, a civilian and non-governmental organiza-
tion, you will become one of a team assigned to vital 
military problems in the area of tactics, strategy, 
logistics, weapons systems analysis and communications. 

No other Operations Research organization has the 
broad experience of ORO. Founded in 1948 by Dr. 
Ellis A. Johnson, pioneer of U. S. Opsearch, ORO's 
research findings have influenced decision-making on 
the highest military levels. 

ORO's professional atmosphere encourages those 
with initiative and imagination to broaden their scientific 
capabilities. For example, staff members are taught to 
"program" their own material for the Univac computer 
so that they can use its services at any time they so 
desire. 

ORO starting salaries are competitive with those of 
industry and other private research organizations. Pro-
motions are based solely on merit. The "fringe" benefits 
offered are ahead of those given by many companies. 

The cultural and historical features which attract 
visitors to Washington, D. C. are but a short drive from 
the pleasant Bethesda suburb in which ORO is lo-
cated. Attractive homes and apartments are within 
walking distance and readily available in all price 
ranges. Schools are excellent. 

For further information write: 

Professional Appointments 

OPERATIONS RESEARCH OFFICE 
loiz() The Johns Hopkins University 

6935 ARLINGTON ROAD 

BETHESDA 14, MARYLAND 

Positions 

Wanted 
ltlflllllllllllillllllll 

By Armed Forces Veterans 
(Continued from page 126,4) 

MARKETING DIRECTOR-

SALES MANAGER 

Desires to relocate. Connecticut preferred. Ex-

cellent background in building and managing 

electronic sales organizations. Experienced in di-
recting all phases of marketing activities. Age 
37, married. Resume furnished on request. Box 

20(1 W. 

UNIVERSITY ADMINISTRATOR 
11 years college administration and teaching 

••slierience, plus industrial research, electronic de. 
sign and development. Currently conducting 

year's research in industry. Have directed grant 
torograms, technical adult education, research. 
taught undergraduate and graduate. BS. and NI S. 

in E.E. Married. Age 36. Excellent references. 
Interested in challenging college position. l'refer 

Rocky Mountain area. Box 2062 W. 

ELECTRICAL PATENT POSITION 
BEE. Polytechnic Institute of Brooklyn 1958. 

Coast Guard officer desires position in Patent 
',ranch of organization located near a law school. 

Patent, law school and engineering experience. 

Box 2063 W. 

ELECTRICAL ENGINEER 

ISSEE. 1957. 1/Lt. Sig. C. 11, years as 
l'roject Officer at W'SMR, New Mexico. Ex-

erience in the field of guidance and counter-
measures of missiles. Interested in obtaining a 

L. B. Desires position which requires an rugi-

'leering and legal combination with management 

orPortunities. Box 2072 W. 

ELECTRONICS ENGINEER 

European assignment desired in western or 

southern Europe in management, technical or 
liaison area. 15 years experience R and I), 
both civilian and military, in communications. 

electronic countermeasures, television and missile 

electronics. Considerable supervisory experience. 
BEE. and MEE. degrees. Box 2073 W. 

ELECTRONICS ENGINEER 
BS. in Physics. MSEE. 5 years experience in 

ransistorized digital computer circuit design and 

radar-computer systems. Single. age 28. Desires 
position in western Europe. Box 2074 W. 

ENGINEERING MANAGER 

Communicatims systems engineering of tele. 
ihone, radio relay, microwave, 11F and SSIS 

Systems. 20 years military experience all phases 

applied engineering, siting, installation, imera-
tion and maintenance. Performed Staff Engineer-

ing assignments at Pentagon and major coin. 
mand levels. Currently Deputy Chief, Mainte-
nance Engineering & Test Branch, 

,lollar air defense project office. Supervisory ex• 
perience with over 500 personnel. 21 nionths mili-
tary electronics schooling plus [IBA. and M IIA. 

and 14 months training with industry. Senior 
Member IRE. Desires managerial position with 
growth potential. Available August 1960. Box 

2075 W. 

ENGINEER 
BS. graduate with electronics major desires 

position in component or systems design engi-
neering. Have pilot license. Prefer Minnesota 

,ir midwest area. Box 2076 W. 

SENIOR CONSULTING ENGINEER 
Associate Professor of Nuclear Engineering 

desires summer employment leading to a con. 

(Continued on page 130.4) 
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KNOW-
LEDC 

... the only product of research and 
development at Argonne, is made 
available to the scientific community 
principally through publication in the 
professional literature. 

It is the policy of the Laboratory to 
encourage publication in the open 

professional literature to the greatest 
possible extent. 

In the past year, eighty-one interna-
tionally recognized scientific and tech-
nical periodicals have carried more 
than four hundred contributions from 
Argonne staff members in the basic 
physical and biological sciences and 
in engineering. 

Staff positions are available both at 
the site near Chicago, Illinois and 
the site near Idaho Falls, Idaho for 
qualified physical metallurgists, chem-
ical engineers, physicists, mechanical 
engineers, metallurgical engineers, 
chemists, electrical engineers, mathe-
maticians, technical writers. 

Operated by the University of Chicago under a 
contract with the United States Atomic Energy Commiss on 
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ELECTRONIC ENGINEERS and 
INDUSTRIAL RESEARCH PHYSICISTS 

Electronics • Optics • Sonics 
Instrumentation • Automation • Measurements 

If you are an electronic engineer or physicist and have broad technical interest in 
any of the above fields, then the Physics Department of Continental Can Company 
offers you a unique opportunity for interesting non-defense work and professional 
growth. 

THE POSITIONS 
We have openings for both recent graduates and more experienced individuals and 
one, with the title of Genral Physics Laboratory Dirctor, for an outstanding man who 
has demonstrated considerable creative ability. 

THE WORK 
We are pioneering long-range and radically new processes and products arising out 
of the company's major position in high-speed fabrication of metal, glass, paper, 
fiber, cork and plastic containers, and other products. In addition, we render con-
sulting servicer to other divisions. 

THE BENEFITS 
Salary structure is truly excellent, and there are numerous benefits including 
company-paid hospitalization and life insurance, relocation assistance. Staff members 
are encouraged to keep ahead in their profession. 

THE LOCATION 
The division's new laboratories are located within easy reach of the University of 
Chicago, The John Crerar Library, Argonne National Laboratory, and the finest 
southern and western residential suburbs. 

You me invited to investigate these opportunities at Continental Can 
Company in complete confidence—and without obligation. /I few minutes 
now can mean a jump of years in your professional In 9gress. 

e 
Central Research & Engineering Division 

7622 S Racine Avenue Chicago 20, Illinois • Vincennes 6-3800, Ext. 305 

Please write or call collect to 

Dr. Harold K. Hughes, Director of Physics Research 

CONTINENTAL CAN COMPANY, INC. 

N 

 I 

Opportunities in: 

FLIGHT DATA INSTRUMENTS & SYSTEMS 
a Senior Project Engineers. EE & ME 

1 For aircraft and missile instrumentation. (!_j (1) , 6 to 10 years project experience in 
ii precision electromechanical devices. 

AUTOMATIC ASTRO TRACKING SYSTEMS 
• i y 

Milt Project Engineers, EE 

For automatic astro tracking systems. 

Up to 5 years related experience. 

Kollsman STAFF ENGINEERS & SPECIALISTS 
a. Experience in the research and develop-

ment of transistors in servo, digital and 

instrumentation application. Minimum 3 
years experience dedired in transistor 

Kollsman's leadership and circuit design for m ilitary applications. 

continuing growth in the b. Experienced with IR to UV radiation 

field of automatic navigation properties and applications, noise theory 

and flight Instrumentation and detectors. 

assures excellent opportunl-
e. Optics — IR through visual optical 

ties for qualified men. Send design, lens design, materials. 
resumes to Mr. T. A. DeLuca. 

d. Digital computers — logic or packaging 

experience. 

e. Theoretical mechanics — inertial and 
trajectory studies. 

sic kollsman INSTRUMENT CORPORATION 
80 08 45th AVENUE, ELMHURST, NEW YORK • SUBSIDIARY OF giaelded COIL PRODUCTS CO. INC. 

o 
Positions 

..... Wanted 
ú 

By Armed Forces ocrz,ns 
(Continued from page 128A) 

suiting position; BSEE. 1949, MSEE. 1951; 7 
years industrial and 3 years teaching experience 

in electronic and nucleonic instrumentation. micro-

waves and radioisotope techniques; active security 

clearance, AEC licenses, located in southwest. 

Box 2077 W. 

ENGINEERING MANAGER 

MSEE. degree. Background includes all levels 
in R and D to 3 years as manager of develop-
ment groups. 12 years experience in analog and 

digital instrumentation, data processing. and 
automation with an even division between missile 

and industrial fields. Will relocate to either 

coast. Box 2078 W. 

ELECTRONICS ENGINEER 

Mature, very active, electronics engineer an-
ticipating retirement front technical military 

duties at 50 interested in challenging Engineer-

ing Management position; 7 years complex elec-

tric power service problems; 19 years broad 
Navy engineering management duties in diverse 

U.S. and overseas communications and antisub-

marine electronics systems projects and construc-

tion, scheduling work. Trained to relocate periodi-

cally on short notice and quickly assume specific 

responsibility for important technical projects re-
quiring smooth coordination with other staff 

specialists. Outstanding references and accom-

plishments. Recent technical refresher training. 
Particularly interested in Phila. Pa. or Calif. 

areas, but will consider any long range oppor-

tunity. Box 2079 W. 

ENGINEER 

Supervisory engineer of systems or sales on 

systems management or evaluation of electro-
mechanical weapons system equipment in radar, 
computers, etc. and microwave components. Have 

excellent market and sales background with in-
dustrial and government agencies on prune hard-
ware or components. Home base New York City 

or Long Island. %Val travel extensively if neces-

sary. MSEE. Matured. Formerly Lt. Colonel 

in the USAF. Box 2080 W. 

TEACHING 

British, age 35; Member IRE, IEE. Tele-

communications engineering diploma. 10 years 
lecturing, 4 years as head of department. Seeks 

U.S. teaching appointment in E.E. Dept. where 

facilities exist for working towards MS. degree. 
Experienced administrator. Visited U.S. 1959. 
Familiar with E.E. curricula. Specialties: cir-
cuitry and measurements. Frustrated by bureauc-

racy. Box 2081 W. 

ENGINEER 

Communications equipment, design circuitry 

and hardware. BSEE., MSEE. Seeks assignment 

Continental Europe. Top Drawer company only. 
Age 34; 0 years experience. Box 2082 W. 

MEDICAL ELECTRONICS 

A. B. graduate courses in physiology and bio-

physics. Experience in clinical and research work 
with EEG, ECG, oximetry, pressures. Seeks po-

sition in maintenance with perhaps equipment 

operating and design duties. Box 2083 W. 

ELECTRICAL ENGINEER 

5 yr. E.E. plus good Liberal Arts background. 
Polyglot; age 31; family; lifelong U.S. citizen. 

Diverse experience ranging from power during 

military, 3t.'t years design and manufacture rice-

(Continuea on page 133A) 
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in C C il1tï, 111 n iginai painting by SWIM?). Pasto, Convair/San Diego urttst 

ELECTRONICS ENGINEERS 

AND SCIENTISTS 

A newly formed 

electronics 

organization at 

Convair /San Diego 

is now being staffed, 

offering truly unusual 

opportunities for 

high level electronics 

engineers and scientirsts. 

CONVAIR/SAN DIEGO 

Electronics engineers and scientists who have demonstrated a level of ability beyond 
mere competence, will discover the technical challenge they desire at Convair/San 

Diego Electronics. This newly formed department is now being staffed and affords 
a truly unusual opportunity to participate in a formulative effort while enjoying the 
stability of association with a well established company. 

Significant research and development is now in progress on infrared and optical 
systems, advanced radar and communications techniques, space vehicle and missile 
guidance, submarine detection systems, anti-satellite and AICBM systems, and space 
weapons systems. 

In addition to advanced programs, electronic engineers and scientists at Convair/ 
San Diego Electronics enjoy unsurpassed climate, fine schools and advanced education 

facilities, and a progressive cultural environment. For further details, please see 
the next page. 

CONVAIR DIVISION OF GENERAL DYNAMICS 



PERSONAL AND CONFIDENTIAL 

ATTENTION: MR. M. C. CURTIS 
MAIL ZONE 6-128 

FIRST CLASS 

PERMIT NO. 1524 

SAN DIEGO, CALIF. 

BUSINESS REPLY MAIL 
NO POSTAGE STAMP NECESSARY IF MAILED IN THE UNITED STATES 

POSTAGE WILL BE PAID BY 

CONVAIR/SAN DIEGO ELECTRONICS 

POST OFFICE BOX 1950 

SAN DIEGO 12, CALIFORNIA 

ELECTRONICS ENGINEERS AND SCIENTISTS 

Assignments are immediately available for the following specialists: 

• Circuit Design Engineers 

• Aircraft Antenna Engineers 

• Microwave Antenna Engineers 

• Microwave Engineers and 
Physicists 

• Radome Engineers 

• Electronic Production Engineers 

• Electronic Systems Engineers 

• Electronic Project Engineers 

• Research Engineers ( Infrared) 

• Ultrasonic Engineers (ASW) 

For more complete information, including a copy of a new brochure which explains these 
activities in more detail, simply complete the form below. This entire page may be removed 
from the magazine, folded, sealed and mailed in complete confidence. 

THE ARTIST— Sammy Pasto, 
Convair-San Diego artist whose 
painting appears on the preceding 
page, is a native of Boston. He 
studied at the New England School 
of Art and moved to California 
following World War 11. Presently 
working as an illustrator at 
Convair-San Diego, Pasto has re-
ceived broad recognition for his 
work in fine arts. He has had one-
man shows in New York, Philadel-
phia and Los Angeles and his work 
has been accepted in most juried 
West Coast art shows. For a 
change of pace, Pasto plays clari-
net in a prominent Dixieland jazz 
band in San Diego. 

PROFESSIONAL EMPLOYMENT INQUIRY — This information will enable the professional staff at 
Convair, San Diego to make a preliminary evaluation of your background. A personal interview can be arranged 
in your city by appointment. Every completed inquiry will be acknowledged. 

PERSONAL INFORMATION (Please Print.) 

Name 

Street Address 

City and State 

EDUCATION: College Graduate: 

MAJOR SUBJECT: 

Electrical Engineering E Electronic Engineering 

Other 

EXPERIENCE: Primary Specialty 

Secondary Specialty   

YEARS OF EXPERIENCE IN PRIMARY SPECIALTY: 

Additional Comments, if any, concerning your job interests 

Citizen of what country) 

Yes [I] NoEl 

Mathematics El Physics 

Telephone 

Degree: BS 111 MS E PhD E 

CI 



Positions 

Wanted 

By trifled Forces Veterans 
(Continued from page 130.4) 

tric electronic instrumentation and control, 2 
years solid state R and D, 1 year specifications 
and estimating for contracts and projects, 
years supervisory, presently project level problem 
solver and trouble shooter for large company on 
communication, navigation, ultrasonic and control. 
Box 2084 W. 

ELECTRONICS ENGINEER 

AB., BS EE. Columbia; Tan Beta l'i, Eta Kappa 
Nu. Some graduate E.E. and physics. L.TjG. 
U.S. Navy; Destroyer electronics and E.C.M. 
Officer, 9 months; Electronics Instructor, 
D.A.S.A., 2V, years. Married, family. Desires 
R and position in east with management op-
portunities. Available September 1960. Bos 

2085 W. 

--- Membership -.e  
(Continued from page 112.4) 

Preuss, E. A., Roselle, N. J. 
Quenstedt, R. E., Annapolis, Md. 
Quin, K. H., San Francisco, Calif. 
Randall, C. R., Washington, D. C. 
Rasmussen, S. B., l'alo Alto, Calif. 
Rathke, J. E., Salt Lake City, Utah 
Ress, T. I., Woodland Hills, Calif. 
Rice, R. G., Kent, Wash. 
Richards, D. B., Ann Arbor, Mich. 
Richter, E. M., Jr., Fullerton, Calif. 
Romano, L. P., Revere, Mass. 
Rudzitis, A., Seattle, Wash. 
Ruggles, P. R., Long Island City, N. Y. 
Rybon, J. C., College l'ark, Md. 
St. Andre, G. O., Braintree, Mass. 
Scharfman, W. E., Menlo Park, Calif. 
Schenkerman, S., Richmond Hill, L. I., N. Y. 
Schiowitz, H. H., Canoga Park, Calif. 
Schneider, P. C., North Caldwell, N. J. 
Schulkind, D., Massapequa, L. I., N. Y. 
Schumacher, T. J., Cincinnati, Ohio 
Schwartz, S. S., Asbury Park, N. J. 
Schwarz, E. G., North Syracuse, N. Y. 

Scott, S. D., Wright-Patterson AFB, Ohio 
Seaberg, I., China, Tex. 
Semmes, D. R., San Antonio, Tex. 
Shepertycki, T. H., Ottawa, Ont., Canada 
Shiner, G. A., Rome, N. Y. 
Sicheri, C. R., Cuyahoga Falls, Ohio 
Siomko, G., Philadelphia, Pa. 
Smith, G. C., Abord-a-Plouffe, Que., Canada 
Smith, S., Far Rockaway, N. Y. 
Snyder, L. G., Albuquerque, N. M. 
Spies, F. A., Kansas City, Mo. 
Staffin, R., Metuchen, N. J. 
Stephens, C. H., Ft. Walton Beach, Fla. 
Stricker, I. J., East Detroit, Mich. 
Summerfield, A. R., Woodland Hills, Calif. 
Szmerda, R. J., Bayonne, N. J. 
Taylor, J. M., Sunnyvale, Calif. 
Teal, H. E., Niagara Falls, N. Y. 
Theiss, C. M., Arlington, Mass. 
Thomas, C. B., Oak Lawn, Ill. 
Thomas, J. W., Indianapolis, Ind. 
Townsend R. L., Cambridge, Mass. 
Trendowski, C. R., Brooklyn, N. Y. 
Trogdon, W. H., Huntington Sta., L. I., N. Y. 
Troyan, J. F., Columbus, Ohio 
Trytko, E. F., Lancaster, Pa. 
Van Bosse, J. G., Park Ridge, Ill. 
Varson, W. P., San Diego, Calif. 
Virtue, G. L., Windsor. Ont., Canada 
Walker, D. J., Rutherford, N. J. 

(Contin ,•ed on page 134.4) 

ENGINEERS; 

PARTIAL 
CONTENTS 

FACTS 
WITHOUT 
FRILLS... 

About Job Potentials 
at Light Military 

Available to You Now! 

Organization 

Size of Staff 

Resources 

Facilities List 

Technical Scope 
(list of projects) 

Internal Communications 
and Support 

Benefits (detailed) 

Salary Scale 

Specific Responsi• 
bilities of D&D Engineer 

Promotion Plan 

Graduate Program 

In- Plant Courses 

Contacts with Other 
G.E. Components 

Prepared for the engineer who likes to get 
right down to basics in evaluating a position, 
LMED's Fact Sheets bring you clearly pre-
sented up-to-date unvarnished information 
about all the aspects of company policies, 
projects and plans related to your pro-
fessional future here. 

WHETHER OR NOT YOU CON-
TEMPLATE AN IMMEDIATE 
CHANGE, these " Engineering Fact 
Sheets" are a valuable thing to 
have. Use them as a yardstick to 
assess your present— or a possible 
future — association. 

Next to your choice of profession, 
and your choice of a wife— selecting 
a position with long-range career 
implications can be the most impor-
tant decision in your life... 

It's A Good Thing To Have Reliable 
Tools On Hand, To Help Make That 
Choice a Sound One! 

Send For These "Engineering Fact Sheets" 
1•11 WM OM BIM MN MR NMI NM MI 

Mr. R. Bach / Light Military Electronics Department 53-MD 

General Electric Company / French Road, Utica, New York. 

Please send me a set of your "ENGINEERING FACT SHEETS." I 

NAMF 

HOME ADDRESS  

CITY ZONF STATF 

DEGREE(S) 
YEAR(S) 

RECEIVED  

I am interested in openings in: 

Pulse Circuitry 

Computer Circuitry D 

Digital Techniques 

Systems Integration 

Systems Synthesis 

Infrared D 

D Information Theory 
D Transistor Circuitry 

Logic Design 

D Scatter Propagation 

D Engineering Analysis 

D Microwave 

al 0110 =0 ell 

LIGHT MILITARY ELECTRONICS DEPARTMENT 

GENERAL 
FRENCH ROAD 

UM IBM MIS MN 

ELECTRIC I 
MIN MR MI 11111111 

UTICA, NEW YORK 
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Look beyond 

the obvious 
... as you consider your future in the electronics industry. 
First, what is the obvious? It's obvious that you're in 
demand. You don't have to worry about getting your ma-
terial wants satisfied. 

But, when you look beyond the obvious, you realize that 
you want something more than simple "want satisfaction" 
out of your career. You want pride—pride in the impor-
tance of your personal, individual contribution. 

At Melpar, where we are now working on 120 advanced 
defense and space exploration projects, we have significant 
opportunities for the professional engineer or scientist who 
wants to be proud of his contribution to advancing the 
state of electronic art. 

Senior-level positions are available in the 
following areas at this time: 

Reconnaissance Systems 

Airborne Equipment 

Ground Data Handling Equipment 

Simulation & Training Systems 

Communication & Navigation Systems 

Ground Support Equipment 

Detection & Identification Systems 

Antenna & Radiation Systems 

Physical Sciences Laboratory 

Production Engineering 

Quality Control 

Field Service Engineering 

INTERVIEWS ARRANGED IN YOUR LOCALE 

For details wire collect or write to: 

Professional Employment Supervisor 

MELPAR INC* 

A SUBSIDIARY OF WESTINGHOUSE AIR BRAKE COMPANY 

3322 Arlington Boulevard, Falls Church, Virginin 
In Historic Fairfax County 

10 miles from Washington, D. C. 

Membership 

(Continued from page 133A) 

Walsh, J. L., Poughkeepsie, N. Y. 
Water, P. J., Jr., Princeton, N. J. 
Watson. J. M., Torrington, Conn. 
Webb, R. B., Blackwood, N. j. 
Weiss, L. S., Portland, Ore. 
Weisser, D. R., Vestal, N. Y. 
Wellsand, R., Jr.. Pomona, Calif. 
Wentworth, F. T... Baldwin. Md. 
VVenzel, J. H., Amherst. N. II. 
Wern, D. W.. Ir., Camden. N. J. 
Weytze. D W I " Miord-a-Plouffe, Que.. Canada 
Whistler. W. II I a ( anada. Calif. 
White, I). A.. Westminster. 'la.. 

‘vdder. F H r, Watertown. Mass. 
Willett, R. J., Morristown. N. J. 
Williams, B. A., °ream,. Va. 

Williams. R.. Swampscott, Mass. 
Wilson. F V.. Canoga Park. Calif. 
‘'infield, K. C.. Syramise. N V. 
Wintriss, G. V., Jan.:olivine. Fla. 
Wittenberg, W. M.. l'ooglikeepsie, N. Y. 
Wolf, S., Linthicum Heights. Md. 
Wolff, J. H., West Nyack. N. V. 
Wood, C. R., Jr.. New Rochelle, N. Y. 
Woodard, F. F., Northrort. N. Y. 
Wooley, G. J., Ypsilanti. Mieli 
Wouters, H. M., Utrecht, Netherlands 
Wren, A. W., Jr., Ann Arbor. Mich. 
Yarmus. I... New York, N. Y. 
Yoakum, W. E., Huntsville. Al;,. 
Young, W. H., Tr., Manchester, Conn. 
Zak, M. A., New. York, N. Y. 
Zeman, J. A., Pasadena. Calif. 
Zimmerle, D. F., Dayton. Ohio 
Zoltan S.. Brooklyn. N. Y. 

Admission to Member 

Aningliam, R. A., Vii, it, Copenhagen, Denmark 
Anderson, P. E.. Torrance, Calif. 
Anderson, R. W., Camden, N. J. 
Anderson, W., Whitesboro. N. Y. 
Andresen, S. G., Boulder, Colorado 
Angelos, J. D., New York, N. Y. 
Anikis. G. P., Baltimore. Md. 
Avery, R. W., Endicott. N. Y. 
Bacon, F. C., Baltimore. Mil. 
Baranofsky, j. J.. Reading, Mass. 
Barnes, J. W., Floral Park, N. Y. 
Barr, J. R., Novelty, Ohio 
Bartolotta, M., Seaford, L. I., N. Y. 
Bates, G. P., Wilkes-Barre, Pa. 
Baxter, A. M., Victoria. B. C., Canada 
Bean, W. S., Boston. Mass. 
Becker, L. E., North Hollywood, Calif. 
Berkovits, G., Montreal. Que., Canada 
Berry, R. L., Winston-Salem, N. C. 
Bertram, M. E., Saugus. Mass. 
Bodonyi, A. B., Weehawken, N. J. 
Boerio, A. H., Pittsburgh, Pa. 
Bravo, R. J., Manhattan Beach, Calif. 
Brennan, E. J., Syracuse, N. Y. 
Brown, R. L., Albuquerque, N. M. 
Bucci, C. T., Nashua, N. H. 
Buell. H., New York, N. Y. 
Buffing, F. P., Ashland, Mass. 
Bujnoski, F. J., Vestal, N. Y. 
Burke, E. J., Sudbury, Mass. 
Burkhardt, P. E., Kokomo, Ind. 
Caraway, B. J., Port Hueneme, Calif. 
Carpenter, D. D., Santa Paula, Calif. 
Carroll, W. E., Stamford, Conn. 
Chase, E. W., Manchester, N. H. 
Chatterjee, B., Urbana, Ill. 
Causey, C. N., Bellaire, Tex. 
Chitwood, P. H., Klamath Falls, Ore. 
Cleveland, W. A., San Diego, Calif. 
Coffey, N. F., Bethesda, Md. 
Cogneaux, M., Mons, Belgium 
Coleman, H. P., Alexandria, Va. 

(Continued on page 136A) 
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THEY BUILT AN ELECTRONIC MARVEL WHERE THE JUICY ORANGES GROW 

Starting from scratch, the men of 
Martin-Orlando designed and built 
a package of over 290,000 electronic 
parts—the Missile Master. Now op-
erational, Army's Missile Master is 
the nation's first and most reliable 
(99.2%) air defense control system. 
Production is continuing now 

down where oranges ripen in almost 
perpetual sunshine. It's a land where 
engineers and scientists bring more 
to their work because they can relax 
—at the nearby shore . . . or any of 
54 lakes . . . on fairways. .. tennis 

courts . . . or shady patios. From 
these men have come: 

Built/up—operational guided mis-
sile for the Navy (GAM-83A in 
R&D for the Air Force )—so reli-
able it's handled as an ordinary 
round of ammunition. Lacrosse— 
now operational — is the Army's 
most accurate surface to surface 
missile. Pershing — Army's selec-
tive combat range artillery missile 
—now in advanced development. 

Wouldn't you like to work in one of 

America's most advanced electronic 
and missile centers down where the 
big careers and the juicy oranges 
grow? Take the first step now. 

Write: C. H. Lang, Director of 
Employment, The Martin Company, 
Orlando 2, Florida, for your copy of 
the descriptive booklet, "Portrait of 
a Missile Maker." 

CURRENT OPENINGS for engineers 
in these areas: ground and airborne 
electronics • advance design • systems • 
aerodynamics • quality and test • relia-
bility • electronics manufacturing . . . 

Work in the Climate of Achievement 

MA 1V— Ar N  
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digital 

computer 

designers 

The Crosley Division of Avco 
Corporation has openings for elec-
tronic engineers with from two to 
ten years' experience for unusually 
responsible positions involving digi-
tal computer and data processing 
equipment design. 

At Crosley, all- projects offer engi-
neers of talent and capability un-
limited challenge and definite 
authority. An alert, aggressive man-
agement team provides maximum 
support and backing to each of the 
outstanding professional teams work-
ing on the frontiers of data process-
ing for industrial systems. 

Now is your opportunity to grow 
your own career in this new and 
exciting field. Experienced personnel 
can choose: 

• transistorized circuit design 
• digital systems design 
• logic design 

For complete information, write or 
call: 

Mr. P. B. Olney 
Manager of Scientific and 

Administrative Personnel 
Department P-40 
Crosley Division 
Avco Corporation 
1329 Arlington Street 
Cincinnati 25, Ohio 
Phone: KIrby 1-6600. 

Avco 
/Crosley 

Membership 

(Continued from page 134.4) 

Collier, G. A., Dallas, Tex. 
Colman, S., New York, N. Y. 
Comport, J. J., Springfield. Va. 
Cooper, H. W., Murray Hill, N. J. 
Cooper, J. B., Littleton Common, Mass. 
Cornell, F. W., Alamogordo, N. M. 
Coyle, D. L., Port Jefferson, N. Y. 
Culver, J. F., Catoosa, Okla. 
Cunningham, J. E., Richardson, Tex. 
Currin, C. G., Midland. Mich. 
Dammann, J. E., Hyde Park. N. Y. 
Darr, J. J., Mena, Ark. 
Davis, E. A., Farmingham, Mass. 
Davis, E. D., Magnolia, N. J. 
Davis, G. B.. West New York, N. J. 
Davis, S., Philadelphia, Pa. 
Decker, H. J.. Jr., Los Altos, Calif. 
DeJonge, E. H.. South Bend. Ind. 
Diou, L. J., Mt. Kisco, N. V. 
Dreisbach, B. J.. Baltimore. Md. 
Drenning, J. W.. Baltimore, Md. 
Dubin, F.. Philadelphia, l'a. 
Dubuc, G. J.. New Orleans, La. 
Dunlevie, J. B., Fort Worth, Tex. 
Dunne, T. P., Chelmsford, Mass. 
Duronio, K. B., Syracuse, N. Y. 
DuVall, D. L., Washington. D. C. 
Edwards, B. G., T It. Newtonville, Mass. 
Elliston, R. O., San Diego. Calif. 
Falk, G. E., Philadelphia, l'a. 
Faust, R. P., Hampton. Va. 
Feath, W. R., Charleston, S. C. 
Feiner, J., Springfield, Va. 
Field, G. C., Severna Park, Md. 
Fifield, F. P., Melbourne, Fla. 

