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ELECTROLYTIC SIMULATION OF CATHODE-RAY-TUBE CONDITIONS 

The electrolytic tank shown above is used for plotting the electrostatic field of 
cathode-ray-tube focusing and deflecting systems. A pair of deflecting plates, 
many times normal size, is immersed in the electrolyte. The field is explored with 
a probe. Potential picked up by the probe is measured on a vacuum-tube volt-
meter. The bank of five vacuum-tube voltmeters permits measurements at five 
points simultaneously for use in gun design and similar problems. A push button 
on the carriage permits working dots on the plotting board behind the tank. 
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the LITTLE Oferences 

Pigs ain't pigs; we say. There are differences even within 

the litter. Sometimes they're visible, but often you can 

only tell the result of good breeding by checking the result. 

It's the same with our Amperex 892. There is one of those 

little diffiglitnces in the grid arm. It's much easier to  emble , 

this by brazing a few parts together, but we  ow that a 

braze often offers resistance to the passage of current, 

sometimes enough 
V110 

resistance to make a big difference. 

So we start this .. •rm as a lid)cod of oxygen-free copper 

on  make it out of one piece, and it takes some mighty fine 

skill, Amperex skill, to turn that feather-edged seal from 

the solid. But that Amperex skill in manufacture, plus 

Amperex skill in design, produces a grid arm that 

offers the best operating conditions for both DC 

and RF ... just another of the many little differences 

that make a big difference in the design and 

construction of the many, many types of 

tubes that comprise the extensive Amperex line. 

re-tube I J with AMPEREX 
AMPEREX 

ELECTRONIC 

CORPORATION 

2$ WASHINGTON STREET, BROOKLYN I. N. Y. 
In Canada and Newfoundland: Rogers Majestic Limited 

11•19 Brent(liffe Road, Leaside, Toronto, Ontario, Canada 



MEASURABLE CHARACTERISTIC'S- CifitilS911 15 SECONDS 
INCLUDING BOTH POSITIVE AND NEGATIVE GRID RMIONS 

Watch the operator manipulate quickly the switches and knobs of this new Hytron elec-
tronic curve tracer. Like magic, graduated horizontal and vertical scales flash onto the screen, 
and he calibrates them in desired units by adjusting the marker pips. Effortlessly, he traces 
the three basic characteristics curves (Eb-Ib, Eb-Ici, Eb-I 2) — for a quick check or a photo-
graphic record. No slow tabulating and plotting of dozens of meter readings. 
Because the grid potential is applied in a momentary, narrow pulse (monitored by the 

smaller 'scope), the curves include the positive grid reg;on so important in analyzing trans-
mitting tubes. Another advantage, missed with roughly plotted curves, is that the slightest 
eccentricities in the curves are apparent. Improper tube geometry, for example, is immedi-
ately detectable. 
A maze of trigger, phase-inverter, and sweep circuits, synchronizing pulse generators, 

electronic switches, and regulated power supplies — the curve tracer's principle of operation 
is simple. Microsecond pulsing, electronic switching, and persistency of the oscilloscope 
screen do the trick. What does this fancy gadget mean to you? Better, more uniform 
Hytron tubes, because design and production control are easier, better. The new Hytron 
curve tracer is another step forward to give you the best in tubes. 

SPECIALISTS IN RADIO RECEIVING TUBES SINCE 1921 

M AI N  O F FI C E  SA L I M,  M A S S A C H U S I T TS 
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Your money's worth 

and MORE! 
. in every power range 

Through the years, the experience of hundreds of 
stations from coast to coast has proved that you get the 
most for your money in Western Electric transmitters. 

You get outstanding design by Bell Laboratories— 
top quality performance — dependability — and rock 
bottom operating cost. 

You will want these things in your new AM trans-
mitter. Get full details from your local Graybar Broad-
cast Representative or write to Graybar Electric Co., 
420 Lexington Ave., New York 17, N. Y. 

50 KW 

Western Electric 
QUALITY COUNTS 
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This Single Instrument...! 
SAVES EXPENSIVE ENGINEERING TIME, INCREASES 

ACCURACY, ELIMINATES EXTRA EQUIPMENT 

Vacuum-tube voltmeter: 

standardized voltages, 

150v to 50mv 

Vacuum-tube voltmeter 

measures any external 

voltage 

Frequency range, 10 cps to 

30 kc. No zero-setting 

required 

205AG AUDIO SIGNAL GENERATOR 

Elk 

Here's the compact precision instrument that gives you the measuring 

capacities and scope of 6 indiidual instruments, yet occupies bench space of 

but one! This famous -hp- 205AG provides typical -hp- accuracy and ease of 
operation (no zero-set, for example) for almost any test job from 20 cps to 

20 kc. It delivers 5 watts power with less than 1.0% distortion at the commonly-

used impedance levels of 50, 200, 600, and 5000 ohms. Meter calibration, in 

volts and db, is based on a 600 ohm level, to conform with RMA standards. 

The instrument's output voltage ranges from 150 volts to 50 microvolts. 

Where input vacuum tube voltmeter is not required, the -hp- 205A is available. 
This instrument is identical in other characteristics to the 205AG. And, for 

supersonic measurements, the -hp- 205AH is provided. This instrument covers 
a frequency range of 1 kc to 100 kc and is similar to the -hp- 205A. For full 
details of any of these rugged, long-lasting -bp-instruments, write or wire today. 

Hewlett-Packard Company • 1452D Page Mill Road • Palo Alto, Calif. 

Attention FM Engineers) 
Full information on the new -hp 

FM TEST EQUIPMENT 

Available on Request 
Write Today) 

110 db attenuation of output 

signal, 1 db steps 

5 watts output; less than 10/, 

distortion 

50, 200, 600, 5000 ohm 

output impedance 

MAKE THESE MEASUREMENTS 

WITHOUT EXTRA APPARATUS 

Frequency Response 
• 

Audio Gain 
• 

Filter Transmission 

Characteristics 

• 

Audio Frequencies 
• 

Voltage Measurements 
• 

Speaker Tests (No 

amplifiers needed) 

or 
Drive Electro-Mechanical 

Equipment 

°F O R   t E  r q  iA  t infiC T  flP  

THESE -hp- REPRESENTATIVES ARE AT YOUR SERVICE 

CHICAGO 6, ILL.: Alfred Crossley, 549 W. Randolph St., State 7444 • HOLLY WOOD 46, CALIF.: Norman B. Neely Enterprises, 7422 Melrose Ave., Whitney 1147 
HIGH POINT, N. C.: Bivins & Coldwell, 134 W. Commerce St., High Point 3672 • NE W YORK 7,N. Y.: Burlingame Associates Ltd., 11 Park Place, Worth 2-2171 

DENVER 10, COLO.: Ronald G. Bowen, 1886 S. Humboldt St., Spruce 9368 • TORONTO 1, CANADA: Atlas Radio Corp. Ltd., 560 King St. West, Waverley 4761 

DALLAS 5, TEXAS: Earl W. Lipscomb, 4433 Stanford Street, Logan 6-5097 
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NOW... 
RF HEATING TUBES 

DESIGNED and PROCESSED 
ESPECIALLY FOR 

RF HEATING PURPOSES 
, 

kw& 

•  •  • 

To Machlett Laboratories the tube needs of the RF heating industry have 

• r•  • been a challenge — no less than they have been a source of deep concern 

to the industry itself. The electronic heating industry has now grown to 

such importance as to require—and merit—the best the electron tube 

industry can produce ... and here the "best" must mean tubes designed 

and processed especially for its needs, not "hand-me-downs," no matter 

how high in quality, from communications or other fields. 

For this reason... 

/HULETT LABORATORIES 

trew eArir&yetri  esifyinatuFice 
their initial step in a planned program 

to provide the RF heating industry 

for the first time 

with a line of tubes designed, processed, 

and serviced exclusively 

for its use 

Machlett Laboratories' announcement several months 
ago of RF Heating Tube Types ML-5604 and ML-5619 
constituted the first tangible recognition by the tube 
industry of the special requirements of the electronic 

heating field. These tubes, featuring above all else an 
unquestioned ability to handle— without penalty to 
life or performance — the most severe load mis-match-
ing and the unusual physical conditions inherent in 
industrial service, marked the beginning of a new con-
cept of service to this growing industry. Unmatched in 
mechanical ruggedness, they embody materially 

4A 

heavier sections, sturdier grid, cathode and terminal 

construction, and principles of tube design and process-

ing which assure better performance and longer life. 

These same principles are now embodied in five 

new tubes—ML-5658, ML-5666, ML-5667, ML-5668 

and ML-5669. Thus there is now available—for the 
first time—Yor both initial installation and for replace-

ment, for all induction and dielectric heating purposes 

from 5 to 50 KW, a selection of tubes, each of which 
is custom-made for the job it has to do. 

PROCEEDINGS OF THE I.R.E. 
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AN IMPROVED WATER JACKET 

FOR BETTER TUBE PERFORMANCE 

Machlett's new water jacket, available for 
all Machlett RF Heating Tube types, em-
bodies the first fundamental improvement 
in water jackets since their initial use with 

electron tubes. With this new jacket, it is 
simple to remove a tube and replace an-
other in less than five seconds. No tools 
are needed; simply a twist of the wrist and 
the jacket is open, another twist and it is 

sealed — without danger to the tube, with-
out leakage, without trial and error —a 
perfect seal every time. 

Machlett RF Heating Tubes will be sup-
plied — where desired— with scientifically-

designed terminal connectors affixed to the 
tubes at the factory. Flexible leads will be 
permanently attached in lengths to meet 
equipment manufacturers' requirements. 

To the RF Heating Equipment manufac-
turer these Machlett electron tubes and 
accessories will provide the first real free-
dom from "tube worries" and assure user 
satisfaction. They will contribute to 
demonstrating the effectiveness and econ-
omy of electronic heating. Priced only 

slightly higher than the standard com-
munication tubes generally sold for this 

purpose, they will prove lowest in cost 
through better performance and materially 

longer life. 

MACHLETT LABORATORIES, INC. 
Springdale, Connecticut 

AUTOMATIC SEAL WATER JACKET. No tools 
needed to open and close the new Machlett 
water jacket. No worry about tube break-
age or water leakage. Jacket cannot be 
opened unless water pressure is off, nor 
closed unless tube is properly seated. Your 
hand opens and closes a perfectly safe seal 
with just a single twist. 

ML-5619 RF HEATING TRIODE, 
water cooled with automatic seal 
jacket, or for forced-air cooling 
(ML-5604). 
Maximum Input   32.5 KW 
Maximum Plate 
Dissipation (ML-5619)  20  KW 

Maximum Plate 
Dissipation (ML-5604)  10  KW 

ML-5667 FORCED-AIR COOLED 
TRIODE, available for water cool-
ing ML-5666, with automatic seal 
jacket. 
Maximum Input  20  KW 
Maximum Plate 
Dissipation (ML-5667)  7.5 KW 

Maximum Plate 
Dissipation (ML-5666) . 12.5 KW 

(Will replace Types 889A and 889RA 
without equipment modifications) 

AIL 
Writ• for complete technical 

data on this new line of tubes 

and accessories. A Machlett 

Application Engineer will gladly 

Visit you at your request. 

ML-5658 RF HEATING TRIODE 

Maximum Input  60 KW 
Maximum Plate Dissipation 20 KW 

(Will replace Type 880 without eqvio-
ment modifications) 
Automatic seal water locket as shown. 

ML-5668 WATER-COOLED RF 
HEATING TRIODE, available with 
automatic seal jacket. 

Maximum Input   28 KW 
Maximum Plate Dissipation 20 KW 
(Will replace Types 892 ond 892R 
[by ML-5669) without equipment modi-
fications) 

.50 Years of Electron Tube Experience 

PROCEEDINGS OF THE IRE. November, 1947 
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REVERE FREE-CUTTING COPPER ROD 
... INCREASES ELECTRONIC PRODUCTION 

INCE its recent introduct ion , Revere  Free-

1.3 Cutting Copper has decisively proved 
its great value for the precision manufacture 
of copper parts. Uses include certain tube 
elements requiring both great dimensional 
precision, and exceptional finish. It is also 
being used for switch gear, high-capacity 
plug connectors and in similar applications 
requiring copper to be machined with great 
accuracy and smoothness. This copper may 
also be cold-upset to a considerable defor-
mation, and may be hot forged. 
Revere Free-Cutting Copper is oxygen-

free, high conductivity, and contains A small 
amount of tellurium, which, plus special 
processing in the Revere mills, greatly in-
creases machining speeds, makes possible 

pc 

closer tolerances and much smoother finish. 
Thus production is increased, costs are cut, 
rejects lessened. The material's one impor-
tant limitation is that it does not make a 
vacuum-tight seal with glass. In all other 
electronic applications this special-quality 

material offers great advantages. Write 
Revere for details. 

REPERE 
COPPER AND BRASS INCORPORATED 

Founded by Paul Revere in 1801 

230 Park Avenue, New York 17, New York 
Mills: Baltimore, Md.; Chicago, Ill.; Detroit, Mich.; New 
Bedford, Mass.; Rome, N. Y.—Sales Offices in Principal Cities, 

Distr.:Isla m Everywhere. 

votto 
No0* 

4000 

CUSTOMERS REPORT: 
"This material seems to machine much better than our pre-
vious hard copper bar; it cuts off smoothly, takes a very 
nice thread, and does not clog the die." (Electrical pans.) 
"Increased feed from 1-1/2" to 6" per minute and do 

five at one time instead of two." (Switch Parts.) 
"Spindle speed increased from 924 to 1161 RPM and 

feed from .0065" to .0105" per spindle revolution. This 
resulted in a decrease in the time required to produce the 
part from .0063 hours to .0036 hours. Material was capable 
of faster machine speeds but machine was turning over at 
its maximum. Chips cleared tools freely. operator did not 
have to remove by hand." (Disconnect studs.) 

6A 
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M OLDED MICA 

Continuous Quality .. 

is Quality that is DEPENDABLE 

a/Nr ake 

Reliability 

El-Menc,o Capacitors contribute 
a great deal to the quality 
performance of your electronic 
product. In addition to being re-
liable in performance. El-Menco 
is reliable in delivery service. 

Availability 

You get as many EI.Menco 
capacitors as you need ... when 
you need them. Improved pro-
duction techniques are your 
assurance of that. 

We who design and make El-Menco Capacitors are proud of the 

tation of dependability and quality that our products have earned. 

use of El-Menco Capacitors throughout the electronic industry 

indisputable testimonial in behalf of their superiority. 

MANUFACTURERS 

Our silver mica department is now producing silvered mica 

films for all electronic applications. Send us your specifications. 

JOBBERS AND DISTIIIBUTORS 

A R C O  EL E C T R O NI C S 

135 Liberty St.,  New York, N. Y. 

is Sole Agent for El-Menco Products in United States and Canada 

THE ELECTRO MOTIVE MFG. CO., Inc., Willimantic, Connecticut 

Fluenr 
Send for samples and complete specifications. Foreign 
Radio and Electronic Manufacturers communicate 

MICA TRI M MER 

direct with our Export De-

Conn., for information. 
partment at Willimantic, 

Dependability 

El-Menco stands ready to serve 
you in any emergency . . . just 
as El-Menco served in the 
recent  national  emergency, 
World War II. Our staff will 
assist you in solving any prob-
lem you may have. 

repu-

The 

is an 

CAP ACIT O RS 

Write on firm letterhead for 
catalog and samples. 
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THE CLI NIC 

Ceeze6 Rade, 710t4e 
For (ivory •vil 
under Hirt sun .  For radio no ise, the remedy is Filterizing  by Tobe ... a complete serv ice 

Thor* is • rismody 
that or Arno is nom  at enables you  to  guarantee that your  electr ical  products  will  not  

Old Eng. Pros. 
interfere with radio reception. Filterizing by Tobe covers these three 

important aspects of every radio noise problem: 

R.F. Circuit Design — Engineers with many years experience, thoroly versed in measurement 

techniques, and using the latest instruments, determine the radio noise output and r-f character-

istics of your product and specify the correct circuit elements to stop radio interference over the 
desired frequency range. 

Electrical Design — The filterizing circuit is checked for effect upon performance of the apparatus being 

Filterized and all components are selected so that normal performance is obtained after Filterizing; 

voltage drop, temperature rise, phase relationships — all are held within required limits. 

Mechanical Design — The arrangement of circuit elements is co-ordinated with existing space limitations 
so that radio noise is quelled without need for extensive re-design of the apparatus. 

These three design factors, embodied in every Tobe Filterette, are based on exact, scientific knowledge 

and, when applied by Tobe engineers, enable you to guarantee radio silence for your electrical apparatus. 

This guarantee, shown by the FILTERIZED label, helps build sales for your product. Ask us for details. 

TOBE DEUTSCHMANN CORPORATION • CANTON, MASSACHUSETTS 
ORI GI N AT ORS  OF  FILTERET TES  . . . THE  ACCEPTED  CURE  FOR  RA DI O  NOISE 
8A 
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mei/ d ea% PI, • • 
Audio Devices is continually receiving letters from broad-

casting stations and recording studios giving unsolicited com-
mendations on Audiodiscs. These come from all sizes of 
studios and from all climates in the United States and abroad. 
A few excerpts from typical letters recently received follow: 

"AUDIODISCS have proven their worth at our station. We 
are for them one hundred percent." ... A 5,000 WATTER 

"It may be of interest to you to know that for a long time we 
tried all makes of transcription blanks and long ago decided to 
use nothing but AUDIODISCS. We find them most satisfactory." 

... A 1,000 WATTER 

"It will interest you to know that we use only AUDIODISCS." 
. A 10,000 WATTER 

"We use AUDIODISCS exclusively and find them everything 
your research engineers have claimed." . . A RECORDING STUDIO 

"We have found AUDIODISCS superior to any other disc 
tested, and consequently we have been using AUDIODISCS 
exclusively for quite some time." .. A 5,000 WAITER 

"We have been users of AUDIODISCS since they were first 
produced by your company and have always found them 
satisfactory." A 50,000 WATTER 

T 
L - 4 /ee d ivie, a ent.4e 4e4 cI UcLLI7cLL5C5 

•  • 

* 

"We use AUDIODISCS exclusively when they are available. 
It is our experience that there is less drying effect in this climate, 
as well as less static trouble with AUDIODISCS than with other 
brands." ... A 5,000 WATTER 

"In passing, I might say that we use Audio Red Label ex-
clusively. AUDIODISCS are our favorite. We have found them 
to be uniformly satisfactory." ... A 1,000 WATTER 

"Of all discs we have tried, AUDIODISCS are our standard 
and whenever supreme quality of reproduction of instantaneous 
recording is desired, it's AUDIODISCS for us." 

... A RECORDING STUDIO 

"We use AUDIODISCS exclusively and have been doing so 
for many years. Alter exhaustive tests we have found them hard 
to beat and we are pleased to mention this fact at this time." 

... A 5,000 WATTER 

"Our station has used AUDIODISCS practically exclusively 
since their introduction about ten years ago. Our recording  • 
engineers appreciate their high uniform quality." 

. A 50,000 WATTER 

"We have never used any other than AUDIODISCS except 
for a few times during the war when AUDIODISCS were not 
available." ... A 250 WATTER 

AUDIO DEVICES, INC., 444 Madison Avenue, New York 22, N. Y. 
I xport Department. Rotke International Corp., 13 E. 40th Street, New York 16, N.Y. 

Audiodiscs are manufactured in the U.S.A. under exclusive license from PY RAL, S.A.R.L., Paris 

u.o. PAT. OTT,. 
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HALF 
THE SIZE... 

ONE-THIRD 
LESS WEIGHT 

RCA, designer and co-producer of the first 
aircraft automatic direction finder, leads 
again with a completely new lightweight 
and smaller ADF. 

This new RCA Model AVR-21 is one-
half the size, two-thirds the weight of simi-
lar equipment used for airline service.Total 
weight for an average AVR-21 installation 
is 53 lbs. With the AVR-21 Dual ADF oper-
ation is now possible at almost the same 
weight as existing single ADF installations. 

Among the many outstanding features of 
the AVR-21 are: band and function switch-
ing on one-gang switch, by a trouble-free 
ratchet motor drive . . . inductance tuning 

0 111$ 161 

Valr 

RCA MODEL AVR-21 
AUTOMATIC DIRECTION FINDER 

of input circuit for higher gain and im-
proved signal-to-noise ratio ... streamlined 
loop antenna for pressurized cabin installa-
tions . . . coated and shielded loop reduces 
precipitation static interference . . . one-
half ATR case designed for rack or in-
dividual mounting . . . continuously vari-
able quadrantal error correction. 

Available Soon. AVR-21 is part of a new 
RCA family of aircraft radio equipment 
engineered to meet modern, requirements 
in size, weight and performance required 
for airline operation. 

For complete information write: Avia-
tion Section, Dept. 67K RCA, Camden, N. J. 

A VIA TI O N S ECTI O N 

Azimuth Indicator Unit. Elec-
trical operation—no mechani-
cal connections required. Dual 
Pointer indicator for Dual ADF 

operation.' 

Pilot's Control Box. New drum 
dial for improsed readability. 
All controls grouped for easy 
operation. Controls may be re-
moved for console mounting. 

Loop Antenna. Streamlined 
design. Continually variable 
quadrantal error correction. 
For use in aircraft with pres-

surized cabins. 

RA DIO CORPORATIO N of A MERICA 
E NGI NEERING P ROD UCTS D EPA RTAIEN7; CA MDEN N. J. 

In Canada: RC A VICTOR Co mpany Limited, Montreal 
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Send Your Blueprints to Karp 

psPowm. 
U m • 

111 
- 
4 

When manufacturers of electronic, radio and 
electrical apparatus, situated as far as 2000 miles 
and more from our plant, insist on Karp sheet metal 

craftsmanship, there must be good and profitable 

reasons. 

One important reason is that Karp-constructed 

cabinets, enclosures, housings and chassis are 
custom-built to individual requirements so precisely 
and uniformly made that time and money are saved 
on your assembly line. Another reason is that Karp 
builds good looks and streamlined styling into 
the product, giving you added sales and profit 

advantages. 

Remember the Karp blueprint man symbolizes blue 
ribbon quality in Ibinets, housings, enclosures and 

Tell us your needs. Get our quotations. 

• Any metal 

• Any gauge 

• Any size 

• Any quantity 

• Any finish 

KARP METAL PRODUCTS CO., INC 
I I 7 - 30th STREET, BROOKLYN 32, NEW YORK 

&atom ceialkinen n Seheet aid./ 
PRucLEDINGS OF THE I.R.E.  November, 1947 
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• The AR-2 and AR-5 coils are 

high 0 permeability tuned 

RF coils. The AR-2 coil 

tunes from 75 mc to 220 mc 

and the AR-5 coil tunes 

from 37 mc to 110 mc 

with suitable capacitors. 

• X11-50 coil forms may be 

wound as desired to provide 

a permeability tuned .coil. The 

form winding length is 11/16" and the form winding diameter is 

• The IFL, IFM, IFN and IFO trans-

formers all operate at 10.7 mc 

and are designed for use in 

FM or AM superheterodyne 

receiver. The transformer cans 

are /3/8" square and stand 

31/4 " above the chassis. 

• The IFM is an IF trans-

former with a 150 KC 

bandwidth at 1.5 db 

attenuation. Approxi-

mate stage gain of 

30 is obtained 

when used with 

65G7 tube. 

• The IFS. discriminator 

transformer is suitable 

for use in conventional 

FM receiver discrim-

inator circuits and 

is linear over a 

band of ±100 KC. 

TRADITIONAL 

National parts have long been famous among 

manufacturers, engineers and laboratory workers 

for quality, workmanship, rugged construction 

and excellent electrical characteristics. 

Through long practical experience, these men 

have all found that National parts can be relied 

upon for dependability and long life. 

Whether you're building new equipment or mod-

ernizing an old installation, check your nearest 

Notional dealer for the latest in efficient parts. 

• The IFN is on IF tram-  • The IFO is an 

former with a 100 KC  FM discriminator 

bandwidth at 1.5 db  transformer of the 

attenuation. Approxi-  ratio type and is 

mate stage gain of  linear over a band 

30 is obtained  of ± 100 KC. 

when used with 

65G7 tube. 

M A K E R S  O F  LI F E TI M E  R A DI O  E Q UI P M E N T 
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When a little 
means a lot 

Malin MO 

Whenever and wherever space is at a premium ... 
in shavers, hearing aids, pocket radios, guided! 

missiles and other radio, electrical or electrtnic 
devices ... you can use one or more oft se four 

miniature products IRC makes-by- e-million. 
For complete information, inclu ng dimensions, 

ratings, materials, constructiin, tolerances, write 
for comprehensive catilog bulletins, stating 

products in which !you are interested. 

I. 

A 

0 

A 

A 

MPM Resistors 

watt for UHF. Resistance film permanently 
bonded to solid ceramic rod. Length 
only 'lc". Diameter 1(6". Available 
resistance values 30 ohms to 1.0 megohms. 

Composition volume or tone control. 
Its 'Tie' diameter and !2" overall 

depth include knob and bushing. 

INTERNATIONAL 
401 N. BROAD STREET 

IN CANADA  INTERNATIONAL 

A watt—insulated composition. Length 
only 13 . Diameter '!". Resistance 
range 470 ohms to 22 megohms 

(higher on special orders). 

Similar to TYPE H Control (left) in appearance. 
"" diameter. OFF and 3 operating positions. 

A NCE COMPANY 
IA 8, PENNSYLVANIA 
LTD., TORONTO, LICENSEE 

Copyright, 1947, Int•rnalionol R•soitanC• Corn 

PROCEEDINGS OF THE I.R.E. November, 19 4 ; 13* 
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Now - - - Mallory Makes 

Ferrule Resistors, too 
TYNE RA TING Resistance Range 

A 8 C Min. Max. 

CF 10 10 Watts 0.2 ohms 5 M ohms  'As 1/2  1% 

CF 15 15 Watts 0.3 ohms 10 M ohms 9/I 6 I/2 
1"/Is 

CF 35 35 Watts 0.5 ohms 25 M ohms  "A g 
1/2  3 % 

CF 45 45 Watts 0.7 ohms 40 M ohms  I3A6 1/2  41/4 

CF 100 100 Watts 1.5 ohms 80 M ohms  11/4  1/2  

CF 150 150 Watts 2.6 ohms 120 M ohms  11/4 1/2 8% 

CF 200 200 Worts 3.2 ohms 160 M ohms  11/4  1/2  10 % 

with Grade 1, Class 1 

Vitreous Enamel 
These ferrule resistors are new to the market, 
but they're backed by long chemical, electrical 
and metallurgical experience—by Mallory's 
well-earned reputation for premium quality. 

They use the same enamel coating developed 
for the now-famous Mallory Grade 1, Class 1, 
RN resistors—enamel that won't chip, crack 
or craze under extremes of vibration or tem-
perature change—enamel that can't be dam-
aged even after thermal shock tests from 
275° to 0°C. 

The ferrules measure up to the high mechanical 

strength standards set by the Navy. They are 
firmly secured to the winding form by high 
temperature ceramic cement, and mechanically 
bonded and welded to provide the best possible 
electrical connections. 

What's more, these resistors are designed to 
fit conventional fuse type mounting clips. You 
can interchange them with the types you now 
use—interchange them for greater depend-
ability. Write us direct for more details. 
Mallory also manufactures a complete line of 
fixed lug and adjustable types of vitreous 
enamel resistors. 

MA L L O R Y RESIST ORS  

f'. R. MALLORY & CO.Inc. 

(FIXED AND VARIABLE) 

P. R. M ALL ORY &  CO., Inc., INDIA NAP OLIS 6, INDIANA 

PROCEEDINGS OF THE I.R.E. 
November, 1947 



74 

Driving the heavier type record changers, 
radio phonograph turntables and tuning 

devices —powering fans, motion displays, 
actuating switches, levers and timing de-

vices —operating business and vending 

machines, toys —these are just a few of 

the tasks performed by Alliance's Model 

K Powr-Pakt motor. 

This basic 2-pole induction type motor 
can be mass produced to meet 

variations in design. It will adapt 

to any standard AC voltage and 

frequency, and will develop up 
1/100th h. p. For intermittent duty or 

where forced ventilation is provided even 

greater output can be obtained. Model 
K is used in all 25-cycle and in some 

50 and 60-cycle Alliance phononnotors. 

' 

The trend is to make things move! 
Designs will call for more action —movement! 

Flexible product performance needs power sources 

which are compact, light weight! Alliance Powr-Pakt 

Motors rated from less than 1-400th on up to 1-20th 
h. p. will fit those "point-of-action" 

places! Alliance Motors are 

mass produced at low cost —en-

gineered for small load jobs! 

For vital component power 

links to actuate controls... 

to make things move... 

plan to use them! 

MODEL K 

WHEN YOU DESIGN—KEEP tiodit sce. 
MOTORS IN MIND 

ALLI A N CE  M A N UF A CT U RI N G  C O M P A N Y ALLI A N CE,  O HI O 
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DU MONT adotoweeed  /1 ~ . 

CONTINUOUS-MOTION/SINGLEIMGE 

OSCILLOGRAPIPRECORD CAMERA 

Type 314 

AVAILABLE NO W FOR 

DELIVERY FROM STOCK 

IN LIMITED QUANTITIES 

SPECIFICATIONS. 

VI 
VI 

Wide range of film speeds 
(3600 to 1) — from 1 inch 
per minute to 5 feet per 
second. 

Instantaneous change 

from low- to high-speed 
recording. 

Calibrated electronic 

speed control (in./min. 
and in./sec.) 

Quickly detached to free 

oscillograph, or for use with other 
oscillographs. 

Fixed-focus f/2.8 or 1/1.5 lens for 
medium- or high-speed recording. 

Capacity of 100 feet of 35 mm. film 
or paper; provision for 1000 feet if 
required. Film footage indicator. 

Operates independently of ambient 
light. Simultaneous viewing and re-
cording of trace. 

Self-illustrated data card for labeling 

given "takes" directly on film. Pro-

vision for timing markers. 

ALLEN B 

To meet the need 
II for permanent rec-
ords of complex phe-

nomena, Du Mont proudly presents a 
camera capable of photographing all 
types of traces — high or low fre-
quency; periodic or aperiodic; con-

tinuous-motion or single-image; and 
for time intervals up to 200 hours. 

The new Du Mont Type 314 Oscil-

lograph-Record Camera* provides all 
users of cathode-ray oscillographs 
with a useful, simple, practical re-

• Descriptive literature on request. 

Applicable to ALL 

5-inch cathode-

ray oscillographs! 

cording means. It opens the way for 
precise quantitative measurements. 
It permits direct comparisons of 

traces recorded at different times tin-
der varying conditions. 

For maximum convenience, the 
mounting, operation and dismount-
ing of this camera are reduced to 

simplest terms consistent with there-
-quirements and practices of the wid-
est range of oscillograph users. 

4-Manufactured for Du Mont by Fairchild 
Camera and Instrument Co. 

C ALLEN B DU M ONT LA BORATORIES. INC. 

/ Z e rAdif i e ft  A r/ 4/6 W e r,Of r e de t d- °A ft 

DuMONT LABORATORIES, INC., PASSAIC, NE W JERSEY • CABLE ADDRESS: ALBEEDU, PASSAIC, N. J., U. S. A. 
• 

• Ass, - 

16A 
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When you need insulators in a hurry, phone us for 

die pressed AlSiMag. Air shipments put us as close 

as if we were in your own back yard. 

American Lava has the largest battery of presses 

in the industry and can now handle a limited number 

Fi LSIM GI 
4 6 T H  Y  E A R 

of rush orders. We make our own dies and that also 

saves a lot of time. Die pressing is usually the fastest 

and most economical way to produce steatite ce• 

ramic insulators of fine quality. Try us when you 

want to break that bottleneck of ceramic insulators. 

O F  C E R A M I C  L E A D E R S H I P 

AMERICAN LAVA CORPORATION 
CH ATT A N O O G A  5,  TE N NESSEE 

SALES OFFICES: ST. LOUIS. MO, 1123 Washington Ave., Tel: Garfield 4959 • CAMBRIDGE. MASS, 38.8 Beattie St., Tel: Kirkland 4498 • PHILADELPHIA, 16499. Broad St.. Tel: Stevenson 4.2823 

NEWARK, N.J., 671 Broad St., Tel: Mitchell 2.8159 • CHICAGO, 95. Clinton St., Tel: Central 1721 • SAN FRANCISCO. 163 2nd. SL, Tel: Douglas 2464 • LOS ANGELES. 324 N. San Pedro St.. Tel: Mutual 90711 



A NEW ERA IN TO 

The FIRST truly practical, all-purpose PHENOLIC 

Export equipment 

o'2,0 - ow — \I / 
One standard type for ALL conditions 

Automotive radio 

Home radio and television 

Aviation equipment 

of use. 

V11 

Pioneers of Electrical and Electronic Progress 
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ULAR CAPACITORS 

MOLDED paper tubulars 
After more than four years of intensive research, 
plus one of the largest retooling programs in its 
history, Sprague announces a complete line of 
phenolic-molded paper tubular capacitors that 
offer far-reaching advantages for a long list of 
products ranging from home or auto radios and 

electrical appliances to military equipment. Their 

Write for Sprague Capacitor 

CAPACITORS SPR 

Highly heat- and 
moisture - resistant 

Non-inflammable 

Conservatively rated 
for —40° C. to +85° C. 

operation 

Small in size 

Mechanically rugged 

Moderately priced 

unique phenolic sealed construction assures maxi-
mum dependability even under extremes of heat, 
humidity and physical stress. Thus they have vir-

tually universal application in modern equipment. 
In most cases the new Molded Tubulars are smaller 
and in no instance are they larger than ordinary 
Sprague paper tubular capacitors of equal rating. 

Engineering Bulletin 210. 

CUE KOOLOHM* 

RESISTORS 

Sprague Electric Company, North Adams, Mass. 
•Tridnatak res. U. S. Pal. OIL 

PROCEEDINGS OF THE I.R.E.  November, 1  
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PUSH TO TALK 
With the announcement of the new Eimac Tetrode type 4-65A, 

satisfactory high-power mobile transmission became a reality. 

Designed as a transmitting tube, with the transmitter man's 
problems in mind, the 4-65A provides stable operation over a 

voltage range of from 400 to 3000 volts. This characteristic 

alone enables continuity of system design, using the same 

vacuum tubes in the final stage of both the mobile and fixed 

station (two 4-65As will handle 150 watts input with 600 plate 
volts in the mobile unit, and operating at 3000 plate volts, in 

the fixed station, two 4-65As provide 1/2  kilowatt output). 

SI MPLIFIED CIRCUIT FOR USE ABOVE 100•MC. 

The tube is a "natural" for the 152-162 Mc. band. Its low inter-

electrode capacitances, compact structure, short electron transit 

time, high transconductance, together with being a tetrode al-

lows simplification of circuit. Operation of the 4-65A can be 
continued up thru the 225-Mc. amateur band in either FM or 
AM service. 

The 4-65A incorporates an instant heating thoriated tungsten 

filament, processed grids —controlling primary and secondary 

emission, and a processed metal plate —enabling momentary 

overloads without affecting tube life. All of the internal elements 

are self supporting without the inclusion of insulating hardware. 

Neutralization is normally unnecessary since practical isolation 
of the input and output circuits is achieved by the screen grid 

and its supporting cone. No special gear is required for installa-
tion, as the five pin base fits available commercial sockets. 

In typical operation, class-C-felegraphy or FM-telephony, one 

4-65A with a plate voltage of 600 volts, 125 milliamperes of 

plate current, and a plate power input of 75 watts will provide 

50 watts of output with less than 2 watts of grid drive. In 1500 

volt operation with an input of 190 watts, the output is 140 

watts. With the plate voltage increased to 3000 volts and an 

input of 325 watts, an output of 265 watts per tube is obtained. 

The 4-65A is amazingly versatile, being ideally suited for audio, 
television, r-f heating, and communication applications, station-

ary or mobile. It is priced at $14.50 each. Additional data may 
be had by writing to: 

EITEL-McCULLOUGH, Inc. 
181J San Mateo Ave., San Bruno, California 

Follow the Leaders to 

BE S  
The Power for It-F 

Export Agents: Frazer 8. Hansen, 301 Clay Street, 
San Francisco, II, California 

To insure performance of the 4-65A ... severe mechanical tests are conducted--from withstanding a bump test to holding up under ex-
cessive vibration. Tests are carried even further . . . satisfactory shipment of the tube is insured by package drop tests. 

20A 
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Stupakoff 
Ceramic and Manufacturing Co. 

Latrobe, Pa. 
Cable Address "STUPAKOFF, LATROBE, PA. 
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Complete dimensions, capacities and rat-
ings for more than one hundred and sixty 
different standard Stupakoff Kovar- Glass 
Terminals are included in Bulletin 447,. 
pages of which are reproduced above. In 
addition to these, Stupakoff is prepared to 
make special designs when required. The 
illustrations at the left show a few of the 
varieties of terminals listed in this bulle-
tin. If you use—or expect to use—metal-
glass terminals, you should have a copy 
of this informative data book. Send today 
—it's free! 

ATTACH THIS COUPON TO YOUR BUSINESS LETTERHEAD 

AND  SEND TODAY 
STUPAKOFF CERAMIC & MFG. CO. 

Please send a copy of Bulletin 447 to: 

NAME   

COMPANY 

ADDRESS 

CITY   STATE 
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PERMANENT MAGNETS 

Several avenues of profit are open to you in Arnold 
Permanent Magnets. You can improve the performance 
and overall efficiency of equipment. You can increase 
production speed, and in many cases reduce both weight 
and size. And most important, you can maintain these 
advantages over any length of production run or period 
of time, because Arnold Permanent Magnets are com-

pletely quality-controlled through every step of manufac-
ture—from the design board to final test and assembly. 
You'll find them unvaryingly uniform and reliable in 
every magnetic and physical sense. 

It's our job to help you discover and then fully attain 
these benefits. Arnold Products are available in all Alnico 
grades and other types of magnetic materials—in cast or 
sintered forms, and in any size or shape required. Our 
engineers are at your.command—check with our Chicago 
headquarters, or with any Allegheny Ludlum branch office. 

THE A R N OL D ENGINEERING CO 
Subsidiary of ALLEGHENY LUDLUM STEEL CORPORATION 

147 East Ontario Street, Chica 0 11, Illinois 

Specialists and Leaders in the Desian,Engineering and Manufacture of PERMANENT MAGNETS 

• 

22A 
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Temperature Compensating 
Molded Insulated Ceramicons 

0.5 MMF -550 MMF 
Temperature Compensating 
Dipped Insulated Ceramicons 
0.5 MMF -15,000 MMF 

Temperature Compensating 
Non-Insulated Ceramicons 
0.5 MMF -1,770 MMF 

Custom Infection Molded 
Plastic Knobs. Dials, 
Bezels, Name Plates, 
Coilforms, etc. 

Button Mica Condensers 
15 MMF -6,000 MMF 

Type 554 
Ceramicon 
Trimmer 
3.12 MMF 
5-25 MMF 
5-30 MMF 
8-50 MMF 

Type 557 
Ceramicon 
Trimmer 

Type TS2A Ceramicon Trimmer 
1.5-7 MMF  3.13 tAtAF  4.30 MMF 
3-12 MMF  5-20 MMF  7-45 MMF 

ERIE RESISTOR 

Types 504B, 1/2 Watt -518B, 1 Watt 
Resistors 

10 ohms -22 megohms 

Feee-Thru Ceramicons 
3 MMF —l.000 MMF 
3 MMF -1,500 MMF 

High Voltage Double Cup 
and plate Condensers 

10,000 VOLTS WORKING 

Types 323 and 
324 Insulated 

Type 720A 

Erie Stand-Off Ceramicons 

f rig. 

Erie "GP" Molded Insulated Ceramicons 
10 MMF  5,000 MMF 

Erie "GP" Dipped Insulated Ceramicons 
0.5 MMF -15,000 MMF 

Erie "GP" Non-Insulated Ceramicons 
10 MMF -10,000 MMF 

IEEE 
Types 1-4, 1-7, 5-5 Suppressors 
for Spark Plugs and Distributors 

1 
Cinch-Erie Plesicon Tube Sockets with 
,000 MMF built in by-pass condensers 

c_s  

MAKERS OF QUALITY 

ERIE RESISTOR has developed and 
manufactured a complete line of Ceramic 
Condensers for receiver and transmitter 
applications; Silver-Mica and Foil-Mica 
Button Condensers; Carbon Resistors and 
Suppressors; Custom Injection Molded 
Plastic Knobs, Dials, Bezels, Nameplates 
and Coil Forms. Complete technical 
information will be sent on request. 

ONDON, ENGLAND  TORONTO  CANADA 



RAYTHEON chosen for 
Simallaneo,is Al M  Fif Progra ming 

Mr. Dan Leibensperger, Chief Engineer of 
WHP examining their new dual Raytheon 
installation. 

"HIGH-PRESSURE HANK" 

This is the name applied by his 
customers to Henry J. Geist, New 
York representative on Raytheon 
Broadcast Equipment. He earned it 
by helping stations procure speech 
input and transmitter equipment 
... also microphones, turntables, 
meters and crystals ... almost as 
fast as you can say "Raytheon." 
What Hank does for his customers, 
can be done for you ... by the 
nearest Raytheon representative 
listed below: 

CHRISTIAN RRAUNECK 
1020 Commonwealth Ave. 
Boston, Massachusetts 

•  Tel. Aspinwall 6734 

HENRY .1. GUST 
60 East Forty-Second Street 
New York 17, New York 
Tel. Murray Hill 2-7440 

W. S. TAYLOR 
Signal Mountain 
Chattanooga, Tennessee 
Tel. 84482-

ADRIAN VAN SANTEN 
1100 Fifth Avenue 
Seattle, Washington 
Tel. Ellot 617$ 

Here's how a key CBS network originating station, W HP, 
Harrisburg, has set up to handle all Pennsylvania public inter-

est programs, and in addition, to feed two separate programs 
to its AM and FM outlets. 

With a dual installation of Raytheon RC-11 Studio Con-
soles, W HP has facilities which provide: 

a. Four outputs . . . AM, FM and two channels for feeding 
networks 

b. Four individual programs can be simultaneously originated 
c. Complete Quadruplex monitoring, talkback and cueing 

d. Console inputs so wired that all studios, news room and.re-

motes can be mixed into a common output, thereby en-
abling multi-point origination of special events shows at a 
moment's notice  - 

Raytheon Speech Input Equipment and AM and FM 

Transmitters in a 250 to 10,000 watt range, provide high 

fidelity, servicing accessibility and low-cost maintenance. 
Write for illustrated bulletins and technical data. 

COZZENS  FARMER 
222 West Adorns Street 
Chicago 2, Illinois 
Tel, Randolph 7457 

HOWARD D. CRISSEY 
414 East Tenth Street 
Dallas 8, Texas 
Tel. Yale 2-1904 

EMILE J. ROME 
215 West Seventh Street 
2243 Termino Avenue 
Long Beach, California 
Tel. Long Bead, 36322 

e:1-ceileneein eler aedIsini 

RAYTHEON MANUFACTURING COMPANY 

COMMERCIAL PRODUCTS DIVISION 
WALTHAM 54, MASSACHUSETTS 

Industrial and Commercial Electronic Equipment 
Broadcast Equipment, Tubes and Accessoeirs 
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Volt-Ohm-Milliammeter 

adth Rea ?oft .54le.,0 eade 
At 20,000 ohms per volt, this instrument is far more 

sensitive than any other instrument even approach-

ing its price and quality. Unequalled for high sensi-

tivity testing in radio and television servicing and in 

industrial applications. 

Ask your Jobber 

SIMPSON ELECTRIC COMPANY 
218 West KInzle Street, Chicago 44, Illinois 

,Simpson Ltd., London, Ont. 

4 41,1  
imsrnumirmys  ?N AT  ST  Y ACC UR 

IIN O M M EI MIMI N ari 

Model 260, in Roll Top Safety Case—Size 51/2 " x 9" s 43/4 " 
Both complete with test leads 

The Ranges 

os•  v•%,0) 
rsole v 
tvo. 

• Model 260 permanently fastened in Roll Top Case. 

• Heavily molded case with Bakelite roll front. 

• Flick of finger opens or closes it. 
• Leads compartment beneath instrument. 

• Protects instrument from damage. 

Model 260—Size 51/4 " x 7" x 31/2 "  $3595 
. $43.75 

2.3  2.5  2.5 V.  10 
10  10  10  V.  100 
50  50  50  V.  500 
250  250  250  V. 
1000  1000  1000  V. 
5000  5000  5000  V. 

100  10  —10 to  0-2000 
+5205  (12 ohms center) 

0-200,000 
(1200 ohms center) 
0-20 megohms 
(120,000 center) 
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Improve YOUR Equipment 
• . • Cut Assembly Costs 

*th STACKPOLE MOLDED COIL FORMS 

• • 

Loa: for guarantee1 h0 il c k-pole Minute Man 
_  .  
of highest quality 
in molded compo-
nents. 

• • • 

You can save money, speed pro-
duction and increase the effi-
ciency of your equipment by 
using Stackpole Molded Bakelite 
Coil Forms as mechanical sup-
ports for coil windings. They take 
less space and require a third 
fewer soldered connections. 
Coils may either be wound di-
rectly on the forms or wound 
separately, then slipped over the 

forms. 

. with STACKPOLE "GA" LOW-VALUE 
CAPACITORS 

When assembly time is consid-
ered, Stackpole GA Low-value 
Capacitors may actually cost less 
than "gimmicks" formed by 
twisting insulated wires together 
—and are many times more ef-
ficient. Q is much improved, 
insulation resistance better, 

breakdown voltage higher, me-
chanical construction far supe-
rior. GA capacitors are sturdily 
molded. Leads are anchored 
and tinned. Standard values in-
clude 0.68; 1.0; 1.5; 2.2; 3.3 
and 4.7 mmfd. Tolerances are 
--J-_-20%. Write for details. 

EIOC11011iC Components Division 

STACKPOLE CARSON COMPANY, St. Marys, P. 

1 
_N\ NI  4% 
? 

' N / /  

Standard types include forms 

for universal winding, solenoid 

winding, tapped universal wind-

ing, antenna or coupled winding, 
iron cored universal winding, 

iron cored I-F transformer or cou-

pled coils and many others. 

Molded iron center sections can 

be provided on forms where re-

quired. Write for details or sam-

ples to your specifications. 

110 

FIXED and VARIABLE RESISTORS • INEXPEN-

SIVE SWITCHES • IRON CORES • PO WER 

TUBE ANODES • SINTERED ALNICO II 

PERMANENT MAGNETS • RHEOSTAT PLATES 

and DISCS • ANODES and ELECTRODES, etc. 

POLE 
26A 
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• gEs WHE RE GRAPHITE 

ME  rig  MASTER! 
fineness. We knew we could make basically better drawing 

stubbornly resists reduction to particles of extreme 

BECAUSE it is a natural lubricant, graphite 

leads if only we could invent a mill for grinding 
graphite far finer than it had ever been ground before. 

HERE'S OUR MIRACLE MILL, an exclusive patented 
Eagle process that utilizes the entirely new principle of making 

graphite grind itself down to micronic size ...  25,000th of an inch. 

The particles average four times finer than in the graphite normally used. 

AND HERE'S THE PENCIL with 

the superb new lead we hoped for... 
so dense that it takes a needle point 
and holds it under pressure ... draws long 

lines of uniform width ... and deposits an 
opaque mark that reproduces perfectly. 

TRY TURQUOISE YOURSELF AND SEE! 
Just write us, naming this publication, 

your dealer and the grade you desire. 
We'll send you a free sample to test in 

your own hand. You will be delighted! 

EAGLE 

0 0 EACH 
. . . less in 

quantities 

IHEMI-SEALED" 
(SUPER BONDED) 

ThI1JJEJ 
DRA WING PENCILS AND LEADS 
EAGLE PENCIL COMPANY, 703 E. 13th St., New York 9, N. Y. 

Eagle Pencil Company of Canada, Ltd., Toronto 
*Reg. U. S. Pot. 011. 
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Typical of Blaw-Knox cooperation with radio engi-
neers is this new directional array of four 200-ft. 
self-supporting, base-insulated towers, which permits 
the station to "throw its voice" in specified directions. 
In addition to acting as an AM radiator, one tower 
also supports an FM clover-leaf antenna. 

If your plans call for a new station or increasing the 
efficiency of your present equipment, Blaw-Knox 
engineers stand ready to apply a wealth of experi-
ence in tower design to your advantage. 

BLA W-KNOX DIVISION 
OF BLA W-KNOX CO MPANY 

2037 Farmers Bank Bldg.. Pittsburgh 22, Pa. 

ointenfta 

TO WERS 
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This recently completed modern structure, provid-
ing more than 32,000 square feet of floor space, 

is our new home. 
Production volume has been considerably in-

creased by the installation of latest equipment for 
highly specialized operations. Engineering, inspec-
tion and testing facilities have been greatly ex-
panded to insure excellence of products with the 
maximum of efficiency. 
These greatly expanded overall plant facilities, 

plus the recognized dependability of S C A prod-
as, make it possible fbr us to offer the most corn-
te line of Selenium Rectifiers and self-generating 

SELENIUM CORPORATION OF AMERICA 
Affiliate of ICKERS Incorporated 
1160 EAST IMPERIAL HIGH WAY • EL SEGUNDO, CALIFORNIA 

EXPORT: Frarar & Hanson, Ltd., 301 Clay St., San Francisco 11, Calif. 
Canoga: Powortronic Equipment Ltd., 494 Xing St , E. Toronto 2, Canada 
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NE WS and NE W PRODUCTS 

Cathode-Ray Oscilloscope 

A new 7-inch cathode ray oscilloscope 
embodying improved circuit features suit-
able for a wide range of applications has 
been announced by the Radio Tube Divi-
sion of Sylvania Electric Products, Inc., 
500 Fifth Avenue, New York 18, N. Y. 

This instrument incorporates an im-
proved type of push-pull amplifier, using 
7C7 tubes, which, according to the manu-
facturer, provides clearer patterns, less dis-
tortion, and considerably more gain than 
conventional single-stage amplifiers used 
in general-purpose instruments. The new 
Type 132 oscilloscope weighs 37 pounds 
and measures 17 inches high, llj inches 
long and 171 inches deep. It is rated at 35 
watts, 105-125 volts, 50-60 cycles a.c. 

Recent Catalogs 
• • • On kilovoltmeters and other elec-
tronic instruments, by Beta Electronics 
Co., 1762 Third Ave., New York 29, N. Y. 

• • • On rotary electric supplies for radio 
communications equipment, illustrating 
the Magrnotor, Super Dynamotor, and 
other models, by Carter Motor Co., 2664 
No. Maplewood Ave., Chicago, Ill. 

• • • On 52 types of permanent-magnet 
speakers and 54 types of electromagnet 
speakers, by Permoflux Corp., 4900 West 
Grand Ave., Chicago 39, III., or 236 So. 
Verdugo Road., Glendale 5, Calif. 

• • • On resistance standards and re-
sistance bridges, technical Bulletin No. 
100, by Rubicon Company, 3664 Ridge 
Ave., Philadelphia 32, Pa. 

• • • On antenna equipment, by Technical 
Appliance  Corp.,  4106  DeLong  St., 
Flushing, N. Y. Ask for Catalog No. 28. 
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These manufacturers have invited  PRO-
CEEDINGS readers to write for literature 
and further technical information. Please 
mention your I.R.E. affiliation. 

Phantom Repeater 

Engineers and service personnel who 
design, develop, test, and maintain audio 
and ultrasonic equipment will be interested 
in an announcement by Keithley Instru-
ments, 1508 Crawford Road, Cleveland 6, 
Ohio, of their new Phantom Repeater, 
Model 102, designed to make measure-
ment procedure easier, quicker, and more 
accurate. 

This small instrument weighs approxi-
mately 11 pounds and is used to bridge 
measuring instruments to high-impedance 
circuits, and to give simultaneous indica-
tion of voltage, wave form, and aural 
tone. It is also useful to increase the sensi-
tivity of voltmeters and cathode-ray 
oscillographs. 

The Phantom Repeater features the fol-
lowing characteristics: 200-megohm in-
put resistance; 5.5 pad. input capacitance; 
200-ohm output impedance; small-size 
test probe; amplifier gains of 1, 10, and 
100 with 2 per cent accuracy; low back-
ground noise; and wide frequency response 

•  •  • 

NOTICE 

Information for our News and 
New Products section is warmly 
welcomed. News releases should 
be addressed to Mrs. Harriet P. 

Watkins, I.R.E. Industry Research 
Division, Room 707,  303  West 
42nd St., New York 18, N. Y. Pho-
tographs, and electrotypes if not 
over 2" wide, are helpful. Stories 
should pertain to products of in-
terest specifically to radio engi-
neers. 

Pickup Adapter 

Development of the new Vibromaster 
Type M Adapter has recently been an-
nounced by Technical Products Interna-
tional, 453 West 47 St., New York 19, 
N. Y. 

This unit adapts Western Electric 5A 
arms to accommodate General Electric 
Viariable-Reluctance or Pickering 120M 
cartridges. The adapter is interchangeable 
with 9A heads and provides correct bal-
ance when used with the 5A arm and either 
cartridge described above. No soldering is 
necessary for attachment to cartridge lugs. 
Output of cartridges at 10 centimeters per 
second stylus velocity is 25 millivolts for 
the Pickering and 11 millivolts for the GE. 
Both being high-impedance, the leads at 
the rear of the 5A arm should be opened 
and fed directly to the grid or preamplifier. 

Interesting Abstracts 

• • • Recently the Altee-Lansing Corp. of 
1680 N. Vine St., Hollywood 28, Calif., 
acquired control of the Peerless Electric 
Products Co., makers of fluorescent lamp 
starters, industrial and radio transformers, 
and apparatus for use in radar equipment. 
The purchase of the Peerless firm (not to 
be confused with Peerless Lamp Co., Chi-
cago) by Altec-Lansing Corp. will in no 
way cause Peerless Electric Products Co. 
to lose its identity. 

• • • Henry L. Crowley & Co., Inc., 1 Cen-
tral Ave., West Orange, N. J., announce 
their Crolite line of standard antenna, 
lead-in, stand-off and other types gen-
erally used. Heretofore this organization, 
headed by Henry L. Crowley who helped 
pioneer the steatite industry in this 
country, has specialized in custom-made 
pieces rather than stock items. 

• • • Antenna tension units and insulators 
which were developed by the Air Nlat6riel 
Command during the war for the protec-
tion of aircraft radio equipment from pre-
fipitation static now are being made avail-
able for commercial and private aviation 
by Dayton Aircraft Products, Inc., 342 
Xenia Ave., Dayton 10, Ohio. 

(Continued on Page 44A) 
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VERSATILITY. the 
Design - Development - Production 
of LF, HF and UHF Equipment 

1Tot fxameie... 

THE ELECTROMYOGRAPH 

A Lavoie test instrument designed 
for the Medical profession. Ampli-
fies minute potentials of the order 
of microvolts generated by 
muscles —to the extent that these 
potentials may be measured and 
analyzed. Includes calibration 
circuits to facilitate the taking of 
accurate data. 

LAVOIE LABORATORIES are well prepared with 

trained personnel and special equipment to handle every phase 

of design, develpment and manufacture of LF, HF and UHF equip-

ment. As SPECIALISTS, you are assured of precision work based 

on correct methods and technique developed through years of 

practical experience. 

FREQUENCY STANDARDS  • FREQUENCY METERS  • RECEIVERS 
TRANSMITTERS  • ANTENNAS and MOUNTS 

u  Detailed information and estimates of LAVOIE service 
are available promptly without cost or obligation. 

.ZateoleXcilorakried, 
RADI O ENGINEERS AND MANUFACTURERS 

M ORGANVILLE , N. J. 

Specialists in the Development and Manufacture of LF and HF Equipment 
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RCA Preferred Type Tubes 
The types on this new list of RCA Preferred Tubes fulfill 
the major engineering requirements for future equip-
ment designs. RCA Preferred Types are recommended 
because their general application permits production to 
be concentrated on fewer types. The Longer manufactur-
ing runs reduce costs—lead to improved quality and 
greater uniformity. These benefits are shared alike by 
the equipment manufacturer and his customers. 

RCA Tube Application Engineers are ready to suggest 
the best types for your circuits. For further information 

GAS TUBE TYPES 

THYRATRONS 1GNITRONS RECTIFIERS 
VOLTAGE 

REGULATORS 

2021" 
3022 
884 
2050 
5563 

5550 
5551 
5552 
5553 

3825 
673 
816 
357-8 
866-11 
869-B 
8008 

0 A 2 ' 
0C3/VR105 
003/VR 150 

i 

Miniature type 

CATHODE-RAY TUBE AND CAMERA TUBE TYPES 

BULB 

DIAM. 

TELEVISION osaLLoGRAPH 
PICK UP MONO-

SCOPE 
Di rectly 
Viewed 

. 
Projection PI Screen 

2" 
3" 

5" 
7" 

ir 
10" 

MINI 
7JP4 

10BP4 

51P4 

28P1 
3KP 1 
5UP I 

5527 
(2P23 
(5655 

1850-A 

2F2I 

RECTIFIERS 

35W4 
II7Z3 

IB3GT/80 I 6 
5U4G 
5Y3GT 
6X5GT 

35Z5GT 

CONVERTERS 

1 6SA7  6J5 

12SA7 

TRIODES 

write RCA, Commercial Engineering, Section 
R-52-K, Harrison, N. J. 

POWER A MPLIFIER AND 

OSCILLATOR TUBE TYPES 

TRIODES PENTODES' BEAM POWER 

5588 
5592 
6C24 
811 
812 
826 
833-A 
889-A 
889R-A 
892 
892-11 
8000 
8005 
8025-A 
9C21 
9C22 
9C25 
9C27 

802 
828 

TETRODES 

4-125A/4021 
8D21. 

2E24 
2E26 
807 
813 
815' 
829-8. 
832-A • 

"Twin type 

GAS 

RECEIVING TUBE TYPES 

VOLTAGE AMPLIFIERS 

I P41 
921 
927 
930 

PENTODES 

Single  Twin  With Diodes Sharp Cutoff Remote Cutoff 

MINIATURE 

6SC7 
6SL7GT 
6SN7GT 

'Recommended only for television damper applications. 

For complete technical data 
on these preferred tube types, 

refer to the RCA HB-3 Handbook. 

IUS 

6A06 
6AT6 
68E6 

IU4 

6A05 
6AU6 

I2AU6 
I 2AW6 

METAL AND GLASS 

6507 
65R7 

12507 

1T4 

6BA6 
6BJ6 

128A6 

6SK7 
6557 

12SK7 

PH040TUBE TYPES 

VACUUM 

922 
929 

TWIN 

DIODES 

RCA Laboratories, Princeton, N. J. f 

THE FOUNTAINHEAD OF - 

MODERN TUBE DEVELOPMENT IS RCA 

MULTIPLIERS 

. 931-A 

I POWER 

AMPLIFIERS 

iS4 
IV•1 

6A05 

35E15 
5085 

6K6GT 
6140 
6V6GT 
6BG6G 

35L6GT 
SOL6GT 

T U B E D EPA RT ME NT 

RADIO CORPORATIO N of A MERICA 
H 4 R R/5 0AI, N. J. 

32.‘ 
PROCEEDINGS OF TH1: I.R.L. 

November, 1947 



BOARD OF 
DIRECTORS, 1947 

Walter R. G. Baker 
President 

Noel Ashbridge 
Vice-President 

Raymond F. Guy 
Treasurer 

Haraden Pratt 
Secretary 

Alfred N. Goldsmith 
Editor 

William L. Everitt 
Senior Past President 

Frederick B. Llewellyn 
Junior Past President 

1945-1947 

Stuart L. Bailey 
Keith Henney 
B. E. Shackelford 

1946-1948 

Virgil M. Graham 
Donald B. Sinclair 

1947-1949 

Murray G. Crosby 
Raymond A. Heising 

1947 

J. E. Brown 
Frederick R. Lack 
Jack R. Poppele 
David Smith 

William C. White 

• 

Harold R. Zeamans 
General Counsel 

• 

George W. Bailey 
Executive Secretary 

Laurence G. Cumming 
Technical Secretary 

• 

BOARD OF EDITORS 

Alfred N. Goldsmith 
Chairman 

• 

PAPERS REVIEW 
COMMITTEE 

Murray G. Crosby 
Chairman 

• 

PAPERS 
PROCUREMENT 
COMMITTEE 

Dorman D. Israel 
Carrara! Chairman 

• 

PROCEEDINGS OF THE I.R.E. 
(Including the WAVES AND ELECTRONS Section) 

Published Monthly by 

The Institute of Radio Engineers, Inc. 

VOLUME 35 November, 1947 NUMBER II 

PROCEEDINGS OF THE I.R.E. 

Raymond A. Heising, Board of Directors-1 947   1179 
What's in a Technical Name?  Duane Roller  1180 
2902. Microwave Converters  C F. Edwards  1181 
2903. Fluctuation Noise in Pulse-Height Multiplex 

Radio Links  L L. Rauch  1192 
2904. Propagation of Radio Waves in the Lower Tropo-

sphere.   J B. Smyth and L. G. Trolese  1198 
2905. The Determination of Ionospheric Electron Dis-

tribution  Laurence A. Manning  1203 
2906. Considerations in the Design of a Radar Inter-

mediate-Frequency Amplifier   
 Andrew L. Hopper and Stewart E. Miller  1208 

2907. Detectability and Discriminability of Targets on a 
Remote Projection Plan-Position Indicator   

..... W. R. Garner and Ferdinand Hamburger  1220 
2908. Testing Repeaters with Circulated Pulses   

 A C. Beck and D. H. Ring  1226 
2909. Distortion in Pulse-Duration Modulation   

 Ernest R. Kretzmer  1230 
2910. A Method of Virtual Displacements for Electrical 

Systems with Applications to Pulse Transformers.. 
 Prescott D. Crout  1236 

2911. Transadmittance and Input Conductance of a Light-
house Triode at 3000 Megacycles.. Norman T. Lavoo  1248 

2912. The Cyclophon: A Multipurpose Electronic Com-
mutator Tube   
 D. D. Grieg, J. J. Glauber, and S. Moskowitz  1251 

2913. Video Storage by Secondary Emission From Sim-
ple Mosaics  Robert A. McConnell  1258 

2914. Space-Charge and Transit-Time Effects on Signal 
and Noise in Microwave Tetrodes... L. C. Peterson  1264 

2915. The Motion of Electrons Subject to Forces Trans-
verse to a Uniform Magnetic Field   

 Paul K. Weimer and Albert Rose  1273 
2916. An Oscillographic Method of Presenting Impe-

dances on the Reflection-Coefficient Plane   
A L. Samuel  1279 

2917. Parabolic-Antenna Design for Microwaves   
C C. Cutler  1284 

2918. Hybrid Circuits for Microwaves... . W. A. Tyrrell  1294 
2919. A Mathematical Theory of Directional Couplers 

 Henry J. Riblet  1307 
2920. The Equivalent Circuit of a Corner Bend in a Rec-

tangular Wave Guide  John W. Miles  1313 
2921. Microwave Filters Using Quarter-Wave Coup-

lings  R M. Fano and A. W. Lawson  1318 
2922. Broad-Band Noncontacting Short Circuits for 

Coaxial Lines. Part III.—Control of Parasitic Res-
onances in the S-Type Plunger   W. H. Huggins  1324 

(Table of Contents continued on page 1178) 

EDITORIAL DEPARTMENT 

Alfred N. Goldsmith 
Editor 

Clinton B. DeSoto 
Technical Editor 

Mary L. Potter 
Assistant Editor 

William C. Copp 
Advertising Manager 

Lillian Petranek 
Assistant Advertising Manager 

Responsibility for the contents of 
papers published in the 

PROCEEDINGS OF THE I.R.E. 
rests upon the authors. 

Statements made in papers 
are not Wilding on the Institute 

or its members. 

Changes of address (with ad-
vance notice of fifteen days) and 
communications regarding sub-
scriptions and payments should 
be mailed to the Secretary of 
the Institute, at 450 Ahnaip St., 
Menasha, Wisconsin, or 1 East 
79 Street, New York 21, N. Y. 
All rights of republication, in-
cluding translation into foreign 
languages, are reserved by the 
Institute. Abstracts of papers, 
with mention of their source, 
may be printed. Requests for 
republication privileges should 
be addressed to The Institute of 
Radio Engineers. 

Co9yrigh1. 10 47, b7 The loughs's el Rale Rosehmers. 



1178  PROCEEDINGS OF THE I.R.E. Novembe: 

BOARD OF EDITORS 

Alfred N. Goldsmith, 
Chairman 

F. W. Albertson 
J. S. Allen 
G. M. K. Baker 
W. L. Barrow 
R. R. Batcher 
A. E. Bowen 
R. M. Bowie 
Ralph Bown 
R. S. Burraip 
0. H. Caldwell 
C. W. Carnahan 
L. W. Chubb 
L. M. Clement 
J. D. Cobine 
M. G. Crosby 
R. B. Dome 
W. G. Dow 
E. W. Engstrom 
W. L. Everitt 
W. G. H. Finch 
D. G. Fink 
H. C. Forbes 
I. A. Getting 
G. W. Gilman 
P. C. Goldmark 
A. W. Graf 
F. W. Grover 
L. B. Headrick 
E. W. Herold 
J. A. Hutcheson 
C. M. Jansky, Jr. 
J. K. Johnson 
L. F. ones Kno 

wles J. S.   J. D. Kraus 
J. B. H. Kuper 
J. T. Lawson 
D. G. Little 
F. B. Llewellyn 
S. S. Mackeown 
Nathan Marchand 
E. D. McArthur 
Knox McIlwain 
J. W. McRae 
L. A. Meacham 
G. F. Metcalf 
E. L. Nelson 
D. 0. North 
H. F. Olson 
R. M. Page 
H. 0. Peterson 
G. W. Pickard 
Haraden Pratt 
C. A. Priest 
J. R. Ragazzini 
Simon Ramo 
H. J. Reich 
J. D. Reid 
F. X. Rettenmeyer 
P. C. Sandretto 
S. W. Seeley 
V. W. Sherman 
L. C. Smeby 
C. E. Smith 
J. A. Stratton 
W. C. Tinus 
K. S. Van Dyke 
E. K. Van Tassel 
E. C. Wente 
H. A. Wheeler 
J. R. Whinnery 
W. C. White 
L. E. Whittemore 
G. W. Willard 
William Wilson 
I. G. Wolff 
V. K. Zworykin 

TABLE OF CONTENTS (Continued) 

Contributors to the Proceedings of the I.R.1  1328 
Correspondence: 
2923. "Quantitative Radar Measurements". . 

 Martin Katzin  1333 
2807. "Ultra-Short-Wave Propagation Studies 

Beyond the Horizon"  A H Waynick  1334 
2804. "Scalar and Vector Potential Treatment" 

 Paul I. Richards  1334 
2796. "Selective Demodulation" . . . B. Starnecki  1335 
2763. "Resonant  Frequencies  of  n-Meshed 

Tuned Circuits"  Lotfi A. Zadeh  1335 
2662. "Nodal Method of Circuit Analysis"   

 Albert Preisman  1335 
2924. "Federal, Elwell, and Stone"   

 Ellery W. Stone  1335 

INSTITUTE NEWS AND RADIO NOTES 

SECTION 
Industrial Engineering Notes   1337 
Books: 
2925. "Klystron Tubes," by A. E. Harrison.. 

 Reviewed by J. R. Whinnery  1339 
2926. "Antennae: An Introduction to Their 

Theory," by J. Aharoni   
 Revie nd by S. A. Schelkunoff  1339 

2927. "Vector and Tensor Analysis," by Louis 
Brand. . .. Reviewed by Nathan Marcuvitz  1339 

2928. "The Strange Story of the Quantum," by 
Banesh Hoffmann   
 Reviewed by William H. Crew  1340 

2929. "Electronic Engineering Patent Index, 
1946," edited by Frank A. Petraglia   
 Reviewed by Alois W. Graf  1340 

Sections   1341 
I.R.E. People   1342 

WAVES AND ELECTRONS 
SECTION 

Murray Hill Labs., Bell Telephone Laboratories  1344 
John E. Keto, Chairman, Dayton Section —May 

1946—May 1947   1345 
2930. Postwar Curriculum Emphasis.    

 Otto J. M. Smith  1346 
2931. Dynamic Performance of Peak-Limiting 

Amplifiers  Donald E. Maxwe ll 1349  
2932. Radio Doppler Effect for Aircraft Speed 

Measurements  Leonard R. Mailing  1357  
2933. Force at the Stylus Tip While Cutting 

Lacquer Disk-Recording Blanks   
 H. E. Roys  1360 

2934. Coaxial-Cable Networks.. Frank A. Cowan  1364 
2935. Mutual Impedance Between Vertical An-

tennas of Unequal Heights.. C. Russell Cox  1367 
2936. A Wide-Band 550-Megacycle Amplifier... 

Raymond 0. Petribh  1371 •   
2937. Special Magnetic Amplifiers and Their Use 

in Computing Circuits  H S. Sack, 
R. T. Beyer, G. H. Miller, and J. W. Trischka  1375 

2938. Dimensional Analysis of Electromagnetic 
Equations  A M. Winzemer  1383 

Contributors to the Waves and Electrons Section  11338847 
2939. Abstracts and References   
News—New Products 30A  Positions Open. . .   50A 
Section Meetings..  35A  Positions Wanted  62A 
Membership   36A Advertising Index..  78A 

PAPERS PROCUREMENT 
COMMITTEE 

Dorman D. Israel, 
Chairman 

E. D. Alcock 
Andrew Alford 
B. B. Bauer 
R. M. Bowie 
A. B. Bronwell 
J. W. Butterworth 
I. F. Byrnes 
T. J. Carroll 
Madison Cawein 
K. A. Chittick 
B. J. Chromy 
J. T. Cimorelli 
Harry Diamond 
E. Dietze 
G. V. Eltgroth 
M. K. Goldstein 
H. Grossman 
R. C. Guthrie 
D. E. Harnett 
J. R. Harrison 
J. V. L. Hogan 
F. V. Hunt 
T. A. Hunter 
Hans Jaffe 
J. J. Jakosky 
Martin Katzin 
C. E. Kilgour 
A. V. Loughren 
I. G. Maloff 
H. B. Marvin 

W. P. Mason 
Pierre Mertz 
B.). Miller 
I E. Mouromt 
A. F. Murray 
J. R. Nelson 
L. L. Nettletoi 
G. M. Nixon 
D. E. Noble 
T. M. Odarenk 
H. F. Olson 
W. E. Reichle 
I. D. Reid 
F. X. Rettenmi 
H. W. G. Salim 
Robert E. Shelt 
W. P. Short 
Daniel Silverma 
P. L. Smith 
J. Q. Stansfield 
G. R. Town 
L. G. Trolese 
H. J. Tyzzer 
K. S. Van Dyke 
W. L. Webb 
J. R. Whinnery 
W. C. White 
G. S. Wickizer 
R. H. Williamsoi 
R. J. Wise 

C. J. Young 

PAPERS REVIEW 
COMMITTEE 

Murray G. Crosby, 
Chairman 

H. A. Affel 
E. W. Allen 
C. F. Baldwin 
B. de F. Bayly 
F. J. Bingley 
H. S. Black 
F. T. Bowditch 
H. A. Chinn 
J. K. Clapp 
I. S. Coggeshall 
S. B. Cohn 
J. M. Constable 
F. W. Cunningham 
H. D. Doolittle 
0. S. Duffendack 
R. D. Duncan, Jr. 
. E. Fair 
E. H. Felix 
V. H. Fraenckel 
R. L. Freeman 
Stanford Goldman 
W. M. Goodall 
W. C. Hahn 
G. L. Haller 
0. B. Hanson 
A. E. Harrison 
J. R. Harrison 
T. J. Henry 
C. N. Hoyler 
F. V. Hunt 
Harley lams 
D. L. Jaffe 
Hans Jaffe 
W. R. _Jones 
D. C. Kalbfell 
A. G. Kandoian 
J. G.  Kreer, Jr. 
Emil Labin 
V D 

C. V. Litton 
H. R. Lubcke 
Louis Malter 
W. P. Mason 
R. E. Mathes 
H. F. Mayer 
H. R. Mimno 
R. E. Moe 
R. M. Morris 
F. L. Mosely 
I. E. Mouromtse f 
G. G. Muller 
A. F. Murray 
J. R. Nelson 
K. A. Norton 
H. W. Parker 
L. J. Peters 
A. P. G. Peterson 
W. H. Pickering 
A. F. Pomeroy 
S. 0. Rice 
T. H. Rogers 
H. E. Roys 
M. W. Scheldorf 
Samuel Seely 
Harner Selvidge 
C. M. Slack 
J. E. Smith 
P. L. Smith 
E. E. Spitzer 
E. K. Stodola 
H. P. Thomas 
Bertram Trevor 
Dayton Ulrey 
A. P. Upton 
G. L. Usselman 
L. Vieth 
S. N. Van Voorhiei 

• D. Landon  R. M. Wilmotte 
H. C. Leuteritz  J. W. Wright 

H. R. Zeamans 



117 PROCEEDINGS OF THE I.R.E.  1179 

Raymond A. Heising 
Board of Directors -1947 

Zaymond A. Heising was born in Albert Lea, Minn. 
o August 10, 1888. He received the degrees of E.E. 
fim the University of North Dakota in 1912 and M.S. 
(i physics) from the University of Wisconsin in 1914. 
le University of North Dakota awarded him the D.Sc. 
d;ree in 1947 in recognition of his contributions to sci-
e.:e and engineering. 
Dr. Heising has been associated with the Western 
Extric Company and Bell Telephone Laboratories 
ice 1914. For over thirty years he was a radio research 
e;ineer, and since 1945 has been patent engineer. His 
virk in 1914 through 1917 on power amplifiers and 
rndulation played a major part in the early develop-
writ of radiotelephony in the Bell System and resulted 
many firsts in this field. 
After World War I, he participated in the research, 
dvelopment, and engineering for the pioneer trans-
otanic radiotelephone circuits, both long and short 
*ye; and the services to liners and other ships. Under 
supervision there has been carried out much research 

on ultra-short waves, electronics, and piezoelectric de-
vices. His department made the major basic researches 
on low-temperature-coefficient quartz-crystal cuts, cul-
minating in the production of millions of crystal plates 
for the Government in World War II. 
Dr. Heising has made many important inventions, 

covered by more than 100 United States patents, the 
constant-current or Heising modulation system being 
one of his most noted. He has published numerous pa-
pers in the PROCEEDINGS OF THE I.R.E. and in other 

technical journals. 
Joining The Institute of Radio Engineers in 1920, 

Dr. Heising was made a Fellow in 1923. He was Presi-
dent of the Institute in 1939; Treasurer, 1943 through 
1945; and has been a member of the Board of Directors 
for seven years prior to serving as an officer. He has 
served on many committees of the Institute, and as 
chairman of those on Admissions, Sections, Constitution 
and Laws, and Office Quarters. He was awarded the 
Morris-Liebmann Memorial Prize in 1921. 
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People in general take for granted language and its use. Most persons are 
perilously unaware of the dangers lurking in vague terminology and ambiguous 
verbal usage. Occasionally these dangers are made sadly evident by interna-
tional.quarrels centering on differing interpretations of treaty language. 
It is therefore particularly necessary that science and technology shall adopt 

and maintain a common and unequivocal vocabulary. This need, and related 
matters, are searchingly analyzed in the following guest editorial from one who 
is especially qualified to discuss such questions as the result of many years of 
experience as Editor of the American Journal of Physics, as Chairman of the 
Committee on Terminology of the American Association of Physics Teachers, 
and as Professor of Physics at Wabash College.—The Editor. 

What's in a Technical Name? 
DUANE ROLLER 

With a few scientists it is still the fashion tp affect disdain for language. As they would say, it is only things that 
are important, not words. In an earlier day this attitude could have meant a healthy reaction to prescientific aversions 
for facts. Yet, even the first scientists were not mere fact-collectors. They sought relations between facts and tried to 
explain these relations, usually in terms of abstractions having no direct referents in Nature; and relations cannot be 
found or explained, let alone communicated, without using language of some kind. 
The symbology and framework of the language which we use for communication are in truth the very tools with 

which we think. Moreover, the peculiar way in which scientists have managed to fashion and use these tools has come 
to be one of two main ways in which scientific behavior is distinguished from the nonscientific. The other distinguishing 
characteristic is, of course, systematic observation. 

The experienced engineer or other scientist is most likely to be conscious of the role of language in his thinking when 
he faces new problems that are very fundamental or complicated, or when he is engaged in technical work, old or new, 
of an industrial or commercial character. As many readers of the PROCEEDINGS are in a position to know, intelligible 
and unambiguous language is essential in framing commercial specifications, contracts, and descriptions of patents. 
Doubtless this is one reason why scientists in industries usually are sympathetic toward proposals for improving 
technical language and often are active in promoting language reforms. 

Also especially sensitive to language difficulties are those relatively few scientists who work on the very frontiers of 
physical knowledge--for instance, physicists working on theory in the submicroscopic domain. Here ordinary technical 
language may prove to be inadequate or even to hamper thought. Such language is after all an ethnic language that has 
been so modified and subjected to restrictions as to make it more useful for scientific purposes. Since it originated 
in prescientific thinking carried out solely on the macroscopic level, there should be no surprise if it turns out to be 
inadequate for a domain completely outside previous human experience. Fortunately, such a breakdown of language 
would affect only a few scientists, at least for a long time to come. 

For practically all purposes, our current technical language is so effective as to make us confident that in no field 
of knowledge other than physical science is it possible to record i4 n d transmit ideas and meanings with so much exactness 
and clarity. So efficient a mode of communication must not be allowed to deteriorate and is worth improving in any 
way possible. 

Clearly it is the workers in each specialized branch of a science who can best assess their own language needs and 
who should assume first responsibility for reforms. Yet no one is likely to contend that such reforms should be carried out 
independently of similar studies in all other branches. Any tendency toward the development of independent nomen-
clatures in physics, on the one hand, and, say, communications and electronics engineering, on the other, is sure to 
retard the integration and consequent simplification of knowledge that are essential if each of these fields is in the 
long run to progress most rapidly. 

Various committees on terminology probably can co-operate most successfully when all employ a similar approach 
to the problem. Certainly they will all agree that each concept must be carefully defined before any attempt is made to 
select the best name for it. Also essential is a,list of all existing synonyms for each concept. Finally, before selecting 
the single best term, there must be agreement as to what pr'nciples of selection are to be used. 
An ideal technical term is one that meets five requirements: nonambiguity, meaningfulness, internationality, sim-

plicity, and euphony. By examining many existing terms in the light of these general requirements, any committee can 
formulate a number of specific rules that will simplify materially its task of selecting terms and constructing a technical 
glossary. When such a glossary has been made, it is not enough that it be accepted by those directly concerned. The 
terms in it should be compared with those in overlapping fields and reconciled with them until a single list of definitions 
and terms results. Then all scientists will in a measure be able to speak one another's language. 
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Microwave Converters* 
C. F. ED WARDSt, ASSOCIATE, I.R.E. 

Summary—Microwave converters using point-contact silicon 
ectifiers as the nonlinear element are discussed, with particular 
!mphasis on the design of the networks connecting the rectifier to 
he input and output terminals. Several converters which have been 
leveloped during recent years for use at wavelengths between I and 
10 centimeters are described, and some of the effects of the imped-
ince-versus-frequency characteristics of the networks on the con-
Terter performance are discussed. 

INTRODUCTION  . 

THE TECHNIQUE by which a high-frequency 
signal may be converted to a lower intermediate 

  frequency to obtain greater ease of amplification 
and frequency selection is an old and extremely impor-
tant part of the radio-receiving-system design art, and 
the methods used to accomplish this at signal frequen-
cies ft om the lowest up to a few hundred megacycles are 
well known. In the development during recent yea' s of 
radar and radio systems operating in the microwave 
range, where frequencies are measured in thousands of 
megacycles, this technique has been used to great ad-
vantage. Although the fundamental principles employed 
have not changed, converters operating in the micro-
wave range bear little physical resemblance to those 
used in the past. The purpose of this paper is to dis-
cuss some of the fundamental problems associated 
with the design and testing of microwave converters 
and to describe in some detail several converters for 
use in radar and communication systems which have 
been developed during the past few years. 
The process by which frequency conversion is ac-

complished rests fundamentally on the use of some de-
vice whose impedance varies in a nonlinear way with 
the applied voltage, and may be regarded somewhat 
crudely as one in which the wave shape of the applied 
voltage is distorted in a useful way by the nonlinear ele-
ment. When two sinusoidal voltages of frequencies fi 
and f2 are applied to such a device, this distortion gives 
rise to new frequencies given by nfi + mf2 where n and 
m are integers, zero included. In a receiving converter 
the applied frequencies are those of the signal and beat-
ing oscillator, and the difference frequency fl—f2 gen-
erated in the nonlinear impedance is then selected as the 
output or intermediate frequency. If the beating-oscil-
lator voltage is large compared to that of the signal, 
the conversion may be made linear and the out put volt-
age will be linearly proportional to the input voltage. 
It is interesting to note that, in selecting a nonlinear 

element suitable for use in the microwave range, it has 
been found expedient to resort to a device which was in 
use in the very early days of radio; namely, the crystal 

* Decimal classification: R36I.124 X R310. Original manuscript 
received by the Institute, August 30, 1946; revised manuscript re-
ceived, November 15, 1946. Presented, 1946 I.R.E. Winter Tech-
nical Meeting, New York, N. Y., January 25, 1946. 

Bell Telephone Laboratories, Inc., Holmdel, N. J. 

detector. The extremely high frequencies encountered 
preclude the use of ordinary vacuum tubes due to the 
losses arising from electron-transit-time effects. In 
crystal detectors the electrode spacing is of the order of 
atomic dimensions and the electron-transit time is thus 
reduced to a negligible value, and by the use of a very 
small contact point the electrode capacity may be kept 
sufficiently small to prevent serious loss. 
The crystal detectors in use thirty years ago were 

somewhat erratic in their operation. However, as a re-
sult of an intensive development program, growing out 
of a need for such devices in microwave converters, de-
tectors using silicon as the nonlinear material have been 
developed to the point where they rank with vacuum 
tubes in uniformity and reliability. In view of the fact 
that the crystalline state of the silicon is more nearly 
like that of iron and copper, which are not ordinarily 
regarded as crystals, than it is like such crystals as 
quartz, it seems desirable to eliminate the terms "crys-
tal" and "crystal detector" and designate these devices 
by the term "point-contact rectifier." 

DESIGN CONSIDERATIONS 

It is beyond the scope of this paper to give a detailed 
mathematical analysis of the general converter prob-
lem, since this has been extensively covered by other 
investigators." For the same reason any consideration 
of the problems associated with the design of point-
contact rectifiers will be omitted.' Within these limits, 
then, the problem of converter design becomes one of 
devising suitable networks to connect the nonlinear de-
vice to the beating oscillator and the input and output 
terminals of the converter. A converter is defined as a 
device having two input and two output terminals and 
containing within its structure a nonlinear impedance, 
a beating oscillator, and appropriate connecting net-
works, which is capable of delivering an output that is 
linearly proportional to the input in amplitude but dif-
fers from it in frequency. The term "mixer" has been fre-
quently applied to such a device, but when the beating 
oscillator is included as an indispensable component the 
device may properly be termed a converter. 
A basic converter circuit with the nonlinear imped-

ance and the three networks connected in series is shown 
in Fig. 1. We are concerned here with the design of the 
three networks and the influence of design variations on 
the converter performance. What may be termed the 

1 L. C. Peterson and F. B. Llewellyn, "The performance and 
measurement of mixers in terms of linear network theory," PROC. 
I.R.E., vol. 33, pp. 458-476; July, 1945. 

3 E. W. Herold, R. R. Bush, and W. R. Ferris, "Conversion loss 
of diode mixers having image-frequency impedance," PROC. I.R.E., 
vol. 33, pp. 603-609; September, 1945. 

3 J. H. Scaff and R. S. Ohl, "Development of silicon crystal recti-
fiers for microwave radar receivers," Bell Sys. Tech. Jour., vol. 26, pp. 
1-30; January, 1947. 
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basic requirements for these networks are readily ar-
rived at by assuming that there are currents in the 
nonlinear impedance at the input, output, and beating-
oscillator frequencies only. In order to obtain the maxi-
mum efficiency, each of these currents obviously must 
be absorbed in the appropriate network only, and not 
dissipated uselessly in the other networks. The resist-
ance required at the interior terminals of each net-
work at its associated frequency is determined by the 

NON-LINEAR 

IMPEDANCE 

INPUT OUTPUT 

BEATING 

OSCILLATOR 

Fig. 1—Converter consisting of a nonlinear impedance, 'a beating 
oscillator, and connecting networks. 

rectifier characteristic and the magnitude of the current 
due to the beating oscillator. There is, however, an 
interaction between the input and output network im-
pedances, which becomes greater the lower the conver-
sion loss, and this complicates the design procedure in 
that it requires that the two impedances be optimized 
simultaneously. Thus, with the components connected 
in series as shown, the input network must transform the 
input impedance to the required value and introduce no 
resistance into the circuit at the output frequency. Sim-
ilarly, the output network must provide the desired im-
pedance transformation at the output frequency and 
introduce no resistance at the input frequency. The 
third network need not match the beating oscillator to 
the rectifier since in most cases a considerable excess of 
beating-oscillator power is available; for the same reason 
the impedance of the input and output networks at the 
beating-oscillator frequency is not especially important. 
However, it is important that the beating-oscillator net-
work introduce no resistance into the circuit at the input 
and output frequencies. The components may, of course, 
be connected in parallel, in which case the network con-
ductances would be required to be zero. 
Such a simple consideration of the problem is obvi-

ously inadequate since there are currents in the non-
linear impedance at other frequencies given by ?if' 
some of which derive an appreciable part of their power 
from the input and output frequencies, and these also 
cannot be dissipated without adding to the conversion 
loss. In addition, it has been found that the reactances 
at some of these frequencies influence the impedances 
required at the input and output frequencies, so that 
rather complex interaction effects are introduced. Here, 

again, the extent of the interaction is dependent on th 
conversion loss. 
From the foregoing it is seen that the converter de 

sign problem could become rather formidable should i 
become necessary to insure that the networks are non 
dissipative and have the correct reactance at a larg 
number of frequencies. This is especially true in th, 
microwave range where distributed circuit constantl 
are the rule rather than the exception, and it is difficuli 
to construct a simple network having the desired imped. 
ance at one frequency and zero impedance, for example 
at all higher frequencies. However, the present state ol 
the art is such that a minimum conversion loss of the 
order of 6 decibels is generally obtained, which is asso-
ciated with the point-contact rectifier and is, of course, 
undesirable from a system-performance standpoint. 
But from the standpoint of network design this loss is 
helpful, in that it reduces the interaction effects men-
tioned above to the point where the number of frequen-
cies at which impedance adjustments need to be made 
are relatively few. 

When the ratio of fi to f2 is near unity, as is generally 
the case in microwave converters, the frequencies given 
by nfi±m12 tend to group themselves about the signal 
and beating-oscillator frequencies and their harmonics 
and differ from them by only a few per cent. Thus, selec-
tive networks are required if the impedance at one fre-
quency is to be different from that at another frequency 
in the same group. If selective networks are not em-
ployed the impedance will be nearly the same at all 
frequencies in a group, but, since the groups are sub-
stantially in harmonic relation, the impedance for one 
group will in general be different from that of another. 
The experience gained to date indicates that, in addi-

tion to the input and output frequencies, it is necessary 
to consider the impedances at the interior *terminals of 
the networks at the image frequency (2f01 —f.4) and at 
the group of frequencies in the vicinity of the signal and 
beating-oscillator second harmonic. The frequency of 
importance in this group has not been identified, but for 
design purpose a precise knowledge of which frequency 
one needs to consider is not necessary since they all lie 
within a narrow band. Only very small effects have been 
found due to impedance variations at frequencies near 
the beating-oscillator third harmonic, and no attempts 
to optimize the impedance in this frequency range 
have been, made. 

The performance characteristics of a converter which 
are of major importance are, generally speaking, the 
same as those of any four-terminal network and are 
measured in the same way, taking into account the fact 
that the input and output frequencies are different. 
These include the impedance match between the signal 
source and the input terminals, the match between the 
output terminals and the load, the conversion loss, the 
usable frequency bandwidth, and the noise figure. 
The input impedance of converters operating in the 

microwave range is readily measured in terms of the 
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impedance of the input transmission line by means of a 
standing-wave detector. This is a convenient starting 
point in the design procedure since the input impedance 
is almost entirely a function of the rectifier used and the 
beating-oscillator drive. By turning off the beating oscil-
lator and applying power at the input frequency 
through the input network, sufficient to give the same 
value of rectified current as that given by the beating 
oscillator, the input network may be adjusted so that 
the rectifier impedance is matched to that of the input 
line. For commercial rectifiers the rectified beating-os-
cillator current is usually between 0.7 and 1.5 milliam-
peres. When the beating oscillator is applied in the nor-
mal way it is found that the impedance match to a low-
level signal is quite good, and furthermore, because of 
the conversion loss, this match is not greatly affected by 
variations in the output network impedance at the out-
put frequency. 
The output impedance of the converter may be de-

termined in either of two ways. One method makes use 
of an output network whose impedance transformation 
is variable and which may be adjusted to give the maxi-
mum output power into the load, under which condition 
the output network is matched to the converter output 
impedance. Such a transformer may be made up of a 
one-eighth wavelength low-impedance transmission 
line shorted at one end and tuned to antiresonance by 
means of a variable capacitor at the other. The high-
impedance end then forms the internal terminals of the 
output network and a low-impedance load may then be 
connected to a sliding tap on the line and the tap posi-
tion varied to give a wide range of impedance trans-
formations. In the second method the direction of trans-
mission through the converter is reversed and the same 
technique employed as in the case of the input network. 
The standing-wave detector in this case may be a 
quarter-wavelength transmission line with three taps at 
which the voltage across the line may be measured, and 
from these measurements the converter output im-
pedance in terms of the line impedance may be deter-
mined. 
Since the input and output frequencies of a con-

verter are different, conversion-loss measurements based 
on the ratio of the output to the input power involve 
power measurements at two frequencies. Methods for 
measuring power in the microwave range using thermis-
tors have been developed to the point where they pre-
sent no particular difficulty, and these methods may also 
be used to measure the output power. The frequency 
bandwidth may, of course, be measured on a relative 
basis, and merely involves determining the variation in 
output as the input frequency is varied and the ampli-
tude kept constant. 
The effect of the converter on the over-all noise of 

the receiving system in which it is used is a matter of 
especial concern, since, in the absence of suitable ampli-
fiers for use at microwave frequencies, the converter 
must be located at the point in the system where the 

signal level is lowest and where the signal-to-noise ratio 
is most susceptible to deterioration. The mannei in 
which the converter influences the over-all noise figure 
F of the receiving system is given in the relation 

F = F. + L(Fb — 1)  (1) 

where F. is the converter noise figure, L is the conver-
sion loss, and Fb is the noise figure of the intermediate-
frequency amplifier. The noise figure of a network may 
be defined as the ratio of the apparent noise power at the 
signal-generator terminals to the available thermal noise 
power at that point.' Each of the terms in (1) is the 
ratio of two powers, and, while it is generally more 
convenient to measure these terms in decibels, such 
measurements must be converted to pure-number ratios 
for use in the above and subsequent equations. 
The noise figure F of the receiving system may be 

measured directly without regard to its components, 
L, F., and Fb. However, a direct determination of F is 
somewhat difficult in that it involves a precise evalua-
tion of the large attenuation which must be used be-
tween the signal generator and the converter when this 
measurement is made. An easier method of determining 
F rests on a measurement of the ratio of the noise-
power outputs of the receiver when the converter is 
active and passive; this ratio is called the Y factor. This 
measurement is comparatively easy to make, since the 
passive condition is readily attained by substituting an 
impedance across the intermediate-frequency-amplifier 
input terminals equal to the converter output imped-
ance. L and Fb may be measured separately, and the 
over-all noise figure is then given by 

F = LYFb.  (2) 

All the terms in (1) represent fundamental properties 
of the converter and amplifier. It should be noted, how-
ever, that the Y factor is a property of the combination 
only, and is used to facilitate the measurement of F. The 
term which specifies the noise in the converter alone is 
the noise ratio Nr, given by the relation 

F. 
N, = — • 

This term, sometimes referred to as the equivalent 
noise temperature, is the ratio of the available noise 
power at the converter output terminals to the available 
noise power in a resistor at room temperature. 

(3) 

EARLY CONVERTERS 

With the foregoing design considerations in mind, we 
may now turn to the converter problem itself and con-
sider the actual means by which the design objectives 
are attained. This is perhaps most readily done by de-
scribing various converters and showing the changes 
made as ideas about their design developed. In the early 

4 H. T. Friis, "Noise figures of radio receivers,' PROC. I.R.E., vol. 
32, pp. 419-422; July, 1944. By this definition the apparent noise 
power would be N/G as shown in his equation 5, p. 420. In (1) above 
L=1/G. 
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stages only the basic requirements mentioned above 
were incorporated in the design, and it was not until 
after a considerable background of experience had been 
obtained that steps could be taken to optimize the net-
work impedances at frequencies different from the in-
put and output frequencies. 
The first requirement in the construction of a con-

verter is, of course, a nonlinear device of some kind. It 
was in 1937 that work was begun on the development of 
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Fig. 2—Early type of semipermanent silicon point-contact rectifier. 

point-contact rectifiers of improved stability and reli-
ability for use in converters operating in the centimeter 
wavelength range. Fig. 2 shows one of these rectifiers. It 
employs a sharply pointed contact spring bearing on a 
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Fig. 3—Balanced converter using silicon rectifiers, operating at a 
wavelength of 30 centimeters. 

highly polished silicon surface. This unit was very 
rugged and could withstand severe mechanical shock 
without changing its electrical characteristic. Provision 
was made for adjusting the contact when necessary, but 
this feature was found to be of limited value since re-
peated adjustment tended to flatten the contact point 
and impair the efficiency. This unit is of interest mainly 
in that it represents a stage in the development of the 
cartridge-type rectifiers in widespread use today. 
Early in 1938 two of these rectifiers were used in a 30-

centimeter balanced converter, the circuit of which is 
shown in Fig. 3. The input network consists of a bal-
anced transmission line tuned to 1000 megacycles by 
means of an adjustable short circuit, with provision for 
matching this to the balanced line from the antenna. 
The beating oscillator is connected between the two 

rectifiers and ground, and the output is connected to a 
65-megacycle amplifier by means of a balanced-to-un-
balanced transformer. The low-pass filters are of the 
simplest form and serve to present the required low im-
pedance to the input frequency, while the input network, 
by virtue of its design, presents a low impedance to the 
output frequency. One of the advantages of balanced 
converters is that the beating oscillator is isolated from 
the input network by the balance which accomplishes 
the function of the beating-oscillator network (shown in 
Fig. 1) in an efficient manner. This converter was made 
primarily for use in transmission studies, and few meas-
urements were made of its performance. The only data 
available indicate that the conversion loss was about 
the same as that of a converter using a similar circuit 
and special small diodes instead of point-contact recti-
fiers. 
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Fig. 4—Converter %kith integral silicon rectifier tunable over the 
9-to-II-centimeter wavelength range. 

A converter operating in the 10-centimeter range 
which was in use in 1940 is shown in Fig. 4, The input 
network here consists of a "tape" transmission line 
formed by the rectangular bar located in a channel in 
the main block. This line is a little less than a half-
wavelength long, and is shorted at both ends. By means 
of the tuning screws capacitance may be added across 
the central portion of the line which brings it into reso-
nance at the desired frequency. The tuning range is from 
about 9 to 11 centimeters. The input line is a small co-
axial connected to the resonant line at such a distance 
from the end as to provide the required impedance 
transformation. The beating-oscillator line is also a 
small coaxial, and this is connected as near to the 
shorted end of the resonant line as is consistent with the 
available beating-oscillator power. In this way a large 
mismatch loss is interposed between the beating oscil-
lator and the remainder of the circuit which minimizes 
the loss of signal power into the beating oscillator. The 
resonant line is of very heavy construction and is used 
to support the point contact of the silicon rectifier, 
and the silicon wafer is soldered to a small stud which 
is screwed into the coaxial capacitor. This capacitor acts 
as a by-pass for the input frequencies and as a tuning 
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capacitance for the output transformer, which is not 
shown. The sleeve carrying the by-pass capacitor and 
the silicon wafer is held in place by set screws which are 
locked after the proper contact between the silicon and 
the spring has been made. This converter, using a recti-
fier selected for the best performance, had a conversion 

loss of 8 decibels. 

CONVERTERS USING STANDARD POINT-CONTACT 
RECTIFIERS 

With the development of the cartridge-type point-
contact rectifier, it was necessary to approach the prob-
lem of converter design with the viewpoint of accom-
modating a pre-established set of mechanical and elec-
trical characteristics. With regard to the latter, the 
problem of converter design was simplified to the extent 
that by means of factory adjustment and selection a de-
gree of uniformity in the electrical characteristics could 
be obtained which assured that any unit could be used 
in a converter designed about a rectifier of average char-
acteristics. A cross section of a Western Electric Com-
pany cartridge-type rectifier of the 1N series is shown in 
Fig. 5. This unit is quite rugged, mechanically, but is 
easily damaged by minute static discharges, and con-
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Fig. 5—Cross section of the 1N-series silicon rectifier and 
an equivalent circuit for the rectifying contact. 

siderable care must be exercised to protect it from such 
discharges as might occur between an operator's body 
and ground during handling, or as might arise when a 
soldering-iron tip is applied, to any electrical circuit con-
nected to it. If properly protected, however, it will main-
tain its electrical characteristics unchanged over a period 
of many months. 
The equivalent circuit of this rectifier, of course, con-

tains reactive elements connecting the base and tip to 
the point of rectification. These, however, are unim-
portant ft om a loss standpoint, since they may be tuned 
out by other external reactances. The equivalent cir-
cuit shown in Fig. 5 applies only to the rectifying point 
contact. R, represents the resistance of the body of the 
silicon wafer, C the capacitance between the point con-
tact and the silicon surface, and R. the nonlinear resist-
ance at this point contact. This equivalent circuit is of 
present interest only to the extent that it enables us to 

recognize that the terminals of the nonlinear resistance 
R. are not available, that the resistance R. and the 
capacitance C are present in such a way as to add to the 
circuit loss, and that this loss increases with frequency. 
R. and C thus tend to increase the loss for the com-
ponents in the harmonic-frequency range, and the nec-
essity for designing the networks to present the proper 
impedances at these frequencies is dependent to some 
extent upon how near the signal frequency is to the 
maximum operating frequency of the rectifier. 
The first rectifier, of the type shown in Fig. 5, to be 

standardized and manufactured in large quantities was 
the 1N21, which was designed to operate in the 10-
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Fig. 6—Converter using a 1N21 silicon rectifier mounted in a coaxia 
line and tunable over the 9-to-11-centimeter wavelength range. 

centimeter wavelength range. A coaxial-type converter 
designed to accommodate this unit is shown in Fig. 
6. This converter is tunable over the 9- to 11-centi-
meter wavelength range. The main tuning element con-
sists of a coaxial line, approximately three-quarters of 
a wavelength long, which may be adjusted to resonance 
at the input frequency. The rectifier is located at the 
high-impedance end, and the other end is shorted at the 
input frequency by a by-pass capacitor. The input line 
is coupled to this resonant line by an adjustable ca-
pacitance, and by means of these two adjustments the 
correct impedance transformation may be obtained. The 
by-pass capacitor, in conjunction with an intermedi-
ate-frequency transformer (not shown), constitute the 
output network. The beating oscillator is weakly loss-
coupled to the input line to provide a large reflection, 
as in the converter shown in Fig. 4. 
The first observations of the effect of variations in the 

impedance of the input network at the higher-order fre-
quencies were made using a converter of this type. The 
resonant line connected to the rectifier has an imped-
ance irregularity near its center which is necessary for 
mechanical reasons in order to have the line length ad-
justable. It was found that this irregularity was affect-
ing the conversion loss, and that, by varying the length 
of the larger-diameter portion of the inner conductor, 
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variations in conversion loss of over 1 decibel could be 
caused. The effect of these changes on the input-net-
work impedance transfot mation was nullified by always 
adjusting the input and coupling for minimum loss. This 
effect of the input-network impedance on the conversion 
loss was also investigated by means of a coaxial tuner 
coupled to the resonant line after the manner of the 
input line at a point 1.25 centimeters from the shorted 
end of the resonant line. At resonance, this tuner ab-
sorbed power and caused the conversion loss to in-
crease about. 1.5 decibels, and from its behavior it was 
determined that the frequency at which the power was 
absorbed was near the second harmonic of the signal and 
beating oscillator. Effects were also observed near the 
third harmonic, but these were quite small. 
The converter shown in Fig. 7 is one designed for 

operation at wavelengths in the 3-centimeter range, and 
employs a 1N23 point-contact rectifier connected across 
X 1-inch wave guide. It is largely fortuitous that the 
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Fig. 7—Converter using a 1N23 silicon rectifier mounted in 
iX1-inch wave guide. 

physical design of the 1N23 makes it adaptable to this 
type of connection to the wave guide. The 1N23 rectifier 
is similar to the 1N21 but has had improvements made 
in the silicon and the point contact which reduce its con-
version loss at 3 centimeters. The proper impedance 
transformation between the wave guide and the recti-
fier is obtained by displacing the rectifier from the 
center of the wave guide an amount sufficient to cause 
the conductance component of the rectifier admittance 
to match the guide, and by adjusting the location of the 
piston until the susceptance component is reduced to 
zero. This matching procedure was carried out using a 
rectifier of average characteristics. When other recti-
fiers of nonaverage characteristics are used the admit-
tance is found to vary to the extent that input standing-
wave ratios up to 8 decibels are obtained. The normal-

ized conductance presented to the guide varies between 
0.7 and 1.5, while the normalized susceptance liesbe-
tween —0.9 and 1.1. The susceptance may be reduced to 
zero by adjusting the piston so that the mismatch may be 
reduced to a standing-wave ratio of less than 3.5 decibels, 
corresponding to a reflected power loss of less than 0.2 
decibel. 
This converter was designed to operate over a wide 

range of input frequencies without adjusting the input 
tuning. The variation in input standing-wave ratio is 
such that a rectifier which has been adjusted to match 
the.wave guide at a wavelength of 3.33 centimeters will 
have a standing-wave ratio of about 6 decibels at wave-
lengths of 3.13 and 3.53 centimeters, corresponding to 
a reflected power loss of 0.5 decibel. A frequency-selec-
tive network if required may be employed at the input, 
and the converter will provide a satisfactory load im-
pedance over the 3.13- to 3.53-centimeter range. 
The beating oscillator may be coupled to the rectifier 

in a number of ways. In the method shown in Fig. 7 it is 
coupled to the wave guide by means of an iris in the side 
wall. A termination for the beating oscillator is provided 
by the resistance card located about one-quarter wave-
length in front of the coupling iris, and in this way the 
condition wherein the beating oscillator works into a 
highly reactive load is avoided. In some applications the 
iris has been made adjustable so that the beating-oscil-
lator level may be readily controlled. When this method 
of beating-oscillator coupling is used in the absence of a 
frequency-selective network at the input, it is possible 
to lose some of the signal power in the beating-oscillator 
wave-guide branch, particularly if the available beating-
oscillator power is low. When an input frequency-selec-
tive network is used, however, it may be so located with 
respect to the iris as to effectively double the beating-
oscillator voltage at the rectifier. The size of the coupling 
iris may then be decreased to restore the beating-oscil-
lator drive to its original value and the loss of signal 
power in this branch considerably reduced. 

Special precautions have been taken in this converter 
to provide a low impedance across the output network 
at the input frequency. This low impedance is obtained 
by means of a coaxial line one-half wavelength long 
which is shorted at one end, and the impedance is kept 
low over a range of frequencies by making the character-
istic impedance of the open quarter wavelength of line 
much lower: than that of the shorted quarter wave-
length. This structure is supported at its high-imped-
anZe point, as shown in Fig. 7, by insulating rings which 
form a by-pass capacitor and prevent the loss of signal 
power in the output network more effectively than a 
capacitor alone. 

The effect of variations in the impedance of the input 
network at frequencies near the signal and beating-os-
cillator second harmonic was investigated in this con-
verter by means of the arrangement shown in Fig. 8. 
Here the piston has been replaced by an adjustable 
metal septum extending across the guide and dividing it 
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into two smaller guides. These smaller guides are be-
yond cutoff at wavelengths near 3.33 centimeters, so 
that this septum acts as a piston at these wavelengths. 
At wavelengths near 1.67 centimeters, however, they are 
not beyond cutoff, so that by means of two other septa 
located as shown an independent piston effective only at 
frequencies near the second harmonic is obtained. By 

SIGNAL 

INPUT 

BEATING OSCILLATOR 

INPUT 

EFFECTIVE PISTON 

AT A 3 I/3CM.  AT X=I 2/3CM 

IN23 

RECTIFIER 

Fig. 8—Wave-guide piston arrangement for measuring 
the effect of harmonics. 

varying the position of this harmonic piston the con-
version-loss-variation curve shown in Fig. 9 was ob-
tained. The variation shown amounts to 0.6 decibel, 
which is about half that obtained with the converter 
shown in Fig. 6. This variation, however, differed 
greatly with the particular rectifier used. Several 1N23 
rectifiers showed no variation, while nearly all of a 
special group designed for operation at 1.25 centimeters 
showed some variation, the greatest being 1 decibel. 
The average spacing between the maxima and min-

ima of the curve in Fig. 9 is 1.25 centimeters. The beat-
ing-oscillator wavelength was 3.33 centimeters, and the 
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HARMONIC 

TERMINATED 

I 

3.5  4  4.5 

HAR MONIC PISTON POSITION IN CM. 

Fig. 9--Variation in conversion loss with harmonic piston position. 

5.5 

calculated wavelength of the beating-oscillator second 
harmonic in the two guides formed by the central sep-
tum is 2.54 centimeters. A half wavelength is thus 1.27 
centimeters, which is quite close to the value obtained 
from the curve, and shows that the frequency involved 
in the conversion-loss variation lies near the beating-os-
cillator second harmonic. This method of measurement 
is not sufficiently precise to permit any closer identifica-
tion of the frequency involved. As an additional test the 
secondary septa were removed and resistance cards used 
which absorbed the harmonic frequencies. When this 
was done the conversion loss assumed a value indicated 
by the dotted line in Fig. 9. The tuning arrangement 
shown in Fig. 8 was not used in the final converter design 

since the decrease in conversion loss was so small as to 
be hardly worth the added complication. 
The converter shown in Fig. 7 is readily adaptable for 

use with a wave-guide hybrid junction to form a bal-
anced converter. This is shown in Fig. 10. The hybrid 
junction (also widely known as a "magic tee"), shown 
at the right of the figure, performs as a network having 
four pairs of terminals and an internal structure such 
that power fed into any one pair will appear equally at 
two other pairs but not at the third pair. Referring to 
the figure, it will be seen that power fed into the input 
branch will appear equally in the output branches but 
will be balanced out of the beating-oscillator branch. 
Similarly, power fed into the beating-oscillator branch 
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Fig. 10—Balanced 3-centimeter converter using a 
wave-guide hybrid junction. 

appears equally in the load branches but is balanced out 
of the input branch. The purpose of the input matching 
rod is to provide an impedance match between the in-
put and the load branches, and the beating-oscillator 
matching rod is an inductance so located as to match 
that branch to the load branches. When the load 
branches are terminated in their characteristic imped-
ance, the standing-wave ratio at the input branch is 
less than 1 decibel, and that at the beating-oscillator 
branch is less than 3 decibels at all wavelengths between 
3.13 and 3.53 centimeters. Since a mismatch at the 
beating-oscillator input is less important than a mis-
match at the signal input, the choice of functions for the 
various branches has been selected as shown in the 
figure. 
The converter in Fig. 7, having been designed to 

match the wave-guide impedance, may thus be con-
nected to the load branches of the hybrid junction and, 
with the addition of a balanced-to-unbalanced output 
transformer, a balanced converter obtained. Since the 
hybrid junction itself introduces only a small mismatch, 
the balanced converter will terminate the input line 
nearly as well as the converter in Fig. 7. A balanced 
converter has several advantages over an unbalanced 
converter which arise from the conjugate relationship 
which can be obtained between the signal and beating-
oscillator terminals. The circuit of a converter using a 
hybrid junction is essentially the same as the converter 
shown in Fig. 3. The degree of balance that can be ob-
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tamed depends on the similarity of the two rectifiers, 
and by selecting pairs it is not difficult to obtain a bal-
ance such that the loss between the input and beating-
oscillator terminals is in excess of 25 decibels. The loss 
of signal power into the beating oscillator is thus effec-
tively prevented, and similarly the beating-oscillator 
power level at the input terminals is considerably re-
duced. Since no mismatch loss between the signal and 
beating-oscillator terminals is required, the rectifiers 
will absorb the full applied beating-oscillator power, so 
that considerably less available power is required. 
Another advantage obtained by the use of a balanced 

converter is the protection against beating-oscillator 
noise. In applications where the signal frequency is ex-
tremely high and the intermediate frequency low enough 

to be a very small fraction of this frequency, the beating 
oscillator may have noise sidebands in the signal-fre-
quency range. An analysis of the phase relations shows 
that, when the signal and beating oscillator are applied 
to the same terminals, as would be the case for an oscil-
lator with noise sidebands, the output from the two 
rectifiers will be balanced out by the output trans-
former. 
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Fig. 11-1.25-centimeter converter using a silicon rectifier 
mounted in a coaxial line. 

The rectifier mounting shown in Fig. 5 is not well 
adapted for use at wavelengths below 3 centimeters, 
due to its size. For operation at a wavelength of 1.25 
centimeters a new type of mounting has been developed 
and the necessary improvements made in the silicon and 
the point contact. In this mounting the rectifier is lo-
cated at the end of a coaxial line. An early form is shown 
in Fig. 11, together with the matching circuits to form 
a 1.25-centimeter converter. Since the rectifier is in 
coaxial and the signal in wave guide, a coaxial-to-
wave-guide circuit is tequired which will also provide a 
means for connecting the rectifier to the intermediate-
frequency output. The coaxial-to-wave-guide circuit 
shown in Fig. 11 is a supported probe which matches 
the guide to a 65-ohm coaxial line over a 10 per cent 
frequency band. Its electrical characteristics are prac-
tically identical to those of an open probe, since the sup-
porting member is in a neutral position with respect to 
the waves in the guide and its length from the side wall 
of the guide to the probe is approximately one-quarter 

wavelength. This supporting rod is shorted to the side 
walls of the guide at the input frequencies by the co-
axial filters, which also allow the intermediate frequency 
to be taken out. 
The coaxial-to-wave-guide circuit matches the guide 

to a 65-ohm coaxial line, but, since the rectifier does not 
match this impedance, a transformer formed by an en-
largement of the coaxial inner conductor is required. The 
proper transformation is obtained by adjusting the 
length, diameter, and position of this element. The 
bandwidth of this transformer, however, is considerably 
less than that of the coaxial-to-wave-guide circuit, with 
the-result that the converter matches the line over about 
a 4 per cent frequency band. The beating-oscillator in-
put is not shown in Fig. 11, but could, of course, be ac-
complished in the same manner as shown in Figs. 7 or 
10. 

WIDE-BAND CONVERTER 

All of the converters described so far were designed 
for use in applications where the input impedance was 
required to match the line from the antenna only suffi-
ciently well to avoid undue reflection loss, where the use 
of an input-frequency-selecting network was optional, 
and where only moderately uniform response over a 
comparatively narrow band of frequencies was re-
quired. As a consequence, these converters are not es-
pecially satisfactory for use in modern wide-band com-
munication systems. The final converter to be described 
was designed to meet all the requirements of wide-band 
applications, and in order to do this it has been found 
necessary to control the impedance of the input network 
at the signal frequency, the image frequency, and some 
frequency near the signal and beating-oscillator second 
harmonic, and also to take account of the interaction 
effects that exist between the input and output net-
works. 

The additional specifications set down for this con-
verter before the design work was started were that it 
was to have an input standing-wave ratio of less than 
1 decibel, an input filter to select a band of frequen-
cies anywhere within the 6.9- to 7.5-centimeter wave-
length range, and have a transmission band 15 mega-
cycles wide fiat to less than 0.1 decibel. The completed 
converter (shown in Fig. 16) is similar to the one shown 
in Fig. 10 in that it makes use of a wave-guide hybrid 
junction, but differs from it in that the rectifiers are 
mounted at the end of coaxial lines which are coupled 
to the wave guide by means of probes. The impedance 
transformation necessary to make the rectifier terminate 
the line was obtained by adjusting the length and di-
ameter of the cavity in which the rectifier is mounted. 
With this method of matching, the maximum stand-
ing-wave ratio for a group of twenty rectifiers measured 
over the 6.9- to 7.5-centimeter wavelength range was 
found to be about 4 decibels. 

The output filter is in the form of a quarter-wave stub-
connected across the coaxial line, followed by a trap. The 
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trap consists of a quarter wavelength of coaxial line 
followed by a cylindrical polystyrene-filled resonant 
cavity in the form of a disk transmission line' shorted at 
its outer edge, and is arranged so that the short circuit 
at the outer edge of the cavity is transferred to the gap 
at the open end of the quarter-wave stub. The loss 
through this filter is in excess of 25 decibels throughout 
the 6.9- to 7.5-centimeter wavelength range, and thus 
the loss of signal power through it is negligible. 
In Fig. 12 is shown an unbalanced converter using 

these components, which was used to investigate the 
effect of input-network impedance variations and the 
interaction effects between the input and output net-
works. It has an input filter consisting of two inductive 
irises with a capacitive tuning plug between them, and 
the beating oscillator is connected in the same manner 
as that shown in Fig. 7. The remaining equipment 
consists of an intermediate-frequency amplifier and out-
put meter and a transformer to match the converter 
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Fig. 12-7.2-centimeter converter arranged for investigating the 
effect of the input-filter position on the output impedance and 
conversion loss. 

output impedance to the amplifier. This transformer is 
of the variable-impedance-transformation type men-
tioned earlier, and with it the 76-ohm input impedance 
to the amplifier may be transformed to any value be-
tween 80 and 600 ohms. C 2 is large enough to be an effec-
tive short circuit, and CI is used to tune the line to anti-
resonance. Thus both the resistive and reactive com-
ponents of the converter output impedance may be 
matched. 
The procedure for the tests, using the equipment 

shown in Fig. 12, was simply to apply a constant signal 
at the input and measure the output power and the out-
put impedance as a function of the length S of an added 
section of wave guide. The reflection coefficient of the 
filter at the signal frequency was very small, so that the 
signal power and the signal-frequency impedance at A 
is independent of the added line length S. However, at 
frequencies different from the signal frequency the re-
flection coefficient of the filter is large, and variations in 
Swill cause its phase angle to change in accordance with 

' S. A. Schelkunoff, 'Electromagnetic Waves," D. Van Nostrand 
Co., New York, N. Y., 1943; pp. 260-272. 

length of S. Hence, any change in the conversion loss 
or output impedance as a result of variations in S must 
be due to changes in the impedance of the input net-
work at frequencies different from the input frequency. 
Curves showing the variations in conversion loss and 

output impedance as a function of the line length S are 
shown in Fig. 13. At the top is shown the variation in 
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Fig. 13—Variation in output impedance and conversion loss 
with input filter position. 

conversion loss in decibels. Below that is the variation 
in shunt reactance as measured by the dial reading of 
the capacitor CI required to tune the output trans-
former. At the bottom is the shunt-resistance variation 
as indicated by the position of the output-transformer 
tap required to give a maximum output. These are 
plotted against the value of S in inches. Two things 
are immediately apparent from these curves. First, the 
top curve shows that the conversion loss is influenced 
primarily by the input-network impedance at some 
frequency much higher than the input frequency. 
Second, the bottom curve shows that the output im-

pedance is influenced primarily by the input-network 
impedance at some frequency near the input frequency. 
Further interpretation of these curves is complicated by 
the fact that some of the frequencies involved are suffi-
ciently high to excite more than one mode in both the 
coaxial and the wave guide, and these modes could be 
expected to produce rather complicated effects. 
From the rate at which the conversion loss varies as 

S is changed, it is evident that the length of line be-
tween the rectifier and the filter is sufficient to restrict 
the frequency range over which a uniform conversion 
loss can be obtained. In order to eliminate this effect the 
frequencies involved in the conversion-loss variation 
must be reflected from a point much nearer the rectifier. 
This reflection was accomplished by means of a low-pass 
filter located in the coaxial line near the rectifier, as is 
shown in Fig. 14. 

30 0 
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From the results obtained with the converter shown 
in Fig. 8, it is apparent that the frequencies responsible 
for the conversion-loss variation shown in Fig. 13 are 
those in the vicinity of the signal and beating-oscillator 
second harmonic. For input wavelengths between 6.9 
and 7.5 centimeters, these lie in the range between 3.4 
and 3.8 centimeters. The filter shown in Fig. 14 was 
designed to have a large reflection coefficient in this 
latter wavelength range. It consists of a polystyrene-
filled resonant cavity which is the inverse of the cavity 
used in the output filter, being in the form of a disk 
transmission line shorted at its inner edge, and forms an 
antiresonant circuit in series with the coaxial line. This 
is represented by the inductance L and the capacitance 
Cb in the equivalent circuit. The diameter required to 
form the disks is greater than that of the coaxial inner 
conductor, so that the two disks form capacitances in 

COAXIAL 
LINE 

1N23 

RESONANT 
DISC 

Fig. 14—Coaxial low-pass filter used to stabilize the impedance at 
higher frequencies, and its equivalent circuit. 

shunt with the coaxial line represented by the capaci-
tors C.. In order that the filter match the coaxial 
line at wavelengths between 6.9 and 7.5 centimeters, 
the inductance L must have the correct value, and this 
is accomplished by adjusting the thickness of the poly-
styrene disk which controls the characteristic im-
pedance of the disk line. 
Measurements of the standing-wave ratio introduced 

by this filter were made. At wavelengths between 3.4 
and 3.8 centimeters it was above 30 decibels, and be-
tween 6.9 and 7.5 centimeters it was below 0.5 decibel. 
With this filter installed in the converter shown in 
Fig. 12, the effect of the input-filter position was meas-
ured again. The results are shown in Fig. 15. The effect 
of the coaxial filter is quite pronounced, and it is seen 
that with it the conversion loss is very nearly inde-
pendent of S, and uniform operation over a wide fre-
quency band should be readily feasible. The output im-
pedance curve is sufficiently uniform to permit a meas-
urement of the change in S required to vary the re-
sistance through a complete cycle. In Fig. 15 this 
distance is 2.30 inches, corresponding to a guide wave-
length of 4.60 inches or a frequency of 4060 megacycles. 
This is quite close to 4040 megacycles, which is the calcu-
lated image frequency. 
An important consideration, but one which has not 

yet been investigated, is the effect of the position of the 
low-pass filter on the conversion loss. Presumably, from 

the curve in Figs. 13 and 15, this alone could cause a 
change of about 1.5 decibels. However, measurements 
of the minimum conversion loss obtainable with and 
without the low-pass filter indicated that the amount 
to be gained by selecting a better position would be 
less than 0.5 decibel. 
Harmonic filters have been incorporated in the com-

pleted converter shown in Fig. 16, with the result that 
an input filter may now be used without causing varia-
tions in conversion loss over the transmission band. 
In order that the converter output impedance have the 
correct value to match the intermediate-frequency 
transformers, the filter position S must be properly 
chosen. The converter output impedance at the ter-
minals A was measured as a function of the filter position 
S, using the second method mentioned earlier which 
makes use of a three-tap transmission line. Curves very 
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Fig. 15—Variation in output impedance and conversion loss with 
input-filter position after the addition of the low-pass coaxial 
filter. 
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much like those in Fig. 15 were obtained, the capaci-
tance varying between 1.6 and 5.5 micromicrofarads, 
and the resistance varying between 350 and 940 ohms. 
The position giving the highest impedance was found to 
give a somewhat lower conversion loss, so that the inter-
mediate-frequency transformers were designed to match 
this higher yalue. Two transformers were actually used, 
each having an impedance-transformation ratio of 470 
to 152 ohms, with the primary windings connected in 
series to give the 940-ohm impedance and the second-
aries, one of which has the direction of its winding 
reversed, connected in parallel to give an output im-
pedance of 76 ohms. 

The input tuner shown is necessary to reduce the 
input standing-wave ratio to less than 1 decibel as re-
quired in the original specifications, since without it 
the standing-wave ratio may be as much as 4 decibels, 
as stated above. Rather stringent requirements are 
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placed on this tuner by virtue of the fact that ideally it 
should match the converter to the wave guide at the 
input frequency and at the same time introduce no 
phase shift in the wave reflected from the filter at the 
image frequency, since this is equivalent to a change in 
the filter position. Furthermore, the tuner must be 
between the filter and the converter in order that the 
filter work between the proper impedances. The tuner 
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frequency amplifier having a noise figure of 6.7 decibels 
was used. The results are shown in Table I. These 
results, with the exception of the noise ratio, are all 
expressed in decibels and were determined by the 
methods described earlier, using the relations given in 
(1) to (3). The transmission band was measured by 
varying the frequency of the signal oscillator and meas-
uring the power in a 76-ohm load resistor. Using inter-
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Fig. 16— Wide—band balanced converter using a wave-guide hybrid junction with input filter and matching circuit. 
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of the type shown approximates this ideal much better 
than a conventional two-plug tuner. It consists essen-
tially of two parallel-tuned circuits spaced one-eighth 
wavelength, the inductances being formed by the rods 
across the wave guide and the capacitances by the ad-
justable plugs. A value of inductance has been selected 
such that the tuner will correct a standing-wave ratio of 
not more than 4 decibels of any phase. The variation in 
the susceptance of the tuner over the input frequency 
band is negligible, while at the image frequency the phase 
change introduced is much less than that of a two-plug 
tuner. By locating the tuner effectively one-half wave-
length from the filter at the image frequency (dimen-
sion D), the phase change may be reduced to a negligible 

value. 

TABLE I 

Conversion Loss  F. 
(decibels)  (decibels) (decibels) 

Noise 
Ratio 

5.1 
5.6 
6.4 

9.1 
10.1 
10.4 

13.1 
13.8 
14.3 

2.5 
2.8 
2.5 

The final measurements made on this converter were 
the conversion loss, noise figure, noise ratio, and band-
width. Three pairs of a group of twelve 1N23B rectifiers 
were selected as representative of the best, the average, 
and the poorest, from the standpoint of conversion loss. 
For the noise-figure measurements an intermediate-

mediate-frequency transformers having a coupling 
coefficient of 0.5, transmission variations of less than 
0.1 decibel were observed over a band 20 megacycles 
wide. 

CONCLUSIONS 

The purpose of this paper has been to discuss the 
problem of the design and construction of microwave 
converters using point-contact rectifiers as the non-
linear element, with the main emphasis on the networks 
used between the input and output terminals and the 
rectifier. The approach has been largely practical, since 
a complete and rigorous mathematical analysis of the 
problem is generally so complex as to provide the de-
signer with little more than a broad outline of the re-
quirements. The results obtained indicate that, when 
uniform conversion efficiency over a wide band of fre-
quencies is required, close attention must be paid to 
the network-impedance versus frequency characteristics. 
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Fluctuation Noise in Pulse-Height Multiplex 
Radio Links* 
LAWRENCE L. RAUCHt 

Summary—The choice of a method of multiplex synthesis and 
analysis will depend on (1) the distortion and noise characteristics of 
the link connecting the synthesizer and analyzer, and (2) the type of 
intelligence and tolerable distortion and noise in each channel. 
Among the various methods of multiplexing adaptable to transmis-
sion over radio links is the pulse-height or commutation method. 
The question of interchannel cross talk has already been solved 
quantatatively for this multiplex method, and it is the purpose of this 
paper to solve the associated problem of channel fluctuation noise in 
a precise manner. Expressions are obtained for the channel fluctua-
tion noise of pulse-height multiplex systems used over f.m. and 
a.m. radio links. A comparison shows the f.m. channel fluctuation-
noise improvement to be 4.15 times the deviation ratio, in contrast 
to the familiar A/3 times the deviation ratio for single-channel radio 
links. 

INTRODUCTION /T IS GENERALLY recogn ize d that  time -division  

multiplex methods are best for transmission over 
radio links, particularly when the number of chan-

nels to be multiplexed is large, due to the relatively wide 
bandwidth and large nonlinear distortion offered by 
radio links. Subcarrier multiplex methods are better 
adapted for transmission over wire links, where it is 
easier to obtain the small nonlinear distortion necessary 
to avoid interchannel cross talk. 

The wide bandwidths required by pulse-position 
multiplex methods make them well adapted to u.h.f. 
and microwave radio links. Where reduced bandwidths 
are necessary, such as in the v.h.f. range, the pulse-
height multiplex method provides a solution which, at 
the same time, maintains the general advantages of 
time-division multiplexing. Various commutator tubes 
and circuits have been developed to provide pulse-
height synthesis and analysis.1-3  
The method of synthesis consists of taking short 

samples of several items of intelligence (usually appear-
ing as voltages) in a regular time sequence at a uniform 
rate. If it is desired to sample a given item at a rate of 
F times per second and there are n items, a single sample 
can be no longer than 1/Fn second. The principle of 
analysis for a given item of intelligence consists of ob-
serving the synthesized signarduring an interval of 
1/Fn second or less at a rate of F times per second, in 
such a manner that only the original samples, or por-

* Decimal classification: R460 X R361.211. Original manuscript 
received by the Institute, March 29, 1945; revised manuscript re-
ceived, November 29, 1945, and March 7, 1947. 
t Palmer Physical Laboratory, Princeton, N. J. 
1 A. M. Skellett, "The magnetically focused radial beam vacuum 

tube,' Bell. Sys. Tech. Jour., vol. 23, pp. 190-202; April, 1944. And 
also the subsequent development of the electrostatically focused and 
rotated radial-beam vacuum tube. 

'D. D. Grieg, J. J. Glauber, and S. Moskowitz, "The Cyclophon: 
a multipurpose electronic commutator tube," PROC. I.R.E., this 
issue, page 1251-1258. 

I L. L. Rauch, "Electronic commutation for telemetering," Ekc-
!souks, vol. 20, pp. 114-120; February, 1947. 

tions of them, are obtained. The analyzed samples may 
be integrated into a "smooth" signal by methods dis-
cussed later. It will be shown later that, if the maximum 
frequency of components appearing in an item of in-
telligence is less than f, the original intelligence may be 
perfectly reproduced if a repetition rate of F=2f or 
greater is used. 

The principal type of noise encountered in the output 
of a v.h.f. radio receiver is fluctuation noise. Pulse noise 
is either man-made and near by, or else the result of a 
near-by electrical storm. The analysis of this paper is for 
fluctuation noise only and, unless modified, the term 
"noise" will be understood to mean fluctuation noise. 
Before proceeding, however, we shall review certain 
characteristics of the multiplex method. 

CHARACTERISTICS OF DISTORTION IN RADIO LINKS 
AND DISTORTION AND CROSS TALK 

IN INDIVIDUAL CHANNELS 

The distortion characteristics (noise included) of a 
radio link will produce quite different effects in the out-
put of the channels of a pulse-height system. Here we 
shall treat these effects in a descriptive manner. 
A little thought will show that the transient response 

of the radio link completely determines the cross-talk 
characteristics. A good transient response will be in-
sured by a uniform amplitude versus frequency char-
acteristic and a fairly proportional phase-shift versus fre-
quency characteristic. By good transient response in a 
radio link we mean that, after the constant time delay 
is taken into account, there is very little correlation be-
tween the instantaneous signal at time t and the dis-
crepancy between the output and input signals at time 
t-FAI, as long as At is larger than a certain minimum 
value determined in part by the upper limit of the fre-
quency response. In other words, a disturbance at time t 
shall not be unduly prolonged (not to be confused with 
delay) by transmission through the radio link. The 
signal in each channel of a commutator system may be 

considered as a disturbance which should not be pro-
longed into the next channel as cross talk. If the chan-
nels were exactly adjacent almost no prolongation could 
be tolerated, and a very wide and uniform amplitude 
versus frequency response and proportional phase char-
acteristic would be required of the link. This difficulty is 
overcome by inserting "blanking" spaces between ad-
jacent channels so that a certain amount of prolonga-
tion can occur without carrying into the next channel. 
This is the meaning of a in (2). 

If the frequency response falls off at the high end, the 
cross talk in the following channel will be in phase; 

p. 
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while if the frequency response rises, the cross talk will 
be out of phase. In fact, it is a fairly simple matter to 
adjust the frequency response by one or two variables, 
manually or automatically, to obtain a null in the fol-
lowing-channel cross talk. All channels are equally and 
simultaneously corrected and the correction can be 
made at one location to take into account any changes 
in frequency-response characteristics of terminal equip-
ment or repeaters distributed along the radio link. In 
practice, it is not difficult to obtain sufficiently good fre-
quency response in the radio link to reduce cross talk 
between adjacent commutator channels 50 to 60 db be-
low maximum signal.4 
It is clear that the nonlinear characteristic of the 

radio link has no connection with cross talk. The non-
linear characteristic of the link is transferred exactly to 
each channel where it introduces the usual "harmonic" 
distortion in the signal of the channel. A relatively large 
percenfage of this type of distortion can be tolerated in 
telephone speech channels and, therefore, in the radio 
link itself. An excessively large signal applied to one 
channel will result in a distorted signal in that channel 
due to the finite extent of the linearity of the radio 
link, but there will be no disturbances in the remaining 
channels. If it is desired to prevent overmodulaiton of 
the radio link, any method of limiting applied to the 
synthesized signal will produce the same results as ap-
plying it to the individual channels before synthesis. 
In this section, the nonlinear characteristic and fre-

quency-response characteristics of radio links have been 
treated as unrelated phenomena. This is by no means 
always the case. It is easy to think of circuits providing 
isolated examples of each characteristic, such as a series 
resistance and shunted high-vacuum diode for the non-
linear case, and a series resistance and shunted capaci-
tance for the frequency-response case. But in all types 
of radio links, the nonlinear distortion usually increases 
at the high end of the modulation-frequency range when 
a constant degree of modulation is maintained. 
In amplitude-modulated links the nonlinear distortion 

at low modulation frequencies is due entirely to tube 
characteristics in the modulator, modulated-radio-fre-
quency amplifier stages, and detector. As the modula-
tion frequency is increased, the percentage of modula-
tion in the initial stages must be increased to com-
pensate for attenuation of side bands by the reduced 
load impedance of the tuned circuits in the modulated-
radio-frequency amplifiers. This results in operating the 
tubes into the more nonlinear parts of their character-
istics. A similar phenomenon occurs at higher frequen-
cies in audio amplifiers and wide-band amplifiers. The 
various types of distortion can be reduced' to very low 

4 W . R. Bennett, "Time division multiplex systems," Bell. Sys. 
Tech. Jour., vol. 20, pp. 199-221; April, 1941. This paper is funda-
mental and will repay careful reading. Wire links instead of radio 
links are considered, and so emphasis is placed upon conditions requir-
ing minimum bandwidth of the link. 

Charles R. Burrows and Alfred Decino, "Ultra-short-wave 
multiplex," PROC. I.R.E., vol. 33, pp. 84-94; February, 1945. 

levels by application of large amounts of inverse feed-
back, but such large amounts of inverse feedback in-
crease the size and cost of small radio links considerably. 
Frequency-modulated radio links have a reputation 

for low distortion. This is, in part, because the tube 
characteristics of the modulated-amplifier stages are 
eliminated as a source of distortion; all of the troubles 
are concentrated in the modulator and detector stages. 
This statement is true for frequency-modulated radio 
links of large deviation ratio, but the fact is sometimes 
overlooked that, for small deviation ratios not much 
greater than unity, the frequency-dependent phase 
shift in the tuned circuits in the modulated-radio-fre-
quency amplifier stages can introduce large amounts of 
nonlinear distortion at high-modulation frequencies. To 
keep distortion at a low level in this circumstance, the 
tuned circuits must be very carefully designed. This is 
pointed out because the tendency in multiplex systems 
is often to use a greater modulation band without in-
creasing the frequency deviation, which results in a 
reduced deviation ratio. 

CHARACTERISTICS OF FLUCTUATION NOISE 

Fluctuation noise, or smooth hiss, as it is sometimes 
called, has a constant amplitude versus frequency spec-
trum over the range of the r.f. pass band of a radio re-
ceiver, but the phase distribution is random. However, 
the amplitude of the noise-frequency spectrum over the 
modulation-frequency pass band of a radio-receiver out-
put varies with frequency in a manner which depends 
on the type of modulation used, although the phase 
distribution remains random. This results in two im-
portant characteristics of the final noise output. For 
any type of noise with a continuous spectrum, the 
power in a frequency band of small width Lico is propor-
tional to tliw. Thus the r.m.s. noise voltage is propor-
tional to VS-c-J. Due to the random phase distribution of 
fluctuation noise, the crest voltage (height of the larger 
peaks)6,7  is proportional to the r.m.s. voltage, and 
therefore to /co. (This is not true in the case of pulse 
noise, where the height of the pulse is proportional to 
Acs.).) It follows that, if the noise components over several 
narrow frequency bands Alto at w1,A2co at oh, • • • , &mat 
co,, in the modulation pass band are selected by filters 
and added, the resultant r.m.s. noise voltage will be 

VA2(coi)6,  A2(0)2)6,20.) + • • • + A2(con)Anco (1) 

g V. D. Landon, "A study of the characteristics of noise," PROC. 
I.R.E., vol. 24, pp. 1514-1521; November, 1936. 

7 V. D. Landon, "The distribution of amplitude with time in fluc-
tuation noise," l'Itoc. I.R.E., vol. 29, pp. 50-55; February, 1941. For 
a rigorous definition of crest-noise voltage, some distribution function 
must be assumed for the instantaneous noise voltage. Many writers, 
for good reason, assume the normal law as a basis for theoretical in-
vestigations. This law offers a finite probability for arbitrarily high 
noise voltages, but in practice nonlinear circuit elements bring the 
probability distribution function to unity for finite values of the in-
stantaneous noise voltage. For example, if we assume the crest voltage 
is attained when the instantaneous voltage is greater than or equal 
to four times the r.m.s. value, the normal law provides the result that 
during a sufficiently long period the crest value will be reached a frac-
tion of the time equal to 63X10'. More can be said if the amplitude 
versus frequency distribution of the noise is taken into account. 
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where A(co) is the r.m.s. value of the noise voltage in a 
unit frequency interval at angular frequency co. 
The above relation concerning fluctuation noise is the 

only one of which explicit use is made in the analysis of 
the pulse-height system. 

In the case of amplitude modulation, A (w) is a con-
stant over the modulation pass band. In the case of fre-
quency modulation with deviation ratio greater than 
unity, A(w) is not constant. Analysis shows A (w) to be 
proportional to cs.) over the modulation pass band of a 
frequency-modulation receiver (the familiar triangular 
spectrum). In this and all further discussions involving 

f.m. receivers, we asume the signal strength remains 
above the improvement threshold. 
In Part I, following, we shall assume a certain f.m. 

radio link with sufficiently large maximum frequency 
deviation to provide a deviation ratio greater than unity 
for all modulating signals discussed. A signal of r.m.s. 
value S will be produced at the receiver output by a 
sinusoidal signal modulating the link to maximum fre-
quency deviation. There is a r.m.s. fluctuation-noise 
voltage of A(f)=kif per unit bandwidth at cyclic fre-
quency f at the receiver output. The value of S/*2 will 
be determined by the maximum frequency deviation 
and by the r.f. signal-to-noise ratio at the discriminator 
and is easily calculated for any case. We then connect an 
n-channel pulse-height synthesizer to the transmitter in-
put and an n-channel analyzer to the receiver output, 
and calculate the maximum signal-to-noise ratio R im for 
a particular channel. In Part II the same procedure is 
followed for an a.m. radio link with a r.m.s. fluctuation-
noise voltage of k2 per unit bandwidth at the receiver 
output. 
In the rest of the paper, the term "noise" is under-

stood to mean r.m.s. fluctuation-noise voltage, and the 
term "signal" is understood to mean the maximum sig-
nal r.m.s. voltage. 

PART I— FREQUENCY-MODULATION LINKS 

An n-channel commutator synthesizer and analyzer 
are connected to the f.m. radio link. The analyzer sam-
ples each channel with an individual repetition rate of 
F times per second, each channel being on during a frac-
tion 1/a of its alloted interval 1/nF. The intervals of 
duration (a —1)/anF between channels are for blank-
ing. Each channel at the receiver is connected by the 
analyzer to the radio-link output for an interval of du-
ration 1/anF coinciding with the "on" interval of the 
respective channel at the synthesizer. In other words, 
each receiving channel "looks" at the output of the ra-
dio link for 1/anF second every 1/F second. This causes 
very definite changes in the radio-link noise and in the 
original signal, when viewed at the output of a receiving 
channel. This is determined by the following analysis. 
The output of the commutator analyzer for some 

channel will be s(t) • c(t) where s(t) is the signal on the 
channel and c(1) is the commutation function: 

c(t) = 1, 
1  j 1 

  1 5  +   
2otnF  F  2anF 

c(t) = 0, elsewhere. 

A Fourier series representation of c(t) is valid' and is 

1 2  ( sin1 mir 
c(t) =   2_, — s  cos 2rmFt. 

an  m-1  m  an 

= — co , • • • , oo ) 

Assume a single-component signal s(t) =a cos Zirft. 
Then 

s(i)c(i) = 
a 
— cos 2rft 
an 

a °' (  mr 1 
▪ — E - sin --)[cos 271-(mF -1-1)1 
rm1  m  oin 

± cos 27r(mF —  (2) 

The output of each commutator channel passes through 
a low-pass filter whose pass band has a width 

final <  — 
2 (3) 

where fmftx  is the maximum channel signal-frequency 
component. Observation will show that the right mem-
ber of (2) represents the signal fundamental plus its 
a.m. side bands around suppressed carriers at harmonics 
of the sampling frequency F. In this case we have chosen 
to recover the signal from its fundamental, but it is a 
simple matter to add the suppressed carriers by adding 
a d.c. component to the signal, and then recover the 
original signal by selecting and demodulating any one 
of the resulting a.m. signals at harmonics of F. If this 
is done, the signal-to-noise ratio will in general depend 
on the harmonic of F used, and in no case is it apprecia-
bly better than for the choice of the fundamental. More-
over, the filter problem becomes more difficult. If the 
transmitted signal has no components above fn., the 
low-pass filter for the fundamental case is required to go 
from pass to reject in the interval from fn. to F—fmsz  in 
order to avoid the lower side band at F—fmai  of the sup-
pressed carrier at F. In case the LA harmonic is selected, 
the band-pass filter must go from pass to reject in the 
intervals from pF  to (p-1)F+fmai , and from 
pF-F-fma . to (P+1)F f,nax. Thus, the filter requirements 
become more exacting. We note that insufficiently sharp 
filters cannot cause cross talk but only distortion in the 
individual channels. 

If s(t) =a cos 2rft is viewed as a single component of 
the radio-link noise, it is apparent from the expansion 
for s(t)-c(t) in (2) that only the noise in the frequency 
intervals mF -±f...(rn--=0, 1, • • • , r depending on the 
required limit Fc-= rF of the radio-link-modulation pass 
band) will appear in the channel after passing through 
the low-pass filter. The r.m.s. fluctuation-noise voltage 

• G. H. Hardy and W. W. Rogosinski, "Fourier Series," Cam-
bridge Tracts in Mathematics and Mathematical Physics, no. 38, 
theorem 57, p. 42. 
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in the frequency interval mF±f,,,,,x is konF-V2fm„. ap-
proximately3 and the noise in any channel due to the 
noise in this frequency interval is, by (2), 

kiF 7r. m 
sin 

an 

Then by (1), the noise voltage in any channel due to 
that in all of the intervals m = 1, • • • , r (r being the 
number of side-band pairs in (2) transmitted by the 

link) is 

mr E sin2  
rn—i . an 

(4) 

If s(t) is now viewed as a component of a channel sig-
nal, it is seen that the maximum channel signal before 
commutation is S. The first term in the right member 
of (2) shows that each component of the signal is re-
duced by a factor of 1/an. Therefore, the signal is re-
duced by the same factor and at the output of the re-
ceiving-channel low-pass filter this signal value is 

(5) 
an 

This, together with (4), determines a signal-to-noise 

ratio of 

Rim  — 
ki mr 
anPV2f,,,..  E sin2 

an 

(6) 

When r is large, the evaluation of the sum under the 
radical becomes laborious. In Appendix 1 it is shown 
that, when an  20 and r/an  1 (Fclanf -1), the radical 
of the sum is approximated by Vr/2 with an error less 
than 10 per cent. This provides an approximation 

R fm*  for R f m, 

Rim*  — •   
kt anFN/rfmax 

Ian  20 

r 
—  _>_ 1. 
an — 

(7) 

If it is desired to transmit intelligence over the chan-
nels with frequency components, including zero, it will 
be necessary for the radio link to transmit components 
including zero. This is apparent from an inspection of 
(2). If it is not convenient to supply the extreme low-
frequency response in the link, the necessity can be 
avoided by the use of a method of sampling different 
from that in (2). In this method c(t) is replaced by c*(t) 

defined by 

1  j  1 

2anF —  F  2anF 

(j = even integers — cc, • • • , cc) 

• The exact value obtained by integration over the interval 
mF±f..„ is kis/2,071...+2/3 P.m . The approximation, which im-
proves rapidly as mF increases, is always less than this by not more 
than 4 per cent for mF 2f,  which is, by (2), true for all intervals 
except 0 5 f f,.... But the noise from this interval can be neglected 
relative to the remainder. 

j  1  j  1 
c*(t) = — 1,    .... t<._.  +   

F  2anF  F  2anF 

(j = odd integers — co , • • • , co) 

c*(t) = 0, elsewhere. 

Amplitude-modulated signals with suppressed carriers 
appear at frequencies (m +1/2)F, (m = 0, 1, • • • , cc). 
For example, the signal around F/2 may be selected and 
demodulated.3 A noise analysis similar to the above may 
be carried out with only minor changes. 

PART I I—AMPLITUDE-M ODULATION LINKS 

Following the procedure of Part I, the r.m.s. fluctua-
tion-noise voltage in the frequency interval mF + fr„,.. is 
k2N/2fm„1 and the noise voltage in any channel due to the 
noise in this interval is, by (2), 

k2  mr 
-VffiTL sin 

mr  an 

Then, by (1), the noise in any channel due to that in all 
of the intervals m=1, • • • , r (r being the number of 
sideband pairs in (2) transmitted by the link) is 

1  mr 
—  E - sin2 • 

1 m 2  an 

The signal at the output of any channel is, as in (5), 

an 

This, together with (8), gives a signal-to-noise ratio of 

(8) 

(9) 

Ram  = —•   (10) 
1  mr 
— sin2 
m2  an 

k2  • r 

an-V2f„,„.  E 
tn..1 

In Appendix II it is shown that, when an  2O and 
r/an  5/4 (Fc/anF 5/4), the radical of the sum is ap-
proximated by 7r/V2an with an error less than 8 per 
cent. This provides an approximation 

1 an  20 
1 

Ram* =  '    r  5  (11) 
k2 N/anfini.: 

an  4 

PART I I I— COMPARISON 

To obtain the signal-to-noise improvement of a f.m. 
radio link over an a.m. radio link for pulse-height multi-
plexing, we divide (7) by (11) to obtain 

Rim *  k2  7 
  —  •   

Ram*  k1 IYanr 

The well-known f.m. interference reduction factor gives, 

for the same r.f. signal-to-noise ratio, 

(13) 
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where F. is the modulation pass band of the radio links, 
and D is the deviation ratio of the f.m. radio link. Thus, 

Rh.* F  w  
D =  —r D, (14) R.*  F N,/anr  V an 

sitice F./ F=r. Now r depends upon a and n for a given 
value of adjacent-channel cross talk. 
It was pointed out in an earlier section that if F, 

(F.= rF) is not great enough the cross talk between cer-
tain channels will be intolerable. If F. is infinite there 
will be no cross talk. The matter has been treated at 
length in a paper by Bennett4 where the quantitative 
relations giving the cross talk in terms of the quantities 
n, a, and r are obtained and studied. It can be shown on 
the basis of Bennett's work that a cross-talk level be-
tween adjacent channels of 55 db below the maximum 
signal is obtained with 

a = 2 
I. = 3.5n. 

(15) 

Under these conditions, cross talk between channels 
separated by one or more channels is down more than 55 
db. Substituting (15) in (14) we obtain 

Rim* 7 — D = 4.15D, n 10,  (16) Ra„,*  2 
compared to the familiar value of OD for a single chan-
nel obtained by integrating (13). This of course as-
sumes the f.m. signal is maintained above the improve-
ment threshold. 

APPENDIX I 

To simplify notation, let w /an = x. Now 

sin2 mx =  -  cos 2mx. 

Therefore, 

m - 1 

1 r E sin2 mx = — - — E cos 2mx. 
2  2._i 

Now 

2 cos 2mx sin x = sin (2m  1)x - sin (2m - 1)x. 

Therefore, 

1 
cos 2mx = 

2  I 

E sin 2 mx 
rn 

sin (2m -I- 1)x - sin (2m  1)x 

4 sin x 
sin (2r  1)x - sin x 

4 sin x 
r  sin 2rx cos x ± cos 2rx sins - sin s 

2  4 sin x 
1  1  1 

- — cot x sin 2rx  — cos 2rx - — 
2  4  4  4 

m7 E sin2 
an 

1  1 
= — (1 - — cot x sin 2rx - — sin2 rx). 
2  2r 

1  7  2wr  1  wr 
= — (1 - — cot  sin —  — sin2— ) . (17) 
2  2r  an  an r  an ! 

If an  20, an approximation for the second term in 
parentheses, with an error less than 1 per cent, is 

an  2Tr 
- — sin  • 

27r  an 

If r/an  1, the absolute value of the above term can-
not be greater than 1/27r, and the value of the last term 
in parentheses cannot be greater than 1/20. Therefore, 
the value in parentheses differs from unity at most by 
0.21. Upon taking the square root, this amounts to a 
maximum error of 10 per cent in the right member of the 
identity when the value in parentheses is taken as unity. 
Thus, 

ma  Ir E si n2 = X  — 
m-1  an  2 

20 
0.9  X :g 1.1 when  an   r 

1. 
an — 

APPENDIX II 

To obtain an approximation for the finite sum 

r nix E — sin2 tn2 an 
(19) 

we first obtain the limit of the convergent infinite series 

** 1 m7 E_ sin 2 — 
m-1 M 2 an 

(20) 

by an application of Parseval's theorem" concerning 
expansion of functions in the space L2 in a series of com-
plete orthonormal functions in L 2. The set of functions 
VP, V2-P cos 2wmFt, V -2-, sin 277nFt (m=1, • • • , co ) 
in the interval - 1/2 F 15_ t < 1/2F is a complete orthonor-
mal set belonging to L 2. We may write the Fourier series 
for the commutator function c(t) in the form 

c(t) - _ an-VF 
2  in  1  mx 

 2, — sin 
2A/2F  m 

( ), 
[0.-F cos 2wmF1 an 

10 See theorem 13 of footnote reference 8. 
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Parseval's theorem provides the relation (sum of squares  series is that a partial sum ending in a negative term is 
of orthogonal components = square of norm)  exceeded by the limit by an amount no greater than the 

value of the next term (27). Thus 
1  2 '  1  m7  1/2"  1 

;._, 
a2n2F  n2F m i  m 2  an  f-1/21?  anF 
 + —  L — sin2 =  I c(t)I 2dt =   5 n/4 

E  z 1 —sin2 mr =.-  r 2 ( 
1 

1 — — ,j.. (21) 
m-I  no  an  2an  an  _ 

Since (19) is monotone increasing with r, (21) is an up-
per bound. It remains to establish a lower bound on (19).  The inequality can be maintained if the positive last 

sum is replaced by an upper bound. 

= — L — + — E -- cos —  (22)  It is easy to show  in the  case  of  any  function  f(x),  
1 mi  m 2 2 

,--,r 1 . mr  1 ,---%  1  1 r  — 1  2rm  

m-i m2 an  an  positive and concave downward between two  ad jacent  _  m_i m 2 

We consider the first term in the right mem ber. It is easy  zeros at integer values xi and x2, that 
to show  .2  . E f(m) 5_. f , f(x)dx. 

w 1 in r2  = zi zi 

(23) 

Therefore, 

E = _ • 
,n_i In2 6 

r 1  7.2  so 

. „.+1  m 2 m2  6 
(24) 

Now the function 1/x' is monotone decreasing to zero 

and concave upward. Therefore, 

co  1 rZ  dx  1 

E — m=r+i m2  ri-1 (x — 1)2 
Substituting in (23) gives 

1 x_r 1  72 1 
_ >  _ 
2  m2 — 12  2r 

which is a lower bound for the first term in the right 

member of (22). 
We now consider the remaining term. Substituting 

(21) and (23) in (22) gives 

1  —1  27m .2/1  1  1 
—  — cos    )  (26) 
2  m2 an  2 6  an  a 2n2 

(25) 

1 

—1  27rm 
cos 

m 2  an 

—1 
m 2 

7an/ 4 

In 6an/4 

2rm 

an 

—1  2rm 
cos   •  (28) 

m 2  an 

Now the function — (1/x2) cos 27rx/an has zeros at 
x1= 5an/4 and x2= 7an/4 and in this interval it is posi-
tive and concave downward. Therefore 

—1  2rm  2r x 7an/ 4  7an/4  1 

E — cos  < — /ban/ 4  ; 2- COS —  dx 
m...ban/ 4  M 2  an  an 

27r r712  1 
= —  — cos ydy 

an J 6w/2  Y2 

27r FCOS yl7r/2  27  7r/2 

an L Y  -15T/2+  —  iSi(Y)  1 6w/ 2 an   
= 

27 
= —  [Si(7r12) — Si(5r/2)]. 
an 

Evaluating the last term provides the result 

7an/ 4 

nt=5an/ 4 

—1  27m  0.147 
cos —    

m2  an  an 

Substituting this and (26) in (28) gives 

1 San/4 „.-.,  — 1  27m  72 4.86  r2 
—  --cos   
2 ...I  1/22  an  12  an  2a2n2 

which is negative for an  6. The terms of the second 
sum of the right member of (22 ) form the partial sum for  Substituting this and (25) in (22) gives 
r terms of the infinite series of (26). The terms of the  raan/4  1  tn7  4.46  72 
series converging to the negative limit (an . 6) of (26) E — sin2— an  an 2a 2n2 tn2 

can be grouped in the intervals 1 m .•an/4 and  m-i 
(2q-1)an/4  m ._,. (2q-I-1)an/4, q=1, 2, • • • , to form  Combining this with (21), we have 

a series of alternating terms converging to the same 1 )  r 5' /4  1  r m  

negative limit. Each term after the first is  r2  ( 1 — —  E —sin2 
a n  in= 1 2an  m 2 an 

(2q4-1)an/4  1  27m  2 

E — Cos    (o.904 — 
1 

(29-1, an/ 4 M 2 an   — ) • 2an  an 

The partial sum consisting of the first three alternating 
terms has q= 2 and r =5an/4. The fourth term 

7",,I4 

rra Ernn/ 4 

—1  27rm 
cos   

m2  an 
(27) 

Therefore, when an  20 and r/an  5/4 

r  1  'Mr E —sin2 
m 2  an 

is positive. A well-known characteristic of alternating  is never less than r/ Vi-cWt by more than 8 per cent. 
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Propagation of Radio Waves in the 
Lower Troposphere* 

J. B. SMYTHt, AND L. G. 

Summary—The effect of tropospheric layers on the propagation 
of high-frequency radio waves has been experimentally investigated. 
A theory is proposed which is in agreement with the salient propaga-
tion characteristics observed on a nonoptical link. Fields beyond the 
optical horizon are governed by the layer height and the refractive 
Index change through the layer. For low layers the higher frequencies 
have the advantage because of height gain, whereas for higher 
layers the lower frequencies have the advantage of higher reflection 
coefficients. 

I. INTRODUCTION 

  LECTROMAGNETIC waves transmit energy 
14  into the shadow region beyond the optical hori-

zon by several different processes: first, the longer 
waves are diffracted around the earth; second, a small 
band of intermediate frequencies is effectively reflected 
from the ionosphere; and third, refraction and reflection 
in the lower troposphere frequently make it possible to 
establish communication on the higher frequencies over 
distances many times the optical line of sight. This pa-
per is a summary of some of the facts about this latter 
type of propagation. 
The immediate problem is quite clear. How is electro-

magnetic energy, radiated from a source near the earth's 
surface, distributed throughout a volume enclosed be-
tween the earth and a concentric sphere of sufficient 
radius to include all practical applications of the energy? 
If the atmosphere were homogeneous, the problem 
would be one of diffraction alone.'--4 However, over most 
areas of the earth the atmosphere in juxtaposition with 
the ground is seldom homogeneous; air masses are con-
tinually being modified by the surface over which they 
pass, and frontal activities produce elevated transition 
regions between air masses. Relatively large changes in 
temperature and water-vapor pressure through these 
regions produce index-of-refraction gradients that 
markedly affect the propagation of high-frequency ra-
dio waves. Typical index distributions under different 
atmospheric conditions are shown in Fig. 1, and will be 
more fully discussed in Section II. 

• Decimal classification: RI12.2. Original manuscript received 
by the Institute, November 5, 1946; revised manuscript received, 
December 26,1946. 
t United States Navy Electronics Laboratory, San Diego 2, Calif. 
1 K. A. Norton, "The calculation of ground-wave field intensity 

over a finitely conducting spherical earth," PROC. I.R.E., vol. 29, 
pp. 623-639; December, 1941. 