(Continued ,,ce page 138.4) 

• OPPORTUNITY 
to be a part of a 
growing company 

• FACILITIES 
and equipment to 
carry out the job 

• RECOGNITION 
for your accomplishments 

• COMPENSATION 
for your achievements 

• SECURITY 
with a progressive 
well established 
company 

ELECTRONICS PROJECT ENGINEER 

Experience should include circuit design, video 
techniques, r-f design, pulse techniques and 
similar activities. 

PHOTOSURFACE PHYSICIST 

Well grounded in development, formation and 
measurement of photosensitive surfaces. Back-
ground should include high vacuum technique, 
tube design, electron optics and associated skills. 

Please send resume to: 

General Manager 

Diamond Electronics 
Div. of Diamond Power Specialty Corp. 

Box 415, Lancaster, Ohio 

Engineers and Physicists 

Your talent and time are worth more to you 
and to your family in Minneapolis 

Talent and time are man's most precious 
tools—but, unfortunately, they are also his 
impediments. 

If you suspect that you could put your 
talent and time to more productive and re-
warding work, investigate opportunities at 
General Mills, in Minneapolis. We respect 
creative freedom, encourage innovation, 
recognize and appreciate professional com-
petence. In short, we provide the environ-
ment that brings out the finest talents in en-
gineers and scientists. And then we give 
these creative people rein to ply their tal-
ents against intriguing problems in fields 
that interest them most. 

Time? Time in the laboratory. Time with 
your family. Ninety percent of our people 

Mail Coupon for more facts, in confidence 

Mr. G. P. Lambert 
Manager Professional Personnel 
Mechanical Division General Mills 

2003 East Hennepin Avenue, Dept. P4 
Minneapolis 13, Minnesota 

Name   

Address   

City   Zone State   

College   Degree . Year   

live within 25 minutes from work. A short 
drive takes them to some of the best hunt-
ing, fishing and camping sites anywhere. 
Some of them live right next to a park, 
lake or golf course. 

At General Mills, in Minneapolis, you have 
time to know your family, yourself and 
your contribution to the future. 

Make the most of your talent and time in one 

of these fields—at General Mills 

• Digital System Configuration 

• Electronic Circuit Design 

• Micro-wave Development 

• Digital Computer Logic 

• Electronic Packaging 

• Advanced Pulse and Video Circuit Development 

• Advanced Inertial Navigational System 
Development 

• Optical and Infra-Red Equipment Engineering 

MECHANICAL 
DIVISION 

General 
• 

Mills 
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Extending existing modulation systems to make 
more space available in the spectrum, and possibly 
even broadening the useful spectrum . . . this is 
a fundamental problem in modern communications. 
It is the problem to which ITT Laboratories is 
devoting intensive effort. 

At the low end we're designing a new type antenna 
for very low frequencies. With a conventional 
antenna this would require a tower more than three 
miles tall. On the top side — at the high end — 
we're making radiation pattern surveys for the 
super high frequency bands. Here the entire antenna 
consists of a few millimeters of number eighteen 
copper wire. We're matching these efforts with ad-
vances in componentry . . . for instance, the para-
metric amplifier and now the ingenious ferroelectric 
converter which converts solar heat to high voltage 

electricity to power new satellite communications. 

If you are a communications engineer who would 
like to be associated with some of the most signifi-
cant programs in modern communications develop-
ment . . . if you would like to work with men who 
are stretching the spectrum toward direct current at 
the bottom and the cosmic rays at the top . . . 
write Manager Professional Staff Relations . . . 
tell him your interests, your background and the 
kind of work you would like. 

ITT LABORATORIES 
A Division of International Telephone 
and Telegraph Corporation 

500 Washington Avenue, Nutley, New Jersey 

Fort Wayne, Indiana • Palo Alto and San Fernando, California 



KNOWLEDGE (IRA- eitatfrneJ 

BOULDER LABORATORIES, THE NATIONAL BUREAU OF STANDARDS 
Boulder, Colorado 

• By performing basic and applied research in radio propagation, radio standards, radio sys-
tems, and cryogenic engineering, PHYSICISTS, MATHEMATICIANS, and ELECTRONIC ENGINEERS 
can contribute to the NBS goal of leadership in these fundamental areas in an atmosphere which en-
hances opportunities for individual advancement in professional status. 

e Close to the University of Colorado, large city (Denver) advantages, and mountain recreation 
(winter and summer), the Boulder Laboratories Professional Staff is a research group, moderate in 
size but tremendous in the scope of its national and international activities. 

e Positions are filled in accordance with applicable U. S. Civil Service procedures. Starting sal-
aries range from $4,490 to $12,770 per year. Address inquiries to: 

Roy W. Stockwell, Jr. 
U. S. Department of Commerce, 
National Bureau of Standards, 
Boulder, Colorado 

SCIENTISTS 

ENGINEERS 

CALIFORNIA 
offers you and your Family 

• A world center of the electronic 
industry for CAREER ADVANCE-
MENT 

• The High Sierra and the Pacific 
Ocean for RECREATION 

• Some of the nation's finest public 
schools for your CHILDREN 

• World Famous Universities for 
ADVANCED STUDY 

• MAJOR CULTURAL CENTERS 

while living in such places as 
Exciting San Francisco 
Fabulous Southern California 
Cultural Palo Alto 

companies pay interview, relocation 

and agency expenses 

submit resume in confidence to: 

PROFESSIONAL & TECHNICAL 
RECRUITING ASSOCIATES 

(a Division of the 
Permanent Employment Agency) 

825 San Antonio Rd. 
Palo Alto, Calif. 

1 Membership 

(Cold inn ed , ,ele tagi• 

Finlayson, J. K., Dallas, Tex. 
Fiorentino, J. S., Ontario, Calif. 
Fisher, S. T., Philadelphia, Pa. 
Flanders, R. N., Altadena, Calif. 
Flannery, E. J., Chicago, Ill. 
Fleming, G. I. H., Calgary, Alberta. Canada 
Fortin, R. J., Gainesville, Fla. 
Fouts, J. W., Monroeville, Ind. 
Fox, M, N . , Evanston, Ill. 
Franks, C. J., Boonton, N. J. 
Fraser, J. G., Woods Hole, Mass. 
Fuhrman, %V. J., Fort Worth, Tex. 
Gabriel, L. J., Newport. R. 1. 

Gaffney. W. D., Syracuse, N. Y. 
Galbraith. F. D., Jr., Philadelphia, Pa. 
Gange, R. A., Atlantic Highlands, N. J. 
Gedeon, A. J., Fairview Park, Ohio 
George, E. P., Mountain View, Calif. 
Georgiev, P. V., Lynchburg. Va. 
Gibson, C. T., Cambridge, Ma,s. 
Godo. E., Seattle, Wash. 
Golder, A. J., New Hartford, N. Y. 
Gorstein, M., New York, N. Y. 
Gotch. W. E., Moorestown, N. J. 
Greenlaw, A. F., Smethport, l'a. 
Grim, R. R.. Hyattsville, Md. 
Grossi, P. F., Lodi. Milano, Italy 
Gurwacz, C. J., Little Falls, N. J. 
Harker, L. E., St. Charles, Ill. 
Harley, R. W., Gleasondalc, Mass. 
Harper, J. D., Jr., Boulder, Colo. 
Hartman, C. E., Scottsdale, Ariz, 
Hayes. T. P., New York, N. Y. 

(Continued on page 14014) 

SENIOR FACULTY 
University of New Mexico 

Positions open at all professorial levels for Ph.D.'s 
Salaries absolutely open 

Teaching and Research combined income competitive with industry 
Expanding graduate program with over 200 enrolled now 

In the center of atomic research, Albuquerque has over 200,000 people, 
including 550 IRE members. At the base of 11,000 foot mountains, the 

city's one mile altitude assures mild summers and winters 

Also—Instructor, Associate, and Assistant 
openings for qualified graduate students 

Write: Chairman, Electrical Engineering Department 
University of New Mexico, Albuquerque 
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analytical, 
systems, 
components 
engineers 

CHECK THESE OPENINGS 

IN FLIGHT CONTROLS WITH 

HONEYWELL AERONAUTICAL 

Honeywell introduced the first 
successful electronic autopilot in 
1941—the C-1 of World War II. 
Since, we have produced more flight 
control systems than any other com-
pany and have developed concepts 
in flight controls that are now 
standard in this field. Today, most 
top aircraft and missiles are equip-
ped with Honeywell flight controls. 
Honeywell's Flight Control Systems 
Group has expanded steadily and 
now has openings for the following: 

ANALYTICAL ENGINEERS—must be 
capable of simulating (mathe-
matically on paper or computers) 
characteristics and problems in 
missiles and aircraft control, 
stability, and control systems. 
Should have good math back-
grounds with analog computer 
experience. 

SYSTEMS ENGINEERS—should be 
capable of interpreting analyti-
cal results into navigation, guid-
ance, or flight control systems. 
Should be electrical engineers 
experienced in systems—ideally, 
with experience in flight control 
in the aviation industry. 

COMPONENTS ENGINEERS—should 
be electronics men with empha-
sis on transistor circuitry. Will 
be responsible for designing com-
ponents which go into the sys-
tem. Must have circuitry design 
experience. 

If you are a qualified engineer in-
terested in one of these areas, we'd 
like to hear from you. Just drop a 
line including pertinent information 
on your background, interests, and 
accomplishments to Mr. Bruce D. 
Wood, Dept. 549, 

Honeywell 
AERONAUTICAL DIVISION 

1433 Stinson Blvd. N.E., Minneapolis 13, Minnesota 

To explore professional opportunities 
in other Honeywell operations coast 
to coast, send your application in con-
fidence to H. K. Eckstrom, Minne-
apolis 8, Minnesota. 

The widely varied capabilities of Space Electronics Corpo-
ration, a v.tal, expanding organization, have contributed 
to significant and practical developments for the nation's 
missile and space programs. 

A current program in which : ransmitting and receiving 
equipment is buried beneath the ground is... 

LOREC 
(Long Range Earth Current communications system) 

Challenging career opportunities, offering immediate 
responsibility, are open to qualified engineers and scien-
tists. Inquiries should be directed to the attention of 

Dr. James Fletcher, President of Space Electronics 
Corporation. 

SPACE ELECTRONICS GORPURATIUN 
930 Air Way GlendaNe 1, California CHapman 5-7651 
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III 
LINCOLN LABORATORY 

invites inquiries from persons 

with superior qualifications. 

SOLID STATE Physics, Chemistry, and Metallurgy 

RADIO PHYSICS and ASTRONOMY 

NEW RADAR TECHNIQUES 

COMMUNICATIONS: 

Techniques 

Psychology 

Theory 

INFORMATION PROCESSING 

SYSTEMS: 

Space Surveillance 

ICBM Detection and Tracking 

Strategic Communications 

Integrated Data Networks 

SYSTEM ANALYSIS 

• I 
I 4 

Research and Development 

LINCOLN LABORATORY 

Massachusetts Institute of Technology 

BOX 16 LEXINGTON 73, MASSACHUSETTS 

STANFORD RESEARCH INSTITUTE 
¡n lites 

ELECTRONIC ENGINEERS 

PHYSICISTS 

MATHEMATICIANS 

10 participate in research for: 

PROPAGATION 

CONTROL SYSTEMS 

MICROWAVE COMPONENTS 

SYSTEMS ANALYSIS IN 

Missiles 

Space Systems 

Communications 

ANTENNAS 

COMMUNICATIONS THEORY 

MATHEMATICAL RESEARCH 

INFORMATION THEORY 

COMPUTER MAGNETIC DEVICES 

If you are interested in research as a 
way of life, SRI offers you varied and 
professionally stimulating research in 
an atmosphere of quiet dignity. 

You can share rewarding professional 
association, excellent research facili-
ties and responsible assignments with 
the delightful bonus of living and 
working in California's San Francisco 
Bay Area. 

Projects are open to qualified per-
sonnel on the MS and PhD level who 
have 3 years or more experience in 
Electronic Engineering or Applied 
Physics. 

Advanced study opportunities 
Industrial level salaries. 

Write to. 
PROFESSIONAL EMPLOYMENT 

MANAGER 
STANFORD RESEARCH INSTITUTE 

MENLO PARK, CALIFORNIA 

Ll Membership 

(Continued from page 138A) 

Haynes, ve. M., Jr.. Nashville, Tenn. 
Heckman, E. II., Severna Park, Md. 
Heimann, J. V., San Jose, Calif. 
Helprin, S. E., Los Angeles, Calif. 
Henneke, H. L., Garland, Tex. 
Henry, P. P., Clearwater, Fla. 
Hernandez, G. D., Mexico, D. F., Mexico 

Hewitt, A. R.. Ottawa, Ont., Canada 
Heyert, M., Washington, D. C. 
Highwart, J. H., Torrance, Calif. 
Hild, D. R., State College, Pa. 
Hinchion, F. A.. Washington. D. C. 
Hinshaw, R. R., Oringe. 
Hollinger, W. P., Arlington, Va. 
Horn, H. J., Herndon, Va. 
Hull, C. O.. Jr., Syncuse, N. Y. 
Imhoff, R. H., San Diego. Calif. 
Irland, E. A., Hanover, N J. 
Isaila, M. V., Princeton, N. J. 
Ivory, J. F. A.. Philadelphia, Pa. 
Jackson, D. L.. Redstone Arsenal, Ala. 

Jacobs, K. E., D. C. 
Jespers, P. G. A., He, erle, Louvain. Belgium 
Jones. B. R., Baltimore 
Keel, J. J., Washington. ;) C. 
Keller, C. E., Jr., Palmyra, N. J. 
Kennedy, S. A., Roslyn. L. I , N. Y. 
Kern, R. J., Merchantville, N. J. 
Khan, A. A.. Peshawar City. West Pakistan 
Kilhourn, W. A.. Lexington, Mass. 
Killian, J. D.. Maynard. Mass. 
Kirschner, D. D., Wantagh, N 
Knapp. R. E.. Panorama City Calif. 
Knight, G. A.. Atlanta. Ga. 
Kooyers, G. P., Santa Clara Calif. 
Kotkowski. I. F . Danbury Conn. 

11-3 Wishington. D. C. 
Krajewski, E. Z.. Salt Lake City. Utah 
Kratzer, J. G.. Cedar Rapids, Iowa 
Kurvits, A., Collingswood, N. J. 
Lake, R. A., Hollywood. Calif 
Lammerts, C. A., The ! belie. Holland 
Lanz!, R. H., Baldwinsville. N. Y. 
Lastra. J. F., Great Neck, N. Y. 
LaWall. G. W., Elnia. N. Y. 
Lawton, E. F., Burbank. Calif. 
Leuenberger, F.. Waltham, Mass. 
Lidiak, J. E.. Levittown, l'a. 
Lien, E. I... Elmira, N. Y. 
Lightburn, R. C.. Lancaster. N. Y. 
Lindquist, A. B., Poughkeepsie. N. Y. 
Lippert, R. J., St. John's. Nfld., Canada 
Little, L. J., Washington, D. C. 
Loback, L. I., Taipei, Taiwan 
I.osier, J. A., Pleasantville, N. Y. 
Lowell, D. R., Fort Myers Beach, Fla. 
Lussier, R. J.. Williamstown, Mass. 
MacNeil, J. A., New York, N. Y. 
Madera, A. J., Duryea, l'a. 
Mahler, J., Mineola, L. I., N. Y. 
Majorowicz, G. A., Phoenix, Ariz. 
Malcolm, R. W., Philadelphia, Pa. 
Manion, J. I.., Jr.. Ft. \Vayne, Ind. 
Mannarino, S. R., College Point, L. I., N. Y. 
Mansberg, G., Washington, D. C. 
Marlowe, D., Brooklyn, N. Y. 
Martin, J. B., Mishawaka, Ind. 
Martinek, R. E., Albuquerque, N. M. 
Martinengo, R. D., Sudbury, Mass. 
:\fasetti, M., Milano, Italy 
Mastrovitch, R. M., Strongsville, Ohio 
Mazzilli, F., Bayonne, N. J. 
McFarland, M. S.. Palo Alto, Calif. 
McKinney, E. G., Richardson, Tex. 
McQueen, J. E., Winter Park, Fla. 
Meisel, J. G., Manchester, N. H. 
Miller, L., Union, N. J. 
Misdom, W. E., So. Plainfield, N. J. 
Moles, W. H., Princeton, N. J. 
Momberger, J. F., Baltimore, Md. 
Mongesku, W. O., Utica, N. Y. 

(Continued on page 142A) 
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Pioneer V 

Paddlewheel Planetoid 

Is Vaulting 

Through Unexplored Space 

Toward The 

Orbital Path of Venus 

At this moment Pioneer V, one of the most advanced space 

probe vehicles ever launched, is on a course toward the path 

of Venus- 26 million miles from earth. Blasted aloft March 11 

by a Thor Able-4 rocket booster, this miniature space laboratory 

will reach its destination in about 130 days. 
The project, carried out by Space Technology Laboratories 

for the National Aeronautics and Space Administration under 

the direction of the Air Force Ballistic Missile Division, may 

confirm or disprove long-standing theories of the fundamen-

tal nature of the solar system and space itself. 

Energy from the sun— captured by almost 5,000 cells 

mounted in the four paddles— is used to supply all of the elec-

trical power to operate the sophisticated array of instrumenta-

tion packed into the 94-pound spacecraft which measures only 

26" in diameter. 

By combining a phenomenal digital electronic brain (telebit) 

with a powerful radio transmitter inside the satellite, STL scien-

tists and engineers expect to receive communications from 

Pioneer V at their command over interplanetary distances up 

to 50 million miles. 

STL's technical staff brings to this space research the same 

talents which have provided over-all systems engineering and 

technical direction since 1954 to the Air Force missile pro-

grams including Atlas, Thor, Titan, Minuteman, and related 

space programs. 

Important positions in connection with these activities are now availa-

ble for scientists and engineers with outstanding capabilities. Inquiries 

and resumes are invited. 

SPACE TECHNOLOGY LABORATORIES, INC. 
Los Angeles • Santa Maria • Edwards Rocket Base • Cheyenne 

Cape Canaveral • Manchester, England • Singapore • Hawaii P. 0. Box 95004, Los Angeles 45, California 
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ENGINEERS • SCIENTISTS 

ELECTRONIC 
DEVELOPMENT 

IN 

Radar 

Data Processing 

Communications 

Countermeasures 

AT 

"11/4/IITRE 
CORPORATION 

The broad scope of the activity has more 

than the usual MEANING and SATISFACTION 

at MITRE because experimental development 

work is performed in conjunction with large 

scale weapons and control systems design. 

Qualified candidates with training and 

an interest in electronics, mathematics and 

physics are invited to join with leading 

engineers and scientists in advancing the 

frontiers of electronics.. 

7o learn more about these positions, write in confidence to 

VICE-PRESIDENT — TECHNICAL OPERATIONS 

THE MITRE CORPORATION 

POST OFFICE Box 31 — 4-MF 
LEXINGTON, MASSACHUSETTSA 

MITRE is an independent system engineering organization formed 
under the sponsorship of the Massachusetts Institute of Tech. 
iiology. Its convenient location in suburban Roston affords exceUent 
opportunities for graduate study under MITRE'. liberal educational 
assistance program. A brochure more fully describing MITRE and 
its activities is available on request. 

e 

e 
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e 
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Membership 

(Continued from page 140.4) 

Morison, D. P.. North Vancouver, B. C., Canada 
Murphy, L. j.. Glendale, L. L. N. Y. 
Nacar, A. M., Montreal, P. O., Canada 
Nanda, N. G., London, England 
Neirynck, J. J., Leopoldville, Belgian Congo 
Niertit, F., Rochester, N. Y. 
Nikiel, R. V., Florham Park. N. J. 
Nolte, C. T., Babylon, L. I., N. Y. 
Norton, W. M.. Jr.. San Antonio. Tex. 
°bend  A S  , London. England 
Ogren, V. G., San Jose. Calif. 
Olson, K. H., Waltham, Mass. 
Onsager, H. F., Minneapolis, Minn. 
Ottowitz, P. J., Hanover. N. II. 
Panikkar, R. S., Tri windmill, India 
Parent, V. F.. Alamogordo  N M. 
Parks, S., N%'inston-Salem, N. C. 
l'eisker, R. F., Chicago. Ill. 
Peralta, It. C.. \Vest Palm Beach, Fla. 

Perry, R. R., Houston, Tex. 
Petrov, C. M., Los Angeles, Calif. 
Pettengill, D. A., Palo Alto, Calif. 
Philips, R. E., Alpharetta, Ga. 
Pietrolewicz, J. P., Oaklyn, N. J. 
Ping. C., Hongkong 
Ration, W. R., Mobile, Ala. 
Pipino, L. L., Bergstrom Air Force Base, Tex. 
Pohl, A. E., Evanston, Ill. 
Pravitz, R. M., Paramus, N. J. 
l'rivor, H. L., Brooklyn, N. Y. 
Puariea, J. W.. Albuquerque, N. M. 
Rabe, R. E.. Gress Air Force Base, N. Y. 
Randi, S., Milano, Italy 
Rate, W. R., Jr., Clifton, N. J. 
Reimann, W. G., Hollywood, Calif. 
Reuben, E. M., China Lake, Calif. 
Rich, A. H., Washington, D. C. 
Risinger, I'. N., Redondo Beach, Calif. 
Rivitz, H. R., Levittown, Pa. 
Robertson, H. E.. Fairfield, Ala. 
Robinson, j., Belmont, Mass. 
Robinson, K. T.. Syracuse, N. Y. 
Roman, S., New York, N. Y. 
Rose, R. G., Salt Lake City, Utah 
Rosenfeld, A., New York, N. Y. 
Ross, H. T., Indialantic, Fla. 
Ross, 1'. L., Jr., Elmsford, N. Y. 
Rourke, K. J., Westwood, N. J. 
Rowland, G. E., Haddonfield, N. J. 
Russo, J. R., Waltham, Mass. 
Ruth, P. D., Cedar Rapids, Iowa 
Rutherford, W. E., Portland, Ore. 
Ryland, V. N., Scarboro, Ont., Canada 
Salter, P. W., Woodbury, N. J. 
Sanders, J., Los Angeles, Calif. 
Sanders, R., Los Angeles, Calif. 
Sano, J. P., Tonawanda, N. Y. 
Saraglow, C., Lynn, Mass. 
Savino, B. J., Kansas City, Mo. 
Schantz, H. F., Mount Holly, N. J. 
Scheidlinger, Z., Rehovot, Israel 
Schiavone, F. J., Cambridge, Mass. 
Schirtzer, M. M., New York, N. Y. 
Schoeberlein, W., Wabern, Switzerland 
Schrick, D. P., San Diego, Calif. 
Schulz, P. R., New York, N. Y. 
Seider, M., Haifa, Israel 
Sheets, W. R., Boulder, Colo. 
Silverstein, M. F., Waltham, Mass. 
Slaney, E. G., Saugerties, N Y. 
Smith, H. A., White Sands Missile Range, 

N. M. 
Smith, H. H., Compton, Calif. 
Smith, H. O., Anaheim, Calif. 
Smith, L. R., Watertown, Mass. 
Smith, R., San Diego, Calif. 
Smith, R. D., Athens, Ohio 
Smith, W. E., Tampa, Fla. 
Snow, F. W., Medford, N. J. 
Sollock, S. G., Reseda, Calif. 

(Continued on page 144A) 
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PHYSICAL SCIENCES 

ELECTRONICS 

SENIOR 
ENGINEERS 

Your creative performance in advanced assignments at Boeing-Wichita offers 
unique opportunities fcir professional and personal recognition. Among the 
high-level openings in an expanding, long-range program of new product 
design and development are these specific positions: 

BOMBING AND GUIDANCE SYSTEMS RESEARCH ENGINEERS to analyze and 
propose new systems and improvements for present systems of 
digital or analog bombing. navigational or search radar, doppler 
radar and associated flight test instrumentation; and to plan labora-
tory and flight tests and evaluate and analyze test results, using 
well-equipped electrical and computer engineering laboratories. 

ELECTRICAL INSTRUMENTATION ENGINEERS to plan, design and develop 
instrumentation for new types of vehicles; monitor installation of 
test eauipment, methods of recording such as electronic tracking 
components; and evaluate test data such as measurement of surface 
temperatures, heat transfer coefficients, pressure vibrations and 
acceleration strains as related to new product airframe design and 
testing. 

COUNTERMEASURES SYSTEMS RESEARCH ENGINEERS to conduct research, 
analyze and develop improved techniques in the field of infra- red, 
ultra-violet and optics; including critical analysis of existing methods 
and knowledge required to advance the state-of-the-art applicable 
to defense and offense weapons. 

ACOUSTICS AND ELECTRO-PHYSICS ENGINEERS to determine and predict 
sound levels to which aircraft structures, equipment and flight crew 
compartment are exposed; to develop noise suppression techniques, 
design test models; and experiment with transmission characteris-
tics of new materials. 

For immediate action on these or similar senior level openings which you 
are qualified to fill, contact Mr. Melvin Vobach, Boeing Airplane Company, 
Wichita 1, Kansas. 

1747L/A/G-14feCeell'A 
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¡NEW OPPORTUNITIES IN s 
LOW- NOISE AMPLIFIERS SEMICONDUCTOR DEVICES 
ELECTRON-BEAM DYNAMICS MICROWAVE CIRCUITS 

TV AND RADIO RECEIVER DESIGN ENGINEERS 

Chicago, Ill., and Menlo Park, Calif. 
The continuing expansion program at Zenith has creatednew 
opportunities for engineers with experience in the above fields 

The fast-wave electron-beam parametric amplifier, 
conceived at Zenith, has opened up challenging new fields 
for research and development activity from UHF to SHF 
bands. Broad company interests in the microwave-tube 
area provide fertile atmosphere for original ideas and in-
dividual initiative. 

An expanding research program in new fields centered 
around compound semiconductors provides opportuni-
ties for individuals with backgrounds in the solid-state art. 
Development of special devices for highly specific purposes, 
in collaboration with applications engineers, represents an-
other area of active interest in the semiconductor field. 

Positions are now available in the Research Department 
at Chicago; some openings are available in the San Fran-
cisco Bay Area. Congenial small-group atmosphere prevails, 
with all the advantages of a large, progressive company. 

Interested applicants please contact: 

DR. ALEXANDER ELLETT 
Zenith Radio Corporation 
6001 Dickens Avenue 

Chicago 39, Illinois 

BErkshire 7-7500 

Interviewing at the Waldorf Astoria March 21 through March 

Manager of Radio & Electrical Maintenance & Engineering 

Airline requires immediately a technically qualified engineer or 
equivalent who can assume responsibility for engineering and 
maintenance of airline ground communications, aircraft radio, navi-
gational aids and aircraft electrical systems. Must be capable of 
evaluating new electronic equipment including radar, auto pilots, 
communication equipment, etc. 

Salary: Open 

Write: DIRECTOR OF PERSONNEL 
Allegheny Airlines, Inc. 
Hangar 12, National Airport 
Washington 1, D.C. 

r,--
 Membership 

(Continued from page 142.4) 

Stone. N. I._ 1Yestbury, L. I., N. Y. 
Stump. 1'. M., Rochester, N. Y. 
Takao, I., Ilainamatsu-city, Japan 
Taylor, W. O., Silver Spring, Md. 
Thaler. G. J., Monterey, Calif. 
Thompson, R. T., North Syracuse. N. V. 
Thompson, W. H., Orlando, Fla. 
Tomaiuolo, F. P.. Manchester, Conn. 
Tritschler, R. J., Poughkeepsie, N. Y. 
Tsai, S.. St. Louis, Mo. 
Turner. T. D., Chelmsford, Mass. 
Tyler, L. A., Oak Park, Ill. 
Valentine, A. G., West St. Paul, Minn. 
Van Zant. F. N., Jr., Englewood. Colo. 
Viglione  S S  , Tustin, Calif. 
Vogt, I. M., Den Haag. Netherlands 
Volpe, G. T., Pleasantville, N. Y. 
Walsh, N. J., Binghamton, N. Y. 
Walther, K., Detroit, Mich. 
Walton, J. H., Chertsey, Surrey, England 
Waterman, C. I., Dorchester, Mass. 
Waymeyer, %V. K., Santa Monica, Calif. 
%Vebbermatt, B. M., Dallas, Tex. 
Webster, D. J., King of Prussia, Pa. 
Wefald, K. O., Wakefield, Mass. 
Weerasinha, M. A. W., Colombo, Ceylon 
Weissman, L, Palo Alto, Calif. 
Wengal, S. G., Taunton, Mass. 
West, J. R., St. Louis, Mo. 
Weston, H., Manhattan Beach, Calif. 
Wheelock, R. H., Adelphi, Md. 
White, G. S., Ilion, N. Y. 
Whiteside, W. C., Torrance, Calif. 
Wikholm, W. A., Encino, Calif. 
Wilburn, B. A., Rochester, N. Y. 
Wilson, A. M., Palo Alto, Calif. 
Wilson, H. N., Oak Ridge, Tenn. 
Withers, W. C., Jr., Watertown, Mass. 
Wojtaszek, E. J., Rochester, N. Y. 
Wolf, A. H., Jr., Buffalo, N. Y. 

Wolff, J. P., Springfield, N. J. 
Yadav, K. P., Los Angeles, Calif. 
Yakupkovic, R. S., Baltimore, Md. 
Yang, C., Taipei, Taiwan, Formosa 
Zimmet, S. J., Van Nuys, Calif. 
Zito, G. V., Northvale, N. J. 
Zyzak, E. E., Seattle, Wash. 

Admission to Associate 

Abernathy, J. C., Kensington, Md. 
Andeweg, F. J., Edgewood, R. I. 
Andrews, R. W., Danvers, Mass. 
Bailey, E. H., Houston, Tex. 
Barley, J. R., White Oak, Silver Spring, Md. 
Barton, H. D., Santa Ana, Calif. 
Boesdorfer, R. H., Chicago, Ill. 
Borgiotti, G., Rome, Italy 
Butler, R. M., Raleigh, N. C. 
Buzzard, G. K., Scottdale, Pa. 
Cantinieri, E., Rome, Italy 
Clayton, E. G., Norwich, Norfolk, England 
Clough, R. H., Frat ll i ll gham, Mass. 
Cummins, A. F., Ottawa, Ont., Canada 
Dahl, H., New Bedford, Mass. 
Daniel, W. E., New Haven, Conn. 
DeJongh, E., Teaneck, N. J. 
Dere, J. R., Los Angeles, Calif. 
Diamond, S., Brooklyn, N. Y. 
Dingley, H. L., Stamford, Conn. 
DiSalvo, F. S., Mt. Morris, N. Y. 

Docter, S., Syracuse, N. Y. 
Donald, J. C., Jr., Palo Alto, Calif. 
Dostal, C. A., Syracuse, N. Y. 
Duey, J. W., Washington, D. C. 
Dunkel, A. M., East Greenwich, R. I. 
Dworian, R., Cheyenne, Wyo. 
Dyura, S., Redwood City, Calif. 
Esposito, R., Fayetteville, Ark. 
Fish, F. N., Albuquerque, N. M. 
Frandsen, D. V., East Orange, N. J. 

(Continued on page 146.4) 
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Design for 
Personal Progress 

Let Abbott's be your Personal Agent in 
presenting your qualifications to the na-
tion's foremost employers of engineers and 
scientists. You'll find this specialized service 
extremely effective in placing you where 
your ability, background and effort will yield 
the greatest rewards. 

If you are placed through us, our clients will 
pay all expenses and our service charges. 

Salary Ranges— $10,000-$25,000 

DIRECTOR OF ENGINEERING—Commercial 
and military communications 

ENGINEERING MANAGERS—Device devel-
opment, radar systems 

SECTION HEADS—Computers, navigation 
systems, components 

STAFF ENGINEER—Infrared systems 
ENGINEERING SPECIALISTS—PhD, micro-
wave devices, infrared 

SENIOR ENGINEERS — Radar computers, 
navigation systems 

DESIGN & DEVELOPMENT ENGINEERS— 
Tubes, gyros, semi-conductors, transdu-
cers, systems, circuitry radar, missiles, dig-
ital computers 

Recognized for over 37 years, among lead-
ing companies, for confidential placement 
of engineering, scientific and administrative 
people. 

MR. ARTHUR D. JOYCE 

eg Et Escrrir's 

EMPLOYMENT SPECIALISTS 
150 Tremont Street Boston II. Massachusetts 

HAncock 6-8400 

TELECOMMUNICATIONS 
ENGINEER 
• Nlajer ea-Terti railroad in, \\ actively 

engagt•il in every area of communi-
cation , seeking experienced corn-
munications engineer who desires: 

ePractical application of his e 
training and experience in all 
phases of communications. ei 

e.e. 
e 

e
Salary range, $9000 a year .g 
and benefits with definite 
growth potential leading to 
management position. 

Candidate should have 3 to 5 years 
experience in communications field. 

Send confidential re,,, me to 

MR. R. R. HICKS 

Dircrt ( H. eil Pc uireN 

N. Y. CENTRAL SYSTEM 

New York 17, N.Y. 

:.:AktfifflekM. 
..wermej 
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r 1111111MIUMMIIIIIN 

1111111111111M311111 

4411111ob 

Explore new areas 
at IBM in design 
and development 
of semiconductors 

Many new designs in IBM circuits 
and systems require the latest ad-
vances in the semiconductor field. 
The program includes theoretical 
and experimental studies in the 
most advanced semiconductor de-
vices and technology. An example of 
an original IBM development is the 
NPN high-speed drift transistor for 
logical switching and high-power 
core driving. These programs are 
opening up new opportunities for 
high-level professional people. Re-
lated areas where opportunities 
exist include: applied mathematics 
and statistics, circuit research, 
logic, cryogenics, optics, phosphors, 
magnetics, microwaves, and theory 
of solid state. 

A career with IBM offers advance-
ment opportunities and rewards. 
You will enjoy professional free-
dom, comprehensive education 
programs, and the assistance of 
specialists of diverse disciplines. 
Working independently or as a 
member of a small team, your con-
tributions are quickly recognized. 
This is a unique opportunity for a 
career with a company that has an 
outstanding growth record. 

QUALIFICATIONS: B.S., M.S., or 
Ph.D. in one of the physical sciences 
—and proven ability in the field of 
semiconductors. 

For details, write, outlining 
background and interests, to: 
Manager of Technical Employment 
IBM Corporation, Dept. 645P1 

590 Madison Avenue 
New York 22, N. Y. 

IBM 
INTERNATIONAL BUSINESS MACHINES CORPORATION 
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Senior 

Research Scientists 

& Engineers 

to help solve 
an important 
communications 
problem 

The problem ... to define the parameters and establish 

feasibility of a long-range, ECM-proof, single or multiple path 

communications system capable of negligible degradation 

and an ultra-high degree of reliability while operating in a 

constantly changing environment. 

The solution, at present, is difficult... all known 

techniques, individually or multi-plexed, would provide 

only marginal performance. 

Research Scientists and Engineers with advanced degrees 

who feel they can contribute new insight, new concepts, and 

the application of new techniques to the establishment of 

this vitally important system are invited to forward their 

confidential inquiry to: 

Dr. R. L. San Soucie 

Amherst Laboratory / SYLVANIA ELECTRONIC SYSTEMS 
A Division of 

SYLVAN TA 
GENERAL TELEPHONE ELEVTROMCS 

11 44 Wehrle Drive — Williamsville 21, New York 

-1_ > R  
' Membership 

(Continued from page 111.1) 

Gangadharan. G., Coimbatore, Madras State, 
India 

Giani, A. S., Milan, Italy 
Gobs, C. A., Jr., Bethlehem, Pa. 
Goldman, L., Mineola, L. I., N. Y. 
Goodwin, A. N., North Hollywood, Calif. 
Hagfors, T., Stanford, Calif. 
Halbrooks, J. O., Lubbock, Tex. 
Halkitis, J. A. M., Nassau, N. P., Bahamas 
Harding, G. S., 1Vhiteshoro, N. Y. 
Haynes, C. I.., Los Angeles, Calif. 
Heffernan, T. M.. Cleveland, Ohio 
Himes, E. G., Emporium, Pa. 
Hitchcock, H. L., Wichita, Kansas 
Honert, G. B.. Philadelphia. Pa. 
brio, C., Rome, Italy 
Katyl, R. H., Los Angeles. Calif. 
Katzir, I.., Tel Aviv, Israel 
Kelso, A. F., Chicago, Ill. 
King. C. B., NIcQueeney. Tex. 
Koeppe, E. P., Indianapolis. Ind. 
Kozmik, F., Englewood, N.J. 
Krawczonek, W. M., Parma Heights, Ohio 
Kupeczek, F. W., Hamilton, Ont., Canada 
Lain, F., Kowloon. Hong Kong 
Lawson, M. W., La Mirada, Calif. 
Lenilian, J. J., Jr., Morristown, N. J. 
Lewin, D. R., Plainfield, N. J. 
Lichtblau, N. S.. Brookline, Mass. 
Manser, D., St. Johns. Newfoundland, Canada 
Manunta, F. M., Rome, Italy 
Meader, J. J., Westbury, I.. I.. N. Y. 
Means. S. B., Overland. Mo. 
Miller. R. B., New Kensington, l'a. 
Mittower, A. R., Galveston. Ind. 
Mocci, I. L., Rome, Italy 
Monir, M., Khairpur Mirs. West Pakistan 
Morris, W. P., Exeter, l'a. 
Murphy, J. T., New Canaan, Conn. 
Musso, C. I'., Rome, Italy 
Neldett, J. D., Los Angeles, Calif. 
Nesvadba, V. V., Montreal, Que.. Canada 
Noel, A., Sherbrooke, P. Q., Canada 
Nome, G., Cambridge, Mass. 
Norman, T. E., Seaford. I.. I., N. Y. 
Omura, J. M.. Toronto, Weston, Ont., Cuitada 
Otani. T., Los Angeles. Calif. 
Pacak, G. M.. San Mateo, Calif. 
Parr, J. R., Maywood, Calif. 
Pickett, W. S., Lanham, Md. 
l'uglia, G. A., Rome. Italy 
Rajagopal, E. S.. Bangalore, India 
Ramsey, A. P., Whiteshoro, N. Y. 
Ridley, D. W., Stamford, Comm. 
Rinabli, M., Rome. Italy 
Robinson, P. A., Ottawa, Ont.. Canada 
Romano, E., Rome, Italy 
Ross, J. P., Tetnple City, Calif. 
Rowe, M. L., Alamogordo, N. M. 
Roy, M. R., Chicago, Ill. 
Schwarz, W. H., Cranford, N. J. 
Smith, C. J., Ann Arbor. Mich. 
Smith, R., Geneva, Switzerland 
Smith, R. L., Council Bluffs, Iowa 
Spencer, R. J., Brooklyn, N. Y. 
Stephenson, R. A., San Gabriel, Calif. 
Stocks, J. R., Toronto, Ont., Canada 
Thomas, P. R., Erie, l'a. 
Tinder, H. C., Biloxi, Miss. 
Tizioni, R., Rome, Italy 
Toy, N. D.. Toronto, Ont., Canada 
Trammell, J. K., Jr., Key West, Fla. 
Tucker, J. W., Dayton, Ohio 
Walters, H. T., North Surrey, B. C., Canada 
Waterman, R. D., Honolulu, Hawaii 
Wilson, H. L., Rome, N. Y. 
Wood, J. H., Jr., Irving, Tex. 
Wyatt, F. A., New York, N. Y. 
Yonan, H. B., Philadelphia, l'a. 
Younkins, G. D., Baltimore, Md. 
Zimmerman, I'. A., Amami. Iowa 
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11 E expands 60% in 5 years 
100.1"- Offers new opportunities across entire organization 

Throughout its 65 year history, Stromberg-Carlson has 

adhered to a two-pronged policy of simultaneously: 

providing the highest standards of engineering per-
formance in its products and programs 

2
 building its future capacities for still more advanced 

engineering and scientific achievements through 
research 

This policy has brought steady growth to the company 

and long term career stability to its professional staff. 

After its merger with General Dynamics in 1955, it 

became possible to step up research efforts substanti-

ally. The ensuing 5-year period has been characterized 

by marked acceleration in personnel ( 60%) with the 

professional staff growing at an even faster rate. The 

cumulative results of this dynamic half-decade now 

enable Stromberg-Carlson to embark on a new period 

of expansion, with a DIVERSITY of opportunities open, 

across the entire organization, on a DIVERSITY of com-

mercial and military projects. 

If you are interested in, and qualified for one of these 

positions, send a complete resume to Technical Personnel 

Department. 

STROMBERG -CARLSON 

New Positions are immedi-
ately available on both Com-
mercial and Defense Projects: 

RESEARCH SCIENTISTS 
Advanced degree EE's and Physicists 
to handle conceptual studies in areas 

of solid state circuitry and semi-

conductors; molecular electronics; 

hydro-acoustics; digital data trans-

mission; and speech analysis. Also 

openings for advanced degree mathe-

maticians for study projects in infor-

mation theory and related areas. 

DEVELOPMENT ENGINEERS 
Current openings at intermediate 

through technical supervisory levels 

for men experienced in communica-

tions systems; microwave circuit 

design; data handling and display 
equipment; air navigation control 

instrumentation; automatic test 

equipment and underseas warfare. 

CONSUMER PRODUCT 
DESIGN ENGINEERS 

Intermediate to senior level openings 

for engineers to work on stereo, hi-fi, 

auto radio and commercial sound 

systems, with experience in audio 

and R. F. field utilizing transistorized 

circuitry. Also openings for engineers 

experienced in design of special 

switching and electro — mechanical 

circuitry for telephone systems. 

also positions for: 
TECHNICAL WRITERS, CONTRACT 

ADMINISTRATORS, TEST 

ENGINEERS, STAFF ADMINISTRA-

TIVE ENGINEERS. 

A DIVISION OF GENERAL DYNAMICS 
1476 N. GOODMAN STREET, ROCHESTER 3, NEW YORK 
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The 
TECHNICAL MATERIEL 

CORPORATION 

NEEDS 
VOX 

Bulletin 
I34A 

Of 88 ilto 

SENIOR ENGINEERS 

PROJECT ENGINEERS 

TO WORK ON 

RECEIVERS 

TRANSMITTERS 

TERMINAL EQUIPMENT 

IN THE LF HF SPECTRUM 

SSB-DSB-ISB-AM-FM-CW-FSK 

Qualified Personnel 
are invited to send 

RESUME'TO 

Mr. Ernest Matson, Sr. 
DEPT R-119 

700 FENIMORE ROAD 

MAMARONECK, N.Y. 

WRITE 
FOR 

CATALOG 
R-SF 

Mir 

DIGITAL 

PROCESSORS 

Our Tactical Systems Laboratory applies advanced techniques 
to the design and development of airborne and ground- based 
digital data processing systems. If you have at least 2 years of 
design, system integration, testing or production experience in 
digital systems, your talents may find application in the solution 
of our technical problems. Write to Mr. S. L. Hirsch. 

ER LITTON INDUSTRIES Electronic Equipments Division 
Beverly Hills, California 

1111•1111111111111M11111111M11111 

NEWS 
New Products 

R E 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from rage -12A) 

Umbilical Connector 

Automation Electronics, Inc., an ope-
rating division of Arnoux Corp., 11924 
West Washington Blvd., Los Angeles 66, 
Calif., released data on its umbilical con-
nectors which have been under develop-
ment for some months. Already in use on 
an intermediate range missile, the unit is 
small, lightweight, and of integrated con-
struction. The umbilical also features a 
mating and unmating mechanism so that 
the whole operation may be accomplished 
without the use of any tools. 

This particular design provides for 300 
individual contacts, each rated at 5 am-
peres and all are mounted in a space 2!: 
inches square. The whole unit is sealed in 
a magnesium aluminum casing which 
matches a cutout in the missile skin. There 
are two fluid lines, each capable of carrying 
three gallons per minute with a maximum 
pressure drop of 6 psi. Disengagement is 
accomplished in two ways: normal motion 
of the missile disengages these contacts; 
and the plug may also be removed manu-
ally without missile motion. 

The contacts are Multililar and consist 
of heat-treated beryllium copper spring 
wires, which are silver-flashed and gold-
plated. This design provides for high re-
sistance to corrosion. Another advantage 
of this kind of contact is that a great 
number of disconnects are possible with 
very little degradation of the electrical 
contacts. 

Further information may be obtained 
by writing to Arnoux. 

Miniature Potentiometers 

A new series of r diameter miniature 
compact composition variable resistors is 
offered by Chicago Telephone Supply 
Corp., Elkhart, Ind. Series 200 can be fur-
nished with or without attached switch in 
standard bushing mounted construction or 
in the more economical ear mounting. Re-
sistance range is 250 ohms through 2.5 
megohms linear taper, wattage rating 
watt through 100,000 ohms and 2/10 watt 
over 100,000 ohms at 55°C derated to no 
load at 85°C, voltage rating 750 vac bush-
ing to terminals for 1 minute high pot test 
and 500 vdc operating maximum, 350 
vdc across end terminals and 280° rotation 
without switch, 315° with switch. De-

(Continued on rage 150A) 
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ANSHIP General Motors pledges 

AC QU ESTM 

AC Seeks and Solves the Significant— Inspired by GM's pledge to contribute heavily to our national defense, 
AC, an acknowledged leader in the new technology, plans to reach far beyond such accomplishments as 

AChiever inertial guidance systems. / This is AC QUESTMANSHIP. It's an exciting scientific quest for 
new ideas, components and systems ... to promote AC's challenging projects in guidance, navigation, 
control and detection. / Mr. Jack Briner, AC Director of Field Service, believes his department's Career 
Development Program "offers young engineers world-wide opportunities in the practice of Questman-

ship." They learn a product from its technological theory through its operational deployment. Following 

this training, "they utilize their own ingenuity to support AC products in the field, with more effective 
technical liaison through training, publications, maintenance engineering, and logistics." / You may 
qualify for this special training, if you have a B.S. in the electronics, scientific, electrical or mechanical 
fields. Special opportunities also exist at AC for men with M.S. and Ph.D. degrees. If you are a " seeker 

and solver," write the Director of Scientific and Professional Employment, Mr. Robert Allen, Oak Creek 
Plant, Box 746, South Milwaukee, Wisconsin. 

GUIDANCE/ NAVIGATION/ CONTROL/ DETECTION/AC SPARK PLUG * The Electronics Division of General Motors 
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SYSTEMS ENGINEERS AND SCIENTISTS 

Almost any conceivable sig-

nal can be generated on 

GEESE; these signals can 

be carefully controlled in 

frequency, phase and ampli-

tude, and their instantane-

ous relationship can be 

recorded. GEESE has the 

flexibility to fully evaluate 

advance radar, communica-

tions and guidance systems 

and the effects of various 

jamming and anti-jamming 

techniques. 

EVOLVING LARGE-SCALE 
SYSTEMS CONCEPTS 
AND DEVELOPING THE TOOLS 

THAT SPEED THEIR DESIGN CYCLE 

Defense Systems Department is directing its technical capabilities 

toward the development of large-scale electronic systems. Inherent with-

in this work program is the recognition, definition and solution of 

problems in every aspect of the systems technology. 

To accomplish this ambitious task, a growing number of studies are 

being directed toward the development of unique tools that will aid in 

the design of superior systems in less time, at lower cost. 

A recent contribution by Defense Systems Department in this tech-

nological area is GEESE (General Electric's Electronic System Evaluator). 

Utilizing advance computer techniques, it enables systems engineers to 

accurately predict, optimize and synthesize system performance prior 

to design. 

GEESE is indicative of the scope of Defense Systems Department's 

involvement in the systems technology. Many programs offer systems-

oriented engineers and scientists an opportunity to participate in new 

areas of long-term importance. 

Senior members of our technical staff would welcome the occasion 

to discuss personally and in detail the career positions available with 

,»»»)) this growing organization. Address your inquiries in 

professional confidence to Mr. E. A. Smith, Box 4-F. 

DSD DEFENSE SYSTEMS DEPARTMENT 
A Department of the Defense Electronics Division 

GENERAL ELECTRIC 
Northern Lights Office Building, Syracuse, New York 

NEWSC 
ri New Products el, 

R  

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your IRE affiliation. 

(Continued from page 148A) 

signed for commercial applications where 
space is at a premium. For applications 
requiring extremely compact control and 
SPST switch combinations, unique Type 
QS-200 combined switch and control in a 
single miniature molded housing. Base 
prices in 3000-9999 quantities for the vari-
ous Series 200 constructions start at $160.42 
M without switch and $316.93 M with 
switch. Delivery 4 to 5 weeks after sample 
approval. 

Variable Transformers 
Individual transformers operating from 

a single-phase, 240-volt line are now avail-
able from Ohmite Manufacturing Co., 3696 
Howard St., Skokie, Ill. Model VT8H is 
rated 3 amperes and at maximum setting 
will deliver line voltage (240v) or over-
voltage (280v). Model VT8HN is the "no-
overvoltage" type which will deliver just 
line voltage at maximum setting, but of-
fers a current bonus in its output rating of 
4 amperes. 

Both models are constructed on the 
same frame as Ohmite's popular VT8 
series (ratings for 120-volt input types; 7.5 
amperes with overvoltage; 10.0 amperes 
without overvoltage). The "high voltage" 
units afford the convenience of 240-volt, 
single-phase operation using a single unit 
instead of a ganged assembly. The 240-
volt, single-phase operation can also be 
achieved with ganged assemblies of 120-volt 
input transformers where higher power 
output is desired. 

The transformers have a tap which 
permits operation at 120 volts input with 
280 volts output for the VT8H and 240 
volts output for the VT8HN (some derat-
ing is required for output beyond 120 
volts). These high voltage transformers 
can also be obtained in ganged assemblies 
to achieve 240-volt, 3-phase operation or 
480-volt single phase or 3-phase operation. 
Request Bulletin 151. 

Sweep Generator 
A new Sweep Generator is now avail-

able from Telonic Industries, Inc., Beech 
Grove, Ind., with twice the sweep width of 

(Continued on page 152A) 
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At Bendix York, we have a number of immediate openings for Electronic 
Engineers and Physicists. 

There are many worthwhile advantages awaiting the Professional Engineer 

who chooses to advance his career with us at Bendix York. 

A white rose... 
The white rose is a symbol at Bendix York . . . a symbol with two mean-

ings. Both of vital importance to your future. 

First, the white rose is the official flower of York, Pennsylvania. It is 

a symbol of the good life in our dynamic community, located in the heart 

of the scenic Pennsylvania Dutch region. It is a wholesome, happy area 
with excellent schools, delightful recreational opportunities and many 

cultural advantages. Here—away from high-pressure, high-cost, big-city 
living—you will enjoy the fuller, more rewarding life that you want for 

yourself and for your family. 

Second, the white rose is a symbol of perfection . . . the perfection for 

which we strive at Bendix York—perfection in the engineering and 

scientific pioneering and development in missile electronics that is our 

principal objective. 

We offer a small Division's assurance of individual recognition and 
advancement, and yet you have the security and employee benefits of a 

large corporation. 

We would like to have the opportunity to tell you more about Bendix 

York. We invite you to contact us—by dropping us a post card, by giving 
us a call or, if you will, by sending us a brief resume. Address Pro-

fessional Employment: Dept. P 

AVIATION CORPORATION 

YORK DIVISION York, Pennsylvania 
Plune: York 47-1951 
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SUPERVISOR 
DATA RECORDING, INSTRUMENTATION, 

CONTROL SYSTEMS 

Unusual opportunity exists with a well-known research organization for 
an electronics engineer with outstanding technical and administrative 
ability to supervise the activities of an expanding group of engineers 
engaged in research programs in the following areas: 

Servomechanisms and Regulators 
Analog Computation 
Missile Guidance Systems 
Industrial Process Control 
Reactor Control Systems 
Sensing Elements 
Magnetic Recording 

Our environment is midway between academic and industrial research 
and offers an excellent opportunity to develop research programs of 
greatest interest to you and your associates. Liberal benefits including 
four week vacation. Our location in a major midwestern city offers 
unlimited cultural and recreational opportunities. 

Please send complete resume including salary requirement. All replies 
held in confidence. 

BOX 2013 

INSTITUTE OF RADIO ENGINEERS 
1 EAST 79TH ST., NEW YORK 21, N.Y. 

THE 

EXCEP-
TIONAL 

MAN 

when the position you wish to fill is 

vital to your organization... 

when the man you seek requires all the 

attributes of leadership ... plus the 

ability to make significant technical 

contributions to the work for 

which he will be responsible ... 

when you need a man who can command 

the respect of his associates and 

subordinates because of his intimate 

knowledge of and first-hand experience 

in their fields ... 

when you need a man who is well 

educated and trained in the specialized 

fields of knowledge you require... 

you need The Exceptional Man. 

Let us locate him for you. 

Cl,ses A. B:ece. er ASSOCIATES 

EXECUTIVE SEARCH SPECIALISTS 

407 AMERICAN BUILDING • BALTIMORE 2, MD. • PLAZA 2-5013 

NEWS 
AL New Products 

WIPE 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your IRE affiliation. 

(Continued from page 150A) 

earlier models having the same range and 
power output. The new Model HD-1A, 
has a center-frequency range of 1 to 900 
mc, and a sweep width that is adjustable 
up to 200 mc in the lower portion of the 
range. 

The wide range is achieved by using 
two UHF swept oscillators, each with a 
range of approximately 400 to 900 mc. 
These are combined in a heterodyne circuit 
to produce a third signal that is tunable 
over a 1-to-400 mc range. The output of a 
single oscillator is used for the instrument's 
upper range, providing a continuous spec-
trum of center frequencies from 1 to 900 
mc. 

Sweep widths may be varied from 200 
mc in the heterodyne portion of the center-
frequency range. Over 400 mc, the sweep 
width is variable from 0.06 to 10% of the 
center frequency. Attenuators, detectors 
and other circuit elements are carefully de-
signed for broadband performance so that 
the output is level across the entire swept 
frequency, even when set at the widest 
limit. The two oscillators are leveled by an 
automatic-gain-control circuit that con-
tinuously samples the swept output. Speci-
fications for the HD-1A call for a flatness 
of less than ± 5% at maximum sweep 
width. 

The RF output of the instrument is a 
maximum of 0.75 volts, peak-to-peak, across 
the heterodyne range and 2.0 volts, peak-
to-peak, in the high range. These voltages 
are adjustable by a turret attenuator 
mounted on the front panel of the instru-
ment. Settings are provided for 0, 10, 20, 
30, 40, and 50 db attenuations, plus a 0-10 
db vernier. 

By automatically blanking the return 
sweep, the Model HD-1A instrument pro-
vides a base line on the scope presentation. 
The horizontal sweep signal is 20 volts, 
peak-to-peak, with a repetition rate equal 
to line frequency, 50 to 60 cps. 

Toggle switches on the face of the in-
strument introduce fixed "bird)," markers 
into the oscilloscope trace. Up to eight 
plug-in marker units may be used, each set 
at the factory to a particular frequency. 
In addition, harmonic plug-in markers are 
available that add birdies at 1 mc, 10 mc 
or other intervals. 

High Temperature Precision 
Capacitors 

A new line of precision film capacitors 
is now available in the —55°C to 125°C 

(Continued on page 155A) 
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ASTRONAUTS IN SEARCH OÈPt HELMSMAN 

Ch 

(it could be you!) 

ELECTRONICS ENGINEERS: IT'S TIME TO SET YOUR COURSE WITH THE 
WORLD LEADER IN CONTINUOUS WAVE DOPPLER NAVIGATION SYSTEMS 

When an astronaut is shot into space, a major 
factor in his survival will be the reliability of his 
guidance system. The "helmsmen" of space are 
electronics engineers. And Ryan Electronics needs 
dozens more of them now. Ryan is expediting a 
$20 million Navy contract, producing advanced 
navigational systems for many other major air-
craft of our armed services and has pioneered 
C-W doppler techniques utilized in some of the 
nation's most advanced missiles. 

The farther man departs from Earth, the 
more important becomes the reliability of the 

aoppler principle, and the brighter the future of 
all who work with the leader in this field. 

There are immediate openings with Ryan in two 
of Southern California's most progressive com-
munities, San Diego and Torrance, noted for ideal 
climate, fine housing and outstanding educational 
facilities. If you've even considered making a 
change, for full particulars, send your resume 

or write for a brochure to Ryan Electronics, 

Department 4, 5650 Kearney Mesa Road, 
San Diego 11. California. 

RYAN ELECTRONICS 
DIVISION OF RYAN AERONAUTICAL COMPANY, TORRANCE, CALIFORNIA, SAN DIEGO, CALIFORNIA 
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ELECTRONICS 

ENGINEERS 

CHALLENGING R&D OPPORTUNITIES 
Fundamental and applied research in the fields of hydrodynamics, 

acoustics, electronics, network theory, servomechanisms, mechanics, 

information theory and noise reduction. Also design of electronic in-

strumentation for underwater ordnance and application of analogue 

and digital computers. 

Opportunities for Graduate Study 

Faculty Appointments for Qualified Applicants 

Excellent Working and Living Conditions 

Send Resume to 

ARNOLD ADDISON, PERSONNEL DIRECTOR 
ORDNANCE RESEARCH LABORATORY 

THE PENNSYLVANIA STATE UNIVERSITY 

BOX 30, UNIVERSITY PARK, PA. 

Mr. Engineer . . . 
Retain your identity at 

BECKMAN'S SYSTEMS DIVISION 
in Orange County, California 

Here's your chance to be a big fish in a small  I . . . not that our 
Systems Division is too Small . . . it's just that we're not so large and 
over-organized that the individual and his efforts are submerged in a mass 
of humanity and a welter of paper work. 

Our business is the design. development, and manufacture of proprietary 
electr  • data processing and data acquisition system . . . research and 
development study projects pertaining to satellite programs . . . varied 
engineering design projects and other activities with both military and 
 rtial significance. 

There's ample elbow room for the non-organization man in any one of 
the following professional areas: 

Logic Design Systems Design 

Analog Design Systems Engineering Digital Design 

Project Management Project Engineering 

Electronic Design Systems Evaluation and Modularization 

Field Engineering Applications Engineering 

If vou'd like to receive  .e information about us, we suggest von write 
to Usti Mr. J. . Ilarlton enclosing a brief description of your background. 

BECKMAN INSTRUMENTS, INC., SYSTEMS DIVISION 
325 North Muller, Anaheim 5, California 

(25 miles south of Los Angeles, near the Pacific Coast) 

ENGINEERS 
SCIENTISTS 

FUTURISM 
in 

contemporary 
R&D 

Radical departures from traditional 
forms of scientific investigation are 
the keynote of Republic Aviation's 
forward-looking programs in space 
exploration and upper atmosphere 
flight. In an environment that re-
gards with skepticism the seeming 
validity of conventional conclusions, 
engineers and scientists seek below-
the-surface solutions of problems... 
bypassing the superficial. 

Expanding the scope and depth of 
present programs is Republic's 
recently completed $ 14 million 
Research and Development Center. 
Extensive facilities here are an in-
vitation to professional men to real-
ize the future by solving today's 
most perplexing problems. 

SENIOR LEVEL OPENINGS EXIST 
IN THESE IMPORTANT AREAS: 

Navigation & Guidance Systems / Radar 
Systems / Information Theory / Radio 
Astronomy / Solid State & Thermionic 
Devices / Microwave Circuitry & 
Components / Countermeasures / 
Digital Computer Development / 
Radome & Antenna Design / Receiver 
& Transmitter Design / Miniaturization-
Transistorization / Radiation & Propa-
gation (RF, IR, UV) / Telemetry-
SSB Technique 

Please forward resumes to: 
Mr. George R. Hickman 

Technical Employment Manager, 
Department 14D 

o 
/iIEffolL11511e/C Alllre<1.-1,101)11.' 