'B. van der Poland H. Bremmer, "The diffraction of electromag-
netic wayeefrom an electric point source round a finitely conducting 
sphere, with applications to radiotelegraphy and the theory of the 
rainbow," Phil. Mag., vol. 24, part I, pp. 141-176; July, 1937; part 
II, pp. 825-864; November, 1937. 
• T. L. Eckersley, "Ultra-short-wave refraction and diffraction," 

Jour. I.E.E. (London), vol. 80, pp. 286-304; March, 1937. 
• G. N. Watson, "The diffraction of electric waves by the earth," 

Proc. Roy. Soc. (London), vol. 95, pp. 83-99; October 7,1918; and pp. 
546-563; July, 1919. 
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The effect of the lower atmosphere on radio wave 
propagation was not fully appreciated until higher fre-
quencies came into general use. Several experimental 
investigations5- " during the middle 1930's qualitatively 

• • C 
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Fig. 1—Typical index-of-refraction distributions. 

III 

indicated that field strengths beyond the optical hori-
zon could be quite different on different days, and the ef-
fect was correctly attributed to variations in at-
mospheric refraction. It was not until high-frequency 
radars came into use during the war that a concen-
trated effort was made to investigate quantitatively the 
effect of meteorological conditions on transmission be-
yond the line of sight. 

At the higher microwave frequencies attenuation of 
energy by rain"." and water vapor becomes a serious 
problem, and in many cases overshadows the advantage 

'C. R. Englund, A. B. Crawford, and K. W. Mumford, 'Further 
results of a study of ultra-short-wave transmission phenomena," Bell 
Sys. Tech. Jour., vol. 14, pp. 369-387; July, 1935. 

'R. A. Hull, "Air mass conditions and the bending of ultra-high-
frequency waves," QST, vol. 19, pp. 13-18; June, 1935. 

7 R. A. Hull, "Air-wave bending of ultra-high-frequency waves," 
QST, vol. 21, pp. 16-18; May, 1937. 

• W. Ochmann and H. Plendl, "Experimentelle untersuchungen 
iffier die ultrakurzwellen," Hochfrequens. end Elecktroakustik, vol. 52, 
pp. 37-44; August, 1938. 
• R. L. Smith-Rose and J. S. McPetrie, "Ultra-short radio wave 

refraction in the lower atmosphere," Wireless Eng., vol. 11, pp. 3-11; 
January, 1934. 

la  C. D. Thomas, and R. C. Colwell, "Wave reflections from dif-
fuse boundaries," Phys. Rev., vol. 52, pp. 1214-1216; December, 1939. 
"A. W. Friend, and R. C. Colwell, 'Measuring the reflection re-

gions in the troposphere," Pace. I.R.E., vol. 25, pp. 1531-1541; De-
cember, 1937. 

"A. W. Friend and R. C. Colwell, 'The heights of the reflecting 
regions in the troposphere," PROC. I.R.E., vol. 27, pp. 626-634; Oc-
tober, 1939. 

la S. D. Robertson and A. P. King "The effect of rain upon the 
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gained by atmospheric refraction. This effect is of minor 
importance at frequencies discussed in this paper, i.e., 
below 1000 megacycles. Consequently, attention will be 
focused on index-of-refraction distributions which oc-
cur in the lower troposphere, and their effects on the 
propagation of high-frequency radio waves. 

II. INDEX-OF-REFRACTION DISTRIBUTIONS 

At the present time there appears to be no satisfac-
tory method for measuring directly the index-of-refrac-
tion gradients in the lower troposphere. The index of 
refraction is a function of pressure, temperature, and 
water-vapor content; in practice these parameters are 
measured and the refractive index calculated from the 

empirical relationship' 

78.5 (  4800e 
(n — 1) X 10' =   P    

T ) 
(1) 

where n is the index of refraction, P is the barometric 
pressure in millibars, e the water vapor pressure in mil-
libars, and T the absolute temperature. 
In a well-mixed atmosphere the index of refraction 

decreases almost linearly with increasing elevation. It 
has been shown " for this case that the problem of re-
fraction may be replaced by a problem in diffraction of 
radio waves around a sphere of radius approximately 
equal to 4/3 times the actual earth's radius and sur-
rounded by a homogeneous atmosphere of index of re-
fraction B." With this transformation, typical indices 
of refraction most generally encountered are shown in 
Fig. 1. Fig. 1(a) shows the ideal case of a well-mixed at-
mosphere; 1(b) is an example of modification produced 
by adding water vapor or subtracting heat from the air 
near the earth; and 1(c) is a common type of index vari-
ation through the interface between two air masses, 
where the underlying mass is colder and has a higher 
water-vapor content than the over-riding air. This lat-
ter type of index distribution is the one of main interest 
in this paper. 
In the summer season, San Diego lies within the belt 

of the subtropical anticyclones and, with the absence 
of surface frontal activity, a stagnant circulation exists. 
Because of the persistence of high-level anticyclonic 
circulation aloft, pronounced subsidence is maintained 
throughout this season. By subsidence aloft a thermal 
inversion exists over a large maritime area, and thus 
forms the boundary between the lower maritime polar 
and the continental tropical or superior air aloft. Varia-
tion in the height and the magnitude of the inversion are 
the governing factors in daily weather phenomena. 
The index of refraction variation through the transi-

tion region between these two air masses, modified as in-

J. C. Schelleng, C. R. Burrows, and E. B. Ferrell,. "Ultra-short-
wave propagation. "PROC. I.R.E., vol. 21, pp. 427-463, March. 1933. 
"B....ni-ah, where a =1.18X10-8 /feet. 

dicated above, can be represented very closely by17,18 

B 32 ±  B 12  B a2  B 12 

[B(,)] 2 =   2  2   tanh u/2  (2) 

where B1 and B3 are the values of the index of refraction 
in medium land medium III, respectively, and u =kz/p, 
p being a parameter which determines the thickness of 
the transition region, z is the altitude, and k = 271-/X as 
usual. In the case of an elevated layer, Fig. 1(c) shows 
the agreement between the theoretical curve given by 

(2) and a typical set of experimental data. 

III. REFLECTION FROM ELEVATED LAYERS 

Ignoring the earth for the moment and assuming a 
horizontally stratified atmosphere, it has been found"." 
that the wave equation may be solved in closed form 
for the index-of-refraction distribution given by (2). The 
intensity reflection coefficient for this type of transition 

layer is given by 

sinh2 ir(a — fi) 
R = 

sinh2 r(a + 13) 

where 

(3) 

a = pB, cos 0, 
= pB3 cos 03. 

01 is the angle at which the radiation is incident upon 
the transition stratum, and 03 is the refracted angle above 
the layer. 
Fig. 2 gives the reflection coefficient in decibels below 

the intensity of the incident radiation, for several an-
gles of incidence, as a function of the ratio of stratum 
thickness to wavelength. The change in index through 
the layer is taken to be 60 X 10-", which is in the range 
observed over the San Diego area during the summer 
season. At incident angles equal to or greater than the 
critical angle," reflection is complete. For a given index 
change and transmitter elevation there will be a layer 
height such that all the radiation will be incident upon 
this layer at angles slightly less than the critical angle. 
We shall call this the critical height. For layer heights 
greater than this critical height, the lower frequencies 
will be reflected more strongly than the higher frequen-

cies. In addition, any deviation of the layer from the 
horizontal plane will affect the higher-frequency radia-
tion more than the lower frequencies. As the layer rises 
above the critical height, the incident angles become 
smaller, and consequently the effect of the reflection 
diminishes with increase in frequency. 
Continuous measurements made on a 90-mile non-

optical link over water offer data that can be compared 
with the above theory. Fig. 3 shows a condensed log 

17  P. S. Epstein, "Reflection of waves in an inhomogeneous ab-
sorbing medium," Not. Acad. Sc., vol. 16, pp. 627-637; October, 
1930. 

16 C. Eckart, "The penetration of a potential barrier by electrons," 
Phys. Rev., vol. 35, pp. 1303-1309; June, 1930. 
"O 89° 22.5' for B-60 X10. 
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of the field strengths received during a period when 
considerable meteorological data were taken. Maximum 
and minimum field strengths during successive two-
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Fig. 2—Reflection coefficient in decibels below the intensity of 
the incident radiation. 

hour intervals are plotted in decibels below the free-
space level at the receivers, thus showing the general 
signal level and the fading range for each of the three 
frequencies used. The elevation of the base of the tern-
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vation of the layer increases above the critical height, 
i.e., the height at which the radiation is incident on the 
layer at angles less than the critical angle, the higher 
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Fig. 4—Maximum fields compared with theory. 

frequencies decrease more rapidly than the lower fre-
quencies and the fading range is correspondingly 
greater. This is in qualitative agreement with the theo-
retical curves of Fig. 2. 

It will be observed that for low layers, where part of 
the radiation is incident at angles greater than the 
critical angle, the lower-frequency fields do not increase 
to the free-space level, whereas the higher-frequency 
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Fig. 3—Condensed log of field-strength records over the 90-mile link from San Pedro to San 
Diego. Transmitter and receiver at 100 feet altitude, horizontal polorization. 
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perature inversion, which is approximately the bottom 
of the transition layer (Fig. 1 (c)), is shown by the dis-
crete points in the upper part of the figure. As the ele-

5 

fields increase above this level. In fact, if the layer height 
decreases below a certain height the lower-frequency 
signals decrease. This apparent discrepancy is closely 
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connected with the fact that the boundai y condition at 
the earth's surface has been ignored. 
For layer elevations greater than the critical height, 

the middle of the path may be assumed the point of re-
flection from the elevated stratum. Assuming complete 
reflection from the sea surface, optical height-gain cal-
culations' show that the energy incident upon the layer 
is less for the lower frequencies than for the higher fre-
quencies. Using this concept, together with the reflec-
tion coefficients from the layer, gives the theoretical 
curves shown in Fig. 4. The discrete points give the 
maximum field received during the hours in which 
meteorological data were taken. A mean value of layer 
thickness was assumed in the calculations and conse-
quently a point-to-point agreement should not be ex-
pected. However, the general level of the fields and the 
variation with layer elevation are quite definite. 
For low layers the above simple method yields values 

for the fields which are too small. This indicates that the 
center of the path is no longer the controlling point for 
reflection. For low layers an exact solution of the wave 
equation satisfying the boundary conditions" should 
yield correct results. 
The diffracted field is below detection for all the fre-

quencies used on the 90-mile nonoptical link. During the 
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Fig. 6—Typical index and density distributions 
along propagation path. 
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I° C. L. Pekeris, "Perturbation theory of the normal modes for an 
exponential M-curve in nonstandard propagation of microwaves," 
Jour. Appl. Phys., vol. 17, pp. 678-684; August, 1946. 

winter, on occasions when frontal activity dissipates all 
low-level inversions, all the fields decreased below detec-
tion. 

IV. FADING 

Fig. 5 is a photograph of the receiver recording-tape 
plot for conditions of a low and a moderately high tem-
perature inversion. When the layer is low the variation 
in field strength is relatively slow in time, and the varia-
tions are smaller for the lower frequencies. The intensity 
variation is greater when the layer is higher. 
Fig. 6 shows a typical distribution of index of refrac-

tion. along the transmission path. In addition to this 
space variation, the index distribution on the vertical 
plane changes with time. It should be noted that the 
largest change in density takes place through the tran-
sition layer, and this provides the possibility of Helm-
holtz waves" in the reflecting stratum. These small inter-
face waves are evident by the undulations on the top 
surface of the stratus cloud deck which forms the lower 
boundary of the transition layer between the two air 
masses. 

The transition layer is a warped surface upon which 
is superimposed small interface waves. The shape of the 
surface and the characteristics of these waves vary 
both in space and time, and possibly contribute a great 
deal to the complexity of signal fading beyond the opti-
cal horizon. In addition, turbulence in the atmosphere 
may contribute to high-frequency scintillations. 

V. CONCLUSION 

Treating the elevated refracting stratum as a plane 
reflecting layer seems to agree in general with experi-
ence in that the observed frequency dependency of the 
reflecting layer is predicted; the observed fading char-
acteristics of the different frequencies are in the right 
direction, i.e., the higher the frequency the greater the 
fading; and, under conditions of high layers, strong 
fields well beyond the horizon cannot be explained on 
the basis of refraction alone. 

The height of the layer above the earth introduces 
another factor which depends on the frequency. For 
layers greater than the critical height, height-gain cal-
culations in the optical region, together with reflection 
coefficients, give the fields to be expected beyond the 
optical horizon. Agreement between measured and cal-
culated fields is fair. 

Si  H. Lamb; "Hydrodynamics," Dover Publications, New York, N. Y., 1945; p. 363. 
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The Determination of Ionospheric 
Electron Distribution* 

LAURENCE A. MANNINGt, ASSOCIATE, I.R.E. 

Summary—The virtual height versus frequency integral is de-
rived, neglecting absorption and the earth's magnetic field. It is 
shown how solution of this integral equation can be obtained using 
the Laplace transformation, and how true height versus frequency 

can be determined graphically from virtual height versus frequency 
curves. Application of the method is made to some typical nighttime 

and daytime ionosphere records. 

INTRODUCTION 

P
ROBABLY the most important method of iono-
spheric investigation is the pulse technique orig-
inated by Breit and Tuve. In this method short 

pulses of radio-frequency energy are directed vertically 
upwards, and the time required for them to travel to the 
ionosphere and return is recorded oscillographically. 
By measuring this delay time as a function of frequency, 
curves are obtained which are of great value in deducing 
many of the properties of the upper atmosphere. It is the 
purpose of this paper to show how these records may be 
used to calculate the distribution of ionization in the 
ionosphere by a direct and rigorous method. It is not 
a new problem. Appleton' and de Groot2 showed the 
essentials of its solution a good many years ago, but 
applications of the method seem to have been few. 
More recently, Rydbecks has treated the question, as 
has Pekeris,4 although without laying much stress on 
application of the procedure. Here we shall demonstrate 
the method of solution of the equations involved and 
then present a number of illustrations of actual de-
termination of the electron distribution. 

PART' I—THEORY 

Basic Relations 

As a starting point for the analysis three fundamental 
relations are needed, of which the first is that for the 
refractive index II of the ionosphere. The form to be used 
here neglects the earth's magnetic field, and assumes no 
absorption. It is 

/  KN \'12 
(1) 

• Decimal classification: R113.602.3. Original manuscript re-
ceived by the Institute, October 28, 1946. 
t Stanford University, Calif. 
1 E. V. Appleton, "Some notes on wireless methods of investigat-

ing the electrical structure of the upper atmosphere, II," Proc. Phys. 
Soc., vol. 42, pp. 321-339; June 15,1930. 

2 W . de Groot, "Some remarks on the analogy of certain cases of 
propagation of electromagnetic waves and the motion of a particle 
in a potential field," Phil. Mag., vol. 10, pp. 521-540; October, 1930. 

(). Rydbeck, "The propagation of electromagnetic waves in an 
ionized medium and the calculation of the true heights of the ionized 
layers in the atmosphere," Phil. Mag., vol. 30, pp. 282-293; October, 
1940. 

'C. L. Pckeris, "The vertical distribution of ionization in the up-
per atmosphere," Terr. Mag., vol. 42, pp. 205-211; June, 1940. 

where N is the number of electrons per volume unit, J is 
the frequency, and K is a constant. 
The second fundamental equation is a direct result 

of (1) and of the definition of refractive index. It is quite 
easy to show that whenever refractive index is given 
by an equation of the form (1+ C/co2)1/2, with C a con-
stant, the group and phase velocities are related by the 
equation vg • vz, = c2. Combining this relation with the 
definition of refractive index µ =s/v„, we have 

= v2/c.  (2) 

The third fundamental equation is simply the defini-
tion of velocity as the time derivative of position, 

v = dzldt.  (3) 

Here z is taken to be a variable co-ordinate above the 

earth's surface. 
From (3) the time taken by a wave of velocity v(z) 

to reach a height z is t =fgdz/v. Noting that a pulse of 
energy travels at approximately the group velocity 
rather than the phase velocity, (2) gives us 1/v = 1 /tic, 
so that, with the aid of (1), 1/v =f/c(f2 — KN)hl2. Making 
this substitution in the integral, 

dz 
t = —f f   

c  (f2 — KN)'12 

The functions t(f) defined by this integral correspond to 
the experimental time-delay versus frequency curves, 
and may be computed if N(z) are known. .Our problem 
is to work backwards and see if we can find N(y), given 
the experimental curves t(f). 

Virtual Height 
We now define virtual height z. as the product of c 

and the time taken by the wave to reach its maximum 

height z„,. 
dz 

(f2 _ 30/2 z. = f  (4) 

where for the simplicity KN has been replaced by M, so 
M represents the electron density in units of megacycles 
squared. It is common practice to scale the experi-
mental ordinates directly in terms of virtual height, 

rather than time delay. 
The preceding expression is the basis of most iono-

spheric path calculations. The integral, however, is ex-
tremely unpleasant to deal with. There are two reasons 
why this form is awkward to handle. The flint reason is 
that M, which varies with z in a rather involved man-
ner, appears in the integral in an equally involved 
manner. The second reason is that z., the true height to 
which a wave of frequency f ascends, is a complicated 
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function off. Actually, it is the inverse of the function 
M(z), since a wave of frequency f goes to a height 
zm(f) where /2=0, so j= M(z), and hence z„,=111-4 (f2). 
Considering the difficulties presented by (4), it is for-
tunate that by a simple change of variables they can all 
be disposed of. 
This manipulation demands a certain readjustment in 

viewpoint. Equation (4) contends that to each height 
above the earth there is a definite electron density M 
corresponding; M(z) is the curve of electron distribu-
tion. But it is equally logical, and for many calcula-
tions simpler, to consider that for each value M of the 
electron density a certain height Z corresponds; then 
Z(M) is the curve of electron distribution. The only 
drawback to use of this concept is that, although M(z) 
is necessarily single-valued, Z(M) is not necessarily so. 
Since the analysis which follows does not hold unless 

Z(M) is single-valued, it might be thought that by intro-
ducing the function Z(M) to our equations we are un-
necessarily restricting the validity of our results. This is 
not the case, however, since from physical considera-
tions it can be shown that it is impossible to determine 
exactly the electron distribution beyond the first' maxi-
mum of the M(z) function in any event. Recalling that 
a wave of frequency f is turned back at a height such 
that M=f2, it is evident that the single-valued func-
tion formed by taking the least value of Z(f) is the true-
height function. 

Change of Variables and Transformation 

In actually transforming (4) to a workable form it is 
convenient to introduce a number of changes of nota-
tion. Instead of f, let us write g. Then, for z„(f)/f, 
write P(g). Now introduce the new variable of integra-
tion M, so that z =Z(M), and dz=Z1(M)dM. With 
this substitution the limits are changed; when z=z„„ 
M=g, and when z = 0, M=0. Putting all of these substi-
tutions in (4), we obtain 

g Z'(M) 
f  ( g  wiz P(g) =   dM 

a special case of Abel's integral equation.5 Examination 
of the integral reveals a number of pleasing character-
istics. First, the involved function in the integrand 
Z'(M) enters in a linear manner into the integral. 
Second, the upper limit of the integral is not a function, 
but an independent variable. Another fortunate char-
acteristic of (5) will become more evident upon a further 
change of variables. Let ligii2=P1(g), and Z'(M) 
=P2(M). Then (5) becomes 

(5) 

P(g) =  Pi(g — M) • P2(M) • dM.  (6) 

This is seen to be a real convolution, or Faltung,5-7  

I G. Doetsch, "Laplace Transformation," Dover  publicat ions , New  
York, N. Y.; 1943. Text in German. 
• R. V. Churchill, "Modern Operational Mathematics in Engi-

neering," McGraw-Hill Book Co., New York and London; 1944. 
7 M. F. Gardner and J. L. Barnes, "Transients in Linear Sys-

tems,' vol. I, John Wiley and Sons, Inc., New York, N.Y.; 1942. 

integral. Taking the Laplace transform, we obtain 

P(s) = pi(s) • p2(s)  (7) 

where, by definition, p(s)=L[P(g)], pi(s)=L[g--2/2], 
P2(s)=L[Z1(g)]. The Laplace transform f(s) of F(1) is 
defined by f(s)=L[F(t)j= .1;7 F(t)e—ddt. Hence we have 
Pi(s) =“1/2)/s1/2= (7r/s)1/2 by direct integration, where 
PO is the gamma function. Also, as a result of integra-
tion by parts, p2(s)= sL[Z(g)}—Z(0)= sr(s) —Z(0). 
Combining, we have 

p(s) = (7r / s)112 [4-(s) — Z(0)].  (8) 

In terms of these transforms, then, our integral equa-
tion has become a mere algebraic equation. Solving it 
for t(s), 

r(s) = [p(s)/r][7r/s]h12 Z(0)/s.  (9) 

We may now reverse the procedure whereby we went 
from (6) to (7), and so obtain 

1 1.M 
Z(M) = -J [P(g)/(M — g)112]dg + Z(0).  (10) 

7  0 

Here we have the desired result, an explicit expression 
for electron distribution in terms of known functions. It 
will clarify matters to return to the original notation. 
Using P(g)=z/f, g=f2, dg=2f • df, and noting that 
when g= M, f=Nrk, there results 

2 vif 
Z(M) = -J  [z./(M — f2Pildf  Zo (11) 

Ir  0 

where Zo = Z(0). The above equation gives the electron-
distribution function as a functional transformation of 
the virtual-height function. The only necessary caution 
is to remember that we have assumed M(z) to be single-
valued. In terms of the experimental data, this condi-
tion means that the virtual-height versus frequency 
function must be bounded, if we maintain the funda-
mental assumptions of the analysis. For purposes of 
comparison it is interesting to put (5) in the usual nota-
tion, too. 

= fÌ [Z'( M)/(1 — Alt/9111,1m.  (12) 
0 

Equation (11) can be written in a slightly different 
way so as to give true height as a function of the vertical 
incidence frequency fv involved. 

2 r 
Z( f) 1.4/(fv2 f2)112 1df  Zo.  (13) 

7r  o 

It is interesting to note that (12) and (13) form a func-
tion transform pair. Equation (12) transforms the dis-
tribution function into the virtual-height function, 
while (13) does just the converse. 

Simplified Form 

For use in determining the electron distribution or 
true height experimentally, (13) can be advantageously 
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transformed. As it stands, the process of determinining 
the true height corresponding to a given frequency 
(electron concentration) f, is to plot a curve derived 
from the z(f) curve by dividing at each point by the 
value of the radical, and finding the area under this 
curve up to the frequency  At f„, however, the radical 
becomes zero, so that it is necessary to find the area of 
a curve with a singularity. The simpler procedure is a 
result of making in (13) the substitution f=f„ sin 0, 
df=f„ cos Oda. When f=0, 0=0. When f=f„, 0=7r/2. 

Hence, 
r/2 

7 4,)  =  (2/7r) f  z,(f,, sin 0)•d0  Zo.  (14) 

Using (14), the process of finding the height correspond-
ing to a given electron density or vertical-incidence fre-

quency is very simple. 

Technique of Analysis 

The given datum is a curve of virtual height z, versus 
frequency f. Choose f,,= NTH, M being the electron con-
centration whose height is desired. Replot z, as a func-
tion of 0, 0 going from zero to ii-/2 (90 degrees). This is 
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Fig. 1—Analysis of the ionospheric electron distribution for June 2, 
1944, 2300 local time, at Stanford University, Calif. (a) Virtual 
and true height versus frequency. (b) Derived curves used in com-

puting true height. 

most easily done with a slide rule in accordance with the 
relation f=f„ sin 0, where it is to be noted that f„ is for 
the time being fixed. The frequency f is entered on the 
experimental curve to find the virtual height z, cor-
responding to 0 on the derived curve. To determine 
Z(f,) it is necessary to integrate the derived curve from 

0 to 7r/2, and multiply by 2/7r. This integration and 
multiplication is performed with a planimeter which is 
calibrated so that the area within the rectangle bounded 
by z, =100 kilometers and 0=90 degrees is 100 kilo-

meters. 
To determine complete curves of electron distribu-

tion, it is necessary to compute point by point the true 
heights corresponding to given frequencies f,. For each 
of these true heights it is necessary to draw a derived 
curve and find the area with a planimeter, but the work 
involved is not great, especially as the derived curves 
tend to form a family, so that not many points need be 
used except on the first few. 
Fig. 1 shows a sample analysis. The upper curve in (a) 

is the experimentally determined virtual-height func-
tion. In (b) are shown six derived curves obtained from 
the virtual-height curve by warping the frequency scale 

in accordance with the relation f=f, sin 0. The area 
under one of the derived curves gives the true height 
corresponding to the value of f, used in its construction. 
These true heights have been plotted as the lower curve 

in Fig. 1(a). 
PART II —APPLICATION 

Nighttime Records 

Nighttime records are generally characterized by 
much greater simplicity than are daytime records. 
Ionization in the E layer decreases to such an extent 
that it is ordinarily not possible to observe any regular 
refractive effects other than that of the F layer, using 
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Fig. 2—Virtual and true height versus frequency for June 2, 1944, at 
2030, local time. 

multifrequency recorders of usual design. For the pur-
poses of analyzing electron distribution, however, it is 
necessary that the virtual-height curve be extended all 
the way to zero frequency. In the case of the records 
analyzed here, no data were available for frequencies 
below 0.8 megacycle, and the virtual-height curves 
were consequently extrapolated to zero as if no lower-
layer ionization existed. If an appreciable E-layer 
ionization does exist at frequencies below 0.8 mega-
cycle, the true height found should be decreased some-
what, especially at the lower frequencies. 
Figs. 1 and 2 show typical nighttime virtual-height 

records. Fig. 2 represents conditions in the early evening, 
and Fig. 1 shows conditions two and one-half hours 
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later. In Fig. 3 are shown the electron distributions cor-
responding to these records. The distribution for 2030 
is interesting in that it is almost precisely elliptical. At 
2300 of the same day, however, the distribution shows 
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Fig. 3—Ionospheric electron distribution on June 2, 1944, at 2030 
and 2300, local time. 

320 340 

no such unexpected shape. If there is any arrangement 
of electrons that can be considered normal, and which 

will occur whenever extraneous influences are not at 
play, an analysis covering a much larger number of 
cases will be needed to determine it. 

Daytime Records 

Daytime records are characterized by the existence of 
a number of layers of relatively high ionization, and by 
the variety observed in the nature of the virtual-height 
functions. In Fig. 4 is shown a record of a very com-
monly occurring form. The E-layer critical frequency is 
sharp, and because of both the speed of motion of the 
oscillograph trace and of the relatively great absorption 
at a critical frequency, it almost appears on an actual 
record as if there is a discontinuous jump between the 
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Fig. 4—Virtual and true height versus frequency for June 2, 1944, 
at 1530, local time. 

E- and Frlayer virtual heights. But because an ideal 
lossless ionosphere having the same electron distribu-
tion as the actual one would produce an infinite virtual 
height on each side of the critical frequency, we must 
assume the experimental curve to do so, too, and thus 
assist our hypothesis of (1). On the far side of the E-layer 
critical frequency two virtual-height traces are observed. 
The upper trace is caused by the presence of the sepa-

rate F1 layer shown by the true-height curve. The lower 
trace is caused by a reflection from the far side of the 
E-layer maximum, and is hence a spora dic-E trace. 
Since the reflection occcurs above the height of maxi-
mum E-layer ionization, the wave is refracted as well as 
reflected, and consequently the virtual height becomes 
infinite as the E-layer critical frequency is approached 
from above. 
In addition to explaining the tail dangling from the 

E-layer critical frequency, analysis of the record of Fig. 
4 gives a good illustration of the existence of distinct 
E, 1, and F2 layers. It might be well here to say that, 
subject to the hypothesis of (1), the necessary and suffi-
cient condition that dN/dz=0 is that z6 become infi-
nite. With this necessity in mind, it becomes evident on 
examining many records with pronounced variations in 
virtual height that only flexures will occur in the true-
height curves. 
In analyzing the record of Fig. 4 we have simply 

ignored the restriction placed upon the solution that the 
virtual height must never become infinite. As a result, 
the true-height curve is not rigorous for frequencies be-
yond the E-layer maximum and, of course, it is not 
really rigorous near the bottom of the E-layer, either, 
since we merely assumed that the virtual-height curve 
could be extended all the way to zero frequency at 
exactly 110 kilometers. A consideration of the graphical 
process of finding the true height for a frequency some-
what above that at a previous layer maximum shows, 
however, that the virtual height near the critical fre-
quency plays a relatively minor role in determining the 
true height. Physically, note that, for these higher fre-
quencies, the transit time is little influenced by the re-
tardation of the wave in the region of lower electron 
density where a relative maximum may have occurred, 
so that in considering virtual height for, say, the F layer, 
the existence or nonexistence of an E-layer maximum is 
not important. Now it was seen graphically that the 
virtual height at a lower frequency, even though it may 
go to infinity for an earlier maximum, does not con-
tribute greatly to the final determination of height. We 
conclude, therefore, that analysis of true height is of 
value for frequencies above those for which the virtual 
height becomes infinite, and that the true-height curve 
becomes increasingly accurate as the frequency is raised 
above these critical values. In drawing true-height 
curves in tjle neighborhoo d of a relative  minimum  of  

ionization there is no mathematical guide, and physical 
reasoning and extrapolation must be employed to esti-
mate the true distribution. A slight warping of such 
curves as are shown in Fig. 4 may be made as they 
emerge from the ionizat ion  m inimum  if it seems  reason-
able, since the analysis is here  least  accurate.  

Anillustration of a transition record in which the 
F1 layer is disappearing is given in Fig. 5. Only a sag 
in the true-height curve remains where there were once 
distinct layers. A considerable insight into the signifi-
cance of virtual-height curves can be obtained without 
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actual analysis by merely considering the graphical 
process of obtaining the true height. It is obvious that 
there cannot be much of an Ft layer at 3.5 megacycles 
in Fig. 5 because in the graphical analysis there is no 
means by which a small change in f, can appreciably 
alter the area of the derived curve. This situation is dif-
ferent from that at a critical frequency where the virtual 
height becomes infinite. If f, is chosen just above such a 
critical frequency, the sinusoidal co-ordinate of the 
derived curve spreads out the region of high virtual 
heights over a considerable area. But if f, is chosen just 
slightly below the critical frequency, the virtual height 
co-ordinates are bounded, and a considerably smaller 
area is obtained. 
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Fig. 5—Virtual and true height versus frequency for May 27, 1944, 
at 1730, local time. 

Fig. 6 provides a most striking illustration of the 
fact that it is impossible to have a maximum of elec-
tron density unles§ there is a frequency of infinite virtual 
height. In this figure what appears at first glance to be 
indicative of a good E layer turns out to represent 
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Fig. 6—Virtual and true height versus frequency for May 31, 1944, 
at 1330, local time. 

merely a tendency towards a leveling off in electron 
density. Of course, if we thought that the virtual height 
was limited here by absorption or by the assumption of 
the validity of geometrical optics,' we should extend 
the traces to infinity for the sake of the analysis, but 
even so only a very slight maximum could exist with 
this record. 

0. E. H. Rydbeck, "Reflection of electromagnetic waves from a 
parabolic friction-free ionized layer," Jour. App!. Phys., vol. 13, pp. 
577-581; September, 1942. 

Electron Distribution 
Figs. 7, 8, and 9 show the electron distributions cor-

responding to the daytime records just discussed. 
These distributions are surprising, both because of their 
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Fig. 7—Ionospheric electron distribution for May 31, 1944, at 1330, 
local time. 
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Fig. 8—Ionospheric electron distribution for June 2, 1944, at 1530, 
local time. 
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Fig. 9—Ionospheric electron distribution for May 27, 1944, at 1730, 
local time. 

variety in shape, and because of certain points of simi-
larity between them. The most striking point of simi-
larity is that the true heights of the layers remain rela-
tively constant in time, irrespective of either the elec-
tron distribution or virtual height. The height of the 
F1-layer maximum remains at 200 kilometers in all 
three analyses, and the maximum height of the E layer 
seems fixed at about 130 kilometers. 
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Considerations in the Design of a Radar 

Intermediate-Frequency Amplifier* 
ANDREW L. HOPPERt, MEMBER, I.R.E., AND STEWART E. MILLERt, MEMBER, I.R.E. 

Summary—The intermediate-frequency amplifier of a microwave 
radar receiver is commonly required to provide approximately 100 
decibels amplification in a bandwidth of 1 to 10 megacycles, centered 
at frequencies in the 30- and 60-megacycle regions. Meeting such 
requirements. involves the use of five to ten amplifier stages of the 
highest efficiency that can be suited to production methods. In 
addition, the noise figure of the radar intermediate-frequency ampli-
fier is a significant contributor to the over-all radar receiver noise 
figure, and must therefore be maintained at an absolute minimum. 
By examining a particular intermediate-frequency-amplifier design 
(one providing an over-all bandwidth of 10 megacycles centered at 
60 or 100 megacycles), this paper discusses qualitatively the theo-
retical problems involved in such a design and gives data of practical 
importance to the engineer attempting to build a similar amplifier. 
Measured characteristics of approximately fifty amplifiers are su m-
marized to illustrate the end results achieved. 

I. INTRODUCTION 

1V1ICROWAVE radar receivers deve lope d dur ing  
the war are of the superheterodyne form, 
wherein the received signal is immediately con-

verted to an intermediate frequency and there ampli-
fied to a magnitude of the order of a volt. The inter-
mediate-frequency amplifier required in such a receiver 
is a very specialized device, as will be indicated in the 
requirements to be listed presently. 
During the war a vast amount of development effort 

has been applied to various aspects of the radar inter-
mediate-frequency-amplifier problem. A number of 
parallel developments have resulted in more than one 
method of accomplishing essentially the same result. 
This paper does not presume to be a comprehensive re-
view of such work, nor is it intended as an intense theo-
retical discussion of particular circuit arrangements or 
of the interrelation between the various design factors. 
Rather, a review of a specific intermediate-frequency-
amplifier development will be given, together with a 
brief indication of the theoretical and practical factors 
involved. 

II. DESIGN OBJECTIVES 

The microwave radar transmitter-receiver, for which 
this intermediate-frequency amplifier has been de-

•  veloped, is required in a service application where space 
and weight are at a premium. This means that all of the 
components of the transmitter-receiver must be as small 
and light as possible; in addition, the packaging of all the 
components should be arranged so as to minimize the 

• Decimal classification: R363.13. Original manuscript received 
by the Institute, August 2, 1946; revised manuscript received, 
November 15, 1946. 
t Bell Telephone Laboratories, Inc., New York, N. Y. 

size and weight of the over-all unit, at the same time 
maintaining its serviceability. The result of these re-
quirements in the case of the intermediate-frequency 
amplifier is that three individual chassis contain inter-
mediate-frequency amplifying tubes. 
The requirements just stated, together with other ob-

jectives which are self-explanatory, are given in the 
following list. 

(1) The best possible signal-to-noise performance 
must be maintained at all times, because the intermedi-
ate-frequency amplifier is a significant contributor to the 
over-all radar receiver noise figure. 
(2) The amplifier gain must always be sufficient to 

bring input circuit noise up to about one volt at the 
second detector output. 

(3) Approximately 10 megacycles bandwidth is re-
quired.' 

(4) The center frequency shall be either 60 or 100 
megacycles. 

(5) Since service use of the equipment involves main-
tenance by relatively unskilled personnel without the 
aid of a signal generator, satisfactory operation must be 
assured when defective tubes are replaced by randomly 
selected stock tubes. No compensating adjustments are 
permissible. 

(6) At least 60 decibels of manual or automatic gain 
control must be available. 

(7) Recovery of normal gain after a severe overload 
(large signal) should occur within one or .two micro-
seconds. 

(8) Size and weight shall be held to a minimum. 
(9) The packaging arrangement shall fit the needs of 

the over-all transmitter-receiver unit. 

(10) The mechanical layout shall be suitable for 
manufacture in quantity. 

(11) The band-pass characteristics and noise figure 
shall be reproducible in manufacture. 
It might be well to point out that one requirement 

which is not imposed on the radar intermediate-fre-
quency amplifier is linearity of the phase-versus-fre-
quency characteristic. Faithful pulse reproduction is a 
desirable feature which can be dispensed with if neces-
sary so long as the signal-to-noise ratio is not appreciably 
affected. The shape of the gain versus frequency char-
acteristic should be single-peaked at approximately the 
center of the pass band to facilitate receiver tuning, 
but in general it may have an irregular shape in the 
vicinity of maximum gain. 

All bandwidths mentioned herein refer to the frequency inter-
val between points 3 decibels down from maximum gain. 
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III. CHOICE OF THE MIDBAND INTERMEDIATE 

FREQUENCY 

In outlining the requirements on the intermediate-
frequency-amplifier development above, the question of 
the choice of the midband intermediate frequency was 
avoided. This problem is somewhat involved, but it is 
important enough to warrant a brief digression. 
In low-frequency receivers the intermediate frequency 

is often chosen in conjunction with the selectivity of the 
radio-frequency section which precedes the converter 
to eliminate interference due to another signal at the 
image frequency. In the microwave radar receiver, for 
reasons too lengthy to be discussed here, great effort is 
expended to enlarge the band width of the radio-fre-
quency section. In the absence of preselection, interfer-
ence may be reduced by the proper choice of intermedi-
ate frequency. If the intermediate frequency is greater 
than one-half of the total band of frequencies in which 
the desired signal and interfering signals may occur, 
image interference will also be eliminated. However, in 
the microwave radar receiver this would require an in-
termediate frequency so high as to be almost impracti-
cal, and the noise figure of the intermediate-frequency 
section would be so poor as to materially degrade the 
over-all performance of the receiver. Therefore, it is 
necessary to compromise between (a) elimination of in-
terference, and (b) quality of performance in the condi-
tion where no interfering signal is present. The tendency, 
based on the above reasoning, is to make the intermedi-
ate frequency as high as possible consistent with good 
receiver noise figure. 
The location of the image response on the radar's own 

transmitter (the case where the local oscillator is tuned 
to the opposite side of the transmitter frequency com-
pared to the desired operating condition) is a factor in 
the design of automatic tuning systems. Again the 
preference is for the highest possible intermediate fre-
quency to obtain the widest possible separation be-
tween the desired tuning point and the image tuning 
point. 
It has been implied that lower intermediate frequen-

cies result ,in better intermediate-frequency noise fig-
ures. This is a general truism, but the difference in the 
intermediate-frequency noise figure for a low and 
somewhat higher intermediate frequency depends on 
the bandwidth required. The noise-figure advantage of 
the lower intermediate frequency decreases as the inter-
mediate-frequency bandwidth is increased. 
In some radar systems the sideband noise of the local 

oscillator is an important contributor to the over-all re-
ceiver noise figure. During the major part of the war, the 
only practical way of reducing local-oscillator noise was 
to use a higher intermediate frequency, thereby placing 
the signal at a frequency further removed from the local-
oscillator carrier.2 (The output of a reflex-klystron oscil-

I Recent advances in wave-guide circuit design allow for elimina-

lator contains less noise at frequencies further removed 
from the oscillator frequency.) This aspect of the prob-
lem may be summarized by saying that there is an 
optimum intermediate frequency from the standpoint 
of over-all receiver noise figure alone. 
Finally, there is a very important factor which sug-

gests making the intermedate frequency just as low as 
possible: The bandpass circuits of the intermediate-
frequency amplifier are tuned entirely by stray circuit 
capacitance and vacuum-tube interelectrode capaci-
tance. This influences the choice of midband intermedi-
ate frequency because the number of megacycles misa-
lignment of cascaded tuned circuits caused by a given 
amount of capacitance variation is made smaller by 
reducing the intermediate frequency. Using a low mid-
band intermediate frequency to minimize the effect of 
capacitance variations is therefore most important in 
narrow-band (1 megacycle, for example) intermediate-
frequency amplifiers, and less important in wide-band 
amplifiers. 
Most microwave radar receivers developed in the 

United States have used midband intermediate fre-
quencies of 30 and 60 megacycles, whereas the British 
have used 45 megacycles. 
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Fig. 1—Typical interstage circuits: (a) synchronous single-tuned; 
(b) double-tuned, equal Q's; (c) staggered single-tuned (pair); and 
(d) feedback triple. 

IV. THE BASIC AMPLIFYING UNIT: THE INTERSTAGE 

CIRCUITS 

The amount of gain required can be roughly esti-
mated by noting that the objective is 1 volt output in 820 

tion of the major portion of local-oscillator noise without raising the 
intermediate frequency. 
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ohms, corresponding to a power level of 0.00122 watt 
or +0.9 decibel above 1 milliwatt. Thermal noise power 
KTB in a 10-megacycle band is 103.9 decibels below 1 
milliwatt. Therefore as a first approximation, 105 deci-
bels over-all gain is required to bring input-circuit noise 
up to 1 volt output from the second detector. 
Four commonly used types of interstage circuits are 

shown in Fig. 1. A careful comparison of these four 
types of interstage designs is beyond the scope of this 
paper. However, it is possible to point out the criteria 
which might be used in such a comparison: 
(1) Circuit efficiency—defined as the product of gain 

times bandwidth. 
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(b) 
Fig. 2—Calculated 60-megacycle gain characteristics: (a) no mis-
tuning, and (b) effect of mistuning when C's and R's vary by 
±10 percent. 

(2) Criticalness—defined as the change in the gain 
versus frequency characteristic due to changes in tube 
capacitance, circuit capacitance, or damping-res'stor 
values. 

(3) Ease of construction--a measure of the practical-
ity of putting the design into production. 
An evaluation of the available data on the criteria 

indicated above led to the choice of the double-tuned 
interstage circuit for the intermediate-frequency ampli-
fier to be described.  • 

Maximizing the product of gain and bandwidth is 
the dominant factor in selecting the best tube. A survey 
of the tubes available led to the selection of the 6AK5 
Miniature pentode.' Among the characteristics which 
make the 6AK5 an excellent intermediate-frequency 
amplifier tube are: (a) its small size, (b) its high ratio of 

s G. T. Ford, "Characteristics of vacuum tubes for radar inter-
mediate-frequency amplifiers," Bell Sys. Tech. Jour., vol. 25, pp. 385-
407; July, 1946. 

transconductance to input and output capacitance, (c) 
its low active grid-circuit conductance (about 30 microm - 
hos at 60 megacycles), and (d) its low power consump-
tion. 
Having selected the tube and the type of interstage 

network, the undetermined factor in the interstage de-
sign is the bandwidth of each interstage network. Al-
though some improvement in efficiency can be achieved 
by assigning different gain versus frequency charac-
teristics to succeeding double-tuned circuits (giving 
an over-all characteristic which is the result of adding 
several nonflat gain-frequency curves), the design to be 
described is based on maintaining equal Q's on both 
sides of the double-tuned transformer, and on designing 
all stages of the amplifier with identical gain versus fre-
quency characteristics. By so doing the amplifier is made 
less sensitive to parameter variations. In order to obtain 
a tolerable design the interstage capacitance is held as 
low as possible; the tuned circuits are resonant with 
stray-circuit capacitance and tube interelectrode ca-
pacitance. Therefore the circuit must be engineered on 
the basis that ±10 per cent capacitance variations will 
be experienced in the individual interstage circuits in an 
uncontrolled manner. Similarly, variations of ±5 to 10 
per cent must be expected in the values of damping 
resistors used in the tuned circuits. 
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Fig. 3—(a) Effect of misalignment of cascaded stages. 
(b) Bandwidth versus number of stages. 

For the amplifier under consideration it was found 
necessary to use ten stages, each having a 3-decibel 
bandwidth of 21 to 22 megacycles, and a calculated nom-
inal gain of 13+ decibels (based on a g„, of 5000 micro-
mhos). An eleventh stage was added for margin. 

The calculation of the interstage gain for a midband 
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intermediate frequency of 60 megacycles is given in 
Fig. 2. The upper half of this figure shows the char-
acteristic when all parameters are nominal. The lower 
half shows the effects of capacitance and resistance 
variations in some of the many combinations of such 
effects which are possible. Fig. 3 helps to show the way 
individual interstage misalignment reacts on the band-
width of a multistage amplifier. The upper half of Fig. 
3 shows the gain shape of two stages: (a) with nominal 
capacitance and resistance values, and (b) with nominal 
resistance values but one stage high capacitance and 
one stage low capacitance. The latter case is a severe 
one with respect to band narrowing. The lower half of 
Fig. 3 shows the multistage-amplifier bandwidth as a 
function of the number of stages using (a) the nominal 
case, (b) the case noted above of capacitance staggering, 
and (c) the case in which the capacitance and resistance 
are assumed to have their most unfavorable values in 
successive stages simultaneously. (The latter case is not 
apt to occur in practice, but it does show a limiting 
condition.) 
Before curves like those of Fig. 2 can be computed 

it is necessary to determine the magnitudes of C1 and C2 
which are composed of circuit and tube capacitances. 
The active value of C1 will be very close to its "cold" 
value (that with no power on the tube); however, the 
value of C2 will increase when the tube is turned on due 
to the presence of the electron cloud between the grid 
and the cathode. The increase of tube input capacitance 
may be of the order of 1.0 micromicrofarad. Conse-
quently, the following apportionment of the nominal 
interstage capacitance may be made: 

Input 
(micromicro-
farads) 

Output 
(micromicro-
farads) 

Tube capacitance (cold) 
Tube capacitance increase when hot 
Socket capacitance 
Stray circuit capacitance 

Total 

3.90 
1.0 
0.95 
0.95 

2.85 

0.9 
0.95 

6.7  4.7 

Knowing the capacitance distribution of the inter-
stage, conventional network theory may be applied to 
determine the remaining element values for the desired 
shape of band-pass characteristic. 
Building the double-tuned transformer involves a 

certain amount of empirical work to obtain the de-
sired coupling coefficient and self inductances. The 
physical configuration of the transformer used in this 
amplifier is shown in Fig. 4. The mutual inductance 
between primary and secondary is almost all due to flux 
linking the two or three turns of each winding nearest 
the dielectric fin in the center of the transformer form. 
Therefore the coupling coefficient may be determined 
by the thickness of the fin, provided that both wind-
ings are wound close to the fin. The outer end 'turns of 
the primary and secondary (shown spaced) do not link 

flux with the other winding and therefore do not con-
tribute to the mutual inductance. However, spacing 
these end turns in various ways will change the self 
inductance of the winding considerably. Use is made 
of this fact to adjust the self-inductance of the primary 
and secondary independently to the exact design value 
by comparison to a standard inductance. 

100 MC. 60 ?AC 
COIL DIAMETER (4) g IN. ION 
FIN THICHNESS It) 0.035 IN. 0.026 IN 
APPROR “I4.• 16% 23% 
WIRE SIZE NO.30 G.E. NO 33 B.E. 

NO. OF TURNS PRI. SEC. PSI. SEC. 
BALANCED 
INPUT 

1634 
1634 

le4,4 

IS 14 

INPUT 1334 103/4 1134 1234 
INTEASTAGE 1234 103/4 1534 123/4 
OUTPUT 1234 234 I6/4 I2/4 
DETECTOR 1234 133/4 163/4 163/4 

Fig. 4—Transformer data. 

The curves of Fig. 5 show the relation between 
coupling coefficient and transformer fin size for several 
diameters of forms. These curves are useful in estimat-
ing the proper dimensions for a new transformer design. 
The data for building the transformers used in this 
amplifier design have been tabulated in Fig. 4. 

50 
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Fig. 5—Coupling coefficient versus fin size. 

V. MECHANICAL DESIGN 

As previously mentioned, the packaging of the trans-
mitter-receiver brought about a breakdown of the 
intermediate-frequency amplifying system into three 
chassis: (a) amplifier No. 1, containing the input cir-
cuit and two intermediate-frequency-amplifier stages; 
(b) amplifier No. 2, containing six amplifier stages; and 
(c) amplifier No. 3, containing three intermediate-fre-
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quency-amplifier stages, a diode second detector, a 
video amplifier-limiter, a diode providing direct-cur-
rent reinsertion in the grid of the output stage, and a 
.cathode-follower video output stage. 
The schematic circuit diagrams of amplifiers Nos. 

1, 2, and 3 are shown in Figs. 6, 7, and 8, respective-
ly. 
Because the physical arrangement of parts is part of 

the electrical interstage design, it is appropriate to 
review this aspect of the problem. External and in-

4TH  I -F 
360  F  AMP 
AMP  VIO 
V100  Pi00  1 

6AK5  6AK5 

.1101 

This gives a structure resembling a totem pole, with 
the three disk-type capacitors parallel to each other and 
mounted on the same axis. Six such by'-passing assem-
blies are shown in Fig. 10 on the left side of the chassis. 
The outer rims of the capacitors are off ground, and 
are soldered directly to the tube socket pin to be by-
passed. The cathode by-pass capacitor is in the center 
of the totem pole, with the plate and grid by-pass 
capacitors above and below it; this aids in minimizing 
feedback due to cathode impedance common to the 

6TH I -F 
AMP 
v103 5TH  t -F 

AMP 
vt02 

6AK5  6AK5 
_ 

7TH  I- I--
AMP 
v104 

8TH  1-F 
AMP 
v105 

6AK5  .6AK5 

Fig. 9—Top view of amplifier No. 2. 

ternal views of amplifier No. 2 are shown in Figs. 9 and 
10. 
The layout of parts in Fig. 10 may be reviewed as 

follows: The intermediate-frequency signal is brought 
to this chassis by means of a low-impedance cable 
which terminates in the jack at the upper right-hand 
corner of the photograph. From there the signal is 
stepped up in a double-tuned circuit to the first tube 
grid, amplified in a series of identical interstages, and 
stepped back down to a low impedance at the output 
jack in the lower right corner of the chassis. The seven 
double-tuned transformers lined up in the center of the 
chassis are at an angle, to save space and to minimize 
mutual-inductance coupling  between  transformers. 
Heater decoupling filters (very necessary at these fre-
quencies) in the form of a ladder structure are located 
on the right-hand side of the unit. Also on the right-
hand side of the chassis, the series elements of the 
grid-circuit gain-control decoupling filters are desig-
nated Z/00 to Z104. The transmission circuit has just 
one point ground per stage, achieved by mounting the 
"button"-type capacitors used for by-passing the grid, 
cathode, and plate-screen circuits on a grounded rod. 

input and output circuits. 
Finally, a nonstandard method of making circuit con-

nections has been employed to reduce the interstage 
capacitance variations from amplifier to amplifier in 
manufacture. For example, in Fig. 10 the circuit con-
nection between Z105, socket terminal No. 6, R106, 
and the lower primary terminal of T102 is made 
by means of a single strip of brass. This strip is pre-
formed and drilled so as to serve as a mounting sup-
port for T102,. R106, and Z105 as well as to make the 
electrical connection. These preformed brass strips are 
made by a punching process, which is rendered eco-
nomical by using the same preformed part in every 
interstage of the amplifier. Similarly, a punched, pre-
formed part is used to serve as a mechanical support 
for T102, R101, Z100, and Z/02, as well as to make the 
electrical connections between these elements. Again, 
the same preformed part is used in corresponding posi-
tions of every interstage. The use of these two pre-
formed parts assures better uniformity in circuit 
capacitance by taking out of the hands of the wireman 
the decision as to the length and path the various con-
nections will have. 
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Use of the above-described method of construction 
contributes to the success of building the amplifier with-
out adjustments. The assembly and test procedure is 
as follows: 

(1) The chassis is wired complete except for trans-
formers. 
(2) The transformers are wound and adjusted on a 

Q meter (by moving the spaced turns) so that the 
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L112 

- 7103 

- 161115 

CI23 

•  - 8104 
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F -Ft117 

C125 

- 3100 

C101 

Fig. 10—Bottom view of amplifier No. 2. 

primary and secondary self inductances are the same as 
those of standard inductances within a tolerance 
equivalent to ±0.04 micromicrofarad at the mid-
band intermediate frequency. The transformers are 
then coated with a coil cement to hold the turns firmly 
in place. 
(3) The transformers are assembled in amplifiers, 

and over-all checks of gain, bandwidth, and other 
electrical characteristics are made At this point no 
tuning adjustments are available"or necessary. The 
electrical test procedure involves no adjustments. 

The results of this procedure are covered in the sec-
tion on over-all amplifier characteristics. 

VI. INPUT-CIRCUIT DESIGN 

The objective in the design of the input circuit . is 
to obtain the best noise figure achievable in the band-
width required.' Previous publications' have treated 
the input-circuit problem analytically, and the discus-
sion here will be confined to a review from the viewpoint 
of the present design. 
The tube for the first intermediate-frequency-ampli-

fier stage should be chosen for (a) low plate-screen 

;is po 

5 

ala  

•  I 

el; • 5 

• 4 

Ca 
9 3 

9 2 

0 200  
500  000 2000 5000 
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Fig. 11—Calculated noise figure versus source resistance 
for 6AK5 tube. 

noise, (b) low input . and output capacitances, (c) high 
transconductance, and (d) low input (grid) circuit con-
ductance. Again, the 6AK5 has been found superior to 
other available tubes, and therefore is used in this ampli-
fier. 

The variation of noise figure with input-circuit step-
up (ignoring stray capacitance for the moment) may be 
observed with reference to Fig. 11. The expression for 
noise figure 

NF = 10 logio [1 + B11,-  (1 ± fly] (decibels) 
R,  R,  R, 

follows directly from Friis' definition of noise figure and 

H. T. Friis, "Noise figures of radio receivers," PROC. I.R.E., vol. 32, pp. 419-422; July, 1944. 
E. W. Herold and L. Malter, "Some aspects of radio reception 

at ultra-high frequency," PROC. I.R.E., vol. 31, pp. 491-510; Sep-
tember, 1943. 
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the equivalent circuit of Fig. 11. The symbols in this 
equivalent circuit have the following meanings: 

R. and 17, are the internal impedance and the voltage 
of the source of signal 

V. = V4KTAfR, is the thermal noise of the signal 
source 

Vs= V4KTAfRg is an equivalent generator represent-
ing shot noise, referred back to the grid of the 
tube 

R0= is the vacuum-tube loading due to transit time 
and lead-inductance effects 

= BKTAfR, where B is a constant introduced to 
properly represent the noise effect of active grid 
loading.• 

The calculations represented in Fig. 11 are only ap-
proximately applicable to a complete intermediate-fre-
quency amplifier, because it has been assumed (a) that 
the first tube of the amplifier is the sole contributor to 
amplifier noise figure (a good assumption in many cases 
where pentode first-stage tubes are used), (b) that in-
put-circuit transformer losses are negligible, and (c) 
that B=5, the value North7 suggests for the grid-con-
ductance effect of electronic transit time only. Never-

INCREASING NO
ISE 

4. V 

/ „r• 

/ 

100 MC , ., / 

6014C ..." .. ...•••• 
. /.... 

INCRCASiNG BANOWiDTH 

Fig. 12—Optimum noise figure versus bandwidth. 

theless, Fig. 11 does show the first-order effects of 
changing source impedance, level, or midband inter-
mediate frequency. At low frequencies where Re—.00, 
shot noise is the only tube-noise contribution, and the 
optimum source impedance approaches an open circuit. 
At higher midband frequencies active grid loading be-
comes appreciable and there is an optimum source im-
pedance from the noise-figure viewpoint. The optimum 
source impedance may be obtained by differentiation of 
the expression for noise figure, and it is 

I The expression "active grid loading" as used in this paper repre-
sents the effects of electronic transit time and lead-inductance feed-
back effects. 

7 D. 0. North and W. R. Ferris, "Fluctuations induced in vacuum-
tube grids at high frequencies," PROC. 1.R.E., vol. 29, p. 49, February, 
1941. 

RRg 
R. (optimum) =  i  (2) 

The difference between the curve for R.= co and the 
curve for R9-30,000 or R,=10,000 in Fig. 11 represents 
the noise penalty due to active grid loading. Observe 
that this penalty becomes small at low source im-

pedances. 
Consider now the practical case where grid-circuit 

capacitance places an upper limit on the impedance 
which can be built up in a given bandwidth. From this 
viewpoint the optimum noise figure is related to band-
width as shown in Fig. 12. (This discussion assumes 
that the grid-circuit capacitance.is held constant at the 
minimum obtainable value.) When the required band-
width is small, grid-circuit capacitance is no limitation, 
and the noise figure is limited by the tube's plate-screen 
noise and active grid-loading effects. Under this condi-
tion the input-circuit step-up should be such as to present 
the grid with the optimum source impedance. For such 
narrow bands the noise-figure versus bandwidth relation 
is a straight line, as shown in Fig. 12. However, when 
wider bands are required it may prove impossible to 
build up to the optimum impedance across the grid-
circuit capacitance, due to basic network limitations. 
As shown in Fig. 11, this means degrading the noise 
figure to a higher value than the best attainable at the 
given frequency. We may call this condition bandwidth 
or capacitance limited, because either less bandwidth 
required or less circuit capacitance will make possible 
a better noise figure. Bandwidth-limited noise figures 
are indicated by the rising curves at the right in Fig. 12. 
Improved circuit efficiencies (which make possible 
higher impedances in a given bandwidth across a given 
capacitance) will improve the noise figure when band-
width or capacitance is limiting. This is represented in 
Fig. 12 by different curves for single-tuned and double-
tuned types of networks. 
Another limitation experienced in practical circuits 

is loss in the network which transforms the source re-
sistance to the resistance R. which is presented to the 
grid of the tube. Losses in this transforming network 
absorb signal energy, but do not change the thermal 
noise level; therefore, input-circuit losses degrade the 
amplifier's noise figure. A good general design criterion 
is that the resistance R, presented to the tube grid 
should be due only to the resistance R of the generator 
and not due to network dissipation. (It might be added 
that R, of Fig. 11 is a representation of vacuum-tube grid-
circuit conductance; no circuit resistor should be placed 
in the position occupied by R, for the reason just given.) 
The source of intermediate-frequency signal in the 

radar for which this amplifier has been designed con-
sists of two 1N26 crystals used in a balanced converter 
circuit. The intermediate-frequency output of the two 
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crystals is of the same polarity for noise components 
from the radar's local oscillator, and of the opposite 
polarity on one crystal relative to the other for desired 
signal energy. One function of the intermediate-fre-
quency input circuit is to combine the desired signal 

SEE rtasy 
COLUMN BELOW  - 

ponents from the two crystals combine to produce zero 
local-oscillator noise voltage at the input-tube grid. 
This noise cancellation will take place in the circuit of 
Fig. 13 if the two source voltages are equal (crystal 
losses equal) and if the crystal intermediate-frequency 
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Fig. 13—Balanced-input-circuit signal and noise outputs, effects of Z2 and crystal variations. 

outputs of the two crystals to produce aiding signal com-
ponents at the input-tube grid (see Figs. 6 and 13). 
This involves a phase reversal in one of the transformers 
(T50 of Fig. 6). At the same time it is desired that the 
local-oscillator  intermediate-frequency  noise  corn-

IS 

resistances are equal. When the crystal intermediate-
frequency resistances are unequal, the suppression of 
local-oscillator noise can be improved by adding an ad-
ditional impedance Z2 as shown in Fig. 13. A series of 
calculations has been made to show the effect of Z2 on 
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the transmission of the desired signal and on the trans-
mission of undesired noise component. The results are 
shown in Fig. 13,8 using unit-impedance and unit-fre-
quency scales. A value of Z2 = 200 is to be interpreted 
physically as 200 times the source impedance (i.e.,essen-
tially an open circuit). Fig. 13 shows that Z2 has no effect 
on the circuit performance when the two crystal imped-
ances are equal to each other, even though they may not 
be equal to the design center value. When two crystal 
impedances are not equal, a Z2 approaching an open 
circuit will best suppress the undesired noise com-
ponents (in phase on the two crystals). The fact that 
Z2 has no degrading effect on signal 'transmission means 
that the added protection against local-oscillator noise 
afforded by Z2 can be obtained at no expense of signal-
to-noise ratio in the intermediate-frequency amplifier. 
Viewing the input-circuit design in its entirety, the 

following series of steps may be considered: 
(1) The input-circuit capacitance is minimized by 

properly arranging the circuit elements and by using 
inductors with low distributed capacitance. 
(2) The losses associated with input-circuit reactance 

elements or dielectric supports (such as tube sockets) 

are minimized. 
(3) Experimentally, the optimum grid-circuit im-

pedance level is determined for the particular mid-
band intermediate frequency to be used. This may be 
done by measuring the noise figure of the amplifier at 
a number of values of input-circuit impedance (R. of 
Fig. 11) and plotting the results to estimate the 
optimum point. The effect of shot noise on amplifier 
noise figure decreases as the input-circuit impedance 
level is raised, whereas the effect of active grid loading 
on noise figure increases as the input impedance is raised. 
The optimum point is where the ratio of total tube noise 
to thermal noise is a minimum. 
(4) If step 3 results in a bandwidth equal to or 

greater than the required input-circuit bandwidth, the 
optimum noise figure for the particular intermediate 
frequency can be realized in the final design. If the 
bandwidth is less than that required, the impedance 
level will have to be reduced, with a consequent degrada-
tion in noise figure. 
Laboratory measurements of the type outlined above 

indicate that the optimum impedance level for the 
6AK5 pentode is approximately 2000 ohms at 60 mega-
cycles midband, and 1000 to 1500 ohms at 100 mega-
cycles midband. 
With the desired input-circuit impedance level estab-

lished, the problem has been reduced to one of straight-
forward network design. The impedance of the source in 
the case of 1N26 crystal is about 450 ohms shunted by 
a capacitance of about 7 micromicrofarads due to the 
physical arrangement of parts used to direct the micro-

s The authors are indebted to R. L. Dietzeld of the Bell Tele-
phone Laboratories for deriving an equivalent network and formulas 
suitable for calculation of this circuit performance. 

wave energy into the crystal. Two such crystal sources 
are used in a push-pull arrangement, with the over-all 
circuit as shown in Fig. 13 (Z2 made as large as possible). 
The arrangement of Fig. 13 can be simplified for the pur-
poses of gain versus frequency calculation by assigning 
one-half of the grid-circuit capacitance to each of the 
crystal transformers. When all the dissipation is located 
at one end of the network, as is approximately the case 
in the input circuit, a further simplification can be intro-
duced by using the relation 

Voltage step-up = 20 log (R/450)H2 (decibels).  (3) 

Since two networks are to be placed in parallel, the 
ideal value of R for optimum noise figure (6AK5) at 
60 megacycles is 4000 ohms. The ideal input step-up is, 
therefore, 10 log (4000/450) or 9.5 decibels. Further-
more, an input-circuit bandwidth of about 15 mega-
cycles is desirable in order to allow the over-all amplifier 
(including band narrowing in all the other tuned cir-
cuits) to have a bandwidth of 10 megacycles. Calcula-
tions show that these objectives cannot be achieved 
simultaneously with the network selected.' It is neces-
sary to reduce the impedance level slightly and to ac-
cept a somewhat narrower bandwidth. The best com-
promise has been taken as a coupling capacitor of 5 
micromicrofarads and a transformer coupling coeffi-
cient of 0.2 to 0.25. This results in about 9 decibels 
voltage step-up from crystal to grid, and a grid-circuit 
impedance level (including both source impedances) of 
about 1800 ohms. The resultant circuit arrangement is 
shown schematically in Fig. 6. 

VII. GAIN-CONTROL DESIGN 

One requirement on the radar intermediate-frequency 
amplifier not commonly encountered elsewhere is ex-
tremely rapid recovery from large overload signals. This 
means that all grid and cathode circuits must have very 
short time constants compared to a microsecond to as-
sure rapid decay of self-bias voltages brought on by the 
flow of grid current under overload conditions. Another 
requirement on the gain-control design is the large ratio 
of maximum gain to minimum gain which must be pro-
vided in the basic design. In normal operation of the 
radar it is desirable to be able to reduce the inter-
mediate-frequency gain by as much as 80 decibels, still 
maintaining a reasonably linear input versus output 
characteristic. 
It is also required, of course, that the bandwidth of 

the amplifier remain large enough to pass the signal, and 
in order to permit automatic tuning of the radar local 
oscillator the midband intermediate frequency must not 
shift more than a small percentage of the total band-

Double peaking of the gain versus frequency characteristic is 
considered unsatisfactory because of severe distortions which result 
from slight mistuning in such a network. 
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width. The change in "hot" capacitance of the grid cir-
cuit as the tube's operating point is changed tends to 
change the tuning of the interstages as the gain control 
is varied, making the requirements just mentioned 
difficult to meet in narrow-band amplifiers. Fortunately, 
in wide-band amplifiers these problems are not serious 
as long as no attempt is made to hold too much loss in 
a single gain-controlled stage. 
The 6AK5 is a sharp-cutoff pentode, so in order to 

maintain linearity of response over the large gain-
control range required, six tubes have been controlled 
beginning with the second intermediate-frequency 
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Fig. 14—Measured over-all 60-megacycle gain shapes. 

stage. The first intermediate-frequency stage always 
operates at full gain, in order to prevent degrading the 
intermediate-frequency noise figure when the gain is 
reduced to accommodate tube variations. The time con-
stant in each cathode circuit is only 0.11 microsecond, a 
figure which provides satisfactory decay of overload self 
biases. The grid-circuit time constant is kept low by 
providing the gain-control voltage from a cathode fol-
lower, thereby maintaining a low resistance from the 
gain lead to ground. The gain-lead decoupling filters, 
Z/00, Z/0/, etc., in Fig. 10, offer low impedance to video 
frequencies; these filters are wound on 330-ohm resistors 
in order to keep their Q's low in the video-frequency 
range. 

VIII. DETECTOR-VIDEO CIRCUITS 

The requirements and reasons for the general design 
methods employed in the detector and video-circuit de-
sign are more closely related to the design of the indi-

cating circuits than to the design of the intermediate-
frequency amplifier. However, in practice it is usually 
convenient to convert to video by the second-detection 
process and to provide a certain minimum amount of 
video amplification at the intermediate-frequency am-
plifier before sending the signal on to the indicator 
chassis where it is mixed with other voltages for pres-
entation on the radar indicator. 
As shown in Fig. 8, the first three tubes of amplifier 

No. 3 are conventional intermediate-frequency ampli-
fiers using the design previously discussed. The last three 
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tubes perform the functions of second detection, video 
amplification and limiting, direct-current reinsertion, 
and cathode-follower output. 

A conventional diode detector is used because of its 
excellent linearity over a wide range of signal ampli-
tudes. The output of the diode detector is poled nega-
tive with respect to ground so that the following tube, 
V154, may act as a limiter as well as a video-frequency 
amplifier. 

The other half of the double diode, V153, is used in 
the grid circuit of the cathode-follower output tube, 
V155, to provide direct-current reinsertion. 
' The circuit constants shown in Fig. 8 provide a video 
output signal limited at about 1.0 to 1.5 volts in an 
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impedance of 72 ohms. Video-amplifier circuits in other 
parts of the radar are used to further amplify this signal 
and to present it in a form usable to the radar operator. 

IX. MEASURED PERFORMANCE 

The over-all gain versus frequency characteristic for 
the 60-megacycle amplifier is shown in Fig. 14; three 
typical amplifiers are represented, one with reference 
tubes only (tubes having input and output capacitances 
of nominal value +0.1 micromicrofarads), and the other 
two with both reference tubes and stock tubes (input 
and output capacitance tolerances of ±0.5 and +0.4 
micromicrofarads, respectively). Because of the varia-
tion in gain versus frequency characteristics possible 
with different stock tubes, two sets of manufacturing 
limits are placed on the amplifier performance. A set of 
narrow limits is used for amplifier test purposes, using 
reference tubes selected as noted above. Once the ampli-
fier has passed the first set of limits, a set of stock tubes 
is placed in the amplifier and another recheck made us-
ing wider limits. From the standpoint of radar system 
operation, all of the gain versus frequency characteris-
tics of Fig. 14 (bandwidth 9 to 10 megacycles) are prob-
ably indistinguishable in practice. 
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A summary of the characteristics of the first fifty 
sets of 60-megacycle amplifiers is given in Figs. 15, 16, 
and 17. Fig. 15 shows the distribution of bandwidths 
(3 decibels down from peak gain) for amplifiers Nos. 
1, 2, and 3 (intermediate-frequency portion only). The 

tubes used in these units are unselected stock tubes, 
made under the JAN specification for the 6AK5. 
Fig. 16 shows a similar set of distribution charts, 

this time with reference to the gains of amplifiers Nos. 
1, 2, and 3. In the case of amplifiers Nos. 1 and 3 the 
term "gain margin" refers to the gain of the unit over 
and above a minimum acceptable value. The gain of 
amplifier No. 2 refers to the insertion gain of the unit 
between 70-ohm source and load impedances. 
Fig. 17 shows the distribution of center frequencies 

for amplifiers Nos. 1, 2, and 3. The center frequency is 
taken as the average of the frequencies at which the gain 
is 3 decibels down from maximum. Once again the data 
shown represent the performance obtained with stock 

tubes. 
As discussed previously, the noise figure is principally 

determined by the input-circuit design and the first 
intermediate-frequency tube. For the balanced input 
circuit already described and a group of seven 6AK5 
tubes selected at random, the noise figures measured 
between 4.3 and 4.9 decibels at 60 megacycles. A similar 
series of measurements made on the 100-megacycle 
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amplifier, using a single-tuned input circuit having a 
bandwidth of about 8 megacycles, yields an average 
noise figure of 5.6 decibels, with a spread from 5.3 to 
5.8 decibels on twelve randomly selected tubes. 
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Detectability and Discriminability of Targets on a 
Remote Projection Plan-Position Indicator* 

W . R. GARNERt, AND FERDINAND HA MBURGER, JR.t, SENIOR MEMBER, I.R.E. 

Summary—Quantitative results were obtained on minimum de-
tectable signals and minimum separation between two targets as a 

function of the following variable factors: video gain, c.r.t. bias, signal 
clipping, light-source intensity, type of diffraction screen, and position 
of the operator. The projection (PPI), using a dark-trace tube, ap-
peared to be 1 db worse than a standard 5-inch PPI, when each 
instrument was operated under its optimal conditions. 

INTRODUCTION 

ARADAR RECEIVER normally delivers its 
video output signal to some type of cathode-
ray-tube (c.r.t.) indicator. This indicator may 

be immediately adjacent to the radar receiver or may 
be remotely located, and, in certain radar systems, sev-
eral radar indicators may be operated from the same 
receiver. These remote indicators may take the form of 
direct repeaters providing, for example, plan-position 
indication (PPI) or A- or B-scope presentations at a 
remote location. 

In a series of studies recently reported, Haeff' studied 
the effect of several parameters of a radar system on de-
tectability on an A-scope. The factors studied and re-
ported by Haeff are primarily parameters of the radar 
transmitting and receiving units, and A-scope presenta-
tion was used only because it was the most common form 
of presentation at the time those studies were con-
ducted. Since that time, however, the PPI-type of pres-
entation has become more widely used, and in recent 
years a projection-type PPI has been developed. This 
type of indication does not present the c.r.t. picture 
directly, but rather the picture on a relatively small 
PPI is reflected and magnified by means of a mirror 
system so that the picture as it is actually presented to 
the observer is considerably larger than it is on the c.r.t. 
face. The development of the projection-type PPI was 
prompted by the desirability of the larger screen for use 
where several targets must be tracked simultaneously. 
The present investigations were designed to determine 

the effect of several parameters of the indicating system 
on the operation of PPI indicators, particularly indi-
cators of the projection type. An attempt has been made 
to provide answers to the following two questions: 
(1) What are the optimum operating conditions for 

the projection PPI as now constructed? 

* Decimal classification: R537. Original manuscript received by 
the Institute, October I, 1946; revised manuscript received, January 
6, 1947. This research was started under terms of Contract No. 
OEMsr-658 between the Office of Scientific Research and Develop-
ment and Harvard University, under the supervision of the National 
Defense Research Committee. The research was continued under 
Task Order No. 1 of Contract N5ori-166 between the Office of Naval 
Research of the Navy Department and The Johns Hopkins Univer-
sity. 
t The Johns Hopkins University, Baltimore 18, Md. 
1 Andrew V. Haeff, "Minimum detectable radar signal and its de-

pendence upon parameters of radar systems," PROC. I.R.E., vol. 34, 
pp. 857-861; November, 1946. 

(2) Is the projection plan inherently satisfactory, or 
should some other method of obtaining a large presenta-
tion be developed? 

EXPERIMENTAL SETUP 
Radar System 

In the studies of detectability, simulated targets were 
delivered to the radar system from the signal source de-
scribed below. This signal source consisted of five video-
pulse generators whose output was used to pulse a 
30-Mc. oscillator. This i.f. signal was attenuated by 
means of an attenuator calibrated in decibels, and then 
fed into a mixer stage, as shown in Fig. 1. Simulated 

VIDEO 

PULSC 

GENCRATOM 

Fig. 1—Block diagram of signal generator. 

TO 2ND 

Sr STAG( 

Of RADAR 

noise was also fed into the system at the mixer stage, 
since with the signals introduced into the second i.f. 
stage of the radar, the radar noise level was reduced to 
a negligible value. This noise was generated by simply 
using a tuned i.f. stage equivalent to the first i.f. stage 
of the radar receiver. 

The radar system used was a long-range ground-
search radar system normally operating in the 10-centi-
meter band. The specifications concerning' the micro-
wave characteristics of this system are unimportant for 

the present purposes since simulated targets were used, 
and the only characteristics of the particular radar sys-
tem which have a bearing upon the results of this in-
vestigation are those of the radar receiver itself. 
The radar receiver used an intermediate frequency of 

30 Mc. with an i.f. bandwidth of approximately 1.6 Mc. 
and a video bandwidth of 1.5 Mc. The receiver consisted 
of six i.f. stages (of which only five were used, as noted 
above) plus two video stages. The output of the receiver 
was fed to the remote PPI's under investigation. 
In the studies of discriminability a double-pulse gen-

erator was used to pulse the i.f. signal generator. The 
two pulses were controlled independently and each pulse 
length could be varied from 1 to 20 microseconds. In 
addition, the time interval between the two pulses was 
adjustable. 

Plan-Position Indicators 

The video output of the radar receiver, together with 
the necessary synchro and trigger information, was 
fed simultaneously to three remote PPI units. Two of 
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the three units consisted of the projection-type PPI 
units to be studied, and the third was a normal 5-inch 
PPI used as a standard of comparison. 
The projection PPI units made use of a dark-trace 

c.r.t. (4AP10) on which targets appear as dark purple 
marks against a milk-white background. The light from 
a 1000-watt projection bulb is focused onto the tube 
face, and this light is in turn reflected onto a concave 
mirror. The concave mirror projects the light onto a 
second mirror, which in turn projects it onto the view-
ing surface. This viewing surface is composed merely of 
some sort of diffracting material, so that the image ap-
pears to be on the surface of the vie.wing area. The sur-
face is either a flashed-opal screen, or a clear-glass screen 
covered with a white paper which acts as the diffracting 
agent. The arrangement described provides a viewing 
screen 25 inches in diameter, on which targets appear as 
dark spots against a fairly bright white background. The 
original tube-face diameter in this instance is 4 inches, 
which means that the system provides an area magni-
fication of approximately 39 times. The remote PPI 
used as a standard of comparison consists of a 5-inch 

c.r.t. (5FP7). 
EXPERIMENTAL METHOD 

Observers 
Six trained radar operators were used as subjects in 

the experiments. Three men served as operators while 
three served as recorders, and a rotation of positions 
occurred every 30 minutes. The rotation was so planned 
that each of the six men served as operator on each 
instrument for each experiment. 
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Fig. 2—General experimental equipment and layout. 

Each operator was connected by a telephone circuit 
to a recorder. The recorder was provided with a check 
sheet indicating the pre-planned positions of the targets, 
and when an operator identified a target the recorder 
noted the target conditions for that target at the time 
of observation. The target condition was made known 
to the recorders by the experimenter who controlled 

the targets throughout the experiment. The general 
layout of the equipment is shown in Fig. 2. 

Target Conditions 

Detectability Tests: Five targets were presented simul-
taneously but were so controlled in intensity that the 
five targets were successively 1 db weaker. The over-all 
intensity of the targets was increased 1 db for each 
revolution of the antenna, so that each target would ap-
pear in a successive revolution if all targets became 
visible at the krne intensity. 
Each operator searched for targets in a clear field. 

Initially, no targets would be visible, and gradually the 
targets would increase in strength until located by the 
operator. When all operators had reported all five tar-
gets, the targets were removed .and a new series begun. 
At no time would the operators know where the targets 
were to appear; it was necessary for them to search con-
tinuously over the PPI screen. 
Discriminability Tests: Targets were presented as two 

continuous lines following the sweep around the c.r.t. 
These lines were produced by the double-pulse gen-
erator, and before each run the two pulses were ad-
justed for the proper range and pulse length. When the 
pulses were first turned on they coincided and as the 
sweep continued around the tube the pulses were moved 
farther and farther apart by the experimenter. As soon 
as each observer saw the pulses separate on the c.r.t. 
he called that information to the recorder at the other 
end of the telephone circuit, and the recorder was then 
able to indicate the actual separation of the two pulses 
at the time they were observed to separate. The separa-
tion was measured by means of a calibrated oscilloscope. 
Each run was repeated at four different ranges. 