Farmingdale 
Long Island, New York 
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(Continued front page 152.4) 

temperature range from Component Re-
search Co., Inc., 3019 So. Orange Drive, 
Los Angeles 16, Calif. 

The capacitance change is less than 1% 
for the entire range. From 25 to 125°C the 
capacitance change is less than ± 0.3% 
and zero ± 30 ppm /°C temperature coef-
ficient, which remains stable with repeated 
temperature cycling. 

Insulation resistance is greater than 
1013 ohms. Dielectric absorption is less than 
0.0003 when measured with a charging 
voltage of 44 volts for 30 seconds. 

The dissipation factor remains less than 
0.0003 over the entire temperature range 
and a wide range of frequencies. 

These CR PROCESS (pat. pend.) 
capacitors have a standard tolerance of 2% 
and are hermetically sealed in tubular and 
bathtub enclosures. Other tolerances rang-
ing to 0.1% are available at all standard 
working voltages. 

Special capacitors with less than ± 0. 
3% total capacitance change from — 80°C 
to 125°C can be supplied for unusually 
critical circuit applications. 

These precision capacitors can be used 
in computers, timing circuits, servo sys-
tems, pulse filter networks and a variety 
of other applications. 

Fire Retardant Casting 
Resin 

Emerson & Cuming, Inc., Canton, 
Mass., announces a new fire retardant 
epoxy casting resin which may be cured 
at room temperature. The material has ex-
cellent adhesion to metals, plastics and 
ceramics. 

Due to its low thermal coefficient of 
expansion and high heat stability, large 
embedments can be made. It is stable over 
a temperature range of — 100 to +350° F. 
Stycast 1231 can be color coded to specifi-
cation but normally is supplied in black. 

(Continued on page 156A) 

A fascinating project at Martin-Denver and one which offers to 

the truly creative engineer or scientist a personal esteem and 

professional recognition unequalled in today's opportunities. 

Please do consider being a part of this or other creative involve-

ments at Martin-Denver and inquire of N. M. Pagan, Director 

of Technical and Scientific Staffing, ( Dept. DD 9), The Martin 

Company, P. 0. Box 179, Denver 1, Colorado. 

MA IRV T. N 
1=, /N/ V • CI) / / 

MARTIN-DESIGNED CIRCULAR SPACE COMPUTERS ARE AVAILABLE FREE 

TO INTERESTED PERSONS BY WRITING TO THE SAME ADDRESS. 
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development 
• 

engineers 
The Brown Instrument Division of 
Honeywell has several openings for de-
velopment engineers. Work involves 
responsibility for projects from drawing 
of the original requirement specifica-
tions, through the development and de-
sign phases, until finished drawings and 
specifications are released to the manu-
facturing department. 

JR. & SR. ELECTRONICS ENGINEERS 

Engineering grads with at least 1 year 
in electronics development work. Pres-
ent or contemplated projects include 
development of high gain, low level d-c 
servo amplifiers; computing elements 
for industrial process control loops uti-
lizing transistor and magnetic amplifier 
circuitry; sophisticated controllers for 
process control utilizing diode modula-
tor techniques with a high audio fre-
quency carrier; and high gain, wide band 
d-c amplifier development. 

JR. & SR. ELECTRICAL ENGINEERS 

BSEE's with at least 1 year of experi-
ence in the development of electrical 
measuring instruments such as poten-
tiometer recorders with microvolt sensi-
tivity, galvanometer indicating con-
trollers, current actuated recorders, etc. 
Also involves development of many 
types of electrical transmitters and 
components such as strain gauges, gal-
vanometers, slidewires, torque motors, 
and electro-mechani cal transducers. Fre-
quently the work on these instruments 
involves telemetering components, in-
tegrators, controllers and alarm devices. 

ELECTRICAL PRIMARY MEASURING 

ELEMENTS ENGINEERS 

BSEE's or Engineering Physics grads, 
with at least 3 years' experience, and in-
terested in electrical output signal. De-
velop new products, investigate and 
correct unusual production and field 
troubles and keep in close contact with 
competitive developments. 

If you are qualified and a U.S. citizen 
and interested in any of these openings, 
send information on your background 
and experience to C. R. Brandt, Em-
ployment Manager, Dept. 544, 

H 
IIONLYSELL 

MINNEAPOLIS- HONEYWELL 

REGULATOR COMPANY 

Bute,t, queutme414:0iAxàzet, 
Wayne and Windrim Avenues, Philadelphia 4, Pa. 

To explore professional opportunities in 
other Honeywell operations coast to coast, 
send your application in confidence to 
B. I. Eckstrom, Honeywell, Minneapolis 
8, Minnesota. 

NEWS 

New Products 
R E 

(Continued from Page 155A) 

Thin sections of cured Stycast 1231 re-
peatedly introduced to a flame will, on 
each occasion, immediately extinguish. 

Noise Source 
The Mega-Node 3000, a noise-diode 

type calibrated noise source, providing low 
VSWIZ across a frequency range of 1 to 
3000 'ix, has been introduced by the Kay 
Electric Co., Dept. PI, Maple Ave., Pine 
Brook, N. J., manufacturers of precision 
electronic test and measuring instruments. 

Accurate noise-figure measurements re-
quire diode current to be known and gen-
erator impedance to be constant with fre-
quency, since available noise power is a 
function of both. In the Mega-Node 3000, 
the generator impedance is held constant 
across the range by an impedance match-
ing device that is simple in principle. Thus, 
the error introduced by the generator 

(Continued on page 158A) 

CLEVITE 
SREQÍMITCCIAÜNDÜCTOR 

ENGINEERS 
• PHYSICISTS METALLURGISTS 

DEVICE DEVELOPMENT 
ENGINEERS 

MECHANICAL DEVELOPMENT 
ENGINEERS 

OPPORTUNITY FOR GROWTH 
Cleeife. • young. fasf•growing cornp•ne 
offers plenty of room for advancem•nf. 

Reloc•tion supenses fully paid 

CITIZENSHIP NOT REQUIRED 

Phone or send resume in confidence to: 
Engineering Placement Director 

CLEVITE CLEVITE 
TRANSISTOR PRODUCTS 

257 Crescent St., Waltham 54, Mass. 
Phone TWinbrook 4-9330 

ELECTRONIC 
ENGINEERS 
STAVID 

offers all 3  -I important 
position considerations 

CAREER OPPORTUNITIES 
based on solid, long-term growth . . . 

TOP EARNINGS 
fully contmensurate with experience ... 

CHALLENGING ASSIGNMENTS 
made possible by project diversification. 

STAVID has immediate open-

ings available at all levels in 

research, design, development 

and field service engineer-

ing in the following areas: 

" Sonar 

• High-Power Modulation 

• UHF & VHF Development 

• Antennas 

• Receivers & Transmitters 

" Transistor Applications 

" Microwave Development 

" Digital Techniques 

• Electro-Mechanical Packaging 

" Pulse Circuit Techniques 

• Telemetry 

" I.F. & Video Circuitry 

" Environmental Testing 

STAVID's facilities in Plainfield, New 

Jersey, at the foothills of the Watehung 

Mountains, are near excellent schools, 

modern shopping facilities and ample 

housing accommodations. With New York 

City Just 45 minutes awe', and the New 

Jersey shore within one hour's drive, the 

Plainfield area provides an ideal environ-

ment for work, recreation and comfort-

able suburban living. 

For Complete Information, 

Please Send Detailed Resume To: 

J. R. CLOVIS 

Personnel Dept. IR-4 

LOCKHEED 

ELECTRONICS COMPANY 
STAVID DIVISION 

U.S. Highway 22, Plainfield, N.J. 
PLAINFIELD 7-1600 
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computer 
engineers 
The acceptance by business and industry of the Philco 2000 All-

Transistor Data Processing System has created a number of significant 

advancement opportunities in our organization both at our new 

headquarters in suburban Philadelphia and at various key locations 

in other parts of the nation. You are invited to call, write or visit 

us to discuss your future in our growth organization. 

We have immediate assignments awaiting: 

ENGINEERING PERSONNEL 

Circuit Designers 

Opportunities for experienced engineers 
at Senior, Project and Specialist levels to 
work in advanced electronic circuitry for 
digital computer core and drum memory 
elements. 

Product Engineers 
Qualified by experience in electronic com-
puter test and debugging for final product 
evaluation and acceptance of large-scale, 
high speed all-transistor digital com-
puter system. 

Programmers 
Mathematicians and Physicists experi-
enced in the elements of sophisticated 
automatic programming systems to 
develop efficient, logical programs for 
control computers. 

SALES & MARKETING MEN 

Sales Representatives 

Experienced in actual sales, installation 
and servicing of engineering and business 
data processing systems in major indus-
trial concerns. 

Systems Analysts 
Degree required, with 5 years' experience 
in the analysis of Engineering, Scientific, 
business data processing and military 
problems. 

Programmers 
Experienced computer programmers in 
any of the following fields: Sophisticated 
Automatic programming systems• Engi-
neering & Scientific Problems • Business, 
Industrial & Financial Applications. Mili-
tary Tactical & Logistical Applications. 

Customer Service Engineers 
Experienced computer engineers for local and out-of-State assignments in major metropolitan 
areas to install, start up and maintain large-scale, high speed digital computer systems. Advanced 
training on all-transistor equipment furnished prior to assignment. Also openings for instructors 
and technical writers with experience in the computer field. 

IF YOU QUALIFY, CALL OR WRITE TODAY 
Mr. Fred Ptucha, Director of Personnel, OLdfield 9-7700 

PH I LCO CD OIVIVIISPI UOTNE R 
WILLOW GROVE, PENNSYLVANIA 
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WU 

L. NEWS 
New Products 

R E 

c•-›  

e.À(7»f/iíw 

ENGINEERS 

AT ALL LEVELS 

TO WORK ON 

RESEARCH & DEVELOPMENT 

AT THE 

M. I. T. 

INSTRUMENTATION LABORATORY 

The Laboratory, with its staff of 900 employees, is 

primarily engaged in the conception and perfection of 
completely automatic control systems necessary for 
the flight and guidance of missiles and space vehicles. 

Many " firsts" in these fields have been developed at 
the Laboratory. 

R and D opportunities exist in 

• Theoretical Analysis 

• System Design 

• High Performance Servomechanisms 

• Power Supplies & Magnetic Amplifiers 

• Digital & Analog Computers 

• Electro-mechanical Components 

• Transistor Circuitry & Pulse Circuitry 

• Research, Design & Evaluation of Gyroscopic Instruments 

• Computer Programming & Simulator Studies 

• Logical Design 

• and in many other areas 

CALL OR WRITE: 

Ivan R. Samuels 
Director of Personnel 

INSTRUMENTATION LABORATORY 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

68 Albany Street, Bldg. 4A 

Cambridge 39, Massachusetts 

UNiversity 4-6900, Ext. 3544 

• Graduate courses may be taken for credit while earning full pay • U.S. Citizenship required 

(Continued from page 156A) 

VSWR (impedance variation) is mini-
mized. 

Rapid, accurate measurement of noise-
figure can be accomplished without calcu-
lation of the effective bandwidth. Variable 
noise-power range and low VSWR permits 
accurate noise-figure measurements. Cali-
bration charts and slide rule are not re-
quired to determine noise-figure. 
A coaxial-type, tungsten-filament noise 

diode is employed as a temperature-limited 
noise-generator. Plate voltage is regulated 
and diode plate current, which is propor-
tional to noise power output, is adjustable 
by a front panel control. Current is indi-
cated on the panel meter, calibrated in 
noise-figure. To prolong the life of the noise 
diode, an automatic cutoff is incorporated 
to limit the time of operation at high cur-
rents. 

The panel meter reads noise-figure di-
rectly up to 20 db for a 3 db Y-factor. 
Maximum VSWR is 1.15 from 1 to 250 
mc; 1.25 from 250 to 2000 mc; 1.4 from 
2000 to 3000 mc. Noise-figure accuracy is 

+0.25 db from 1 to 250 mc. At the higher 
frequencies, the noise-figure error (db) is a 
function of the generator VSWR, but does 
not exceed SWR (db)/2. 

Maximum VSWR indicated occurs at 
frequencies which represent less than 20% 
of the total frequency range. The VSWR 
over most of this range is much lower than 
the maximums specified. 

Specifications: Frequency Range, 1 mc 
to 3000 mc; Output Impedance is Nominal 
50 ohms (type-N connector); Noise Figure 
Range, is 0 to 20 db; Meter Calibration, 
Logarithmic in db noise-figure and linear 
in dc ma; Noise Diode, Bendix Type TT- 1. 
Power Supply, Input approximately 200 
watts, 117-v (± 10%), 60-cps (Available 
for 50-cps operation on special order). B+ 
electronically regulated. 1)imensions, 
91"X194"Xl5r; Weight: 44 lbs. 

Transistorized 
Frequency Changers 

ERA Pacific, Inc., 1760 Stanford St., 
Santa Monica, Calif., announces new addi-
tions to its line of transistorized frequency 
changers. These units convert one input 
frequency to a second frequency at power 
levels and eliminate the disadvantages in-
herent in vacuum tube or mechanical 
equivalents. The new units are designed 
for powering all types of AC equipment, 
gyro and servomechanisms, magnetic am-
plifiers and are intended for laboratory and 
industrial applications. 

(Continued on rage 163A) 
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ENGINEER 
The Radiation Laboratory 

of the Johns Hopkins 
University 

Has a Position for a 
Qualified Engineer 

in the field of: 

PLASMA DYNAMICS 
With Emphasis on Electro-
magnetic Propagation and 
the Generation of Noise in 

Magnetically Confined 
Plasmas. 

Favorable Arrangements for Doctoral 
and Post Doctoral Study in the Univer-

sity Graduate Schools 

Faculty Privileges for Senior Staff 

Excellent Laboratory Facilities Located 
Near the University Campus 

Broad Opportunities for 
Personal Development 

Address Inquiries To: 

RADIATION LABORATORY 

THE JOHNS HOPKINS 
UNIVERSITY 

Homewood Campus 
Baltimore 18, Md. 

IS 

YOUR FUTURE 

A QUESTION? 

OPENINGS IN: 
• Missile Guidance 

• IR Surveillance 

• Electronic Systems 

• Antenna Systems 

• Weapons Systems 

• Communications 

Send resume to: 
Personnel 
Department R-2 

HRB-SINGER, INC. 

[UR 
SINct 

You can find the answer with 
the right company. At 
HRB-SINGER you begin to 
grow through immediate assign-
ment to a pro¡ect where you 
work with top-flight men in 
Rand D. Through the company 

tuition- refund plan employees 
are encouraged to pursue 
graduate study at the nearby 
Pennsylvania State University. 

Become an important member 
of one of the fastest- growing 
R and D firms in the country 
today. 

HRB—SINGER, INC. 
A SUBSIDIARY OF THE SINGER MANUFACTURING COMPANY 

Science Park, State College, Pa. 

USE THIS COUPON 
Miss Emily Sirjane 
IRE-1 East 79th St., New York 21, N.Y. 
Please enroll me for these IRE Professional Groups 

PG-4-60 

Name   

Address   

Place   
Please enclose remittance with this order. 

At least one of 
your interests 

is HOW served by one of Mies 

28 Professional Groups 

Each group publishes its own specialized papers in its 
Transactions, some annually, and some hi- monthly. The 
larger groups have organized local Chapters, and they 
also sponsor technical sessions at IRE Conventions. 

Aeronautical and Navigational Electronics (G 11) Fee 
Antennas and Propagation (G 3) Fee 
Audio (G 1) Fee 
Automatic Control (G 23) Fee 
Broadcast & Television Receivers (G 8) Fee 
Broadcasting (G 2) Fee 
Circuit Theory (G 4) Fee 
Communication Systems (G 19) Fee 
Component Parts (G 21) Fee 
Education (G 25) Fee 
Election Devices (G 15) Fee 
Electronic Computers (G 16) Fee 
Engineering Management (G 14) Fee 
Engineering Writing and Speech (G 26) Fee 
Human Factors in Electronics (G 28) Fee 
Industrial Electronics (G 13) Fee 
Information Theory (G 12) Fee 
Tnstrumentation (G 9) Fee 
Medical Electronics (G 18) Fee 
Microwave Theory and Techniques (G 17) Fee 
Military Electronics (G 24) Fee 
Nuclear Science (G 5) Fee 
Production Techniques (G 22) Fee 
Radio Frequency Interference (G 27) Fee 
Reliabi'ity and Quality Control (G 7) Fee 
Space Electronics and Telementry (G 10) Fee 
Ultrasonics Engineering (G 20) Fee 
Vehicular Communications (G 6) Fee 

IRE Professional Groups are only open to those who are 
already members of the IRE. Copies of Professional 
Group Transactions are available to non-members at three 
times the cost-price to group members. 

$2 
$4 
$2 
$2 
$2 
$2 
$3 
$2 
$3 
$3 
$3 
$4 
$3 
$2 
$2 
$3 
83 
$2 
$3 
$3 
$2 
$3 
$2 
$2 
$3 
$2 
$2 
$2 
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EXPANDING THE FRONTIERS OF SPACE TECHNOLOGY 



THE 

ASTROTU 

Tugboat for Space: Spaceborne scientific laboratories and platforms for further 
exploration into space are an accepted concept based on established engineering 
techniques. Components would be fired as individual units into space, on 
precalculated orbits, and there assembled. To solve the major problems of how men 
are to live and work in space during the assembly process, Lockheed has prepared 
a detailed engineering design of an astrotug—a manned vehicle housing a crew 

of two or three. Missile-launched, the astrotug will be capable of supporting its órew 
for a number of days in an environment of suitable atmosphere, artificial gravity, 
and with provisions for exercise, relaxation, bathing facilities, medical care, 
illumination and adequate food and water. 

The Lockheed astrotug is a completely independent working vehicle. Personnel need 
not leave it in space suits in order to work on the project of assembling the space 
station components. As shown in the diagram, the tug consists of two double-walled 
pressure vessels approximately 20 feet long overall and 9 feet in inside diameter. 
Swivelling rocket nozzles are arranged for maneuvering. On the forward end, 
extending out are four mechanical manipulator arms with interchangeable "hands" 
for such specialized functions as gripping, welding, hammering, cutting, running 
screws, etc. "Hands" can be changed by remote control from inside. Viewing ports 
provide uninterrupted observation. Radar antennas, searchlights, and other 
equipment necessary to the tug's work are mounted externally. Main controls and 
instruments including radar, radio, infrared, computers and navigation consoles are 
duplicated in each of the two major compartments as a safety measure. 

Men working in single units afloat in space suits would have little applicable 
force and could work for very limited periods of time. With the Lockheed astrotug, 
personnel could carry on the work in relative safety and comfort with maximum 

efficiency. A special reentry vehicle, separate from the astrotug, has been conceived 
for ferrying to and from earth. Tugs themselves would remain floating in orbit 
indefinitely, being reprovisioned and refurbished as fresh crews arrive in relief. 

Space vehicle development is typical of Lockheed Missiles and Space Division's 
broad diversification. The Division possesses complete capability in more than 
40 areas of science and technology— from concept to operation. Its programs 
provide a fascinating challenge to creative engineers and scientists. They include: 
celestial mechanics; computer research and development; electromagnetic wave 
propagation and radiation; electronics; the flight sciences; human engineering; 
magnetohydrodynamics; man in space; materials and processes; applied 
mathematics; oceanography; operations research and analysis; ionic, nuclear 
and plasma propulsion and exotic fuels; sonics; space communications; 
space medicine; space navigation; and space physics. 

Engineers and Scientists: Such programs reach far into the future and deal with 
unknown and stimulating environments. It is a rewarding future with a company 
that has an outstanding record of progress and achievement. If you are experienced 
in any of the above areas, or in related work, we invite your inquiry. Please write: 
Research and Development Staff, Dept. D-33, 962 W. El Camino Real, Sunnyvale, 
California. U.S. citizenship or existing Department of Defense clearance required. 

Lockheed 
MISSILES AND SPACE DIVISION 

Systems Manager for the Navy POLARIS FBM; the Air Force 
AGENA Satellite in the DISCOVERER Program and the 
MIDAS and SAMOS Satellites; Air Force X-7; and Army KINGFISHER 

SUNNYVALE, PALO ALTO, VAN NUYS, SANTA CRUZ, SANTA MARIA, CALIFORNIA 

CAPE CANAVERAL. FLORIDA • ALAMOGORDO. NEW MEXICO • HAWAII 



RESEARCH AND 
DEVELOPMENT 
ENGINEERS 
Interested in — DIRECT CONVERSION 

OF HEAT INTO ELECTRICITY 
• 

For the past several years THERMO 
ELECTRON ENGINEERING CORPORA-
TION has been engaged in the research 
and development of thermionic conver-
ters and magnetohydrodynamic systems. 
Because of greatly increased activity on 
these advanced projects, we are pleased 
to announce the following immediate 
openings: 

MECHANICAL OR ELECTRICAL ENGINEER—PROJECT 
LEADER LEVEL 

To direct and coordinate research projects. Broad 
experience in vacuum tube technology necessary. 
Must have administrative or supervisory experi-
ence. Experience with metal or ceramic vacuum 
tubes highly desirable. M.S. degree preferred. 

MECHANICAL ENGINEER, M.S. LEVEL OR EQUIVA-
LENT 

To design advanced systems utilizing direct con-
version schemes. Must have analytical experience 
in heat transfer and strength of materials. Experi-
ence in high temperature applications desirable. 
Work includes preliminary design through to 
final prototype analysis. 

ELECTRICAL ENGINEER 
To design, execute and interpret experiments in 
vacuum tubes. Ability to design and build elec-
tronic circuits for measuring very small currents 
necessary. Broad experience in vacuum tube 
technology and preference for experimental work 
highly desirable. 

PHYSICS MAJOR, M.S. LEVEL OR EQUIVALENT 
To perform theoretical analysis and associated 
experiments in electron and ion dynamics. Broad 
experience in field of vacuum technology and 
familiarity with metallurgy and materials in 
vacuum tube technology highly desirable. Capa-
ble of assuming technical direction and respon-
sibility for challenging projects. 

• 
In each case, salary is commensurate with education 
and experience. To arrange for an interview please 
write Edward Browne. 

ÉNZ:ÉG----"TROA/ 
ENGINEERING CORPORATION 

171 HARVEY STREET • CAMBRIDGE, MASSACHUSETTS 

Leaders and Pioneers in Direct Energy Conversion 

ENGINEER 
or 

PHYSICIST 

An unusual opportunity to do develop-
ment work on a new approach to the 
manufacture of Capacitors is available to 
the man with the appropriate degree and 
three to five years experience in the de-
velopment of electronic devices. 

Competent technical assistance will be 
provided and the resources of an organi-
zation of substantial reputation in the field 
of electronic components are assured. 

Salary commensurate with experience 
and an excellent employee benefit pro-
gram will afford security for your family 
and permit residence in a community of 
fine homes and educational facilities. 

Direct inquiries to: 
DR. J. C. WAGENER 

KEMET COMPANY 

DIVISION OF UNION CARBIDE CORP 
P 0 BOX 6087 • CLEVELAND 1. OHIO 

UNION 
CARBIDE 

SCIENTISTS . . . 

ENGLISH ELECTRIC 
AVIATION LIMITED 

(Guided Weapons Division) 

LUTON BEDS. 

LEADERS IN NEW PROJECTS 

AND ADVANCED STUDIES 

Applications are invited from scientists for po-

sitions in which they will lead groups conduct-
ing feasibility studies in Advanced Weapons 
Systems and Satellite Projects. 

Candidates should preferably have had experi-
ence of Research or Development work in re-

lated fields, but previous work on Guided Wea-

pons, Aeronautics or Armaments is in no way 
essential. Degree or equivalent qualifications in 

either Physics, Mathematics, Electrical or 

Aeronautical Engineering is necessary. 

For these posts (equivalent approximately to 

Principal Scientific Officer) the Company will 
give assistance with housing and removal ex-

penses. 

Please write to Dr. D. A. Layne, do Dept. 
C.P.S. Marconi House, 336/7, Strand, London, 
W.C.2, England, quoting reference 1395D. 
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Personnel Service 

NEWS 
New Products/ 4  

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your IRE affiliation. 

(Continued from page 158.4) 

Three new models are available the 
Model IC 6415 converts an input 
frequency of 60 to 400 cps at t 150va 
power rating, the Model FC 0410 which 
converts t 60-cycle input to a 400-cycle 
output at 100 va, and the Model FC 045 at 
50va. These notdels provide a regulated 
output frequency compensated against 
both input and load variations. 

'he new models achieve frequency 
conversion bv means of special circuitry 
which converts the input frequency to dc 
by means of silicon rectifiers. This dc, in 
turn, is converted to the desired output 
frequency by means of stabilized tran-
sistor keyers. This design approach pernlits 
desirable achievements, such as instant 
starting, small size, light weight, zero 
maintenance, negligible radio interference 
atol high shock vibration resistance char-
acterist ics. 

Contact-Making Wattmeter 

A new kind of ac-dc contact- making 
wattmeter, capable of both indicating and 
controlling power in the lower milliwatt 
range, is announced by Assembly Products 
Inc., Chcsterland, Ohio. 

(Continued • az page lo5A) 

Now that you're 
báck 

... after attending the 
IRE Convention in 

New York, give 
serious thought as 
to where you're 
going. 

If the position 
you're holding is 
just a job, without 
creative satisfac-
tion, take the big 
step. Jot down a 
resume; send it to 
GUILFORD. All 
FEES PAID. 

management consultants 

7 Saint Paul Street 
Baltimore 2, Maryland 

MUlberry 5-4340 

ACF ELECTRONICS DIVISION 

ELECTRO-PHYSICS 

LABORATORIES 
is accelerating its progress in challenging areas such as Project 
TEPEE. Responsible assignments in furthering the state-of-the-art 
of Ionospheric Physics, combining competitive salaries and unusual 
growth potential, are offered to men who can contribute. Our imme-
diate needs are: 

SCIENTISTS 
4% ENGINEERS 

for 

research programs 

in 

IONOSPHERIC PROPAGATION 

& HF COMMUNICATIONS 

senior ionospheric physicists 

Ph.D. preferred, with several years' experience in Ionospheric Phenomena 
studies. Familiar with latest knowledge of upper atmosphere physics and of 
programs using missiles and satellites for Ionospheric studies. Persons with 
supervisory capabilities will have the opportunity to assume leadership of HF 
projects already underway in the first phases of a substantial experimental 
program. 

senior development engineers 

Senior Scientists and Senior Engineers with current experience in state-of-the-
art techniques in the design and development of HF receivers and transmitters. 
Specific experience desired on High-powered HF linear circuits. Work is evenly 
divided between engineering and development, including breadboarding. 

senior electronics engineers 

R & D Operations Liaison. Must have demonstrated technical ability to direct 
the incorporation of modern ideas into field equipment: to actively participate 
in the equipment transition from prototype to operational status. These are 
senior appointments as liaison between our R & D Equipment Development 
Laboratory and Field Operations. Degree in E.E. and the ability to communicate 
effectively are required. 

junior electronics engineers 

To assist Senior Engineers and Scientists in the development of HF communi• 
cations and Data Process equipment. Should have formal electronics schooling 
and two years' experience in circuit design, checkout or analysis of HF Com-
munications, Radar Pulse, Analog/Digital or Data Recovery equipment. Con-
struction of prototypes of new and interesting equipment of these and design of 
individual components of communications and data processing systems will 
comprise the major efforts of selected applicants. 

The Electro-Physics Laboratories are located in the suburban Wash-
ington, D.C. area, where post-graduate study is available in several 
nearby universities. Housing is plentiful in attractive, well-established 
neighborhoods. Our relocation allowance is liberal. Inquiries are 
held in complete confidence. A prompt reply will follow the receipt 
of your resume by: 

Mr. Robert J. Reid 
Technical Employment Manager 

ACE ELECTRONICS DIVISION 

INDUSTRIES, INCORPORATED 
RIVERDALE, MARYLAND WARFIELD 7-4444 
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po-siition 

Problem: Determine positional accuracy of automatic 
inertial navigation system. 

SolutimetTretied.eh onics' visual Type 
_ 11- Periscope em Of svbnwrinë 

„ . . 

Sextant, Mark II. 

Result: Bird away and on target. 

Pioneering by iVortronics' Precision Products 
Department in the field of navigation and stabilization 
systems has created unique career opportunities in 
advanced design, production and applications 
engineering. 

NORTRONICS 
A Divi,on of NORTHROP CORPORATION 

PRECISION PRODUCTS DEPARTMENT 

NOR WOOD, MASSACHUSETTS 

Field Offices 

Highway #46 2486 Huntington Drive 

Teterboro, New Jersey San Marino, California 
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NEWS 
New Products/ 4\ 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from Pape 163A) 

Although primarily intended for meas-
uring power, the unit also is available in 
modified form as a true RMS voltmeter or 
ammeter, or as a varimeter. The instrument 
can monitor the product of as many as 
four different variables. 

Main elements of the instrument are a 
locking contact meter-relay and a mag-
netic circuit built around a Hall effect solid 
state device. They come in a panel-mount-
ing package with a 41-inch meter and a 
barrel less than 5 inches long. 

Greatest standard full scale sensitivity 
at present is 500 milliwatts, either ac or dc, 
but with modifications dc ranges as sensi-
tive as 100 milliwatts are available. The 
instrument can be built to operate on any 
ac frequency up to 1000 cps. Either ac or 
tic must be specified—they cannot be 

interchangeably by a single in-

.irement is simplified by 
lndard dynamometer 

movement of pers. This is possible 
because the Hall de-.-euts out a voltage 
that is proportional to the power in a load 
circuit. The output voltage is fed to a 
standard D'Arsonval movement that is 
directly calibrated for power measurement. 

As with standard API locking coil 
meter-relays, control action begins when-
ever the signal pointer reaches a limit set 
by either a high or low adjustable pointer. 
Circuits are then closed that actuate load 
relays and other control components. 

The new wattmeter is available with 
any of the standard API circuits used with 
locking contact meter-relays to provide a 
variety of control patterns. One of the 
more obvious applications is controlling 
motor load, since power is a more reliable 
measurement factor than the current alone 
that is frequently used. 

\Vhere remote indication or control 
adjustment is desired, the meter-relay and 
the associated circuitry are furnished in 
two packages for separate mounting. 

Silicon Mesa 
Power Transistor 

Pacific Semiconductors, Inc., 10451 W. 
Jefferson Blvd., Culver City, Calif., an-
nounces very high frequency silicon mesa 
power traiii rs capable of delivering one 

watt power output at 70 mc with a 28 ! 
volt collector voltage. 

The two new types, designated as 
2N1505 and 2X1506,- are characterized by 
3 watt collector dissipation, 40 volt col-
lector to emitter rating, and low collector 
capacitance. The units are suited for VHF 
power application in communications and 
telemetry equipment where severe en-
vironmental conditions are encountered. 
Type 2N1505 operates as an oscillator 

at 70 mc with a power output in excess of 
1 watt at an efficiency of 45%. 
Type 2N1506 has a typical power gain 

of 12 db at 70 inc with a useful power out-
put of 1.0 watts. At 200 mc the 2N1506 
has a power output of 300 milliwatts. 

Delivery is currently being made on 
both new types. The 2N1505 is priced at 
$39.50 up to 99 pieces at $29.60 up to 1000 
pieces. The 2N1506 is $49.50 and $37.00 
respectively. 

The new types supplement the present 
PSI line consisting of high frequency, high 
power, high voltage types 2N1335-1341, 
the multipurpose high speed switches 
2N1409-1410 and medium power high 
speed types 2N696/697. 

Detailed technical data on the 2N1505 
and 2N1506 transistors is available from 
the factory. 

High Power Silicon 
Rectifier Stack 

Pre-engineered high power silicon recti-
fier stacks incorporating built-in parallel-
ing reactors to insure equal current dis-
tribution through parallel circuit branches 
are now available from International Rec-
tifier Corp., 1521 E. Grand Ave., El Se-
gundo, Calif. The units feature ratings up 
to 750 amperes, with (roui 50 to 600 volts 
peak rever,e voltage ratings. 

A standard "building block" is a 2-1-2-
D "doubler" module with integral parallel-

(Continued on pape 167A) 

po-si1tion 
A NOTE FOR TALENTED 
ENGINEERS: 
We incite your inquiry as to 
important positions that exist at 
Nortrouics' Precision Products 
Department (formerly the 
Military Products Division 
of American-Standard). 

Plan your future with 
Nortronice Norwood team and 
stimulate your professional 
growth. If you can qualify in 
one of several electro-mechanical 
areas you will work on 
challenging programs with 
professionally dedicated 
associates. 

FOOTNOTE: Excellent salaries 
for qualified engineers in both 
our Systems and 
Components Groups. 

Contact E. P. REARDON, 
NORTRONICS Precision 
Products Department, 
Norwood, Massachusetts 

NORTRONICS 
A Division of NORTHROP CORPORATION 
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Through the 

looking glass... 

ou'll find new opportunity 

new reward 

in the new look at Link 

It's even more exciting — and certainly more real — than looking-gl: ..— nearer to 

now than the closest mirror. 

Right now, things are really humming at the Link Division of General Precision, Inc. Link 
is one company which has accepted the challenge of the years ahead with eager enthusiasm. 

In fact, projects now under way at Link are among the most advanced in the nation. 

At Link, engineers are busily engaged with research and development on "Dialog" systems, 
sub-systems and components. Another example of Link/ability, "Dialog" systems planning 

combines digital computation with analog measuring. It offers the best of both—in compatible 

form—to meet the most exacting control, design, analysis and scheduling specifications. 

But let's be honest. Without top caliber engineers we can't really do anything. That's why 

engineers coming to Link today have Opportunity with a capital " 0". 

If you are an electronics engineer who thinks big—who has original ideas and follow-through 
to make them click, why not write today, or send your résumé— in complete confidence— to: 

Mr. C. P. Darrah 
Link Division 
General Precision, Inc. 
Binghamton, New York 

Mr. R. P. Rutman 
Link Division 
General Precision, Inc. 
Palo Alto, California 

LINK DIVISION Gp GENERAL PRECISION, INC. 
BINGHAMTON, NEW YORK PALO ALTO, CALIFORNIA • COLLEGE PARK, MARYLAND 
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ing reactor, and four 70 ampere rated sili-
con junction rectifiers mounted on copper 
cooling fins. Two of these modules may be 
mounted to from a single phase bridge (as 
shown in photo) rated up to 550 amperes 
rectified dc output (when operating within 
recommended temperature and cooling 
limits). 
Three of these basic modules will form 

a 3-phase bridge rated to 750 amperes. 
Oth,r configurations include "Scott 4-
phase bridges," and 6-phase bridges in 
both series and parallel connections and 
proportional ratings. 

For detailed data on this new high 
power silicon stack line. request Bulletin 
SR-336. 

Piore and Palmer 
Appointed By IBM 

A separation ut the corporate staff re-
search and engineering function of Inter-
national Business Machines Corporation 
into two functions 
was announced to-
day by President 
Thomas J. Watson, 
jr. 

f)r. Emanuel R. 
Piore, IBM director 
of research, will 
now report directly 
to A. L Williams, 
IBM executive vice 
president. Dr. Piore 
was also named 
chairman of the 
company's Research and Development 
Board. The board serves to assure the 
most effective direction and use of IBM's 
total technical resources. 

Ralph L. Palmer, IBM director of en-
gineering, will also now report to Williams 
and will continue to exercise staff super-
vision of the com-
pany's engineering 
activities. 

Research and en-
gineering were pre-
viously combined 
under W. W. Mc-
Dowell, formerly 
vice president for 
research and engi-
neering, who was 
appointed resident 
vice president for 
1 BM 's opera tions in 
Endicott, N. Y. 

Dr. Piore joined IBM in 1956. He pre-
viously was vice president in change of re-
search for the Avco Manufacturing Co. 
From 1946 to 1955, Dr. Piore was with the 
Office of Naval Research, becoming ON R's 
chief scientist. He is a member of Presi-
dent Eisenhower's Science Advisory Com-
mittee. 

Paliiser, an electrical engineering grad u-
a te t I • nion College, Schenectady, N. Y., 

joined IBM in 1932 at Endicott, N. Y. He 
subsequently served in various managerial 
positions in the company's engineering 
and research operations. 

Multiple Circuit Switch 
A new, simplified method of switching 

multiple circuits in television broadcasting 
operations has been announced by Tele-
control Corp., 1418 W. 166th St., Gardena, 
Calif. 

The new "building block" switching 
systems design permits simultaneous mul-
tiple circuit switching, with a reduced in-
vestment in switching equipment. The 
basic switching modules can be applied to 
all television switching operations, includ-
ing studio, master control and distribu-
tion switching systems. 

Key to the switching module concept 
is a new type of inultiple circuit rotary 
stepping switch. The remotely controlled 
switch is adaptable to various methods of 
control within television broadcast instal-
lations of all sizes. 

Telecontrol switching modules have a 
number of inherent advantages over video 
relays of transistor-diode switching assem-
blies, according to the firm. Switching is 
accomplished within a one-inch radius, 
designed for video switching with ex-
tremely low capacitance. This results in 
low cross-talk and flat frequency response, 
even when a large number of modules are 
employed. 

The stepping switch can handle simul-
taneous switching of various combinations 
of video, sync, audio, control and tally cir-
cuits within the same module. It also util-
izes a wide range of control flexibility in 
remote positioning, including pulse con-
trol, rotary selector control and pushbut-
ton selection. 

Another advantage of the Telecontrol 
switching concept is that it permits high-
speed off-air switching, with rotation to 
the extreme position in the order of 0.05 
seconds. 

Distribution switching modules (Series 
VSA, VSB, VSC) are designed for video 
distribution exchange systems, house 
monitoring systems and other applications 
where off-air pre-selection is permitted. 

The distribution modules offer a num-
ber of advantages over conventional patch-
ing methods, which require a large number 
of circuit connections, the services of a 
skilled operator and time for set-up. Re-
mote control switching with the Telecon-
trol modules sharply reduces the number 
of required circuit feeds, releases the op-

(Conntitted on page 168A) 

Engineers: 
There's new 

opportunity at Link 

Among the opportunities 
at Link, Binghamton, are.: 

DIGITAL COMPUTER ENGINEERS 
Several senior staff engineer and 
senior electronic engineer opportu-
nities have been created by the 
formation of the new Digital Systems 
Development Department. 

Assignments will include the evalua-
tion of digital systems, covering the 
responsibility for development 
project design groups. Important 
technical contributions will include 
development work on "NOR" 
Logic, Direct-Coupled Transistorized 
Logic, and other techniques for 
future digital projects. 

Requirements include minimum 
BSEE or BS (Physics) with expe-
rience in digital systems design and 
computer check-out, and/or transis-
tor circuit design. 

SENIOR STAFF ENGINEER 
To prepare, coordinate and evaluate 
proposals for contract sponsorship 
of development programs; assist 
laboratory manager in evaluating 
ideas for company sponsored devel-
opment; investigate new product 
areas for marketability, investment 
and present Link capability to gov-
ernment and industrial concerns. 

Minimum BSEE with advanced work 
in communications. MSEE (commu-
nications) preferred. 

Experience must include 10-12 years 
in electronic system and hardware 
design and a broad background in 
several related areas including: early 
product design experience in mili-
tary electronics; design of custom 
electronic products for commercial 
aviation. 

If you are an electronics engineer with 
an eye towards a brighter, more reward-
ing future, why not write or submit your 
resume— in complete confidence— 
to '. Ir. C. P. Darrali 

eP 
LINK DIVISION 

GENERAL PRECISION, INC 
BINGHAMTON, NEW YORK 
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alpha is a systems management organization 

YJCE PRE3ICENT 
PROJECT 
EXECUTIVE IDIRECTOR TRANSPORTABLE 

SYSTEMS DIYISIOL 

SYSTEMS 
ENGINEERING 

Systems-oriented Engineer? 

ALPHA 
BOARC OF DIRECTIIRS 

DIRECTOR 
FIELD 

OPERATIONS 

PROJECT 
DIRECTOR 

FIELD 
OPERATICNS 

VICE PRESIDENT 
PRoscr 
nweivE 

PROJECT 
DIRECTOR 

MATERIEL 

CUSTOMER 

VICE PRESI ENI 
_PROJECT ETECUTIVE 

CONTRACT 
ADMINIVRATION 

VICE PRESIDENT 
CONSTRUCTION 

Simple and clear-cut, Alpha's internal organization is 
aligned to provide systems coordination by means of 
vertical integration of management, engineering, and 
administration of each project within the division to 
which the project is assigned. Each project division 
is under a Vice President and Project Executive who 
is organizationally a part of the central management 
of Alpha. Functionally. the Project Director, together 
with the project's own engineering, operations, mate-
riel, contract administration, and business development 
personnel, deals directly with the customer and has 
complete authority, responsibility, and accountability 
for the timely execution of the project. 
Does this team-oriented attitude that engenders 
effective interfacing relationships and intra-team 
communications appeal to you? Do you have systems-
oriented technical talent with the specialized capabil-
ities needed to determine system parameters; integrate 
a complex of equipments; direct subsystems suppliers? 
Write: 

C. P. Nelson 

Employment riPanager 

CORPORATION 

a Subsidiary of Collins Radio Company 

SYSTEMS DESIGNERS, ENGINEERS, CONSTRUCTORS, WORLD-WIDE • RICHARDSON, TEXAS • TELEPHONE DALLAS ADams 5-2331 

I e NEWS 
New Products 

168A 
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erator for other assignments and reduces 
total setup time to seconds. 

Ten or 20 inputs are standard for all 
distribution and program switching mod-
ules. For switching NTsc color video and 
for large video distribution exchanges, spe-
cial compensated switching modules are 
available with built-in equalized imped-
ance and phase shift compensation. 

Modular In-Line Switch 

The Digitran Co., 660 So. Arroyo Park-
way, Pasadena, Calif., announces a new 
panel switch concept (the new 7300 Series). 
The Digiswitch replaces ten-position, or 
octal, switch units of the rotary type. 
Panel space requirements are reduced so 
that designers can mount four times as 
many Digiswitches in the normal space 
required for rotary switch elements. 

The switch is linger controlled and pro-
vides for ten-position, single-pole and 
double-pole, binary coded decimal with 
variations, and octal 0, 1, 2, 4 coded out-
puts. Internal lighting of the readout and 
color coding of the switch tabs are also 
available. 

The in-line readout is said to reduce 
reading errors and simplify switch setting. 
The unit finds its applications in automa-
tion, automatic control systems, computer 
designs and other systems which require 
the setting of numerical constants or co-
efficients. 

The Digiswitch is designed in switch 
modules which permit ganging in any de-
sired number. For descriptive data sheet 

o. 7300, write to the firm. 

Current Sampling Transformer 

e 

Valor Instruments, Inc., 13214 Cren-
shaw Blvd., Gardena. Calif., has intro-
duced the 1ST series id seven pulse cur-

(iii n tied on rya,. 170.-1) 
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or 6 ••• 
How do you take the temperature 

of an electronic system? 
Use ONE Compact, Accurate, Lightweight, Completely Transistorized Oster-
Developed Temperature Indicating System. Replaces 6 Indicating Systems. 

The device illustrated 
senses and displays 
the highest of 4 tem-
perature sensor signals 
on the Convair B-58 

supersonic bomber. It also reads out the tem-
perature of the plane's 2 refrigeration systems. 
However, the unit can monitor temperature 
of any military or commercial electronic sys-
tem. Special versions can be furnished to 
monitor any analog voltage signal. 

Entire unit (component parts illustrated) has 
an accuracy of 1 weighs only 3.85 lbs. 
max., requires only 23A" panel space, and does 
the work of 6 indicating systems. Component 
parts consist of 4 sensors, a computer package 
with 6 channels, and a hermetically sealed 
indicator package. 

The unit is typical of Oster designed equipment. 

Hack 

Indicator 

Package 

Front 

Computer Package 

For help with your instrumentation and display problems, talk to the 
specialists at the Avionic Division. 

Sensors 

Burton Browne Advertis,ng 

OTHER PRODUCTS INCLUDE: 

Servos 

Synchros 

Resolvers 

Motor Tachs DC Motors 

Computers 

Indicators 

Servo Mechanisms 

Servo Torque Units 

1 EASTERN 310 Northern Blvd. • Great Neck, Long Island, New York 

OFFICE Phone: HUnter 7-9030 • TWX Great Neck N.Y. 2980 

MANUFACTURING CO. 

Specialists in Instrumentation and Display 

Avionic Division 

Racine, Wisconsin 

WESTERN 5333 South Sepulveda Blvd. • Culver City, California 

OFFICE Phone: EXmont 1-5742 • Upton 0-1194 • TWX S. Mon. 7671 

Interesting, varied work on designing transistor circuits 
Engineers For Advanced Projects: and servo mechanisms. 

Contact Mr. Robert Burns, Personnel Manager, in confidence. 
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ess space 

with this new 

Periodic Permanent 
Magnet Oscillator 

Huggins again demonstrates leadership in TWT production with 
a Backward Wave Oscillator focused in a periodic permanent 

magnet structure. This development opens a wide range of new 
uses for the BWO. With no cooling required, all need for auxil-

iary power is completely eliminated. Savings in size and weight 
are impressive. An 1P/z" x 21/2 " capsule, weighing 3.5 pounds 
replaces a solenoid and power supply weighing approximately 
50 pounds. 

HO 22 SPECIFICATIONS 
Frequency Min. Power Output 

8.5 to 12.0 KMC 10 dbm 

8.2 to 12.4 KMC 5 dbm 
Tuning voltage range is 400 to 1800 volts. 

(Further details an request) 

C, J 
•it* marulocture 

immiQ4 development 
erlcreertn9 

design 0) 
'Q'SeCICII S..°. 

cif-
0 

' LABO ' 9' ._ 

There are op-
portunities at 
Huggins for 
qualified per-
sonnel. Write 
to Richard A. 
Huggins, 
President. 

OGGINS LABORATORIES, INC. 
999 East Argues Avenue Sunnyvale, California 

REgent 6-9330 

NEWS 
New Products 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from Page 108A) 

rent sampling transformers which deliver 
synchronizing voltage pulses for use wit h 
radar transmitters or other devices which 
develop high pulse currents. The voltage 
pulses have the sanie shape as the high cur-
rent pulses. No resistance is added to the 
circuit because the transformer is not con-
nected to the current carrying the con-
ductor; voltage pulses are developed by 
passing the conductor through the hole in 
the transformer. This new approach elim-
inates the resistive netwoisks used in con-
ventional methods. 

Specifications: Size -A X ?e X r; Weight 
k ounce; Ratio 20:1 to 150:1; Pulse 
Widths 0.4 to 3.0 msec at 50 volts; In-
ductance 0.12 to 6.0 Optimum Load 
50 to 500 ohms; Meets MIL T27A. 

Price: 1-4 units $7.70 each; $4.60 each 
for 100. Delivery: From stock typically; 
two weeks maximum. 

Silicon Rectifiers 
Surge Protector 

Type SP Surge Protectors manufac-
tured by Electric Products Division, Dept. 
502P, Vickers Incorporated, 1815 Locust 
St., St. Louis 3, Missouri, protect silicon 
power rectifiers from breakdown due to 
transient high voltage. 

Non-linear resistance, decreasing with 
increase in voltage, plus built-in capaci-
tance, absorbs intermittent surge energy up 
to 3000 watts, limiting voltage to safe 
value for silicon recliner. Consumes less 
than 5 watts under steady-state condi-
tions. 

Nine standard types cover the range of 
50 to 600 volts normal 13IV rating. Field 
tested for more than a year; laboratory 
surge tested for more than 5 million cycles. 

For information write to the firm. 

(Continued on page 174A) 

Use Your 

IRE DIRECTORY! 

It's Valuable 

7"Lrl rill n _71_11 71_ 
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ELECTROPLATED 
Unusual and difficult engineering 

problems may be solved, at times, 

by single or multiple electro-

plating of small wires .. . A wide 

variety of metals is available, 

both as the core wire and as the 

plate. Inquiries invited. 

SINCE 1901 

Write for fist of Products. 

SIGMUND COHN MFG. CO., INC. 

with compact, transistorized series 

JKTO-PIP 
FREQUENCY 
STANDARDS 

(Standard Models Stocked For Quick Delivery) 

This series brings together a combination of ultra-
stable glass sealed crystals, matched-design sili-
con transistor-oscillator circuitry, and transistorized 
proportional control oven performance- The result 
of this advanced engineering is frequency sta-
bility of 1 part in 100,000,000 per doy, under 
normal conditions. 

3 6 9 12 15 
PERIOD-HOURS 

18 21 

For information, write stating your requirements. 

THE JAMES KNIGHTS COMPANY 
SANDWICH, ILLINOIS 

24 

SPECIFICATIONS 

FREQUENCY: 1 to 5 mc. is standard. 
Other frequencies available on special 
order. 
OVEN: Transistorized, proportional 
control. 
OUTPUT: One V into 5000 ohms. 
POWER: Operates from 24 to 28V D.C. 
DIMENSIONS: 2" x 1.84" x VA" H. 
WEIGHT: 10 Oz. Maximum. 
ENVIRONMENTAL: Hermetically 
sealed, shock and vibration resistant. 
TEMPERATURE RANGE: From 
—55°C to + 75°C. Also from — 55°C 
to 100+ °C. 

a 

tradition 

in 
voltage 

regulated 

dc 
power 

supplies 

the 

standard 

for the 
"state 

of the 
art" 

for over 

14 years 

More than 

120 standard 

active models 

transistorized 

vacuum tube 

magnetic 

For complete 

specifications 

send for 

Catalog B-601. 

131-42 SANFORD AVENUE 
FLUSHING 55, N. Y. 

IN 1-7000 

Twx e NY 4-5196 

*400 
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FREQUENCY STANDARDS 

*3 14" high 
400 - 1000 cy. 

PRECISION FORK UNIT 

TYPE 50 

Size 1" dia. x 3%" H. Wght., 4 oz. 

Frequencies: 240 to 1000 cycles 
Accuracies:— 
Type 50 ( ±-.02% at —65' to 85°C) 
Type R50 (±.002% at 15* to 35°C) 

Double triode and 5 pigtail parts required 
Input, Tube heater voltage and B voltage 
Output, approx. 5V into 200,000 ohms 

*314" high 
400 to 500 cy. 

optional 

PRECISION FORK UNIT 

TYPE 2003 

Size 1%" dia. x 41/2 " H.* Wet. 8 oz. 

Frequencies: 200 to 4000 cycles 

Accuracies:— 
Type 2003 (-±.02% at —65° to 85°C) 
Type R2003 (±.002% at 15° to 35°C) 
Type W2003 (±.005% at —65° to 85°C) 

Double triode and.5 pigtail parts required 

Input and output same as Type 50, above 

11.1 FREQUENCY STANDARD4w 
TYPE 2007-6 

TRANSISTORIZED, Silicon Ty 
Size 1%" dia. x 314" H. Wght. 7 on. 

Frequencies: 400 — 500 or 1000 cycles 
Accuracies: 

2007-6 (± .02% at —50° to +85°C) 
R2007-6 ( ±.002% at +15° to +35°C) 
W2007-6 ( -1.005% at —65° to +125°C) 
Input: 10 to 30 Volts, D. C., at 6 ma. 
Output: Multitap, 75 to 100,000 ohms 

FREQUENCY STANDARD 

TYPE. 2001-2 

Size 314" x 414" x 6" H., Wght. 26 oz. 

Frequencies: 200 to 3000 cycles 

Accuracy: -±.001% at 20° to 30°C 

Output: 5V. at 250,000 ohms 

Input: Heater voltage, 6.3 - 12 - 28 

B voltage, 100 to 300 V., at 5 to 10 ma. 

ACCESSORY UNITS 

for TYPE 2001-2 

L —For low frequencies 
multi-vibrator type, 40-200 cy. 

D—For low frequencies 
counter type, 40-200 cy. 

H—For high freqs, up to 20 KC. 

M—Power Amplifier, 2W output. 

P —Power supply. 

FREQUENCY STANDARD 

TYPE 50L 

Size 314" x 4%" x 5%" High 
Weight, 2 lbs. 

Frequencies: 50, 60, 75 or 100 cycles 
Accuracies:— 
Type 50L (-17.02% at —65° to 85°C) 
Type R5OL (-17.002% at 15° to 35°C) 

Output, 3V into 200,000 ohms 
Input, 150 to 300V, B ( 6V at .6 amps.) 

FREQUENCY STANDARD 

TYPE 2005 

Size, 8" x 8" x 71À," High 
Weight, 14 lbs. 

Frequencies: 50 to 400 cycles 
(Specify) 

Accuracy: -17.001% from 20° to 30°C 

Output, 10 Watts at 115 Volts 

Input, 115V. (50 to 400 cycles) 

FREQUENCY 
STANDARD 

TYPE 2121A 

Size 
834" x 10" panel 
Weight, 25 lbs. 

Output: 115V 
60 cycles, 10 Watt 
Accuracy: 
-1-.001% from 20° to 30°C 
Input, 115V ( 50 to 400 cycles) 

FREQUENCY 
STANDARD 

TYPE 211 IC 
Size, with cover 
10" x 17" x 9" H. 
Panel model 

10" x 19" x 8%" H. 
Weight, 25 lbs. 

Frequencies: 50 to 1000 cycles 
Accuracy: ( 71-.002% at 15° to 35°C) 
Output: 115V, 75W. Input: 115V, 50 to 

This organization makes frequency standards\.. 

within a range of 30 to 30,000 cycles. They are 

used extensively by aviation, industry, govern. 

ment departments, armed forces—where maxi-

mum accuracy and durability are required.r 

WHEN REQUESTING INFORMATION 

PLEASE SPECIFY TYPE NUMBER 

American Time Products, lac, 
Telephone: PLaza 7.1430 

172A WHEN WRITING 

Watch Master 
Timing Systems 

580 Fifth Ave., New York 36, N. Y. 
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Measure 10cps to 110Mc with one compact meter 

Comprehensive range for only $1895. Never before has so 
broad a range been offered for so low a price— a combination made 
possible by closely integrating a simple heterodyne converter with a 
top-notch 10Mc counter. Frequencies up to 10Mc are measured by 
direct counting. To measure frequencies above 10Mc, the operator 
simply rotates reference frequency selector until panel meter shows 
strong deflection, then reads counter indication. Measurements take 
less than a minute to make. Accuracy far exceeds FCC requirements 
over communications range. Possible error is .00004% or less from 
1Mc to 110Mc. 

Write for technical bulletin on Model 7175. 

I2e,% Beckman 
YEARS e, 

Frequency measuring range 
10cps to 110Mc 
Sensitivity 
100mv rms into 1M ohms 

up to 10Mc 
100mv rms into 100 ohms 

up to 110Mc 
Accuracy 
Oscillator accuracy ± lcps 
Oscillator stability 
3 parts in 107 per week 
Recording facility 
Rear jack carries code signals 

to actuate Beckman printer 
Dimensions: 
83/4" x 19" panel, 17" deep 
Weight 
Ready for rack: approx. 47 lbs. 
In cabinet: approx. 60 lbs. 
Price ;1895 

Berkeley Division 

Richmond, Calif ornia 
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new :I 

AlinRuct 17 
miniature rack & panel connectors 

with POK.-E—FIGME® contacts 
Solve space, weight and size problems with AmPHENoL's new 

Min Rac 17 connectors, true miniatures with the "Big Plus" 

advantage of Poke Home contacts! Min Rae 17's are rack & panel 

connectors ideally suited for today's compact chassis designs, 

connectors half the size and weight of standards, delivering 

full size efficiency. And with the patented Poke Home contact 

concept (U.S. Pat. 2,419,018), Min Rae 17's are easily, 

reliably assembled—contacts are crimped or soldered outside 

the connector body, then "poked home" for assembly. 

Min Rae 17's are available in 9, 15, 25, 37 and 50 contacts 

in rack & panel, cable-to-chassis and cable-to-cable designs. 

Contacts are gold plated. Shells may be ordered with 

clear chromate or gold indite finish. 

C!.1 PHENOL 

These remarkable connectors 
are available now—write 
for full catalog! 

CONNECTOR DIVISIO 
1830 S. 54111 AVE. CHICAGO 50, ILLINOIS 

, 1 NEWS 
I_ New Products 

/\ 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from page 170A) 

Peaked Amplifier 

CES Electronic Products, Inc., P.O. 
Box 7504, San Diego 7, Calif., has an-
nounced development and production of a 
new peaked amplifier in the 15 to 2000 
cps range. 

The new unit, Model 107-13, is a three 
stage direct-coupled amplifier with a CES 
Twin-T Filter in the negative feedback 
loop. The filter gives at least 50 db inser-
tion loss at its balance frequency and the 
normal feedback is at least 70 db. This re-
tains 20 db feedback for stabilization at 
the peaked frequency and results in a very 
sharp, deep-shouldered response curve. 
The performance of the amplifier is inde-
pendent of the driving point impedance 
and can be terminated in any high im-
pedance load. Q's of 100 are attainable 
with excellent stability. 

According to the company, the ampli-
fier is available in standard models for fre-
quencies from 15 to 2000 cps. Special 
models with frequencies as low as 0.01 cps 
can be supplied on special order. 

For additional information, write to the 
firm. 

Rotary Solenoids And 
Stepping Motors 

A new application guide to Ledex ro-
tary solenoids, selectors and Syncramental 
stepping motors has just been issued by 
G. H. Leland, Inc., 123 Webster St., Day-
ton, Ohio. 

This eight-page bulletin (No. A-1259) 
—illustrated with line drawings, charts, 
photographs and circuit diagrams—con-
tains specific physical, performance and 
environmental data on more than 250 dif-
ferent models available for immediate de-
livery. It also supplies information on how 
to use this data to select the proper rotary 
solenoid, selector or Syncramental step-
ping motor for any application. 
Only half the size of ordinary units, 

Leland's highly efficient Ledex rotary sole-
noid is capable of developing twice as 
much power as these ordinary solenoids. 

Its stepping and selector switch— 

(Continued on page 176A) 
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rN1OR Give your products E RELIABILITY and 
:BETTER PERFORMANCE with,, 

AVAILABLE FROM STOCK 

e  
MINIATURE • 

AUDIO 
TRANSFORMERS 
to MIL Specifications 

• Hermetically sealed 

Grade 4. 

• Frequency response: 

± 2D8 30-20,000 CPS 

s ± 2D8 200-10,000 CPS . 

Cal. Do I.,. Weal — 0 1.111 NIL type 

P1* I Pli. 00/200/500 Uno or mille TF41121011 
Sod 60,000 CT. to single or P.P. grids 

PITA 1 Pd. 4/8 Dynamic mil.• or spltr. Mill lOYY 

lac. 60,000 C.T. yoke coil to single or 
P.P. grids 

PAU I PM. 50/200/500 Line or mikes TF4111101Y 

Sod 60,000 CT. to single or P.P. grids 

NIA 4 Prl. 15,000 Single triode plate WUXI STY 

So«. 60,000 C.T. to single or P P. grids 

PISA 5* Pd. 15,000 Single rlado plat. TY 333333 Y 

Set. 40,000 ET. to P.P. grids 

PIMA • Pd. 15,000 Single triode plate lyggyssyy 

Sm. 00/200/500 li, 'mime'. II,.. 

PIRA 7. PO. IS, 000 Single triode plate 7141111310 
Sen. 50 ,200 / 000 te maltipie I.. 

PIMA 8 Prl 20,000 CT. Push•pull trim% plate yyaggsyyy 

Soc. 50/200/500 1..oitiPi. iie. 