Test Constants 

Delectability Tests: Background noise level was ad-
justed by means of the noise generator at half the value 
required to saturate the receiver at full gain. In other 
words, signals were twice as high as the noise-peaks when 
the signal saturated the receiver. This is the condition 
which is arbitrarily referred to as a detectability level 
of zero decibels throughout this investigation. 
Antenna rotation rate, lobe width, and pulse length 

were maintained constant throughout the experiment 
at the following values: antenna rotation rate, 5 revolu-
tions per minute; lobe width, 20 degrees; and pulse 
length, 1.5 microseconds. 
The antenna rotation rate was controlled by the radar 

system, which provided the synchro information for the 
remote PPI's. This same synchro signal was used to con-
trol the lobe width of the targets, by mean of a gradual 
gating system. The targets were thus turned on and off 
gradually in a manner characteristic of real radar tar-
gets. The pulse length was determined by the character-
istics of the signal generator. The experiments were also 
conducted at constant cathode-ray sweep time cor-
responding to the twenty-mile range of the PPI, and at 
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a constant pulse repetition frequency of approximately 
500 pulses per second. 

Discriminability Tests: Preliminary studies indicated 
that only one factor had any serious effect upon dis-
criminability. Thus, the only factor reported here is 
that of pulse length. All other factors were held constant. 

Compilation of Data 

Delectability Studies: In the curves to follow, each 
plotted point represents the average of at least thirty 
observations. Each operator made at least five observa-
tions for eaa condition studied, which means that a 
minimum of thirty observations was available for each 
point on the curve. Whenever any condition was 
changed, another thirty observations was made. In 
many cases certain duplications of conditions existed, 
making sixty or ninety observations available for aver-
aging at a given point. The maximum available number 
of observations for averaging was always used in com-
puting average detectability scores. 
Discriminability Studies: A total of twenty-four ob-

servations was made for each condition, and all were 
used in computing the average discriminability score. 

Measurements 

The two most important measurements of the system 
during the present investigation are those of cathode-
ray-tube bias and video gain. 

The , cathode-ray-tube bias was measured by means 
of a calibrated DuMont type 208 oscilloscope. The grid 
and cathode of the cathode-ray tube of the PPI were 
connected directly to the vertical plates of the oscillo-
scope. The generated sweep of the PPI was used to pro-
vide the horizontal deflection of the oscilloscope. Thus a 
trace appeared on the oscilloscope only when the un-
blanking voltage was applied to the cathode-ray tube 
of the PPI, giving a reading on the oscilloscope of the 
grid-to-cathode voltage of the PPI during its "on" 
period. The oscilloscope showed not only the bias volt-
age but also the video signal (and video gain, as well). 

The video gain measurement was based on the posi-
tion of the linear input potentiometer of the video sys-
tem of the PPI. Full gain corresponds to maximum in-
put voltage from this potentiometer to the video ampli-
fier, and this setting corresponds to zero decibels video 
gain as defined later. 

RESULTS 
Studies of Detectability 

Detectability is that property of a target on A radar 
indicator which enables it to be seen by an operator. If, 
for example, a target may be seen at a lower signal in-
tensity (video input to the indicator) under condition 
"A" than under condition "B," then under condition 
"A" the targets are more detectable. Thus, if under con-
dition "A" targets are 3 db more detectable than under 
condition "B," the signal intensity under condition "A" 
may be 3 db less than under "B," but the targets would 
still be detectable. It should be remembered that all 

these measurements were made with a fixed noise level, 
so that the detectability scores are, in effect, measures 
of a signal-to-noise ratio. Furthermore, when reference 
is made to an increase in the gain of the video signal, it 
should be remembered that the increased gain occurs 
for the noise as well as the signal, which means that 
there is no necessary increase in detectability, since if 
the noise increases proportionately with the signal the 
ratio of the signal energy to the noise energy has re-
mained constant. However, as we shall see later, the 
signal-to-noise ratio required for a just-detectable signal 
can be changed by a change in the over-all video signal 
level. 

The reference level for the decibel scale of detecta-
bility used throughout this study was defined in the fol-
lowing manner. A detectability of zero db represents a 
signal strength just large enough to saturate the radar 
receiver at full gain. For example, if a target can be ob-
served when the signal intensity is just sufficient to 
saturate the receiver, the detectability score would be 
zero db. If, however, the target was visible with a signal 
6 db lower than necessary to saturate the receiver, the 
detectability score would be +6 db. 

Before proceeding to an actual investigation of de-
tectability of the PPI an analysis was made of those 
factors that might be expected to have an influence 
on detectability. Certain of these factors were selected 
for this investigation, leaving others for future study. 
The factors investigated were: 

(a) Video gain of the projection-PPI video system. 
(b) Bias of the signal "grid of the cathode-ray tube. 
(c) Clipping of the video signal prior to its input to 

the PPI video system. 
(d) Type of viewing screen. 

(e) Intensity of light reflected from face of the 
cathode-ray tube. 

(f) Target position on the viewing screen. 

Factors not studied in this investigation, all of which 
may have an effect on detectability, are: 
(a) Pulse-repetition frequency. 
(b) Sweep length. 
(c) Pulse length. 
(d) Antenna rotation rate. 

Delectability Study Results 

(a) Effect of Video Gain: Since a specific remote pro-
jection PPI was under study, the video gain of the sys-
tem is expressed in db with a reference of zero decibels 
corresponding to full gain of the PPI video-amplifier 
system, without regard to the actual voltage gain of the 
video amplifier itself. With respect to the noted arbi-
trary reference, other values of gain are expressed in 
terms of the change in input voltage to the video ampli-
fier of the PPI system. Thus a video gain of —6 db 
means that the input voltage to the amplifier itself is 
one-half the value required for zero db gain. 

The results of this study are shown in Fig. 3. It will 
be noted that, for the two larger values of cathode-ray-
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tube signal-grid bias, detectability improves with in-
creased video gain. For the smaller value of bias, video 
gain in excess of —9 db fails to improve detectability. 
With fairly large values of bias, however, detectability 
improves with increasing video gain up to the point of 
maximum gain. 
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Fig. 3—Effect of video gain on detectability with projection PPI: 
opal viewing screen, unclipped signal, normal light intensity. 

The results just referred to were obtained with signal 
levels so adjusted that no limiting took place prior to 
the introduction of the signal to the video input of the 
projection PPI. The video system of the projection PPI 
itself incorporates limiting which prevents the grid-to-
cathode signal of the cathode-ray tube from becoming 
positive by more than a few volts. Under the conditions 
studied here, the best detectability was obtained only 
when the grid of the cathode-ray tube was actually being 
driven positive a slight amount, which means that the 
limiting level of the projection PPI had been reached. 
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Fig. 4—Effect of cathode-ray-tube bias on detectability with pro-
jection PPI: opal viewing screen, unclipped signal, normal light 
intensity. 

(b) Effect of Cathode-Ray-Tube Bias: The effect of the 
cathode-ray-tube (signal-grid) bias for several values of 
video signal level is shown in Fig. 4. There is some 
change in detectability with bias, leading to the conclu-
sion that for each value of video signal there is an 
optimum value of bias. This optimum value of bias 
becomes smaller as the video signal becomes weaker. It 
should be further observed that the effect of bias on de-
tectability is not nearly so great as the effect of video 

gain. 
An examination of Figs. 3 and 4 indicates that a 

small value of bias can increase detectability for low 
values of video gain, and that high values of gain can 
increase detectability for large values of bias. This gen-

eral "compensation" effect is never perfect, and conse-
quently there is always an optimum gain and an opti-
mum bias for that gain. Detectability is always great-
est under this combined optimum condition. 
(c) Effect of Clipping the Video Signal: A limiter is 

sometimes inserted between the radar receiver and the 
remote PPI. In this study of the effect of limiting, the 
peak-to-peak input signal to the PPI was limited to 2.5 
volts. Thus the top clipping that could be achieved was 
when the gain of the radar receiver was increased to 
maximum. The effect of limiting is to flatten the top of 
both signal and noise peaks, to make the signal steadier 
by elimination of the random fluctuation of the peak of 
the signal, and to slightly widen the signal pulse. 
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Fig. 5—Effect of video gain on detectability with projection PPI: 
opal viewing screen, clipped signal, normal light intensity. 

A comparison of the detectability for clipped and un-
clipped signals can be made by an examination of Figs. 
3 and 5, which show detectability scores for the two 
,conditions. The effect of video gain on detectability is 
observed to be less pronounced in the case of the clipped 
signals. The curves for all three values of cathode-ray-
tube bias are flatter for the clipped signals, and it is 
particularly apparent that there is practically no change 
in detectability for an increase in video gain beyond —6 
db. 
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Fig. 6—Effect of video gain on optimal cathode-ray-tube bias with 
clipped and unclipped signals on projection PPI. 

A study of the relationship between video gain and 
cathode-ray-tube bias for the clipped and unclipped 
signal is shown in Fig. 6. These curves show the rela-
tion between optimal bias and video gain, and also 
that a lower value of bias is required for lower video  
gain in both cases but that, for a given bias, less gain 
(by 6 db) is required for the clipped signals. 
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The data thus far presented would indicate ad-
vantages in the use of clipped signals. On the other 
hand, certain disadvantages were apparent in the actual 
study that make clipping of doubtful value. When the 
video signal is clipped, the peak of the signal never ex-
ceeded the peak of the noise for the level used, so that 
no great contrast is possible between signal and back-
ground (noise). Even though the detectability is better 
with clipped signals, the targets never stand out as well 
against the background, and very strong targets do not 
appear much differently than do relatively weak targets. 
(d) Type of Viewing Screen: The investigations re-

ported above were all carried out using an opal-glass 
viewing screen on the projection PPI. A clear-glass view-
ing screen covered with white paper has also been used 
with this type of PPI, and a comparison of the de-
tectability with the two types of viewing screen was 
made. 

Experiments similar to those described above were 
repeated with a paper viewing screen. The results indi-
cated that the effect of the aforementioned factors on 
detectability was the same with either type of viewing 
screen, but that the detectability with the paperiviewing 

screen was considerably poorer than with the opal-glass 
screen. The difference obtained apparently resulted from 
an increase in glare when the paper screen was used. 
(e) Reflected Light Intensity: In order to investigate 

the relationship of detectability to the light intensity 
focused onto the face of the cathode-ray tube, provision 
was made for control of the lamp voltage from 70 to 130 
volts. It is appreciated that this means of control will 
affect the spectral composition of the light output from 
the lamp, but for the purpo ses of this investigation that 
effect was not considered serious. 

The results of this study showed that there was a 
maximum change in detectability of 1 db over the range 
studied, and that this much change did not occur until 
the limits of voltage range were reached. Thus the effect 
of light intensity on detectability may be considered 
negligible. 

(f) Effect of Target Position: Under operating condi-
tions of a radar system targets appear at random range 
and bearing, and this same randomization was main-
tained throughout these tests. Thus it is interesting to 
determine the effect of range and bearing on detect-
ability, since this effect is readily determined from an 
analysis of data obtained for other purposes. 
The effect of range is clearly evident in Fig. 7. For 

the 40,000-yard range used it is evident that detecta-
bility is best in the middle of the range from about 
10,000 to 30,000 yards, and poorest at the edge or 
middle of the viewing screen. At the middle or center of 
the viewing screen the decreased detectability prob-
ably results from the increased darkening common at 
screen centers, together with the fac t that , with con-

stant lobe width, targets are smaller at the center of the 
screen. The decreased detectability at the outer edge of 
the screen results from weaker targets, due to the in-

090° 160° 

TA RGET  BEARING 
270. 360' 

OPERATOR STANDS AT 180° 

Fig. 8—Effect of bearing on detectability with projection PPI: 
opal viewing screen. 

operator, whose tendency is to watch the sweep more 
closely at the center than at either edge. This is par-
ticula.ly the case where such a large surface (25 inches 
diameter) must be kept under observation. 

0 
0 

0 

• 

creased angular velocity of the sweep. Note that in 
these experiments the sensitivity time-control circuits 
were operated so as to have a minimum effect. The ex-
planation of poorer detectability at the edge as a func-
tion of angular velocity would lead to the conclusion 

6 
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Fig. 7--Effect of range on detectability with projection PPI: 
opal viewing screen. 

that progressive improvement in detectability should 
occur with decreasing range. Since this is not the case, 
the poor detectability at the screen edge must be par-
tially a result of an "attention factor" on the part of the 

4 

5 2 
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000• 

090° WO. 270* 

TARGET  BEARING 
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Fig. 9—Effect of bearing on detectability with projection PPI: 
paper viewing screen. 

40 

In considering the effect of azimuth on detectability, 
both the opal-glass and paper viewing screens were 
used. The results are given in Figs. 8 and 9, and in ex-
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amining these figures it should be observed that the 
operator was always stationed at the 180-degree posi-
tion. With the opal viewing screen, detectability is best 
for targets nearest the operators (150 to 210 degrees). 
Thus, the operator normally finds most easily the tar-
gets nearest his position, and most poorly the targets 
most distant. The differences are not large and may be 
due in part to "attention factors." With the paper view-
ing screen, targets are most difficult to detect near the 
operator (Fig. 9). This striking difference between the 
two screens is most certainly due to glare. The opal 
screen is slightly darkened, reducing glare quite effec-
tively; such is not the case with the'white screen, and 
glare is less when the surface is observed at an angle 
than when viewed directly. 

Comparison of Standard and Projection PPI 

Detectability has been shown to be a function of 
cathode-ray-tube bias and video gain for the projection 
PPI. A similar set of data were taken simultaneously 
on a standard PPI. These data are shown in Fig. 10 

10 

DETECTIBILITY
 (0 

1 
VIDEO GAIN (011) 

0 

4$  -44  -44  -42  -40 

CRT  5145  IN VOLTS 

Fig. 10—Effect of cathode-ray-tube bias on detectability 
with standard PPI. 

.44 

and, as was expected, the variables affect detectability 
in about the same way for both types of indicators. 
Actually, when both are operated under their optimum 
conditions, the standard PPI is about 1 db better than 
the projection type—not at all a serious difference to pay 
for the other advantages of the projection device. 

Studies of Discriminability 

In the investigations of discrimination between tar-
gets it is necessary to determine the effect upon dis-
criminability of all those factors which were found to 
have an appreciable effect on detectability. In the pre-
liminary studies the only factor which was found to 
have a serious effect was that of pulse length, a factor 
not studied in relation to detectability, and that is the 
only factor which will be discussed here. 

Effect of Pulse Length 

Discriminability was measured in terms of the 

1225 

minimum time between pulses necessary for the pulses 
to be seen as distinct. The measures thus obtained may 
then be translated into measures of range discrimina-
tion, since the smallest range that can be discriminated 
will be determined by the duration of the pulse, plus 
the minimum time between successive pulses necessary 
for them to be seen as distinct. The results are shown in 
Fig. 11 in this manner. 

7, 500 

u, 400 

g .4 300 

a too 
2 

2 

2 

PROJECTION PPI 

STANDARD PPI 

1   

a  3 
PULSE LENGTH 1113(e) 

Fig.11 —Effect of pulse length on smallest detectable range difference. 

It can be seen that for pulse lengths 3 microseconds 
and longer, not only is there no difference between the 
two PPI's, but the slope of the line is linear, indicating 
that the minimum time separation between pulses is 
independent of the actual pulse length. In other words, 
for pulse lengths above 3 microseconds, the minimum 
range discrimination between targets is dependent al-
most entirely 'on the pulse length. For pulse lengths 
shorter than this, however, the minimum range dis-
crimination does not decrease in proportion to the de-
crease in pulse length, and the standard PPI becomes 
better than the projection PPI. 
An extrapolation of the two curves would suggest 

that range discrimination could be improved on the 
standard PPI if pulse lengths shorter than 1 micro-
second were used, although little improvement would 
result in the case of the projection PPI. 

CONCLUSIONS 

Detectability of targets on the projection PPI has 
been shown to be a function of both the cathode-ray-
tube bias and the video gain. Increasing the general level 
of the video signal to the point at which the signal is 
clipped provides few advantages and some disadvan-
tages. 
The use of an opal viewing screen with the projec-

tion PPI has been shown to be better than the use of a 
paper screen over clear glass, primarily because of the 
glare emitted when the white paper screen is used. The 
intensity of the reflected light, on the other hand, has 
practically no effect on detectability over a wide range of 
intensities. 
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Testing Repeaters with Circulated Pulses* 
A. C. BEC K'', SENIOR MEMBER, I.R.E., AND D. H. RINGt, ASSOCIATE, I.R.E. 

Summary—An extension of square-wave and pulse-testing tech-
niques is described which permits the signal pulse to be observed 
after circulating many times through the transmission system under 
test. This method is particularly useful for measuring the cumulative 

effect of a number of similar units, such as those used in carrier or 
microwave-radio-repeater systems, when only one unit is available. 
Applications to video-frequency, intermediate-frequency, and radio-
frequency testing with a.m. or f.m. signals are discussed. 

I. INTRODUCTION 

THE ADVENT of television , facs im ile, frequency  
modulation, and pulse modulation has placed 
new and more stringent distortion requirements 

on communication systems. For the satisfactory opera-
tion of these newer methods of communication, tran-
sient signals must be faithfully reproduced. Transient 
response is a complicated function of the amplitude 
versus frequency, phase versus frequency, and linearity 
characteristics of the system. Thus a knowledge of the 
bandwidth and harmonic distortion of a transmission 
circuit is inadequate to determine the distortion of 
transient signals sent through it. 

These considerations have led to the development of 
square-wave and pulse testing techniques with which the 
transient response may be observed directly. A simple 
method of observing the transient response of an ampli-
fier or repeater is to connect a pulse-modulated signal 
source to its input, and an oscilloscope to its output. If 
the oscilloscope sweep is synchronized with the pulse 
rate, a stationary picture of the response to pulse signals 
is obtained on the screen. Since the observed response is 
a complicated function of what might be called the 
fundamental steady-state characteristics of the ap-
paratus being tested, such methods are most valuable 
for comparing different designs and for over-all qualita-
tive tests of complete systems. 
In communication systems involving a number of 

similar repeaters, the distortion permissible in a single 
repeater is very small, and it is therefore difficult to 
measure. Furthermore, the chief interest is in the ac-
cumulated distortion due to many similar repeaters. 
G. W. Gilman of Bell Laboratories suggested that in-
formation about such systems could be obtained by 
sending a pulse through one repeater many times be-
fore observing it. A method of doing this, which has 
proved to be very useful in the study of components and 
repeaters for microwave relay systems, is described in 
this paper. 

• Decimal classification: R200. Original manuscript received by 
the Institute, October 31, 1946; revised manuscript received, Febru-
ary 14, 1947. 
I* Bell Telephone Laboratories, Inc., Holmdel, N. J. 

II. FUNDAMENTALS OF CIRCULATED-PULSE TESTING 

Fig. 1 shows a schematic diagram of a circuit which 
may be used for circulated-pulse testing. The trans-
mission circuit under test is inserted in a loop consisting 
of a delay line, an attenuator, and an auxiliary amplifier 
indicated by the box marked "gated amplifier." The 
test pulse is introduced into the loop at the input to 
the equipment under test, and a sample of the output 
is removed from the loop and connected to the viewing 
circuit. The major portion of the output is fed through 

.." 1111 1em ATTENUATOR 

GATED 
AMPLIFIER 

GATING 
BRANCH 

PULSE 
AND 
GATE 

GENERATOR 

..41 ••• 

DELAY LINE 

TRANSMISSION 
CIRCUIT 

UNDER TEST 
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Fig. 1—Block diagram of the fundamental circuit for 
circulated-pulse testing. 

the delay line, attenuator, and gated amplifier back into 
the input. The delay in the loop circuit is made greater 
than the duration of the test pulse, and the gain around 
the loop is made unity. Under these conditions a single 
pulse inserted in the loop will circulate around the loop 
indefinitely, and the viewing oscillcscope will show a 
succession of pulses which are each spaced along the 
sweep by the total delay time of the loop circuit. Each 
successive pulse on the oscilloscope shows the original 
pulse after another trip around the loop and, therefore, 
another trip through the amplifier or repeater under 
test. 

If the test pulse is made recurrent, in order to obtain 
a stationary picture built up of many superposed traces 
on the viewing oscilloscope, trouble will be encountered 
because pulse number one will still be circulating 
around the loop when pulse number two is inserted. It 
is the function of the gated amplifier to obviate this 
difficulty. This amplifier is arranged so that its gain is 
normally much less than unity. Just before a test pulse 
is inserted into the loop, a "gate" voltage is applied to 
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.he gated amplifier. This gate voltage raises the loop 
rain to unity and holds it there for a period which is 
ttany times greater than the loop delay, but less than 
:he test-pulse repetition time. Thus, the test pulse con-
:inues to circulate for the duration of the gate signal. 
When the gate voltage is removed, the loop gain drops 
:o much less than unity and the circulating pulse is 
luickly damped out, so that the loop circuit is free from 
.signals when the gate voltage is reapplied and a new 
z test pulse is introduced. 
The circuit of Fig. 1 will be recognized as a feedback 

eircuit, and, in general, would be expected to break 
into oscillation as the gain approaches unity. However, 
Dscillations require a building-up process. In the present 
ease, the relatively long delay time of the loop circuit 
so extends the build-up time that the periodic reduc-
tion of gain by the gated amplifier prevents the build-up 
of any continuous oscillation. In practice it has been 
found that it is entirely practical to operate the loop 
at unity or even slightly more than unity gain without 
any sign of instability or the erratic performance usually 
associated with circuits operated near the oscillation 
point. 
The transmission circuit under test may include fre-

quency conversion and equipment operating at another 
frequency, if reconversion to the original frequency is 
also included. 
All the elements of the loop must have negligible 

distortion compared to that in the transmission circuit 
under test, since the total distortion of the pulse on, 
each trip around the loop is actually observed on the 
oscilloscope. 

RELAXATION 
OSCILLATOR 

ATTENUATOR 

GATED 
AMPLIFIER 

GATE 
GENERATOR 

PULSE 0-1.1 
, GENERATOR 

GATING 
BRANCH 

IDELAY LINE   

The necessary loop delay may be obtained by insert-
ing a length of transmission line or a radio link. In any 
case, the phase and amplitude of the delay unit should 
be equalized over the frequency band used. 
The points at which the signal insertion and viewing 

branches are connected to the loop are arbitrary. As 
shown in Fig. 1, the signal is inserted at a low-level 
point in the loop, so that a relatively small pulse volt-
age is required. The viewing branch is shown connected 
to a high-level point, so that less amplification is neces-
sary to get a satisfactory oscilloscope deflection. When 
this is done, the test pulse cannot be observed until it 
has made one trip through the amplifier or circuit under 
test. If enough high-quality amplification is provided in 
the viewing branch, both branches can be connected to 
the loop at the same point, and one can monitor the 
test-pulse shape directly. 
On the block diagrams, resistors are shown in the 

test branches to indicate that the connections are made 
by bridging circuits which do not disturb the impedance 
terminations of the equipment in the loop. 

III. RADIO- AND INTERMEDIATE-FREQUENCY TESTING 

WITH AMPLITUDE MODULATION 

A block diagram of the arrangement used at Holmdel 
for circulated-pulse testing with amplitude modulation 
at radio and intermediate frequencies, together with a 
timing diagram for the equipment, is shown in Fig. 2. 
The circuit under test is connected in a loop with an 
equalized coaxial or wave-guide delay line, an attenu-
ator, and a gated carrier amplifier. A relaxation oscillator 
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Fig. 2—Block diagram and timing arrangement for a method of circulated-pulse testing at i.f. and r.f. using amplitude modulation. 
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which produces about 3000 damped oscillations per 
second is shown at the left side of the diagram. This 
oscillator controls the sequence of operations and 
triggers the gate, signal pulse, and sweep-synchronizing 
generators. The output wave form of the relaxation 
oscillator is shown at A on the timing diagram. The 
start of each oscillation iritiates the gate-generator out-
put voltage pulse shown on line B, which is applied to 
the gated amplifier, thus raising the loop gain to the 
operating level. The signal-pulse generator is arranged 
to produce a rectangular pulse about 1 microsecond in 
length which starts about 2 microseconds after the 
relaxation oscillator reversal, as shown on line C. This 
pulse modulates the r.f. or i.f. signal generator to pro-
duce the test signal applied to the loop. A detector is 
used in the viewing branch to obtain the rectified en-
velope of the loop signal, as shown on line D. The signal 
circulates to give successive pulses, each of which repre-
sents one more trip around the loop, until the gate 
generator voltage B drops. The circulating pulses are 
then quenched by the reduced gain of the gated ampli-
fier. The time at which this happens can be adjusted to 
suit the number of transits being observed by adjust-
ing the length of the gate pulse. The reversal of the 
relaxation oscillator also causes the generation of a 
sweep-synchronizing pulse, shown on line E. A variable 
delay unit is used to delay this pulse, as shown on line 
F, when it is desired to view later trips around the 

RELAXATION 
OSCILLATOR 

ATTENuATOR 

GATED 
AMPLIFIER 

DELAY LINE 

loop. A single sweep of variable length is initiated by 
this pulse. 
If the variable delay is set at zero the first signal, 

pulse can be seen, since the 2-microsecond delay shown! 
on line C permits the sweep to get started before thel 
signal appears. The sweep can be made fast enough to 
show a single signal pulse, and enough delay is available 
to view it as a single pulse at any time up to 80 transits 
around the loop. Slower sweeps show several transits at 
once on the oscilloscope. 
In the simplest case the gated amplifier, signal modu-

lator, delay line, and monitoring detector are designed 
to work at the operating frequency of the circuit under 
test. This is not essential, however. Complete radio 
repeaters which include r.f. and i.f. amplification may 
be tested with equipment designed to operate at either 
frequency. 
When frequency changing is included in the loop, 

care must be exercised in selecting the beating oscil-
lator frequencies to avoid inversion of the sideband fre-
quencies on successive trips around the loop. If inversion 
is permitted, certain types of unsymmetrical distortion 
are canceled out, and an optimistic result is obtained. 
Intermediate-frequency test equipment may also be 
used for testing audio or video circuits by providing a 
detector at the input and a modulator at the output of 
the low-frequency circuit. One method of doing this 
will be found in Section V. 
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Fig. 3—Block diagram and timing arrangement for a method of circulated-pulse testing at i.f. and r.f. using frequency modulation. 



I IV. RADIO- AND INTERMEDIATE-FREQUENCY TESTING 

WITH FREQUENCY MODULATION 

Circulated-pulse testing with frequency-modulated 
pulses has been carried out as shown in Fig. 3. The block 
diagram is like Fig. 2, except that a box marked "FM 
Pulse Generator" has been added, and the signal oscil-
lator is arranged so that it can be frequency-modulated 
by the f.m. pulse. Arrangement and timing of the relaxa-
tion oscillator and gating system are the same as for 
amplitude modulation, and are shown on lines A and B 
of the timing diagram. The a.m. pulse, which starts 2 
microseconds after the relaxation oscillator reversal, 
has a duration approximately equal to the loop delay 
in this case, as shown on line C of the timing diagram. 
The f.m. pulse has a duration about half as long, and is 
started a little later, so that it coincides with the center 
of the a.m. pulse, as shown on line D. Thus, the signal 
which is applied to the loop has its amplitude controlled 
by the a.m. pulse, and its frequency controlled by the 
f.m. pulse. The rectified envelope of the loop signal is 
shown on line E. An enlarged representation of one pulse 
is shown at the bottom of the timing diagram. A signal 
of frequency fi is introduced into the loop when the a.m. 
pulse starts. The signal frequency is then suddenly 
changed by an amount depending on the desired devia-ition ratio to frequency12 when the f.m. pulse is applied 
to the signal generator. The signal returns to the original 
frequency fi when the f.m. pulse ends, and is turned off 
when the a.m. pulse ends. Lines F, G, and H show the 
sweep-circuit timing, which is the same as for amplitude-
modulation testing. 
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Fig. 4—Block diagram of one method of video-frequency circulated-
pulse testing. Modulation and demodulation have been added to 
simplify delay and gating problems. 

The viewing circuit includes an f.m. detector, so that 
only the frequency changes of the loop signal are ob-
served. However, the sudden application and removal of 
h by the a.m. modulator does produce a transient in 
the f.m. detection system, as shown on the oscilloscope 
trace in Fig. 3. This transient can be somewhat reduced 
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by rounding off the shape of the a.m. pulse rise and fall 
by appropriate filtering. Sufficient time for the transient 
to be damped out must be provided before the start of 
the f.m. pulse. Limiters may be provided in the viewing 
circuit or the loop circuit or both, as desired. 

V. VIDEO-FREQUENCY TESTING 

A wide-band video circulating loop requires a high 
degree of balance in the gated amplifier, in order to 
avoid transients which circulate with the test pulses. It 
also requires a. precision delay line which has uniform 
attenuation and delay over the necessary video band. 
W. M. Goodall of Bell Laboratories has avoided these 
difficult problems of video testing by using the arrange-
ment of Fig. 4. He used a frequency modulator and dis-
criminator connected to the video system to be tested, 
with the gating and delay accomplished in the i.f. part 
of the loop. Amplitude modulation and detection could 
be used in the same way, as mentioned in Section III. 

VI. GENERAL DISCUSSION OF RESULTS 

Fig. 5 shows a series of pulses obtained with a wide-
band i.f. amplifier under test. The time scale is approxi-
mately 0.1 microsecond per division. The deterioration 

Signal Pulse 

Three Trips 

One Trip 

Ten Trips 

Thirty Trips  Eighty Trips 

Fig. 5—Photograph of oscilloscope traces showing signal-pulse shape 
and how it is deteriorated by repeated trips through an amplifier. 
An expanded sweep is used to show single pulses. 

of the original pulse as it is circulated through the ampli-
fier is clearly illustrated. A square-law detector was used 
in the viewing equipment in this case. This had the 
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effect of increasing the magnitude of the overshoot and 
ripples on the top of the pulse, and reducing the cor-
responding ripples that follow the pulse. 

(a) 

(b) 

(c) 

Fig. 6—(a) First 11 trips of a pulse through an i.f. amplifier. 
(b) The 30th to the 40th trip through the same amplifier. 
(c) First 19 trips of a reduced-amplitude pulse through the same 

amplifier, showing how noise builds up as the number of 
transits around the loop increases. 

Since there is no simple relation between these pic-
tures and the more familiar amplitude and phase char-
acteristics of the amplifier, one is forced to set up new 

criteria of amplifier quality for the interpretation of the 
results. The most significant criteria are the time of rise 
and the amount of overshoot at the beginning and end 
of the pulse. This information about a circuit under test 
is directly applicable to the determination of its per-
formance when it is used with facsimile, television, of 
any of the various pulse-modulation systems. A short 
time of rise and a small overshoot are generally desirable. 
Fig. 6 shows some pictures taken with a slower sweep, 

so that a number of successive trips through the ampli-
fier can be observed at one time. The build-up of the 
overshoot that would occur in a relay system in-
airporating this amplifier is particularly noticeable in 
these pictures. 
In a relay system of several jumps, the noise power at 

the output of the nth repeater will be n times as great 
as the noise output of the first repeater. This can be 
illustrated and the signal-to-noise ratio can be observed 
by the circulated-pulse method, if the level of the input 
signal is reduced to a point where it becomes comparable 
with the input noise level of the amplifier under test. 
The lower trace in Fig. 6 was made in this way and 
illustrates the noise build-up. The thickness of the 
trace due to poor focus obscures the noise on the first 
few trips, but the increase after several trips can be 
seen. 

Another characteristic of a transmission system which 
is of interest is the amount of signal compression, or 
amplitude nonlinearity. This has been measured as a 
function of the number of repeaters by using a test pulse 
with two or more levels arranged like a set of steps. If 
compression is present, the ratio of the step heights will 
change as the pulse circulates through the amplifier and 
suffers additional compression on each trip. 

Distortion in Pulse-Duration Modulation* 
ERNEST R. KRETZMERt, STUDENT, 

Summary—Pulse-duration modulation inherently gives rise to a 
certain amount of audio distortion. The analysis presented in this 
paper relates the distortion to system parameters. The method of 
analysis is exact, and therefore correct for any degree of modulation. 
It does not, however, lend itself to periodic sampling. The results are 
applied to three specific cases. 

I. INTRODUCTION 

ASPECTRUM analysis of duration-modulated 
pulses may be of interest in systems where pulse-
duration modulation is used directly, or where 

• Decimal classification: R148.6. Original manuscript received 
by the Institute, September 30, 1946; revised manuscript received, 
March 20, 1947. The research reported in this document was made 
possible through support extended the Massachusetts Institute of 
Technology, Research Laboratory of Electronics, jointly by the Army 
Signal Corps, the Navy Department (Office of Naval Research), and 
the Army Air Forces (Air Materiel Command), under the Signal 
Corps Contract No. W-36-039 sc-32037. 

Research Laboratory of Electronics, Massachusetts Institute of 
Technology, Cambridge 39, Mass. 

pulse-position modulation is converted to pulse-duration 
modulation for decoding.i 

The problem investigated here may be classed under 
the general heading of the analysis of waves derived by 
sampling a signal wave at discrete intervals. This gen-
eral problem exists in one form or another in all pulse 
communication systems, where it is a well-known prin-
ciple that the sampling rate should be at least twice the 
highest frequency to be transmitted for faithful repro-
duction.' 

Several papers including analyses of pulses with dura-
tion or position modulation, as well as comments on 
these, have recently been published. Most of these, 

"Pulse position modulation technic," Electronic Ind., vol. 4, pp. 
82-87, 180-190; December, 1945. 

'W. R. Bennett, "Time division multiplex systems," Bell Sys. 
Tech. Jour., vol. 20, pp. 199-221; April, 1941. 
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however, do not take into account the precise law of 
modulation, which determines the time instant at which 
the signal is sampled and used to produce a time shifts-1 
The analysis presented here applies to that law of modu-
lation which is believed to be most practical. 

II. TERMINOLOGY AND NOTATION 

The time function to be analyzed is a sequence of rec-
tangular pulses, for convenience chosen to be of unit 

amplitude. 

The notation use ' is as follows: 
p = angular pulse-repetition frequency 
q= angular frequency of modulating signal 
do= average or unmodulated pulse duration 
d= variable pulse duration 

k =modulation index= 
drnaz  din in 

dmin 

n = harmonic index number of p 
in = harmonic index number of q 

Anpf..,„,= amplitude of a sinusoidal component of angular 
frequency np +mq 

intermodulation distortion due to 

A 1g p+ mg ; U np+ mq    • 

A, 

Two types of pulse-duration modulation are consid-
ered: (a) "symmetrical," and (b) asymmetrical. The 
former has application primarily to pulse-duration 
modulation as such"; the latter has direct application 
to some present-day pulse-position-modulation systems. 
In asymmetrical pulse-duration modulation only one of 
the two pulse edges is time-modulated, while the other 
one is fixed. In "symmetrical" pulse-duration modula-
tion both edges are modulated. The word "symmetrical" 
is enclosed in quotation marks because, although both 
edges move, they do not, in general, move by equal and 
opposite amounts. 

III. ANALYSIS OF ACTUAL MODULATION 
PROCESS 

In position or duration modulation the pulses or pulse 
edges are shifted by amounts proportional to the instan-
taneous signal values sampled at certain instants at ap-
proximately the time of the pulse or pulse edge. Before 
any analysis is made, one must first determine exactly 
what these certain instants are. In a few instances in the 

$ G. L. Fredendall, K. Schlesinger, and A. C. Schroeder, "Trans. 
mission of television sound on the picture carrier," PROC. I.R.E., vol. 
34, pp. 49-61; February, 1946. 

'F. F. Roberts and J. C. Simmonds, "Multichannel communica-
tions systems. Preliminary investigation based upon modulated 
pulses," Wireless Eng., vol. 22, pp. 538-549; November, 1945. 

'R. B. Shepherd, "Letter to the Editor," Wireless Eng., vol. 23, 
pp. 114-115; April, 1946. 

6 F. F. Roberts and J. C. Simmonds, "Letter to the Editor," Wire-
less Eng., vol. 23, p. 204; July, 1946. 
' W. A. Beatty, "Proposals for television and broadcasting sys-

tems," Jour. Insist. Radio Eng., vol. 5, pp. 54-78; March-April, 1945. 

literature" these instants were assumed to be fixed 
and equally spaced along the time axis. In other cases, 
no specification was made. 
Most time modulators are based on the principle that 

the sum of the signal voltage and a linearly rising or fall-
ing voltage crosses a given reference voltage at an in-
stant of time which is a function of the signal, a pulse 
edge being produced at that instant.4.8-1 ° It is shown in 
Fig. 1 that the instant of crossing is a function of the 

Fig. 1—Illustration of time-position-modulation process. 

signal value at the instant of crossing only. The lin-
early changing voltage is here represented by e0=a(to 
—t), the signal by e.=k cos qt, and the reference line by 
e =0. The time t„, at which the total voltage crosses this 
line is given implicitly by [ea+e,]t_,.=0: 

k cos qt„,  a(to — t„,) = 0 

= to — cos qt„. 
a 

(lb) 

Stated in words, the time shift (4,— to) of a given pulse 
edge is proportional to the instantaneous modulating 
signal at the instant to, at which the pulse edge actually 
occurs. It should be noted that the condition (la) can 
also be written in the form 

k cos (qt,,,) = — a(to — t„,).  (lc) 

This shows that the pulse edge, i.e., the instant t„„ oc-
curs when the signal voltage and the negative of the lin-
ear voltage (indicated by the dot-dash line in Fig. 1) in-
tersect. This idea is useful for graphical construction of 
modulated pulses (see Figs. 2 and 3). 

IV. "SYMMETRICAL" PULSE-DURATION 
MODULATION 

Consider first the case of "symmetrical" pulse-dura-
tion modulation, shown graphically in Fig. 2. The pulses 

• R. D. Kell, U. S. Patent No. 2,061,734. 
' W. A. Beatty, British Patent No. 523,575. 
'° D. D. Grieg and A. M. Levine, "Pulse-time-modulated multi-

plex radio relay system-terminal equipment," Elec. Commun., vol. 23, 
pp. 159-178; June, 1946. 
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are so phased that one pulse, in the absence of modula-
tion, is centered at zero time. By ordinary Fourier analy-
sis it is found that the series 

Pd + 2  [ 1  npd 
—  —  — sin  cos npt 
27  2 

(2) 

represents an unmodulated pulse train with pulse dura-
tion d, and with a pulse centered at the origin. Although 

Modulating signal, k cos qt. 

egative d linear 
modulator voltage 

Fig. 2— "Symmetrical" pulse-duration-modulation process. 

Reference  line 

1'1 
1 111 Ii - 

mi  t. , 
, U , ; I A 

1,_,_H 
1 

Pr  I "remilir 
Modulating signal 

k cos qt 
Negative of linear  
modulator voltage  

Reference  line 

Fig. 3—Asymmetrical pulse-duration-modulation process. 

this has been derived for d constant, d may be made 
variable in accordance with the modulating signal, and 
the series will then represent the function generated in 
the actual modulation process described above.ii To fa-
cilitate an understanding of this, it is helpful to think of 
d, not as the pulse duration, but as a parameter which 
determines independently the instants at which the pulse 
edges occur; the value of d is of importance only at these 
instants. 

V. ASYMMETRICAL PULSE-DURATION 
MODULATION 

In analyzing asymmetrical modulation, the leading 
edges are assumed fixed and the trailing edges modu-

li E. R. Kretzmer, "Letter to the Editor," Wireless Eng., vol. 23. 
pp. 232-233; August, 1946. 

fated as before, which automatically covers also the case 
of fixed trailing edges. The picture of the modulation 
process is shown in Fig. 3. One of the fixed leading edges 
is chosen to coincide with zero time. The Fourier series 
for the unmodulated pulse train with pulse duration d, 
phased in this manner, is 

pd  1 
— + — 2_, — sin npd]cos npt 
27  r n-i [ n 

1  [1 
+ —  — (1 — cos npd) J sin npt.  (3) 
7 n-1  n 

As in the case of (2), the desired expression for the mod-I 
ulated pulse train is obtained by letting the parameter. 
d vary with the instantaneous signal. This time, the 
value of d matters only at the instants at which the trail- i 
ing pulse edges occur. 

VI. SPECTRUM ANALYSES 

(A) "Symmetrical" Modulation'2 

By ordinary Fourier analysis of the wave shown in I 
Fig. 4, 

pd  2  [ 1  npd 
f(t) = — + —  sin   I cos npt.  (4) 

27  „-i n  2 

20LE 

411 
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Jsing a trigonometric identity, 

Pdo 
cos qt) 

2w 

2 v_a° 1 1 npdo 
+— za— sin 

1.1 n  2 

[ nkpdo 
cos  cos qt] 

2 npdo Ink pdo 
+cos — sin  2 cos qt3 cos npt. 

2   

But 

(7) 

os (A cos qt) = Jo(A) + 2 E (-1)-i2Jm(A) cos mqt 

3in (A cos qt) = 2 7  ( x—i)(.-1)/2j,n(A) cos mqt. 

Substituting these relations in (7) and applying an iden-
tity for (cos mgt) (cos npt) yields 

Pdo 
f(t) =  (1 + k cos qt) 

27 

°± 1  inkpdo\ sin  

7 n-i n npdoi2  cos npt 

• E J„,(  ) sin (nPd°  + 
nkpdo 

m-i  2  2  2 

(B) Asymmetrical Modulation 

By ordinary Fourier analysis of the wave shown in 

Fig. 5, 

f(t) = — — 2, — sin npd] cos npt 
pd  1  [1 

27  7 n-1 n 

—  —  (1 — cos npd)] sin npt.  (10 ) 
1  [ 1 

7n1 n 

411  t 

Fig. 5—Pulse train to be modulated asymmetrically. 

Letting a cosine wave represent the signal, as before, 

d = d0(1 + k cos qt). 

Substitution of this relation into (10) yields 

pdo 
f(t)= — (1+k cos qt) 

27 

1  1 
+— 2_, — [sin npdo(1+ k cos qt)] cos npt 

11• n-1 n 

1 è 1 ▪ E — [l—cos npdo(i+ k cos qt)] sin npt. (11) 
7  n 

By means of the same identities used to obtain (8) from 

• [cos (np  mq)t + cos (tip — mq)1]} .  (8)  (6), as well as an identity for (cos mgt) (sin npt), one ob-
tains (12) from (11). 

pdo w 
1(0 = — (1 + k cos qt) +! E —{[Jo(nkpdo) sin npdo] cos npt + [1 — Jo(nkpdo) cos npdo] sin npt 

27  ri-1 n 

+ E (— 1)"1/2./„,(nkpdo) sin npdo [cos (np  mq)1 + cos (np — omq)t] 

• E (— 1)(----0/2./„,(nkpdo cos npdo[cos (np + mq)t + cos (np — mq)1] 

— 2„  (—  „,(nkpdo) cos npdo[sio (np  mq)t + sin (np — mq)t 

+ E (— 1)(-0/2./.(nkpdo) sin npdo[sin (np  mq)t + sin (np — mq)1]} . (12) 

If the summation over m is extended to cover zero and  Finally, this expression can be written more compactly, 
negative values of m, all components may be covered by  as follows: 
cos(np+mg)t alone. This change requires that the inte-
ger m be replaced by its absolute value wherever it ap-
pears in the coefficients, as indicated by the magnitude 
signs in (9). 

pdo  [ 2 "  
f(t) =  (1 + k cos qt) + — E E 

27  7 n.r1 

pdo •  1  i 
f(t) =  (1 + k cos qt) + — E — [sin npt] 

27  7 R-1 n 

J1mj tnkpdo) sin  (nPdo mi   )] cos (np  nt9)t•  (9) 
n  2  \ 2  2 
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1  ,*  1 
—[.1 1.,;(nkpdo) sin (npdo + I m I —)]Icos (up + mq)if 

r  n  2 

1 1 
2,  —[.1 1.1(nkpdo) cos (npdoi-I  2 T  n  ml-  (sin (up + mq)d. 
.0   

Several interesting facts are to be noted. The magni-
tude of a given component, of frequency np-Fmq, is to-
tally independent of p and q, and also of the algebraic 
sign of m. Further, there are no components of frequency 
mq,u showing that harmonic distortion is not inherent in 
the modulation process. Finally, an exactly linear rela-
tionship exists between the amplitude of the signal-fre-
quency component and the product of duty cycle and 
modulation index. 

These facts follow from the law of modulation as-
sumed, which, as has been shown, corresponds to the 
law actually governing the modulation process analyzed 
in Section III. 

VII. NUMERICAL RESULTS 

It is readily seen that the components of angular fre-
quencies q and p-Fmq (n=1, m= —1, —2, —00 • • • ) 
are of greatest interest from the point of view of audio 
fidelity. The former is the desired signal and the latter 
are undesired intermodulation products which may fall 
within the pass band. The values given by (9) and (13) 
are peak amplitudes relative to the unit height of the 
pulses. It is convenient to define a quantity Up-Flos q 
=44,4„,./A., which is the ratio of the undesired com-
ponent of frequency p-f-mq to the signal component. 
The signal amplitude is A .= kpd0/27r in both cases; the 
undesired beat amplitudes, divided by A., give the fol-
lowing: 
"Symmetrical" modulation: 

4 
U  pl.  kpd  pdo 

=  1m1  ) c o s  (for m odd) 
o   

kpdo  2  2 

4 kpdo pdo 
= kpdo j1.1(--- -) sin - — (for m even) 

2  2 

Asymmetrical modulation: 

(14) 

(13) 

(15) should be used directly. However, for small de-
grees of modulation and also for small pulse durations 
the expressions may be simplified by approximations to 
the Bessel and trigonometric functions. 
Three different cases will be briefly considered: 
.(1) Average pulse duration equals the average 

between pulses; high degree of modulation. 

(2) Average pulse duration in the order of 3 per  of the pulse-repetition period; high degree  of mo dula-

tion. 
(3) Average pulse dura tion  an ything  from  5 to  95 per  

cent of the pulse-repetition  per iod. Durat ion  var iat ion  
small in all cases, in the or der  of 1 per  cent  of the pulse  
repetition period. (Asymme trica l mo dulat ion  on ly.)  

time 

cent it 

Case 1 

The first case is chief]) of academic interest, especially 
with regard to a comparison between "symmetrical" and 

asymmetrical modulation. Since do=r/p, Up-fiwoa is zero 

TABLE I 

PER CENT DISTORTION (100 /./..4,,,q)(CASE 1) 

r/P; k =1 or as stated, so as to make U.v.H.g a maximum 

Angular Frequency 
of Undesired 
Component 

"Symmetrical" 
Modulation 
Per Cent 
Distortion 

Asymmetrical 
Modulation 
Per Cent 
Distortion 

P—q 
p —2q 
—3q 

p —4q 
P — 5q 
P-6,2 
2p-3g 
2p—Sg 
3p —4q 

0.04 
21 
3.4 
15.7 

0 
32 
0 

65  (k-0.57) 
32  (k-0.95) 
21 

1.9  • 9.5 
0  3.4 

1* 
21  (k 
12' 
15  (k= 0.5) 

• Order of magn itu de on ly. 

2 
('  = —  4/.11.02(kpdo) sin' (pdo + I MI  )  .11.12(kPdo) cos' (pa 12n 

_ 
kpdo 2 

2 
2  • 

=   .11„,i(kpd0)  (m  0). 
kpdo 

These expressions contain the essential information 
for establishing the relations between intermodulation 
distortion, degree of modulation, and highest signal-to-
riulse-frequency ratio." For large degrees of modulation 
with relatively large average pulse duration, (14) and 

Is Except, of course, for m 
14  For components with n other than 1, n will multiply the let-

ter p wherever it appears in the above equations. 

(15) 

for m odd in the "symmetrical" case, since cos pdo/ 2 in 
(14) is zero; more generally, for do =r/p, all np+mq 
components with n odd and m even, or n even and m 
odd, are zero. No such phenomenon exists in the asym-
metrical case. Table I gives the distortion Up+,,,,„ ex-
pressed in per cent, for k S1 chosen so as to give maxi-
mum distortion for each component. Maximum distor-
tion does not always occur for k=1. It is true, in the 
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present case of deep modulation, that components with 
n other than 1, e.g., 2p —3q and 3p —4q, are also very 
large; but if the audio pass band does not extend to over 
half the pulse frequency these components will fall out-
side the pass band, as will the p-q component. On the 
other hand a component such as that of frequency 2p 
—5q will fall within the audio pass band, but will be 
completely masked by the p —2q component. 
Table I shows superiority on the part of "symmetri-

cal" pulse-duration modulation. It should be remem-
bered, however, that the zero values in the symmetrical 
case hold only for the particular case where do --=7/P 
precisely, and cannot exactly be attained in practice. 

Case 2 
The second case may be of interest because of its pro-

posed use in television sound channels.' The average 
pulse duration do is chosen 3.0 per cent, and d will be 
varied from 0.5 to 5.5 per cent of a period, corresponding 
to k =0.83. Since do is small, the trigonometric and Bes-
sel functions in (14) and (15) may be approximated as fol-
lows with not more than 1 per cent error. 

J1(x)  0.50x 

.12(x)  0.125x2 

./3(x)  .021x2 

pdo 
cos (--)  1 

2 

sin  ( pdo\  pdo 

\ 2 )  2 

If these approximations are substituted, (14) and (15) 
become 

"Symmetrical" 

U  = 1.0 

Up-2q = 0 .062k(Pdo)2 

Up-3q = 0.010(kPd0)2 

Asymmetrical 

U p, = 1.0 

Up-2,7 = O. 25(kPd0) 

Up_3q = 0.042(kpdo) 2. 

TABLE II 

PER CENT DISTORTION (100 U,.,,,)—(CAsE 2) 

(16) 
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merical example chosen, the duty cycle pdo/2r=0.03, 
and the modulation index k=0.83. Substituting these 
values in (16) yields the results listed in Table II. 
"Symmetrical" pulse duration modulation is seen 

again to be superior in this case. The ratio of p to the 
highest value of q should be at least two in order to pre-
vent the p-q component from falling within the pass 
band, or three if the p-2q component is also to be ex-

cluded. 

Case 3 

The third case may have direct bearing on multichan-
nel pulse-position-modulation systems. This is so be-
cause a conventional method of demodulation consists 
of generating  asymmetrically  duration-modulated 
pulses, one edge being formed by the synchronizing 
pulse and the other by the information-carrying pulse 

of the channel in question. 
The quantity kpd0/27 is the ratio of maximum time 

shift to pulse-repetition period and may be about 0.01 or 
0.02, regardless of the average pulse duration. The same 
approximation to the Bessel functions as in Case 2 may 
be used here, and the results are identical to those given 
by (16) for the asymmetrical case. 
For a ten-channel system, using "1 per cent" pulses, 

a reasonable time-shift amplitude might be 2 per cent of 
the repetition period, so that each channel pulse covers 
a range of 5 per cent. Table III gives the inherent distor-
tion for all channels. 

TABLE III 

PER CENT DISTORTION (100 Up+mq)—(CASE 3) 

Angular Frequency 
of Undesired 
Component 

100 Up+.5 

p __q 
p-2q 
p-3q 

100 
3.15 
0.067 

These results lead to the following conclusions, if one 

"Symmetrical"  Asymmetrical  assumes that ideal low-pass audio filters are used. In 
Angular Frequency  Modulation  Modulation  Case 2 (asymmetrical) and in Case 3, the ratio of pulse-
of Unwanted  Per Cent  Per Cent 
Component Distortion  Distortion  repetition frequency to the highest audio frequency can  

  be as low as two for low distortion, and three for negligi-
ble distortion. In Case 2 ("symmetrical"), the distortion 
is negligible even for a ratio of only two, the theoretical 
limit mentioned in the introduction. Case 1, on the other 

These are general relations which hold whenever the  hand, may call for somewhat higher ratios. Some of 
above approximations are justified. For the specific nu-  these results have been checked experimentally. 

p-2q 
p-3q 

100 
0.18 
0.024 

100 
3.9 
0.10 
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A Method of Virtual Displacements for Electrical 
Systems with Applications to Pulse Transformers* 

PRESCOTT D. CROUTt 

Summary—A method of virtual displacements is developed for 
obtaining the transient behavior of electrical systems with distributed 
constants. This method involves the association of a number of as-
sumed "current modes" with generalized co-ordinates, and gives a 
set of equations which duplicates the mesh equations of a cor-
responding equivalent lumped network. The procedure developed is 
applicable to many different types of problems. Here, however, it is 
applied to the pulse transformer, the result being equivalent net-
works and procedures for calculating the constants in these networks. 

I. INTRODUCTION 

THE PURPOSE of this paper is to develop a 
method of virtual displacements for obtaining the 

  transient behavior of electrical systems with dis-
tributed constants. In using this method certain as-
sumed "current modes" are associated with generalized 
co-ordinates, the result being a set of equations, one for 
each mode, which duplicates the mesh equations of a 
lumped network. The procedure thus gives an equiva-
lent lumped network, which has a number of meshes 
equal to the number of assumed modes. 
The method devised is applied to the pulse trans-

former. Because the phenomena in question occur dur-
ing extremely small time intervals, the distributed 
inductance and capacitance are important factors in the 
operation of these transformers. The results obtained 
consist of equivalent networks and procedures for cal-
culating the constants in these networks. 
Because there are many kinds of electrical systems 

which have distributed constants, and because many 
problems involving other kinds of systems—thermal, for 
example—may be solved by treating equivalent electri-
cal systems, it appears that the method of virtual dis-
placements is applicable to a wide variety of problems. 
It can also be applied to find the approximate behavior 
of certain electrical systems which are lumped, but 
which have so many meshes that it is not feasible to 
solve the systems exactly. Specific applications of the 
method have been made, and experimental data con-
firming calculated results have been obtained. " 

'' Decimal classification: R140 X R143.5. Original manuscript re-
ceived by the Institute, April 10, 1946; revised manuscript received, 
April 4, 1947. 
This paper is based on work done for the Office of Scientific Re-

search and Development under Contract OEMsr-262 with the Massa-
chusetts Institute of Technology. 
t Massachusetts Institute of Technology, Cambridge, Mass. 
1 F. E. Bothwell, "Equivalent network for the 232-BW pulse 

transformer based on the method of virtual displacements," M.I.T. 
Rad. Lab. Rep. 734-778; July, 1945. 

'F. Assadourian, "Theoretical current pulses in magnetron and 
resistance loads at secondary of pulse transformer driven by line-type 
modulator," Westinghouse Research Report R-94410-20-A. October, 
1945. 

3 The author has successfully used the equivalent networks here 
described on two specific jobs involving the suppression of oscillations 
in pulse transformers. 

II. CURRENT MODES4 

The basic assumption that will be made is that the 
actual system of displacement and conduction currents 
in the given electrical system can at each instant be ap-
proximated with sufficient accuracy by a linear combi-
nation of a few suitably chosen current modes. A current 
mode is merely a flow pattern, the geometric picture of 
a current field, together with a magnification factor 
which for the present we leave unspecified. We shall 
now consider a few specific cases which, to fix ideas, are 
applicable to pulse transformers. 

TABLE I 

DATA DEFINING MODES 
A. B, AND C 

Is   I- X  a. - el 

ttttttttt  t 
; i: =14717 MIIIMIE 
4 4 4 4 4 4 4 4 4 4 4 

Core 

Mode designation 

Primary current outside 
of winding 

Primary current in 
winding 

Displacement current 
from primary to core 
per unit axial length 
winding 

Secondary current out-
side of winding 

Secondary current in 
winding 

Displacement current 
from primary to sec-
ondary per unit axial 
length of winding 

3x. 
a7GB 

fie 

4 [3 (1) —1 ] 

qc 

2 L \ 
r3 t) '_l] 

a / 

3x. 
— QC 
al 

The modes shown schematically in Table I pertain 
to a transformer having a single-layer primary of N, 
turns over which is wound a single-layer secondary of 
At, turns, .the same end of both being grounded to the 
core as shown. The modes are designated by letters, the 
q's are unknown functions of time, a dot indicates dif-

4 The name "charge mode" (charge in the sense of time integral 
of current) is more accurate than "current mode" because of the man-
ner in which these modes will be used. The latter name was used be-
cause of the physical picture it gives. The charge modes are obtained 
simply by removing the dots, which indicate differentiation with re-
spect to time, from the q's in the expressions for the current modes. 

This simple construction is chosen because it is entirely ade-
quate for explaining the methods which will be developed. These 
methods are applicable to all designs, including those which involve 
the use of shields. 
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erentiation with respect to time, and the positive direc-
ions of the currents are given by the arrows in the dia-
;Tam. The entries in the table are easily determined 
rom the following specifications: 
1. For each mode the corresponding 4 is the external 
3rimary current, and the total ampere-turns linking the 
:ore is zero. 
2. Mode A contains no displacement current, mode B 

contains only primary-to-core displacement current, 
and mode C contains only primary-to-secondary dis-
placement current. Each nonvanishing displacement 
current density varies linearly along the winding start-
ing at zero at the grounded end. 
3. In mode B and mode C, the primary ampere-turns 

and the secondary ampere-turns are both zero. 
These specifications are not necessary, but are con-

venient. The vanishing of the various m.m.f.'s prevents 
the core from being excited, and simplifies the nature of 
the leakage fluxes. The linear distribution of the dis-
placement current densities is suggested by the linear 
voltage distribution obtained if leakage flux is neg-

lected.' 
None of the above modes produces any excitation of 

the core. We therefore add a current distribution M 
comprising a primary magnetizing current I'm, and the 
actual eddy currents induced in the core. This is not a 
mode, since the geometric shape of the current field 
changes with time. Evidently, im is determined by the 
core specifications, the core flux-time curve, and the 
fact that 0.47/MN, is the total core m.m.f.7 
By superimposing the above modes (with suitably 

determined q's) and the current distribution M, we ap-
proximate the actual behavior of the transformer. 

III. DETERMINATION OF THE q's —VIRTUAL DISPLACE-

MENTS OF CHARGE 

Although we may conceivably devise an infinite num-
ber of current modes which together are capable of rep-
resenting the behavior of the electrical system exactly, 
we shall use only a few of the more important of these, 
the number being such that a sufficient approximation 
of this behavior is obtained, and such that the required 
work is held within tolerable limits. Let the q's of the 
chosen modes be numbered, thus qi, q2, • • • , q„. These 
quantities will now be used as generalized co-ordinates 
in procedures which are analogous to those used in me-
chanics. 

The difference between this linear distribution and the actual 
one is a distribution which varies with time, vanishes at both ends of 
the wining, and can be represented exactly by a Fourier sine series. 
Each sinusoidal distribution in this series can be made the basis of a 
mode just as the linear distribution was above, the result being an 
infinite number of modes which can be used with those above to give 
exact results. These modes are treated in M.I.T. Radiation Laboratory 
Report 618, which has the same title and author as the present paper, 
and on which the present paper is based. 

7 III can be determined approximately by calculation or by ex-
periment from the fact that the primary voltage with Lif, acting alone, 
minus the primary resistance drop, gives the rate of change of the 
core flux, plus the average primary leakage flux. 

It is evident that all charges arising from the km mode 
are proportional to qk; all currents and magnetic field 
intensities, to 4a; and all induced voltages arising from 
the rate of change of the magnetic field, to 4k. Let us 
consider the transformer in operation, the various q's 
being suitable but unknown functions of time; and at 
time t let the system be given a virtual displacement 
5.7k. By this we mean that at time t time is stopped, in 
the sense that all voltages and electric field intensities 
which existed at time t are considered as persisting un-
changed, and that qk is increased by an infinitesimal 
amount Sqk. The variation Sqk causes a field of flow of 
charge in the 10" mode, which field may be considered 
as made up of an infinite number of closed, elementary 
infinitely thin tubes of flow, the charge flowing in each 
of these being proportional to Sqk. Let us determine the 
virtual work—the word "virtual" being used to empha-
size the fact that the procedure is entirely artificial and 
can exist only in one's imagination—that is required 
to produce the motion of charge associated with the vir-
tual displacement Sqk through the voltage differences 
and electric fields which are persisting from time t, as 
stated above. The total virtual work is evidently the 
sum of the virtual works required by all of the elemen-
tary tubes of flow. For a single tube, however, the virtual 
work is merely the product of the elementary charge 
associated with the tube, which charge is proportional 

to Sqk, and the quantity 

[induced back voltage + total impedance drop 

— total source voltage].  (1) 

Here the first term is the back voltage due to the rate 
of change of the magnetic flux which links the tube, the 
second term consists of all capacitance and resistance 
drops, the former being composed of back voltages 
across electric fields; and the last term consists of the 
total e.m.f. contributed to the tube by external sources 
—for example, primary and secondary terminal voltages. 
The quantity (1), however, is zero; hence the virtual 
work required by any single tube and hence by the en-
tire field of flow is zero. We have thus shown that the 
virtual work required by a virtual disPlacement Sqk is zero, 
providing induced voltages are included as well as imped-
ance drops and voltage sources (such as terminal voltages). 
This is equivalent to saying that the virtual work required 
by impedance drops and induced voltages in a virtual dis-
placement Sqk is equal to that provided by voltage sources. 
All expressions for virtual work have Oqk as a factor. 
Dividing these by bqk gives corresponding expressions 
for what we define as "generalized voltages." For exam-
ple if 

51,17c = virtual work required by capacitances 

OW n = virtual work required by resistances 

OWL = virtual work required by induced voltages  (2) 
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6Wav = virtual work supplied by one or several 

specified sources, 

then 

generalized capacitance voltage 

OWc 1  1  1 
= — q  q2 -I- • • • +  tin 

Oqk  C kl  C k2  C t,, 

generalized resistance voltage 

Vek, 

bWR 
=  = Rki41  Ek242 +  • •  Ekn4n  VRk) 

aqk 

generalized inductance (induced) voltage 

S W L 

= k Lk141  Lk242 +  • •  Lkn4n  VLk; and 
Bq 

(3) 

diV 
generalized source voltage = —  = Ek, 

aqk 

where the C's, R's, and L's are constants, and where 
— vck,  and —tqk are from the virtual works re-
quired by the capacitance and resistance drops and the 
induced voltages due to currents not given by the q's, in 
the present case the current distribution M. 
In order to see that these generalized voltages have 

the forms indicated, we need only recall that all capaci-
tance drops are proportional to charges, all resistance 
drops are proportional to currents, and all induced volt-
ages are proportional to the rates of change of currents. 
Our fundamental relation for virtual work can now be 
stated in the form of a generalized Kirchoff's law as fol-
lows: For any 15k Sn the generalized source voltage is 
equal to the sum of the generalized impedance drops. Not 

(3), this gives 

Z nit ± Z1212 + • • • ± Zlnin =  E1 + vi 

Z2111 + Z2212 -4- • •  + Z an =  E2 + v2 

(4) 

Z„1/1  4 21 2 +  • • • + Znn  =  +  vnt 

where the /'s are generalized currents defined by 

/i = 4:,  i = 1, 2, • • • , n, 

where the Z's are generalized impedances defined by 

1 
dt, 

dt  Cii kftime when ohareee-41 

= 1, 2, • • • , n, 

as in circuit theory; and where 

vi = vci  VRi  VLio i= 1, 2, • • • ,n. 

If we can show that the system of (4) is symmetrical, or 
that Z,;=-Z,,,, and that certain quadratic forms analo-
gous to the usual expressions for energy and dissipation 
are positive definite, then a lumped network exists in 
which the I's are the mesh currents, the Z's the imped-

ances, and the E's plus the v's the mesh voltages, ane 
which gives this set of equations when Kirchoff's laws 
are applied. The network is equivalent to the actual sys• 
tem to the degree of approximation permitted by the 
choice of modes.' The conditions which must be satis• 
fled are the following. 

L,i = L,i, Cif = C,i, Ri, = R,i, i,j = 1, 2, • • • , n; 

1 n  n  Inn ,,  1 

— E E Li ixix  —  — xixi,  and 
2  2 ;-.1 

(5) 
71  1% 

E E Riaxix, 

must all be positive definite quadratic forms. These con-
ditions are satisfied, which fact will now be proved. 

A. Proof that Cii= 

If qi, q2, • • • , q„ are increased by amounts dql, 
• • • , dq„, the increase in the electric energy of the sys-
tem without the current distribution M is 

1 q t  1 qi) 2 + 

Clj  C21  I 

• 1±11—  —C1 jg i) dq".  
(6) , 

Since the electric energy exists and is a function of only 
the charges, this expression must be a total differential, 
the test of which is that the partial derivative of the co-
efficient of dqi with respect to qi must equal the partial 
derivative of the coefficient of dqi with respect to qi. 
Applying this test gives immediately 

1  1 

Cs!  C ji 
or Cii =C,,  i,J = 1, 2, • S• • , n.  (7) 

8 Regardless of the number of moc'es used, the nature of the ap-
proximate result given by (4) can be obtained as follows. Let there 
be added to the given electrical system a continuous distribution of 
(source) constraining voltages such that the approximate result 
given by (4) without these voltages is the exact solution of the prob-
lem with them. These constraining voltages contribute a voltage term 
to (1) and the terms siVE7aqi, Mei/42, • • • , .5 W'/8q, to the right-
hand sides of (4), respectively. Denoting the modified equations by 
(4'), we note that (4) is approximate for the case of no constraining 
voltages, whereas (4') is exact for the case where constraining volt-
ages are included. Subtracting each equation of (4) from the cor-
responding equation of (4') noting that both systems of equations 
have the same solution, it follows that 

• 
B' 
= 0, 

bqk k  1, 2, • • • , n; 

hence the constraining voltages do no work in any virtual displace-
ment bqk, k 1, 2, • • • , n. We have now shown that the approximate 
solution given by (4) is the exact solution of the problem obtained by 
superimposing on the given electrical system a suitable system of con-
straining voltages which do no work for any virtual displacement age. 
We have also obtained the following result. Let there be added .to the 
given system a set of constraining voltages which force the solution of the 
problem to be given exactly (at each instant) by a linear combination of the 
assumed modes; then (4) gives the one and only such combination that 
does not require the constraining voltages to do work under any virtual 
displacement aqk (and, hence, any virtual displacement permitted by the 
chosen modes). 
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B. Proof that Rii=- Ro. 

Let Fk be a vector function whose direction at any 
point is the direction in which charge would flow if qk Iwere increased, and whose magnitude is the charge per 
unit cross section of path that flows at this point for 
'unit increase of qk. We shall now compute 6WR for the 

Fig. 1—Current-flow pattern. 

virtual displacement 6qk without the current distribu-
tion M. The contribution of the resistance drop to the 
electric intensity vector is (see Fig. 1) 

p E F4; 

where p is the resistivity of the material at the point. We 
consider the field of flow arising from eSqk to be made up 
of elementary tubes of flow. The energy loss in a length 
dl of such a tube at a point where the cross section is dA 

is 

(voltage component along tube times dl)(IFk I OqkdA), 

the second factor being the charge which moves in the 
elementary tube. Replacing dA dl by dv and integrating 
over all space (all pieces of all tubes), we have 

6WR =  (p  FiO•Fkoqkdv 
v  e-i 

 R  —  4, f pFi•Fkdv. 
bqk  e-i  Jr 

Comparing this expression with (3), we see that 

Rki  f  pFiTkdv, 

It follows that 

k, i = 1, 2, • • • , n• 

Rei = R,, = f pFr•Fidv,  j = 1, 2, • • • , n.  (8) 

C. Proof that L,i = 1,0. 

Let qi and qi be taken as arbitrary functions of time, 
the only condition being that these functions are ana-
lytic (smooth) and have time derivatives which vanish 
at I = 0; also let all the other q's be put equal to zero, and 
the current distribution M removed. The work put into 
the magnetic field as time increases from 0 to t is 

W L = f [(Liege + Lee4e)4e + (Log + Li1404,]dt.  (9) 

Since this magnetic energy is completely determined by 
the currents that are flowing at the final time t, this ex-
pression can depend only upon the final values of 4, and 
4,, and must be the same for all chosen functions which 
have these same final values. If, then, we give q; an in-
finitesimal variation aqi which is analytic and whose 
time derivative d/dt Eqi= 64, vanishes at time 0 and t, 
the integral (9) must remain unaltered, or 

6WL = O. 

It follows that 

6WL = f  RI•eige  Le48)8qe  (Lee4e  Loij)ö ddt = 0. 

Integrating the second term of the integrand by parts 
gives 

[(Lii48 Li840648]ot 

f L.,4; — L848 — L041084idt = 0. 

But 54, vanishes at times 0 and t; hence, the first term is 
zero; also two terms in the integrand cancel, leaving 

8 
(Li; — L0) 10  4,44idt = 0. 

By choosing a aqi whose slope d/dt Sqi= 54, is always of 
the same sign as 4; we obtain a situation where the in-
tegral is positive. In such a case the integral is not zero; 
hence its coefficient must vanish, giving 

Lei =  j = 1, 2, • • • , n.  (10) 

We have thus established the desired symmetry of the 
system of equations (4). 

D. Calculation of Electric and Magnetic Energies, and 
Dissipation. Proof that the Quadratic Forms in (5) are 
Positive Definite. 

We shall finally determine the electric energy, the 
magnetic energy, and the power loss due to resistance 
for the fields and currents due to the q's alone (no cur-
rent distribution M). The expression (6) for the increase 
in the electric energy has been shown to be a total dif-
ferential, and can therefore be integrated immediately. 
Noting that the electric energy vanishes when the q's 
are all zero, we thus have 

1 n s 

electric energy due to q's alone = — E E  mi. (11) 
2 

The energy given to the magnetic field during in-
creases dqi, do, • • • , dq„ is given by an expression simi-

lar to (6), namely, 

Li14)dq1  ( ± 

( i 
r-i 

1 

L2í7 ) '/q2 ± • 

L„14)dq„ 
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11  ft 

= E E Luqadq,. 
Jr..1 

Since Lri=Lii, this may be written 

± ± 4(4;4 +  = 1 Lii(41d41 41d4i) 
2  /-1  2 i-i 

d[ 1 — =  1,04,4 ,1. 
2  

Integrating- this expression while noting that the mag-
netic energy is zero when the 4's, and hence all currents, 
are zero, we obtain finally 

1  n  Is 

magnetic energy due to q's alone = — E EL,,4141. (12) 
2 

The energy dissipated in the resistances in time dl is 
given by 

R1141)!QI  E R214  !q2 +  • • • 

E R.;41) 1q„. 

Dividing by dl, it follows that 

power loss in resistances due to q's alone 

n  Is 

= E E R11454i.  (13) 

Since the electric and magnetic energies and the dis-
sipation are intrinsically positive quantities, and since 
the expressions (11), (12), and (13) are measures of the 
quadratic forms in (5), it follows that these quadratic 
forms are positive definite. 
We now have shown that the conditions in (5) are 

satisfied, and hence that a lumped network exists which 
has the system of equations (4) as its mesh equations. 
It follows that the various theorems and procedures of 
circuit theory are applicable. For example, it is evident 
that equivalent networks can be devised which are the 
duals of those just considered, and in which the q's are 
node voltages instead of mesh charges. 
Although the pulse transformer is being considered at 

present, it is evident that the above theory is perfectly gen-
eral, and can be applied to many different kinds of prob-
lems involving distributed constants. In such applications 
the current distribution M, if necessary at all, will prob-
ably differ from that used above with the pulse transformer. 

IV. DETERMINATION OF THE GENERALIZED 
NETWORK CONSTANTS 

We shall now consider the procedures used in calcu-
lating the generalized capacitances, resistances, induct-
ances, and voltages; and shall illustrate these using the 
modes devised in Section II. 

A. Calculation of the Capacitances ail 

It is evident that the C's of any mode which does not 
contain an electric field all vanish. More specifically, if , 
a virtual displacement 6qk does not involve a flow of dis-
placement charge, then 1/Cii, =1/Chi = 0 for any 1. 
Furthermore, if the ith and j'h modes have electric fields, 
but if these fields do not overlap in space, then 1/Cr, 
=1/Cii=0, since a virtual displacement 6qi does not 
cause displacement charge to move in the electric field 
due to qi, and vice versa. The truth of these statements 
is also evident from the form of the expression (11) for 
the electric energy. 
In ccmputing Cki, we see from (3) that the only part 

of OWc/Ogh that is needed or that can be used is that 
which remains when the v's and all of the g's except gi are 
put equal to zero. We therefore compute the virtual 
work 6We for the flow of charge given by 6qk and the 
voltage distribution given by q, alone, after which we 
have 

1  6W c 
— = 
Cki  (105qk 

(14) 

As examples, we see that modes A, B, and C have no 
mutual capacitances, and that mode A has no self-

capacitance; thus, 1/CAB  =1/Cac =1/CAc  =1/CAA  =O. 
Also placing 

a =length of winding 

x =distance from grounded end of winding 
c„= core-to-primary capacitance per unit length of 

winding 

C, = ac„= total core-to-primary capacitance 
c„ = primary-to-secondary capacitance per unit 

length of winding 
Cp. =ac,= total primary-to-secondary capacitance, 

the procedure in computing CBB may be outlined as fol-
lows: 

primary-to-core voltage due to qv = 
3x 

a 2c pe  qB  

displacement charge per unit length of winding due to 6qa 

3x 
= — Oqa a2 

a 3x  3x  3 

o e 
6We = f (-- 0)(—Oqe)dx =  obqii 

c,  a2 acp, 

CBI = 
ac, 

= 3— C1 „. 
3   

The last expression follows from (14). In the above cal-
culation, fringing of the electric field at the ends of the 
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winding was neglected. If desired this can be included 
using flux plotting methods.9-" 
In calculating a mutual capacitance two modes are 

involved, one of which is arbitrarily chosen to be given 
a virtual displacement. If the roles of these modes were 
interchanged so that the other is varied, it is evident 
that the only effect is to take the 6 from one q and place 
it with the other, the integral on x being unaltered. Since 
both q and bq are divided out, we see clearly how 

1 6Wci Wei 1 
— =  =  y 

Cii q03q; 

which relation was proved in Section III. 

B. Calculation of the Resistances Rip 

In calculating Rki we see from (3) that the only part 
of (5WRIoqk that is needed or that can be used is that 
which remains when the v's and all of the 4's except 4, are 
put equal to zero. We therefore compute the virtual 
work W it for the flow of charge given by aqk and the 
voltage distribution given by 4i alone, after which we 
have 

6WR 
Rkj - - ' 

4iSqk 

(15) 

As an example, let us place 
r„ =resistance per unit length of primary winding 
Rp=resistance of primary winding 
r. =resistance per unit length of secondary winding 
R,=resistance of secondary winding; 

then the procedure in computing the mutual resistance 
RDO may be outlined as follows: 

2 

Volts per unit length of primary = — I 3 (—) - 11 41, 
2  a 

Virtual charge that passes any 

point of primary due to 8qc 1 = —I3  (x)2  1] oqc, 
2L 

6W R  2  1 

RDC    r, f  a [3 ( 12—  11 dx = — R, 
4s6qc  4  o  a  5 

In the above calculation, skin effect was not considered 
explicitly; however, its effect can be included approxi-
mately by assigning suitable values to r, and 
In calculating a mutual resistance two modes are in-

volved, one of which is arbitrarily chosen to be given a 
virtual displacement. If the roles of these modes were 
interchanged so that the other were varied, it is evi-
dent that the only effect would be to take the 6 from one 
q and place it with the other, the integral on x being un-
altered. Since both the 4 and the bq are divided out, we 
see clearly how 

• H. Poritsky, "Graphical field-plotting methods in engineering," 
Trans. A.I.E.E. (Elec. Eng., Supplement, 1938), vol. 57, pp. 727-732; 
Supplement, 1938. 

10  A. D. Moore, "Fundamentals of Electrical Design," McGraw-
Hill Book Co., New York, N. Y. 

11 P. D. Crout, "The determination of fields satisfying Laplace's, 
Poisson's, and associated equations by flux plotting," M.I.T. Rad. 
Lab. Rep. 1047, January, 1946. 

M R;  Wei  
R„ -  =  - R„, 

qiaqi 

which relation was proved in Section III. 

C. Calculation of the Inductances 

In calculating Lki we see from (3) that the only part 
of OWL/4k that is needed or that can be used is that 
which remains when the v's and all the q's except 4i are 
put equal to zero. We shall therefore compute the virtual 
work oWL for the flow of charge given by Bqk and the 
voltage distribution given by 4; alone, after which we 
have 

OWL 
Lki == ------

4iSqk - 
(16) 

In the case of the transformer, the procedure is as fol-
lows. Let us consider the distribution of currents given 
by 4, to be flowing. These give rise to a magnetic field 
which is proportional to 4a, which field must be deter-
mined. From it, the flux linkages per unit length of the 
primary and secondary windings are obtained in the fol-
lowing form: 

Flux that passes through the primary at any point 

= f(x)4; 
(17) 

Flux that passes through the secondary at any point 

= .4(x)4i 

where f(x) and fs(x) are known once the magnetic field 
has been obtained. The corresponding voltage distribu-
tions are, therefore, 

Volts per unit length of primary 
N,10-9 

opposing a current in the positive =  f(x)qi 
a 

direction 

Volts per unit length of secondary 

opposing a current in the positive = 

direction 

N„10-8 

a 

But the virtual flow of charge is given by expressions of 
the form 

Virtual charge that passes any point of 
= gn(x)bqk 

primary in the positive direction 

Virtual charge that passes any point of 

secondary in the positive direction 

as is evident from Table I; hence, 

OWL,-  4itlqkf [Npf,(x)g,(x) -Nsf.(x)go(x)]dx 
10-8  • 

a  o 

Lki 

= gs(x)bqk, 

(18) 

grOqk 

10-8 f ° 
=  [A r pf p(x)g,,(x) — N,f,(x)g,(x)]dx.  (19) 

a  o 
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It has already been shown in Section III that the L's 
are symmetrical; hence, the roles of the two modes just 
used may be interchanged. 