MAI Pd. 60,000 CT. CT's,' mik• at PiskoP 004111013YM 
1«. 50:200 / 500 to multiple line 

PAIA 10 Prl. 50/200 Mixing or 'notching TF4831 STY 

Sod 50 ,200'500 

PIRA II 40 hy, 3 ma. cl.c.' Parallel teed manor 0141112005 
3500 1/ cl.t. rm. 

--. e MAGNETIC AMPLIFIERS4N 
• Hermetically Sealed To MIL 

Specifications 

• No Tubes 

• Direct Operation from line Voltage 

• Fast Response 

• Long Life Trouble Free Operation 

• Phase Reversible Output 

e"--- Power Gain 2 x 100 

Transistor 

Preamp. 

MAT- 1 

WI. 10 of 

Mag. Amp. 

MAF-5 

WI. 8 or. 

Motor 

0 > 
70 -. 

40 10 20 10 
1 1 1 1 

«F•12FOTT RII2 

1 1 1 
10 70 20 40 

n  INPUT YOCTOCE (KV.) 
IIRPuilf4PEDANCE 
1,500 ORted5.1 

40 

WRITE FOR FURTHER INFORMATION ON THESE 
UNITS OR SPECIAL DESIGNS. 

Partial listing only—Send for NEW 48 page transformer 
catalog. Also ask for complete laboratory test instrbment 
catalog. 

FREED TRANSFORMER CO., INC. 

NEWS 
New Products 

- 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Contnued from rill/C 1; A ) 

which can be manufactured in hermeti-
cally-sealed containers—has replaced the 
use of numerous ordinary relays in many 
applications where space and weight pre-
sent a problem. Ledex stepping and se-
lector switches require only one-fifth the 
space formerly taken up by ordinary re-
lays. 
A versatile, high-precision, bi-direc-

tional stepping motor, the Ledex Syncra-
mental motor develops at least three times 
greater torque than comparable devices 
can provide. During its design life of 
2,000,000 steps in each (Erection, the prob-
ability of its missing a step is only 1 in 
1 ,000,itt 10. 

600-Channel Transistorized 
Multiplex Carrier 

General Electric Co., Communication 
Prcxlucts Dept., Lynchburg, \7a., an-
nounced today that il has developed a 
transistorized mul-
tiplex-carrier sys-
tem capable of han-
dling up to 600 
voice frequency 
channels on a single 
radio beam. 

Fully transis-
torized, the new 
General Electric 
single sideband 
suppressed carrier 
system has toll 
quality capable of 
meeting interna-
tional and domes-
tic bog-distance 
sta sida rds. 

In the new mul-
tiplex-carrier, relia-
bility is enhanced by the use of a technique 
which utilizes a standby component for 
each component in the common equip-
ment, such as amplifiers and toaster oscil-
lators. Upon failure of an individual part, 
the parallel component keeps operating, 
with no switching delay to seriously affect 
data transmission." 

Also achieved is a substantial reduc-
tion in power drain. Typical equipment 
currently available requires thousands of 
watts for a system utilizing 240 channels. 
This design takes less than 700 watts for 
the corresponding capacity. 

Despite the increase in capacity which 
makes 600 channels available, this unit is 
one-third the size of conventional tubed 
equipment. G- E's design makes possible 
120 channels in an eight-foot space where 
only 24 channels previously could be ac-
commodated. 

Computer Grade Electrolytics 
A new four-page catalog describing 

Type QE computer grade electrolytic 
capacitors is available front Aerovox Corp., 

(Continued on hill,' • 

Quality 
Is The Constant In 

GLASS -TITE 
HERMETIC SEALS 

Glass-lites story is sirrnle and 
successful. They make a custom 
seal to your most minute specifi-
cations or they supply standard 
glass-to-metal seals — either way 
they make only one quality . . . 
THE BEST. No design requirement 
is too tough, no reasonable deliv-
ery date is impossible. 

Specify Glass-Tite in Kovar and 
compression seals, diodes and rec-
tifier enclosures for the semi- con-
ductor industry and all electronic 
applications. 

Write Dept. 729 for literature and 
send details of your design requirements. 

503-9 

GLASS -TITE is INDUSTRIES  , INC. 

725 BAVENUE 

PROVIDENCE, R. I. 

1720 Werrfield St., Brooklyn ( Ridgewood) 27, N.Y. 
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Spincaeting 

A significant contribution to 

Antenna Technology by D. S. KENNEDY & CO. 

Kennedy engineers and scientists have successfully applied a simple scientific principle 

to the manufacture of large antennas. The application of this principle that "the surface 

of a liquid when spun about a vertical axis assumes a paraboloidal shape" will result in 

several important benefits. 

First, surface accuracy of antennas should improve by more than an order of ten. This 

is possible even though the surface to which the liquid is spuncast is irregular, because 

such irregularities in the container in no way affect the smooth accuracy of the surface 

of the liquid. 

This means substantial savings in time and money in the manufacture of antenna dishes 

of this accuracy, as well as antennas of greater efficiency. 

There is no theoretical limit to the size of dish Kennedy may be able to Spincast. Dishes 

up to 10 feet in diameter are already in production and Kennedy is ready to receive in-

quiries as to the application of this technique to your problems. For complete information 

write, wire or call collect — EVergreen 3-1200. 

D. S. KENNEDY 8. CO. 

Antenna Division 
Cohasset, Massachusetts 

EVergreen 3-1200 

1 TRACKING ANTENNAS • RADIO TELESCOPES 

RADAR  ANTENNAS • SCATTER COMMUNICATIONS ANTENNAS 

MICROWAVE RESEARCH AND DEVELOPMENT 

TRANSMISSION TOWERS • SWITCHYARD STRUCTURES 

Anchor Metals Division 
Hurst. Texas 

(Fort Worth) ATIas 4-2583 

Advanced Engineering Division 
Monterey, California 

FRontier 3-2461 
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* AP-710-1 * 

SAVE VALUABLE COMMUNICATION DOLLARS 

with RIXON'S LOW NOISE PREAMPLIFIERS 
Much effort has been made and is being expended to reduce "noise" in 
receiving systems because of the potential dollar savings resulting from 
improved receiver performance. Even if the "noise" does not materially 
effect the performance of the receiving system, if there is a long trans-
mission line between the antenna and the receiver, the signal power is 
reduced by the transmission loss in the line. 

The Rixon 400-500 mc preampli-
fier, shown here, with noise figures 
in the 4 to 5 db-range, makes a 
major improvement when placed in 
front of a 10 to 12-db commercial 
receiver. It's the same as a four time 
increase in transmitter power. 

Other Rixon Preamplifier Models 
are available on short notice and are 
easily adapted at the factory to cover 
any band in the 10-500 nie fre-
queney range. 

TII\ON ELECTRONICS, INC.  
2414 Reedie Or., Silver Spring, Md. • LO 5-4578 

SPECIFICATIONS 
AP-710-I UHF 
Frequency Range 400 to 500 mc 

Noise Figure 3.5 db to 5.5 db* 
Gain & Bandwith 21 to 23 db-2 mc 

Input & Output 50 ohms 
Impedance 

Max. Input Level 100 mv 
Panel Size & Wt. 31/2  of 19- in. Rack Space-

93/4  lb. 
RF Connectors Type N' 

Power 115 vac. 50-60 cps. 15 watts 
Tube Type 7077 Ceramic Triode 

Circuit Grounded-grid. 2 stages 
Tuned Circuits Three continuously tunable co-

axial cavities of rigid brass 
'Depending on tubing. Simple peaking ad-
tube selection justment only. 

1,1 ill es and semi-conductors. 
Over 5000 types always in stock at E. T. S•, 
world's largest tube and transistor specialist. Special purpose, 
Transmitting, Receiving. All important brands. Name the type, 
name the brand, name the quantity—we have it. Famous nation-
wide service— fast delivery anywhere. Get your free subscription 
to the E.T.S. Bulletins for authoritative, up-to-date new-item arid 
new-availabilit\ news—write on your company letterhead tod:t 

ELECTRONIC TUBE SALES INC. 
74 Cortlandt St., New York 7, N. Y. BArclay 7-41 -40 

LINE REGULATION: Less than 5.0 millivolts 

LOAD REGULATION: Less than 5.0 millivolts 

RIPPLE AND NOISE: Less than 200 µv rms 
SERIES CONNECTED: 0-72 volts, 0-1.5 amperes 

TWX-NY1-4042 

REMOTE ERROR SENSING 

AUTOMATIC OVERLOAD PROTECTION 

CONVECTION COOLING: No moving part 

I-I.A.RFLI SON 1....2313ort_zurorums. 
45 INDUSTRIAL ROAD • BERKELEY HEIGHTS, NEW JERSEY • CR 3-9123 

. NEWSA 
New Products 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from page /76A) 

New Bedford, Mass. Literature provides 
complete technical information on these 
high reliability units including dimen-
sional drawings, performance character-
istics and table of stock values. Copies may 
be had by writing to the firm for QE 
Bulletin NPJ-110. 

DC Amplifier 
Packard Bell Computer Corp., a Divi-

sion of Packard Bell Electronic Corp., 
12333 \Vest Olympic Blvd., Los Angeles 
64, Calif., announces a completely solid-
state DC amplifier, designated the DCA-
1-B, which has the modularized plug-in 
feature illustrated in the photograph. This 
feature combined with the small size (41" 
X34" X4r) permits greater design flexi-
bility as it enables the design engineer to 
incorporate the amplifier in either a stand-
ard or nonstandard case. 

* KI.1•11.1i 

The DCA-1-B is an operational, wide 
band, high accuracy amplifier with a solid-
state chopper. Solid state design and the 
use of a non-mechanical chopper are said 
to snake this a reliable instrument. 

Specifications include: Frequency re-
sponse exceeding —3 db at 200 kc; gain 
accuracy of ±0.03%; linearity and sta-
bility at ±0.02%; and drift of 500 isv re-
ferred to input. 

Photoelectric Pulse 
Generator 

A shaft-driven device that delivers elec-
trical pulses at its output terminals is avail-
able from W. & L. E. Gurley, Industrial 

(Continued on page 180A) 

Use Your 
IRE DIRECTORY! 

It's Valuable 
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keep an 
accurate 
graphic 
record 

OF RESEARCH, DESIGN, 

TEST DATA 

two channels 

For General Purpose 

DC Recording — Model 320 

For recording two variables 
simultaneously, the Model 320 

provides a versatile, 
transistorized amplifier for each 

input signal. The rugged 2-
channel recorder assembly has 

heated stylus recording on 
two 50 mm wide rectangular 

coordinate channels, 4 
pushbutton chart speeds, and 

6 inches of visible chart. 
The Recorder can be placed 

vertically, horizontally 
or at a 20° angle. 

MODEL 320 SPECIFICATIONS 
Sensitivity: 0.5, 1, 2, 5, 10, 20 mv/mm and 
y cm 

Frequency Response: 3 db down at 125 cps, 
10 mm peak•to• peak 

Common Mode Voltage: . 500 volts max. 
Common Mode Rejection: 140 db min. DC 
Calibration: 10 my internal * 1% 
Output Connectors for each channel accept ex-

ternal monitoring 'scope or meter 

NEW SANBORN PORTABLE DIRECT WRITING RECORDERS 

FOR IN- PLANT, LABORATORY OR FIELD RECORDING 

co , 
ri 

Two models of this 21 lb. brief case 
size recorder are available — Model 301 
for AC strain gage recording, Model 299 
for general purpose DC recording. Both 
provide immediately visible, inkless 
traces by heated stylus on 40 division 
rectangular coordinate charts... 
frequency response to 100 cps .. . 5 and 
50 mm/sec chart speeds .. . approx. 
4 inches of record visible in top 
panel window. 

single channel 

liODEL 301 SPECIFICATIONS 
The amplifier section of the Model 301 is an all-
transistorized carrier type with phase sensitive 
demodulator. The power supply and internal 
oscillator circuits are also transistorized. 
Sensitivity: 10 uy rms/div ( from transducer) 
Attenuator Ratios: 2, 5, 10, 20, 50, 100, 200 
Carrier Frequency: 2400 cps internal 
Transducer Impedance: 100 ohms min. 
Calibration: 40 uv/volt of excitation 
Output Connector: for external monitoring 

'scope or meter 

MODEL 299 SPECIFICATIONS 
Combines the dependability of transistors with 
the high input impedance of vacuum tubes for 
reliable broad-band DC recording. 
Sensitivity: 10, 20, 50, 100, 200, 500 mv/div 
and I, 2, 5 and 10 v/div 

Input Resistance: 5 megohms balanced each 
side to ground 

Common Mode Voltage: volts max. at 10 
my/div sensitivity increasing to 500 volts 
max. at other sensitivities 

Common Mode Rejection: 50:1 most sensitive 
range 

Calibration: 0.2 volt internal 1% 
Output Connector: for external monitoring 

'scope or meter 

Contact your Sanborn Sales-Engineering representative for complete information, or write 
the main office in Waltham. Sales-Engineering representatives arc located in principal cit jeu 
throughput the United States. Canada and foreign countries. 

SANBORN e(el. COMPANY 



g .wicutt, a. "Cilhatcha.-mcc-.calt-ii?" 

gel_ a. ".thinqa.-ina.-jig_ that.  
How often have you struggled to remember the 

name of a component or electronic item. . 

Just could not think quickly what it is called? 

YOU CAN FIND IT 

IN THE IRE DIRECTORY! 

Aecau.à9_ 

(1) The IRE Directory classifies products by purpose 

and use. 

(2) Its listings are fundamental—the way an engi-

neer thinks. 

(3) "Terminology" is cross indexed in the pink pages 
—condensed, simple, not mixed in with firm 

names. 

(4) Ads face listings thus helping to identify prod-

ucts by actual pictures. 

(5) Product code numbers reduce complex and dupli-

cate listings, saving you "searching" time and 

effort. 

Study it.. . save it... work it. 

THE INSTITUTE OF RADIO ENGINEERS 

1 East 79th Street, New York 21, N.Y. 

i: NEWS /kt New Products 
MOW 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 
information. Please mention your IRE affiliation. 

(Continued from page 178A) 

Division, Troy, N. Y. The Model 8601 
Photoelectric Pulse Generator may be 
used either as a rate generator or as an 
angle-measuring unit. 

When used as a rate generator, the out-
put frequency is read in terms of shaft 
speed. When used to measure angles, the 
total angle is determined by totalizing in-
dividual pulses. The pulses are generated 
by a light which passes to a photocell 
through rotating disc with alternating 
clear and opaque sectors. The number of 
pulses per revolution, therefore, is a func-
tion of the number of segments on the disc. 

The Gurley Generator can be supplied 

(Continued on page 18..A) 

How to Step Up 
PRODUCTION and 
LOWER the COST of 

COIL 
WINDING 

SHOW ROOM 
114 Liberty St. 

New York 6, N.Y. 
Demonstration by 
Appointment or 

Send Your 
Specifications to 

INDUSTR AL 
WINDING MACHINERY 

CORPORATION 

P.O. Box 62, New York 5, N.Y. 

WHitehall 3-1754 
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CRYSTALS CRYSTAL FILTERS OVENS 
Available for any Center frequencies from Complete from multi purpose 

frequency from 2 KC thru 10 KC thru 20 me. band AM 100 to the specific Ell-IC 
100 mc. to meet and widths of .01% to 8% of series, temperature 
exceed all military center frequency, stabilization to . 1"C 

specifications. 

NUMBER ONEL SOURCE 

PACKAGED 
OSCILLATORS 
30 cps thru 70 mc 

frequencies available as 
tube type or transistorized 

oscillators. 

›iffm 

ir frequency control— components and systems 

Today, an increasing number of electronic systems demand a degree of reliability 
heretofore unobtainable. That is why more and more manufacturers are specifying 
Bulova. 

Bulova crystals, filters, ovens, packaged oscillators, and Bulova frequency control 
systems, custom-designed for either limited or mass production, meet and exceed 
military and industrial specifications. 

Bulova's experience in mastering many of the most difficult problems involving 
component and system reliability has made it the number one source for frequency 
control devices. This experience can prove of immense value in your particular 
program. For more information write Dept. A-1183, today. 

BU LOVA 
ELECTRONICS DIVISION • WOODSIDE 77, NEW YORK 

PROCEEDINGS OF THE IRE April, 7960 1 UI A 



LING'S LIGHT-ARMATURE SHAKER LETS YOU 

TEST UNDER PRESSURE Altitude, temperature, humidity! To help you 
  conduct vibration tests under such extremes, 

Ling brings you the new liquid-cooled Shaker A246 of revolutionary design. In this 7500 force-pound shaker, 
Ling shaves the weight of the armature to a new low of only 68 pounds— the lightest armature by far for this 
force-rating. Structural resonance, first major, develops at 2570 cps, bare table. Shaker efficiency is at a new 
high; the A246 delivers full output at reduced amplifier power, cutting costs on associated electronics equip-
ment. In a chamber, it functions at extremes well above ordinary shakers — from —100°F to +300°F, and up 
to 125,000 ft. Further, it simplifies chamber testing even more when used with the piggy-back chamber shown 
above. With Ling seals and baffles, the shaker body acts as one wall of the chamber, and only the table rides 
into the chamber. This is just one more advance from Ling research; for electronics that always help you out 
of prototype into production, fast —look to Ling. For 

details, write Dept. IRE-1, at either address below. LING 
ELECTRONICS 

A DIVISION OF LING•ALTEC ELECTRONICS, INC. • 1515 SOUTH MANCHESTER, ANAHEIM. CALIFORNIA • 120 CROSS STREET, WINCHESTER, MASSACH•USE" TS 
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LING ELECTRONICS NEWS 
New Products 

The new A246 shaker is but one 
of the advances growing out of Ling 
Electronics' continuing program of 
research and development. This 
program contributes to the many 
advantages enjoyed by the Ling 
customer— fast deliveries, sound 
engineering and design, ease of 
maintenance, and the compatibility 
of Ling environmental testing equip-
ment with other systems. 

The compatible design of the A246, 
for example, permits it to function 
as part of a test chamber— reducing 
the size of a chamber needed, and 
eliminating usual more costly instal-
lations. For this method, Ling also 
supplies a complete line of thermal 
barriers needed for piggy-back 
mounting, making combined-envi-
ronment testing more practical. 

Whatever your needs in high-power 
electronics— for vibration testing, 
acoustics or sonar— rely on Ling for 
truly practical design and advanced 
engineering. 

Model A246 SHAKER, which is 
illustrated above, offers these other 
performance advantages: 7500 force 
pound rating, with high first reso-
nance of 2750 cps. Engineered to 
operate continuously at maximum 
force on low input. Features simpli-
fied compensation over wide band-
widths, dual magnetic field structure 
for low stray field and improved 
force-current linearity. 

LING ELECTRONICS • HIGH- POWER 
ELECTRONICS FOR: VIBRATION TESTING 

• ACOUSTICS • SONAR 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your IRE affiliation. 

(Continued from page 180.4) 

with either photoresistive or photovoltaic 
cell. Output of the former cell consists of 
alternations between two levels of internal 
resistance; while output of the latter is a 
series of dc voltage pulses. Typically the 
output voltage is 0.1 to 0.25 vat 50K load 
impedance. Several standard disc patterns 
provide up to 500 pulses per revolution. 

An illustrated bulletin is available. 

Digital Translator 

A new digital translator which accept, 
virtually any kind of digital data and pro-
vides an analog output plus control signals 
is now available from F. L. Moseley Co., 1 
409 N. Fair Oaks Ave., Pasadena, Calif. 

The instrument, Model 42, permits 
automatic operation of Moseley Autograf 
or similar X-Y recorders. Accuracy of thi• 
digital-to-analog conversion is 0.1% and 
the accuracy of the recorders is main-

tained. 

Model 42 is compatible with IBM 
summary punches and card readers in-
cluding Models 514, 519, 523, 524, 526, 
etc. It may also be driven by mechanical 
punched tape readers such as Friden. 
Soroban solenoid and Teletype motorized 
readers, without modification to either the 
translator or driving equipment. 

The new digital translator is supplied 
with a 10-key serial keyboard for manual 
input. The instrument accepts 4 digits and 
sine per axis and provides a front panel 
display of matrix contents. 

Accessories available include a mag-
netic tape adapter, Flexowriter converter, 
remote decimal contents read-out panel 
and an optical magnetic tape converter. 

Further information may be obtained 
from the firm. 

Machine Tool Control 
Brochure Available 

A new brochure describing numerical 
machine tool controls is now available from 
the Industrial Systems Div., Hughes Air-
craft Co., International Airport Station, 
Los Angeles 45, Calif. 

The new control provides automatic 
positioning of a two-axis table from a pre-
programmed punched one-inch tape. A 
third axis control can be added to the 
system. 

The booklet gives a complete descrip-
tion of the unit, which can be applied to 

(Continued on page 194A) 
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CONDUCTIVE 
PLASTIC 

POTENTIOMETERS 

Type 3173 

7/8 " dia. rotary 

Type 2064 

Dual-element rectangular 
rectilinear 

Type 3033 

1V,a" dia rotary 

When the ultimate in quality 
and reliability is required . . . 
when there is no time for 
standby or interruptions . . . 
no room for component value 
variations . . . no tolerance of 
failure — then it's high time to 
specify MARKITE precision 
potentiometers. Here are only 
a few reasons why they provide 
performance beyond the 
expected: 

• Linear stability for more than 50 
million cycles • Substantially 
infinite resolution • Independent 
linearity to 0.05% in 15/16" dia. 
units and 0.01% in 5" dia. units • 
Operation in ambient temperatures 
up to 200 0 C • Shock and accelera-
tion resistance in excess of 100g 
• Rotational speeds up to 1,000 rpm 
• Meet Military Specifications. 

Write for Design Data and Catalog 
for Rotary and Rectilinear 

Potentiometers. 

CORPORATION 
155 Waverly Place • New York 14, N. Y. 
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A DIGEST OF NEW DEVELOPMENTS 
IN ELECTRONICS AND AUTOMATION 

PUBLISHED BY ROME CABLE 01V. OF ALCOA, ROME, N. Y. 

PIONEERS IN INSTRUMENTATION CABLE ENGINEERING 

STILL A MAN'S WORLD. More attention by designers of electronic equipment 
to the human factor is being called for by the people handling human engi-
neering for the Air Force. Both operation and maintenance are involved. 
Typical deficiencies that may unnecessarily complicate maintenance, for 
example, are: insufficient or inadequate check points, extensive calibration 
requirements and the placing of high-failure-rate components in inaccessible 
spots. Ultimate goal is equipment designed so that required maintenance can 
be conveniently handled by those with a minimum of training in electronics. 

UP TWENTY PER CENT. Though not completely clarified, the Defense Depart-
ment's budget for 1961 in terms of military electronics looks like it will hit 
$5.5 billion. This is an increase of some 20 per cent over the 1960 figure. 

SUN NEVER SETS. True to the traditions of the Empire yesteryear, the British 
will soon find another means of linking the members of the Commonwealth. 
This time it will be an undersea cable network that can carry slow-scan TV 
as well as telephony. The first link, between Britain and Canada, is scheduled 
for completion in 1961. By 1964 the second leg, tying Canada to Australia, 
will be ready. And so on. 

TERA, GIGA, NANO AND PICO. These are the four prefixes that the National 
Bureau of Standards has picked following recommendation of the Interna-
tional Committee on Weights and Measures. These four join the already-in-
use: mega, kilo, hecto, deka, deci, centi, milli and micro. Tera is 10'2; giga, 
109; nano, 10-9; and pico, 10-12. Symbols for these new prefixes are, respective-
ly, T, G, n and p. For example, 10-12 farad is a picofarad and is written in 
abbreviated form thusly: 1 pf. 

JU RY-SIZED SUB? The Navy is deep into a program ( along with nine private 
firms and research groups) to put into the brine a fully automated sub that 
will need a crew of only 12. Automated and integrated will be the five funda-
mental control areas, or "loops": ship control, communications, engineering, 
weapons and environmental. 

CAB LEMAN'S CORNER. The old adage "Don't put the cart before the horse" 
was never so true as it is in these days of automation and instrumentation. 
With all the intricate pieces of equipment being designed these days, it is 
important that careful consideration be given to the wire and cable that may 
be employed in any system. Often forgotten is the unromantic aspect of the 
connecting links of the system. Cables are the arteries through which must 
flow the power and informational pulses necessary for reliable performance. 

Don't take a chance on being able to obtain a cable that will fit into what 
is left. Many times, important characteristics such as conductor size, insulat-
ing walls, protective sheaths, flexibility and flex-life have to be sacrificed. Don't 
sacrifice reliability in your cables for an existing space or connector fittings. 
For 100% reliability in multi-conductor cables, call on a cable specialist— 

and call on him as soon as possible. Phone Rome 3000, or write: Rome Cable 
Division of Alcoa, Dept. 1240, Rome, New York. 

These news items represent a digest of information found in many of the publica-
tions and periodicals of the electronics industry or related industries. They appear 
in brief here for easy and concentrated reading. Further information on each can 
be found in the original source material. Sources will be forwarded on request. 

KLYSTRONS 
AND 

MAGNETRONS 

E.M.I. klystrons and magnetrons are available 
in a wide range of types and specifications to 
meet your particular and exacting require-
ments • Through the Hoffman Electron Tube 
Corp. — U.S. representative for E.M.I. — these 
tubes can be promptly delivered from inven-
tory. Rugged, reliable E.M.I. klystrons and cavi-
ties range from 0.5 to 46.0 KMC . . . 
Magnetrons are available as packaged types 
for pulse operation; in " E", "Q", and "1" 
bands; forced- air cooled; indirectly heated 
cathodes; millimeter operation • E.M.I. Elec-
tronics Ltd. is one of the world's leading 
pioneers in the development of special and 
standard high-performance tubes for military 
and commercial use. 

You can rely on E.M.I. for the highest stand-
ard of accuracy and reliability. 

Send for your copy of the new E.M.I. 300- page catalog. 

Hoffman Electron Tube Corp.(  
804 Newbridge Avenue 
Westbury, New York E 

) 
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SUPRAMICA 555 
ceramoplastic 

the world's most nearly perfect 
precision-moldable electronic insulation 

for total reliability.., at high temperatures 
... specified in OT.YR /•TS transducers 

Inc. 

Why did BOURNS, INc. select SUPRAMICA 555 ceramoplastic as the insulating base 
for its ultra high-temperature differential pressure transducers? 

BOURNS' engineers cite three reasons . . . each a contribution to the total reliability of 
these airborne telemetering devices. "First is temperature. The sensitive element of 

the mechanism must withstand high operating temperatures. Next, SUPRAMICA 555 

offers a combination of excellent insulating characteristics, which are essential to the 

highly accurate functioning of the potentiometer. In addition, this ceramoplastic 

material is readily moldable into complex shapes, such as that required for this intri-

cate part." 

For other applications SUPRAMICA 555 is used under operating conditions as 

high as + 700°F. . . . SUPRAMICA 555 is one of the many ceramoplastic and glass-

bonded mica insulation materials produced by MYCALEX CORPORATION OF AMERICA, 
in precision-molded and machinable formulations. Whatever your insulation need 

there is a MYCALEX product to meet it—for example, SUPRAMICA 620 machinable 
ceramoplastic, which has a maximum operating temperature of + 1550°F. Write today 

outlining your design problem for specific information. 

General Offices and Plant: 126 Clifton Blvd., Clifton, N. J. 
Executive Offices. 30 Rockefeller Plaza, New York 20, N. Y. 

WORLD'S LARGEST MANUFACTURER OF GLASS -BONDED MICA AND CERAMOPLASTIC PRODUCTS 
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PRECISE eri"  e 

COAXIAL TUNERS 
TUNE TO 

VSWR 1.000 200-4000 MCS. 

MAKES YOUR LOAD A REFLECTIONLESS TERMINATION 

DESIGNED FOR USE whenever extremely accurate RF power 
terminations are required. This laboratory type Coaxial Tuner 
will tune out discontinuities of 2 to 1 in coaxial transmission 
line systems or adjust residual VSWR to 1.000 of loads, 
antennas, etc. May also be used to introduce a mismatch into 
an otherwise matched system. 

M. C. JONES COAXIAL TUNER is designed for extreme ease of 
operation, with no difficult laboratory techniques involved. 
Reduces tuning time to a matter of seconds. Graduations on 
carriage and probe permit resetting whenever reusing the same 
termination. 

Impedance 

Frequency Range 

RF Connectors 

Power Rating 

Range of Correction 

SPECIFICATIONS 
50.0 ohms 

Model 151 N 200-1000 Mcs. 
Model 152N 500-4000 Mcs. 

ElA je 50.0 ohm Flange plus adapters to N female connector 

100 watts 

VSWR as high as 2 may be reckced to a value of 1.000 

FOR MORE INFORMATION ON TUNERS, DIRECTIONAL COUPLERS, R. F. LOADS, Etc., 
PLEASE WRITE TO: 

M. C. JONES ELECTRONICS CO., INC. 
185 N. MAIN STREET, BRISTOL, CONN. 

SUBSIDIARY OF 

AVI/1110,1 CORPGRA ,I(CI 

VOICE via 

LIGHT BEAM 
In Space . . . 
On Earth . 

New power sources and electronic 
controls now permit transmission 
of voice communications between 
line-of-sight points using a narrow, 
high intensity beam of light... 

• Military applications re-
quiring maximum security 

• Civilian applications 
requiring privacy and 
where wires are not 
available 

Use in hazardous locations 
where radio waves could 
cause explosions or 
interference 

Electron Arc's power supplies are 
designed for use with high intensity 
light source lamps such as the 
Sylvania concentrated arc lamps. 
Complete units are available from 
2 to 300 watts with varying light 
source diameters from 0.005 to 
0.110 inch — with average brightness 
of 15,000 to 30,000 candles per 
square inch. 
When used with the appropriate 
concentrated arc lamps, the system 
provides a ready and highly efficient 
source of infrared energy. Such units 
are finding extensive applications 
in communication and detection 
systems. 
EA's line of power supplies and 
accessories for high intensity light 
sources are ideal for use in: 

• Laboratory instruments 
• Photographic equipment 
• Projection systems 
• Photomicroscopy 
• Collimating systems 
• Medical and surgical 
equipment 

Other EA products include trans-
formers and power equipment for 
special applications with a wide 
range of frequencies, and voltages 
to 100 kw and higher. DC power 
sources with controlled outputs and 
special voltages include rectifiers for 
higher voltages and currents than 
normally available. 

ELECTRON ARC DIV. 
IONICS, INCORPORATED 
244 Brood Street • Lynn, Massachusetts 
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New LAMBDA 
Regulated Power Supplies 

5 and 10 AMP 0-32 VDC 

CONVECTION COOLED 

GUARANTEED FOR 5 YEARS 

DC OUTPUT: 

• Convection cooled— no in-
ternal blowers to wear out 

• Ambient temperature 50 °C 

• Excess ambient thermal 
protection 

• Fast transient response 

• Special, high purity foil, 
hermetically sealed long-
life electrolytic capacitors 

• Hermetically sealed trans-

former designed to 
MIL-T-27A 

• Remote sensing and DC 
vernier 

New LAMBDA LA Series Condensed Data 

(Reg*. Icted for line and load) 

MODEL VOLTAGE RANGE CURRENT RANGE 2 PRICE 

LA50-03 0-32 VDC 0- 5A $39-5 
LA50-03M 0-32 VDC O. 5A $425 
LA100-03 0-32 VDC 0-10A $510 
LA100-03M 0-32 VDC 0-10A $540 
I The output voltage for each model is completely covered in four steps by 
selector switches plus vernier control and is obtained by summation of 
voltage steps and continuously variable DC vernier as follows: 

MODEL VOLTAGE STEPS  

LA 50-03, LA 50-03M-2, 4, 8, 16 and ±2 volt vernier 
LA100-03, LA100-03M-2, 4, 8, 16 and -±-2 volt vernier 
2 Current rating applies over entire output voltage range 

Regulation: 

Transient 
Response: 

Line: Better than 0.15 per cent or 20 millivolts 
(whichever is greater). For input variations 
from 100-130 VAC. Load: Better than 0.15 per 
cent or 20 millivolts ( whichever is greater). 

Line or Load: Output voltage is constant within 
regulation specifications for step function line 
voltage change from 100-130 VAC or 130-100 
VAC or for step-function load change from 0 to 
full load or full load to 0 within 100 microsec-
onds after application. 

Send today for 

Ripple 
and Noise: 

AC INPUT: 

Less than 1 millivolt rms with either terminal 
0-rounded. 

100-130 VAC, 60 0.3 cycles3 
3 Well within standard commercial power line frequency 

tolerances in the United Slates and Canada. 

OVERLOAD PROTECTION: 

Electrical: Magnetic circuit breaker front panel mounted. 
Special transistor circuitry provides indepen-
dent protection against transistor complement 
overload. Fuses provide internal failure pro-
tection. Unit cannot be injured by short cir-
cuit or overload. 

REMOTE SENSING: 

Provision is made for remote sensing to 
minimize effect of power output leads on 
DC regulation, output impedance and tran-
sient response. 

PHYSICAL DATA: 

Size: LA 50-03 .... 514" H x 19" W x 14%" D 
LA100-03 .... 7" H x 19" W x 14%" D 

Panel Finish: Black ripple enamel ( standard). Special fin-
ishes available to customers specifications at 
moderate surcharge. Quotation upon request. 

complete data 

LAMBDA ELECT RONICS COE P. 
-1-11 131 STREET • COLLEGE POINT 56, N. Y. • INDEPENDENCE 1-8500 LA•t00 



THERE'S A 

NORTH ATLANTIC INSTRUMENT 

TO MEET YOUR REQUIREMENTS, 

TOO... 

Now— from North Atlantic — you get the complete 

answer to AC ratio instrumentation problems— in the 

laboratory, on the production line, in the fie!cl. 

Specialists in ratiometry, North Atlantic offers the only 

complete line of precision instruments to handle any 

ratio measurement task. All are designed to meet the 

most demanding requirements of missile age 

electronics— provide high accuracy, flexibility, 

compone-it compatability and service- proven 

perforformance. Some are shown above. 

If your project demands total solution to ratio measure-
ment problems, write for Date File No. 10M It provides 
complete specifications and application data and shows 
how North Atlantic's unparalleled experience in ratio-
metry can help you. 

L RATIO BOXES: 
Both laboratory stand-
ards and gemeral duty 
models. Ratio accu-
racies to 0.0001%. 
Operation from 25 

cps to 10 kc. 

2. COMPLEX 
VOLTAGE 

RATIOMETERS 
Integrated, single- unit 
system for applica-
tions where phase 

relations are critical. 
Accuracy to 0.0001%, 
unaffected by quaara-
tare. Three frequency 
Operation. Direct read-
ing of phase shift in 

milliradians or degrees. 

3. PHASE ANGLE 
VOLTMETERS 

Versatile readout sys-
tem for all ratiometry 
applications, providing 

direct reading of 
phase, null, quadra-
ture, in- phase and 

total voltage. Broad-
band, single-, or 
multiple- frequency 

operation, 

NORTH ATLANTIC INDUSTRIES, INC. 
603 MAIN STREET, WESTBURY, N.Y. • EDGEWOOD 4-1122 

4. RATIO 
TEST SETS 

Ratio reference and 
readout in one con-
venient package for 
production line and 
similar applications. 
Can be supplied with 
any desired combina-
tion of ratio box and 
phase angle voltmeter. 

TUBE PROBLEM: 

The Armed Forces 
needed a new version 
of the 6J4 reliable 
tube type which would 
provide a tube life 
of almost 1000 hours. 
Existing tubes of 
this type had an 
average life of only 
250 hours. In addition, 
this new tube had to 
be produced under 
ultra-high quality 
control standards. 

SONOTONE 

SOLVES IT: 

By making 
improvements in 
the cathode alloy and 
setting up extremely 
tight controls in 
precision, manufacture 
and checking, 
Sonotone engineers 
produced a 6J4WA 
with a minimum life of 
1000 hours...most 
running much longel. 

RESULTS: 

à The Sonotone 6J4WA 
is one of three reliable 
tubes now being 
manufactured under 
U.S. Army Signal 
Corps RIQAP 
(Reduced Inspection 
Quality Assurance 
Program), monitored 
by the U.S. Army 
Signal Supply Agency. 
And the same rigid 
quality standards 
apply to Sonotone's 
entertainment type 
tubes as well. 

Let Sonotone help 
solve your tube 
problems, too. 

Sonotone Cl 

e '› • 

Electronic Appl ications Division, De pt. T42 4E 

ELMSFORD, NEW YORK 
Leading makers of fine ceramic cartridges, speakers, micro-
phones, tape heads, electron tubes. 

In Canada, contact Atlas Radio Corp., Ltd., Toronto 
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NUMBER a 

RELIABILITY SERIES 

BOURNS 
TRIMPOr 
WITH 

BUILT-IN 
TEMPERATURE 

STABILITY 
Stable settings under extreme temperature conditions is 

an outstanding feature of the Trimpot" potentiometer. This thermal stability is built-in through all phases of design and production— 

MATCHED COEFFICIENTS OF THERMAL EXPANSION 
Resistance wire and mandrels have matched coefficients of thermal 
expansion to reduce the "strain gage effect." Linear expansion rates 
for the mandrel and wire match so closely that the temperature co-
efficient value for the entire wirewound element approximates that of 
the wire itself. 

EXCLUSIVE SILVERWELD® TERMINATION 
Silverweld is an actual metal-to-metal fusion of element wire and 
external terminal. In doing away with mechanical or soft-solder joints, 
Bourns eliminates potential hot spots thus extending the potenti-
ometer's temperature range. The fusion of the Silverweld terminal to 
many turns of wire on the resistance element avoids the problem of 
single wire termination. Silverweld is virtually indestructible under 
thermal stresses. 

THERMALLY STABLE CERAMIC MANDRELS 
Bourns takes advantage of high thermal stability of ceramic materials 
for element mandrels. Today, all Boums Trimpot potentiometers pro-
vide the improved performance and reliability afforded by ceramic 
materials. 

EXCLUSIVE TENSION CONTROL EQUIPMENT 
Bourns has developed specialized winding equipment that provides 
constant and precise control of wire tension during winding operations. 
"Necking" of the wire or resistance-altering stresses never occur. 
Instead the wire remains uniform— well able to withstand temperature 
variations with no appreciable change in resistance. 

Specify Trimpot — the original leadscrew - 
actuated potentiometer with reliability on 
which you can depend. 20 basic models — 
4 terminal types- 3 mounting styles. 

7E3 OT_TR.1\TS 

BOURNS INC.. TFtIMPOT DIVISION 

SI 35 MAGNOLIA AVE, RIVERSIDE. CALIF. 

PLANTS: RIVERSIDE, CALIF. AND AMES. IOWA 

Write for new Trimpot summary brochure and list of stocking distributors. 

Exclusive manufacturers of Trimpot, Trime and E-Z-Trim'. Pioneers in transducers for position, pressure and acceleration. 

PROCEEDINGS OF THE IRE April, 1 960 1 89A 



NEW RECTIFIERS FROM 

Free from thermal fatigue: All G-E 
medium and high-current silicon 
rectifiers—including the new 6 and 
12-amp. devices described at right— 
are completely free of soft solder 
joints, which often fail as a result 
of thermal fatigue. They can be 
worked right up to maximum cur-
rent and temperature ratings, even 
on highly cyclical loads. 

1904 

Transient PlV ratings. All G-E me-
dium and high current rectifiers — 
including the new subminiature 
glass and 6 and 12-amp. devices at 
right — now carry transient PLY 
ratings. This means you can buy the 
continuous rating you need and be 
fully protected for occasional tran-
sients — at no extra cost! 

WHEN WRITING TO ADVERTISERS PLEASE MENTION-PROCEEDINGS OF THE IRE April, 1960 



GENERAL ELECTRIC 
New Silicon Subminiature Glass Rectifier 

Designed for maximum thermal conductance over a wide temperature range. 
Suitable for 1111L-E-1/1143. Extremely low leakage currents. Ideal for mag-
netic amplifier, blocking and other low-leakage applications. 

Max. Lkge 
JEDEC or Cur. Max. Full Load Max. 
GE Type Repetitive Transient Max. Inc (Full Voltage Drop Oper. 
Number PIV PIV at T°C cycle Av.) ( Full cycle Av.) Temp. 

@ 150°C @ 100°C (& 25°C 
1N645 225 275 150 ma 15 pa IV 175° 
1N646 300 360 150 ma 15 po IV 175° 
1N647 400 480 150 ma 20 po IV 175° 
1N648 500 600 150 ma 20 ga IV 175° 
1N649 600 720 150 ma 25 go IV 175° 

@ 150°C 
1N677 100 20 400 ma .2 ma IV 175°  

IN676-1N679, 1N681- 1N687 and IN689 also available in this package. 

New Silicon Insulated Stud Mounted Junction Rectifier 
Designed for applications requiring fins or direct chassis mounting. Stud 
electrically insulated from rectifying junction. High forward currents per-
mitted at case temperatures up to 150°C ( up to 165°C with derating). Reverse 
current at maximum junction temperature extremely low, making these de-
vices ideal for low-leakage applications 

Max. Lkge Max. Full Load 
JEDEC or Max. Peak Cur. Voltage Drop Max. 
GE Type Max. loc 1 cycle (Full (Full Cycle Oper. 
Number PIV at 1°C Surge Cycle Av.) Av.) Temp. 

@ 50°C Case @ 150°C @ 150°C 
1N2851 500 1.5 Amps 15 Amps .3 ma .65V 150° 
1N2852 600 1.5 Amps 15 Amps .3 ma .65V 150° 

@ 75°C Case 
1N2847 100 1.5 Amps 15 Amps .4 ma .65V 165° 
1N2848 200 1.5 Amps 15 Amps .3 ma .65V 165° 
1N2849 300 1.5 Amps 15 Amps .3 ma .65V 165° 
1N2850 400 1.5 Amps 15 Amps .3 ma 65V 165° 

New Silicon Medimn Current 6 and 12-amp. Junction Rectifiers 
With these new devices, General Electric now offers the widest selection of rectifiers 
in the medium current range. Designed for all rectifier applications from 2 to i5 
amperes. Extremely low forward voltage drop and thermal impedance combined 
with high junction temperature rating permit high current operation with mininuun 
space requirements. May be mounted directly to chassis or fin or electrically in-
sulated from heat sink by using mica washer kit provided with each unit. 

Max. loe Max. Lkge Max. Full Load 
JEDEC or Repeti- Iran- @ 145°C Stud Max. Peak Cur. Voltage Drop Max. 
GE Type live sient Single 1 Cycle (Full cycle Av. (Full Cycle Oper. 
Number PIV PIV Phase Surge @ Full Load) Av.) Temp. °C 

@ 150°C Stud @ 150°C Stud 
1N1341A 50 100 6A 150A 3 ma .64V 200* 
1N1342A 100 200 6A 150A 2.5 ma .64V 200° 
1N1343A 150 300 6A 150A 2.25 ma .64V 200° 
1N1344A 200 350 6A 150A 2.0 ma .64V 200° 
1N1345A 300 450 6A 150A 1.75 ma .64V 200° 
1N1346A 400 600 6A 150A 1.5 ma .64V 200° 
1N1347A 500 700 6A 150A 1.25 ma .64V 200° 
1N1348A 600 800 6A 150A 1.0 ma .64V 200* 
1N1199A 50 100 12A 240A 3 ma .55V 200° 
1N1200A 100 200 12A 240A 2.5 ma .55V 200° 
1N1201A 150 300 12A 240A 2.25 ma .55V 200° 
1N1202A 200 350 12A 240A 2.0 ma .55V 2DO° 
1N1203A 300 450 12A 240A 1.75 mo .55V 200* 
1N1204A 400 600 12A 240A 1.5 ma .55V 201° 
1N1205A 500 700 12A 240A 1.25 ma .55V 202° 
1N1206A 600 800 12A 240A 1.0 ma .55V 200° 

For more information, see your General Electric Sales Representative, or write Semiconductor 
Products Dept., Electronics Park, Syracuse, N. Y. In Canada: Canadian General Electric Co., 
189 Dufferin St., Toronto, Ont. Export: International General Electric Co., 150 E. 42 St., N.Y.C. 
See your authorized General Electric Distributor for fast service, factory-low prices. 

GENERAL ELECTRIC 
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THEL MARCONI 
UNIVERSAL BRIDGE 
Gives NEW Simplicity 
in LCR Measurements 

1 pHI to 100 henrys 

IppF to 100 pF 

0.1 ohm to 100 Mc? 

'Direct read-out with no multiplying factors, eliminares operator 
errors. 'Model 868 B also has precision Q and tan 6 ( D) dials. 
Inductance and capacitance are measured at 1 or 10 kci's in an 
R-C ratio-arm bridge; resistance at d.c. in a Wheatstone bridge. 
The bridge detector gives positive indication of the direction of 
balance point even when far olf-balance; as a result, com-
ponents whose values are completely unknown can be evaluated 
in a few seconds with the minimum of searching. Detector 
a.g.c. eliminates the need for sensitivity controls. 
Also available— Low Capacitance Bridge Model 1342: 0.002(4 F 
to 1,111.i F; 3-terminal transformer ratio-arm bridge designed 
for precision measurement of extremely low capacitance. 
For full details, write for leaflet D171. 

MARCONI INSTRUMENTS 
CEDAR LANE • ENGLEWOOD • NEW JERSEY 

TELEPHONE: LOwell 7-0607 
Canada: Canadian Marconi Co • Marconi Building • 2442 Trenton Ave • Montreal 16 

Marconi Instruments Ltd • St. Albans • Herts • England 

r 

OEIERTSON 
SPLICE CASES —made of 
polyvinyl chloride, for power or 
communication cable. 

• designed for fast, convenient 
splicing, saving hours of time 
and labor. 
• provide permanent moisture 
and dust-proof seal. 

maximum protection for con-
nectors used in field 
equipment. 
• fit any size 
or type of 
connector. 
e. stepped ends 
can be cut to size of 
wire or cable being used. 

For further information write: 

AVNET ELECTRONICS CORP. 
70 State St. • Westbury, L. I , N. Y 

AVNET CORPORATION! 
5877 Rodeo Rd. • Los Angeles 16, Calif 

Manufactured By 

ROBERTSON ELECTRIC CO., Inc. 
124 S Elmwood Ave. • Buffalo 2, N. Y 

VOLTRAN® 

SEMICONDUCTORIZED 
VOLTAGE REGULATED. 

POWER SUPPLIES 
. . . permits instantaneous line transi-

ent absorption, protects transistor cir-

cuitry and provides superior perform. 

ance. Models up to 100 volts and 10 

amperes. Write for literature 83 

Power Designs /fit  
1700 SHAMES DRIVE 

WESTBURY, NEW YORK 
ED9cwood 3-e200 
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Horizons 
Unlimited 
Development of a high-performance inertial guidance system 

of unprecedented performance for long-range guided missiles, 

satellites and space vehicles has been announced by Bell Aircraft 

Corporation's Avionics Division. 

Bell Avionic's engineers describe the highly-classified system 

as "the most successful and reliable of any new inertial instru-

mentation concepts so far tested." 

The system was developed under the direction of Dr. Helmut 

\V. Schlitt, recognized within the industry as an outstanding 

authority in the field of inertial guidance. 

The new system has undergone extensive flight tests at the 

Niagara Falls, N.Y., Municipal Airport. Some of its components 

already are being used in guided missiles. 

Bell Aircraft's Avionics Division also is engaged in many 

other important programs, including Battlefield Monitoring 

Systems, All-Weather Automatic Aircraft Landing Systems and 

Secure Data Link Systems. 

The Avionics Division recently has joined with Pan-American 

World Airways, Inc. to find a solution to the serious problem of 

radio interference with the operation of Army combat electronic 

equipment. 

Bell and Pan-Am's Guided Missiles Range Division will set 

up an electronic environmental test facility and drone test range 

near Fort Huachuca, Ariz., to track down the source of the inter-

ference, submit recommendations for corrective action and initiate 

procedures to eliminate these conditions. 

Experienced engineers and scientists are needed for all of these 

programs. For information, write George Klock, director of en-

gineering employment, today. 

AVIONICS DIVISION 

BELL 
AIRq F POR AT I ON 

BUFFALO 5, NEW YORK 
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RADIO RESEARCH 
INSTRUMENT CO. 

550 

FIFTH AVE. 

NEW YORK 

JUDSON 

6-4 69 1 

F-28/APN-19 FILTER CAVITY 
Jan. spec: Tuneable 2700-2900mc, 1.5,11, max, los.-
.11 etr film over band. Details: Insertion loss var. 
able. Single tuned filter for trig channelling In 
radar heacm: final cente: tuning v.1101111101' 
itaveler:_•1 N. a •-' 7 hi. cacti. 

2C40 LIGHTHOUSE CAVITY 
A N/.%1PW-11.1 nuns:note: , 2l40. Complete 
S band coverage at max. pm. Temperature corn-
Pensateel. New $77.511 

AN/APS-10 3CM. X BAND RADAR 
roillPlete I{ I ri I t•cult, 
Inoill1 1/1101'. I 2 
r„ mfg. it„,. h I .; ig_q25 and 
h.„.i,i' I Is. 1,11 1,Iirglit•te X band 

akto avail. incl. 360 deg. antenna. 
CCI. pm, supply. Similar to $ 17.1100 weather 
'ad... biO m use by airlines $750 romplete. 

10 CM. WEATHER RADAR SYSTEM 
IS Navy Raytheon 275 KM' n•• 
hand. totaling yoke Plan to'' . 1 
Magnetron supplied for any S hand 
-.neighed, net, Weather liand. 4, • 
mile range. 3no degree azimuth scan. S f. 
'err usim, 212 ,1/70711 and 1N2111. Sum. 
brand lieu . r.lete with instruction lam!, 
ritsirillat iii r irlas. l'an be supolied t:: ••; 

In volts. Price 
Ideal fo: ... h. Ills picked up 
:it 50 mil,- :ss Iles. 

SUMMATION BRIDGE 

ablu, .,•, 1,•i held 01 11'. 
ruggedized watttneter used to measure ILK puits et 
output of radio, radar A: navigation equile,. A direer 
reading summation type circuit in which a bolometer 
acts as one arm of a Weatstone bridge, at the 
saille tin,- molding correct resistivity termination 
for R. F, entering the wattmeter. Power supply: 11 5-
VAC, I 1,11.511' 161111 co'. Freq. range: 1000 to 4000 mes 
with plumbing supplied, vsWit less titan 1.3 Gov't 
cost well Over $ 1000 in large quantity. Your cost-
$3115 ea. Factory new. 

AN/APN-60 
le CM. RADAR BEACON FOR GUIDED MIS-
SILES. 14" pressurized housing. 21'40 lighthouse 
001.7. Trans-revr. unit $275 00. 

I
'II" RIGID COAX. RG44/17 50 ohm. standard 
fittings. 111cni stub supported. 12 ft. lengths. 
Silver plated. New $34.511 each. 12 It. length. 
Right angle bends $11 ea. 

X BAND HORN. Waveguide feed pressurized 
vindow. 100 lug. feed back. New $22.50. 

TOPWALL HYBRID JUNCTION. 3.500-91.00mc 
lx.5 wg size. Broad handed better titan 
Aluminum casting. $ 15.011 new. Crossover nut 
put. lx.5 wg size. $5.00 new. 
BROAD BAND BAL MIXER Using short slot-
IfYhrid. Pound type broad band (Mal balaneed 
crystal holder. 1.5 wg size. $ 25. 101 It.'w• 

F LEXIBLE WAVEGUIDE. lx.5 X hand 4". neo 
• ''' n. lx.5 X band 0" Technietaft. New Won:, 1.7: 
X hand 24" Airtron, Nett $21.50. Ili" x X 
band 12" Western Elec. New $ 1.0.50. 
RG48 TO ,/s COAX. ADAPTER S Itand ií, s 3" 
WA:. to III: 44/1" coax. Neu. $211.50. 
COAX MIXER ASSEMBLY S BAND IN2I type 
'ivat al'10,1 DI- Ill" In II', 'N fittin. 
Slug, duplex mi. 11.E. Ne••• 

3 8t 10 CM COMPLETE SCR 584 RADARS 
AUTOMATIC TRACKING RADAR 

5s-ls In like lien Idol], I ,.•ady to go, and 
in stock tor immediate deli, , Ideal for research 
and de,.•1../.,:ent. ant, is e. ,,, ol. CrA. 
traelijn, I,,rllorqj tracking. tscatlie: r. ,• 
attlia ,. defense, tactical air supp.c. 1,• us. 

\IIT 0.ol. Lab. Seri,' I'd I, pips. 
207-21'. 

AN MPN-1B GCA SET 
r mind cold der with 3 

,1111,11.111ellt 1,1 and indicators. All 
::: original trailer, l'all--write for info. 810 price. 

I/ese. MIT ;tad. lath. Series. Vol. II. 1815. 

AN/FPN-32 GCA RADAR 
Ii ton Electronies "Quad" type Portable gro11811 

till approaelt radar system. :tem, search and pre-
vision a ' unlatch. Complete systems in Used. good 

A city typo saten: in stock $5500 

MIT Model 9 PULSER 

1 MEGAWATT-HARD TUBE 
Output praise pOWer 25KV at 40 amp. Nlas . 1nt' , 
ratio: . 0112. Uses 0C21 pulse tube. Pulse de, 
thin . 25 to 2 microsee. Input 115 volts 60 
AC. Includes power supply in separate cabin.: 
and driver. Fully guaranteed as new condition. 
Full De,. MIT.. Rail. 1.01, serie. " Poke Gen 
oratto , " 

24KMC. PKG. MAGNETRON 
"121 Magnetron. tiqkw output at 1.25cim K band. 
hke 15 amp. input. Axial cathode Mount. ‘Vave-
o,d.• memo with n,..unt.t. Neo ,kg7.50 

SPERRY KLYSTRONS 
SMX-3 2 
output pm,. , , 
nic: dulie . 1...1. 4he • :. 250 ow 
original sealed cart., ::::arann-ed ', 
lhalllar Inlet. 5925 ea ' tor trice IS 

SMC-1 1 A FI .,q,,e1 ,,Y itmitioh, r 
range 4640-4671. ne• 

watt on 11th harintinie. Input : ail.. 
roe. For direct control of 
vies. New in original sealeil ca:: , 
teed :10 ilays, Regular Price ,•, 

:-195 ea. 

2 MEGAWATT PULSER 
loHnfle, Rectifier xfnir 580n/70110V. 2.2/2.55-
\ S; Resonant charging choke 150 t'y. 31111 12 
h p Ins. 17KV: Capacitor network 17E2- 2-

251'2T; Capacitor . 0451fd. 17EVI)C; Trans-
toning' 440111" to 22,000V; Fir Xfinr. & Filter 
ehoke 5.IV laAntp. 6 II . 21.1nm. DC; 41'35 
Walser. 3132401' . 0 eacht, 001.11141 gap tube. 
Price new type 51D-53/AC820C $ 1125.00 

AN/SPT-6A TRANSMITTER 
::50 to 1400mc countermeasures jammer. 115V 60 cy 
Al, input. New and complete operating unit. $750.00 

FM 3CM. SIGNAL GENERATOR 
Ts 21..:',/YPs-to X band FM signal generator. Tunes 
91:Sle hand. With cant). atten. Regulated pwr 
,i1PPIr. New $322.00 
TAPER. RCM to 11(152 1114 x %" to 1 s %"1 
Snmoth Electrotorm. Standard Flankes. New $ 16.511 

SCR 584 ANTENNA SYSTEM 
Full azimuth and elevation sweeps. 360 degrees 
in azimuth. 210 degrees in elevation. Accurate to 
I mil, over system. Complete for full tracking 
response. Includes pedestal drives, selsyns. po. 
Excellent used condition. This is the first time 
tentiometers. drive motors, control amplidynes. 
Excellent used condition. This is the first time 
these pedestals have been available for purchase. 
Limited quantity in stock for immediate ship-
ment. Ideal for antenna pattern ranges, radar 
systems, radio astronomy, any project requiring 
accurate response in elevation and azimuth. Compl. 
operations console all housed in trailer. 
Complete description in McGraw-Hill Radiation 
Laboratory Series. Volume 1. page 284 and page 
209. and Volume 26. page 233. 

RT39/APG-5 & 15 10CM RADAR. umnidete S 
band Ill, paegage. Lighilnon, 21111 mutt% 2C4:1 

S2011 inds.q. miniatute .UE5 IF strip. 
Press. 12" Ilia,. 24" lg. New with tube-. $275. 
lief: MIT Had, Lilt Series Vol. I. pg. 2117. 

74 to 320 MC BUTTERFLY TUNER 

Rotates thin :11111 deg. either hand or Motor drive-
ntble. New. $22.50 ea. 

VG- I2" PROJECTION PP1 RRTR $395.00. 
CPS- 1. PPI 12". NEW. 9275.00. 

TS-743/U SIGNAL GENERATOR 

5.250 to Iti,2510nr, calibrated attenllator. 115VAC 
egulated pacer supply. 5Ifg. Polarad. Exc. condi-
ion $ 1250. each. 

KLYSTRON MOUNTS 
3CM. Precision Tube Mount. Waveline model 
688. X band shielded k4rdt'og ntount PHD 
signal generator type. Complete with variable 
glass vane attenuator. Brand new. $205. list. 
Price $45.110. 
S. band. Type N output. Tunable over entire 
band. leor Shepard type tube i.e. 726 w/socket 
& tube clamp. Mfg. (1E. New. $15.00. 
K band. 2K511 output eplg. well) deg. H bend. 
Nets. IS 'Id 

NEWS 
New Products 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(Continued from page 183A) 

any machine requiring two- or three-axis 
positioning, such as drilling, boring, turn-
ing equipment, punch presses, spot weld-
ers, and eyelet inserters for circuit board 
sub-assemblies. 

Copies of the brochure may be ob-
tained by writing to the firm. 

"Shaped" Battery 
With Dual Voltage 

A special, "shaped" electric APU 
power source containing two separate bat-
tery sections developed by Cook Co., a 
subsidiary of Telecomputing Corp., 3850 
Olive St., Denver 7, Colorado, provides 
dual output for missile and spacecraft 
power requirements. The two battery sec-
tions in the Model P68A provide two dif-
ferent voltage levels. 

One section provides a current of 8 ant-
peres at 28 volts. Maximum current is 25 
amperes, with a discharge time of 40 min-
utes at 8 amperes. Capacity is 5.5 ampere-
hours. 

The second section supplies 6.3-volt 
power at 3 amperes. Discharge time is 40 
minutes. Maximum current is 25 amperes. 
Capacity is 5.5 ampere-hours. 

Both sections are activated automati-
cally. The activating mechanism is an elec-
trolyte tank and piston arrangement, oper-
ated by a solid propellant gas generator. 
Activation time is 1 second. The signal re-
quired is 2 amperes at 28 volts. 

The cells are specially designed for 
automatic activation and have foil anodes 
enclosed in sealed separators. This tech-
nique eliminates the problems of anode 
gassing and internal shorts. The entire unit 
is hermetically sealed to prevent leakage 
or contamination. The battery weighs 13 
pounds. 

The Model P68A will withstand shock 
to 50 g, acceleration to 20 g and vibration 
to 10 g, along all three major axes. Tem-
perature range is from 50°F to 150°F, with 
special models providing ranges of -65°F 
to +165°F. Thermostatically controlled 
heaters are available. 

Case material is steel. Mounting con-
figuration is supplied to customer specifi-
cations. Standard or special connectors and 
terminals may be specified. 
A fail-safe detection circuit may be 

provided for protection against premature 
activation. A double estimated activation 
ignition circuit overcomes shorts or open 
circuit failures. The estimated shelf life is 
5 years. 