In actually carrying out the above procedure the in-
tegration in (19) is, at worst, a simple numerical inte-
gration in which Simpson's rule can be used; hence, prac-
tically all of the work lies in determining the magnetic 
field from the given current distribution corresponding 
to 4.  Of the techniques available for solving this type 
of problem, perhaps the simplest is flux plotting. By 
means of flux plotting the magnetic fields can be deter-
mined to an accuracy depending largely upon the 
amount of time available for making such plots.7 We 

shall now apply (19) to modes A, B, and C; however, in 
order to avoid becoming involved with the details of 
flux plotting, we shall make certain approximations as 
follows. 

1. Self-inductance of mode A 

Let us suppose that the field due to the current dis-
tribution given by mode A passes axially down the 
space occupied by the primary-to-secondary insulation, 
with negligible leakage through the windings them-
selves. The flux passing down this space is, thus, 

.4raNWIA 
=  4 , 

where qk is the reluctance of this space, and a is the frac-
tion of the total m.m.f. which appears across it. It may 
be noted that, for this mode, the primary and secondary 
both produce the same m.m.f. R. can be obtained to suf-
ficient accuracy for most purposes by computing the 
reluctance of the space occupied by the primary-to-sec-
ondary insulation (including the wire insulation), a can 
be taken as the ratio of the coil length to this length in-
creased by twice the primary-to-secondary insulation 
thickness. Of the flux 0, let a fraction a return through 
the core, and a fraction (1 —a) return through the space 
outside of the secondary. We then have 

Volts per unit length 
„N 0.)( O. 4raN) 

of primary opposing= (10-8 
a 

a current in the posi-

tive direction 

Virtual charge that passes any point of primary= &q4 

Volts per unit length 
N. ry  0_0) ] r O. 47aN1 

of secondary oppos-= [10-8 —  4. A. 
a  L 

ing a current in the 

positive direction 

N, 
Virtual charge that passes any point of secondary = — OqA 

swL=  r ° 10-80 .4raN, [  , 
  Nper-FN,(1—cr) — N-igAt5qAdx 

J 0  aR  N, 

SW L 47r10-°aN,2 
LAA =  =   (20) 

g.togA  R 

2. Mutual inductance between mode A and any one of the 
other modes 

Referring to (19), let mode A be taken as the basis of 
f,(x) and f,(x), and let one of the other modes be taken 
as the basis of g,(x) and g„(x). Since  does not vary with 
x,, it follows that f.(x) and f(x) are both constants; 
hence, (19) becomes 

LAvi 
ISW 

gAbqk 
= 10-8 [N„ Maverage value of g,(x)) 

— NJ,(average value of gs(x))]. 

But the average value of g,(x) and of g.(x) is zero for 
each of the modes in question; hence, 

LkA = 0, 

and there is no mutual inductance between mode A and 
any of the other modes. 

3. Self-inductance of mode B 

In obtaining the field due to the current distribution 
given by 4, we shall replace the winding by a current 
sheet and place this against the core, the assumption 
being that the field so obtained is a sufficient approxi-
mation to the actual field, in so far as the determination 
of flux linkages per unit length of primary is concerned. 
The current at any point of the primary is, noting Table 

24 3 E Y— 1] 48.  2  a 
(21) 

The average value of this current along the winding is 
zero; hence it exerts no net m.m.f. on the core. The cur-
rent at one end of the winding opposes that at the other 
end, and the magnetic field is in a sense "squirted" out 
into the region outside of the winding. The total m.m.f. 
of the current flowing in the region between 0 and x is 

0.47rN,4„ r 
2a  j0 a 

By plotting a curve of 

[ a. 3 2:- 2— 1 dx 

x 3 x 
= 0.27r-A r 3,4B[( )— — -- 1• 

a  a 

ry X r  X 

Rai — a j 

and from it obtaining the values of x/a corresponding 
to equal increments of the ordinates, the location of the 
equipotential lines on the flux plot for the chosen num-
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ber of such increments is determined.9-n It may be 
noted that the number of such lines per unit distance 
along the winding is proportional to the derivative of the 
m.m.f. with respect to x, or the current. It may also be 
mentioned that the lines of force do not enter the current 
sheet at right angles, since there must be a tangential 
component of magnetic field intensity given by 0.4/r 
times the current per unit length of winding. From such 
a plot fp(x) of (17) is obtained directly, after which (19) 
gives 

LBB = 
10-8 N„ a r3 ( ) 

2a  Jo L  a / 
lifp(x)dx,  (22) 

the integration being carried out numerically using 
Simpson's rule. 

4. Self-inductance of mode C 

The primary and secondary currents are 

1[(x)2 1] 4c.  
2  a 

(23) 

Since the average current in each winding is zero, neither 
produces any net m.m.f. on the core; also, the secondary 
produces no net m.m.f. on the space occupied by the 
primary-to-secondary insulation. Here, as in Part 3, 
we assume that a sufficient approximation to the actual 
field can be obtained by replacing the secondary wind-
ing by a current sheet on the core. Because of the iden-
tity of (21) and (23), we see that the flux plot obtained 
in Part 3 may be used here. Denoting the function 
fp(x) obtained in Part 3 by F,(x), it follows that in the 
present case 

N, - N. 
f p(x) =   F,(x),  .g,(x) = 

N,   

N, — N a 

f.(x) —  F,(x),  Mx) = 
N, 

hence (19) gives 

CC 10-8  a  2 L = —  3 -1  _  1 

2a Jo  a 

E(N, — N.)(N, — N.)] 

N 
  F „(x)dx, 

or, comparing this expression with (22), 

Lcc = (N, - N.)2 
LBB. 

N 

5. Mutual inductance between mode B and mode C 

Proceeding as before, we consider both the primary 
and the secondary as current sheets on the core. Allow-
ing the currents corresponding to 4a to flow, and giving 
4c a virtual displacement, we have 

fp = f. = Fp 

gP  = —21 [3G Y  1] 

ge = —21 [3 (a )2- 1], 

where, as in Part 4, F,(x) is the function obtained for 
f,(x) in Part 3. Equation (19) now becomes 

10-8 far3 ( r_ 1] [N,  
2a Jo L W  NajF,(x)dx LBC 

or, comparing this expression with (22), 

LBC 
N . 

 LBB. 
NJ, 

The above picture can evidently be refined by a more 
exact treatment of skin effect, and, in the case of small 
wire sizes, by a separate consideration of the flux which 
links the individual turns. 

D. Calculation of the Source Voltages Eh 

The generalized voltages Eh are given by (3), thus 

S WE 
Ek  •  (24) 

bqk 

It should be noted that OWE is the virtual work supplied 
by the various sources, whereas SWc, SWR, and OWL are 
the virtual works required by the various impedances, 
respectively. 
As an example, the procedure used in calculating EA 

may be outlined as follows: 

N, 
olVir = EpbqA — F. -- 6qA 

N. 

EA 
OWE 

8qA 

N „ 
= E, — 

E. Calculation of the Residual Voltages vk 

As described in connection with (3) the residual volt-
ages are obtained by dividing certain virtual works by 
8qh. In the transformer the only current distribution 
that we have that is not included in the various modes, 
and hence given by the q's, is the current distribution 
M, comprising the magnetizing current and the eddy 
currents in the core. We shall now calculate the three 
component parts of vh, namely, vck, vRk, and vLk. 

1. Residual voltages vch 

The weak electric field which links the core and gives 
rise to the "volts per turn" of the winding is at right 
angles to the direction of flow of the displacement charge 
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due to Sqk in the core-to-primary or primary-to-secon-
dary insulation. It follows that the corresponding vir-
tual work is zero, and the vck's all vanish. 

2. Residual voltages vRk  

The only place where the various mode currents and 
the currents of distribution M follow common paths is 
in the primary winding. It follows that 

S W R 

VRk =  (25) 
Sqk 

where S WR is the virtual work required by the virtual 
displacement 45qk due to the primary voltage ImR„ caused 
by distribution M. In obtaining the self- and mutual-
resistances involving mode A, the virtual work required 
by Sqk due to the primary voltage /2,4A was calculated; 
hence, by replacing 4A by IA! in these expressions, we 
obtain the corresponding expressions for the present 
case. Noting (25), it follows that the vRk's all vanish ex-
cept that for mode A, which is 

- VRA = TU Rp. 

3. Residual voltages vLk 

In order to determine the vLk's we must determine the 
virtual work tWL required by a virtual displacement 
Sqk due to the induced voltages arising from the distri-
bution M; then 

— V Lk = 
OW L 

Sqk 

The magnetic field due to this distribution is made up 
of two parts; the large circulating flux which is confined 
to the core, and the small leakage flux whose path lies 
part in the core and part in the air. We shall consider 
these two parts separately, as follows. 

(26) 

a. Circulating flux confined to core 

The volts per turn opposing a positive primary cur-
rent and aiding a positive secondary current due to this 
flux at any instant is independent of x, and will be de-
noted by H(t). Noting (18), we see that the contribution 
of the voltage due to this flux to OWL is 

{ [-Na P H(1) ][29(x)aqd  

rjq  H(t)][g,(x)oqd} dx 
a 

= [N ,[Average value of g„(x)] 

— N. [Average value of gs(x)])11(1)Sqk = 0 

since the average values of g9(x) and ga(x) along the 
windings are zero for all modes except mode A, and 
since for mode A the two terms in the brace cancel. The 
circulating flux which is confined to the core therefore 
contributes nothing to the vLk 's. 

b. Leakage flux 

Let us assume that for any /Ai the shape of the ex-
ternal leakage field would be altered negligibly if the 
material of the core were changed to one which is elec-
trically nonconducting (no eddy currents), and which 
has a suitable, high, constant permeability. With such a 
core, let us consider a mode 

primary current = 40 

secondary current = 0. 

The virtual work required by a virtual displacement Sqk 
because of the induced voltage due to 40 is, noting (3), 

Lko4oOqk. 

But Lko = Lim due to (10), and IM and the current cor-
responding to 40 follow the same path; hence, noting (26) 
and (27), it follows that 

— V Lk = LOk  (28) 

(27) 

Lo* is 1 / kOqo times the virtual work required by 40 due 
to the induced voltages corresponding to k; hence, the 
Loa's can be determined using the same fields required 
in Part C. More explicitly, we may apply (19) placing 
gp(x) =1, g,(x) = 0, thus 

10_8 r 
LO k =  N,  fp(x)dx 

a 

= 10-8N, Average value of fp(x)J  (29) 

where f,(x) is the same function defined in (17), used in 
Part C, and therefore available with no further calcula-
tion. Proceeding as in division 5 of this part, we obtain 

— 
L0c = N  L08. 

If we make the same assumptions conceening the na-
ture of the field due to mode A that were made in divi-
sion 1 of this part, and proceed as with (20), we have 

volts per unit length of primary 

(30) 

=(1o8 N a)(0.4;raN p ) 

  (IA 
a 

virtual charge that passes any point of primary = Sqo 

471-10-9aN 2a 
LOA —   

or, comparing this result with (20), 

LOA = CrLAA • 

This in (28) gives' 

VLA = °I AA 1 M • 

12  The inductances Lok could also be obtained from a plot of the 
leakage field due to hi alone. Since this plot is simpler than those of 
the leakage fields of the various modes, greater accuracy would prob-
ably be obtained using it than would be obtained using those re-
quired in Part C of Section IV. 



1 V. SUMMARY OF GENERALIZED NETWORK 
CONSTANTS 

The results of calculations carried out in accordance 
tith Section IV are contained in the following matrices 
Table II). Here C„ and C„ are the total core-to-pri-
unary and primary-to-secondary capacitances, R, and 

TABLE II 
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inductances, and the various source and residual volt-
ages take the values given in the matrices in Table II. 
Before considering any specific networks, it will be well 
to specify what is meant by an ideal transformer and 
also by a change of impedance level. 
An ideal transformer is a fictitious transformer with 

Matrix of Values of 1/Cii 

Mode 

Viode 
A 

A 

0 
3 

C„ 

Matrix of Values of Rsi 

Mode 

Mode 
A 

A R+ (- _')R.  0 

0 

0 

lEp 

Matrix of Values of Lii 

Mode 

%lode 
A 

A (20) 

0 

0 

0 

(22) 

KLBB 

KLBB 

R 2LBB 

Table of Values of Er. and —yr. 

Mode —Vk 

A Ep—(Np/ N 8)Es 

Ep 

R,IM +O LAAIM 

L0B1A1 

Loci If 

2, are the total primary and secondary resistances, E, 1 
tnd E. are the primary and secondary voltages, N, and 
V. are the primary and secondary turns, and L AA  and 
BB are given by (20) and (22), respectively; also LOB 
Ind Loc are given by (29) and (30). a is given in division 
of Part C in Section IV, and K=(N,—N,)/Np. 
The data given above are exactly those required to 
;et up the equations (4). If the solution of these equa-
,ions is to be entirely mathematical there is no particu-
lar object in looking for an equivalent network, since 
iuch a network is by definition one whose mesh equa-
tions duplicate (4). If, however, the solution is to be 
obtained using a network analyzer (phantom circuit or 
"model"), then an equivalent network must be devised 
which can be realized physically. Aside from such a use, 
however, an equivalent network gives one an intuitive 
'feeling for the significance of the various modes and de-
sign constants of the transformer that is not given by the 
impedance matrix II Zia!! ; also, it enables one to estimate 
the behavior of a transformer as a component part of a 
larger network or system, and hence the behavior of the 
system as a whole. Because of this, the equivalent net-
work is useful in guiding certain types of experimental 
work; for example, that having to do with the suppres-
sion of high-frequency oscillations. 

VI. EQUIVALENT NETWORKS 

In devising an equivalent network the entire objec-
tive is to locate the various meshes relative to each 
other and include the right circuit elements, so that the• 
various self- and mutual-capacitances, resistances, and 

no leakage, no resistance, and zero magnetizing current 
It has the following properties: it supplies or dissipates 
no energy, there is no electrical connection between the 
primary and the secondary windings, voltage ratio =1/ 
current ratio =turn ratio =constant. The impedance 
level of any mesh in a network is said to be increased in 
the ratio p2, if the following alterations are made in the 
quantities associated with that mesh: all self-imped-
ances are increased in the ratio p2, all mutual imped-
ances and voltages are increased in the ratio p, and the 

Fig. 2—Equivalent network using mode A and current 
distribution M. 

mesh current is decreased in the ratio p. That the net-
work so altered is in equilibrium follows from the fact 
that its network equations are satisfied, for these equa-
tions can be obtained from those for the original net-
work simply by multiplying the one equation corre-
sponding to the given mesh through by p, and by 
replacing the given mesh current by p times the altered 
mesh current in all the equations. If desired, the imped-
ance levels of several meshes can be similarly raised or 
lowered. 
We shall now obtain equivalent networks for a num-

ber of progressively more difficult cases, as follows. 
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A. Equivalent Network Using Mode A and Current Dis-
tribution Al 

In the network of Fig. 2 the fundamental mesh or mode 
currents are as follows: 

1. .rif flows clockwise around through Ep, Rp, 0E44, 
and the box marked "core." 
2. 44 flows clockwise around through Ep, Rp, crL44, 

(1 --cr)L44 and Np; and (Np/N.) 44 flows clockwise 
around through N„ R., and E.. 
The directions of the turns in the windings of the ideal 

transformer are such as to enforce the current mode just 
described in 2. The box marked "Core" is a fictitious im-
pedance which requires the proper magnetizing current 

0-04L "  (Z:IrRs rLAA  

r w °1---1r611‘ 1 —'n519F "---"A4A -- -;  

(fivf) Es  
Core 

• 

Fig. 3—Equivalent network using mode A and current 
distribution M. 

hf." It is evident by inspection that the various resist-
ances, inductances, source voltages and residual volt-
ages duplicate the values specified in Section V for mode 
A alone; also, the currents flowing through E, and E, are 

5 

Its 

Ns 

Fig. 4—Equivalent network using modes A, B, and C, and 
current distribution M. 

the actual primary and secondary currents 444-/m and 
(Np/N,) 4A, respectively; hence, the four-terminal net-
work Fig. 2 can replace the transformer in an' network 
in which the transformer is a component part. If the 
impedance level of the part of this network that is asso-
ciated with the secondary is reduced in the ratio 
(Np/N,)2, the ideal transformer may be omitted, and 
the equivalent network of Fig. 2 reduces to Fig. 3. 

14 The inductances due to the leakage fields are evidently small 
compared with an inductance associated with the main circulating 
flux in the core. Of the mutual inductances given by the vk's of Sec-
tion V, only that due to VA is shown in the diagrams. 

1 November 

B. Equivalent Network Using Modes A, B, and C, and the 
Current Distribution M 

In the network of Fig. 4" the fundamental mesh or 
mode currents are as follows: 
1. hi flows clockwise around through Ep, Rp, crLAA, 

and the box marked "Core." 

rIP- 14)L 
N  " 

M tua   ul 4 d1 L. 
Lndu  a ctnce  ) ILO 

(a)  (b) 
Fig. 5—Inductance combination and the part of Fig. 4 

which it can replace. 

2. 44 flows clockwise around through Er, Rp, crLAA, 
(1—cr)LAA, and Np; and (Np/N.) 44 flows clockwise 
around through N., R., and E,. 
3. 4ii flows clockwise around through Ep, (1/5)R„, 

LBB , and (1/3)C„. 
4. 4c flows around through Ep, (1/5)R,„ Np—N., 

(1/3)Cp., (1/5R.), and E.; and [(Np—N.)/N„] 4, flows 
counterclockwise around through LBB and N. 
The directions of the turns in the windings of the two 

ideal transformers are such as to enforce the current 
modes just described in 2 and 4. The box marked "Core" 
is a fictitious impedance which requires the proper mag-
netizing current ./m and which has the proper mutual 
inductances with modr, T1 and C.7.13 It is easily verified 

Fig. 6—Equivalent network using modes A, B, and C, and 
current distribution M. 

that the •Various capacitances, resistances, inductances, 
and source and residual voltages have the values speci-
fied in Section V; also, the currents flowing through Ep 
and E. are the actual primary and secondary currents 
44 -1-4.81-4c-1-/m and (Np/N.) 44+4c, respectively: 
hence, the four-terminal network Fig. 4 can replace the 
transformer in any network in which the transformer 

14  Instead of using the combination of Fig. 5(a), the combination 
of Fig. 5(b) could be used. This combination does not require an ideal 
transformer, but does require a coefficient of coupling of unity be-
tween the two coils. 
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i a component part. If the impedance level of the part 
of this network that is associated with the secondary, 
and also of part of the mesh described first under 4 
above is reduced in the ratio (Np/N„)2, the equivalent 
network becomes Fig. 6. 
Here the fundamental mesh or mode currents are as 

follows: 
1. im flows clockwise around through E„, Rp, crLAA, 

and the box marked "core." 
2. 4A flows clockwise around through E3„ Rp, crLAA, 

(1 —Cr) LAAI (Np/N.)2 R., and (Np/ 
3. tis flows clockwise around through Ep, (1/5)Rp, 

LBB , and (1/3)C, 
4. 4c flows clockwise around through E„, (1/5)Rp, 

and N. of the lower ideal transformer; [(Np—N.)/Np] 4e 
flows counterclockwise around through LBB  and N. of 
the upper ideal transformer; and (N./N,) 40 flows clock-
wise around through Np, (Np— N.), 1/3 (Ne/Np)2 
1/5 (Np/N.)2R„ and (N,,//V.)E,. 
The directions of the turns in the windings of the ideal 

transformers are such as to enforce the current mode 
just described in 4. The current through E, is the ac-
tual primary current 4A-1-4B-F4c-1-/m, and the current 
through (Np/N.)E. is the actual secondary current 
(N./N,) ([Np/Nej4A-1-4e) corresponding to the new 
impedance level. 

VII. SIMPLIFICATION OF EQUIVALENT NETWORKS 

The complexity of the equivalent network to be used 
in solving a particular problem is determined by the na-
ture of the problem and the accuracy of the desired re-

R C' L AA r)LAA  

Core  (NE. 

Fig. 7—Simplified network based on mode A and 
current distribution M. 

suits. For example, in problems involving tow-frequency 
power transformers where distributed capacitance is 
unimportant, mode A and the current distribution M 

Ep 

4 

61114 

Fig. 8—Simplified network based on mode A. 

are sufficient, the resulting equivalent network being 
Fig. 7. If resistance and magnetizing current are unim-
portant in a particular application, this degenerates to 
Fig. 8. 

Again, in solving certain specific problems in suppres-
sing oscillations in pulse transformers, modes A, B, and 
C were used, the current distribution M being omitted. 
Resistances were found to be of negligible effect; also, 
LBB  when calculated was found to be very small and 
was neglected. Noting Fig. 6, it is evident that Fig. 9 is 
a corresponding equivalent network. 

Fig. 97—Simpl'fied network based on modes A, B, and C. 

Finally, in investigating the relatively long-time back-
swing phenomena of a pulse transformer after the pulse 
is over, modes A, B, and C, and the current distribution 
M were used. Resistances and inductances were found 

Fig. 10—Simplified network based on modes A, B, and C, 
and current distribution M. 

to be small; hence, noting Fig. 6, it is evident that Fig. 
10 is a corresponding equivalent network. However, 
since the middle branch comprising the ideal trans-
former and capacitor is equivalent to a capacitor, this 
network reduces to Fig. 11. 

Fig. 11—Network further simplifying Fig. 10. 

In any specific problem, only as many modes are used 
as are necessary to explain the particular phenomena 
under investigation. When the numerical values of the 
various circuit constants of the equivalent network are 
calculated, it is likely that certain of these will be seen 
to be negligible, in which case corresponding simplifica-
tions in the network are automatically suggested. 
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Transadmittance and Input Conductance of a 
Lighthouse Triode at 3 0 0 0 Megacycles* 

NORMAN '1'. LAVO0t, MEMBER, I.R.E. 

Summary—Measurement of the transadmittance and input con-
ductance of a lighthouse triode at 3000 Mc. as a function of the 
cathode-to-grid transit angle 01 are described, and results are given. 
These measurements indicate that, for small values of 0, (that is, 
for close spacings and high current densities), transadmittances of 
50 to 70 per cent of the low-frequency values can be obtained even 
with relatively coarse grids. On such tubes, however, the input con-

ductance is about two to three times as high as might be expected. 
When 01 becomes of the order of 10 radians, the transadmittance 
falls to about 20 per cent of its low-frequency value. The input con-
ductance falls off considerably for large ii,, but there is no indication 
of negative input conductance. A discussion is given of the con-
spicuous discrepancy between the experimental results and the 
results predicted for an "ideal" tube. 

INTRODUCTION 

rjrHE LIGHTHOUSE TUBES' find many applica-
tions in the frequency range of a few hunared to a 

  few thousand megacycles. At frequencies above a 
few thousand megacycles the lighthouse tube loses its 
high efficiency, and other tubes designed to capitalize 
on transit time replace it in many applications. This 
paper deals with the measurement of some tube parame-
ters at a frequency in the upper useful range. Spe-
cifically, the input conductance and transadmittance 
will be given for a lighthouse triode of the 2C40 type at a 
frequency of 3000 megacycles. The first part of the paper 
will give the results of this investigation and the latter 
part will be devoted to a brief discussion of the appara-
tus and technique used. 
This paper will deal only with small signals. It was 

found that the signal level could be increased so that the 
signal peak was equal to the bias before the characteris-
tics described in this paper were appreciably affected. 
The alternating components of plate and grid currents 
may be expressed in the following way: 

ip =  Ylep  Y2ep 

ig =  Y e° +  Y4ep. 

(1) 

(2) 

At frequencies where transit time is not important, 
in a grid-return circuit ig =ig and, therefore, yi=y3 and 
y2 =y. Hence, under these conditions, we recognize yl 
as the transconductance (at low frequencies the trans-
conductance and transadmittance are identical) and 
y2 as the plate conductance With the onset of appreci-
able transit time, however, the plate current is not iden-

Decimal classification: R252 X R262. Original manuscript re-
ceived by the Institute, June 27, 1946; revised manuscript received, 
August 22, 1946. 

Research Laboratory, General Electric Co., Schenectady, N. Y. 
1 E. D. McArthur, "Disk-seal tubes," Electronics, vol. 18, pp. 

98-102; February, 1945. 

tical with the grid current and yl and ys are no longer 
equal. The transadmittance yi may be measured b 
causing the alternating plate voltage ep to be zero b 
detuning the output cavity and determining the ratio 
i,/e, In like manner yg, the input admittance, may be 
determined by making ep zero and measuring the ratio 

INPUT CONDUCTANCE 

The lighthouse tube, as normally used in a cavity, 
employs a grid-return type of circuit. Such a grid-return 
circuit results in a low input impedance to the tube evens 
at the lowest frequencies.2 If the output impedance be 
low by detuning of the output cavity, the input con-
ductance is given by the transconductance of the tube. 
For example, at low frequencies a tube having a trans-
conductance of 5000 micromhos would have an input 
conductance of 5000 micromhos. In terms of impedance 
this tube would have an input resistance of 200 ohms. 
The more important data describing the tubes are 

these: (1) cathode diameter, 0.186 inch; (2) grid mesh, 
0.002-inch wires spaced 100 per inch; (3) bias derived 
from 250-ohm cathode resistor; (4) oxide emitter, thick-
ness 0.001 to 0.0015 inch. 

The following data refer only to Figs. 1 and 2: 

21 

I. 

s. 

1141 

12 

E20 E2.MCNT81 

6 33 
T KOPETICAL 

.00  200  300  400  SOO 

CATHODE TO GO 0 TRANS T ANGLE 
600 

Fig. 1—Effect of cathode-to-grid transit angle on the ratio of high-
frequency input conductance to the low-frequency input con-
ductance taken on a number of parallel-plane triodes at 3000 
megacycles. Included for comparison is the theoretical curve for 
an ideal tube. 

M. Dishal, "Theoretical gain and signal-to-noise ratio of 
grounded-grid amplifier at ultra-high frequencies," PROC. I.R.E., 
vol. 32, pp. 276-284; May, 1944. 
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(5) plate voltage, 250; (6) grid-to-plate transit angle, 
roughly 100 degrees for each tube; (7) direct-current 
plate current, 8 to 30 milliamperes, depending on grid-to-
cathode spacing. 
If the triode had an infinitely fine grid, and if the 

cathode and grid were absolutely parallel and the elec-
trons had zero initial velocities, the input conductance 
should fall off from the low-frequency value as frequency 
increases. It should actually go through zero, periodi-
cally yielding negative conductance at certain combina-
tions of operating parameters. Fig. 1 shows how the 
input conductance varies with the cathode-to-grid 
transit angle in such an ideal tube.' In addition, Fig. 1 
shows how the input conductance varies with cathode-
to-grid transit angle in about forty parallel-plane triodes 
at 3000 megacycles. Each point represents a different 

tube. 
It can be seen that increasing transit time does result 

in a decrease of conductance. The predicted decrease to 
zero does not occur, however. One factor that prevents 
this is the losses in the input circuit. These losses, as 
evaluated by taking a measurement with the tube biased 
considerably beyond cutoff, amount to approximately 
1000 micromhos in the average tube. This loading is 
primarily caused by losses in rare-earth oxides used for 
the emitter, glass seals, and to a lesser extent by the thin 
fernico foil used in the cathode post, and by other loss 
sources. Were these losses not present one might expect 
the wide-spacing tubes to behave much as theory pre-
dicts. 
Very-close-spacing tubes seem to suffer from a tre-

mendous amount of input loading. For instance, the 
high-frequency input loading with the closer-spacing 
tubes is up to fifty per cent greater than the low-fre-
quency value. One of the main contributing factors, in 
addition to those previously mentioned, is the effect of 
electrons within the potential minimum. 
The potential minimum is a result of the electrons 

being emitted from the cathode with a finite initial 
velocity. This emission velocity causes all emitted elec-
trons, even those that never get to the plate, to travel 
at least part way to the grid. As a result, there is a po-
tential minimum between grid and cathode which is 
lower than cathode potential, and a good deal more cur-
rent may be circulating aimlessly between cathode and 
potential minimum than actually moves on to be useful 
plate current. These potential minimum effects are espe-
cially pronounced at high frequencies and with close-
spacing tubes. Actually the potential minimum may be 
located practically at grid plane in certain close-spacing 
tubes. The electrons making up the going and return 
current in the potential-minimum region will have ap-
preciable transit angles in the microwave region. They 
are thereby capable of taking up power from the source 
by repeated accelerations. Though they induce current 

3 The performance of an ideal tube is calculated from equations 
adapted from F. B. Llewellyn, "Electron Inertia Effects," Cambridge 
Physical Tracts, Macmillan Co., New York, N. Y., 1941. 

in, and therefore load down, the input cavity, they fail 
to contribute anything to the transadmittance. 

TRANSADMITTANCE 

This section is captioned transadmittance rather than 
transconductance because at the highest frequencies 
this parameter is no longer a real quantity but a com-
plex one. Hereafter, the term "transadmittance" will be 
used to designate the magnitude of this quantity. No 
attempt was made to measure the phase angle of the 
transadmittance because of the complexity of the equip-
ment thought necessary for this measurement. 
For this measurement, the output circuit was again 

detuned and sufficient measurements were taken to ob-
tain the output current and input voltage. Fig. 2 shows 
the results plotted as a ratio of the high-frequency trans-
admittance to the low-frequency transadmittance versus 
the cathode-to-grid transit angle. Each of the points on 
the experimental curve represents a different tube hav-
ing a somewhat different spacing and current. Fig. 2 
also shows a plot of an ideal parallel-plane triode whose 
spacing from grid to cathode varies in the same manner 
as the experimental tubes. The tubes having transit 

THEORETICAL 

• • 

%  '00  203  300  400  503 
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600 

Fig. 2—Effect of cathode-to-grid transit angle on the ratio of high-
frequency transadmittance to the low-frequency transadmit-
tance. Each point represents one of the forty parallel-plane 
triodes operating at a given spacing and current density at 3000 
megacycles. Also presented is the curve for an ideal tube. 

angle of 200 degrees correspond to a grid-to-cathode 
spacing of about 0.0015 inch. As the transit angle of the 

F 
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Fig. 3—Ratio of high-frequency transadmittance to the low-fre-
quency transadmittance as a function of cathode-to-grid transit 
angle with cathode-to-grid spacing (given on the graph in mils)as 
a parameter. Each curve represents measurements on a parallel-
plane triode with a given spacing at 3000 megacycles. 

tubes shown in Fig. 2 increases the spacings vary more 
or less smoothly, so that at 500 degrees the spacing is 
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about 0.008 inch. It is interesting to note that the ex-
perimental curve shows no upward trend at the longer 
transit angles as does the theoretical curve. Fig. 3 ex-
tends the usefulness of Fig. 2 by showing separately the 
effects of current and spacings. 
This departure from the theoretical performance can-

not be explained with any degree of certainty. One is 
tempted to ascribe the discrepancy to the coarseness of 
the grid mesh. However, for a given grid mesh the wid-
est-spacing tube will approach the more closely to the 
ideal tube. That is to say, the tube with the widest spac-
ing has effectively a finer grid mesh; and if the grid mesh 
were at fault, then this tube should approach more 
nearly to the ideal. If the trouble were that the elements 
of the tubes were nonparallel, this again could go a long 
way towards the explanation. However, it is hardly con-
ceivable that all of the tubes would suffer from this 
defect to an equal extent. Furthermore, the tilt should 
become less significant with the wider-spaced tubes. 
Another trouble with these tubes could be the non-

uniformity of emission from the cathode. Certain areas 
that are more active than others have higher current 
derisity, which results in transit angles different from 
those in other less-active areas. There are many factors 
that enter into this uniformity problem. Not only is 
there the technique of preparation of the oxides but also 
the method of application, degassing of metals within 
the tube, activation.method of cathode, and other proc-
esses difficult to control. 
Still another possible factor is the influence of edge 

effect. A considerable portion of the total current is 
emitted by the area near the outer edge of the cathode. 
The discontinuity caused by the cathode post results in 
a nonuniform electric field in the outer areas of the 
emitter. This nonuniform field causes different transit 
times over the face of the cathode and would be more 
pronounced in the wider-spaced tubes. 

APPARATUS 

The cavity used for the measurements is shown in 
Fig. 4. There are several reasons for the use of such an 
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Fig. 4—Coaxial cavity used for measurement of 3000-megacycle 
transadmittance and input conductance. 

unorthodox cavity. To simplify the calculations neces-
sary to transform a measured impedance in region III 
of the grid-cathode cavity to the edge of the electron 
stream within the tube, it is desirable that the local 

waves generated by the discontinuity introduced by the 
cathode post attenuate to a negligible amount before 
reaching the corner IV. This then determines the mini-
mum value for the inner diameter of section III (this 
dimension was 6.36 centimeters in the actual cavity). 
However, a choice of such large diameters makes it pos-
sible for circumferential modes to propagate in this re-
gion. The grid-cathode cavity is excited by a loop in 
section I, where there is high attenuation of higher-
order waves. Section I then symmetrically excites sec-
tion III (where measurements are taken) through the 
section of radial line II. An equivalent four-terminal 
network was calculated and then checked experimen-
tally for section IV and the radial section V connecting 
the corner network to the tube.4.5 
It is convenient to construct charts so that, as soon as 

the measurements of standing-wave ratio and mode 
position are taken in section III, the real and imaginary 
components of the input impedance to the tube can be 
obtained immediately. If, in addition to the above in-
formation taken on both the input and output of the 
tube, one also takes a reading of the magnitude of the 
voltage maximum in both cavities, then with some sim-
ply constructed graphs the radio-frequency components 
of the plate current and grid voltage of the tube are 
easily obtained. 
The numerical value of the cathode-to-grid transit 

angle for a particular tube was calculated by the use of 
the following formula': 

01 =. 
126( x \ "3 

7 —.To 
where 

= the cathode-to-grid transit angle in radians 
X = the wavelength in centimeters 
x = the cathode-to-grid spacing in centimeters 
/0 = the current density in amperes per square centi-
meter. 

In all the measurements X was fixed at 10 centimeters. 
The spacing was deduced from a knowledge of the high-
frequency capacitance and previous studies of models. 
There are several assumptions that tend to make the 
transit angle, as calculated by the use of the above 
formula, incorrect. For example, there must be com-
plete space-charge limitation at the cathode so that the 
electric field is zero at that plane. In addition, the as-
sumption is inherent that the electrons are emitted with 
zero velocity and that the grid is very fine. The condi-
tions in the experimental tubes depart sufficiently from 
these assumptions so that the results should be taken 
only to indicate trends. It is thought the accuracy of the 
transadmittance is within +10 per cent; but the cath-
ode-to-grid transit angle associated with this transad-

• W. C. Hahn, "A new method for the calculation of cavity 
resonators," Jour. App!. Phys. vol. 12, pp. 62-68 ; Januar y, 1941. 
'J. R. Whinnery and H. W. Jamieson, "Equivalent circuits for 

discontinuities in transmission lines," PROC. I.R.E., vol. 32, pp. 98-
114; February, 1944. 
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mittance may be in error more than this, especially in 
the case of the closely spaced tubes. 
Despite many precautions in the design of the cavity, 

considerable trouble was experienced with higher-order 
( waves distorting the principal wave in the measurement 
zone. Some of this was eliminated by redesign of tube 
contacts; but in other instances, where the trouble origi-
nated within the tube from such things as a tilted or 

eccentric cathode, nothing could be done but reject that 
tube for testing purposes. 

ACKNOWLEDGMENT 

The writer wishes to acknowledge the contributions 
of S. Ramo and J. R. Whinnery to the theoretical analy-
sis of the problem, and of J. E. Beggs for the many 
sample tubes which were used. 

The Cyclophon: A Multipurpose Electronic 
Commutator Tube* 

D. D. GRIEGt, SENIOR MEMBER, I.R.E., J. J. GLAUBERt, SENIOR MEMBER, I.R.E., 
AND S. MOSKOWITZt, MEMBER, I.R.E. 

Summary—Electronic switching or commutation provides an in-
ertialess mechanism for precise high-speed operation, and permits 
a multiplicity of circuits to be controlled by relatively small voltages 
such as are encountered in radio reception. The Cyclophon tube is 
one particular form of electronic switch which provides for the 
control of twenty-five separate circuits. This control is so precise 
that it can be used as a modulator and demodulator for pulse-time-
modulation transmission and reception. Some further applications 
are in the fields of telemetering, pulse generation, phasing, frequency 
multiplication, counting of electric impulses, monitoring, and syn-
chronizing-wave-form generation in television. 

T
HE NAME "Cyclophon" is given to a generic 
type of tube utilizing a beam of electrons as a 
switching or commutating element. The applica-

tion of an inertialess switching device of this nature to a 
variety of problems has been long recognized and many 
references to it can be found in the literature. 
As far back as 1906, Diekmann and Glage applied for 

a patent on a cathode-ray relay which was claimed to 
be capable of performance substantially equivalent to 
that achieved with a metallic switch.'  More recently, 
radial types of commutating tubes have been described 
which are applicable to signaling and control systems.2 
The Cyclophon may take a variety of forms utilizing 

various types of construction and methods of control. 
These include the cathode-ray-oscilloscope type, the 
aforementioned radial type, forms involving linear con-
struction, or a combination of any of these. The electron 
beam may consist of a fine beam of electrons or, alter-
natively, a flat sheet capable of large current capacity. 
Control of the beam may also be accomplished in a va-
riety of fashions including both electric and magnetic 
means. Whatever the form utilized, however, the func-

• Decimal classification: R257.2. Original manuscript received by 
the Institute, August 26, 1946. Revised manuscript received, Oc-
tober 25, 1946. Presented, New York Section, I.R.E., New York, 
N. Y., April 6, 1946. 
f Federal Telecommunication Laboratories, Inc., New York, 

N. Y. 
1 M. Diekmann and G. Glage, "Continuously quantitatively 

acting relay employing the electrical deflecting power of cathode 
rays," D.R.P. No. 184710, Klasse 21g, Gruppe 4, application date, 
Oct. 10, 1906, publication date, April 7, 1907. 

'A. M. Slcellet, "The magnetically focused radial beam vacuum 
tube," Bell Sys. Tech. Jour., vol. 23, pp. 190-202; April, 1944. 

tional characteristics are similar, in that results equiva-
lent to those obtained with a moving metallic contactor 
are achieved. 

I. THEORY OF OPERATION 

A. General Description 

The component parts of a typical Cyclophon tube 
are shown schematically in Fig. 1. The portions labeled 

Fig. 1—Schematic representation of a Cyclophon tube, consisting 
of (1) cathode, (2) control grid, (3) electrostatic focusing element, 
(4) accelerating anode, (5) electric-field deflection system, (6) 
aperture plate, and (7) collector or secondary-emitting elements. 

I to 4 comprise a cathode-ray gun consisting of a cath-
ode (1), control grid (2), electrostatic focusing element 
(3), accelerating anode (4), and electric-field deflection 
system (5). This gun produces a sharply defined beam of 
electrons, which may be deflected in any direction by 
impressing proper voltages on the deflection plates. 
Thus, in the tube illustrated, the beam is caused to de-
scribe a circular path in the plane of the target. Other 
types of deflection paths, and deflection and focusing 
systems, may of course be utilized.2 
The gun structure is followed by a "stopper" or aper-

ture plate, containing as many apertures as there are 
channels or circuits to be controlled. A series of targets 
(7), which may be current collectors or secondary-emit-
ting dynodes, are placed directly behind the aperture-
plate openings. 

B. Secondary Emission 

The current output of each channel may be increased 
several times by the use of secondary emission from the 

• 0. S. Puckle, "Time Bases," John Wiley and Sons, Inc., New 
York, N. Y., 1943; p.9. 
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target anodes (dynodes). To obtain such a secondary 
current flow, the aperture plate is maintained at a higher 
positivp potential than the dynodes. The dynode cur-
rent then is a function of primary beam current, sec-
ondary-emission ratio, and aperture-plate-to-dynode 
voltage. 

C. Dynode Characteristics and Equivalent Circuits 

A typical dynode volt-ampere characteristic is shown 
in Fig. 2 for several values of primary beam current. 

-400 

-800 

8 -t000 

DYNODE - TO- CATHODE  VOLTAGE 
200 400 600 BOO 1000 1200 1400 1600 MOO 

__.,71:1111110,„„„000111 
larew - c . 

Fig. 2—Dynode volt-ampere characteristic for the three indicated 
values of primary beam current in microamperes. 

The forms of these curves suggest three modes of opera-
tion and equivalent circuits. If the operation is such 
that the quiescent operating point is at A and assuming 

Fig. 3—Equivalent circuit of the Cyclophon tube. The tube may be 
represented by a rotating switch having a contact resistance —R. 

an output voltage which is small compared to the dy-
node voltage, the equivalent circuit may be represented 
by a current generator whose current is equal to 
(N-1)i,f(t), a switch or commutator, each contact hav-
ing a negative resistance —R and a load impedance Z. 
Such an equivalent circuit is shown in Fig. 3. The switch-
ing function f(t) is derived from the geometric configura-
tion of the apertures and from the type of cyclic varia-
tion of the sweep used. The internal contact resistance 
corresponds to the slope of the dynode characteristic at 
the operating point. Analysis then shows that the out-

put-voltage function eo (i.e., the voltage appearin 
across the load impedance Z) may be written as 

(N — 1)i„f(t)ZR 
eo —   •  (1) 

(Z — R) 

This equation shows that, with the described mode of 
operation, the output voltage may become exceedingly 
large if Z is a positive resistance4 and almost equal ot 
equal to R. Since for normal operation it is stipulate 
that the output voltage is small with respect to the dy-
node voltage, linear conditions prevail. Examination of 
the curves of Fig. 2 shows that a large increase in dy-
node voltage will bring the internal resistance into a 
positive region, thus causing the output voltage to reach 
equilibrium. This effect of secondary emission may be 
regarded as regenerative and thus must be carefully 
considered when using reactive loads. Under these con-
ditions, where the output dynode voltage is large, 
nonlinear operation results and the equations indicated 
hold only for operation over the limited linear portion 
of the curves. 
If the quiescent operating point is at C, Fig. 2, the 

equivalent circuit is similar to that described above, 
with the contact resistance replaced by a positive re-
sistance. Thus the output voltage may be written as 

(N — 1)i„f(t)ZR 
eo =   (2) 

R  Z 

However, if the operating point is at B, the internal 
contact resistance is much greater than any normal load 
impedance, so that the load current becomes substan-
tially independent of the load impedance. Hence, the 
output voltage becomes 

eo =(N — 1)i„f(t)Z.  (3) 

The above equations are useful in the analysis of 
the operation of Cyclophon tubes utilizing secondary 
emission. It should be noted that Z is in the form of a 
differential operator, since f(t) may not necessarily be a 
simple sinusoidal function. Of course, the tube operation 
may be suitably analyzed by the usual graphical method 
using the characteristic curves.5 These analyses are sim-
plified if the load is a pure resistnace. 

D. Cross Talk 

An important characteristic of any type of commutat-
ing tube is cross talk, the interference obtained in one 
channel when a signal appears in another channel. It is 
obvious that the dynode circuits most affected are those 
which are physically adjacent in the tube. 
Cross talk may be encountered for several reasons. 

Circuits in physical proximity may affect each other by 
either magnetic or electric induction. Thus cross talk 

4 A. W. Hull, "The dynatron, a vacuum tube possessing negative 
resistance," PROC. I.R.E., vol. 6, pp. 5-36; February, 1918. 

A Preisman, "Graphical Construction for Vacuum Tube Cir-
cuits,* McGraw-Hill Book Co., Inc., New York, N. Y., 1943; p. 130. 
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may originate in the Cyclophon by electric induction 
through the capacitance between dynodes or dynode 
leads. Two dynode circuits are shown schematically 
with their interdynode capacitances and resistance loads 

in Fig. 4. 

(b) 
Fig. 4—Dynode circuits, including source of voltage or current 

and interdynode capacitances. 

Assume that a sinusoidal current I flows as shown in 
Fig. 4(a). Then the voltage across RI is 

/Ri(jXc ± R2) 
E1 =   (4) 

RI jX, ± R2 

and the voltage across R2 iS 

/R2Ri 
E2 =   

RI jX, + R2 

I I  5000 
10,000 

1000  

50,000 

(5) 

50  00  500  1000 SIGNAL CREOUENCY IN CYCLES 5000 10000 

Fig. 5—Curves of cross talk as a function of signal frequency for the 
several specified values of load resistance (ohms). The cross talk 
indicated is caused by the interdynode capacitance of 2 micro-
microfarads. 

The cross-talk ratio is usually expressed in decibels, so 
that: 

(jX, -I- R2)  
db cross talk = 20 logio  (6) 

R2 

An alternate condition arises when a signal is im-
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Fig. 6—The various components of a Cyclophon tube, illustrating 
its form of assembly. 

The shortness of the target assembly and the large 
number of lead wires supporting it produces an ex-
tremely rugged structure. Life tests indicate that the 
cathode emission fails before any decrease in secondary-
emission yield manifests itself, and it may be concluded 
that tube life is dependent only on the cathode. 
Table I gives the operating characteristics of two 

types of Cyclophon tubes which have been manu-
factured. The X153C is a low-current, high-impedance 
type, while the X153G can operate with approximately 
30 times the current and a corresponding reduction of 
dynode-aperture impedance. Fig. 7 illustrates repre-
sentative type of Cyclophon tubes. 

Fig. 7—A group of representative Cyclophon tubes. The three tubes 
on the left are high-impedance tubes, whereas the tube on the 
right is capable of supplying a dynode current of 30 milliamperes. 

III. APPLICATION 

The characteristics of Cyclophon tubes are sucl-
that a variety of applications is pos-sible. These applica. 
tions cover a range of subjects, including switching, 
separation and demodulation for systems of communica-
tion, telemetering, generation of pulse wave forms, 
phasing, frequency multiplication, and counting, to 
mention a few. 

A. Switching 

The limitations of mechanical switching are those of 
speed, accuracy, and mechanical wear. The Cyclophon 
tube, being an electronic device, finds application 
where either high speed, accuracy, or both character-
istics, without variation because of inertia or wear, are 
necessary. The limitation of speed of operation of the 
Cyclophon is of the order of megacycles per second, 
and for normal speeds of operation the limitation is not 
in the tube itself but in the type of output circuits used. 
The fundamental accuracy is a function of the inherent 
rsistance noise, which is made up of a combination of 
the shot effect, secondary-emission noise, and thermal-
agitation noise. Measurements have indicated that the 
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1 

total noise power is of the same order as that of a 
pentode amplifier, and these limitations can therefore 
be determined in the same manner as for this type of 

TABLE I 

CYCLOPHON CHARACTERISTICS 

Heater 
Voltage (alternating or direct) 
Current (amperes) 

Interelectrode capacitances 
Dynode to dynode (micro-
microfarads), approximate 

Dynode to aperture  plate 
(micromicrofarads), approxi-
mate 

Focusing 
Deflection 
Over-all length (inches) 
Diameter of bulb (inches) 
Mounting position 
Gun base 

Target base 
Number of dynodes 
Type of sweep 

Typical Operation: 
Accelerating anode volts 
Focusing anode volts, approxi-
mate 

Focusing cup No. 1 volts 
Focusing cup No. 2 volts 
Aperture anode volts 
Dynode volts 
Deflection factor 

Dynode current (milliamperes) 
Dynode load resistance (ohms) 

X153C 
6.3 
0.6 

2.0 

2.0 

Electrostatic • 
Electric field 

12 11/16 
2 

Any 
Medium shell 
Diheptal 12-pin 
Special 26-pin 

25 
Circular 

X153G 
6.3 
1.5 

2.0 

2.0 

Electrostatic 
Electromagnetic 

7i 
2} 

Any 
Medium shell 
Diheptal 12-pin 
Special 26-pin 

25 
Circular 

2000  2000  1000 

200  —  — 
—  +10  +10 
—  —90  —90 
2000  2000  1000 
500  500  500 

135-170  70  5 
(volts per inch)  (gauss per inch) 

1  30  12 
50,000  1000  5000 

device. For some applications, of course, the accuracy 
is determined not by the noise power but by variation 
of physical dimensions tvith temperature, changes in 
beam cross section due to external fields, and fluctuat-
ing supply voltages. These variations can be reduced to 
an acceptable value by control of the external param-
eters of operation, however. Two basic types of switch-
ing can be distinguished: low-impedance, switching and 
high-impedance switching. The Cyclophon tubes of the 
X153C type +are essentially high-impedance devices, 
and to obtain extremely low impedances auxiliary tubes 
must be used. For example, thyratron tubes can be 
controlled by the output of the Cyclophon and this 
latter tube used only to switch from one thyratron to 
the next. In this manner the internal impedance of the 
X153C, which is of the order of thousands of ohms, can 
be effectively reduced to that determined by the con-
trolled tube, which may be a few hundred ohms or less. 
Fig. 8(a) illustrates the use of the Cyclophon tube in a 

switching circuit. The tube voltages are those for normal 
operation. The signal source to be commutated is ap-
plied to the aperture plate through impedance Z and 
the signals are obtained from the dynode outputs 
labeled 1, 2, ts. The speed of commutation is determined 
by the source applied to the deflection plates. Of 
course, in the example shown the source must be ar-
ranged so that two quadrature voltages are obtained to 
cause the beam to rotate across the apertures. 

With this switching arrangement, two types of operat-
ing characteristics can be obtained : , a variable-re-
sistance characteristic, or one possessing a constant re-
sistance. The former characteristic is obtained by oper-
ating the Cyclophon tube over the range OCD indi-
cated by Fig. 8(b), which shows the aperture-dynode 
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Fig. 8—(a) Switching circuit: The signal to be switched is applied to 
the aperture plate while the output signal is obtained at the 
dynodes 1, 2, n. (b) Cyclophon transfer characteristics. A con-
stant-impedance characteristic is obtained by operation over the 
region OB. Variable impedance is obtained by extending opera-
tion to include CD. 

transfer characteristic, while linear operation is achieved 
by limiting the tube swing to the region OB. By pro-
portioning the voltage E, the proper quiescent condi-
tions can be obtained for either type of operation. 
Since switching covers a large range of functions, only 

a few such applications need be mentioned. These 
properties have been used for telemetering purposes 
and switching between various instruments at a rapid 
rate. Other applications have been in telephone circuits 
for accomplishing several of the functions previously 
obtained with mechanical switching. 

B. Pulse-Time Modulation 

An important use of the Cyclophon is found in its ap-
plication to voice multiplexing by means of pulse-time 
modulation" In fact, the term Cyclophon is derived 
from the Greek form "kyklos" (circle) and "phone" 
(speech), or "speech in a circular sequence," denoting 
the original multiplex application for which the tube 
was constructed. The Cyclophon is utilized both in the 
modulator unit for generating the required pulse series 
and also in the demodulator which separates the various 
channels and translates the time-modulation displace-
ment into the normal voice currents.7 

'E. M. Deloraine and E. Labin, "Pulse time modulation," 
Eke. Commun., vol. 22, pp. 91-98; February, 1944. 

7 D. D. Grieg and A. M. Levine, “Pulse-time-modulated multi-
plex radio relay system-terminal equipment," Elec. Commun., vol. 
23, pp. 159-178; June, 1946. 
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In an application such as pulse-time demodulation, 
where use is made of the variation of output current as 
the beam is varied in position with respect to the aper-
ture, the transfer characteristic is a function of the 
electron-beam cross section. For example, if the beam 
is circular, the variation in position across the aperture 
dynode elements will give a functional output-current 
variation represented by the expression (see Appendix) 

41 [D°  2( d— d1)111  
sin-'   

TD'  L4 

- (-- — d) (dD — (Mil]  (8) 
2 

where I is the effective beam current, D is the beam 
diameter, and d is the displacement relative to the fixed 
apertures. 

This expression is derived on the basis of the geo-
metric variation of the sector area of a circular beam 
passing a straight-line barrier, and assumes constant 
beam-current density. Fig. 9 shows a plot of this func-
tion with the aperture-plate dimensions corresponding 
to thr X153C type tube. 

I A 
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RELATIVE BEAM POSITION Ig. 

Fig. 9—Cyclophon demodulation characteristic. D beam di.  'ter, 
and I- beam current. 

It should be noted that a linear function may be ob-
tained by varying either the aperture shape, beam 
geometry, or the duration of the grid keying pulse. 

C. Pulse Generation 

By causing the beam to pass the aperture-plate 
openings, a pulse of current is caused to flow in the out-
put dynode load circuits. This property can therefore 
be utilized for pulse generation. The build-up time of 
the pulse thus obtained, assuming that the impedance 
characteristics of the output load circuits are sufficient 
to pass the required band of frequencies, is given for 
tubes of the X153C type by the expression 

(9) 

where D is the beam diameter, L is i he mean diameter 
of aperture plate, and .1. is the (11.qm-illy of switching. 
If the beam is of circular cross section, the build-up 

characteristic of the pulse is of the same shape as that 
shown in Fig. 9. The width of the pulse is determined 
by the duration of time the beam is within the aperture 
windows and is given by 

111 
(.1 

IrLf, 
(10) 

The decay time is similar to that of the build-up 
time. Since the shape of the pulse is thus a function of 
the frequency of commutation f,, beam width, and 
averture dimensions, a large variety of wave shapes 
can be obtained by manipulating these characteristics. 
Fig. 10 shows an oscillogram of the pulse wave forms 

01111111•• ME M 

01111•1. 
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Fig. 10--Several Wave forms obtained by using the 
Cyclophon as a pulse generator. 

obtained by utilizing the Cycloplion as a pulse gen-
erator The repetition rate of the pulses thus derived is 
likewise a function of the frequency of commutation as 
well as the number of aperture dynode elements utilized. 

D. Pulse Delay and Phasing 

Since the pulses derived at each aperture dynode ele-
ment are generated in sequence, a division of the output 
pulse of the Cyclophon tube can be made in such a 
manner as to obtain sets of pulses with each pulse 
series delayed from the previous one by a given amount. 
This delay is dependent on the number of dynode aper-
ture elements M, as well as the frequency of commuta-
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ion, and is given by the expression 

1 
T = —  (11) 

Mfc 

If, in place of pulses, phased sinusoids are required, 
tuned circuits responding to a single frequency may be 
substituted for the dynode output resistance. In this 
case the angle of phase delay is given by the mechanical 
angle between the adjacent dynode aperture elements. 
For example, for the X153C, the angular delay is ap-
proximately 14.4 degrees, although any multiple of this 
delay may be obtained by grouping the elements. 

E. Frequency Multiplication 

The tuned dynode circuits may, of course, be tuned to 
a harmonic of the pulse-repetition rate. Alternatively, 
all dynode elements may be connected in parallel and 
fed to a common load impedance which is tuned to nM 
times the commutation frequency, where n is the har-
monic multiple chosen. Fig. 11(a) illustrates the circuit 

EXCITING 

FREQUENCY 
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(a) 

1 COMMUTATING 
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 00 

NV-  NV+ 

(b) 
Fig. 11—(a) The Cyclophon is used as a frequency multiplier. An 
output corresponding to nf is obtained across the tuned circuit. 
(b) High-speed potentiometer. The terminals are labeled a and b 
with c as the common contactor. 

diagram for a Cyclophon used in this manner. For each 
passage of the beam across the aperture dynode element 
a pulse of current is injected into the tuned circuit, and 
thus a frequency multiplication is obtained. 

F. Voltage Divider 

An interesting application of the Cyclophon tube is 
its use as a high-speed voltage divider. In this case re-
sistances are connected to each dynode with the aper-
ture plate serving as the common contractor. The re-
sulting configuration may be used in the manner normal 

to any voltage divider. A representative circuit ar-
rangement for this application is shown in Fig. 11(b). 
In place of the resistances, other circuit elements such 

as inductances may be used, or a capacitance voltage 
divider may be constructed provided the resistance re-
turn for each dynode element is included in the circuit. 

G. Miscellaneous Applications 

Other applications include counting of electrical im-
pulses, blanking for noise reduction in pulse systems, 
monitoring and control, and synchronizing-wave-form 
generation in television. These constitute only a few of 
the possibilities, and many more applications utilizing 
Cyclophon characteristics can of course be envisaged. 
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V. APPENDIX 

If the total current in a circular homogeneous beam 
is I, the current i contained in a section A bounded by 
the aperture edge is 

4/ 
=  (A) 
7D2 

where A is the area of the section. " 
.The area A may be found by subtracting the triangular 
area aob from the sectoral area defined by the angle d, 
so that 

where 

d D2 
— -  (dD - d2)112  

A = 24 - 2 

—2 = sin-i 2(dD _ d2)1/2 

So that 

4/ [ (D2 2(dD - d2)112 ) 
i - --  —sin-1 

irD2 4  D 

- (D —2 - d) (dD - d2)112 ]. 
Writing d in terms of D so that d= XD, 

i  4r — = — I--1 — = —  sin-1 2(X - X2)112  [ 
I  7 4 

- (1/2 - X)(X - X2)112 ].  (12) 

A curve of i// versus X=dID is shown in Fig. 9. 
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Video Storage by Secondary Emission From 
Simple Mosaics* 

ROBERT A. McCONNELLt, SENIOR MEMBER, I.R.E. 

Summary—It has been found that the derivation of a video 
signal in an iconoscope by scanning does not involve bringing each 
element of the mosaic into an electron-exchange equilibrium while 
under the beam. Consequently, the mosaic charge is erased, not at 
the instant of passage of the beam, but continuously by the rain of 
low-velocity electrons. An output-signal attenuation of less than I 
per cent per scan has been observed. A factor of 10 increase in the 
number of removal scans per unit time after the creation of the 
original stored signal has yielded no observable change of attenua-
tion per unit time. Only for storage tubes having a beam-density to 
capacitance ratio at least 100 times that of the iconoscope can a scan-
ning-exchange equilibrium with charge obliteration be observed. In 
general, the mosaic escape current constituting the signal can be rep-
resented as a linear function of both the beam current and the poten-
tial of the mosaic element. The complex stored signals resulting 
from square-wave grid modulation of an ordinary oscilloscope used 
as a storage tube are explained in terms of electron loss at the in-
stant of scan, preceded and followed by the gain of secondary elec-
trons from the near-by beam. 

I. INTRODUCTION 

THE TELEVISION ICONOSCOPE is the first 
and most successful of storage tubes. There are 
many storage problems, however, which have 

nothing to do with a light image, but which might be 
solved by a cathode-ray beam in conjunction with a 
mosaic. The most important of these arises in radar 
moving-target indication where it is desired to store the 
video echo pattern following a transmitted pulse so that 
it may be subtracted from the pattern following the 
succeeding transmitted pulse. In this way, fixed targets 
may be canceled and moving targets retained. Other ap-
plications have been suggested in the field of super-
calculating machines (for the storage of large numbers), 
in television (for the superposition of the pictures from 
unsynchronized cameras), and in communication service 
(for multiplexing and bandwidth changing). 
A wartime attempt to use a storage tube similar to 

the iconoscope led to the discovery of certain effects 
which had not been anticipated from the literature.' 
The present investigation was then undertaken to ob-
tain a more precise picture of what happens when a 
cathode ray scans a thin dielectric sheet backed by a 

• Decimal classification: R583. 1. Original manuscript received 
by the Institute, November 6, 1946; revised manuscript received, 
February 17, 1947. 
This paper is based on work done for the Office of Scientific Re-

search and Development under contract OEMsr-262 with the Radia-
tion Laboratory of the Massachusetts Institute of Technology. By 
prior arrangement, it has been submitted to the Graduate School of 
the University of Pittsburgh in partial fulfillment of the requirements 
for the degree of doctor of philosophy in physics. 

Formerly, Radiation Laboratory, Massachusetts Institute of 
Technology; now, University of Pittsburgh, Pittsburgh 13, Pa. 

R. A. McConnell, A. G. Emslie, and F. Cunningham, "A moving 
target selector using deflection modulation on a storage mosaic," 
M.I.T. Rad. Lab. Rep. 562; June, 1944. 

metallic electrode at beam velocities yielding a sec-
ondary-emission ratio greater than 1. 
If one subjects an insulated metal target to continu-

ous bombardment by 1000-volt electrons, the target 
assumes a potential within several volts of the neighbor-
ing collector electrode, so that the number of secondary 
electrons escaping to the collector exactly equals the 
number of arriving primaries. If the target is initially 
too negative, it will repel secondaries and will shift 
positively. If the target is initially too positive, the low-
velocity secondaries will fail to escape to the collector, 
and the target will shift negatively until equilibrium is 
reached. 
The extension of this idea of an electron-exchange 

equilibrium to the scanning of an insulated surface, only 
one point of which is under the beam at any instant, is 
a plausible but inaccurate procedure. Following this pro-
cedure, one might predict, among other things, the 
possibility of storage by modulation of the collector 
electrode.' As the beam progressed across the mosaic it 
would discharge each point to an equilibrium potential 
determined by the modulation signal on the collector 
at that instant. The subsequent recovery of such a 
stored signal might be accomplished by discharging the 
mosaic, as in the case Of television, by scanning without 
collector modulation. Since the total variation of poten-
tial over the face of the mosaic is not more than several 
volts in television usage, collector modulation of only 
several volts should be adequate to accomplish storage. 
Collector modulation was tried unsuccessfully. It can 

be stated with certainty that storage of this class does 
not appreciably occur for modulation signals less than 
50 volts. Above that level it was difficult to eliminate 
extraneous storage caused by deflection, intensity 
modulation, etc. 

Thus, a pointwise exchange equilibrium does not 
occur between a simple mosaic and its collector. The 
actual behavior of such a mosaic, when under bombard-
ment, has been analyzed qualitatively in the present 
paper. 

II. EXPERIMENTAL PROCEDURES 

The general method of this investigation was to ap-
ply a video pulse to a storage tube and to observe the 
resulting mosaic electrode signal at the time of this ap-
plication and upon subsequent scans. 
The modulating pulse was variable in length from 

one-half to four microseconds and in amplitude from 
zero to plus or minus 250 volts. The pulse rise was about 

G. Krawinkel, W. Kronjager, and H. Salow, "On the question 
of electrical picture storage," Telegraph., Fern., Funk and Fernseh-
Tech., vol. 27, pp. 527-533; November, 1938. 
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me-tenth microsecond and the top was flat as delivered 
by the pulse generator. However, in some of the work a 
modulating amplifier was interposed which had an 
equivalent low-frequency time constant of less than 10 
microseconds. 
The modulating pulse was applied separately to the 

grid, deflection system, and secondary-electron col-
lector of the storage tubes. Parameters varied from one 
experiment to the next included focus, astigmatic focus, 
and scanning-pattern geometry. Parameters variable 
from one scan to the next included average beam 
density, collector potential, scanning-pattern position, 
and modulation position. 
Three storage tubes used at approximately 1000 volts 

are shown in Fig. 1. The 5-inch storage tube was a modi-
fied iconoscope constructed for this research. Its mosaic 
was similar in size and preparation to that of a type 
1848 tube, except that low photosensitization was em-
ployed. The second tube was an ordinary Dumont type 
3BP1 oscilloscope tube with a partially silvered ex-
terior face. The third tube was an experimental 3-inch 
iconoscope loaned by RCA. In it a fully sensitized trans-
parent mica mosaic was mounted normal to an electro-
static gun. 

(a) 

IKEA. 

(b) 

WIL0.11101,8 1 r 

GIVOKIWA 

(c) 
Fig. 1—Cathode-ray storage tubes. (a) Experimental 5-inch storage 
tube. (b) Type 3BP1 with half-silvered face. (c) Experimental 
iconoscope. 

A standard test procedure is shown schematically in 
Fig. 2. A master trigger operating at 800 cycles per 
second fed a "three-step pedestal generator." This gen-
erator divided its input by three, and thereby de-
termined the sequence of operations. The modulation 
pulse Was applied during step one, i.e., within the in-
terval following the first of three triggers. The mosaic 
electrode signal could be observed independently during 

steps one, two, and three. The mosaic signal occurring 
at modulation has been termed the "put-on" signal. 
The mosaic signals occurring upon subsequent scans 
have been termed "take-off" signals. 
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Fig. 2—Functional block diagram of the three-step process. 

In addition to dividing by three, the three-step modu-
lator generated as many as six independent pedestals, 
or voltage steps, each of which lasted for 1/800 second. 
The six pedestals could be distributed to occur among 
the three time steps in any combination, could be inde-
pendently and continuously adjusted as to amplitude 
and polarity, and could be combined in any sequence. 
Thus, the pedestal generator allowed all possible com-
binations of potentials to be applied to the various elec-
trodes of the storage tube. 
For most of the work, a spiral sweep was used. The 

following features of this sweep were continuously vari-
able at will: x and y position, over-all size, ellipticity, 
number of turns, and the spiral Q. Available values of 
turning rate ranged from 24 to 244 microseconds per 
turn. The value of 61 microseconds per turn was used 
except as noted. The number of turns varied from one 
to ten. At the typical spiral diameter of one and one-
quarter inches, the linear spot speed was 1.6X105 
centimeters per second, a value commonly used in tele-
vision camera service. 
The signal generated by the mosaic electrode was 

amplified by a high-gain video amplifier and fed simul-
taneously to two monitoring oscilloscopes. The first, 
a grid-modulated spiral-sweep oscilloscope, duplicated 
the scanning pattern of the storage tube. The second, 
a deflection-modulated linear-sweep oscilloscope, al-
lowed the observation of mosaic-electrode signal shapes. 
The over-all bandwidth of the monitoring circuits ex-

ceeded 700 kilocycles to half-power. The mosaic load 
resistor was 4700 ohms. Uncompensated circuits were 
employed throughout to minimize transient effects. The 
over-all equivalent low-frequency time constant most 



1260  PROCEEDINGS OF THE I.R.E. Novemb 

frequently used was 15 microseconds from mosaic to 
monitor screen. 

III. THE MOSAIC SECONDARY-ESCAPE RATIO 

A. The Escape Process 

The time changes of voltage which make up a 
"signal" can be stored as line changes of potential on the 
path of the scanning beam. Once created, these poten-
tial patterns cannot be examined directly, but must be 
studied bY the effect they produce when subsequently 
scanned. 
This "effect" is the video signal derived from the 

mosaic signal plate during the scanning process. Such a 
video signal is a measure of the net number of elec-
trons reaching and leaving the mosaic as a whole. When 
a high-velocity beam impinges upon a mosaic, the re-
sulting secondary electrons may return to the mosaic or 
may escape to a collector electrode. Those which do not 
escape make no contribution to any change of the mean 
mosaic potential, i.e., to the mosaic output signal. (The 
charge redistribution is, for all practical purposes, in-
stantaneous.) 
In the past it was believed that the charge which 

escaped from the mosaic while scanning a mosaic ele-
ment corresponded to that required to discharge the 
intelligence stored on the element. Thus, it was a priori 
clear that the signal-plate (escape) current was a linear 
replica of the surface-potential pattern along the scan-
ning path. It has now been discovered that an icono-
scope television image is not destroyed by scanning. 
Such being the case, one may ask: "What factors do con-
trol the escape current? How is the output signal related 
to the stored signal?" 
It has been found that the secondary-escape current 

/„, can be expressed in terms of the primary beam cur-
rent ./b, according to the following equation: 

/„, = k/b. 

The proportionality constant k will be called the 
"mosaic secondary-escape ratio," as distinct from the 
secondary-emission ratio. 
During step one of the three-step test procedure de-

scribed earlier, /b is pulse-modulated. During steps two 
and three h i remains constant, but k varies at video fre-
quency as the moving beam crosses any previously 
stored signal. 

B. The Mosaic Signal at Put-On 

Neglecting the frequency-discriminatory effect of 
stray capacitance, the output signal developed by the 
mosaic is proportional to its net gain of electrons, i.e., 
to /b—/„,. If /b is modulated, the output signal will be 
proportional to (1 —k). 
Suppose a small positive pulse is applied to the grid 

of a storage tube. The signal which is simultaneously 
observed at the mosaic (the put-on signal) may have 
either polarity, depending upon whether the mosaic as a 

whole gains or loses eleLtrons by reason of the modula 
tion pulse. If the escape ratio k is greater than one, th 
mosaic signal is positive, and vice versa. 
It has been found that k is independent of instan 

taneous beam current, but that it can be readily con 
trolled by the application of a several-volt pedestal to 
the collector electrode throughout the put-on sweep, as 
well as by other factors such as average beam current, 
scanning duty cycle, local shading gradients, and il-
lumination. These factors are interrelated by the re-
quirement that the mosaic must seek a mean potential 
relative to its surroundings so that the gain of electrons 
will equal the loss by all possible mechanisms, when 
averaged over the period of the slowest mechanism 
involved. 

C. The Mosaic Signal at Take-Off 

When the beam current is constant, the only change 
in mosaic output is that caused by changes in k. Any 
previously stored point-to-point fluctuations in mosaic 
potential cause a corresponding change in k at the 
moment of scanning, and thereby generate the video 
output signal. 
If the point under the beam is more positive, fewer 

electrons escape to the collector and the mosaic signal 
plate shows a negative shift. This does not imply that 
the electron increment which just fails to escape must 
return to the spot under scan, but only that it must 
return to the mosaic as a whole. 
It has been found .that the relationship between k 

and the potential of the point which will be scanned is 
roughly linear over a wide range of beam currents. This 
implies that a constant-density scanning beam will 
faithfully reproduce the mosaic potential fluctuations 
over the scanning path. Consequently, any qualitative 
difference between a take-off signal and the correspond-
ing original modulating signal is to be explained in 
terms of a put-on, rather than a take-off, mechanism. 

IV. ELECTRON BEHAVIOR IN SCANNING 

Because it has been found by experiment that in-
dividual path segments do not seek an exchange equi-
librium potential at the instant of scan, it is necessary 
to re-examine all of the older ideas of electron behavior 
which were tied to the notion of a pointwise equilibrium. 
Many of the statements which follow conform entirely 
to earlier concepts, and only a few are wholly unex-
pected. 

Secondary electrons return to the mosaic more densely 
in the vicinity of their origin than elsewhere. This effect 
may be greatly accentuated within a few beam widths 
at high beam currents. Included in the more distant 
return are most of those electrons which did not quite 
surmount the potential grade to the collector. The most 
direct method used to study electron redistribution was 
to scan at a low constant beam current while applying a 
strong positive grid pulse at some particular point on the 
mosaic. 1he drift of the resulting excess electrons over 
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the surface of the mosaic could be seen at a glance on 
the spiral monitor. 
Those areas which are not scanned have no means of 

losing electrons in the absence of light. Consequently, 
after a short interval such areas become highly nega-
tive and repel additional electrons. In proof of this, the 
former spiral position could be seen for about one 
second as a strong, sharply defined "television" image, 
when the monitor and storage-tube spirals were sud-
denly subjected to a simultaneous oscillatory displace-

ment. 
Under television scanning conditions the scanning 

paths are contiguous, and the secondary electrons are 
free to travel in any direction. With an open spiral, the 
negative interturn barrier inhibits electron travel 
normal to the path of scan. Under this condition many 
secondaries which would otherwise have crossed to 
another turn or line are channeled onto their own line, 
and collect before and after the beam. The diminution 
or disappearance of before-and-after-collection signals 
was clearly noted as the scanning pattern was adjusted 
continuously from an open spiral to a spiral with con-

tiguous turns. 
At television beam densities, the electrons whose 

mosaic escape is controlled by stored signals are drawn 
from electrons which would otherwise rain uniformly 
over the mosaic. The number of those electrons which 
return to the vicinity of the scanning beam is not in-
fluenced by the potential discontinuities which consti-
tute the stored signal. These conclusions result from the 
experimental observation that stored signals are not 
moved, blurred, or appreciably diminished by uniform 
scan at low beam currents (in darkness, of course). 
When, with the iconoscope, the number of take-off scans 
per unit time was increased from 2 to 29 by converting 
the spiral to a circle, the attenuation per unit time re-
mained unchanged, being less than 1 per ecnt per scan 

for the circle. 
Only with the 3BP1 and at beam densities at least ten 

times those of the iconoscope and 5-inch tube was it 
possible completely to eradicate the stored signal by a 
single scan. This effect might be explained by the forma-
tion of a localized space charge Made possible by the 
small capacitance of the 3PB1 (about 4 mild. per square 
centimeter as compared with 100 µAM. per square centi-
meter for television mosaics). 
At low beam currents the 3BP1 gave a response like 

that of the iconoscope and the 5-inch storage tube. On 
the other hand, when the beam current of either of the 
latter was raised above several tenths of a microampere, 
the storage take-off signals were lost in scanning noise 
and shading signal well before the high attenuation 
ratios of the 3BP1 could be reached—a fact reflecting 
the difference in secondary-emission ratio and surface 
uniformity of the willemite screen versus the caesiated-

silver mosaic. 
Most experiments were carried out by means of the 

repetitive three-step procedure described earlier. The 

possibility of integration effects extending over several 
cycles was checked as follows. By shifting the modula-
tion-pulse delay at a suitable rate, the individual put-on 
signals could be completely separated as seen on the 
linear monitor. With this arrangement, each stored 
pulse was the result of a single scan. No limit was placed 
upon the number of take-off signals—these appearing on 
the linear monitor directly beneath their associated 
put-ons. The ratio of step two to step three take-off 
signals was found independent of integration, although 
a function of beam current as already indicated. More-
over, integration was found to give negligible take-off 
signal increase for high beam currents, and not more 
than a factor-of-two increase for low beam currents. 
That the difference in behavior between the 3BP1, on 

the one hand, and the iconoscope and 5-inch tube, on 
the other, was not caused by surface leakage was shown 
by an experiment in which the 5-inch tube was able to 
store a signal for at least ten seconds in darkness with 
the beam current off. The 3BP1 could, of course, do 

likewise. 
The proper interpretation of grid-modulation take-

off patterns was verified by numerous other auxiliary 
experiments, such as those in which a focused image of 
a small lamp filament was allowed to fall near or upon 
the iconoscope spiral path for various spiral spacings. 
It may be remarked in this connection that the signals 
stored by the light image were of the same order of 
magnitude as those stored by grid modulation of that 

tube. 
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Fig. 3—Potential of a mosaic point as a function of time during step 
one of a three-step process: step 1 at the indicated,beam densities: 
steps 2 and 3 at one fixed nominal beam density. 

V. MOSAIC POTENTIAL UNDER A UNIFORMLY 
SCANNING BEAM 

Fig. 3 represents in qualitative fashion the potential 
of a particular point on a mosaic as a function of time 
during step one of a three-step process while that point 
is being repeatedly scanned by a high-velocity electron 
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beam traveling at a uniform speed in the absence of 
modulation or stored signals in the vicinity thereof. 
Fig. 3 was induced to explain the experimental find-
ings reported in Section VII. 
Only the time interval in the vicinity of scan is shown 

in Fig. 3. During perhaps 95 per cent of the time the 
mosaic point is remote from the beam and slowly drifts 
down in potential while gathering secondary electrons 
at a relatively uniform rate. The several curves of Fig. 
3 correspond to several beam currents. However, these 
are the beam currents only in the vicinity of the time 
interval which is represented and only during step one 
of a three-step process. The average beam current is the 
same for all curves. The curves of Fig. 3 are based upon 
the further approximating assumptions that the beam 
has a uniform cross-sectional density, and that sec-
ondary electrons return in excess above a uniform areal 
rate only in a well-defined region before and after the 
beam. 
The salient features of Fig. 3 are these: At all beam 

currents the mosaic point while beneath the beam is 
driven positive as a result of secondary emission. At low 
beam currents (curve b), the secondary electtons fall 
uniformly upon the mosaic. At a somewhat higher beam 
current (curve c), electrons collect equally before and 
after the beam. Television scanning conditions are rep-
resented by curves band c. At still higher beam currents 
(curves d and e), secondary collection behind the beam 
predominates. For increasing beam current up to a cer-
tain point (a, b, c, d) the final mosaic potential after the 
the passage of the beam is increasingly positive. Above a 
certain beam current (d, e) there is a reversal of final 
potential. 
It might be added that, in the case of a nonuniformly 

scanning beam, e.g., in the case of deflection modulation, 
an increased spot velocity for tubes operating in the 
region of curves a to d should be equivalent to a de-
crease in beam densitY. Such a decrease should give rise 
to a decreased mosaic point potential, to an increased 
secondary-escape ratio, and to a positive mosaic signal. 
A strong positive put-on "spike" at the rise and fall of a 
square-wave, deflection-modulition pulse was found 
experimentally under the specified conditions. 