(Continued on page 196A) 
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How to determine 
high-frequency characteristics 

of precision film resistors 

Specify with confidence 

from this complete line of 

time-proved TI resistors 
MOLDEDt 

11 
i 

TI 
type 

number 

wattage 
rating 
watts 

MIL 
desig- 
nation 

standard 
resistance 
ranges 

max. 
rec m-
mended 
voltage 
volts 

CDM1/4 1/4 RN6OB 10 Ohm-1 Meg 350 
COM1/4 1/4 RN65B 10 Ohm-1 Meg 500 
CDNI1/4 1/4 RN7OB 10 Ohm-5 Meg 750 
CDM 1 1 RN7513 10 Ohm- 10 Meg 1000 
CDM 2 2 RN8OB 50 Ohm-50 Meg 2000 

MIL-LINE t 

• 

. 

TI 
type 

number 

wattage 
rating 
watts 

MIL 
desig- 
nation 

standard 
resistance 
ranges 

max. 
recom-
mended 
voltage 
volts 

CD1iR 1/4 - 10 Ohm-1 Meg 350 
CD'/IR 1/4 RN1OX 10 Ohm-1 Meg 500 
CD1/4 PR 1/4 RN15X 10 Ohm-3 Meg 650 
CD1/4 MR 1/4 RN2OX 10 Ohm-5 Meg 750 
CD1/4 SR 1/4 - 50 Ohm- 10 Meg 850 
CD1R 1 RN25X 10 Ohm- 10 Meg 1000 
CD2R 2 RN3OX 50 Ohm-50 Meg 2000 

HERMETICALLY SEALED LINE t 

- 

I 

TI 
type 

number 
Dlisl -=¡ 

wattage 
rating 
watts 

MIL 
desig- 
nation 

standard 
resistance 
ranges 

max. 
recom-
mended 
voltage 
volts 

- 10 Ohm-500K 250 
CDH1/4 1/4 RN6OB 10 Ohm-1 Meg 350 
CDH1/4 1/4 RN6513 10 Ohm-1 Meg 500 
CDH1/4 P 1/4 - 10 Ohm-3 Meg 650 
CDH1/4 A 1/4 RN658 10 Ohm-3 Meg 650 
CDH1/4 M 1/4 RN708 10 Ohm-5 Meg 750 
CCIFI1/4 S 1/4 - 50 Ohm- 10 Meg 850 
CDH 1 1 RN7511 10 Ohm- 10 Meg 1000 
CDH 2 2 RN8OB 50 Ohm- 50 Meg 2000 

TAII values a allable in % tolerance, nominal lead lent h 1.5 in. 

/18/0*. i. SILICON RESISTORS 

Standard available resistances 04 2s. C: 
68. 82. 100. 120. 150. 180, 220, 270, 330 390. 470. 
500 560, 680. 820. 1000. 1200, 1500. 1800 ohms.:  

A  e 
Type Wattage Body Temperature Resistance 
No. Rating Dimensions Coefficient Tolerance  

W Length Diameter %/°C  
TM % % 0.585. 0.200. +o.1 ±17("«. 
TM % % 0.406. 0.140. +0.1 *io 
Tc% % TO-5 Transistor +0.7 117 
• TRADEMARK OF TEXAS INSTRUMENTS INCORPORATED 
j Other resistance values and tolerances available on special 
order 

:•cm•IPY•IMPIIM For a more detailed discus-
sion of this subject, contact 
your nearest TI sales office 
for a copy of "High-Fre-
quency Characteristics of 
Precision Film Resistors." 

In high frequency applications, precision film resistors are superior 
to composition or wirewound resistors; skin effect of the thin film 
is negligible. 

OHMIC VALUE vs FREQUENCY 
Precision film resistors of a given physical size have the same distrib-
uted capacitances regardless of their ohmic value. As the frequency 
increases, the shunting effect of the distributed capacitance causes 
the effective parallel resistance to decrease. The reactance of the 
stray capacitance becomes a relatively good shunt when it approxi-
mates the ohmic value 
of the resistor. The 
smaller the ohmic 
value of a precision 
film resistor ( for a 
given physical size), 
the higher its usable 
frequency range. 
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HIGH FREQUENCY RESISTANCE OF PRECISION FILM RESISTORS 

INDUCTANCE CONSIDERATIONS 
The inductance caused by helixing the higher value resistors is 
negligible throughout the "useful" range of frequencies at which the 
resistance is greater than 60% of its d-c value. 

When resistors under 500 ohms are measured using high frequency 
meters, the reactive component of the equivalent parallel circuit 
appears inductive because of lead and binding post inductance. 
However, the resistor itself is capacitive. 

TI TYPE SIZE (WATT RATING) 

1/2 1/4 1/2 1 2 

MIL-LINE (CD) 0.2 0.1 0.25 0.5 0.6 

MOLDED (CDM) 0.3 0.25 0.45 0.7 07 

HERMETICALLY 
SEALED (CDH) 0.3 0.25 0.45 0.75 0.8 

CAPACITANCE IN Apt OF II PRECISION FILM RESISTORS 

CAPACITANCE 
CONSIDERATIONS 
The average measured capaci-
tance of Texas Instruments 
Precision Film Resistors is deter-
mined primarily by the end 
cap-to-cap capacitance which is 
proportional to the dielectric 
constant of the core and encap-
sulating material. 

MOUNTING 
Precision film resistors of 200 ohms or less perform satisfactorily at 
5000 mc and higher if placed in a well-designed coaxial mount. A 
coaxial mount constructed from a standard UG-18B/U Type N 
plug can be used effectively. In conventional terminals, correct 
mounting of the body of the resistor off the circuit chassis and the use 
of short leads will minimize the stray capacitance and lead inductance. 

Specify TI precision resistors! 

TEXAS INSTRUMENTS 
INCORPORATED 
SEMICONDUCTOR-COMPONENTS DIVISION 

13500 N. CENTRAL EXPRESSWAY 

POST OFFICE BOX 312 • DALLAS. TEXAS 
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PROFESSIONAL CONSULTING SERVICES 

Advertising rates 

Professional Consulting Service Cards. 

1 insertion 25.00 

12 insertions $180.00 

50% discount to IRE members on 3 or more 

consecutive insertions. 

In IRE DIRECTORY $25.00 flat rate. 

I inch only, no cuts or display type. 

New rate effective January 1961 

I insertion $30.00 

12 insertions $240.00 

50% discount to IRE members on 

3 or more consecutive insertions. 

In IRE DiRECTORY $30.00 flat rate 

Advertising restricted to professional engineer-

ing and consulting services by individuals only. 
No product may be offered for sale, and firm 

names may not be mentioned in cards. 

Transistor Circuits 
ALBERT J. BARACKET 

MS IN EE & Staff 
Development, and design of transistorized and 
standard regulated power supplies; broadcast 
and closed circuit TV camera and synchronizing 
circuitry both military and commercial. 
36 Commerce Road Cedar Grove, N.J. 

CEnter 9-6100 

W. J. BROWN 
& Staff 

Fel.AIEE., M.IEE.. Sen.Mem.IRE. 
INTERNATIONAL CONSULTANTS 

35 Years Executive Electrical Engineering 
Experience in U.K. and U.S.A. 

71 Gurley Rd , Stamford, Conn., U.S.A. 
Cables—Browninter Stamford, Conn. 

MARKET DEVELOPMENT* 
A. D. Ehrenfrted and associates 

Technical product planning—product and 
market evaluation—market development 
programs—all by graduate engineers. 

'Ref.: IRE/PGEM paper 

Concord, Massachusetts EMerson 9-5500 

M. D. ERCOLINO 
Antenna Laboratories and Engineering 

Staff 
Consultation and Development 

Antennas, Systems, Baluns, Rotators, 
Rotatable Antenna Masts 

Asbury Park, N.J. PRospect 5-7252 

HORST FONFSTOCK 
Electronics Consulting Engineer 

Engineering Ase.istance • Test Equipment de-
sign • Technical translations ( Span. & Ger-
man) • Foreign Market Research ( South 
America & Europe) • 

7521 Paso Robles Ave., Van Nuys, Calif. 
Dlckens 2-4945 

CLYDE E. HALLMARK 
and associates 

Specializing in Instrumentation—Automatic Con-
trol—Television—General Electronics—Semicon-
ductor & Magnetics Application—Systems Re-
search—Project Evaluation. 

ENGINEERING SERVICE—CONTRACT R&D 
New Haven Indiana 

TECHNICAL PUBLICATIONS ENGINEERING 
by Professionals 

(Member: I.R.E., S.T.W.E.) 
Reasonable pei page and job rates for tech' 
nical, grammatical and rhetorical editing; 
preparation of rough manuscripts and artwork 
for publicatitin; ghostwriting. 

EVAN JURO and associates 
Box 503 King of Prussia, Pa, 

NEWSANew Products ReT)E 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your IRE affiliation. 

(C. Ilf,1111e .d ( 0, .111 ( rifie lo IA) 

Correction Notice 

Delay Lines 
using . 111e5v principle in delay 

tel is design, a new series of dela‘ 
lines with ratio of rise time to total 
delay lessthan 0.02 has been achieved 
In Ad-Yu Electronics Lab., Inc., 
249 259 Terhune Ave.. Passaic, 
\.J. Besides the lea titre of produc-
ing very fast rise time, the attenua-
tion can he minimized to he less than 
0.02 db per 1/10-microsect Hid delay. 
Two or nuire units of Type 10T ser-
ies can be connected in tandem for 
longer delay whenever their imped-
ances : ire identical. In this c:ise, the 
time deLly Will be equal to the sum 
if the delay of each unit and the rise 
tune will he apprommately equal to 
the square root of the sum of the 
squares of the rise time of each unit. 

The features of this delay line 
series can he summarized as follows: 
(11 The ratiO 01 rise time tot:11 delay 
can he made less than 0.02. 121 The 
distortion is generally less than 2%. 
(3) llhe it tenuation can he made less 
than 0.2 ill per microsecond delay. 
I-11 Physical size can be made less 
I han 2 cubic inches per microsecond 
delay. ( 5) The temperature coeffi-
cient is less than 50 parts per million 
per degree Centigrade. (6) All types 
of this series can also he made to 
meet e\istent 1\111, specifications. 
The characteristic impedance ranges 
front 50 ohms to 1000 ohms. The 
time delay per 10 sections ranges 
Irom 0.25 mirrosecund to 5 inicm-
seconds. The accuracy of delay is 
less than 

n,mtri iiiiii111 
Use Your 

IRE DIRECTORY! 

It's Valuable 

111iii1iVLit 11 

LEONARD R. KAHN 
Consultant in Communications and Electronics 

Single-Sideband and Frequency-Shift Systems 
Diversity Reception - Stereophonic Systems 

Television Systems 

81 South Bergen Place, Freeport, L.I., N.Y. 
FReeport 9-8800 

LEN MAYBERRY 
ELECTRONICS CONSULTING ENGINEER 

Laboratories and Staff 

• Test Equipment Design • Proposal Writing 
• Product Design • Engineering Assistance 

Ill South Oak Street ORegon 8-4847 
Inglewood, California 

EUGENE MITTELMANN, E.E., Ph.D. 
Consulting Engineer, Physicist 

ELECTRONICS FOR INDUSTRY 

Analysis, Research and Development 

549 West Washington Boulevard 

CHICAGO 6, ILLINOIS 

CEntral 6-2983 

Telecommunications Consulting Engineers 
"Worldwide Experience" 

V. J. Nexon 5 K. Wolf M. Westheimer 
WIRE, CARRIER, RADIO, MICROWAVE, 

TROPO SCATTER 
Feasibility Studies, Terrain Surveys, System De-
sign, Job Supervision, Government Proposals, 
Market Research, Product Planning. 
1475 Broadway, New York 36, N.Y., BRyant 9-8517 

E. M. OSTLUND & associates 
Electronic Engineers 

Radio—Microwave—Carrier— 
Commun ication—Control— 
Systems and Equipment 

Consulting—Research—Development 

ANDOVER, NEW JERSEY 
Tel: PArkway 9-6635 P.E.N.J. 

NATHAN GRIER PARKE 
and staff 

Consulting Applied Mathematicians 

Research • Analysis • Computation 

Bedford Road • Carlisle, Massachusett, 

Telephone EMerson 9-3818 

PAUL ROSENBERG 
& associates 
Established 1945 

Consultation, Research & Development 
in Applied Physics 

100 Stevens Ave., Mt. Vernon, New York 
MOunt Vernon 7-8040 Cable: PHYSICIST 

MYRON M. ROSENTHAL 
& staff 

Microwave & Electronic Systems 

19 Brookline Dr., North Massapequa, N.Y. 

PErshing 5-2501 

HAROLD A. WHEELER 
Laboratories and Engineering Staff 

Consultation — Research — Development 
Microwaves — UHF — VHF — VLF 

Antennas and Components 

HUnter 2-7876 Great Neck, N. Y. 
Antenna La boiatory: Smithtown, N. Y. 
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Capitol Radio Engineering Institute 

Cared Corporation 

Clearprint Paper Co. 

Clevite Transistor Products, Div. of the Clevite 

Corp. . . 

Cohn Corporation, Sigmund 

Collins Radio Company 

Continental Can Company, Inc. . 

Continental Electronics Mfg. Co. 
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17IA 
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far, pleciaitie 

SLIP RINGS ta,lk, 
ate &a-ding Apecialie &At-

Ueta,-
GYROS 
INERTIAL GUIDANCE 

,/teliabety INSTRUMENTS 
Tim RADAR 

SWITCHING 
ENGINEERING, RESEARCH, PRODUCTION... 
Electro-Tec's experienced engmeers have made major 

contributions to the state of the art . . . exclusive electro. 
deposition technique employs pure precious metals, 

guaranteeing the utmost in contact integrity, performance, 

and reliability. 
Three plants assure the reliability of multiple source of 

supply. 
Write for information on miniature components to com-
plete giant assemblies designed to meet the most stringent 
electrical, mechanical, and environmental specifications. 

•PAT. No. 2,696,570 and other patents pending. 

ELECTRO -TEC CORP : SRle'ra;sn's .. switches 
P.O. Box 37R. SOUTH HACKENSACK. N. J. 

BLACKSBURG, VA.•ORMO'ND BEACH. FLA. 

lectralab 
UullH 

erinte(1cl 
11.110; 
Wectronics 

Corporation 

for space age proiects: 

the HIGH of printed circuit 

reliability . . 
Printed wiring; printed circuit assemblies; 
CU-CON plated holcs; exclusively for high 
reliability electronics. Flush circuits with 
CU-CON plated holes. PROIOWIRING 
DEPARTMENT services rush requirements 
for pilot runs. And the PROTOMÁKA; the 
"do-it-yourself" labcratory unit for process-
ing of printed wiring boards. 

Send for complete details. 

EPEC 
Industrial Center 

Needham Heights 94, Mass. 

14 
ULTRAMICROWAVE* 

EQUIPMENT 
BY 

—it works 

it accurate 

—it's available 
Complete cata on request 

BONARDI I 

DE MORNAY— BONARDI 
80 SOUTH ARROYO PARKWAY • PASADENA, CALIF. 

.TIttltE NI.MK Iry Minnity-ltrinardi 
for iis mil I ¡meter .a,g• III 
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"TECHNICAL APPARATUS BUILDERS" 
AC 8. DC POWER HEADQUARTERS! 

TABTRON®-TABPAKC)TABTRANTABSTATC) 
High Current Power Supplies 

Five Year Guarantee* 
Variable Stepless from Zero to Full Voltage DC 

Full Wave Selenium or Silicon Rectifier. 
isolation Power Transformer, VariacW, Meters. Cabinet. 
'• Per Carton, Warrantee Write Details 
INPT-115 VAC 1 0 60 eys STD! Others Write? 

Stock • With 
Volts 8, Amps Continuous Rating Al  

2164/10AC-C 0-16 VIOC Et 10A 0.5% Ans105A $48 
232256 0-12 CVDC 9 5 Ann. $63 
232VACC 0-32VDC a 5A/1% Rini,le 584 
2321/SAICC 0-32 VIOC  9 5.5/0.1% Ripple 5108 
232V12/1 0-32 WVDC lit 12 Amps 5145 
232V12ACC 0-32 VIOC * 123/1% Ripple 5174 
232V20A2C 0-32 VIOC 9 20 A/0 5% Ripple $200 
232V246 0-32 VIOC 4 24 Aim,. $178 
232V24ACC 0.32 V DC 61 243/1% Ripple 1250 
232V24ACC 0-32 VIOC 0 24 A/0.1% Ripple $320 
232VSOA 0-32 VDC 9 50 Amps. 53W 
2321/SOACC 0-32 VDC AIM A,1% Ripple $400 

. ; ,,,,, 599 
2130V1ACC 0.130 WVDC li 1 5/1% Ripple $124 
T130V50, 0-130 WVDC la 5 Amp $24 
2130V5ACC 0-130 WVDC St 5 A/1% Ripple $299 
2130V1OACC 0-130 AVM' a in %/ I 'I Ripple 0395 

•.MAGREGPAW. A MAGNETIC REGULATED & 
FILTERED 

0 to 32 &Pin-REGULATION 1% AT 24-32 UDC 
MRT32V2A 0-32 VDC 41 2 A/1': Rine' , 0130 
MRT32V4A 0-32 VIOC A 4 A/1% Ripple 0189 
MRT32212A 0-32 VDC e 12 A/1% Ripple 0304 
MRT32V2SA 0-32 V DC a 25 )1/1%. Ripple $459 
MRT32V50A 0-32 V De 0 .50 A/1% RipPle $015 

CASED FILTERED RELAY SUPPLIES 
12-16 VDC, 24-28 VDC/115 VAC/140 

B12YER  12-1,1 VD(' 0 2 Amon $9.00 
1112VGR . ........ 0 VDC IA 4 Amps... ..... .. $12.00 
624VAR..   24 18 0.1)C 0 I A my   . $8.40 
1124VER .  24.28 VD(' 9 2 Atm. . $12.80 
3241/11t.. _ _ .. 24-28 V DC A 6 An., $24.00 
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"TABTRAN" UNIVERSAL RECTIFIER 
TRANSFORMERS Dsgnd for F.W.B., C.T. & H.W. 
Seed Volts ' DUAL • 0-9-15-18-9 0-9-15-18) 
Series See'ds 0-3-6-9-12-15-18-21-24-27-30-33-36 Volts 
Pri-115 VAC, 11$ VAC/60 cys, 10 STD, .115 & 230 VAC 
TR4001 ea i Aim, per eneh Seed Vende  54.75 

4002 is 2 A III n per ergeh See d role 
TR4001 Amp per each Seed OVante 
TR4005 so 12 Amp per each Seed Wade 
T R4006 14 21 Anne per each Seed Wnde 
TRI007* 40 50 Aim, per enelt Seed Wrule 
TR4008* no 100 % rho per e te)t >e. /eh' 125.00 
Wodes. Series at Amos Shown: Parallel Seeds % 2X 
A mes 

"TABTRAN" UNIVERSAL RECTIFIER CHOKES 
Cflios, I , op. 0.1 Henr>e 1.1 Ohm  $3.75 
CR6002 2 Amp. 0.1 Henrys .67 Ohm  5.60 
CR6007 4 Amp. .01 Henry, . 1 Ob.  5.95 
CR6003 5 Amp. .07 Henrys .6 Ohio  9.99 
CR6004 1.1 Amp. .01 Henry. I Ohm  14.45 
CR6005 .14 Amp. .004 Hearve.025 Ohrae  26.90 
CR6006 SO Anto..000 Hearye.001 Ohm  45.00 

6.60 
  5.70 
  16.60 

34.76 
58.90 

SILICON POWER 
DC AMP I SO Ply 

.75 p s . 30 
2.0 .00 
e .90 

18 2.25 
34 2.75 

OG AMP 400 PIV 

.75 5 . 78 
2.0 1.70 
O 2.00 

18 4.43 
35 •.95 

DIODES là WAVE 
100 PIV 200 PIV 

.50 
.90 1.20 

1.25 1.40 
2.90 3.43 
3.25 3.90 

500  PIV 600 PIV  

91.00 51.26 
1.95 2.40 

RATED 
300 PIV 

S . 65 
1.45 
1.73 
3.115 
4.45 

700 PIV 

$1.50 
2.90 

3.00 4.506.00 
7.00 Write for 
7.90 QTY. O.E.M. PRICES 

TECHNICAL APPARATUS BUILDERS 
109GB LIBERTY ST., N. Y. 6, N. Y. 

ORDER THRU ELECTRONICS DISTRIBUTOR 
OR WRITE US FOR CATALOG & DETAILS 
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TELERAD is your 
best, most reliable 
source for flexible 
waveguide needs. 

Consult TELERAD on all your 

Rigid Coaxial requirements 

TELERAD is your 
most reliable source 
for Rigid Coaxial 
Transmission lines. 

TELERAD MANUFACTURING CORPORATION 
DESIGNERS AND MANUFACTURERS 

1440 BROADWAY NEW YORK 18, N. Y. BRyant 9-0892 
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about hi-fi tubes 

for hi-fi circuitry 

for the money 
circuit by I tubes by 

11. el. 

SC.lit It Amperex° 

H. H. Scott engineers, preliminary to the design of their 
Model 299 (40 Watt) Complete Stereo Amplifier, can-
vassed the industry for tube types offering something 
truly exceptional in the way of reliability, low distortion, 
low noise, low hum and absence of microphonics. 
As has frequently been their experience, the people at 

Scott found these qualities best exemplified by Amperex 
tubes. Thus, the tube complement of the Scott Model 299 
includes four Amperex 7189's, one Amperex 5AR4/GZ34, 
and two Amperex 6BL8/ECF80's. 

These and many other Amperex 'preferred' tube types 
have proven their reliability and unique design advan-
tages in the world's finest audio components. 

Applications engineering assistance and detailed data 
are always available to equipment manufacturers. Write: 
Amperex Electronic Corp., Special Purpose Tube Divi-
sion, 230 Duffy Ave., Hicksville, Long Island, New York. 

AMPEREX TUBES FOR QUALITY HIGH-FIDELITY AUDIO APPLICATIONS 

POWER AMPLIFIERS  
6CA7/EL34: 60 w. distributed load 
7189: 20 w., push-pull 
61305/ELIM: 17 vi., push-pull 
SCRS/El-116: 25 w., high current, 

low voltage 
6BMII/FCL/12: Triode-pentode, 8 w., 

push-pull 

VOLTAGE AMPLIFIERS 
6267/EF86: Pentode for pre-amps 

1 12AT7/ECC81: Twin triodes, low 
12A1.17/ECC82: hum, noise and 
12AX7/ECC83: mierophonies 
6BLIVECF110: High gain, triode-

pentode, low hum, noise and 
mierophonies 

RF AMPLIFIERS 

Me: Frame grid twin triode 

GEM Frame grid shie ded triode 
6E117/EF1113: Frame gi id pentode 

for IF, remote eut-off 

6E17/EFUN: Frame gr d pentode 
for IF, sharp eut-off 

6AQII/ECCIIS: 
Dual triode for FM tuners 

6OCII/EBF89: Duo-dioCe pentode 

RECTIFIERS 

694/EZ80: Indirectly leafed, 90 NA 

6CA4/EZ81: Indirectly heated, 150 mA 

5AR4/6134: Indirectly heated, 250 mA 

from DALOHM 
better things 

in 
smaller packages 

DALE PRODUCTS, INC. 
1302 28th Ave. 

Columbus, Nebraska 

INDICATORS 

6FC6/EM114: Bar pattern 

IM3/DN70: Subminiature " excla-
mation" pattern 

SEMICONDUCTOR§ 

2/111517: RF transistor, 70 me 

2N1516: RF transistor. 70 me 
2141515: RF transistor, 70 mc 

111542: 
Matched pair discriminator 
diodes 

IM1711: 
AM detector diode, 
subminiature 

• Precision Resistors—wire wound, 
metal film and deposited carbon 

• Trimmer Potentiometers 

• Resistor Networks 

• Hysteresis Motors 

• Collet-Fitting Knobs 

write for Full Line Brochure 
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MEASUREMENTS' 

AeteKYr 
VACUUM 
TUBE 

VOLTMETER 

a 

50. Ir .05 

AI MO IMO Ma MCA Sc.» cbeas 

tvlEASUREMENTS 
A MG OPAer.11.100.1 00, 

BOONTON,N.j.MvocuSo 

Provides RANDOM AC-
CESS to all functions and 
ranges through the use of 
push-button switches. 
• For voltage and current mea-

surements in laboratories, service 

shops and on production lines. 

• For accurate ri and cm voltage 

measurements from 0.1 to 300 

volts on electronic equipment from 

the low audio ronge through the 

VHF range. 

• For dc voltage measurements 

from 0.01 to 1000 volts without 

disturbing circuit performance. 

• For direct current measurements 

as low as 0.001 microampere. 

Ohms range 0.2 ohms to 500 meg-
ohms in 7 decades with 10; 100: 

1,000; 10.000; 100,000 ohms, 1 meg-

ohm and 10 megohms mid-scale 

rating. 

Price: 5210.00 F.O.B. Boonton 

WRITE FOR BULLETIN 

MEASUREMENTS 
A McGraw- Edison Division 

BOONTON. NEW JERSEY 

iviegaicy-cie 
met lirs 
Determines resonant 

frequency of tured cir-
cuits. antennas, transmis-

sion lines, by-pass 
concensers, cf,okes, 

etc. Measures inductance 
and capacitance. Also used 

as a signal generator, wave 
meter, frequency meter, 

and ir many other 
applications. 

This compact. lightweight 
grid-d:p meter s available 

in the frequency 
ranges indicated. 

Write for Bulletin 

Model 59 

Oscillator 

2.2 Mc - 420 Mc 

0.1 Mc to 940.0 Mc 

Model 59-LF 

Oscillator 
••• 

-.. N . 100 Kc - 4.5 MC 

Model 59- UHF 
Oscillator 

420 Mc - 940 Mc 

MEASUREMENTS 
A McGraw- Edison Division 

BOONTON, NEW JERSEY 
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Consistently Dependable Capacitors 

TEFLON 

—55°C to -I-250°C 

NIYLAR 

—55°C to +160°C 

POLYSTYRENE 

—55°C to +85°C 

Cornell-Dubilier 
film dielectric 
capacitors... 
reliable 
•for temperatures 
up to 
250° C ( under proper operating conditions ) 

Turn up the thermostat! Cornell-Dubilier's Teflon* 
film dielectric capacitors can take the heat.., up to op-
erating temperatures of 250°C without a moment's dis-

comfort. For that matter, C-D's Mylar* and polystyrene 
are almost equally immune to any environmental, life 
or performance ordeal to which you may want to put 
them. C-D film dielectrics also offer the widest selection 
of electrical ratings, case styles, materials and configura-

tions to satisfy space, weight and cost limitations. And 
they are immediately available in production quantities. 
Ask now for C-D engineering assistance and bulletins 

on all the film dielectrics shown here. Write to Cornell-

Dubilier Electric Corporation, South Plainfield, New 
Jersey. Manufacturers of consistently dependable ca-
pacitors, filters and networks for electronics, thermonu-
cleonics, broadcasting and utility use for 50 years. 

'DuPont Reg. TM. 

CORNELL- DUIEIILIER ELECTRIC CORPORATION 

AFFILIATED WITH 
FEDERAL PACIFIC ELECTRIC COMPANY 
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APPLIED D-C VOLTAGE 

Cs :RANGE VS FREQUENCY 

200 .0 

FREGIJENCY 

Plot of capacitance change vs fre... 
quency for three types of capacitors. 
External generator used is a GR Type 
1210-C Unit R-C Oscillator. 

Characteristics of a variable-capacitance diode at 
1 kc witierward and reverse biasing. 

0040 MCA 

p 
ELEC3R0,00 

_ ,oxrr.L 

JO 20 

APPLIED D- C CURRENT / 

I 

1 Behavior of an iron-core inductor at 
various d-c levels. Measurements made 
with the Bridge in its "Orthonull" position 
to eliminate sliding balances which occur 
when making low-Q measurements. 

r 

Variation of capacitance and dissipation k f,.. 
factor of an unformed electrolytic as a r  
function of d-c voltage as it is varied to 
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rated voltage and then returned to zero. 

These Measurements show why it's called 

a Universal IMPEDANCE BRIDGE 

Features Orthonull,* a uniçue mechanical ganging 
arrangement of the Bridge's variable elements that 

eliminates sliding balances when making low-Q 

measurements. ou. S. Patent 2872,639 

• Completely self contained with built-in 1-kc cscillator and 

selective null detector ... powered by four " D" batteries ... 

total drain is iess than 10 ma. providing 1-year battery life for 

typical laboratory use. 

• Useful for measurements from 20c to 20 kc with external 

generator. 

• Unique cabinet design allows panel to be tilted to any con-

venient angle ... closes asid becomes a rugged carrying 

case for complete protection. 

• Provision for applying polarization voltages to capacitors, 

biasing voltages to diodes, and small currents to inductors 

for measurements at various d-c levels. 

• WIDE RANGES — 

R: 0.00h/ to 10 Mu L: 1 ph to 1000h 

C: 1 myt to 1000 1.Lf D: 0.001 to 50 at 1 kc 

o: 0.02 to 1000 at 1 kc 

• ACCURACY — 

1% for L and C from 20c to 20 kc 

1% for R from 20c to 5 kc 

5% for D and Q (ranges are a function of frequency) 

Type 1650-A Universal Impedance Bridge ... 5450 

Write for Complete Information 

GENERAL RADIO COMPANY 
Sr Y' , I 91; — Manufacturer., of Electronic A p pa rat it., for Science und Industry 

WEST CONCORD, MASSACHUSETTS 

NEW YORK AREA: Tel N. Y. WOrth 4-2722, N. J. WHitney 3-3140 CHICAGO: Tel. Village 8-9400 

PHILADELPHIA: Tel. HAneock 4-7419 WASHINGTON, D. C.: Tel. JUniper 5-1088 
SAN FRANCISCO: Tel WHiteeliff 8-8233 LOS ANGELES 38: Tel. H011ywood 9-6201 

In CANADA, TORONTO: Tel Clierry 6-2171 

The first general purpose R- L-C Bridge was our 
type 650-A whici was int-oduced in 1933. It or 
successor designs, including the latest type 1650-A, 
are in use in almost every electronics laboratory 
and manufacturing plant today. 