VI. THE STORAGE OF SIGNALS BY GRID MODULATION 

Fig. 4 shows the types of potential patterns which 
can be stored upon a mosaic by applying a square posi-
tive video pulse of several microseconds length to the 
grid of a storage tube. These curves are derived 
graphically and exactly to scale from Fig. 3, according 
to the following method and assumptions. 
Curve cdc represents the stored pattern which results 

if the beam current of the storage tube is increased 
from that of curve c of Fig. 3 to curve d and back to 
curve c by means of the above-mentioned video pulse. 
The potentials of those points which are well removed 
from the rise and fall of the video pulse can be read 
directly as the number 3 potentials of Fig. 3. Potentials 

Novembeti 

in the vicinity of the step points are derived upon the 
assumption that potential is determined primarily by 
the beam current at time of scan, and that the effect of 
the near-by transient is to cause an electron excess or 
shortage for which correction can be made. 

boom d•nstly (0) 
Cold 7s0.col OrId 
Volts  dinorrs ILI A- boom wiltn  imedwat timpvi to 

I  HI  7/ 

Mosaic 
Porent,oi 

)7  1711/11 VIII 
4—  4 4   

doslonc• Wong 
'consuls frock 

/ Corse obi 

Corso bcb 

•-C3-(c3-C2)didsd2) 

C3-(01 - %).(0. -do) •-• 

03 Cyr. cdc 

(4 1-d c 4:0 
ciel• 

Corso Ortd 

Corso bob 

Fig. 4—Theoretical forms of potential variations stored on a mosaic 
by grid modulation. Direction of scan is to the right; letter desig-
nations refer to Fig. 3. 

As an example, consider point II of curve cdc. This 
point received its prebeam electrons and its scanning 
from a beam of density c. Point II is defined as that 
point which the back edge of the beam was leaving at 
the instant modulation was applied. Hence, point II 
received all of its post-beam electrons from a beam of 
density d. Therefore, the potential of point II, after 
the passage of the beam, may be calculated from 

// = c3 — (c3 — c2) (d3 — d2) 

because (c3—c2) of Fig. 3 represents the potential change 
that did not occur but which would have brought point 
II to potential c3, whereas (4 —d2) represents the poten-
tial change that did result owing to electrons arriving 
from a beam of density d. 

VII. THE COMPARISON OF THEORETICAL AND 
EXPERIMENTAL WAVE FORMS 

The theoretical curves of Fig. 4 may be compared with 
the typical experimentally observed curves of Figs. 5 
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and 6. The experimental wave forms are tracings of free-
hand sketches from an oscilloscope made a year before 
the theory and curves of Figs. 3 and 4 were conceived. 
Figs. 5 and 6 show wave forms in groups of three. 

Each group consists of the mosaic put-on and take-off 
signals of the three-step process in their relative posi-
tions, as displayed upon the linear monitor oscillo-
scope. The significance of the put-on signals has been 
discussed in Section III-B. Directly beneath each 
put-on signal are the second- and third-step take-
off signals, respectively. Dotted lines indicate exact 
time coincidence between put-on and take-off. Both 
figures show modulation amplitude increasing to the 
right and average beam current increasing progressively 
downward. 
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mosaic points repel additional electrons which would 
otherwise land. The take-off pulse is not flat because of 
droop of the modulation pulse, as shown at b of 
Fig. 5. The downward spike at the end of the same 
signal represents positive storage on a point which lost 
electrons by scanning at a high beam current but which, 

Fig. 5-3BP1 mosaic signals for positive grid modulation. Modulation 
pulse voltage and average beam current variable; five spiral turns, 
well spaced; spiral rate: 61 microseconds per turn; pulse length: 31 
microseconds. 
(a) Mosaic electrostatic pickup at 1 volt with beam biased off. 
(b) Pulse shape as applied to grid. 
(c) Average beam current set to give maximum step two take-off. 
(d) Preamplifier gain cut by one-half to avoid saturation. 

With the iconoscope and the 5-inch tube, the only 

patterns obtainable were very similar to those shown 
in the upper left-hand corner of Figs. 5 and 6. Curve cdc 
of Fig. 4 may be compared with the upper left-hand 
curve of Fig. 5. Notice that each take-off consists of a 
negative pulse preceded and followed by positive humps. 
The negative pulse represents positive storage caused 
by loss at put-on of secondary electrons. The positive 
humps represent secondary electrons which have col-
lected in excess before and behipd the modulation. The 
corners are rounded by the limited bandwidth of the 
beam and amplifiers. 
The second row, pattern d of Fig. 5, may be com-

pared to curve ded of Fig. 4. Note that secondary-elec-
tron collection precedes the modulation segment on the 
curves of both figures. However, the positive spike of 
Fig. 4 is missing from Fig. 5. This departure from theory 
was found generally and proves that highly negative 
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Fig. 6-3BP1 mosaic signals for negative grid modulation. Modula-
tion pulse and average beam current variable; four spiral turns 
spaced six line widths; spiral rate, 61 microseconds per turn; pulse 
length, 4 microseconds. (a) becomes (b) with defocus. (b) becomes 
(c) with further defocus to four normal line widths. 

with sudden collapse of modulation, was given no op-
portunity to recoup its losses. The positive take-off fol-
lowing the end of modulation represents secondary 
collection ahead of the scanning beam, as seen on curve 
cdc of Fig. 4. This suggests that a curve cec (not drawn) 
would provide a better fit than curve ded. 
Curve cdc of Fig. 4 may be compared with the first 

take-off curves of Fig. 6. Since negative modulation is 
used in Fig. 6, the comparison is made by dividing 
curve cdc at its midlength and inverting the order of 
the halves. The 5-volt curve of the top row of Fig. 6 
exhibits the effect of the modulation-pulse overshoot, 
and is not readily comparable with Fig. 4. 
Curves a, b, and c of Fig. 6 are especially significant 

because they show reversion to the low-beam-current 
pattern of the upper left-hand corner brought about by 
beam defocus. With defocus, the beam area increases 
and the beam density must drop. All of the second- and 
third-row patterns of Fig. 6 match excellently with 
properly split and inverted patterns of Fig. 4. 
The analysis of the development of experimental 

waveshapes by means of Figs. 3 and 4 must not be 
pushed too far. It will be recalled that these curves 
assume a constant average beam current. This condi-
tion was not met experimentally. The data at hand are 
insufficient to pursue the matter in greater detail. It is 
certainly safe to say that the same electron transfer 
mechanisms will be in operation. Indeed, as can be 
seen from the experimental figures, the wave forms have 
readily identifiable features over the gamut of average 
beam current and modulation amplitude. 
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Space-Charge and Transit-Time Effects on Signal 
and Noise in Microwave Tetrodes* 

L. C. PETERSONt, ASSOCIATE, I.R.E. 

Summary —Signal and noise in microwave tetrodes are discussed 
with particular emphasis on their behavior as space-charge conditions 
are varied in the grid-screen, or drift, region. The analysis assumes 
that the electron-stream velocity is single-valued. For particular con-
ditions the noise figure may be substantially improved by increasing 
the space-charge density in the grid-screen region until an entering 
electron encounters a field of a certain magnitude. The noise reduc-
tion is largely due to the cancellation in the output of the noise pro-
duced by the random cathode emission. The method of noise reduc-
tion described is applicable only when the transit angles of both in-
put and drift regions are fairly long. 
In a forthcoming paper, H. V. Neher describes experimental re-

sults which broadly agree with the theory. 

INTRODUCTION 

THIS PAPER presents a theoretical investigation 
of the effect of space charge in the drift (grid-
screen) regions on noise and signal behavior of 

long-transit-angle microwave tetrodes. 
The theory involves the use of "single-valued-

velocity" equations derived on the assumption that all 
electrons leaving the cathode at any instant have the 
same velocity. Although this is not in accord with the 
Maxwellian velocity distribution of the electrons actu-
ally leaving the cathode, it seems expedient at the 
present time to use the single-valued-velocity theory 

• Decimal classification: R138 XR339.2. Original manuscript re-
ceived by the Institute, November 8, 1946; revised manuscript re-
ceived, December 31, 1946. Presented, I.R.E. Electronics Confer-
ence, New Haven, Conn.; June 27 and 28, 1946. 
T Bell Telephone Laboratories, Inc., Murray Hill, N. J. 

since to the author's knowledge there is no theory for 
multivalued-velocity electron streams. Furthermore it 
seems justifiable on the basis of some experimental 
evidence. 

The analysis predicts that the noise figure of a tube 
of the sort considered has a minimum value with respect 
to the degree of space charge in the drift region. The 
control of the degree of space charge may be assumed to 
occur by changing the screen voltage. In a forthcoming 
paper, H. V. Neher describes experimental results on 
tetrodes specially constructed to have a uniform elec-
tron stream. These results show that whenever the 
transit angles in the input and drift regions are large, 
minimum noise figures can be achieved by proper ad-
justment of the space charge in the drift region. It can 
thus be said that the theoretical prediction of the exist-
ence of minimum noise figures for the long-transit-time 
tetrode at microwave frequencies has been confirmed 
qualitatively. Moreover, on the basis of reasonable as-
sumptions a quantitative agreement has also been ob-
tained. Dr. Neher ha% further found that when the 
transit angle in the input region was decreased so that it 
was no longer large, there was no reduction of noise by 
space charge. This result also can be explained on the 
basis of single-valued velocity theory. 
There is insufficient data for a thorough going and 

critical correlation between theory and experiment. 
However, it seems fair to say that there are indications 
that the single-valued electron-velocity theory can be 
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expected to serve as a fairly reliable guide in predicting 
the signal and noise performance of devices so con-
structed as to minimize nonuniformities introduced by 

the structure. 
The geometrical structure treated in the analysis is 

shown schematically in Fig. 1. C represents the cathode, 
G the control grid, S the screen, and P the plate. The 
input cavity 1 is connected between grid and cathode and 
the output cavity 3 between screen and plate. It will be 
assumed that both grids are of very fine mesh so that 
the individual diode regions are completely shielded 

5  '  P 

Fig. 1—General diagram of tetrode. 

from each other. The structure as a whole we shall take 
to be planar with all electrodes parallel, and we also 
take the electron stream to be such that at any point in 
a given plane parallel to the electrodes, the electron 
velocity is single valued. This latter assumption is essen-
tial at present since as already stated there is no theory 
available for multivalued electron streams. Its justifica-
tion can only be determined from experiments such as 
those of Neher, made on tetrodes whose geometry ap-
proximates the ideal assumed here. 
In using this single-valued velocity idealization, the 

various fluctuations leading to noise in the output 
(fluctuations in convection current and mean speed of 
electrons emitted by the cathode and fluctuations due 
to the irregular interception of electron current at the 
grids (partition noise)) will be replaced by fluctuations 
of the single-valued velocity stream, fluctuations uni-
form over a plane normal to the flow, which have the 
same mean square values as the fluctuations in the 
actual multi-velocity stream. 
Some further assumptions will be made concerning 

the single-valued velocity flow on which calculations 
are based. In the first place, it will be assumed that 
space charge is complete in the input region between the 
cathode and grid and that the potential minimum coin-
cides with the cathode. Secondly, it will be assumed that 
space charge may develop freely in the drift space be-
tween grid and screen, but not to an extent which would 
result in a virtual cathode, since this would violate the 
assumption of a single-valued velocity. This necessi-
tates that in general both grid and screen be at positive 
d.c. potentials with respect to the cathode. It will also 
be assumed that space charge in the output region is suf-
ficiently small to be disregarded. 

ANALYSIS 

The starting point in the analysis to follow is fur-
nished by the small-a.c.-signal theory of the general di-

ode. This theory finds its essential expression in the so-
called electronics equations. These equations are the re-
sult of a study of electron motion between two parallel 
planes, with general initial boundary conditions at one 
of the planes which may or may not coincide with an 
emitting cathode. These equations, together with sev-
eral applications to signal properties of multigrid ampli-
fier tubes, have been published in a recent paper to 
Which the reader is referred for some of the fundamental 

concepts.' 
Since the tetrode can be imagined as composed of cas-

cade-connected component diodes, we shall, as an in-
troduction to the analysis of the tetrode in Fig. 1, first 
study some broad features of fluctuation properties of 
diodes. Imagine a diode composed of parallel planes a 
and b as indicated in Fig. 2. An electron stream having 
an initial fluctuation component va in its velocity and 
qc, in its convection current at the a plane is injected 
perpendicularly through the plane a into the diode space 
between a and b. Knowing this, we are interested in de-
termining how these fluctuation variables tta and g„ be-
come modified in passing through the diode to the plane 
b. In other words, how are the fluctuations at the plane 
b related to those at plane a? If a small frequency inter-
val iatf is considered, the electronics equations state that: 

/ = (Vo — a)ail  a12q.  any. 

qb = (Vb— V .)021 + a22q.  awv.  (1) 

V b = (V b — V a)an  a32qa + (138V a 

DIRECTION 

Or ELECTRON — • 

INJECTION 

Eta IJb 

90  'lb 

Fig. 2—General diode. 

where Vb —  V a is the fluctuation in potential across the 
diode, I is the fluctuation in the total current (convec-
tion plus displacement current) through the diode, go 
is the fluctuation in convection current at plane b, and, 

vo is the fluctuation in velocity at plane b. These 
fluctuations arise as the result of the impressed fluctua-
tions qa and Va. The coefficients appearing in (1) (of 
which an represents the diode admittance) are functions 
of frequency as well as of the space-charge conditions 
prevailing in the diode, but if the frequency interval if 
is small they may be regarded as the same for all fre-
quency components involved. Their exact values may be 
found from the literature.' 
For small signals, these equations contain all the 

space-charge and transit-time effects which can occur in 
a stream having a single-valued velocity. Several of 
these coefficients are familiar under other names; among 
these are the diode admittance an, the beam-coupling 
or modulation coefficient au, and the drift-bunching 
parameter an of velocity-modulation theory. Other co-

F. B. Llewellyn and L. C. Peterson, "Vacuum-tube networks," 
PROC. I.R.E., vol. 32, pp. 144-166; March, 1944. 
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efficients are ordinarily treated in the simple forms 
which they take in the absence of space charge, e.g., in 
that case the coefficient a22 becomes a simple phase 
shift e-P. Still others take care of effects which are usu-
ally neglected; for instance, "space-charge debunching" 
is described by the coefficients a22 and an. 
Among effects not included in the equations are those 

arising from large signals, dual or multiple-valued ve-
locities, and the Maxwellian distribution at the cathode; 
however, there will be attempted here a computation of 
noise effects due to the Maxwellian distribution. 
It is immediately clear that the fluctuations at plane 

b are determined to a large extent by the values of the 
coefficients in (1); that is to say, by the location of the 
small frequency interval Af in the spectrum and by 
space-charge conditions in the diode. Let us first con-
sider the case of complete space charge, a condition 
which exists in the tetrode input region. We then iden-
tify plane a with a cathode. When the initial d.c. ac-
celeration and velocity are very small it follows that the 
coefficients au, an and an are nearly zero, so that for con-
ditions of complete space charge (1) assumes the ap-
proximate form: 

I = (V b - V a) a 11 + a 13V a 

gb = (V b — V o)a21 + ant/.  (2) 

vb= (170 — Va)au  aaava. 

According to (2), a fluctuation in the emitted current 
(q. in (1)) does not contribute to the fluctuation qb in the 
convection current at the plane b. But, we notice that 
the fluctuation v. in the velocity of emission does pro-
duce a fluctuation in qb. The same holds also for the 
fluctuation vb in velocity at plane b. 
Moreover, it is seen from (2) that the original velocity 

fluctuation v4 gives rise to two fluctuation components, 
namely, qb and V. Although the two components are not 
independent of each other it will nevertheless be useful 
to consider them as separate fluctuation variables, and 
we will think of qb as resulting from drift action and ac-
companying bunching. 
Now, it is well to recall that D. 0. North, A. J. Rack, 

and several others have made accurate calculations of 
diode noise at low frequencies such that the effect of 
transit time could be disregarded.2.2 Moreover, Rack 
also showed that by using the diode equations in a form 
equivalent to (2) and by letting the fluctuation in veloc-
ity v at the cathode correspond to the mean-square 
fluctuation in velocity of a stream which is emitted ran-
domly from a cathode, the same low-frequency fluctua-
tion calculated by the more elaborate and exact method 
is obtained. The idea, due to Rack, of extending 
this method to long transit time thus presents itself. 

'A. J. Rack, "Effect of space charge and transit time on the shot 
noise in diodes," Bell Sys. Tech. Jour., vol. 17, pp. 592-619; October, 
1938. 

D. 0. North, "Fluctuations in space-charge limited currents at 
moderately high frequencies. Part II—Diodes and negative grid tri-
odes," RCA Rey., vol. 5, pp. 106-124; July, 1940. 

But we must keep clearly in mind the approximations 
involved. They are: (a) uniform transit time, and (b) no 
electron leaving the cathode ever returns to it. Thus, if 
the spread in transit angle is small and if also the transit 
time of electrons returning from the potential minimum 
is small, we do expect the single-valued velocity equa-
tions (1) or (2) to give a good approximation to the ac-
tual state of affairs. From now on this situation will be 
postulated.  • 
Consider now the general diode between the grid and 

screen in Fig. 1. The fluctuation behavior is then de-
scribed by the general diode equations (1). We now 
consider q4 and v4 as the fluctuations which are present 
in the electron stream as it enters the diode through the 
grid. How the fluctuation components have arisen is at 
the moment of no particular significance. The main 
thing is that the diode between grid and screen can be 
broadly pictured as constituting within itself a drift 
space in which qb ,the convection current fluctuation at 
the screen, can be thought of as resulting from the ac-
tion of the drift space upon the initial convection cur-
rent q0 and velocity v.. 
Employing the commonly used terms of bunching and 

debunching, we can also say that qb is established both as 
a result of bunching due to the impressed velocity fluc-
tuation v. and debunching of the impressed convection 
fluctuation q. Thus we think of a22 in (1) as expressing 
debunching and of a23 as bunching. We shall now point 
out some interesting properties of the coefficient an in 
the high-frequency region where the transit angle of the 
drift space is large. First it will be shown that an can be 
made to vanish, from which it follows that by selecting 
the d.c. operating condition so that a22 vanishes it is 
possible to nullify the effect of the initial convection-
current fluctuation. What characterizes this space-charge 
condition? To find this we have to look at the high-fre-
quency asymptotic expression for an which is, 

a22 =  (1  I D -ft 
T2 

2ub 
(3) 

where 

n=(e/m) 107=1.77X10'° is the ratio between electron 
charge and mass 

e =1/367r X10" is the dielectric constant of vacuum 
/D=d.c. current density through the diode in amperes/ 

cm2 

T=d.c. transit time through the diode in seconds 
Ab=d.e. electron velocity at the b-plane (screen) in cen-

timeters per second 

=complex transit angle of the diode of drift space. 

Now we observe that the amplitude factor in the high-
frequency asymptotic expression (3) depends only upon 
the d.c. space-charge conditions prevailing in the drift 
space. It vanishes when 

ii  P 
—  —  = 1 
e  2ub 
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T 3 

Ub =  1) —  • 
2 

In general we have the d.c. relation 

T2 
Ub =  Ua  , aa T  I D— 

e  2 

(4) 

(5) 

where u4 is the d.c. electron velocity at the a-plane and 
a4 the d.c. acceleration at the a-plane of the diode. Thus, 
in order that (4) may be satisfied, we must also accord-

ing to (5) require that 

ua  aaT = O.  (6) 

Since ua and T are both positive quantities it follows 
that the space-charge condition formulated by (4) re-
quires a negative acceleration, that is to say, a retarding 
field following the plane a of injection. Moreover, if we 

4.0 

3.0 

2.0 

3 

4 71 1  T 2 
CI)1 =  ID2 — 

ub 

or, in terms of the space-charge factor  defined in the 

literature' 

U4 Ub 

= 1  r   
Ub 

This factor  varies from a value of zero for no space 
charge to a value of unity for "complete" space charge. 
The function ck has been plotted on Fig. 3 for the drift 

region of a tetrode for several values of the grid-screen 
and cathode-grid distance ratio x2/x1 on the assumption 
that the emission at the cathode_ is space-charge-lim-
ited. For very small space charge ( small) in the grid-
screen region cf approaches unity, and as space charge 
increases it decreases monotonically, passes through 

4 2' 1 

2 =2  

X2  , 12 .1 

w 4  t2t 1 
4 X2 .,„ 

IT r„.  x=.   XI -4  

)4 =2 

12'1  
02=  u,2 4 0,. _ ,21.4 g2. 

GRID TRANSMISSION FACTOR CI, ASSUMED TO BE 0.60 

.12' 1 

I 

3  40 45 5 
0 

U2 

Up 

Fig. 3—Magnitudes of space-charge functions 4i and 02. 

imagine a space-charge-free diode of transit time T the 
condition (6) also tells us that the retarding field aa is 
equal to that required to turn back a single electron at 
the b-plane when it is injected with an initial velocity 
ua. We may in addition also note that the final speed ub 
required by (4) corresponds to that acquired by an elec-
tron in a space-charge-limited diode with d.c. current 
ID and transit time T. Finally, it may be noted that if 
the initial retarding field as given by (6) is further in-
creased, the amplitude factor in a22 becomes negative 
and may under certain circumstances exceed unity in 
magnitude. 
Let us write (3) as 

a22 = 

zero, and takes on negative values until space charge is 
complete at = 1. The domain where 4)1 exceeds unity in 
magnitude is to be noted. We cannot at present give a 
satisfactory physical picture of this behavior of the 

function (DI. 
The practical importance, if any, of the zero points 

lies, of course, in the fact that for such a space-charge 
condition the part of the fluctuation qb caused by q. van-
ishes. 
The foregoing discussion on fluctuations, though in-

complete, is intended to aid in understanding the more 
detailed tetrode discussion which now follows. 
Consider now the tetrode arrangement schematically 

indicated in Fig. 1. In regard to notation, the following 
rules will be adapted. Subscripts 1, 2, and 3 will in gen-
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eral be used on quantities referring to input, drift, and 
output space respectively. T represents d.c. transit time, 
x the distance between electrodes. u1 and ui represent 
the d.c. electron velocities at the grid and screen planes 
respectively. The corresponding a.c. quantities are v.' 
and v2. The total current between electrodes is I, and its 
positive direction is in the direction of the arrows. 
The electron emission from a real cathode occurs in a 

random manner and as already mentioned we take this 
into account by assuming that there is superimposed 
upon the steady electron stream an alternating velocity 
component vo. Moreover, by virtue of the assumption of 
complete space charge this is the only fluctuation com-
ponent introduced in region 1. 

As we proceed further along the electron stream and 
as the control grid G is passed, a new fluctuation com-
ponent is introduced in the stream, namely, that arising 
from the capture of electrons by the positive grid. This 
component is taken into account by supposing that a 
convection current N' is superimposed upon the already 
existing convection current at that point. As pointed 
out previously, this new fluctuation component is sta-
tistically independent of the fluctuations already pres-
ent. We have thus, all in all, three fluctuation eompo-
nents to consider for the initial conditions of the general 
diode composing the drift region between grid and 
screen. First, there is a fluctuation component in a.c. 
velocity v1 caused by the velocity fluctuation vo at the 
cathode. Second, there is a convection-current fluctua-
tion resulting from drift action in the input region, and 
finally there is the convection-current fluctuation 
caused by the capturing of electrons by the positive 
grid. 
Still further along the stream, the screen S is passed, 

and here again a statistically independent convection 
current N" is superimposed upon the stream, so that in 
the output region the fluctuations in the total current 
arise from the statistically independent fluctuation 
sources of random electron emission and two random 
positive-grid electron selections. 
From the previous discussion of the generalized diode 

we can now get a broad picture of the action of the drift 
space. Depending upon the degree of space charge pres-
ent in the drift region, the initially impressed velocity 
and convection-current fluctuations may become con-
siderably modified. In fact, we saw that space charge 
may exercise such a debunching action on the initial 
convection fluctuation as to completely nullify its ef-
fect. This debunching effect is, of course, counteracted 
in greater or lesser degree by the bunching effect result-
ing from the impressed velocity fluctuation. However, 
we may at this point perceive somewhat vaguely that an 
optimum fluctuation condition may be obtained by the 
judicious combination of bunching and debunching ef-
fects. 
Making repeated applications of (1) and (2) to the 

successive diode regions of the tetrode with due regard 
• to the various boundary conditions, we get the following 

/3 — blivo 

Ig  (b3iVo  c32N' 4- c.33N”) = — y3iVi — y331's 

where VI is the fluctuation potential across the input 
and V3 the fluctuation potential across the output, and 
and h are the corresponding fluctuations in the total 

input and output currents. 
The quantities 

li = — bi,v0 

= b3Ivo  cs2N' --1- c33N'' 

from (7) are seen to be in the nature of impressed noise 
currents, ./a being impressed across the input and /a 
across the output terminals. 
The coefficients appearing in the impressed noise cur-

rents (8) have the values 

bll 

b31 

632 =  (0 12)3a2(a22)2 

C33 =  (a12)3 

= — (4213)1 

= — (a12)3,22[(c133)1(a202  cri(a23)1(a22)2] 
(9) 

can be written in the form 

where (a12)3 is the modulation factor of the output gap 
and al and a2 the transmission factors of grid and screen, 
respectively, so that (1 —at) and (1 —a2) represent the 
captured fraction of the electron currents. The quanti-
ties a33, a23, and an are the electronic functions appearing 
in (1) and, as has been remarked, the index refers to a 
particular region of the tetrode. 
In (7) yu is the input admittance, —3,31 the trans-

admittance, and y33 the output admittance of the tet-
rode. The latter quantity can usually be taken as that 
of a pure capacitance. 
The transadmittance has the value 

— Y31 = (a12)3C32 [al(a21)1(a22)2  (a31) A3)2]  (10) 

where again the electronic functions are defined by (1). 
Before we proceed to a more detailed discussion of the 

coefficients involved, let us first make some general ob-
servations concerning the four-pole equations (7). 
Using the definitions (8), the tetrode equations (7) 

Il + Ill = Y11 V1 

four-pole equations for the fluctuation behavior of the 

tetrode. 

and 

1 /3 — /0 = — y31V1 — y33V3 

which is a .special case of the more general four-pole 
equations 

*(7) 

(8) 

= $11171 fl13V3 1 

/3 — 1,3 = 031V,  033V3 

The feedback term corresponding to )313 V3 in (12) is 
missing in (11), reflecting the fact that the grids were 
assumed to be infinitely fine, corresponding to very 
large hi-factors. 

From (11) or (12) it follows that, in so far as the ex-
ternal tetrode terminals are concerned, the tetrode noise 

•  (12) 
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)erformance can be dsecribed by assuming the tetrode 
tself to be noiseless and by assigning one impressed-
roise-current generator /a to the input and one im-
oessed-noise-current generator /a to the output termi-
lals of the tube. These noise generators depend only 
von conditions within the tetrode, and it is to be par-
:icularly noted that they are independent of any ter-
minal impedances to which the tetrode might be con-
rrected. This representation can be shown to be valid for 

lny four-terminal network. 
Equations (11) and (12) also show that noise analysis 

may proceed in much the same manner as signal analy-
sis, the main difference being that in noise analysis one 
needs to know, in addition to the signal parameters flii, 
the noise parameters /a and La and their statistical cor-

relation. 
The noise performance of the tetrode will be discussed 

in terms of Friis's noise-figure concept F, which com-
pares the total noise output from the tetrode with the 
part which arises from Johnson noise in the signal-gen-
erator impedance.4 The noise figure F may readily be 
expressed in terms of the impressed noise currents /a 
and /a in the form: 

F = 1 + 

1311 4- re 

1331 

4KTg. 

2 

(13) 

where Y. is the admittnace of the signal source and g. its 
real part. K is Boltzman's constant and T the absolute 
temperature of the source admittance. It is seen that, in 
addition to being a function of ./a. and In, the noise fig-
ure also depends on the signal-generator admittance V. 
and the coefficients 13u and fin. The noise figure, on the 
other hand, is not a function of the load admittance or 
the coefficients 1313 and 033. 
After these general remarks, let us return to the 

tetrode equations (11) and give a physical interpreta-
tion of the quantities involved in the noise-figure expres-
sion (13). 
Consider first the noise parameters. We observe from 

(8) that the impressed noise currents /a and /i3 are 
statistically dependent since vo occurs in both. The im-
pressed noise current Ia corresponds to that of the 
space-charge-limited diode formed by the input region. 
The impressed-noise generator /a contains three statis-
tically independent parts. The first term b3Iv0 results 
from the impressed velocity variation vo at the cathode. 
The value of b31 is given in (9) and, although not dimen-
sionally a transadmittance, it acts essentially as one. It 
is composed of two terms each of which contains two 
factors. All these factors may be given a physical inter-
pretation. The factor (au)1 expresses a change which 
velocity fluctuation vo experiences as the stream passes 
through the input region. The velocity fluctuation thus 

'H. T. Friis, "Noise figures of radio receivers," PROC. I.R.E., vol. 
32, pp. 419-423; July, 1944. 

present in the grid plane will give rise in the following 
drift region to electron bunching; (a23)2 is a measure of 
this effect. The first term in b31 can thus be thought of as 
produced essentially by bunching in the drift region be-
tween grid and screen. In the second term of b31 the 
factor (a23)r expresses the fact that bunching also oc-
curs in the input region because of the impressed 
velocity variation vo. The factor (a22)2 gives the effect of 
debunching caused by the drift space. Thus it is seen 
that the coefficient b31 expresses a combination of the 
physical phenomena of bunching and debunching. 
The next term in /a is c32N/ and from the value of 

C32 given in (9) and the explanation of (a22)2 given just 
above it follows that c32 gives the effect of the drift space 
upon the impressed convection-current fluctuation N'. 
The last term of /0, G33 N"  may be seen from (9) to 
unaffected by the drift space and. is therefore not di-
rectly influenced by conditions prevailing there. 
Finally, a few words about the signal parameters are 

appropriate. The transadmittance —y31 is given by (10) 
Except for the multiplying modulation factor it is seen 
that it is made up of two terms each of which is com-
posed of two factors. From the general diode discussion 
the following broad physical interpretation may be ob-
tained. The factor (an)i represents the convention cur-
rent in the grid plane resulting from an impressed po-
tential across the input, and the factor (a22)2 expresses 
the effect of the drift space upon this convection cur-
rent which enters through the grid. This component of 
the transadmittance may be referred to as the convec-
tion-current-variation component. In the second term 
the factor (a31)3 gives the alternating velocity com-
ponent in the grid plane produced by an impressed po-
tential across the input, and the factor (a23)2 gives the 
bunching action of the drift space. We may refer to this 

component as the velocity-variation component of the 
transadmittance. Hence, it follows that the total trans-
admittance can be thought of as being established 
through the combined action of convection-current 
variation and velocity variation, and as will be shown 
can become larger than the low-frequency transcon-
ductance. Or, if we prefer, we can of course also say 
that the transadmittance arises as a net result of both 
bunching and debunching. 
With these general physical pictures as a background, 

we are now ready to take up the detailed study of the 
noise figure F. Let us introduce an auxiliary quantity 
Ii. defined by 

/311 + 

Pat 

which quantity may be referred to as the total equiva-
lent impressed noise current of a linear four-terminal 
network. In terms of I. we have 

F = 1 +  • (15) 
4KTg. 

ri.= iii+ ii3 
(14) 
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and we now propose to investigate how F varies with the 
space charge in the drift region when the frequency is so 
high that the transit angles in the input and the drift 
region are large enough to permit asymptotic expan-
sions of the electronic functions to be made. In the pre-
ceding discussion where a physical picture was at-
tempted there was no need to refer to a particular fre-
quency range. It is in the very-high-frequency regions, 
however, that bunching as well as debunching effects are 
most pronounced and it is there also that interesting 
phenomena occur. 
By introducing the values of /a and /a from (8) and 

by using (9) and (10), it follows by straightforward 
algebra that the total equivalent noise current I. can 
be written: 

(yn -I- l's) [a2(a12) 3 Rau) 1(a23) 2 ±  ai(a23)1(a22)21  
Vo 

yin 

a2(a22)2N'  (a12)3 
+ (an) 3   

Y31  ysi 
N"] 

if terms which become small at large transit angles are 
ignored, or, if the values of y31 from (10) is introduced, 

(a33)1(a23)2  al(a22)1(a22)2 
Ir. = (yli  17.)[   

- Rain)1(a23)2 -F ai(a21)1(a22) 2] 

(a22) 2   

N' 
- [(a31) 1(a23) 2 ±  cri(a21)1(a22)2j 

1 
 N"]  (1 6) 

cri(a21)1(a22)2i - «2[(a31)1(a23)2 

Vo 

from which incidentally, it may be noted that the im-
pressed noise current Jr. and thus also the noise figure F 
are independent of the modulation factor of the output 
gap. 

The asymptotic expansions of the various electronic 
functions may now be introduced into (16). The needed 
expansions are: 

(a21)1-)- goe-0 1 

3,7 e-th r 
(.231)174-- —  -f-el] 

U1 

n' IT  u1-1-u2 
(a22)2-*431e---02 where 4)j= 1   = 1 --t2 

S  U3 U2 

where r 2 is the space-charge factor for the drift region 

ai/D/32 
(a23)  e-P1 

(a33)1-4-csi 

/mflie-th 

ui 

In these expressions: 
go =d.c. conductance 

mhos/cm.2 

(17) 

of the input region in 

1%, 112 = complex transit angles of input and drift r 
gions respectively 

ID= d.c. current density at the cathode in amps./cm. 
u2 = d.c. electron velocities in the planes of the grr 

and screen respectively in cm./sec. 
We thus get: 

- [(a31)1(a23)2  ci+1 (a2lig)oie 0 (_a(221)42 

a 1321 [4'i - 432(1 + es1)] (18) 

where (PI is given by (17), 

331  T2 
4/2 = 

U2  T1 

and 

(a33) 1(a23) 2 +  ai(a23)1(a22)2 

all D/91 
e-014-02)( 

U I 

(19) 

(Dr - 432).  (20) 

It is well to examine these expressions somewhat more 
closely. Equation (18) represents essentially the trans-
admittance of the tetrode for large transit angles. 
From the previous discussion it may also be recalled 
that 431 gives the effect of the drift space upon the 
entering convection current. For an applied signal of 1 
volt this convection curren t equa ls (for  large  transit  
angle) 

- (a21) a1 = aigoe-0 1 

thus explaining the physical meaning of the first term 
of the right side in (18). The second term involving the 
function 4)2 arises from bunching action of the drift 
space arising from the alternating velocity component 
(a31)1. For large transit angles (a31)1 is inversely propor-
tional to frequency, while the bunching factor (023)2 is 
directly proportional to frequency. The net bunching 
effect is thus independent of frequency. 
The functions 431 and 4)2 have been plotted on Fig. 3 

against the variable u2/24, where u1 and u2 are the d.c. 
electron velocities in the grid and screen plane respec-
tively. As parameters the distance ratio x2/x1 between 
drift and input region has been used. 
For very small space charge (u2/u1 large) we note 

again that the value of 431 approaches unity, which is 
its asymptotic value at zero space charge. Under the 
same condition the function 432 approaches zero. As 
space charge increases (u2/u1 decreases)  decreases, 
passes through zero, and becomes negative until the 
Kipp point is reached, where r 2 equals unity. The func-
tion (I)2 on the other hand increases steadily towards the 
limiting value reached at the Kipp point. Regarding the 
function 4)1, we note again that a domain of the dis-
tance parameter x2/x1 exists within which the absolute 
value of (DI exceeds unity. 

The points where the functions equal each other 
should also be noted. Within the range shown for the 
distance ratio x2/x1 it is seen that the points of inter-
section occur in a domain for which both functions 
have values falling between 0 and 1. 
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Returning now to the transadmittance (18), we see 
:hat its magnitude is largely independent of frequency, 
which essentially enters as rotation of the phase. We 
ilso note that when space charge in the drift region is 
very small, c1)1A.• 142A:0, the magnitude of the high-
frequency transadmittance is the same as the low-fre-
quency one. 
Let us now investigate the effect of space charge, and 

in so doing let it be assumed that the transit angle in 
the input region has been so adjusted that cos 01=0. 
The magnitude r of the quantity within the square 
bracket in (18) then becomes: 

r = -V(ti  - 4,2)2 + 412  (21) 

pressed noise current and hence also the noise figure F 
will have a minimum somewhere between the values 
u2/241 at which cIq = c1,2 and (1)1= 0. Since the noise per-
formance is to be measured in terms of the noise figure, 
let us consider this quantity. From (13), (16), (17), (18) 
and (20): 

I  F = 1 ±  Y11 +  V. 12  r ID2 I  - 4,2  12--; vo-
4KTg,  Lgo2ui2 012  r 

From Fig. 3 we can infer that as space charge increases 
there is at first a slow decrease in the magnitude of r 
until a minimum is attained. As a space charge is 
further increased the point 432=0 is reached. Here 
equals 432 0, and since here x2/xi can be so chosen that 
4)2 is in the neighborhood of unity, we see that space 
charge has caused an enhancement of the low-fre-
quency transadmittance. At this point the transadmit-
tance is established purely by means of bunching in the 
drift space. As space charge is further increased r in-
creases monotonically until at the Kipp point, it 
reaches its maximum. As a numerical illustration of the 
maximum 11, consider the case x2/xi= 2. From Fig. 3 
we find for this case rm&x o or 10 db. above the low-
frequency value. Thus, we have found that space charge 
also may be utilized for gain enhancement in the micro-
wave region. We shall shortly see, however, that such 
an operating condition results in poor noise performance. 
Consider now the expression (20) which acts essen-

tially as a transadmittance from the fluctuation in 
velocity of emission to the output. First we note that 
it is directly proportional to frequency. The effect of 
space charge is expressed by the factor 4's— 432. For 
very small space charge this factor is nearly unity and 
as space charge in the drift region increases the factor 
decreases, passes through zero at (111 =1.2, and as space 
charge is further increased it increases rapidly until a 
maximum is reached at the Kipp point. Now the space-
charge condition required for equality in (1)1, and 42 cor-
responds to zero noise contribution from the cathode. 
We can also say that the cathode noise disappears 
when the combined bunching and debunching effects 
in input and drift region cancel each other. 
Consider finally (a22)2 in (17). As may be recalled, it 

gives the effect of the drift space upon the impressed 
fluctuation due to grid noise and it vanishes when 431 
equals zero. 
We have thus shown that, among the three statis-

tically independent terms of which the total equivalent 
noise current (16) is composed, two can be made to 
vanish at different values of space charge in the drift 
region. The third component arising from screen noise 
is not directly influenced by conditions in the drift 
region. It might thus be expected that the total im-

1 4)1  2 "  +  aia2g0121r1 2 5 ai2 71'  (22) ge r  
Regarding (22), we note first that the presence of mini-
mum values of F for particular conditions of space 
charge depends only upon the behavior of the space-
charge functions involved and of course also upon the 
way the fluctuation sources have been taken into ac-
count. However, to locate these minima and to find their 
magnitudes we must also know the mean square values 
of the impressed fluctuation sources. 
Secondly, it is seen that the high-frequency or asymp-

totic expression (22) for the excess noise figure F-1 is 
composed of two factors. The first factor involves the 
source admittance Y. while the second factor depends 
only upon the electronic properties of the tetrode. It is 
readily established that the first factor has a minimum 
occurring for tuned and matched input-circuit condi-
tions. The minimum value is found to be 4gil where gu 
is the real part of the input admittance. 
Finally, it may be observed that the frequency enters 

(22) through both factors in (22). Thus it is expected 
that, in general, the asymptotic noise figure F will be-
have as a polynomial of even degree equal to or higher 
than the second. 
As already remarked, for the mean-square fluctuation 

v02 in velocity we shall take the value given by Rack, 
which is, per unit frequency interval 

4 
1)02 —  nKO. 644Tc 

31 D 

where Tc is the cathode temperature is absolute de-
grees, K is Boltzman's constant, ID is the d.c. current 
in amps./cm.2 leaving the cathode and n=e1W/m. 
For the impressed partition fluctuations we take the 

value 

(23) 

5/1 = 2ea(1 — a)I D  (24) 

per unit frequency interval. In (24) e is the electron 
charge, a is the transmission factor of the grid in ques-
tion, and ID is the d.c. current density in the region pre-
ceding the grid. Expression (24) assumes that the grid is 
so fine that the probability of an electron hitting it is the 
same regardless of the position on the cathode from 
which it leaves. 
Introducing (23) and (24) into (22) and taking the 

typical value 
0.6447'c 

— 2.4 



1272  PROCEEDINGS OF THE I.R.E. Novemb 

and 

-2KT = 19.3,  

we finally get for the asymptotic value of the noise 
figure 

F = 1 + I  l'.1 5 [0.267  4)1 — 43 2 
 0 12   

gs  go 
19.30 — era  

D1431 12 19.3(1  — a2)ID]. (25) t g o 2  r ala20 2 I r12 

In order to illustrate the general behavior of F as a 
function of space charge, let us take the following 
numerical values: 

01=8 radians corresponding to a cathode-grid spacing 
xi =13 X10-5 cm. and a wavelength X=10 cm. 
go = 3000 micromhos 
ID = 0.8 milliampere. 
=a2= 0.80. 

2 

With these values the second factor which we shall de-
note by M becomes 

432 - 4)2  
M = 5696 

2 43i2  1  
+ 429 i  + 515  (26) in  1  

I r 12 
The function M is plotted on Fig. 4 with the ratio be-
tween screen and equivalent grid d.c. potentials as 

2 

I 

1 
- 
- ' 

I 

se 

22 " 

1 
S2 '  

191 = 0 • . 0 0 

• 411 =0 
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Fig. 4—Magnitude of factor M. 

9 10 

abscissa and with the distance ratio x2/24 as parameter. 
The minimum points are seen to occur very nearly for 
a value of d.c. screen potential which results in 431= CD2, 

reflecting the fact that in the example chosen the 
cathode noise contribution is by far the largest. Thus it 
follows that for this particular case minimum noise fig-
ure occurs when the bunching and debunching effects 
through the tube just about equal each other. 
It also appears that the magnitudes at the minimum 

points are fairly independent of the distance ratio. How-
ever, the minimum broadens with increasing grid-screen 
distance. 

Let us also estimate the magnitude of optimum no' 
figure. Suppose we take x2/xi =2 and gii =1/200.5 W 
then have 

4 
Flub).  =  +  --- - 0.135 X 10' = 28 or 14 db. 

200 

if optimum input circuit conditions also are assumed. 
From the discussion of the general behavior of the 

transadmittance it follows that this improved noise per-
formance has been accomplished with a certain amount 
of sacrifice in transadmittance which may be estimated 
to equal about 30 per cent of the low-frequency value. 
The method of noise reduction which has been de-

scribed is of course independent of frequency as long as 
it is high enough to justify the use of the asymptotic 
values for the electronic functions. It does not work if, 
for example, the transit angle of the input region is 
small. This can easily be proved analytically and has 
also been confirmed experimentally by Neher. 
The general ideas developed in this paper have also 

been applied to velocity-variation tubes, but this is be-
yond the scope of the paper. 

CONCLUS EON 

In conclusion, while the limitations of the assump-
tion of a single-valued-velocity electronic stream are 
recognized, nonetheless the broad effects predicted in 
signal and noise behavior have been experimentally con-
firmed. This experimental confirmation is recorded in a 

forthcoming paper by Neher. Signal enhancement 
alone as a result of space-charge effects was first con-
firmed at Bell Telephone Laboratories by experimental 
work carried out by F. B. Llewellyn and J. A. Morton. 
Experimental data avilable at present are too meager 
for more critical correlation with theory. What is 
needed most at present is a more systematic experi-
mental study of the effects of space charge and transit 
angle upon signal and noise. Exact experimental agree-
ment with theory is not to be expected until a multi-
valued-velocity electron-stream theory is developed. 
Initial efforts along this line, which should contribute 
much to a more complete understanding of microwave 
tubes, have been made by both Frank Gray of these 
Laboratories and R. Q. Twiss in England. 
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'The theory allows gii to be calculated neglecting the effect of 
returning electrons. However, the calculated value is greatly in error 
because of this neglect. Accordingly we use an experimental value of 
gu which may be regarded as an empirical parameter designed to take 
account of the circuit effects principally caused by returning elec-
trons. (This does not, however, take into account noise from the re-turning electrons.) 
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• The Motion of Electrons Subject to Forces 
Transverse to a Uniform Magnetic Field* 

PAUL K. WEIMERt, ASSOCIATE, I.R.E., AND ALBERT ROSEt, SENIOR MEMBER, I.R.E. 

Summary—The paths of electrons in a uniform magnetic field, 
.nder the influence of forces transverse to the magnetic field, are 
1 interest in a variety of vacuum tubes. In general, the force experi-
nced by the electron varies with time. The time variation may arise 
rom motion of the electron through an electrostatic field, from mo-
ion of the electron along the lines of a curved magnetic field (inertial 
orces), or from the deliberate application of a time-varying electric 
ield. A graphical method for obtaining the electron paths is described 

Ls follows; the given transverse-field versus tithe curve is approxi-
nated by tangent sections; the complete analytic solution is obtained 
or any tangent section; the analytic solution is interpreted graph-
cally; and a method for joining graphical solutions of neighboring 
;ections is developed. Emphasis is placed on the resultant velocity 
:omponents and displacement after the field has ceased to act. The 
;raphical method is used to analyze the motion of electrons in the 
)rthicon and image orthicon, television pickup tubes in which the 
velocity components of the scanning beam critically affect perform-
ance. 7.toblems considered are: magnetic and electrostatic deflection 
In a magnetic field, an electrostatic lens immersed in a magnetic 

Held, the effect of "tapering" the applied forces, and the possibility 
of canceling unwanted velocity components introduced in one part 
of the tube by equal and opposite components introduced in another 

part. 

I. INTRODUCTION 

AUNIFORM magnetic field has been used for 
controlling the paths of electrons in several types 
of television pickup tubes. " In these tubes the 

motion of the electron is sufficiently constrained by the 
field that the resulting path lies approximately along a 
magnetic line. The uniform field is particularly useful 
in the orthicon' and image orthicon' where the electron 
beam approaches the target with an energy of several 
hundred volts and must be decelerated to strike the 
target with less than a volt energy. Care must be taken, 
however, in the design of the tube that the beam does 
not acquire velocity components transverse to the mag-
netic field at the expense of its velocity parallel to the 
field. If such a transfer of energy does take place the 
beam will not possess sufficient longitudinal energy to 
reach the target. The loss of as little as a few tenths of 
a volt longitudinal energy in the scanning beam of the 
image orthicon is objectionable. 
The necessity for reducing the transverse motion of 

Decimal classification R138 X R583.6. Original manuscript re-
ceived by the Institute, June 20, 1946; revised manuscript received, 
October 7, 1946. 
This paper is based in part on work done for the Office of Scien-

tific Research and Development under Contract No. OEMsr-441 
with the Radio Corporation of America. 
t RCA Laboratories, Princeton, N. J. 
P. T. Farnsworth, "Television by electron image scanning," 

Jour. Frank. Inst., vol. 218, pp. 411-444; October, 1934. 
2 A. Rose and H. lams, "Television pickup tubes using low-

velocity electron beam scanning," PRoc. 1.R.E., vol. 27, p. 547; 
September, 1939. 

A. Rose, P. K. Weimer, and H. B. Law, "The image orthicon, 
a sensitive television pickup tube," PROC. I.R.E., vol. 34, pp. 424-
432; July, 1946. 

electrons in the image orthicon has prompted a more 
general study of helical motion in a uniform magnetic 
field. The following problems were considered: 
1. Motion of an electron along a uniform magnetic 

field and subject to perturbing transverse electrostatic 

fields. 
2. Motion of an electron along a curved magnetic 

field. 
3. Two-dimensional motion of an electron in a uni-

form magnetic field and subject to a time-varying trans-
verse electric field. 
The solution of the two-dimensional problem speci-

fied in 3 may be shown to be an approximate solution 
of the apparently diverse problems listed in 1 and 2. 
The approximation involved in this procedure is that 
the transverse velocity in problems 1 and 2 be suffi-
ciently small compared to the longitudinal velocity that 
the variations induced in the transverse velocity may be 
considered to have negligible effect on the longitudinal 
velocity. Accordingly, a time inay be assigned at the out-
set to each point along the prescribed path of the elec-
tron. Thus, in problem 1, the spatial variation of the 
perturbing electrostatic field along the path may be con-
verted into a time variation of the field, and the solution 

of 3 applied. 
In problem 2 the electron moves along the lines of a 

curved magnetic field and experiences an inertial force 
given by mv2/r where v is the velocity of the electron 
and r is the radius of curvature of the field lines at each 
point. The inertial force, to the approximation consid-
ered here, is the equivalent of an electric field transverse 
to a uniform magnetic field. Owing to the motion of the 
electron and the spatial variation in curvature of the 
lines, the transverse field experienced by the electron 
varies with time. By first calculating the transverse field 
as a function of time the solution of 3 may be applied 
directly. This method of solving the motion of an elec-
tron in a curved magnetic field has been found to give 
results equal in accuracy to the mathematically more 
direct but physically less revealing method of obtaining 
an approximate solution to the three-dimensional equa-

tion of motion.4 
In general, the transverse electric field may vary with 

time in any arbitrary manner, as shown by the solid 
curve of Fig. 1. A convenient graphical procedure for 
solving these problems was developed and will be de-
scribed below. Application of the graphical method will 
be made to problems of the types 1 and 2 as they occur 
in the orthicon and the image orthicon. 

Albert Rose, "Electron optics of cylindrical electric and magnetic 
fields," PROC. 1.R.E., vol. 28, pp. 30-40; January, 1940. 
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11. TWO-DIMENSIONAL MOTION OF AN ELECTRON IN A 
MAGNETIC FIELD SUBJECT TO A TIME-VARYING 

TRANSVERSE ELECTRIC FIELD 

Starting with the well-known cycloidal motion of an 
electron in crossed electric and magnetic fields, the curve 
representing the transverse field as a function of time 

TIME 

Fig. 1—A stepped approximation to a transverse-field 
versus time curve. 

might well be represented by a series of steps, as shown 
by the dashed lines of Fig. 1. The solution for the first 
step would provide the initial conditions for the second 
step, and so on. The objection .to this procedure is the 
number of steps required to attain a prescribed degree of 
approximation. Greater Accuracy can be obtained in 
fewer steps if the curve of Fig. 1 is approximated by 
straight-line tangents, as shown in Fig. 2 (solid lines). 

TIME 

Fig. 2—A tangential approximation to a transverse-field 
versus time curve. 

Furthermore, the procedure can be greatly simplified if 
the analytical solutions for the successive linear sections 
are replaced by a single graphical construction. It has 
been found that by using compasses and a protractor 
one may quickly find the final phase and magnitude of 
the circular motion acquired by an electron subjected to 
a time-varying electric field consisting of many linear 
sections. (See Figs. 5 and 7.) The same construction gives 
information about the path of the electron while the field 
is acting. By supplementing the construction with a 
simple formula the complete paths may be plotted if 
required. 
In the following description, the analytic solution of 

the motion for a single linear section will be derived first 
to form a basis for the graphical construction. 

A. Analytical Solution for a Linear Section 

The solution of the equations of motion for a singl 
tangent section (Fig. 2) is the solution for an electro 
in a uniform magnetic field subject to a transver 
electric field that varies linearly with time. The equa-
tions of motion of an electron for any one section in 
electromagnetic units are 

mx  — elly 

my = — e(E0 + Et) + &Hi 

where E and II are directed positively along the Y and Z 
axes, respectively, in a right-handed co-ordinate system, 
and all derivatives are with respect to 1. Taking the 
initial conditions for the section considered as 1=0, 
E=E0, x=xo, Y=Yo,  '=$'o, the solution of (1) is 

X —  Xo = [( Yo  " ) cos 27 I-- 
27  eH2 

Es— )  t 
+ (io —  — j,0 — 

H  T 

E0  Et' 
+ — t + — 
H  2Ii 

y yo T [(.  mE 
yo  ell2 ) sin 2r -!- 

27  T 

Es  1 

—  ( to —  --) COS 27 —  S70] 

where 

mEl 

eH2J 

(1) 

(2) 

(3) 

For convenience in applying and demonstrating the 
graphical construction, these equations will be modified 
as follows: 

1. The independent variable is changed' from I to r 

'The principal advantage of this change of variable is the gen-
eralization of the graphical solution. One construction may then apply 
for more than one value of magnetic field and of beam voltage. Also 
it provides a convenient measure of electron velocity and period, 
two quantities which are of inconvenient magnitude when expressed 
in centimeters per second and seconds, respectively. For example, the 
velocity of an electron in centimeters per second is 

v  5.93 X 107 /—V 

where V is the energy of the beam in volts. When T is taken as the 
unit of time, the velocity in centimeters per electron period is 

21.2V V v 

where H is the magnetic field in gausses. Thus, in the new units the 
velocity of the beam is numerically equal to the distance between 
successive nodes in the beam. This distance in the image orthicon is 
about 4 centimeters for the scanning beam. Another advantage of the 
change of variable is the simple relation between transverse velocity 
and the radius of the motion in the magnetic field alone. This is 

2TR. 
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vhere  7 is the nondimensional measure of time in units 
)f the electron period T. 
2. The origin is chosen so that xo=yo/27 and 
io = —( o/2w), where the velocities to and yo are in 
:entimeters per electron period. This places the origin 
tt the initial center of rotation of the electron in the 
nagnetic field alone. 
The complete solution with all derivatives taken with 
•espect to 7, E expressed in volts per centimeter, H in 
;ausses, and with the constants evaluated is 

x =  [(yo 5.69E H2 ) cos 2wr 
2w   

35.7E) .  . 
± (to  H2  sin 22-7] 

5.69E  35.7 
  ± -H2- (Ear ± 2-2 2w -E2 ) 1/2  

1 [(  5.69E) 
Y = —27  Yio ±   sin 2wr H2 

35.7E0) 

— (to  H2 
  cos 2wr] 

5.69 

112 

±(cmIT) = —  + 5.69.E ) sin 2rr H2 

+ (to 35.7E) 
H 2  cos 2wr 

35.7 
112 (E0 + Er) 

5.69 
m T) = 0 +  H2 E) cos 277 

+ (to 112 35.7E0) 
  sin 27rr 

(5) 

(Eo ± Er)  (6) 

5.69E 

HI 

(7) 

(8) 

Inspection of these equations shows that the actual 
motion of the electron is the resultant of two simpler 
motions. The harmonic terms indicate that one motion 
consists of a uniform velocity in a circle of constant 
radius R where 

R  1 r •  35.7E0\2 
R x° 112  (Sio  H2 5.69A) 112 •  (9) 

2ir 

The other motion is that of the center of this circle. 
It follows a parabolic path in space resulting from 
a constant velocity in the y direction given by 
= — (5.69E/H2), and a uniformly accelerated velocity 
in the x direction given by t = (35.71112)(Eo- 47). The 
breakdown of the actual motion into circular and trans-
lational components greatly simplifies the problem. 

B. Graphical Method for Calculating the Circular Motion 

The aim of this section is to derive from the above 
equations a graphical construction which will yield the 
magnitude and direction of circular motion that an elec-
tron has after being acted upon by an electric field whose 
variation with time has been approximated by linear 
sections. In the constructions which follow, the instan-
taneous circular motion is represented by a radius vector 
drawn outward from the center of the circle to the elec-
tron. The circumferential velocity is perpendicular to 
this vector and has a magnitude proportional to the 
length of the vector. In (5) to (9) the velocity is ex-
pressed in centimeters per electron period and is very 
simply related to the length of the corresponding radius 
vector by the proportionality factor 27. The magnetic 
field is always assumed to be directed out of the paper 
and the radius vectors rotate counterclockwise through 
360 degrees in the time interval 7=1. 
The final construction arrived at will become clear if 

a complete picture of the electron path is first consid-
ered. By way of illustration, the simple transverse-field 
versus time curve shown in Fig. 3 will be treated. The 

(VOLTS 
PER CM) 
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" 

Fig. 3—A simple transverse-field versus time curve 
consisting of two linear sections. 

initial conditions are taken to be to= Yo =Eo O. The 
origin of the co-ordinate system for (5) and (6) is at the 
center of the circle in which the electron moves at r =0 
by virtue of its initial velocity. In this instance, the 
initial velocity is zero and the origin and the initial 
electron position coincide. From (5) and (6) the com-
plete path is made up of two parts, motion of the elec-
tron on a circle and motion of the center of the circle. 

XI C 

pa 
Fig. 4—Complete electron path resulting from the transverse-field 
versus time curve of Fig. 3. The magnetic field is directed toward 
the reader. 

It is convenient for purposes of the final method of con-
struction to consider the constant term 5.69E/27//2 of 
(5) independently of the other terms representing the 
motion of the center of the circle. The remaining non. 
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periodic terms are ca lled the "trans lat iona l terms " an d 
are plotted in Fig. 4 as the dotted curve  C C' C". The 
constant term of (5), defines a point X1 displace d by the 
constant amount - (5.69E1/27rH2) from  the dotted 
curve. (E1 is the slope of the first sec tion  of the force  
field when E is plotted against 7.) The center  of the circ le 
while the field is changing  at the rate  E1 is at  X1 an d 
moves along a parabolic path displace d at  the constant  
distance X/C from the dotted curve . The electron  itse lf 
is on the periphery of the circ le an d rotates  aroun d the 
center of the circle as the cen ter  slides  along  its para -
bolic path. The circular  mo tion  of the electron  is repre -
sented by the rotation of the ra dius  vector  XX about 
its center Xi. The complete path of the electron  is shown  
as the solid curve. Three  pos itions , initial, interme diate,  
and final, of the rotating  vec tor  in the first  sect ion  are  

shown. At RI" the rotating vector, by Fig. 3, has  com -
pleted 0.6 of a revolution. At R1", also , the electron  has  
a total velocity, given  by (7) an d (8), which const itutes  
the initial velocity for the secon d sec tion . It may  be 
shown from (7) and (8) that the ra dius  vector  giving  the 
total velocity of the elec tron  at RI" is RI"On. With 
OH as the new origin, the trans lationa l terms  ot (5) an d 
(6) furnish the parabolic curve CHC Cw. The center 
XI/ of the new circle is displace d from  the curve  by the 

constant term - (5.69E2/21rH2). In this section E2 is 
negative and the displacement is to the right. The 
radius vector of the new circ le mus t have  a magn itu de 
and direction such as to ma ke the elec tron  pos ition  (as  
well as total velocity) continuous  across  the boun dary  
of the two sections. This means  that it must  exten d from  
its center at X11 to the final pos ition  of the electron  at  
the end of the first section, name ly, R1". Aga in, the ra -
dius vector XuRi" rotates about its center X/I, as its 
center slides along a parabolic curve  displace d from  the 
dotted curve. The total rotation, acc ording  to Fig. 3, is 
0.3 of a revolution, and the final pos ition  is X/I11R21. 
At R2' the force field has ceased to ac t an d the elec tron  
continues to rotate about the center Cw, its mo tion  be-
ing described by the radius  vector ClvR2'. 

Fig. 5—The graphical construction giving the circular  mo tion  pro -
duced by the transverse field of Fig. 3. The radius vector CR2 
indicates the phase and magnitude of the motion at the instan t 
the electric field ceases to act. 

Fig. 5 shows the simple graphical construction re-
quired to obtain the same information about the final 
circular motion as found in Fig. 4. The translational 
terms have been dropped since they may be conven-

iently treated independently. The point C represents 

November 

the center of rotation of the electron before and after 
the application of the transverse force. During the ap-
plication of the force this point follows the parabolic 
paths indicated by the dotted curve of Fig. 4, and its 
total translation may be readily calculated as described 
in the following section. 
Fig. 7 is the graphical construction applied to the 

more complex force field of Fig. 6. For generality it is 

(VOLT 
PER CM) 
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I 

Fig. 6—A transverse-field versus time curve consisting 
of four linear sections. 

R2 

Fig. 7—The graphical construction for the transverse field of Fig. 6. 
The radius vector representing the initial circular motion is. CRo, 
its magnitude being drawn proportional to the actual radius in 
centimeters, determined by 

R 

where V is the transverse energy of the circular motion in volts. 
The vectors CX/, CXii, and CX/v are drawn in the same proportion 
to the distance— (5.69E/22-H2) calculated for each section. The 
final vector CRo gives the phase and magnitude of the final cir-
cular motion and may be converted to volts by the relation 

H2R2 
V =  • 

3.32 

assumed that the electron has an initial velocity repre-
sented by the radius vector CRo. The fulcrum of the 
rotating vector in the first section is displaced from C a 
distance :7- (5.69E1/27rH2) and CX/ is drawn proportional 
to this distance. The initial position of the rotating vec-
tor is then X1R0. During the time interval of section I, 
given by T -= 0.2, X/Ro rotates through 0.2 of a revolution 
or 72 degrees. At the end of the interval the vector has 
the position XiRi. 

CXI/ is then drawn proportional to 5.69E2/211/2, giv-
ing X11R1 as the initial value of the rotating vectOr in 
the second section. XIIRI rotates into XHR2. 
In the third section E3 = 0 and the center of the rotat-

ing vector is C. The rotating vector is CR2 and rotates 
into CR2. 



ICXnr is drawn proportional to — (5.69E4/2/rH2), lo-
cating the fulcrum of the vector in the fourth section. 
XivR4 rotates into X1vR4. CR4 represents the radius vec-
tor corresponding to the total motion of the electron at 
the instant the field ceases to act. 

C. Complete Electron Paths in Transverse Fields 

Reference to (5) and (6) shows that a transverse force 
field produces a net translation of the center of rotation 
along the X axis by an amount proportional to the area 
under the curve of E plotted against T. Thus  . 

x =  Edr. 
35.7 f r 
rj, 0 

(10) 

The translation in the y direction parallel to the electric 
field occurs only while the field is acting, and is propor-
tional to the instantaneous value of E. Thus, after the 
field has dropped to zero we have 

y = O. (11) 

The complete electron paths while the field is acting 
may be conveniently plotted by using only the transla-
tional terms of (5) and (6) combined with a graphical 

Et 
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TI ME 
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tron is introduced to an electric field .E4 in a time of r 
electron periods, the amplitude of circular motion dur-
ing the rise time of Es is reduced by the factor 1/2irr 
and the corresponding energy of circular motion by the 
factor 1/4w2r2 relative to the amplitude and energy it 
would have if introduced suddenly to the same field. 
This would suggest that the starting electrons in a diode 
magnetron describe smooth paths concentric with the 
cathode. The anode field of the magnetron is applied in 
a time of many electron periods. Pulse rise times of one-
half microsecond, for example, in combination with 
magnetic fields of a thousand gausses attenuate the en-
ergy of circular motion by a factor of the order of 10-8 . 

III. ELECTROSTATIC DEFLECTION PLATES 
IMMERSED IN A MAGNETIC FIELD 

In the 1840-type orthicon, electiostatic plates within 
the magnetic focusing field are used for the horizontal 
scanning of the target. The net displacement is parallel 
to the plane of the plates and can be calculated from 
(10). The plates are curved so that they are closely 
spaced at the center and flared out at the ends where 
the electron enters and leaves the deflecting field. The 
purpose of this shape is to reduce the helical motion 

20  2 5 I 

Fig. 8—Electron paths for different rates of application of a transverse electric field. The magnetic field is directed toward the reader. 

construction of the type illustrated in Figs. 5 and 7. 
In Fig. 8 the paths between two plates are plotted for 

several cases in which the field is applied at different 
rates. The maximum circular motion occurs in case / 
where sudden application of the field gives the familiar 
cycloidal paths. As the field is applied more and more 
gradually the resulting circular motion is reduced. For 
those particular cases where the time for the field to 
reach its final value is an integral number of periods, the 
resultant circular motion between the plates is zero. The 
fact that an electric field introduces less circular motion 
when applied gradually is utilized in the orthicon, as 
will be described in the next section. 
It is interesting to note from (5) to (8) that if an elec-

produced in the beam by the transverse field. It is of 
interest to apply the graphical method to determine the 
conditions for which the flaring of the plates is advan-

tageous. 
The curvature of the plates is such that an electron 

passing between them at constant velocity experiences 
a transverse field whose time variation is similar to that 
shown in Fig. 3, except that now the maximum occurs at 
the midpoint in time. If the plates had been flat and so 
closely spaced that the fringe field were of negligib!e 
extent, the transverse field would, of course, have been 

• The periodic variation of the electric field owing to the scanning 
process is so slow compared to the transit time of the electron that 
the field may be considered stationary for any one electron. 
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constant with an abrupt rise and fall. The helical motion 
acquired by the electron in both of these cases has been 
calculated by the graphical method and plotted in Fig. 9 
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Fig. 9—Helical energy introduced by electrostatic deflection plates 
plotted as a function of the length of the plates. The abscissa 
represents the number of orders of focus within the plates and is 
also equal to the transit time in units of r. The translation x is 
perpendicular to E and H. 

for various lengths of plates. It is noted that the curved 
plates actually introduce more helical motion for the 
same deflection than the flat plates if the plates are 
shorter than 1.4X. (X is the distance apart of successive 
nodal planes in the beam.) With longer lengths, both 
types of plates introduce less helical motion and the ad-
vantage in flaring the plates is apparent. 

IV. ELECTROSTATIC LENS IMMERSED IN A 
MAGNETIC FIELD 

The deceleration field in front of the target in the 
image orthicon forms an electrostatic lens immersed in 
a uniform magnetic field (see the dotted lines of 
Fig. 10). An electron path of special interest is the one 
approaching the edge of the target along the magnetic 
line indicated. Along this path the transverse electric 
field is larger than for paths near the axis of the tube. 
From the equipotential plot the transverse-field versus 
time curve has been calculated for the portion of the 
path from F to G. This curve is shown in Fig. 11. 
By use of (10) and Fig. 11, the translation of the elec-

tron in the deceleration lens may be computed. This 
translation, at right angles to the electric and magnetic 
fields, appears as a slight rotation of the scanning pat-
tern as a whole on the target.' 

7 This translation is also the chief reason why the electron on its 
return from the target does not retrace its initial path. The lack of 
retrace gives rise to a scanning pattern on the first stage of the elec-
tron multiplier. This pattern is oriented approximately 90 degrees 
to the scanning pattern on the target. 

The helical motion acquired by the electron has been 
computed by a graphical construction similar to Fig. 7 
For the relatively small transverse motions involve 
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Fig. 10—Cross-sectional diagram of the image orthicon. The dotted 
lines in front of the target represent the equipotential surfaces of 
the electrostatic field. The curved lines within the deflection coil 
indicate the direction of the magnetic field resulting from the com-
bined effects of the deflection and focusing coils. An electron 
path of particular interest is shown by the heavy line. 
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Fig. 11—Plot of transverse field versus time for an electron ap-
proaching the target along the path indicated from F to G in 
Fig. 10. 

here the electric field may be assumed to be uniform 
across the path. It was found that several volts of helical 
energy are acquired by an electron deflected toward the 
edge of the target. 

V. CURVED MAGNETIC FIELD 

A deflection coil immersed in a uniform magnetic 
field causes the resultant field lines to bend as shown in 
Fig. 10. An electron whose principal motion is along the 
magnetic lines experiences at each bend an mv2/r force 
which may be expressed as an equivalent transverse 
electrostatic field. The value of this field in volts per 
centimeter is 

2V, 
E — (12) 

where V, is the longitudinal energy of the beam in volts, 
and r is the radius of curvature of the magnetic lines at 
each point. By use of this equation, transverse-field ver-
sus time curves may be plotted for the bends AB and 
CD. 
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The effect of each bend is to produce a translation 
perpendicular to the plane of the curve as well as to 
introduce helical motion. The translation, whose magni-
tude is given by (10), is usually not significant in the 
image orthicon since that occurring at the first bend is 
equal and opposite to that produced by the second. The 
helical motidhs, however, introduced by the two bends 
usually do not cancel. Their magnitudes are not in gen-
eral equal and their vectorial summation may vary de-
pending on their relative phase as determined by the 
transit time between bends. The net helical energy im-
pressed on the electron in passing through the deflection 
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coil varies from zero for zero deflection to as much as 
several volts for maximum deflection. 
Higher wall voltages and decreased magnetic field 

strengths tend to increase the helical energy acquired 
by the electron in passing through either the deflection 
coil or the deceleration lens. In the image orthicon, 
where zero helical motion at the target is desired, it has 
been found advantageous to balance the helical motion 
introduced by the deceleration lens against that pro-
duced by the deflection coil. The proper phase for can-
cellation can readily be obtained by sliding the deflec-
tion coil along the axis of the tube. 

An Oscillographic Method of Presenting Impedances 
on the Reflection-Coefficient Plane* 

.1. L. SAMUELt, FELLO W, I.R.E. 

Summary —A method is described which permits the direct 

presentation of the reflection-coefficient plane on an oscillograph. 
The theory is briefly outlined and photographs reproduced showing 
one simple form of equipment and the results which it yields. Men-

tion is made of more elaborate arrangements which increase the 

accuracy of the method. 

A
N EXPERIMENTAL study at ultra-high fre-
quencies of the input impedance as a function 
of frequency for any given circuit element re-

quires measurements of the complex impedance at a 
number of different frequencies over a prescribed fre-
quency range. The usual method involves (1) observa-
tions of the standing-wave ratio along a uniform trans-
mission line which is terminated by the unknown im-
pedance, (2) the computation from these data of the 
input impedance or of the reflection coefficient at a 
number of different frequencies, and (3) the presenta-
tion of these data on a transmission-line chart, usually 
of the reflection-coefficient-plane type. The oscillo-
graphic method, which is to be described, offers a con-
venient and rapid method of presenting the data directly 
in the desired form without computation. The principal 
advantage of this method over the conventional point-
by-point method is one of speed. Results may be ob-
tained in a very few minutes which otherwise would re-
quire hours or even days of work. In fact, it is possible 
to observe the variations in the input impedance of 
devices under transient conditions, something that is not 
possible using more conventional methods. The varia-
tions in impedance produced by rotating joints, and even 
random variations in the input impedance of an an-

Decimal classification: R244.3. Original manuscript received by 
the Institute, September 25, 1946; revised manuscript received, 
December 6, 1946. Presented, Second Annual National Electronics 
Conference, Chicago, Ill., October 5, 1946. 
t Formerly, Bell Telephone Laboratories, Inc., New York, N.Y.; 

now, University of Illinois, Urbana, Ill. 

tenna produced by reflections, are examples of time-
varying impedances which can be observed in this way. 
One common usage of such a device is that of observ-

ing the effects of adjustments made on a circuit in an 
attempt to match impedances. When so used, inac-
curacies for large values of reflection coefficient are of 
no concern; therefore, the simplest possible system is 
indicated, as long as it is capable of giving good indica-
tions when the reflection coefficient approaches zero. 
Fortunately, this requirement is easy to meet. 
Another usage is that of measuring Q. Here accuracy 

is of some concern, so that one of the more elaborate 
methods to be described is indicated. For devices having 
large negative out-of-tune reflection coefficients, it is 
possible to construct a transparency for the oscilloscope 
screen containing curves giving the loci of the reflection 
coefficients at frequencies displaced from resonance by 
amounts which are simply related to the Q. A frequency 
marker in the form of a dotting circuit enables one to 
measure the frequency difference AF between such pairs 
of points (one on each side of resonance), so that Q can 
be computed from the relationship 

E.-f • 

The required loci for the intrinsic Q, (Q0), for the loaded 
Q, (QL) and for the external Q,(Qaxr) are shown on Fig. 1. 
The Qo loci are circles of radius 1.414 going through the 
R.0 and R = 00 points (with centers at X= ±1). The 
QL loci are straight lines (circles of infinite radius) 
going through R=0, one going through X =1 and the 
other through X= —1. The QEXT loci are circles of unit 
radius through these same points. Similar loci exist for 
the more general case, although different curves are 
obviously needed for each value of the out-of-tune re-
flection coefficient. 
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Perhaps a word might be in order regarding the choice 
of the reflection-coefficient plane as a medium for 
presenting impedance data. As is now generally known, 
the Smith chart' is obtained by a bilinear transforma-
tion to the reflection-coefficient plane of the co-ordinate 
system on the impedance plane. Since the reflection 
coefficient is always less than unity (that is, for passive 
circuits) the plane is bounded by a unit circle, the reflec-
tion coefficient being given by the vector distance from 
the origin to any point on the plane. The impedance 

Fig. 1—The loci of the Q points on the reflection plane. The reflection 
coefficient p is the vector from the center of the plot to the point 
in question. 

co-ordinates are transformed into orthogonal families 
of circles, and the bilinear nature of the transformation 
requires that circles remain circles and that angles be 
preserved. Distance along a lossless transmission line 
appears on the chart as distance along the circumference 
of a circle coaxial with the center of the chart; the ab-
solute magnitude of the reflection coefficient remains 
constant under these conditions. 
The simplest scheme by which the necessary informa-

tion can be obtained to supply the oscilloscope is shown 
in Fig. 2, and schemetically in Fig. 3. Four probes are 
used to sample the waves existing in the transmission 
line, which may be either a wave guide or a coaxial line. 
These probes are in pairs, the two probes of each pair 
being spaced along the line by a quarter wavelength, 
while the two sets are staggered by an eighth wave-
length. The output from each probe goes directly to a 
crystal detector. The two crystals of one pair of probes 
are balanced, the difference in their outputs being im-
pressed on one pair of deflection vanes in the oscillo-
scope. The difference in the outputs from the second 
pair is impressed in a like manner on the other pair of 

1 P. H. Smith, "Transmission line calculator," Electronics, vol. 12, 
pp. 29-33; January, 1939. 

deflecting vanes in the oscilloscope. If, then, the input 
to the transmission line is varied in frequency but not in 

Fig. 2—The simple experimen al equipment used to obtain the 
photographic records of Figs. 10 and 11. 

amplitude, and if the crystals follow a square law, the 
oscilloscope spot will trace a path representing the de-
sired curve on the reflection-coefficient plane. The center 

Fig. 3—Schematic drawing of the simple four-probe method. 

of the reflection-coefficient plane is located by inter-
rupting the output of the driving oscillator at the end 
of each frequency excursion. 

The mathematical verification for this result is ex-
tremely simple. If the incident wave, as seen by crystal 
(1), is constant at an amplitude V; and the reflected 
wave is V, at an angle 0 for some fixed angular frequency 
co, then the output from this crystal is 

[V; cos cot -I- V, cos (c,1 + 0) 

Vii  17,2 
= —  —  V,V, cos 0 + radio-frequency terms.  (1) 
2  2 

At crystal-(2) the incident wave will be delayed by r/2 
and the reflected wave will be advanced by r/2, cor-
responding to the time required by the wave to traverse 
the quarter-wavelength section of transmission line 
separating the two probes. The output from this crystal 
will then be 

[Vi cos (cot — r/2) + V, cos (cut  + r/2)11 

V,2 V,2 
= —2 + —2 — ViV„ cos 0 + radio-frequency terms.  (2) 
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The difference in the outputs which appears between the 
abscissa vanes of the oscilloscope is 

2ViV, cos 0.  (1)—(2) 

Crystal (3) will have an output of 

111; cos (cot — 714) + V, cos (cot  ± r/4)]2 

Vi2 V,2 
—  — — ViV, sin 0 ± radio-frequency terms. 
2  2 

(3) 

Similarly, crystal (4) will have 

[Vc cos (cot — 3r/4) ± V, cos (cot + 0 ± 3T/4)P 

V42 V,2 
= —2 + —2  VV,. sin 0 + radio-frequency terms.  (4) 

The difference for this pair, which will be 

2V4V, sin 0,  (4)—(3) 

can be impressed on the ordinate vanes of the oscillo-
scope. If V4 is constant, the position of the spot will 
then be given by 

X = V, cos 0 

Y = V, cos 0 

so that the spot will lie at a distance V, from the origin 
and at an angle 0. When the frequency is varied over a 
a restricted range, the spot will trace the value of V, in 
magnitude and phase. The proper scale factor for the 
oscilloscope and its accompanying amplifier can readily 
be obtained by terminating the transmission line in a 
short circuit, so that ( V,)= ( Vi), and calling the ac-
companying deflection unity. Since, by definition, V, 
for unity V4 is the reflection coefficient, the desired rela-
tionship has been verified. 
The four-probe method just outlined is subject to a 

number of limitations and errors. Since use is made of 
fixed spacings in the transmission line, the method is 
limited in its frequency range if reasonable accuracy is 
to be expected. The maximum percentage error in posi-
tion of the spot, with fixed probes in a coaxial line, is 
shown in Figs. 4 and 5 as a function of the departure in 
frequency from the value for which the spacings are 
correct. The data were computed in terms of the reflec-
tion coefficient as referred to the mid-plane of the probe 
system. The errors will be somewhat greater for a wave-
guide system because of the more rapid variation in 
guide wavelength with frequency. Care must be taken 
to insure that the probes are not large enough to pro-
duce noticeable distortions in the standing-wave pattern 
which is being sampled.2 
A third type of error is introduced if the crystals do 

not follow a square law, as assumed in the above an-
alysis. This imparts a nonlinear radial scale to the 

2 William Altar, F. 13. Marshall, and L. P. Hunter, "Probe errors 
in standing-wave detectors,' PROC. .R.E., vol. 31, pp. 33-44; Janu-
ary, 1946. 

oscilloscopes. This error will be largest for large values 
of the reflection coefficient, It will decrease as the re-
flection coefficient approaches zero, in just the same way 
that a converter becomes linear for signals that are 
small compared to the beating-oscillator level. A fourth 
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Fig. 4—The maximum radial error in the oscilloscope spot position 
as a function of frequency using the four-probe method. 
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Fig. 5—The maximum angular error in the oscilloscope spot position 
for a unit signal as a function of frequency using the four-probe 
method. 

I.10 

type type of error arises from any lack of balance in the 
system. Provision must be made to adjust the gain of 
the two amplifiers to equality. Variations in crystal 
sensitivity can be compensated by varying the probe 
length or by means of potentiometers. However, it is 
not sufficient to adjust the crystals to the same sensi-
tivity at a single level only. If the crystals do not follow 
the same law, the 17,.2 terms in the above analysis will not 
cancel. These last two types of error can be greatly re-
duced by some alternative circuits which will be de-
scribed later. 
It should also be noted that care must be exercised in 

the design of the crystal circuits to make them suffi-
ciently broad in their frequency-response character-
istic so that their outputs remain level over the band. 
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Variations in input-power level with frequency will in-
troduce yet another error. However, it is possible to 
adjust the mechanically modulated oscillator shown in 
Fig. 6 so that the output is constant to better than 

Fig. 6—The mechanically swept oscillator used to obtain the con-
stant-amplitude, variable-frequency power source. 

decibel over a 5 per cent frequency band; therefore, 
this error is not too serious. 

Fig. 7—The basic directional-coupler method of sampl ng the inci-
dent- and reflected-wave components to permit the ndependent 
adjustment of their levels. 

With suitable attention to detail, the four-probe 
method has been found to yield results which are ac-
curate to the order of 5 per cent over a 5 per cent fre-
quency band. 

FM 

OSCILLATOR 

DIRECTIONAL 

COU.LE 

DIRECTIONAL 

COVP1C 

Fig. 8--A circuit employing hybrid junctions to perform 
the required additions and subtractions. 

The crystal-law errors can be substantially eliminated 
by any arrangement which attenuates the reflected-wave 
component so that it is always small compared with 
the direct-wave component. The direct wave then takes 
the place of the beating oscillator in the conventional 

November 1 

converter, and the reflected wave takes the place of the 
signal. This results in a linear signal-response char-
acteristic. It does not modify the requirements that the 
input-power level be constant, since the magnitude of 
reflected wave will still vary with the magnitude of the 
incident wave. A variety of different circuits have been 
suggested which permit the separation of the incident-
wave and reflected-wave components so that one can 
be attenuated relative to the other. Some of these cir-
cuits are shown in Figs. 7. 8, and 9. These circuits are 
shown in terms of wave guides, although they are 
equally well adapted to coaxial-line systems. 

AT TCMLIAT001 
FM 

05C Z ATOR, 

Fl 

R ULECTED 
N s SAMPLE 

Fig. 9—An all-hybrid-junction circuit which 
provides the desired information. 

In the circuit of Fig. 7, two directional couplers' are 
used to sample the incident and ieflected waves. The 
coupler which samples the reflected wave may be con-
structed to have a greater coupling attenuation than 
the coupling attenuation of the coupler sampling the 
incident wave, or a resistive attenuator may be used to 
provide the desired difference in level. The probes in the 
secondary line then measure a reflection coefficient which 
is reduced by some desired factor with respect to the re-
flection coefficient of the impedance under test. Suitable 
allowance for this can then be made in the calibration 
of oscilloscope so that the device is still direct-reading. 
It is, of course, possible to dispense with one of the direc-
tional couplers, but the use of a single coupler to sample 
both wave components is not recommended because of 
the severe requirements on impedance matching which 
this usage imposes. 

The use of directional couplers to sample the waves 
makes it possible to dispense with the use of probes and 

'W. W. Mumford, 'Directional couplers," PROC. I.R.E., vol. 35, 
pp. 160-166; February, 1947. 
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use hybrid junctions' to obtain the necessary additions 
and subtractions. Such a circuit using wave guides is 
shown in Fig. 8. Two input couplers and two output 
couplers are shown. The output from one incident-
wave coupler and one reflected wave coupler are added 
and subtracted by one hybrid tee with a crystal on each 
of the two remaining arms. The second hybrid tee is 
displaced by an eighth wavelength to obtain the neces-
sary phase difference. The balanced crystal outputs go 
to the oscillograph amplifiers as before. The sensitivity 
of the directional coupler and hybrid junction method 
can be made somewhat greater than that of the simple 
probe method, since it is possible to obtain much 
larger samples of the incident wave without serious error 
by these means. 
Some improvement in the frequency characteristic 

can be obtained by using hybrid junctions throughout, 
as shown in Fig. 9, although the mechanical complexity 
of the scheme becomes formidable. A 3-decibel differ-
ence in level between the incident and reflected wave 
samples is automatically supplied by this arrangement. 
Since the hybrid junctions are inherently less frequency-
sensitive than are directional couplers, this scheme has 
perhaps the broadest band of any of the various schemes 

suggested. 

Fig. 10—Oscilloscope picture of the reflection coefficient of a 1-meter 
length of wave guide terminated in a short circuit with a fre-
quency excursion of 100 megacycles. 

As experimental proof of the usefulness of the im-
pedance viewer, Figs. 10 and 11 are offered. Fig. 10 is 
a photograph of the oscilloscope pattern when a long 
line is terminated by a short circuit. This should, of 
course, be an arc of the unit circle, the length of the 
arc depending upon the length of the line and upon the 
frequency excursion. The departure from a true circle 
is a measure of the errors of the system. The irregu-
larities at the ends of the circular arc in the picture are 

W. A. Tyrrell, "Hybrid circuits for microwaves," Pitoc. I.R.E., 
vol. 35, pp. 1294-1307; this issue. 

due to variations in input power level and a reversal 
in the direction of the frequency sweep during the 
switching period which are associated with the transient 
behavior of the power supply and switching circuits. 
Fig. 11 shows the input impedance of an over-coupled 
double-tuned circuit adjusted to match the line at two 

different frequencies. 

Fig. 11—The reflection coefficient of an over-coupled double-tuned 
circuit adjusted to match the line at two different frequencies. 

Although somewhat outside the scope of the present 
paper, it may be well to point out that similar schemes 
exist for measuring the transmission properties of four-
terminal impedances. One possible circuit is shown in 
Fig. 12. This circuit is analogous in every way to those 
already discussed, except that it presents the transfer 
impedance (or admittance) in phase and amplitude. 

Fig. 12 —Transmission-measuring circuit based 
on the same principles. 
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Parabolic-Antenna Design for Microwaves* 
C. C. CUM ERL ASSOCIATE, I.R.E. 

Summary—This paper is intended to give fundamental relations 

and design criteria for parabolic radiators at microwave frequencies 
(i.e., wavelengths between 1 and 10 centimeters). The first part 
of the paper discusses the properties of the parabola which make it 

useful as a directional antenna, and the relation of phase polarization 
and amplitude of primary illumination to the over-all radiation char-
acteristics. In the second part, the characteristics of practical feed 
systems for parabolic antennas are discussed. 

I. INTRODUCTION 

1
 r I HE USE OF radio waves in the wavelength range 
, between 1 and 10 centimeters has resulted in many 
innovations in directional-antenna design. In par-

ticular, it has become a common practice to focus 
microwave energy into a desired directional beam by the 
use of a metallic reflecting surface excited by radiation 
from a small, relatively nondirectional source. Where 
maximum directivity of the antenna is desired, the re-
flector shape is usually parabolic, with a primary source 
located at the focus and directed into the reflector area. 
The reflector may be a section of a surface formed by 
rotating a parabola about its axis (circular paraboloid), 
a parabolic cylinder, or a parabolic cylinder bounded by 
parallel conducting planes. Also, there is a choice of 
how much, and what part, of the parabolic curve is used 
for the reflector. It is the purpose of this paper to discuss 
the design of such antennas, particularly the paraboloid 
and associated wave-guide-feed radiators. In this dis-
cussion, where the subject matter applies to a general 
characteristic, the word parabola will refer to either a 
paraboloid, a parallel-plate parabola, or a parabolic cyl-
inder. The word paraboloid will be used only where sub-
ject matter refers specifically to the circular paraboloid, 
which is the surface generated by rotating a parabolic 
curve about its axis. 

II. FUNDAMENTAL RELATIONS 

The following equations describe a parabolic curve 
and are useful in determining its properties. See Fig. 1 
for the meaning of the symbols. 
Cartesian co-ordinates: 

Polar co-ordinates: 

y2 = 4Fx. 

r 
0 

COS2 — 
2 

(1) 

(2) 

• Decimal classification: R326.8. Original manuscript received by 
the Institute, July 24, 1946; revised manuscript received, November 
15, 1946. 
t Bell Telephone Laboratories, Inc., New York, N. Y. 

Parametric equations: 

y = 2F tan 0/2 

x = F tan2 0/2. 
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(3) 

(4) 

The properties of the parabola which make it par-
ticularly useful for focusing radiant energy into a direc-
tional beam are characterized by two ray considera-
tions: First, any ray from the focus is reflected in a di-
rection parallel to the axis of the parabola; and second, 
the distance traveled by any ray from the focus to the 

AP( X 

Fig. I—The parabola. 

parabola and by reflection to a plane perpendicular to 
the parabola axis is independent of its path, and there-
fore such a plane represents a wave front of uniform 
phase. 

The analysis of microwave antennas by considera-
tion of geometrical rays may serve to give a crude pic-
ture, but generally it is necessary to use diffraction 
theory to obtain accurate results. In the discussion that 
follows both methods of attack are found useful. 

III. DESIGN CONSIDERATIONS 

To obtain maximum efficiency from the paraboloid 
antenna requires a close control of amplitude, phase, 
and polarization of the field incident to the reflector. 
This puts rather strict requirements on the primary 
source of radiation, or the parabola "feed." In the first 
place, the feed must be small and of such configuration 
that it gives a spherical phase front; that is, from a dis-
tance it must appear as though the energy were radiated 
from a point. The amplitude of the radiation from the 
feed must be directed uniformly over a wide angle, to 
illuminate adequately the entire reflector area. Also, the 
field should be of such a nature that after reflection the 
waves will be properly polarized. 



14. Phase The phase of the field radiated from an antenna de-
3ends on the electrical distance the wave has traveled 
,:o arrive at the point under consideration. This in itself 
s of no great significance, but if we measure the phase 
it all points in a field at a distance of several wave-
engths from the source and connect points of equal 
phase we get a curve or surface representing the wave 
front from which we may draw certain conclusions. The 
direction of propagation of energy in the wave is per-
pendicular to the surfaces of constant phase. From one 
such surface we can project forward to find the destina-
tion of the wave, and we can project backward to locate 
the effective source and analyze its properties. On the 
basis of geometrical ray construction, we see that the 
deviation of such a surface from a sphere will cause a 
deviation of the wave front from a plane, after reflection 
from an ideal paraboloid. Similarly, we may find by pro-
jecting back that the apparent source is not a point, but 
is instead a line or some peculiar surface. Such an appar-
ent source does not necessarily have a significant relation 
to the physical size and shape of the radiator, but it does 
give a basis for comparing various feeds, and often sug-
gests methods of correction. If the phase front from a 
feed is not spherical, the phase in the aperture can be cor-
rected by changing the shape of the reflector. For a 1 small phase deviation 43, the compensating correction to 
r of ( 2) is 

Ar = 
X  4) 

27 1 cos 0 
(5) 

If the phase front is not spherical, or is not corrected 
for, the radiation pattern will be distorted and the gain 
reduced. The effect on the pattern depends upon a num-
ber of factors, so it is difficult to generalize. However, a 
widening of the main lobe at low levels, or a filling-in of 
the nulls between minor lobes, usually indicates devia-

tions of phase. 
It is a fallacy to attribute the limitation of directivity 

of a parabolic antenna to phase deviations because of 
the physical size of the feed. Both the half-wave doublet,' 
with or without a reflector, and an open-ended wave 
guide give very good phase distributions in spite of their 
relatively large physical size. The ultimate limitation 
to the sharpness of the beam is the diffraction at the 
paraboloid aperture and is due to the limited size of the 
effective area in wavelengths. 

B. Amplitude 

To make effective use of the area of the paraboloidal 
reflector, the energy must be distributed over the sur-
face with some degree of uniformity. However, it is 
important to avoid loss of energy by waves radiated 
from the feed which fail to strike the reflector. This en-
ergy is called "spill-over," and to obtain the optimum 
gain efficiency from a paraboloid it is necessary to de-

!947  Cutler: Parabolic-Antenna Design for Microwaves  1285 

sign the combination of reflector and feed to compro-
mise between the loss due to spill-over and the loss due 
to nonuniformity of illumination. There is a direct re-
lationship between the directivity of the feed and the 
angle subtended at the focus by the paraboloid for op-
timum gain. Furthermore, if a circular section of a 
paraboloid is used, it is important that the feed should 
radiate energy with circular symmetry. With the as-
sumption of circular symmetry of feed pattern and re-
flector, and ideal phase and polarization conditions, the 
relationship between the feed directivity and the sub-
tended angle of the reflector may be determined as fol-
lows: 
The amplitude of the field at a distant point on the 

paraboloid axis is the sum of the contributions from all 
elementary areas of a plane through the circular aper-
ture of the reflector. 

pl'l Sr  V1 

E, fyV(y)dy f  1- = 27 f yV(y)dy  (6) 
0 

where 
V(y)= amplitude of the incident field at any point 

on the surface of the reflector 

= (1/ F)U(0) cos' 0/2 (from 2) 

U(0)=relative amplitude of field radiated from 
the feed where U(0)=1 when 0=0 
= the angle describing rotation about the axis 

yi =radius of reflector. 
Other symbols are indicated in Fig. 1. The power gain 

of the antenna is proportional to E7.2. 

0 
C„ = [ f  yU(0) cos2— dy 

0  2 

where the proportionality function S2 may be obtained 
by comparing this to the gain of a system consisting of 
a circular area illuminated by the same primary source 
at a great distance. For such a system the gain is 

where 

lirn Ga = GhG, 
Area of sphere of radius F 

Area of circle of radius yi 

(7) 

(8) 

Gh = gain of the primary source or feed illuminat-
ing the reflector 

Gi=theoretical gain of uniformly excited circular 
area, which is' 

GI —  = —  if — >> 1. 
47A  (2 12 yi 
X2  X 

From (8), 

yi/P-40 
lim G„ = GA (  IrY1  

XF 
• 

(9) 

(10) 

J. C. Slater, "Microwave Transmiss'on," McGraw-Hill Book 
Co., New York, N. Y., 1942; p. 260. 
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Also, from (7), 

1 
lim G. = 
yiff-4o  4 

Ely 14. 

Equating (10) and (11), 

f ir= 461, x; 2 ) 

and therefore, from (7), 

G. = 4Gh(2-11 f xp, 0 
From (3), 

and 

(12) 

0  1 9 

yU (0) cos' — dy  •  (13) 
2 

0  Fd0 
y  2F tan — ; and  (iv —   

2  0 
cos' — 

2 

(14) 

2 

G. Ns 16Gh( 71 )2[ f el U(0) tan — dB] •  (15) 
X  2 

Now, GA may be obtained from U(0): 

2 

and 

Gh =   

10 [U(0)12 sin 0 dO 

(16) 

rf  et 
U(0) tan — d0 

urF 

02 

— ( y o G. = 32( _)   (17)(17) 

o r [U(0)j 2 sin 0 dO 

The efficiency of a radiator is taken as the ratio of 
its gain to that of a uniformly illuminated aperture of 
the same area (see (9)). 

01 
Efficiency = 2 cot2 

2 

[fool U(0) tan --(1 d0]2 
2   

for [ NO)] 2 sin 0 dO 

(18) 

With a given feed-radiation characteristic U(0), the 
integrals can be evaluated by graphical methods, or by 
using a Fourier analysis, and the relationship of the 
subtended angle of the reflector to the efficiency can be 
obtained. Fig. 2 shows a typical plot of such a calcula-
tion for the radiation from a circular wave guide 0.84 
wavelength in diameter whose radiation characteristic 
is shown in Fig. 3. The broad maximum of efficiency in-
dicates that the subtended angle is not critical. It can 
be seen that the greatest efficiency is obtained with a 
reflector subtending an angle such that the radiation 
toward the edges is between 8 and 12 decibels below 
that at the center. In other words, the intensity of the 

energy radiated toward the edge of a parabolic reflect 
usually should be about one-tenth of the maximum in 
tensity. It should be noted that the value "one-tenth 
relates to the energy per unit solid angle in the prima 

20  40  60  80 
HALF ANGLE SUBTENDED BY PARABOLOID AT FOCUS 

¶00 

Fig. 2—Area efficiency of a paraboloid as a function of its 
proportions. 

pattern, taken at a constant distance from the feed. The 
intensity at the edge of the reflector is further reduced 
because of the increased space attenuation in the longer 
path. 

-20 
too  so  60 

40  20  0  20  40 
EI, DEGREES OFF Axis 

Fig. 3—Radiation pattern of 0.84-wavelength-diameter circular 
wave-guide aperture. 

60 80  100 

Calculations of the type given above indicate a theo-
retical gain efficiency of about 80 per cent for parabo-
loidal antennas, but because of defects in the phase and 
polarization characteristics and certain sources of inter-
ference to be discussed later, an efficiency much higher 
than 65 per cent is rarely obtained. 
The effect of the amplitude distribution on the radia-

tion pattern is very direct; but usually it is not an im-
portant factor in determining the desired illumination 
characteristic provided that sharp variations in inten-
sity are avoided, and that the illumination is suitable 
from the point of view of gain. The diffraction pattern 
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A a circular aperture, uniformly illuminated, has minor 
obes 17 decibels below the maximum, and any tapering 
af illumination toward the edge of the aperture will 
-educe the lobes still further. A smooth reduction of 
ntensity (of 10 decibels or more) towards the edge of 
:he aperture results in a pattern with minor lobes 25 
iecibels or more below the major lobe. (This is usually 
ess than minor lobes from other causes.) Where low 
side lobes are of paramount importance it may be desir-
able to use a deeper paraboloid, or, if beam sharpness is 
more important, a more shallow paraboloid than the 
gain criterion would indicate. 
It should be noted here that the "spill-over" radiation 

mentioned above is the main source of. wide-angle lobes 
from parabolic antennas, i.e., lobes at 90 degrees or 
further from the beam. The paraboloid is apt to be worse 
in this regard than other structures. This undesired ra-
diation can be reduced (but only at the expense of gain 
or size) by using more directive feeds, or by extending 
the reflector sufficiently to intercept the energy. 

C. Polarization 

The radiation characteristic of the feed should be of 
such a nature that all the waves will be polarized in the 

Fig. 4—Polarization for a dipole radiator field (lines indicate 
direction of E vector). 

same direction after reflection from the paraboloid sur-
face. All field components which emerge from the 
aperture with polarization -perpendicular to the aver-
age are wasted and contribute to minor-lobe radiation. 
This requirement will be satisfied if at any point the di-
rection of polarization of the wave makes the same angle 
with a plane through the feed axis of symmetry and the 
point as does the average polarization of the feed. This 
may be seen by examination of such a wave after re-
flection, or, conversely, by imagining a polarized plane 
wave incident to the paraboloid, and analyzing the re-
flected wave over a sphere surrounding the focus. This 
required field is markedly different from that of a 
doublet, as may_be seep by examining.Figs. 4 and 5. The 

doublet has two poles (or points of indeterminate pola-
rization and zero field strength) opposite each end of the 
antenna. The desired plane-polarized circularly sym-
metric feed has one pole directly behind the source. 
Lines indicating the desired polarization of the electric 
vector on a spherical surface around the feed, describe 

Fig. 5—Polarization of spherical wave front of field from an ideal 
paraboloidal feed (lines indicate direction of E vector). 

Fig. 6—Polarization of field in the aperture of a deep paraboloid 
fed from a dipole radiator. 

circles tangent to one another at a point on the surface 
of the sphere directly behind the feed. This specifies the 
polarization in all directions from the feed, but it is of 
significance only in the field radiated in the direction of 
the paraboloid surface. 
If a feed having a poor polarization characteristic is 

used in a paraboloid, the resulting radiation pattern will 
contain regions where the polarization is perpendicular 
to that of the feed. Generally this energy is concentrated 
in four minor lobes, located in the quadrants between 
the plane of polarization and a perpendicular plane in-
tersecting the axis of the paraboloid. For instance, con-
sider a paraboloid excited by a feed having a polariza-
tion characteristic as shown in Fig. 4, After reflection 
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from a deep paraboloid, the energy emerging through a 
plane across the aperture of the paraboloid will be polar-
ized approximately as shown in Fig. 6. The component 
of field perpendicular to the feed polarization is called 
the "cross-polarized" field, and the resulting distant 
radiation, the "cross-polarized" radiation. The cross-
polarized field for the case being considered has a maxi-
mum in each of the four quadrants of the reflector, as can 
be seen in Fig. 6. The resulting radiation pattern (Fig. 
7) has cross-polarized lobes appearing in planes at 45 
degrees to the axes of symmetry. Nearly all radiators 
have some cross-polarized radiation, but it is often un-
detected because of measurement technique:. which dis-
criminate against it. 
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Fig. 7—Radiation pattern illustrating cross-polarized lobes. 

15 

D. Interference of Feed with Reflected Beam 

The effect of the rearward radiation from a feed is 
indicated by a plot of gain against feed position. (See 
Fig. 8.) As the feed (wave guide in this case) is moved 
along the axis, the gain oscillates as the field radiated 
directly from the feed adds at various phases to that 
reflected from the paraboloid. To obtain optimum gain, 
the position of the feed should coincide with the focal 
point of the reflector. This requires that (for small an-
tennas) the focal length shall be co-ordinated with the 
wavelength to assure proper phase of the rearward ra-
diation from the feed. 
The beam is deflected if the feed is moved laterally 

away from the focal point, and the defocusing loss does 
not take place as rapidly as it does for longitudinal mo-
tion. For the usual paraboloid proportions, by moving 
the feed the beam can be shifted about twice the half-
power beam width with only  decibel loss in gain. The 
beam shift can be doubled if the feed is fixed and the 
reflector is tilted. 

Novemb 1 

A defect in many parabolic radiator designs is the fat t 
that the feed obstructs the path of the reflected field. 
This creates a region of low intensity (or shadow) at the 
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Fig. 8 Effect of rearward radiation on paraboloid Rain as a 
function of axial feed position. 

center of the aperture. The effect on the radiation pat-
tern can be approximated by taking the difference of 
the radiation from the aperture and from the shadow 
area located at the feed position. This second hypo-
thetical radiator is a small, relatively nondirectional 
source the same size and shape as the shadow, and acts 
on the resulting pattern to reduce the main lobe some-
what and raise the side lobes at least to the level of the 
radiation from the second source. This is illustrated in 
Fig. 9. The shadow effect may be reduced somewhat by 
"streamlining" the back of the feed by tapering it in the 
E plane. 
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Fig. 9—Effects of a shadow on a paraboloid radiation pattern 

Another effect of the feed being in the path of the re-
flected wave is that some of the energy from the re-
flected wave returns to the feed system, producing an 
impedance mismatch. The absolute value of this im-
pedance is fairly constant as a function of frequency or 
of feed position, but varies rapidly in phase because of 
the long round-trip path length of the reflected wave. 
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The mismatch may be corrected in the feed with an iris 
(or a stub line) over a narrow bandwidth, but inevitably 
this results in a more serious impedance mismatch at a 
frequency such that the focal length has changed by 
one-quarter wavelength. Moreover, if it is required that 
the feed be moved with respect to the reflector (in order 
to direct the beam) the impedance of the feed will 
change in phase and magnitude, making it impossible 
to match at a fixed point in the feed system. Thus, for 
conditions that require relative motion of the feed it 
may be desirable to match the feed to free space and 
tolerate the impedance change resulting from the re-
flector. 

PARABOLA SECT ION 

NATCONNG PLATE 

Fig. 10—Apex-matching plate for improving the impedance 
at the fecd. 

There are other ways of avoiding the effect of the re-
flector on the impedance of the feed. One method is to 
raise a portion of the reflecting surface to produce a 
reflected signal in the feed, equal and opposite to that 
received from the remainder of the reflector, thus can-
celing the reflected signal at the focus. This apex-match-

Fig. 11—Parabola with offset feed. 

ing plate is illustrated in Fig. 10. Since the two sources 
of reflection, namely, the undisturbed part of the reflec-
tor and the apex-matching plate, are at nearly the same 

distance from the focus, this impedance correction is ef-
fective over a very wide frequency band. Of course, the 
energy reflected from the raised surface is scattered 
widely and reduces the gain somewhat and increases 
the minor-lobe level of the radiation pattern. 
A method of avoiding the above-mentioned imped-

ance problem, and also the shadow interference, is to 
use an off-set feed with a parabolic area (cylindrical or 
paraboloidal) located at one side of the apex, as shown 
in Fig. 11. In this type of antenna the feed is, for all 
practical purposes, clear of the reflected energy, and the 
bandwidth is limited only by the properties of the feed 
employed. 

IV. FEED SYSTEMS 

A. Half- Wave-Doublet Feeds 

The earliest parabolic antennas evolved from at-
tempts to increase the directivity of the half-wave doub-
let antenna by using sheet reflectors. However, as the 
art progressed and higher-gain antennas were required, 
it became apparent that the simple half-wave doublet 
was an ineffective source for exciting large parabolas. 
The doublet antenna radiates uniformly in a plane 

perpendicular to its length. If a paraboloid is made to 
subtend a solid angle of 180 degrees at the focus, half of 
the energy will be radiated into space without striking 
the reflector. If this "lost energy" is properly phased 
with that of the reflected beam, it contributes to the 
gain of the antenna, as was discussed in connection with 
rearward radiation, and therefore the loss is not seri-
ous, provided that the aperture area is only a few square 
wavelengths. However, for large antennas most of the 
energy which does not strike the reflector is wasted. To 
reduce this loss and increase the radiating efficiency of 
the over-all system, it is necessary to direct most of the 
energy from the feed into the paraboloid. 
The half-wave-doublet feed can be made more direc-

tive by using techniques familiar in wire antennas at 
lower frequencies, but the simple parasitically !xcited 
reflector appears to be the most practical. The f eflector 
can be another doublet, a plane sheet, a half cylinder, or 
a hemisphere. The disk and the half cylinder appear to 
give best operation, but the other reflectors also have 
been used in specific applications. 
The doublet antenna is at a disadvantage for feeding 

paraboloids in that the polarization characteristic is 
poor, as was discussed earlier. Beyond 90 degrees in the 
E plane, the polarization actually reverses, and extend-
ing the paraboloid beyond 90 degrees in this plane would 
result in a decrease in gain. To obtain minimum cross-
polarization effects, and best distribution of illumina-
tion from a doublet radiator, a relatively shallow reflec-
tor should be used, as is indicated by the fact that the 
paraboloid which gives best efficiency with most of these 
feeds subtends only 140 degrees at the focus. 
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B. Wave-Guide Feeds 

At centimeter wavelengths it is practical to feed the 
parabola with the radiation from an open-ended wave 
guide. The radiation characteristic of a wave-guide aper-
ture is dependent upon the size and shape of the aper-
ture and the mode or modes of propagation within the 
guide. Where a circular paraboloid is used, a circular 
TE1,1 wave guide may be used for a feed, and indeed 
gives almost the ideal phase and polarization charac-
teristics with suitable directivity. A fairly nondirective 
source for illuminating a deep paraboloid may be ob-
tained by loading a small-diameter guide with a dielec-
tric. A more directional source of illumination for a shal-
low paraboloid may be obtained by using a larger-diam-
eter wave-guide aperture or by flaring the aperture into 
a small conical horn. 
A rectangular TE1,0 wave guide does not generally 

give a circularly symmetric radiation pattern, but it is 
suitable for feeding a paraboloidal section which is cut 
to subtend a wide angle in the E plane and a narrow an-
gle in the H plane. A contour of uniform intensity in the 
pattern of such a feed is approximately elliptical, so the 
most efficient reflector area should be nearly elliptical, 
although sometimes it is mechanically more practical 
to use a rectangular shape. The directivity in the elec-
tric and magnetic planes can be controlled more or less 
independently by the corresponding aperture dimen-
sions. The phase characteristic of a rectangular wave-
guide aperture used as a radiator is very good, provided 
only the dominant mode is transmitted to the aperture. 
The measured polarization characteristic is usually de-
formed somewhat from the ideal, but it is still very good 
in the useful part of the amplitude pattern. 
Where more directivity is required in the feed than 

can be obtained with a simple aperture, some form of 
wave-guide horn may be used. However, the phase 
characteristics of horn feeds should be examined care-
fully. In particular, the rectangular sectoral horn, which 
is often used for feeding elliptical paraboloid sections 
having large ratios of major-to-minor axes, has a poor 
phase characteristic. For instance, if the front of con-
stant phase is measured for a sectoral horn of optimum 
flare,2 it is found to be circular in the plane of flare, with 
the phase center near the apex of the angle of flare. In 
the other plane the phase front is also circular with the 
center at the horn aperture. Since these centers may be 
several wavelengths apart, the phase front is far from 
spherical, and may deviate a large fraction of a wave-
length over the paraboloid surface. Acceptable operation 
is usually obtained for such a horn if the aperture is lo-
cated at the focus, but better efficiency can be obtained 
by altering the shape of the reflector or by using a feed 
with more desirable phase characteristics. 
There are many ways of obtaining a feed pattern for 

•  2 s. A. Schelkunoff, "Electromagnetic Waves, D. Van Nostrand 
Co., Inc., New York, N.Y., 1943; pp. 353-3,63— 

an elliptically cut paraboloid which will have more de-
sirable phase characteristics than the sectoral horn with 
optimum flare. Some improvement may be had by using 
a flare angle somewhat smaller than that for optimum 
gain, but this requires a much longer horn for relatively 
small improvement. For reflectors with a major-
to-minor-axis ratio of from 3 to 5, a "two-mode" or 
"box" type of horn has been found to give very good 

results. 
The "two-mode" horn is simply a wide rectangular 

wave-guide aperture which is excited with both the 
TE1,0 and the TE3,0 modes of propagation. It can be 
shown that if both these modes are present in the aper-
ture in the proper amplitude ratio and relative phase, 
the resulting aperture field approaches the desirable 
condition of uniform amplitude and phase. The two 
modes are set up in the guide by exciting it abruptly 
from a smaller guide which carries only the dominant 
(TE1.0) mode. (See Fig. 12.) Since the large guide is wide 
enough to propagate the TE1,0, TE2,0, and the TE3,0 
modes, a discontinuity at the junction will tend to ex-
cite all three modes. However, if symmetry about a 
central plane is maintained, the TE2,0 mode is not set 
up, and only the first and third modes are excited. At 
the junction, of course, many odd-order modes must be 
present in order to satisfy the boundary conditions pre-
sented by the walls of the guide, but if the larger guide 
is not wide enough to propagate modes higher than the 
third, they may for the sake of this discussion be ignored. 
At the junction the two modes add to approximately 
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Fig. I2—Two-mode feed horn. 

the field distribution of the original - wave. However, 
since the two waves propagate with different velocities, 
their relative phases vary along the length of the guide, 
and at any other section the resultant amplitude will be 
different. When the length of the large guide is such 
that the relative phases of the two waves has changed 
by 180 degrees, they will add to give a uniphase field 
across the aperture with a nearly uniform amplitude. 
The superposition of these waves is shown in Fig. 12. 



IThe relative amplitudes of the T.E1,0 and TE8,8 waves 
can be obtained by making a Fourier analysis of the in-
cident field at the junction, taking into consideration 
only the first two terms of the series. The field at the 
junction may be expressed as 

i(x) = Ai cos x + A3 COS 3x + Ah COS 5x + • • • 

+ A, cos px  (19) 

where p is any odd integer. The constants A, may be 
found from 

4 7/2 

A, = -J  f' (x) cos (px)dx  (20 ) 
o 

where f'(x) is the field incident to the junction, and is 

equal to f(x). It may be taken as 

a"(r/2)b 

77  1/(X)  cos —  (21) 
bi 3.0 

and 
z r/2 

P(X) = 0 
x..(r/2)b 

where b is the ratio of the smaller to the larger guide 
widths. With values of 1 and 3 for p, the values of Aland 
As may be obtained, and since higher-order waves are 
not propagated, the first two terms of the series (19) 
give the field propagated in the large guide. 
In analyzing this field at any point it is necessary to 

know the relative amplitude of the two modes. This is 

given by 

cos — b 
As b2 — 1  2 

A1 9b2 — 1 
cos — b 

2 

(22) 

which is plotted as a function of b in Fig. 13. 
To phase the two modes properly, the large guide 

must be of such a length as to cause 180 degrees relative 
phase shift between the two components. This requires 
a length equal to 

1  XIX:  

X  2 X1  X2 

where X1 and X, are the guide wavelengths for the 
modes. Substituting for these, we get 

L   1   

X  (17)  
X ) 2 

(23) 

two 

(24) 

where X is the air wavelength, and w the guide width. 
The impedance presented to the guide by the two-

mode feed horn has about the same magnitude as that 
of an open-ended wave guide, and can be easily matched 
over a fairly wide band of frequencies. For some appli-
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cations it has been matched by adding a dielectric plate 
(of appropriate thickness) over the aperture, which also 
seals the guide from the weather. The impedance has 
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Fig. 13—Relative amplitudes of modes in a two-mode horn. 

0 

also been matched by exciting the horn directly from a 
wave-guide elbow, and matching both elbow and horn 
simultaneously at the corner. A horn of this type is show 
in the photograph, Fig. 14. 

Fig. 14—Paraboloidal antenna with two-mode feed horn. 

In spite of the fact that the wavelength appears 
critically in the dimensioning of this horn, it has been 
found to give acceptable operation over a bandwidth of 

at least 10 per cent. 
Where still more directivity in the feed is desired, 

other types of antennas (such as lenses, and even small 
parabolas) may be used as paraboloid feeds. 
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C. Rear Wave-Guide Feeds 

The wave-guide feeds discussed so far are all directive 
along the axis of the paraboloid and away from the feed 
mounting, and as a result they all require mechanical 
support and a source of power in front of the reflector. 
It is desirable, in most applications, to avoid the inter-
ference of the feeding guide and supporting structure 
with the reflected beam and, therefore, a number of rear 
feeds, or feeds supported and fed from the apex of the 
parabola, have been developed. 
An early attack on this problem was to use a round 

wave-guide aperture, supported at the paraboloid apex 
and lying along the axis, opening toward the focus, with 
a metallic reflector to direct the energy back into the 
paraboloid. However, the simple geometric image pic-
ture of the field is not accurate, and we are not aware of 
any success in attempts to reshape the reflecting plate so 
as to produce a good over-all pattern. Finally, it was dis-
covered that the phase front of this feed, instead of be-
ing spherical as desired, is toroidal with an apparent 
center in a ring lying between the circumference of the 
disk reflector and the wave guide, as shown in Fig. 15. 

DISC 

I 1 

TE,, 

WAVE GUIDE 

I I I 1111111 11111111 

Fig. 15—Ring-focus-feed phase front is x2 (p—a)2=r2. Ring-
focus parabola contour is (J  —4fx. 

For that reason, feeds with this type of phase character-
istic are called "ring-focus" feeds. An empirical equa-
tion for the phase front in cylindrical co-ordinates is: 

x2 +  ( p  =  r2, (independent of 4)).  (25) 

The reflecting surface for such a source should be 

(p — a)2 = — 4Fx, (independent of 4,).  (26) 

which is the surface generated by a parabola rotated 
about a line parallel to its axis and displaced a distance a 
from the axis. Such a surface is called a "ring-focus" 
paraboloid. 
The cirular symmetry of the amplitude characteristic 

of a ring-focus feed becomes somewhat better when a 

cup, instead of the disk, is used to direct the energy from 
the feed into the paraboloid, as shown in Fig. 16. The 

Fig. 16—Ring-focus feed. 

amplitude characteristic of this feed is shown in Fig. 17. 
The distribution is more nearly uniform and covers a 
wider angle than that for other feeds. The optimum an-
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Fig. 17—Radiation pattern of ring-focus feed. 
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gle subtended by the paraboloid is about 160 degrees 
and consequently the reflector is much deeper than that 
required by most feeds. 

A picture of the field in the aperture of the ring-focus 
feed may be obtained by sampling the energy with a 
small prdbe. If the rim of the cup is extended, the part 
of the structure outside of the feeding wave guide com-
prises a large-diameter coaxial line. Because of the size 
of the line a great many modes of propagation may be 
supported, but only two modes can be initiated because 
of symmetry in the system. They are analogous to the 
TE1,1 and the TE1,2 modes in a circular guide. These 
modes are sketched in Fig. 18. By adjusting the dimen-
sions of a ring-focus feed, it has been possible to set up 
either of these modes, and combinations of the two, with 



larious amplitudes and phases. Usually such combina-ions give very uneven amplitude and polarization dis-
ributions at the aperture, but when the dimensions are 
hosen to give the proper amplitudes and phases in the 
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YE LI MODE 

fore, the guide must not be wider than about one-quar-
ter wavelength. The phase front on either side appears 
to be coming from the nearer aperture and its image re-
flected in the adjacent side of the wave guide, thus re-

COMBINATION OF THE TWO 
MODES WITH PROPER AMPLITUDE 

PHASE AND POLARIZATION - 

Fig. 18—TE 1.1 and TE 2,2 modes of propagation in coaxial, as 
combined in the ring-focus feed. 

YE 1.2 MODE 

wo waves, the amplitude at the aperture becomes very 
iniform and the lines of polarization are nearly parallel. 
It is this condition that accounts for the uniformity of 
:he amplitude and phase characteristics of the ring-
:ocus feed. Of course, there is not enough length of co-
lxial line to justify analyzing the field wholly in terms 
Df these modes, but adding a length of line indicates that 
the fields present are closely related to these modes of 

propagation. 
The impedance match of this feed is poor, and when 

matched by an iris in the wave guide the bandwidth is 
very narrow. Attempts to match impedance by chang-
ing the shape of the cup or disk have been unsuccessful 
because of the undesirable effects on the radiation pat-
tern. Ring-focus antennas have given about 0.4 decibel 
more gain than the other paraboloid antennas described 
because of the closer approach to uniformity in the am-
plitude distribution of this type of feed. 
Another method of feeding a paraboloid is by dividing 

the power in a rectangular guide, by providing two exit 
apertures symmetrically disposed with respect to the 

V 

Fig. 19—Dual-aperture rear-feed horn, 

median magnetic plane, as shown in Figs. 19 and 20. 
Here the radiation is from two apertures which, to give 
a smooth amplitude pattern, should be less than a half-
wavelength apart. It is also important that the aper-
tures should not be too close to the guide wall; there-

sulting in phases in the E and H planes at the edge of the 
reflector which differ by about 30 degrees. The polariza-
tion shows a tendency to depart from the ideal simi-
larly to a "magnetic dipole" (a loop antenna or a narrow 
slot in a conducting plane), but this is not serious. This 
feed has several advantages over many other rear feeds 
in that the directivity is directly dependent on the di-
mensions of the aperture; the impedance may be 

Fig. 20—Dual-aperture rear feeds. 
a), (b) Feed for circular paraboloids. 
c) Feed for elliptical paraboloids. 
d) Two-mode rear-feed horn. 

matched by properly dimensioning the cavity; and the 
structure can be easily weatherproofed by incorporating 

windows across the apertures. 
The directivity of the feed in the E plane can be con-

trolled, within limits, by the separation of the slot from 
the wave-guide wall and somewhat by the width of the 
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slot. The directivity in the H plane is roughly inversely 
proportional to the length of slot from a length of one-
half to three half-wavelengths, as shown in Fig. 21. For 
greater directivity a slot longer than 3 half-wavelengths 
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20 

Fig. 21 —H-plane directivity as a function of the length of the 
openings in the dual-aperture feed horn. 

may be used applying the principles of the "two-mode" 
horn previously described and shown in Fig. 12. The 
rear-feed, dual-aperture, two-mode horn [Fig. 20(d)] 
has the junction between the wide and narrow guides at 
the cavity where the energy is divided between the two 
radiating apertures. Thus the transmission in the head 
of the horn consists of two modes (TEL° and TE3,0) and 
the length of the path necessary to properly phase the 
modes is built into the head. 

If the wave guide is not changed as the slots are 
lengthened, it soon ceases to adequately shield the ra-
diating openings from one another, with the result that 
the ,E-plane pattern becomes sharper. Where it is de-
sired to have the E plane broad, the outside wall of the 
wave guide should be extended in width to at least equal 
the length of the slots, also shown in Fig. 20(d). The size 
of the flat surface in the plane of the apertures is not 
critical, but some advantage in uniformity of illumina-
tion (and reduction of rearward radiation) is obtained 
if it extends at least one-quarter wavelength from the 
slots. There are three basic dimensions of the cavity 
which affect the impedance, namely, the width and 
depth, and an indentation at the center of the cavity 
as shown in Fig. 19. The feed for a circular paraboloid 
having slots about 0.7-wavelength long and a circular 
cavity is shown in Figs. 20(a) and (b). In this case the 
diameter, the depth, and the indentation at the center 
of the cavity may be controlled to match almost any 
impedance condition. For horns with longer slots a rec-
tangular cavity is usually used and the impedance is con-
trolled by the depth and the indentation at the center of 
the cavity. The relation of the cavity dimensions to the 
impedance is not simple and usually requires an experi-
mental determination for each new application. 
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Hybrid Circuits for Microwaves* 
W. A. TYRRELLt, MEMBER, I.R.E. 

Summary—The fundamental behavior of hybrid circuits is re-
viewed and discussed, largely in terms of reciprocity relationships. 
The phase properties of simple wave-guide tee junctions are briefly 
considered. Two kinds of hybrid circuits are then described, the 
one involving a ring or loop of transmission line, the other relying 

• Decimal classification: R118. Original manuscript received by 
the Institute, August 27, 1946. This paper is based on an investigation 
of microwave bridge circuits carried on in 1941-1942 at the Bell Tele-
phone Laboratories, Holmdel, N. J. Withheld from publication, the 
greater part of this material was extensively circulated as an unpub-
lished memorandum dated February 12, 1942, to United States and 
Allied agencies connected with the war effort. Much work on these cir-
cuits has been subsequently done at this and other laboratories. Since 
the present paper is limited to fundamentals, it does not detail the 
more recent contributions to the subject. 

t Bell Telephone Laboratories, Inc., New York, N.Y. 

upon the symmetry properties of certain four-arm junctions. The 
description is centered about wave-guide structures for microwaves, 
but the principles may also be applied to other kinds of transmission 
line for other frequency ranges. Experimental verification is pro-
vided, and some of the important applications are outlined. 

I. INTRODUCTIONI 

IN RADIO systems it is often desirable or even mandatory to incorporate means for uncoupling 
the receiver from the transmitter or for isolating 

1 It is assumed that the reader is familiar with elementary trans-
mission-line theory, as given, for example, in S. A. Schelkunoff, 
"Electromagnetic Waves," D. Van Nostrand Co., Inc., New York, 
N. Y., pp. 188-200, 210-221, et passim, and also with wave-guide 
theory in terms of transmission lines, as developed by Schelkunoff in 
"Electromagnetic Waves," pp. 242-266, 316-324, 375-390, 480-496. 
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.he local beating oscillator from the antenna. There 
will be described certain passive circuits which per-
'orm these and many other important functions with a 
nigh degree of efficiency. The description is confined to 
wave-guide structures' suitable for microwaves, al-
though the considerations are general enough to apply 
to other types of transmission line or even to equivalent 
networks with lumped constants. 
The performance of these devices is very similar to 

that of the hybrid coil, long familiar in telephone prac-
tice as a means for securing preferential isolation of 
circuits.' On account of this analogy,* the term "hybrid" 
has been selected to describe the present microwave 
constructions, even though the term may be somewhat 
foreign to current radio terminology. 
A hybrid device is represented schematically in Fig. 1 

as an eight-terminal network. When a source of alter-
nating electromotive force is connected across the 
terminals A, no signal appears at the terminals C, but 
transmission takes place freely between A and B and 
between A and D, with the input power thus divided 

HYBRID HYBRID 

NETWORK 

Fig. 1—Schematic representation of a hybrid circuit. 

A 

between loads placed at B and D. If the generator is 
transferred from A to C, no voltage can appear at A, 
from reciprocity ccriderations, and again the input 
power is divided in some fashion between loads at B and 
D. It is generally desirable, moreover, that the terminals 
B and D be balanced with respect to each other, so that 
a generator applied at either of these points delivers 

'Supplemented by coaxial lines in certain cases. 
'G. A. Campbell and R. M. Foster, "Maximum output networks 

for telephone substation and repeater circuits," Trans. A .I.E.E., 
(Elec. Eng.), vol. 39, pp. 231-280, February, 1920. 
' In the present treatment no close connection with the conven-

tional hybrid coil is apparent, other than that of performance as 
viewed externally. Closer analogies can be established, however, by 
departing from the usual transmission-line analysis of wave guides 
to an extent that does not seem justified in a first approach to the 
subject. 

power only to loads at A and C. In most cases, the circuit 
is so proportioned as to bring about equal power di-
vision between the driven loads.' 
In constructions suitable for use at extremely high 

frequencies, the terminals correspond to four appro-
priate transmission lines, not necessarily alike, emerging 
from the network. It is assumed that the loads or gen-
erators which are attached to these lines terminate each 
arm in its characteristic impedance. If this is not done, 
reflections from the loads will tend to upset the balance.' 
The elements comprising the hybrid network are 

presumed to be primarily reactive, so that internal 
dissipation is minimized. The resistive component of the 
impedance viewed at any one of the emerging lines cor-
responds, therefore, almost solely to the loads in the 
two adjacent lines, transformed by the network. A 
properly compensated circuit is one which combines 
these loads so as to present at any arm an impedance 
equal as nearly as possible to the characteristic im-
pedance of that arm.' 
Within the hybrid network, the four emerging lines 

must be joined in some manner. Two distinct po3si-
bilities can be visualized. The terminal lines may all 
be connected to another transmission line, or they may 
be joined directly without any intervening medium. 
Correspondingly, two classes of circuits will be de-
scribed: hybrid rings, involving a ring or loop of line to 
which connections are appropriately made, and hybrid 
junctions, in which the four lines are joined at a com-
mon point. In both cases, there can be anticipated a 
need for compensating reactors to perfect the im-
pedance match to all arms. This will be particularly 
essential when wave guides are involved, on account of 
the relatively severe reflections encountered at dis-
continuities. 
In the wave-guide considerations which follow, atten-

tion is confined to the most common case of dominant 
waves in a rectangular pipe so proportioned 

X 
—2 < a < X, b < — 

2 

that only the dominant mode and only one orientation 
of its polarization can be freely sustained. This choice 
avoids the effective conversion of wave power into 
higher-order transmission modes or states of polariza-
tion. Such modes and states will exist in the immediate 
vicinity of discontinuities, but will be rapidly suppressed 
in propagation away from the discontinuity. Under 
these conditions, the wave guide acts like a single 
transmission line, with geometrical discontinuities ap-
pearing as reactive elements. 
In order to effect the joining of wave guides with each 

other and with coaxial lines, certain tee junctions are 
of great importance. These are the two wave-guide 

• Interesting and important interrelationships among balance, im-
pedance match, and power division are deduced from the laws of 
reciprocity in Appendix I. 
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junctions and the junction of coaxial line to wave guide 
which are illustrated in Fig. 2. While a complete under-
standing of these junctions is not necessary for present 
purposes, an appreciation of their essential character 
and phase properties is important. By a simple con-
sideration of wave fronts spreading out in the vicinity 
of the junctions, this necessary information can be 
readily obtained, as summarized herewith.' 
In the electric-plane wave-guide junction the side 

arm is effectively connected in series with the main 
guide. When power is sent toward the junction from 
the side arm, two sets of waves are set up in the main 
guide, traveling in opposite directions away from the 
junction. These two sets of waves are 180 degrees out 
of phase with respect to each other; that is, their 
polarities are reversed. Conversely, if standing waves 
are set up in the main guide, the side arm receives 
maximum power when a voltage minimum of the 
standing-wave pattern coincides with the center of the 
junction and minimum power when a voltage maximum 
is located at the junction If only a pure standing 
wave is present in the main guide, caused by the inter-
ference of waves of equal amplitude traveling in op-
posite directions, no powet appears in the side arm 
when it is placed at a voltage maximum 6 
In the magnetic-plane wave-guide junction and the 

junction of coaxial line to wave guide illustrated in 
Fig. 2, the side arm is effectively connected in parallel 

(a) 

(b) 

(c) 
Fig. 2—Three important kinds of wave-guide tee junctions. (a) Elec-
tric-plane junction. (b) Magnetic-plane junction (c) Coaxial-
to-wave-guide transformation. 

across the main guide. When power is sent toward the 
junction from the side' arm, two sets of waves, in phase, 
are caused to travel away from the junction in the main 
guide. Conversely, in the presence of standing waves 
in the main guide, the side arm receives maximum power 

These relationships are derived in Appendix II. 
7 In the case of the coaxial-to-wave-guide junction, the coaxia'. 

:ine is the side arm. 

when a voltage maximum in the pattern is centered at 
the junction and minimum power when a voltage 
minimum occurs at the junction. In the latter case, 
the side arm receives no power if the voltage minimum 
is zero.' 
On account of the severe geometrical discontinuities 

characterizing each of these junctions, marked reflec-
tions may be expected when power is sent toward the 
junction from any of the three arms. These reflections 
may be reduced or substantially eliminated by the in-
corporation within the junction of suitable reactors, 
such as metal rods or plates. If these tuning elements 
are disposed in a sufficiently symmetrical manner, the 
original series or shunt character of the junction can be 
preserved. 

II. HYBRID RINGS 

Principles underlying the construction of a hybrid 
network from a ring or loop of transmission line can be 
understood by examination of Fig. 3. This is a cross 
section in the electric plane of a wave-guide ring with a 
straight guide connected to it symmetrically from the 
exterior. The electrical length around the ring is one 
and one-half wavelengths. Here, as in further references 
below, it is to be understood that the wavelength cor-
responds to the increased phase-velocity characteristic 
of a hollow pipe. It is assumed that the electrical length 
around the ring is equal to the mean circumference.' 

MIN. 

_ 
MIN 

Fig. 3—Wave-guide ring with exterior radial arm, cross-sectional 
view in the electric plane. 

When dominant waves arc sent into the ring from the 
side arm, they will be split at the junction into two sets 
of waves of equal amplitude traveling around the ring 
in opposite directions. A pure standing wave will there-
fore be set up within the ring. This must be the case, 
for no mechanism has been provided for dissipation 

See Section IV for experimenlal verification. 
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vithin the ring other than the minor ohmic losses associ-
lied with wave transmission. The two sets of waves 
Treading out from the junction are 180 degrees out of 
3hase, on account of the nature of an electric-plane tee 
unction. When they reach the point diametrically oppo-
;ite the junction, they have traversed paths of equal 
ength and are still 180 degrees out of phase. This point 
s therefore a voltage minimum (zero). With this as a 
;tarting point, the standing wave within the ring can be 
mapped by marking off alternate voltage maxima and 
minima at quarter-wave intervals, as indicated on the 
figure. 
If identical wave guides are connected symmetrically 

to the ring at points 2 and 4 so as td form add,itional 
electric-plane tee junctions and if these side arms are 
terminated in their characteristic impedance, they will 
receive equal amounts of power which are large, since 

Fig. 4—A wave-guide hybrid ring. 

they are series connections at voltage minima. The 
amplitude of waves proceeding past 2 toward 3 will, 
however, still be equal to the amplitude of waves pro-
ceeding past 4 toward 3, since equal amounts of power 
are being extracted from two equal sets of waves. The 
arc 2ii still contains, therefore, a pure standing wave. 
Since identical phase shifts have been introduced at 2 
and 4 by the identical tee junctions, the position of this 
standing wave is unaltered, and there is still a voltage 
maximum at 3. A series connection to the ring at 3 
will thus receive no power. Such a connection may be 
made by introducing a fourth electric-plane junction 
at 3. 
Fig. 4 shows the modified structure, with series con-

nections to the ring at I, 2, 3, and 4. Before it can be con-
cluded that this represents a hybrid circuit with bi-
directional characteristics, attention must be directed.to 
what happens when the ring is driven by a generator in 
arm 2, with appropriate loads in arms 1 and 3. At 5, the 

point diametrically opposite the driving point, the fields 
will interfere to produce a voltage minimum, and in the 
absence of arms 1, 3, and 4 there will be voltage max-
ima at 2, 4, and 6 and additional minima at 1 and 3. 
Arms 1 and 3 will thus receive equal amounts of power 
without disturbing the position of the standing-wave 
pattern in the arc 153, and the arm at 4 receives no 
power. The construction of Fig. 4 possesses, therefore, 
the essential properties of a hybrid network. 
It is now necessary to consider the improvement of 

this circuit by the elimination of undesired reflections 
within the ring. These arise in two ways. First, there are 
reflections taking place at each tee junction to the ring, 
due to the abrupt geometry which characterizes these 
junctions. It has already been suggested that these re-
flections can be reduced or eliminated by introducing 
in the vicinity of the junction apptopriate reactive .ele-
ments. If this is done in a sufficiently symmetrical man-
ner, all four junctions of the hybrid ring can be made in-
dividually reflectionless. A second source of reflection 
can be traced to the inherent resistive mismatch which 
results from using wave guide of approximately the 
same size for the ring and all the arms. In this case, a 
generator of impedance Ko is connected to two loads 
essentially in series, each of which has an impedance 
approximately equal to Ko. This mismatch can be read-
ily eliminated by altering the characteristic impedance9 
of one or more of the wave guides involved. 
A specific example of impedance proportions suitable 

to secure a complete resistive match, in all directions is 
shown in Fig. 5. Here the guide used or the ring and for 
two opposed arms has the impedance Ko, while the re-
maining arms correspond to 2K0. When power is de-
livered to the ring from arm 1, a matched condition 
exists because two Ko loads in series terminate the 2K0 
generator. When the ring is driven from arm 2, matching 
is secured because each 21C0 load is transformed by the 
intervening quarter wavelength of line into tKo, so that 
two iKo loads in series are driven by the Ko generator. 
This set of impedance values is by no means the only 
one which brings about resistive matching." There is, 
however, only one other set which employs only two 
different guide impedances.0 Not shown in Fig. 5 are the 
reactors necessary to reduce the reflections from the 
junction discontinuities. 

• For the dominant mode, the characteristic impedance of a 
reactangular pipe is linearly proportional to the cross-sectional di-
mension parallel to the electric intensity. For present purposes, 
variation of the characteristic impedance is most conveniently ac-
complished by varying only this dimension. 
10 In general, matching is secured when the characteristic im-

pedance Ko of one series arm is related to the characteristic im-
pedance Ki associated with each of the adjacent series arms as 
follows: K4Ki..2K02, where Ko is the characteristic impedance of the 
guide composing the ring. 
"The other set of impedances is: KomICI V2Ko. In this case, 

the structure is most symmetrical, since all the arms have the same 
impedance. From the viewpoint of bidirectional characteristics and 
round-trip performance (cf., Section V), the broadest usable fre-
quency band can be expected from the most symmetrical configura-
tion. 
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The hybrid ring so far described is by no means the 
only loop structure which functions as a hybrid circuit. 
If a series element of impedance Z on a transmission line 
of characteristic impedance Ko is replaced by a shunt 
element of impedance Ke a, on one side of which is 
added a quarter wavelength of line and on the other 
side, a three-quarter wavelength of line, the entire per-
formance of the circuit is unaltered. By means of such 

Fig. 5—A wave-guide hybrid ring proportioned for 
resistive matching. 

replacements, the four series connections to the ring can 
be replaced, one by one, by shunt connections. This 
yields fie distinctly different hybrid rings in addition 
to the one already discussed. These six circuits are shown 
in Fig. 6.12 They are indicated schematically in order to 
emphasize the perfect generality of these networks. It 
has been found convenient to discuss the hybrid ring in 
terms of a wave-guide structure, but no important fea-
ture depends upon characteristics peculiar to wave 
guides. The circuits of Fig. 6 may be constructed, there-
fore, from any type of transmission line or from any 
mixture of types. For any of the six circuits, moreover, 
it is possible to find sets of impedance values which 
bring about resistive impedance matching in all direc-
tions." This refinement is perhaps of greater importance 
in constructions with coaxial or parallel-wire lines for 
longer wavelengths, where the lines impedances are not 
so much obscured by severe reflections at the junctions. 
For microwave frequencies, the practical realization 

"The dimensions shown in Fig. 6 have been obtained by sub-
tracting pairs of half wavelengths. 

hen only parallel connections are involved, as in Fig. 6(f), 
the matching condition (see footnote reference 10) becomes KiKi 
..1/2 KO. Here again there are only two sets of values which involve 
only two different impedances: either two opposite arms with Ki= Ks, 
the other arms with Ki =1/2 Ko, or all arms with Ks= K,= V177 Ko 
(cf. footnote 11). When both series and parallel connections are 
present, proper values for matching are derived from simultaneous 
consideration of the relations above and in footnote 10. 

of the circuits shown in Fig. 6 calls for electric-plane 
wave-guide tee junctions as series connections and mag-
netic-plane wave-guide tee junctions or transformations 
to coaxial as parallel connections. In certain combina-
tions, there may be structural advantages in making the 
plane of the ring the magnetic plane. An interesting 
situation arises when square or circular wave guide is 
used, for here the circuits of Figs. 6(a) and 6(f) can be 
embodied in the same structure. For one orientation of 
the polarization, the ring lies in the electric plane; for 
another, the magnetic plane; and for any orientation in 
general, the input waves may be resolved into com-
ponents parallel with and perpendicular to the plane of 
the ring, for each of which a hybrid circuit is provided. 

(b) 

( I) 

(e) 

(c) 
Fig. 6—Schematic representation of the six 

fundamental hybrid rings. 

In this case, the matching of resistive impedances for 
both components becomes somewhat more involved." 
The circumferential dimensions of hybrid rings can be 

changed in discrete steps without altering any of the cir-
cuit charaeteristics, by the application of either or both 
of the following rules: 

(a) An integral number of wavelengths may be added 
to or subtracted from any arc (i.e., portion of ring be-
tween centers of adjacent connections). 
(b) A pair of half wavelengths may be added to or 

subtracted from any two arcs. 

14 By distorting the cross-sectional shape so that the guide pre-
sents different impedances to the two orientations, such matching 
can be effected. 

e 
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These rules can be applied when it is desired to sim-
plify the construction or to alter the structure to con-
form more readily to available space. 
These rules, in subtraction, have already been used in 

arriving at some of the dimensions shown in Fig. 6. As 
the series connections are progressively replaced by 
shunt connections with the added quarter wavelength 
and three-quarter wavelength of line, the ring becomes 
larger unless a wavelength or pair of half wavelengths 
is judiciously subtracted at each step in the progres-
sion. The proportions indicated in Fig. 6 conform in 
each case to the smallest ring in which all connections 
are separated by finite arcs. From each of the circuits of 
Figs. 6(b) through 6(e), an additional pair of half wave-
lengths may be removed, but this eliminates the separa-
tion between certain adjacent connections. In such in-
stances, care must be taken to preserve connections 
which are truly adjacent and which are not superposed 
symmetrically to the same point of the ring, if the prop-
erties of the original hybrid ring are to be preserved.15 
Although such highly condensed circuits appear 

superficially attractive in general, wave-guide con-
structions are likely, indeed, to call for an expansion 
from the dimensions of Fig. 6. The size of rectangular 
wave guides has become somewhat standardized upon 
an electric-plane dimension only a little less than a half 
(free-space) wavelength. Since the wavelength in the 
guide is seldom as great as twice the free-space wave-
length, the quarter (guide) wavelength spacings stipu-
lated in Fig. 6 correspond to extremely close spacings or 
sometimes even to overlapping of adjacent series coa-
nections. Greater difficulties will be experienced with 
adjacent connections in the magnetic plane. These 
troubles, when they arise, can be obviated by increasing 
the size of the ring according to the rules above. For 
example, the arcs in Fig. 6(a) may be increased to 
A, A, A, 1A. 
In connection with the wave-guide embodiment of 

the circuit in Fig. 6(a), it has already been pointed out 
that the reactances associated with the junctions do not 
upset the performance because equal phase shifts are 
introduced as the waves travel past the two driven arms. 
It is clear that the same argument can be applied to the 
highly symmetrical circuits of Figs. 6(d) and 6(f). Not so 
obvious, however, is the situation with regard to the 
rings involving asymmetrically disposed, mixed con-
nections, since different phase shifts may be expected 
at series and shunt branches. Consider, therefore, the 
circuit of Fig. 6(b). When this is driven from the shunt 
arm or from the opposite series arm, equal phase shifts 
take place at the two identical, adjacent series arms, 
and balance is secured with the dimensions as given. If 
the junction reactances are reduced or eliminated by 
symmetrical tuning, balance and equal power division 

"As will appear in the following section, certain symmetrically 
superposed connections form compound junctions which are in them-
selves hybrid circuits. The combination of such a hybrid junction 
with a nng of guide does not generally constitute a hybrid circuit. 

will still be retained. General considerations based on 
reciprocity" may now be cited to show that this same 
tuning automatically brings about balance, equal divi-
sion of power, and impedance match when the circuit is 
driven from either of the opposed series arms, even 
though the connections adjacent to these arms have such 
a totally different character. The same argument can be 
applied to Fig. 6(e). The completely asymmetrical cir-
cuit of Fig. 6(c) remains, then, as the only one whose • 
dimensions may perhaps require substantial alteration 
when appreciable phase shifts are involved. 
There remains to be discussed the variation of hybrid 

ring characteristics with frequency. Of the various elec-
trical properties, the balance between opposite arms is 
the most critical one. Consider what happens when, in 
Fig. 3, there are sent into the ring waves of a frequency 
different from that originally considered. There will still 
be cancellation of fields at point 4, but now the spacing 
in the standing-wave pattern is changed, and the voltage 
maximum is displaced from point 3. An arm attached 
at 3 will thus not be completely uncoupled from the arm 
at /. This reasoning can be applied to the circuits shown 
in Figs. 6(a), 6(d), and 6(f), and also to those pairs of 
opposite connections in Figs. 6(b) and 6(e) which are 
balanced by virtue of two paths around the ring which 
differ by a half wavelength; that is, to all cases in 
which the opposite connections are both parallel or both 
series. A different situation exists when balance is ob-
tained between a series connection and a shunt connec-
tion located at geometrically opposite points across the 
ring, since the standing-wave pattern at the point 
diametrically opposite the feed point does not shift with 
•frequency. This argument applies to Fig. 6(c) and one 
pair of opposed arms in Figs. 6(b) and 6(e). When a 
high degree of balance is desired between one particular 
pair of arms over as broad a band as possible, the cir-
cuits of Figs. 6(b) and 6(e) will be preferred, for they 
offer driven arms which are symmetrically connected. 
If the loads attached to the arms of a hybrid ring are 

maintained nearly reflectionless over a band of fre-
quencies, and if the junction reactances in the ring are 
effectively canceled throughout this band, important 
variations in the power division or in the resistive 
matching ability of the network will not be expected. 
In general, limits to the usable bandwidth will be set by 
deviations from balance or by inability to tune out satis-
factorily the internal reflections associated with the 
junctions. 

III. HYBRID JUNCTIONS 
A hybrid network for microwaves can also be secured 

in the form of a compound junction comprising a series 
connection and a parallel connection made to a guide 
at the same point on its longitudinal axis. One form of 
such a junction is shown by Fig. 7 as a cross section in 
the electric plane. Lines of electric intensity in successive 
positions of a wave front are drawn to indicate what 

"See Appendix 1. 
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happens when power is introduced from the wave-guide 
series arm. Equal intensities appear in the collinear 
guide arms, with a 180-degree phase difference, while 
the voltages induced in the coaxial line are such as to 
cancel mutually.'7 If the two ends of the main guide are 

IN 

Fig. 7—Spreading of a wave front into a compound 
junction from the series arm. 

terminated in characteristic impedance, the po4ver will 
divide equally between the two loads, and no power 
will appear in the coaxial line. 
The same junction is again shown in Fig. 8, but here 

the power is introduced from the parallel arm, i.e., from 
the coaxial line. The two arms of the main guide receive 
equal intensities in phase, and no net voltage appears 
across the series branch.' 8 

IN 

Fig. 8—Spreading of a wave front into a compound 
junction from the parallel arm. 

This compound junction, a clearer view of which is 
given in Fig. 9, possesses, therefore, the properties re-
quired of a hybrid circuit. The series and parallel arms 
S and P are balanced with respect to each other, and 
power delivered from either of them is equally divided 

17  This will not be true if the coaxial is large enough to support 
freely the first higher-order transmission mode. 

18  This will not be true if the (rectangular) series arm is large 
enough to support freely the TMII (coaxial-like) transmission mode. 

between suitable loads attached to arms I and Z. This 
behavior is brought about by the geometrical symmetry 
prevailing in the region of the junction, rather than by 
interference effects between alternative paths as in the 
case of hybrid rings. 

Fig. 9—The wave-guide-to-coaxial hybrid junction. 

Another important form of hybrid junction is shown 
in Fig. 10, where the parallel connection is established 
by means of a magnetic-plane wave-guide junction. It is 
not difficult to see that this construction possesses the 
desired hybrid behavior, and, moreover, that a hybrid 
junction results from any practical realization of per-

Fig. 10—The wave-guide hybrid junction. 

fectly superposed series and parallel connections to a 
common transmission line. The illustrations given, how-
ever, are sufficiently representative. 
As in the case of hybrid rings, the termination of each 

arm in a load or generator which matches the line com-
prising the arm is the most satisfactory condition .for 
straightforward operation as a hybrid network. Here 
again, however, relatively severe reflections are experi-
enced as the device is driven from any arm, on account 
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of the severe discontinuities at the hybrid junction, un-
less suitable reactive tuning is associated with the junc-
tion. These reflections do not affect the balance be-
tween the S and P arms, which is maintained from sym-
metry alone. When viewed from arms 1 or 2, however, 
the junction does not appear symmetrical. By argu-
ments derived from reciprocity,' mismatches to arms 
1 and 2 and a lack of balance between 1 and 2 may be 
inferred from the mismatches presented by the untuned 
junction to the S and P branches. Again, the introduc-
tion of reactive tuning which improves the match to 
S and P" without disturbing the balance between these 
arms and the equal power division between 1 and 2 auto-
matically tends to bring about a balanced condition 
between 1 and 2, a matching of the junction to these 
arms, and equal division between S and P of power sent 
toward the junction from 1 or 2. 
It is interesting to note that no such conclusion about 

balance between I and 2 would be reached from a naive 
consideration of the spreading of wave fronts into the 
junction from 1 or 2. Indeed, it would be anticipated 
that power from either of these arms would divide in 
roughly equal proportions among the other three 
branches. This indicates the danger latent in the indis-
criminate application of Huygens' principle except un-
der conditions of high geometrical symmetry. 
Suitable reactive tuning can be accomplished by a 

variety of metal rods and plates or by tuning stubs ap-
propriately associated with the junction. As in hybrid 
rings, it is preferable to select these tuning elements so 
that the impedances presented by the network and its 
associated loads to the S and P arms can be adjusted 
independently. The use of two reactances, one in the S 
arm, the other in the P arm, is clearly one solution to 
this problem, for adjustments in one arm cannot affect 
the impedance viewed from the other arm, since 
no power flows between the two arms. In testing a tuned 
junction, the degree of balance between 1 and 2 is often 
taken as a convenient measure of the over-all impedance 
match and symmetry. 
The frequency response of hybrid junctions is similar 

to that of the hybrid rings shown in Figs. 6(b) and 6(e). 
That is, the balance between S and P depends only upon 
the extent to which perfect symmetry is maintained 
within the junction and in the loads attached to arms 1 
and 2. It is not necessary that these loads be well 
matched so long as they give rise to equal reflections. 
Balance between I and 2 is, however, critically de-
pendent upon perfection of matching by reactances asso-
ciated with the junction. Illustrations of what can be 
accomplished in this regard will be given in the next 
section. As a general rule, the S and P arms are pre-
ferred for the placement of loads or generators which 

Is See Appendix I. 
2° Just as for hybrid rings, it would appear that, after the dis-

continuities have been tuned out, a resistive mismatch should remain, 
associated, for example, with driving two Ko loads from a Ko genera-
tor. It turns out that this is not the case (cf. Section IV). 

are to remain uncoupled over as wide a frequency band 

as possible. 

IV. EXPERIMENTAL RESULTS 

Verification of the principles discussed in the preced-
ing sections has been provided by the construction and 
measurement of the hybrid junction illustrated in Fig. 
10 and of a representative wave-guide assortment of 
the hybrid rings indicated schematically in Fig. 6. In all 
instances, the agreement between expectations and re-
sults has been very satisfactory. 
All of the hybrid rings constructed have been found to 

perform well at or near the frequencies for which they 
were designed. If the electrical lengths of the paths 
around the ring are taken in accordance with the arith-
metic mean circumference, it thus appears that no very 
large correction is necessary.2t - 
In conformity with expectation, all arms of wave-

guide hybrid circuits develop standing waves which may 
run as high as 15 or 18 decibels. It is found, however, 
that the standing waves can be reduced or essentially 
eliminated by appropriate reactive tuning associated 
with the circuit, of which satisfactory examples will be 
given below. In these and other applications, tolerances 
of the order of 0.001 to 0.010 inches, for wavelengths 
from 1 to 10 centimeters, must be placed upon the 
dimensions and locations of the compensating reactors, 
or else the results will spread undesirably. 
With terminations which have been adjusted by con-

ventional means to match the wave guide closely, the 
balances observed between opposed connections cor-
respond to losses between 20 and 40 decibels When it is 
realized that a load which introduces only 0.25-decibel 
standing waves reflects power which is about 36 decibels 
below the level of the incident power, it can be appreci-
ated that an extremely high degree of balance is attain-
able only by adjustment of the loads in situ so as to 
reduce the reflections or to alter them to cancel small re-
flections in other parts of the circuit. In this fashion it 
is possible to secure losses between opposed connections 
as high as 60 to 75 decibels, but the balance then be-
comes so sensitive to changes in frequency or to 
mechar.ical distortion of the circuit that it cannot be 
maintained at this level for many practical purposes. 

2t  This observation is in agreement with the theoretical analysis 
of propagation in curved rectangular wave guides as first given by 
H. Buchholz, "Der Einfluss der Krtimmung von rechtcckigen Hohl-
leitern auf das Phasenmass ultrakurzer Wellen," Elek. Nach. Tech., 
vol. 16, pp. 73-85; March, 1939, and as confirmed by recent un-
published work of S. 0. Rice of the Bell Telephone Laboratories, 
who uses a matrix calculus. It is convenient to interpret these 
results in terms of an effective circumference, along which the 
phase velocity is the same as in a straight guide of identical cross-
sectional dimensions. From the theory, it can be shown that the 
effective radius of a guide curved along the arc of a circle may 
in general be either smaller or larger than the arithmetic mean radius, 
depending upon the ratios between the operating wavelength and the 
cross-sectional dimensions of the guide. The magnitude of the de-
parture from the mean not only depends upon these ratios but also 
varies inversely as the square of the mean radius of curvature of the 
bend. For the proportions commonly used, the arithmetic mean cir-
cumference should be an excellent approximation to the effective 
circumference. These predictions apply to gentle or even moderately 
severe bends in either the electric or magnetic plane. 
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In order to illustrate specific microwave circuits, data 
will be given for two versions of the hybrid junction 
shown in Fig. 10. This type of circuit has been more 
highly developed than the others. The two examples 
differ only in the relative proportions of the wave guides 
involved and in the means correspondingly adopted to 
effect the impedance matching." 
Fig. 11 shows the first particular construction, with 

two metal rods employed for matching purposes." Even 
though these are located within the junction their action 
is essentially independent, since the electric intensity 

PARALLEL  ARM 

MATCHING ROD 

SERIES ARM 

MATCHING ROD 

Fig. 1I—The wave-guide hybrid junction tuned 
with two metal rods. 

lies wholly transverse to the one rod when power enters 
from the series arm, and wholly transverse to the other 
rod when the shunt arm is driven. The performance" 
of this hybrid junction is indicated by the data given in 
Table I. These results were obtained on a particular 
sample, using wave-guide terminations which were 
matched within 0.1-decibel standing waves and which 
therefore reflected power more than 46 decibels below 
the incident power." 

TABLE I 

PERFORMANCE DATA ON HYBRID JUNCTION OF FIG. 11 

Free-space wavelength in centimeters  3.13  3.33  3.53 
Standing waves in decibels: 
Match tp P arm  0.8  0.2  0.8 
Match to S arm  2.5  0.6  2.6 

Loss in decibels: 
P to S  36  39 
/ to 2  21  36 

38 
24 

12 When the cross-sectional dimensions of the guide are varied 
with respect to each other and with respect to the wavelength, it 
appears that the general choice and arrangement of tuning reactors 
leading to broadest-band characteristics will also vary. 
u This design was originated by C. F. Edwards, Bell Telephone 

Laboratories. 
24  Data furnished by A. P. King, Bell Telephone Laboratories. 
" Note that the reactors not only cancel junction reflections but 

also bring about a resistive match as well. If only the reactance were 
eliminated, a 6-decibel standing-wave would be expected from the 
termination of a K. generator in two K. loads in series or parallel. 

The second example is shown in Fig. 12, with two 
metal plates used for the independent matching reac-

1011111111 

SERIES ARM 

MATCHING PLATE 

PARALLEL ARM 

MATCHING PLATE 

Fig. I2—The wave-guide hybrid junction tuned 
with two metal plates. 

tors. Curves" illustrating the impedance matching to 
the S and P arms as a function of wavelength are given 
in Fig. 13. 

V. APPLICATIONS 

The very nature of a hybrid circuit is such as to sug-
gest immediately numerous applications in duplexing. 
In Fig. 1, for example, the following connections may be 
made: at A, a transmitter; at B, a transmission line or 
antenna; at C, a receiver; at D, a dummy load. Of the 
power sent into the network from the transmitter, half 

STANDING WAVE
 RATIO IN 

DB 

3 

2 

ARM 

P ARM 

0   

I. 75  I 200  1.225  1.250  1.275  1300 
WAVELENGTH IN CENTIMETERS 

Fig. 13—Frequency variation of impedance match to arms S 
and P of hybrid junction of Fig. 12. 

will be sent out the line or antenna, half will ET dis-
sipated in the dummy load, and none will appear in the 
receiver. Signals entering the network from the line or 
antenna will be divided equally between the receiver 

" Data furnished by S. D. Robertson, Bell Telephone Labora-
tories. The remarks of the preceding footnote (25) apply also to this 
second example. 
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and transmitter." There will therefore be a 3-decibel 
loss in reception and in transmission, or the total round-
trip loss of 6 decibels often associated with hybrid de-
vices." This duplex system still compares favorably with 
the two simplex systems necessary to accomplish the 
same result, for the total area of two similar antennas 
associated with the simplex systems may be devoted to 
a single antenna with a 3-decibel increase in gain, or, in 
the case of transmission lines, the two lines needed in 
simplex operation may be replaced by a single improved 
line, so that again the 6-decibel round-trip loss is re-
covered. This loss can also be reduced materially by the 
appropriate employment of active circuit elements, such 
as gas-discharge switches. 
A second important field of application occurs in con-

nection with balanced mixers and converters. As an 
interesting preliminary to this subject, consider the fol-
lowing argument. In Fig. 1, let the terminals B and D 
be joined externally at a junction E. This junction may 
be so located that when power is introduced at A the 
equal amounts of power delivered to B and D reach E 
in phase. All of the power from A will therefore be de-
veloped in the appropriate load at E. Since A and E are 
completely coupled, the terminals C, by reciprocity, 
have no connection with either A or E and hence play 
no part in the circuit. Thus it is not possible to combine 
the two radio-frequency voltages to drive a single load 
and to avoid the 3-decibel loss accompanying the use of 
a dummy load, without at the same time destroying the 
hybrid properties of the circuit. 

R.F SIGNAL 

I IA I  
DETECTOR 0 HYBRID NEWMAN 

BEATING OSCILL ATOR 

1.F. CIRCUIT 

DETECTOR 

COMBINED I.F. OUTPUT 
Fig. 14—Schematic representation of a balanced converter. 

It is possible, however, to avoid a loss, when detection 
is involved, by combining detected signals. It is this 

"The power sent toward the transmitter will be so small as not to 
affect the transmitter appreciably. If the incident power is reflected 
from the transmitter, it will appear at the line and at the dummy 
load and will not affect the signal level at the receiver, so long as the 
dummy is a passive load. 
"The round-trip loss is minimized at 6 decibels when equal power 

division both ways is chosen. See Appendix I. 

principle ,which is involved in the use of a hybrid net-
work for a balanced converter in the manner repre-
sented schematically in Fig. 14. The intermediate-
frequency voltages appearing at B' and D' must be 
combined with due regard for their relative phase. While 
it is important that there is no loss in signal power over 
that normally associated with detection, this in itself is 
tcarcely a reason for preferring the balanced converter. 
Its advantages, however, are numerous, including the 
isolation between the signal and the local beating oscil-
lator and the elimination of noise contributions from the 
local oscillator. This has, indeed, been an application in 
which these hybrid circuits have been extensively used 
in microwave systems. For this purpose, the hybrid 
junction of Fig. 10, modified as in Figs. 11 or 12 or in 
other ways, has been chosen, for reasons of compactness, 
convenient geometry, and broad frequency response." 
Beyond these and other applications for hybrid cir-

cuits in microwave systems, there are numerous uses in 
laboratory measurements."—" These will arise whenever 
it is necessary to establish directional balance or to 
make special use of the phase properties" which char-
acterize these hybrid circuits. 

APPENDIX I 

THE APPLICATION OF RECIPROCITY THEOREMS 
TO HYBRID NETWORKS 

The law of reciprocity for electrical networks may be 
stated in a variety of ways." A familiar form is: the 
positions of an impedanceless generator and an im-
pedanceless ammeter may be interchanged without af-
fecting the ammeter reading." From this will now be 
derived a theorem concerning attenuation between any 
two points in a transmission network. 
Consider Fig. 15(a), which shows two transmission 

lines connected to an arbitrary network containing only 
passive linear circuit elements. The characteristic im-
pedances of these lines are K1 and K2, both assumed 
purely resistive for the sake of simplicity. Line 1 is 
terminated in a characteristic impedance generator, 
that is, in a resistance R1 in series with an impedanceless 
generator G whose electromotive force is represented by 
V0e4". Line 2 is terminated in a characteristic-imped-
ance recording load, that is, in a resistance R2 in series 

"C. F. Edwards, "Microwave converters," presented orally, 1946 
I.R.E. Winter Technical Meeting, New York, N. Y., and published 
in PROC. I.R.E., this issue, pp. 1381-1392. 
"F. J. Gaffney, "Microwave measurements and test equipment," 

PROC. I. R.E., vol. 34, pp. 775-794; October, 1946. 
"A. L. Samuel, "An oscillographic method of presenting im-

pedances on the reflection coefficient plane," PROC. I.R.E., this issue, 
pp. 1279-1284. 
'4 A. F. Pomeroy, "Precision measurements of impedance mis-

matches in wave guides," Bell Sys. Tech. Jour., vol. 26, July, 1947. 
'4E. W. Houghton, 'Electrical Engineers' Handbook," H. Pender 

and K. Mcllwain, 1947 edition; John Wiley and Sons, Inc., New 
York, N. Y. Section on Microwave Measurements. 84 See Appendix I for phase properties exhibited by the use of two 
generators. 
'4 See pp. 103, 104, 201, 202, and 476-479 of footnote reference 1. 
'4 See page 476 of footnote reference 1. 
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with an impedanceless ammeter A. The network is not 
assumed to provide an impedance match to either line. 
The power delivered from the generator to the termi-

nation of line 2 is R21 /211 2. The maximum power which 
can be obtained from the generator with its associated 
series resistance corresponds to the termination of line 
1 in a resistance R1 and is equal to 1702/4R1, with an 
equal amount of power dissipated in R1 associated with 
the generator. The ratio between these expressions, 

4/21/22 1 /21 12  

1702 

is the loss between the terminations of the lines. It will 
be noted that this takes account of reflections at the 
entrance to the network as well as dissipation within 

121 

K2 = R2 

K2 =R2 

NE T WORK 

(a) 

NET wank 

112 

R, 

(b) 
Fig. 15—Schematic representation of circuits for 

application of reciprocity. 

the network. No other expression for the loss would be 
meaningful from the transmission-line point of view. 
In Fig. 15(b), the positions of the generator and am-

meter have been interchanged. By similar reasoning, 
the loss between the terminations of lines 1 and 2 is 

4R1R2 I /12 12  

Vo2 

By the theorem of reciprocity" quoted above, however, 
1 11212 r== I 1211 2, and the losses in either direction are equal. 
Thus, the same fraction of the available generator power 
is transmitted from either point to the other. This, an 
alternative statement of reciprocity, is the form needed 
for present purposes. It will be seen later that the inter-
pretation in terms of fractional power is not valid when 
more than one generator is simultaneously involved. 
Certain important deductions can now be made about 

the balance, power division, and impedance match asso-
ciated with hybrid circuits. When characteristic imped-
ance loads are externally attached to any three arms, the 
hybrid network combines them to present a certain im-
pedance to the fourth arm or pair of terminals. Two 
cases need to be distinguished, depending upon whether 
this impedance is or is not equal to the characteristic 
impedance of the transmission line comprising the 
fourth arm. The former, or matched case, will be con-
sidered first. 
In Fig. 1, therefore, let appropriate loads be attached 

to B, C, and D, with a characteristic-impedance gener-
ator connected to A. Since it is assumed that the gener-
ator works into a matched load, all of its available power 
is delivered into the network. It is further assumed that 
this power is equally divided between B and D, with 
none appearing at C. Thus, exactly half of the power 
flows from A to B. Let now the generator be replaced 
by a corresponding load at A and the load at C be re-
placed by an appropriate generator. By reciprocity, no 
power can flow from C to A. It is further assumed that 
the generator works into a matched load at C and that 
the power is equally divided between B and D. Exactly 
half of the available power flews from C to B. If the con-
ditions are now changed so that a generator is connected 
to B, with loads at A, C, and D, the application of rec-
iprocity shows that half of the power flows to the load 
at A and half to the load at C. There is, therefore, no 
residual power to appear at D or to be reflected back to 
the generator. B and D are thus balanced with respect 
to each other, power sent from either of them is equally 
divided between A and C, and the network provides a 
match to both B and D. 
It is seen, then, that balance, equal power division, 

and impedance match for one pair of opposite arms 
constitute conditions sufficient to insure balance, equal 
power division, and impedance match for the other 
arms. 

Consider now the mismatched case, in which the net-
work with its associated loads fails to provide an imped-
ance match to some one arm, A, for instance. Standing 
waves will be set up in the line between the network 
and the generator terminating this arm. Assuming, as 
before, equal power division and balance, somewhat 
less than half of the available power will be delivered 
to loads at B and D, with the remainder accounted 
for in reflection back toward the generator. By re-
ciprocity, the same fraction of power, somewhat less 
than half, will be transmitted from B to A. If equal 
power division from B is postulated, C also receives 
somewhat less than half of the power from B. The re-
mainder of the power available at B must appear, there-
fore, either as reflection back upon the generator, as 
power developed at D, or in both ways. If equal power 
division from B is abandoned, on the other hand, it 
should be generally possible to secure balance between 
B and D and an impedance match of the network and 
its associated loads to the arm B. In any case, however, 
at least one of the three quantities, balance, power divi-
sion, and impedance match, has been compromised at 
B by the mismatch at A as a necessary consequence of 
reciprocity. 

The generality of this last conclusion must be tem-
pered to some extent by consideration of the specific 
network involved. If the network is symmetrically dis-
posed with respect to one pair of opposite arms," the 
balance between these arms will be independent of im-

$7 E.g., the Sand P arms of a hybrid junction. 



1P47  Tyrrell: Hybrid Circuits for Microwaves  1305 

E.dance matching provided that the other arms are 
mninated in equal loads, symmetrically disposed, of 
fly character whatsoever. Similarly, if symmetry does 
ot prevail with respect to a pair of opposite arms," all 
lectrical characteristics viewed at these arms will vary 
oncurrently.  ' 
The stress which has been Placed upon equal power 
ivision deserves explanation. Consider a duplexing sys-
em in which a passive hybrid network is employed as 
he central element." Let this network be so propor-
ioned that a fraction r of the transmitter power is de-
ivered to the antenna or transmission line, the re-
nainder being dissipated in a dummy load. Reciprocity 
hen limits the fraction of the power which is delivered 
o the receiver from the antenna or line to 1 —r at the 
nost. The round-trip efficiency is thus r(1 —r). This is a 
naximum for r =1, and the over-all loss is therefore kept 
..z) a minimum of 6 decibels with the network designed 
'or equal power division. In other applications as well, 
;uch as balanced converters, the most successful opera-
ion is usually obtained with equal power division. 
So far, only operation with a single generator has been 

:reated. Another important set of properties of the hy-
brid network is suggested by the consideration of Fig. 
!16, which shows two generators of identical frequencies 
.connected to the opposite arms 1 and 3. It is assumed 
that balance, equal power division, and impedance I 

03 
HYBRID 

NETWORK 

Fig. 16—Hybrid network with opposed generators. 

match have been secured in all directions. If the peak 
voltages of G1 and G3 are taken as Vo and 

Vo  1 

respectively, they will deliver equal amounts of power 
to the network, and so 1 1411 =I 1 1431 and 1 /211 = 11231. Since 
the generators are located in balanced arms, they oper-
ate independently. The currents in R2 and R4 may 
therefore be combined linearly with due regard for rela-
tive phase. Let now G1 and G3 be so phased with respect 

so E.g., the arms / and Z of a hybrid junction. 
39 As described in Section V. 

to each other that the currents /21 and /23 are exactly 
in phase. The current through R2 is thereby doubled, 
and the power developed here is four times the power 
delivered to R2 from either generator in the absence of 
the other. This accounts for all of the available power 
from both G1 and G3. The currents /41 and 143 must 
therefore be 180 degrees out of phase, so as to cancel 
completely so that no power is developed in R4. It is 
not difficult to see that the phasing of G1 and G3 which 
brings that about is the same as the phasing of voltages 
appearing across loads at 1 and 3 when the network is 
driven from arm 2." If the phasing between G1 and G3 

is altered by 180 degrees, all of the total available power 
will appear in R4, and R2 receives none, but this in turn 
implies the same phasing as that between loads at 1 and 
3 driven from arm 4. With any intermediate phasing of 
the generators G1 and G3, the power will be appropriately 
divided between R2 and R4. 

This brings out clearly the close relationship between 
balance and phasing in the hybrid network. It is also 
evident that the interpretation of reciprocity in terms 
of fractional power transmitted is seriously altered when 
more than one generator is present. 
Many other interesting properties and relationships 

peculiar to the hybrid network can be derived from 
reciprocity and conservation of energy. The examples 
given, however, are sufficient to illustrate the general 
nature of these relationships as well as to illuminate 
certain statements made in the text. 

APPENDIX II 

THE PHASE PROPERTIES OF WAVE-GUIDE JUNCTIONS 
The principal concern here is to derive phase rela-

tionships for the tee junctions illustrated in Fig. 2. This 
will be done by the qualitative application of Huygens' 
principle. 
A cross-sectional view of an electric-plane wave-guide 

junction is shown in Fig. 17, with lines of electric inten-

A 

Fig. 17—Spreading of a wave front into an electric-plane 
junction from the side arm. 

sity drawn in successive positions of the same wave 
front to indicate what happens when dominant waves 

A formal proof of this would involve a restatement of rec-
iprocity so as to show that the electrical length between any two 
points in a network is the same in either direction. 



1306  PROCEEDINGS OF THE I.R.E. Novemb 

are sent toward the junction from the side arm. Al-
though at the junction there will usually be some re-
flection, not indicated, it is clear that the transmitted 
power tends to be divided equally between the collinear 
arms and, if the planes AA' and BB' are equidistant 
from the center of the junction, the waves at AA' are 
180 degrees out of phase. with the waves at BB'. Fig. 18 
shows the same junction, with solid lines to represent 
electric intensity in successive positions of the same 
wave front for waves arriving from the left, and with 
broken lines for waves from the right, in the. main guide. 
If the waves are in phase at AA' and BB', the side arm 
receives two waves which are 180 degrees out of phase. If 
the amplitudes of the incoming wave trains are equal, 
the waves in the side arm cancel completely, and this 
branch receives no power. Such sets of waves of equal 
amplitude traveling in opposite directions create pure 
standing waves in the main guide, with a voltage maxi-

A 8 

Fig. 18—Spreading of wave fronts into an electric-plane 
junction from both ends of the main guide. 

mum at the junction. Conversely, the side arm of an 
electric-plane tee junction receives maximum power 
when a pure standing wave exists in the main guide 
with a voltage minimum (current maximum) at the 
junction. This is precisely the behavior exhibited by a 
load which has a series connection to a transmission line. 
From the point of view of phase relationships, therefore, 
the side arm of the electric-plane tee may be regarded 
as connected in series with the main guide. 
A cross-sectional view of a magnetic-plane wave-guide 

tee junction is shown in Fig. 19. Here the electric inten-
sity is perpendicular to the plane of the figure. The 
situation shown is the case where a wave front ap-
proaches the junction from the side arm. Since the 
geometry does not act here to reverse the polarity of the 
lines of force, the waves at AA' are in phase with those 
at BB'. Similarly, if waves of equal amplitude are sent 
toward the junction from the left and right so as to be 
in phase at the junction, the side arm receives two sets 
of waves in phase and therefore maximum power. From 
the point of view of phase relationships, then, the side 
arm of the magnetic-plane tee is connected in parallel 
across the main guide. 
A sectional view of a wave-guide-to-coaxial tee junc-

tion is given in Fig. 20, with lines of electric intensity 

shown for successive positions of a wave front whic 
emerges from the coaxial and spreads both directions i 
the guide. It is seen that the waves crossing AA' are 
phase with those crossing BB'. The coaxial line therefore 
receives maximum power when located at a voltage 
maximum, and the connection is identified as a parallel 
connection across the guide. 

‘i , 
t 1 
I I --11. 

IOUT 
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B' 

Fig. 19—Spreading of a wave front into a magnetic-plane 
junction from the side arm. 

Only one particular method of coupling the coaxial to 
the guide has been shown. Many other methods of es-
tablishing an abrupt connection are similar in that some 

IN 

Fig. 20—Spreading of a wave front into a wave guide 
from a coaxial side arm. 

portion of the inner conductor of the coaxial is aligned 
parallel to the electric intensity of the dominant wave in 
the guide. Any such abrupt connection may therefore 
be characterized as a shunt connection. By similar 
reasoning, it is evident that the direct connection of a 
point-contact rectifier or thermistor to a wave guide, 
involving a conductor parallel to the electric intensity, 
is a parallel connection. 
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A Mathematical Theory of Directional Couplers* 
HENRY J. RIBLETt, ASSOCIATE, I.R.E. 

Summary—Directional couplers are becoming an increasingly 
mportant component in microwave radio-frequency circuits. By the 

suitable generalization of concepts used in discussing the lumped 
,oading of a single transmission line, it is possible to discuss the 
interaction of the coupling elements of these more complicated 

circuits in a reasonably complete and elementary manner. Input 
impedances are analyzed in terms of equivalent tee and pi sections. 
The transformation of line impedances is shown to commute with 
similarity transformations, so that the circuit problem is equivalent 
to one involving independent but properly loaded transmission lines. 
The behavior of many aperture-coupled directional couplers may be 

analyzed by the use of a single conventional impedance diagram. A 
small-hole theory is given which predicts previously unexplained re-

sults. 

I. INTRODUCTION 

A
DIRECTIONAL coupler or wave selector is a 
passive, linear, four-terminal-pair network such 
as is shown in Fig. 1, having the property that 

power fed in at terminal 1 divides in some ratio between 
terminals 3 and 4 without appearing at terminal 2, 
while power fed in at terminal 3 divides between 

[3 

3 

V3 

— 4'  

Fig. 1—Four-terminal-pair network. 

14 

4 

terminals 1 and 2 without appearing at terminal 4. In 
the event that power in at 1 divides equally between 3 
and 4, the network is known as a bridge circuit. A 
familiar type of wave-guide directional coupler is shown 
in Fig. 2. 
An indication of the important role played by direc-

tional couplers in the microwave field has been given by 
Mumford.1 For a description of various directional 
couplers, together with design and performance data, 
reference is made to a report by Harrison.2 

* Decimal classification: R142. Original manuscript received 
by the Institute, August 23, 1946; revised manuscript received, 
November 6, 1946. 

Submarine Signal Co., Boston, Mass. 
W. W. Mumford, "Directional couplers," PROC. I.R.E., vol. 35, 

pp. 160-166; February, 1947. 
2 R. J. Harrison, "Design considerations for directional couplers," 

M.I.T. Rad. Lab. Rep. 724; December, 1945. 

The performance of a directional coupler fed at 1 is 
usually specified in terms of the directivity, coupling, 
and input standing-wave ratio. Suppose that terminals 
2, 3, and 4 are perfectly matched and that power in the 
amount Pi is incident on 1, then if P1, /32, P3, and P4 are 

Fig. 2—Wave-guide directional coupler. 

the powers leaving the directional coupler through 
terminals I, 2, 3, and 4, respectively, we define the 
directivity to be P4/P2 and the coupling to be. Ps/P4. 
Of course, the input standing-wave ratio may be de-
termined in the usual way from Pi and P1. The direc-
tivity so defined has little practical interest unless the 
directional coupler is symmetrical end for end. In this 
case it measures the ability of terminal 2 to discriminate 
between power incident at I and power incident at 3. 
Consideration of Fig. 2 shows that our problem is that 

of a pair of uniform transmission lines coupled together 
at discrete points. A number of references in the litera-
ture treat the matter of multiple-terminal transmission 
lines. Some of these writers (for example, Pipes)a re-
strict themselves to uniform lines which are coupled by 
the interaction of their electromagnetic fields, while 
others (for example, Koizumi)4 consider the problem of 
replacing an arbitrary network by a system of isolated 
uniform lines. Rice' has written an extensive mono-
graph analyzing these questions. Lippman° has dis-
cussed the cascading of branched-guide directional 
couplers using the directional coupler as the basic unit. 
For this purpose he has introduced the matrix analogues 
of the propagation constant and image impedances of a 

two-terminal-pair network. 
The theoretical work referred to above has in com-

mon the development of a formalism which is identical 
with that of the familiar quadripole. This paper will 
extend this similarity, primarily by treating the cou-
pling elements as lumped loads on a uniform transmission 
line. It is clear that this underlying point of view may 
have other applications. For the sake of conciseness, 
however, the discussion is limited to directional couplers. 

L. A. Pipes, "Matrix theory of multiconductor transmission 
lines," Phil. Mag., vol. 24, pp. 97-100; 1937. 

4 Shiro Koizumi, "Mehrpolleitungstheorie," Arch. fiir Elearo-
kch., vol. 33, pp. 171-188, 609-622; 1939. 

'S. 0. Rice, "Steady state solutions of transmission line equa-
tions," Bell Sys. Tech. Jour., vol. 20, pp. 131-179; April, 1941. 
• B. A. Lippman, "Theory of directional couplers," M.I.T. Rad. 

Lib. Rep. 860, December, 1945. 
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II. COUPLED LINES 

Consider the schematic drawing of Fig. 3, which is 
equivalent to the directional coupler of Fig. 2. It is spe-
cifically assumed that the sections of transmission line 
(a) are uniform and isolated from each other so that the 
only coupling which exists is localized at definite points 

A 
Las) I 1,(A) 

2 

vim  v, 

ji V2(8)  I Vz(A) 
CI) 

13' 

(4) 

4 

Fig. 3—Lump-coupled transmission lines. 

on the transmission lines. The devices (c) which pro-
vide this coupling will be referred to as coupling ele-
ments, and they may consist of holes in a common wall, 
complete transmission lines, or loops. It simplifies the 
discussion to assume that the two transmission lines are 
identical and that the spacing between the coupling ele-
ments in electrical degrees is the same on both trans-
mission lines. Cases where this is not obviously true 
should be examined individually to see if the methods of 
this paper are applicable or not. 
Our immediate program will be as follows: 
(a) Definition of the Impedance of the network look-

ing to the right at any point. 
(b) Determination of the formula by which this 

Impedance transforms down the transmission-line por-
tions of the network. 
(c) Definition of the parallel Admittance and series 

Impedance associated with each coupling element. 
(d) Determination of rules by which a parallel Admit-

tance or series Impedance combines with the Admit-
tance or Impedance to the right of the terminals of the 
coupling element. 
As we shall see, these generalized Impedances and Ad-

mittances are second-order matrices. They may be de-
fined so that the similarity with single-transmission-line 
procedure is very close. 
(a) If a network such as the one shown in Fig. 3 is 

terminated in any impedances and broken into along 
the line A — A' , we will have 

v1(A) = znii(A)  zi2i2(A) 

The matrix 

V2(A) = Z12i1(44  Z2212(A)• 

(Z11  Z12)  
ZA = 

Z12  Z22 

will be defined as the Impedance to the right of the gen-
eralized transmission line. A similar definition holds for 
the Admittance to the right. 
(b) We should now like to determine in Fig. 3 the 

Impedance to the right at B —B' in terms of the 
Impedance to the right at A — A' . On both lines of Fig. 
3 we will have relationships of the form 

vA(B) = vk(A) cosh -y1+ zoik(A) sinh -y1 

1  (3) 
— v, (A) sinh -y1  i A (A) cosh .y1 
Zo 

i A (B) = 

where 7 and zo are the propagation constant and char-
acteristic impedance, respectively, common to the two 
lines. We may express this in matrix form: 

V(B) = cosh 71IV (A) + sinh 71Z of (A) 

1(B) = sinh  (A)  ccsh -y1II(A), 

if we put 

V(B) = I (B) = /ii(B)): etc.; 
i2(B) 

20= (zo  ). 
0 zo 

(4) 

By definition, il(A)=ZA/(A), and we have, on substitu-
tion in (4), 

V (B) = { Z A cosh -yl  Zosinh irl) I (A) 

1(B) = Z 0-1 1Z A sinh yl ± Zo cosh -y111 (A).  (5) 

Then, upon elimination of I(A) from (5) , with due re-
gard for the fact that matrices do not commute, we 
obtain 

V (B) = Z A cosh 71  Zo sinh 7/1 X Zo 

X IZA sinh -yl  Z0 cosh ,y/ --'/(B). 

Thus the Impedance to the right at B—B', ZB, can be 
written as 

Zu = Z0 
sinh 71 + Zo cosh 71 

This is a special case of a known formula for multi-
wire transmission lines.7 The similarity with familiar 
single-wire formulas is clear. 

(c) Consider a coupling element having the special-
ized appearance shown in Fig. 4. The relationship be-
tween v., vo, io, and io is given by equations of the form: 

ZA cosh 7/  Zo sinh 7/ 

(1)  The matrix 

(2) 

V° = Zaaja  Zabib 

Vb  Zabia  Zbbib• 

= (Zo u Lib) 
Z. 

Zub Zbb 

'See page 137 of footnote reference 5. 

(6) 
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viii be called the series Impedance of the coupling ele-
nent. The reason for the use of the term "series" is 
:lear, since, for the coupling element as shown, the dis-
:ontinuity seen from any terminal will appear to be an 
mpedance in series with the line. Similarly, a network 
;hunted across both lines will give rise to an admit-
ance matrix, 

CYoo  Yob), 

ob  Ybb 

w hich we will call the parallel Admittance of the coupling 
.element. Coupling elements of either of these types will 
be called simple coupling elements. 

17, = 

1 vi 

V4 

Fig. 4—Simple series coupling element. 

(d) From a consideration of Fig. 4, we have the fol-

lowing: 

Thus 

ii == 

v„ d- vi' 

V2 == Vb —IF V2' 

i2 =  i21 = 

VI == Zaail -F Zabi2 d- zliii -F Z12i2 

V2 2. Zabil -F Ztobi2 d- Z12il d- Z22i2/ 

and so ZD=Zs+ZA where Z8 is the Impedance to the 
right op the left of the coupling element, Zs is the series 
Impedance of the coupling element, Z8 is the series 
Impedance of the network to the right on the right of 
the coupling element. For parallel coupling elements we 
must add, to the Admittance to the right, the parallel 
Admittance of the coupling element. 

(7) 

Fig. 5—Generalized pi section. 

(8) 

This completes the analogy between the problem of 
lump-coupled transmission lines and the lump-loaded 

uniform line. On the uniform portions of the lines we 
transform Impedances according to (6), and when we 
encounter simple coupling elements we add series Im-
pedances and parallel Admittances in a manner com-
pletely analogous to the usual treatment of pi and 
tee sections. Actually, it is not difficult to show that any 
coupling element having symmetry about a —a' or b —b' 
of Fig. 1 can be represented as a pi or tee section of 
simple coupling elements as indicated in Fig. 5. 

III. SIMILARITY TRANSFORMATION 

If we denote Z1= (ZL cosh 7/ +Zo sinh 7/)Zo(ZL sinh -yl 
Zo cosh 70-1 , we may consider the effect of a similarity 

transformations on Z. Such a transformation may be 
written AZiA-i where A is a nonsingular matrix. We 

have 

= A(Z L cosh 7/ + Zo.sinh 7/)Zo 

X (ZL sinh -y1 ± Zo cosh 71)-1A-1 

= A(Z L cosh ,y1  Zo sinh 71)A-1Zo 

X A (Z sinh -yl + Zo cosh 71)-144-' 

= (AZ LA-' cosh -yl  Zo sinh 7/)Zo 

X (AZA-1 sinh -yl + Zo cosh -yl)-1 (9) 

since the unit matrix commutes with all matrices and 
the inverse of the product of two matrices is the product 
of the inverses in the reverse order. Now this equation 
has the consequence that an Impedance may be reduced 
to diagonal form and then transformed down the line. 
This materially simplifies the calculations, since these 
line transformations may be handled independently just 
as if there were no coupling between the lines. 
.If all of the Impedances and Admittances of the 
simple coupling elements comprising the directional 
coupler are reduced to diagonal form by the same 
similarity transformation, then our problem is equiva-
lent to that of solving, independently, separate lump-
loaded uniform transmission lines. Of considerable prac-
tical interest is the case where the coupling elements are 
symmetrical about line a—a' of Fig. 1. Then the Im-
pedances and Admittances encountered all have the 
form 

(a 15) 13 a • 

This is reduced to the diagonal form 

la + 13  0\ 

k0  a — fli 

by the transformation ' 
'-1 

11) • 

This can be seen readily by consideration, for example, 
of the equations defining the Admittance of a simple 

C. C. MacDuffee, "Vectors and Matrices," Opencourt Publish-
ing Co., Menasha, Wis., 1943; pp. 112-148. 
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parallel coupling element, which are 

it = yovi  yovo 

i2= yovi  yav2. 

Upon addition and subtraction, we obtain 

it + i2 = (Y. + Yb)(vt + v2) 

— it + is = (y. —  vt + v2), 

so that the equations 

i+ = ii --l- is; 

= — it + i2; 

V+ = V1 ± Vs 

= — V1 + V2 
(10) 

relate the voltages and currents on the "diagonal form" 
transmission lines, called for convenience the "plus" and 
"minus" lines to those actually observed in the direc-
tional coupler. The inverse equations are 

V1 — 

it — 

2 

i+ — 

2 

Thus the assumed symmetry of the coupling elements 
leads to an input Admittance for the coupled lines of the 
form 

(yi+ + yi- yi+ — yi-
1/2 

yi+ — yi- yi+ + yi-). 
(12) 

Here yi+ is the input admittance of a transmission line, 
called the "plus" line, having the same parameters as 
each of the coupled lines, with loads at-I-X spaced on 
it just as on the coupled lines; and y,- is obtained, 
as above, except that the ak-I-Ok are replaced by ak — i5, 

IV. ILLUSTRATIVE EXAMPLE 

In the interest of brevity, this section is limited to the 
very simple but important practical case where the 
coupling elements have Admittances and Impedances of 
the form 

(a a 

ka a • 

It can be shown without difficulty that any simple cou-
pling element with an Admittance of this form scatters 
equally into the two transmission lines of Fig. 3, and 
vice versa. Apertures which are either simple series or 
simple parallel couplings, cut in the infinitesimally thin 
wall separating wave guides which have one wall in 
common as in Fig. 2, will have this property. It will 
also hold if the holes are of sufficient size so that the 
attenuation and phase shift passing through them is 
negligible. Slots longer than resonant in thin walls illus-
trate this type of coupling. 
Let us consider the case where the directional coupler 

has an even number, n, of simple parallel coupling ele-
ments of Admittance 

(Y.  Y.) 

\ ya  )'e/ 

equally spaced on two transmission lines with propaga-
tion constant -y and characteristic impedance unity. The 
voltages and currents of the directional coupler are de-
termined from those of the "plus" and "minus" lines by 
(11). The plus line has n equal shunt loads, 2y„, spaced 
1 units apart, while the minus line is unloaded. The lump-
loaded line may be readily solved by replacing a typical 
section of the network, broken, say, midway between 
the loads by a uniform line having the correct character-
istic admittance y+ and propagation constant -y+. These 
are -determined from the formulas 

cosh -y+1 = cosh -y1 + ya sinh -y1 

sinh -y+1  71 
  = sinh 71 + 2y„ sinh2 
Y+ 2 

which may be derived exactly like Campbell's formula 
for the loaded rite.' 
In terms of these quantities, the relationships between 

the input and output voltages and currents are 

(13) 

1 
v,+ = vo+ cosh ny+/  — i0+ sinh n7+1 

Y+ (14) 

= y+vo+ sinh n7+1 ± io+ cosh try+/. 

Similar equations relate the "minus" voltages and 
"minus" currents, except that y =1 and 7-=7. If 
the output terminals are assumed to be matched, we 
will have io+=vo+ and io- =v0-, so that 

1 
vi+ = vo+(cosh n7+1  — sinh n7+/) 

y+ 

ii+ = vo+(y+ sinh lz-y+1 + cosh n7+1). 

Let us put 

1 
T+ = cosh n7+1 + — sinh n-y+/ 

Y+ 

S+ = y+ sinh wy+/ + cosh n7+1, 

with analogous expressions for T- and S. 
Then we may write the input admittances to the 

"plus" and "minus" lines: 

(15) 

s-

(16) 

Y'T = 1 = —  (17) 

In terms of these quantities, the input Admittance to 
the directional coupler is 

1/2 (ys+ + yr  y.•+ — vi-) 

yi+ — yi- yi+ + yr 

If we write yii =  and y12= (yi+ — Yr) / 
we have as a consequence of definition 

it = YIIVI  Y12V2 

i2 =  )'12Vi =  Y111,2. 

° W. L. Everitt, "Communication Engineering," McGraw-Hill 
Book Co., New York, N. Y.. 1937; pp. 173-174. 
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[f power is fed into the directional coupler of Fig. 1 
:hrough terminal 2, and terminal / is well matched, it 
:an easily be shown that 

— yi2v2  
v1= 

1 + yii 

yn2 — y122 + 
i2 =  V2; 

1 ±  yii 

Y12 
21 =   V.  (18) 

1 + yii 

To determine the voltages at the far end of the wave 
selector, we first determine vi+ and v,-, according to our 
previous rules. From (10) we have 

1 ± Yu -  Y12  1 ±  yil + Y12 
VI+  =  2)2;  V4-  =  V2.  (19) 

1 + yli  1 + yii 

From (15), 
1  1 

vo+ = Vi+  ;  VO-  = Vi-  (20) 
T+ 

Now, finally, we determine the output voltages, from 

(11), to be 

v3 = 1/2 {1 -I- yti — Y12  1 ±  yii + Y12} 

±  Yii)T+ -F Yii)T- v2 

v4 = 1/2 {1 + yil — y12 • 1 + yii + y12} v2. 
(1  yii)T+  (1 -I- yii)T-

The input admittance is given by 

y112 — y122 yu 

yii +l 

(21) 

The condition for perfect directivity is that yi+ shall /equal 1, and we see that this is the condition for per-
fect match. Thus, for the class of directional couplers 
under discussion, we have the interesting property that 
high directivity is equivalent to low standing-wave ratio. 

The condition that yi+ =1 is, by (17), 

y+ sinh n-y+1 + cosh n7+/ 
  . 1. 
cosh n-y+1 + 1/y+ sinh n-y+1 

For n even, this will happen when 7+1=jr/2. The actual 
spacing (fl the line is given by the expression, 

cosh 71 + y„sinh-y1 = 0.  (22) 

Assuming perfect directivity for this type of direc-
tional coupler is equivalent to putting y12=  O. Hence, 

1  1 
V3 =  1/2j _ — — 4 1/2 

T+ 

1 
V4 =  1/2 { — +  V. 

T+  

Thus 

2)3 v3 — T+  sinh n-yl + cosh n7I — (— Ono 

V4 7'  T+  sinh n71 + cosh nil  (— 1)1'12 

cosh — • 7/ 
2 

sinh — • 7/ 
2 

(n = 4k + 2) 

sinh — 
2 

cosh — 71 
2 

(n = 4k).  (23) 

Since 1 is in the neighborhood of Xg/4 for small couplings, 
the ratio v3/v4 increases linearly for small n but deviates 
from linearity as the directional coupler approaches a 
bridge. It is clear that the voltages in the two wave 
guides have a 90-degree phase difference, and that the 
power can be made to alternate from one guide to the 
other by the use of a sufficient number of coupling 

elements. 
In the case when n =2, it may be shown that 

I Y. I  
v3 I = I cosh -yll  2  (24) 

I ye 1 

whereas the voltage induced in the auxiliary guide by a 
single coupling element may be obtained from (22) by 

putting yii= 1 +yo and yi2 = ya. Thus 

so that 

V31 = 
— ye  

2 + ye 

I V31  I Y al  

-V4 -I- I ye 12 
(25) 

Hence, for small ye the voltage is approximately doubled 
by using two coupling elements. Here we have made use 
of the fact that ye is purely imaginary. 
For the case when n =2, it may easily be shown that, 

if, terminals /, 3, and 4 are perfectly matched. 

2)1  — (2cyr,  syr,2) 

v2= 4c + 4s ± 4syL 2cyL  syL2 

2)3 = — 2yL 2 

S 

vi = 4 + 2yz,   yr..2 
s + c 

where yr, = 2y„, s =sinh 71 and c= cosh 
For such a directional coupler, if y„ is independent of 

frequency, we see that 2)3 changes very slowly with fre-
quency, since ye2 generally is much smaller than ye. 
Hence, for small couplings the change in coupling with 
frequency is determined primarily by the behavior of ye. 
By careful design it is possible to choose the coupling 

elements so that yL changes slowly with frequency. 
Hence the output voltages are sensibly constant com-
pared with the rate at which the voltage, vi, changes. Ac-
cordingly, once the coupling and directivity at a given 
frequency have been determined, the principal char-
acteristics of the coupler may be determined by the 
value of the input Impedance of the network. For the 
study of this quantity a conventional circle diagram is 

particularly well suited. 

(26) 

71. 
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We easily see that the condition when two coupling ele-
ments, each with the parallel Admittance 

C: ;:) 
have infinite directivity is that they be spaced a 
distance such that when we add a susceptance of magni-
tude 23,,, to 1 and move along the diagram the pre-
scribed distance, the addition of 2y„ will bring us back to 
1. For a two-hole coupler of the type shown in Fig. 2, 
this predicts a spacing between the holes somewhat less 
than a quarter guide wavelength. This is in good agree-
ment with observed results." The arguments of the 
previous section show that we also have zero reflection 
at this point. The rate at which the directivity falls off 
is clearly indicated by this procedure. 'The use of 
binomial distribution of elements has been suggested as 
a means of increasing the bandwidth of this type of 
directional coupler. If we use the same spacing but now 
add 2y,, to 1, travel around the diagram as before, then 
add 4y„ and travel around again, the addition of 4y„ 
will bring us back to the center. Thus this arrangement 
also gives infinite directivity. Consideration of the circle 
diagram will show, however, that there is a somewhat 
shorter spacing, or longer wavelength, at which this 
arrangement of coupling elements again gives infinite 
directivity. A suggestion of this double-resonance phe-
nomenon is seen in Fig. 7 of the paper by Mumford, 
referred to previously.' 

V. SMALL-COUPLING THEORY 

The assumption that the coupling between the trans-
mission lines is weak or, what is essentially equivalent, 
that the elements of the coupling Impedances and Ad-
mittances are small, somewhat extends the range of 
usefulness of the preceding results. We have seen that 
problems involving directional couplers whose coupling 
Admittances are of the form 

(Y.  Y.) 

\ Y.  Y.1 

can be handled on a single impedance diagram. Now, the 
same state of affairs is still true for more general sym-
metric coupling elements of the form 

(Y.  Yb) 

Yb  Yo 

if we assume that 3,,,2—yb2 is small compared with ya. 
This assumption is actually weaker than requiring that 
y„ and Yb  be both small, and allows us to extend the 
analysis in terms of a single circle diagram to the 
majority of aperture-coupler wave selectors now in use. 
In order to show this, consider a pair of elements 

whose admittances are 

10 See page 19 of footnote reference 2. 

(Ya  Yb) 

Yb  Yu 

and which are spaced a distance I apart on transmission 
lines of propagation constant 7 and characteristic im-
pedance unity. The Admittance to the right at a point 
just to the right of the first element will be, assuming 
perfectly matched output terminals, 

(Y  )I2) 

YI2 

where 

Ytt = 1/2 {c(1  ya + yb) + s c(1 + ya — yb) + s 
s(i +  + yb) + c s(1 + y„ — yb) + c 

(c + s)2(1 + y) + cs(y.2 ye2) 

(s + c)2 + s(s + c)2 y „ + s2(y „2 — y b2) 

and 

{c(1 + ya Yb) + s c(1 + ya — Yb) + st 
Y12 =  1/2 

s(1 + y,, + b)  c  s(1  — Yb) + cf 
(c2 — 52)yb 

(s  c)2 s(s  c)2y„  s2(y. 2 _ yb 2) 

Now, from these equations we can easily see that the 
assumption that y,2—yb2 is negligible gives the same 
Admittance on the right of the first coupling element as 
the assumption that yo=yb. They also show that yi, 

= 1 +342Y,,/ye, so that an Admittance of the form 

( 1 + .ya  yo• yb/ ya\ 

37.• Ybi Y  1 + Y. 1 

has the same form after any transformation down the 
line. Moreover, this form is not changed by the addi-
tion of parallel Admittances of the form 

y.' Yb' 

y.' 

so long as yb'ya' =yb'ya'. On the basis of these remarks, 
we can conclude that the input Admittance of a direc-
tional coupler, whose coupling elements can be analyzed 
as simple coupling elements with Admittances of the 
form 

(27) 

(ya Yb) 

yb y„ • 
for which 3,02. .yb2,(< ) and yb/ya is a fixed constant, is 
determined from that where all the coupling admit-
tances are of the form 

(Y.  )'.) 

yo/ 

by multiplying the transfer admittance y12 by Yb/Y.• 
This requires that y12 does not gradually become large 
with the addition of more coupling elements. Actually, 
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we may relax the requirement on the size of yo and yb 
because of cancellation effects between coupling ele-
ments approximately one-quarter wavelength apart. 
Thus the condition for directivity and low standing-
wave ratio are the same as in the case yo=yb, and high 
iirectivity implies low standing-wave ratio. The spacing 
or maximum directivity for two equal coupling ele-
ments is given as before by (22). This result differs from 
what is given by the usual "small-hole theory," which 
predicts quarter-wavelength spacing for maximum direc-
tivity. Of course, we get that result by allowing yo--k). 
However, in this limit the device is a directional coupler 
anly in a trivial sense. From (18) we see that the input 

voltages and currents differ from what they are in the 
case where yo =yb by a factor of yblya; and, by considera-
tion of (8), we see that this will be true for all of the 
voltages and currents of the auxiliary wave guide. Hence 
the complete solution for the case ya yb is obtained 
from that where yo=yb by multiplying the voltages and 
currents in the auxiliary line by yblya. 
If the ratio of yb to yo is not the same for all coupling 

elements, we will have to recalculate it after each cou-
pling element in order to handle the problem on a single 
circle diagram. For this case, in general the conditions 
for maximum directivity and minimum input standing-
wave ratio do not coincide. 

The Equivalent Circuit of a Corner Bend in a 
Rectangular Wave Guide* 

JOHN W. 

Summary—Following the fundamentals set down in an earlier 
paper, the impedance representation of a right-angle bend in a 
rectangular wave guide is calculated. Two types of bends are con-
sidered, being defined by the polarization of the electric field rela-
tive to the plane of the bend. The results are stated in the form of 
infinite series. Numerical results are given in the form of curves. 

NOTATION 

a =dimension of wave guide parallel to electric field 
b =dimension of wave guide transverse to electric 
field 

ao =amplitude of field propagated in positive direc-
tion 

b„ =amplitude of reflected field due to nth mode 
I= unit vector along positive x axis 
j= unit vector along positive y axis 
ii= unit vector along positive z axis 

v, y, z = right-handed Cartesian co-ordinates 
=amplitude in field expansion 

Cmo =coefficient of A,, in field matrix 
=vector electric field (m.k.s. units) 

G= Green's function 
II =vector magnetic field (m.m.f.) (m.k.s. units) 
/0= transmission-line current in reference plane 
Vo= transmiaion-line voltage in reference plane 
Yii= equivalent circuit admittance 
Y.= field admittance 
170= characteristic admittance of transmission line 
Z,= equivalent circuit impedance 
=2 ir/X = phase constant 

)3. = b32—  (nr)1"2 
5„"' = 1 if m =n, =0 if m  (Kronecker delta) 
a =dielectric constant (m.k.s.) 
-= permeability m.k.s.) 

• Decimal classification: R118.1. Original manuscript received 
by the Institute, October 14, 1946; revised manuscript received, 
January 29, 1947. 
t University of California, Los Angeles, Calif. 

MILESt 

X= wavelength in medium of e and ti 
Xg = [(1/X)2— (1/2a)21-in guide wavelength for TE10 

mode 
i-= (a/)112  characteristic impedance of medium 
n = normalized transverse electric field in reference 
plane 

(T„= normalized transverse electric field due to nth 
mode in guide 

IT.= normalized transverse electric field due to nth 
mode in corner. 

INTRODUCTION 

THE ANALOGY between propagation of a single 
mode in a cylindrical wave guide and the propaga-
tion along an ordinary transmission line, wherein 

the voltage and current on the latter represent, respec-
tively, the transverse electric and magnetic fields in 
the former, has been considered in an earlier paper.' 
However, the problems solved therein included only the 
impedance r-presentations of plane discontinuities. 
The present paper will be concerned with the impedance 
representation of a right-angle bend in a rectangular 
wave guide. The assumptions made in the solution and 
the notation are identical with those advanced in the 
treatment of plane discontinuities'; in particular, it is 
assumed that only the dominant (TE10) mode is freely 
propagated, and that all other discontinuities are suffi-
ciently removed from the one under consideration to 
mitigate the possibility of interacti -.n among the higher-
order modes excited by the different discontinuities. 
For the bend in a rectangular guide there are two dis-

tinct cases to be considered: (1) the bend in the plane 
of the electric field of the dominant mode (electric field 
is bent), and (2) the bend transverse to the plane of the 

1 John W. Miles, "The equivalent circuit for a plane discontinuity 
in a cylindrical wave guide," PROC. I.R.E., vol. 34, pp. 728-734; Oc-
tober, 1946 
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electric field. These two cases are shown in cross section 
in Figs. 1 and 2. 

EQUIVALENT CIRCUIT 

If the electric and magnetic fields in the regions of 
negative co-ordinates (i.e., in the guides proper) are de-

b  
1  / 

Fig. 1—Bend in plane of electric field. 

a 
z 

Fig. 2—Bend transverse to plane of electric field. 

scribed, respectively, by voltages and currents evalu-
ated in the co-ordinate planes (x=0 and y=0 for case 1; 
x=0 and z=0 for case 2), then the region of positive 
co-ordinates (i.e., the square bounded by the corners of 
the bend) may be described by a four-terminal network 
relating the voltages and currents in the reference 
planes. It is evident that this network is symmetrical, 
and, therefore, the equivalent circuit may be reduced 

0 

Fig. 3—Symmetrical tee network. 

Fig. 4—Symmetrical pi network. 

to either the symmetrical tee or pi network shown in 
Figs. 3 and 4. 

In order to take full advantage of the symmetry o 1 the problem at hand, it is expedient to consider the 

effect of successively placing a short circuit (correspond-
ing to zero tangential electric field) and an open circut 

Novemb 

Fig. 5—Tee network divided in plane of symmetry. 

- f - 

Fig. 6—Pi network divided in plane of symmetry. 

(corresponding to zero tangential magnetic field) in the 
plane of symmetry. Dividing the tee and pi networks 
in their planes of symmetry yields the "semi"-networks 
shown in Figs. 5 and 6. Hence, the impedances seen at 
the input of the semi-tee for short and open circuits in 
the plane of symmetry are 

Z ap 041  =  11 Z12, (1) 
while for the semi-pi the results are 

= Ill + 112.  (2) 

Hence, the problem of the symmetrical corner is de-
duced in the two problems involving open and short 
circuits in the plane of symmetry (which is the plane 
x =y for case 1, and x =z for case 2). 

FIELDS—ELECTRIC FIELD BENT 

The bend in the plane of the electric field will be 
considered first, after which the second problem can be 
treated by comparison. In the treatments of the change 
of cross section in the plane of the electric field and of the 
capacitive window in a rectangular wave guide,' it was 
shown that the results for the parallel-plate guide 
(where the fields are independent of the z co-ordinate in 
Fig. 1) may be used if only the wavelength (X) in these 
results is replaced by the actual guide wavelength (Xg) 
for the rectangular guide, all impedances being expressed 
relative to the characteristic impedance. The identical 
arguments hold for the present case; accordingly, Fig. 1 
will be considered as a parallel-plate guide. 
A solution to Maxwell's equations for the transverse 

electric field in the region of negative x (region 1) is 
given by 
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1 

Ei(x, y) = (aoe-ox  boeox)(A  E bneo.'it;„(y) 

2 on°  )112  cos r rY = j  = On(Y) 
b \  b  / 

2 /IV 

(fin) 2 =  — # = (2/1- —X) 7=- #0 
b„ = — bona°  E'(0, y) • 13.(y)dy 

Jo 

where ao is the amplitude of the incident mode, and bn 
is the amplitude of the nth reflected mode. The trans-
verse magnetic field is then given be (see also Ap-
pendix): 

TP(x, y) = kYo(aoe-iP. — boe°')Oo 

— k E bnYne'8"141).(Y)  (7) 

Yn = (8) 

where Yn is the "field admittance" for the nth mode, 
and  (e/i2)212 is the field admittance of the medium 
filling the guides. 
The electric field in the region 2 (bounded by 

x=0, x =y, and y=b) is required to satisfy Maxwell's 
equations (or, more directly, the vector wave equa-
tion and the condition of zero divergence), to have its 
tangential component vanish at y=b, and to have its 
tangential (normal) component vanish on the plane 
x =y for the short- (open-) circuit case. A field satisfying 
these conditions and having a tangential component 
which reduces to E2(0, y) at the plane x=0 is 

.0 
E2(x,  = E (&noao + botTn(x, y)  (9) . 0 

2 — o on  )1/2 
b 

y )  csc (Onb) 

nirX 
• Ii[-T- cos (7 ) sin 13„(b — y) 

(fir  —13.1 ) cos $(b — x) sin C l—rib 

j [sin On(b — x) cos C l—r-.):-b ) 

T- ( 1---0:rib) sin ("17 ) cos P.(b— y)]} , (10) 

the upper and lower signs corresponding, respectively, 
to the short- and open-circuit cases. The magnetic field 
associated with (9) is given by 

712(x, y) =  t (6n0a0  bn)Vx1T.(x,  (11) 
0 

2 The 0. are normalized so that f5 • 

THE THE IMPEDANCES 

The transmission-line voltage and current, represent-
ing the dominant-mode fields in the guide, are defined 
by 

V(x) = aoe-ox  boeox  (12) 

1(x) = Yo(aoe-ox — boeox).  (13) 

If the voltage and current in the reference plane x=0 
are denoted by 170 and /0, it is evident from (I) and 
(2) that 

V0 

( = Z11 Z12 =  (17 11  17 12)  1. 

/0 ac,00 

Comparing (12) and (6), it is seen that 

(14) 

Vo = f (O, y)•(Tody.  (15) 

To obtain /0 the continuity of the transverse magnetic 
field may be invoked at x =0. (The transverse electric 
field is a priori continuous there, since both P(0, y) 
and E2(0, y) have been chosen to reduce to the Fourier 
expansion of E(0, y) at x=0.) Evaluating (7), (11), and 
(13) at x=0 and invoking this continuity yields 

rofro= E b.17,4).(y) 

(6.°2o  b.)[k•VAT.(0, y)], 
0  0 

it being evident that the transverse magnetic field for 
the case at hand is entirely in the z direction (although 
independent of the co-ordinate z). 
To determine the impedances it is expedient to write 

(16) 

E(0, y) = jVon(y),  (17) 

in which case (15) becomes 

(v/o0y) 00  bG(y,  y)n(y)dy ,  1712) 00  (18)  

0  YO 
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(72 0b2) 2 

200 {041  coth (72 — 0b2)112 1 

20, 

(272 — Oo2)1/2 

Similarly, the N+lth approximation is 

1. 11 +  Y12 \ N N 

C .,.,,  = 

0111± Y12) - ,o0 
Yo 

(1 - son)a.-(-17-1-1-1) 
Yo 

+ ()f  bk•V (0, y) (y)dy. 
Yo  0 

If an approximate form of the field can be guessed, 
(22)  (29) is useful; but since G(y, y') is not positive (or 

negative) definite, it cannot be inferred that (29) is an 
absolute maximum or minimum, although this has been 
permissible in other cases.' 

To evaluate the C„,„ it is found that 

Y„ 
k • v  y) = — H[co, (fi„b)4)„(y) 

flYo  Yo 

± csc (13„b) cos (b — y)0„(0)j.  (24) 

Substituting in (23) yields 

C„,„=0„'"[(1-00") 
—j cot (:32b2_ m2,2)1/2] (0)(1320  In21.2)-1/2 

J(2_6. 0)1/2(2 6.0) 1 /2(0) [(#0) 2 (n2 + m2)7 21- 1. (25) 3 

(It is evident that C„,„ = C„„,.) Thus the first approxi-
mations to the desired results are 

(11.11 ± Y12  ) 
Yo  = Coo =  j(COt Ob ± OD-% 

eb =  24-1-)-) 
X, 

while the second approximation is 

iY11 ± Y12) CoiCio 
L.00 

k Y.  Cu 

+ E co..4. 

—  j(cot ± Ob-1 ) 

(72 00)1/2 

= coo E E conc.0( ) 
Vol  1 1  DN 

where DN is the determinant of (C11, C12, C21,— 
CNN), D.'' is the minor of C„,o in DN, and the upper and 
lower signs in (28) correspond to the upper and lower 
signs in (25). As 0 approaches r, i.e., as b approaches 
(Xg/2), the convergence of (28) is poor, but for the 
usual values of b found in practice, (27) should he ac-
curate within a few per cent. 
A somewhat different approach to the impedance de-

termination is obtained if (18) is multiplied by n(y)dy, 
integrated from 0 to b, and the result divided by the 
square of (15) to obtain 

b 

71(Y)G(Y, Y1)71(Y')dYidY 
b  

(23 )  FIELDS—MAGNETIC FIELD BENT 

For case 2, only TE0 modes are excited by the TEio 
incident mode; accordingly, there is no y-variation of 
the fields. The electric fields in the region of negative z 
are then given by 

Eqx, z) = (ale 101 : bieioz)(Ti(x) 

+ E brneis-ck„,(x)  (30) 

(26) 

2 

2 112  mrx 
if,„,(x) = jo„,(x) = j(—)  sin   (31) 

a V ol 

The an,, bm, and (3„, are given by (5) and (6) if m is sub-
stituted for n, a for b, and x for y. The transverse mag-
netic field is then given by' (or see Appendix): 

77'(x,(x, z) = — iY  — biegsis)4.1(x) 

+ E b„,r„,e0-0.(x) 
2 

=  

The required fields in .region 2 are given by 

(x, Z1 = E  + b„4„,(x, z) 

(27) .=  E  + b„,)v X I,T„,(x, z) 
0 

(Vii  ± Y12 \  f0 • 0 

YO 
[ fo n(Y)Ood 

'X, should be used in evaluating ts. 

(28) 

(29) 

2 1/2 
z) = j(—) csc (1.1„,a) 

a 

( MT X 

• [sin — ) sin ft„,(a — z) 
a 

mrz) 

a 

(32) 

(33) 

(34) 

(35) 

sin ft(a — x)]. (36) 

It is evident from (36) that the electric field is purely 
transverse and has only a y-component, so that the 
magnetic.field has only x- and z-components; and the 
transverse magnetic field has only an x-component. 
The analysis now proceeds along lines exactly anal-

ogous to those of the previous case, and culminates in 
the equations 

N  N 
( 17 11 + 1712  

E E 
Yo  2  2  DN 
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1 

C„,„ = 8„m[(1 — Sim)  j cot  

(ntir)(nr) 2j   [(nil ± n 2  1) 10  (fila)2]-1 . (38) 
(tlia) 

The second approximation to (7) is 

(Y11 ± 112 Y  )  1 - _Oa2 V il 
[COt O. ±  (1 

O  O.  r2  J 
0.2\1121 

+ j(t3-4)2(4 —  — coth (1 — r2) 
7 2 

61.2\"2 T. 8 17 O.2\_11 —1 

" ( 1-r9n)  —  —7 2/  — 772) T 

27a 
= — • 

X g 

EXPERIMENTAL CHECKS 

Experimental results were availablee for X=3.00, 
3.20, 3.40 centimeters in a guide of a =0.9, b =0.4 inch. 
While the check on the E-plane bend is quite satis-
factory, the check on the H-plane bend is poor; unfor-
tunately, the latter data are near a resonance point 

30 

20 

10 

(39) 
-2 

NUMERICAL RESULTS 

1  Curves of (Y11± Y12)/ Yo, computed from (27), are 
I given in Fig. 7 for values of (b/Xg) from 0 to 1/2 (0.433 
will generally be the upper limit in practice). Curves 
computed from (39) are given in Fig. 8, for (a/Xg) from 
0 to 0.866 (cutoff point for E20 mode). Along with the 
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Fig. 7—V11 ± I712 for E-plane bend as 
computed from equation (27). 

results of (27) and (39) are plotted (dashed curves) 
the susceptances 

(B11 ± BI2) = T- (tan  — 1 2 +  (40) 

for a section transmission line of length b, a, respec-
tively. Evidently, (40) is an excellent approximation to 
(39), while not very satisfactory for (B11—B12) as given 
by (27). 
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Fig. 8-1'n + V12 for H-plane bend as computed 
from equation (39). 

where the convergence of (37) is undoubtedly poor, 
although the implication is that the resonance indi-
cated at O=ir by (37) actually should occur at a some-
what larger value of this parameter. 

APPENDIX 

Maxwell's equations may be written 

V X TI =  (41) 

V X E = —  .  (42) 

If the transverse (to direction of propagation, z) electric 
field is written 

E(u, v, z) = E cnc;„(u, v)e+)0•"  (43) 

if follows from (41) and (42) and the definition of TE 
and TM modes that the transverse magnetic field may 
be written 

v, z) = ± 17, [k X E(u, v, z).1  (44) 

(45) 

(46) 

'"Wave Guide Handbook," M.I.R. Rad. Lab. Rep. 41, January 
23, 1945; available through the Department of Commerce, Washing-
ton, D. C., and soon through the McGraw-Hill Publishing Co., New 
York, N. Y. The measurements cited were made by the author at 
the California Institute of Technology in 1944, under the direction of 
W. H. Pickering. 
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Microwave Filters Using Quarter- Wave Cou plings* 
R. M . FANOt, ASSOCIATE, I.R.E., AND A. W . LA WSON, JR.I 

Summary—This paper presents a method of designing band-
pass and band-rejection microwave filters by appropriately trans-
forming lumped-element filters. Such nicrowave filters are realized 
physically as chains of resonant elements (either cavities or irises), 
coupled by quarter-wave sections of line. A structure of this type 
has a number of practical advantages over other types of filter struc-
tures, such as a chain of directly coupled cavities, because it per-
mits the construction of the resonant elements as separate units, and 
yields more liberal tolerances on the dimensions of the coupling 
irises. A comparison is made of the theoretical and measured char-
acteristics of an experimental four-cavity filter. 

I NTRODUCTION 

THE DESIGN of a filter having specified fre-
quency characteristics is a problem of network 
synthesis. A number of synthesis procedures have 

been developed in the last two decades'-3 which are ap-
plicable to lumped-element networks, that is, to net-
works consisting of inductances, capacitances, and re-
sistances.  In microwave systems, however, these 
lumped elements cannot be used, for obvious 'reasons, 
and must therefore be replaced by more suitable ele-
ments, such as sections of transmission lines or wave 
guides, cavity resonators, resonant irises, etc. Unfor-
tunately these microwave elements behave with fre-
quency in such a complex manner that the development 
of direct synthesis procedures applicable to microwave 
networks seems quite remote. On the other hand, if one 
is interested in a limited frequency band, the same mi-
crowave elements can be made to approximate rather 
well the frequency behaviors of lumped elements, either 
alone or in resonant combinations. On this basis, one is 
led to consider the possibility of designing microwave 
filters by appropriately transforming lumped-element 
filters. 
In addition to theoretical limitations on filter design, 

the actual systems applications and the manufacturing 
techniques available often impose widely varying geo-
metrical and physical requirements. These requirements 

• Decimal classification: R386.1. Original manuscript received 
by the Institute, October 10, 1946; revised manuscript received, Feb-
ruary 17, 1947. Presented, International Scientific Radio Union. 
Washington, D. C., May, 1946. 
The research reported in this paper was made possible in part 

through support extended the Massachusetts Institute of Technol-
ogy, Research Laboratory of Electronics, jointly by the Army Signal 
Corps, the Navy Department (Office of Naval Research), and the 
Army Air Forces (Air Materiel Command), under the Signal Corp 
Contract No. W-36-039 sc-30237, and in part through support given 
the Radiation Laboratory under contract OEMsr 262. 
f Massachusetts Institute of Technology, Research Laboratory 

of Electronics, Cambridge 39, Mass. 
Formerly, Massachusetts Institute of Technology, Research 

Laboratory of Electronics: now, the Institute for the Study of Metals, 
University of Chicago, Chicago, Ill. 

1 E. A. Guillemin, "Communication Networks," vol. II, John 
Wiley and Sons, New York, N. Y., 1935. 

2 H. W. Bode, "Network Analysisand Feedback Amplifier Design," 
D. Van Nostrand Co., New York, N. Y., 1945. 

S. Darlington, "Synthesis of reactance 4 poles," Jour. Math. and 
Phys., vol. 18, pp. 257-353; September, 1939. 

are largely responsible for the ultimate appearance of 
microwave filters, and they also determine the practical 
usefulness of any design procedure. It follows that no 
single design procedure can be expected to be applicable 
in all cases, and that the solution of any specific problem 
depends largely on the ingenuity of the designer. This 
paper will discuss a particular design procedure which 
is applicable in a variety of cases, and which meets most 
of' the usual practical requirements. This procedure is 
limited to the design of band-pass and band-elimination 
filters; fortunately, however, filters of other types are 
seldom needed in microwave systems. 

GENERAL THEORY OF QUARTER-WAVE COUPLING 

The method of design discussed below leads to filters 
consisting of a chain of resonant elements, such as cav-
ity resonators, linked by quarter-wave sections of line. 
This chain-like structure is obtained by appropriately 
transforming a lumped-element ladder structure which 
is characteristic of most practical low-frequency filters. 
To understand the mechanism of the transformation, 
consider first a quarter-wave lossless line terminated in 
a normalized' impedance Z. The normalized input im-
pedance of such a line is 

Z' = 

Z  j tan — 
2  1 

1 jZ tan 
2 

(1) 

It follows that the circuits of Fig. 1 are equjvalent if the 
normalized impedance Z' is numerically equal to the 
normalized admittance Y and if both lines are one-quar-
ter of a wavelength long. In fact, the two networks have 
the same open-circuit and short-circuit impedances. 

0 -- -0 

Z,c• 

Fig. 1—Transformation of a series branch. 

0—vvv-0 

o   

r-z1 

a,. co 

Consider now the structures of Fig. 2, in which 112, Y4. 
Y6, etc., are numerically equal, respectively, to Z2', Z4 f 

Z. ', etc., and the coupling lines are all identical. These 

4 T he normalized impedance is the ratio of the actual impedance 
to the characteristic impedance of the line. The normalized admit-
tance is defined in a similar manner. Normalized impedances and ad-
mittances are used throughout this paper in connection with micro-
wave structures, although the word "normalized" will be dropped in 
most instances for the sake of brevity. 
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two networks are exactly equivalent at the frequency 
coo for which the coupling lines are one-quarter wave-
length long. At other frequencies, however, the equiva-
lence does not hold, but the characteristics of the two 
networks will not differ appreciably over a frequency 
band small compared to coo. Therefore, in the following 
discussion, we shall neglect the frequency dependence of 

zit' Yak 

+ 

Fig. 2—Ladder network transformed into a quarter-wave-
coupled structure. 

the electrical length of the lines and assume that the two 
structures of Fig. 2 are exactly equivalent. The error 
introduced by this approximation when the frequency 
band of interest is relatively large will be discussed later. 
To proceed from this point, one must be more specific 

about the elements of the general structures of Fig. 2. 
We shall consider the particular case of the ladder struc-
ture shown in Fig. 3(a) in which the series branches are 
series-tuned circuits resonating at the frequency coo, and 
the shunt branches are parallel-tuned circuits also 
resonating at the frequency coo. This structure is charac-
teristic of band-pass filters whose insertion loss in the 
attenuation band is a monotonic functions; for instance, 
constant-k band-pass filters' are of this type. Filters of 
the m-derived type and band-elimination filters will be 

considered later. 

(a) 

4  4  4 

(b)  cat "et.. 1-nt CIA -Lao, Csto 

Fig. 3—Band-pass filter and equivalent quarter-wave-
coupled filter. 

Suppose, then, that a lumped-element filter of the 
type shown in Fig. 3(a) has been designed following any 
one of the available methods of network synthesis. The 
corresponding filter employing quarter-wave coupling 
lines is shown in Fig. 3(b). The next step in the design 
procedure is to substitute for each tuned circuit a micro-
wave element which behaves approximately in the same 

manner over the frequency band of interest. Such an 
element may be a cavity resonator, a resonant iris, or a 
shorted section of line, depending on the particular ap-
plication and on the bandwidth of the filter. 
It can be shown5 that a cavity resonator with an in-

put and an output line can be represented, approxi-
mately, in the vicinity of one of its resonant frequencies 
by the two equivalent circuits of Fig. 4. The reactances 
X1 and X 2 are very closely equal to the input and out-
put reactances when the cavity is detuned. In most 
practical cases they are very small and can be neglected 
to a first approximation. The other parameters of the 
equivalent circuits are usually expressed in °terms of the 
"loaded Q's" of the cavity, defined as follows. QL1 is the 
Q of the cavity when a resistance equal to the character-
istic impedance Zoi of the input line is connected to the 
input terminals and the cavity itself is assumed to be 
lossless; Q a  is defined in a similar manner when a re-
sistance equal to the characteristic impedance Z02 of the 
output line is connected to the output terminals. Finally, 

E, Ezj 
a 

IDEAL 

CL • 

C•ui : 

0o. Wo   
Ro 

Fig. 4—Approximate equivalent circuit for a cavity 
resonator. 

Qz, is the Q of the cavity when both pairs of terminals are 
loaded by the characteristic impedances of the input 
and output lines. The unloaded Q0.7 is the Q resulting 
from the losses in the cavity itself. According to these 
definitions and neglecting X1 and X 3, one obtains for 
the Q's of the cavity . 

Ll =  °h a 01  (2) 

ZO2  M 1 2 
Q L2 = WOC  = WOC H  Z02 

42  M 2 

QL = 
QL1 -FQ L2 

Q LIQLS 

(3) 

(4) 

In the particular case of a symmetrical cavity, 

'S. A. Schelkunoff, "Representation of impedance functions in 
terms of resonant frequencies," PROC. I.R.E., vol. 32, pp. 83-91; Feb-
ruary, 1944. 
• Staff, M.I.T. Radar School, "Principles of Radar," The Technol-

ogy Press, Cambridge, Mass., 1944. 
7 R. I. Sarbacher and W. A. Edson, "Hyper and Ultrahigh Fre-

quency Engineering," John Wiley and Sons, New York, N. Y., 1943. 
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QL 1 = Q,.2 = 2Q L  WOC Z 0 (5) 

and the equivalent circuit reduces to a simple parallel-
tuned circuit in shunt to the line. Note that CZ° is the 
normalized capacitance of the resonant circuit. 
It follows from the above discussion that each 

resonant branch of the structure shown in Fig. 3(b) can 
be physically realized by means of a symmetrical cavity 
resonator whose loaded Q is given by 

(QL)k = icoCk  (6) 

where CI, is the normalized capacitance of the resonant 
branch. The only difficulty which may arise in this 
transformation concerns the terminating resistance 
which, in general, is different from the line impedance. 
Since it is desirable to match the filter to the output line, 
the last element of the structure is further transformed 
as shown in Fig. 5 to obtain the proper change of imped-

I r  
T   

a G 
IDEAL 

R 

Fig. 5—Impedance-level transformation. 

ance level. The corresponding cavity resonator is then 
no longer symmetrically coupled, and in this case the 
loaded Q's are given by  • 

Q Ll = C11.00 

Ca 
Q L2 =  WO. 

(7) 

(8) 

If the last element of the structure of Fig. 3(a) were a 
shunt branch, one would obtain 

Q Ll = CnWO 

Q L2 = R C w0. 

(9) 

(10) 

Changes of impedance level similar to the one just de-
scribed can be performed at other points of the struc-
ture, if so desired. 

In the case of wave-guide filters, resonant irisesce can 
be used instead of cavity resonators to approximate the 
behavior of the resonant branches of Fig. 3(b). However, 
since resonant irises have relatively low unlOaded Q's 
they are not used in connection with narrow-band filters. 
On the other hand, in the case of bandwidths of a few 
per cent, the use of resonant irises instead of cavities 
results in a considerable saving of space and weight. 
The design procedure for such filters is the same as for 
cavity filters, although no change of impedance level can 

H. A. Leiter, "A microwave band-pass filter in waveguide," 
M.I.T. Rad, Lab. Rep. 814. 

be performed in this case because resonant irises are in-
herently symmetrical. 

FILTERS EMPLOYING IDENTICAL ELEMENTS 

The construction of a microwave filter can be consid-
erably simplified by making all the resonant elements I 
identical. Such a design is not optimum in the sense that 
better filter characteristics could be obtained with the 
same number of cavities, but very often the resulting ; 
simplicity of construction is worth the loss of perform-
ance. 
The power-loss ratio of a filter consisting of a number 

of, identical resonant elements can be easily computed 
by noting that such a filter is a cascade connection of n 
identical sections of the type shown in Fig. 6. The sus-

Fig. 6—Section of quarter-wave coupled filter. 

ceptance of the shunt branch can be expressed in terms 
of the loaded Q, as follows: 

B = 2QL(— —  = 2x 
coo  co 

where x is a normalized frequency variable which is zero 
at the resonance frequency and becomes +1 at the two 
half-power frequencies. By making use of image-
parameter theory1.9 one obtains for the power-loss ratio 

1 ± x 2 U .2( x ) 

P L n 

where the function U(x) is a Tschebyscheff polynomial 
of the second kind and order n. The polynomials cor-
responding to n=1, 2, 3, 4 are given below with a recur-
rence formula from which they may be successively de-
rived. 

Ui(x) = 1 

U2(x) =2x 

U3(x) = 4x2 — 1 

114(x) = 8x3 — 4x 

Un+I (x) = 2xU„ —  

(12) 

(14) 

Plots of the insertion loss are shown in Fig. 7 for n=1, 2, 
3, 4. These curves show that the pass-band tolerance 
increases with n; consequently, values of n larger than 4 
are seldom used. For large values of x, the off-band in-
sertion loss becomes approximately 

L„  6(n — 1) -I- 20n log x db.  (15) 

• P. I. Richards, "Applicailons of matrix algebra to filter theory," 
PROC. I.R.E., vol. 34, pp. 145P-151P; March, 1946. 
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When the frequency dependence of the electrical 
length of the lines is taken into account, one obtains 

where 

12°\ — 1  x2 - k 

k = 1 + -7- —1 ( 12. 
4 QL X 

(16) 

(17) 

A comparison of this equation with (12) shows that, to 
a first approximation, the bandwidth of the filter is 
reduced by a factor equal to k. The pass-band tolerance 

• 

5 

3 ELEMENTS 

4 ELEMENTS 

ELEMENT 

• .0.(4-.  
e0  2  4  6  a  ID  U  IA 

Fig. 7—Theoretical characteristics of filters employing 
identical elements. 

is also reduced, since x2 is inversely proportional to k2 
for any given value of U,„2. In the particular case of n =3 
the bandwidth and the maximum pass-band value of 

1/2 

R -Pl:/. 1 -  I] 

are both reduced exactly by a factor equal to k. 

PRACTICAL DESIGN CONSIDERATIONS 

The main advantage of quarter-wave-coupled filters 
is that the resonant elements can be built, tested, and 
tuned separately. Only minor tuning adjustments are 
necessary after assembly, since the cavities can be joined 
to each other by means of standard connectors ° without 
need of any further soldering. This great advantage re-
sults from the fact that the coupling lines are nonreso-
nant and, therefore, their length is not critical and their 
continuity can be broken by standard connectors with-
out causing appreciable additional loss. Such a construc-
tion would not be possible, on the other hand, if the lines 
were an integral number of half-waves long. 
The structure employing quarter-wave coupling lines 

is not the only microwave structure equivalent to the 
lumped-element ladder network. The ladder network 

of Fig. 3, for instance, can be transformed' into a chain 
of resonant loops tuned to the same frequency and 
coupled to one another by mutual inductances. The 
microwave realization of this structure consists of a 
chain of directly coupled cavity resonators. Filters of 
this type, however, must be built in a single unit, and, 
moreover, require closer machining tolerances than the 
corresponding filters employing quarter-wave coupling 
lines. It can be shown, in fact, that, in the case of di-
rectly coupled cavities, the coupling susceptances are 
equal to the square of the coupling susceptances re-
quired when the cavities are quarter-wave spaced. It 
must be pointed out, however, that directly coupled 
filters are superior from the point of view of space and 
weight requirements. This advantage may outweigh, 
in some instances, the construction difficulties men-

tioned above. 
In connection with the design of quarter-wave-

coupled filters, the determination of the effective loca-
tion of the terminals of a cavity on the input and out-
put lines requires further explanation, particularly in 
the case of loop couplings to coaxial lines. Such a deter-
mination can be performed experimentally with the help 
of a standing-wave detector by finding the position of 
the 'voltage zero in the line when the cavity is detuned. 
Under these conditions the input terminals of the cavity 
are effectively short-circuited, so that their location 
must be an integral number of half-wavelengths from 
the position of any voltage zero. This experimental de-
termination may be done in such a way as to include the 
equivalent line length of whatever fittings are used -to 
connect the cavity to the coaxial line. Moreover, the 
locations of the terminals are automatically shifted to 
compensate approximately for the presence of the react-
ances Xi and X2 of Fig. 4, which have been neglected in 

the theoretical analysis. 
The actual characteristics of a number of quarter-

wave-coupled filters were found to be very close to those 
predicted apart from the effect of incidental dissipation, 
which was neglected in the theoretical analysis. The 
theoretical and measured characteristics of a four-cavity 
filter are compared in Fig. 9. The main effect of dissipa-
tion is a finite loss in the pass band, approximately equal, 
in the case of n identical cavities, to n times the loss of 
one cavity; the insertion loss for a symmetrical cavity 

= Q12) at resonance is given by 

Lo = 20 log (1  —QL) db. 
Q0 

(18) 

In view of the fact that the bandwidth of a filter is in-
versely proportional to the loaded Q's of the cavities em-
ployed, the effect of incidental dissipation becomes in-
creasingly important in narrow-band filters. For de-
tailed computations of the effects of incidental dissipa-
tion, the reader is referred to the literature on this sub-
ject in the case of lumped-element filters. " 
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The value of Qo for a cavity is limited, in practice, by 
space considerations as well as by the requirement that 
the cavity must approximate the behavior of a simple 
resonant circuit over a specified frequency band. The 
unloaded Qo is roughly proportional to the ratio of the 
volume of the cavity to its surface area,6.7 so that Qo 
increases with the volume. On the other hand, an in-
crease of volume always results in a reduction of the 
separation between resonance frequencies, and therefore 
in a reduction of the useful frequency band. In general, 
this fact sets up an upper limit on the size of the cavity 
and consequently on the unloaded Q for a given surface 
material. 
A discussion of the design of cavity resonators is be-

yond the scope of this paper. It will suffice here to de-
scribe a type of cavity, shown in Fig. 8, which is par-
ticularly suitable for wave-guide filters. The proper 
distance between the two inductive irises, for a given 

Fig. 8—Cavity resonator suitable for 
wave-guide filters. 

resonance frequency, depends on the dimensions of the 
irises, and it is always smaller than one-half of the guide 
wavelength. In practice, this distance is made a little 
shorter than required and the cavity is then tuned to the 
desired frequency by means of the screw shown in Fig. 
8. The loaded Q and the length 1 of a symmetrical cavity 
of this type can be computed to a good approximation 
by means of the following equations: 

Qz  = 1 + b02 (X.)2  2b0 
tan-'   (19) 

4  Xo b02 — 1 

= —X, tan-1  2b0 
27  

(20) 

where bo, )to and X, are, respectively, the normalized sus-
ceptances of the irises," the resonance wavelength, and 
the corresponding guide wavelength.6•7 The cavity is 
provided with standard choke and flange connectorse 
spaced a distance equal to X6/8 from the two irises so as 
to yield the desired quarter-wave coupling when two 
cavities are connected together. 
Fig. 9 presents a comparison of the theoretical and 

measured characteristics of an experimental filter em-
ploying four identical cavities of the type shown in 
Fig. 8. The theoretical curves have been computed from 

IS "Wave Guide Handbook," M.I.T. Rad. Lab. Rep. 43, February 
7, 1944, Sections 2-1, 21-a, 26-a. 

the physical dimensions of the cavities and the meas-
ured value of the transmission loss of one cavity at 
resonance. The theoretical curve for the insertion loss 
of the filter, neglecting dissipation, is plotted as curve B. 
The transmission loss of the individual cavities at 
resonance was found to be approximately 0.44 db; this 
value yields, according to (18), a ratio Q0/QL =20. It 
must be pointed out in this connection that the actual 
Qo of a cavity may differ considerably from the theo-
retical value because of the additional losses resulting 
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Fig. 9—Theoretical an experimental characteristics of a filter con-
sisting of four identical cavities of the type shown in Fig. 8. 

from the presence of the coupling irises and of the tuning 
screw. In this particular case, for instance, the theoreti-
cal Q0 is almost twice the measured value. Curve A is 
a plot of the theoretical insertion loss in the presence of 
dissipation for a ratio Q0/QL =20. The crosses in the 
same figure represent measured values of the loss for the 
whole filter. In considering the rather large effect of dis-
sipation one must remember that no attempt has been 
made in the design of this filter to reduce the losses. Sil-
ver-plating alone would increase Qo by a factor of ap-
proximately 2, thus reducing the midband loss by ap-
proximately the same factor. Further improvement 
could be obtained by reducing the losses in the tuning 
device. 

In many cases where loaded Q's of less than 30 to 40 
are required, it is possible to reduce the size and weight 
of a filter by replacing the cavity resonators with reso-
nant irises.e.8 These irises behave like parallel-tuned 
circuits in shunt to the line, and, therefore, may be con-
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sidered as combinations of inductive and capacitive 
irises. The saving in space and weight resulting when 
resonant irises are used follows from the fact that the 
wave guide stores the energy associated with the irises, 
while still performing its function as a line. However, 
since the ratio of the effective volume to the surface is 
always smaller for an iris than for a cavity with the 
same loaded Q, the unloaded Q of the iris will always be 
smaller. Thus, the use of resonant irises is restricted to 
values of loaded Q sufficiently small to keep the trans-
mission loss within reasonable limits. On the other hand, 
the design of cavities becomes rather difficult when small 
loaded Q's of the order of magnitude of 50 are desired 
because the coupling elements become a major portion 
of the cavity. It follows that resonant irises are comple-
ments to cavities, rather than substitutes. 
One of the outstanding uses of resonant irises is in the Iconstruction of broad-band transmit-receive (TR) tubes.6 

The technique of quarter-wave-coupling a number of 
identical resonant irises was first used by Fiske1t.4 in 
1 the design of these tubes before the authors considered 
its application to cavity resonators and to the design 
of microwave filters. TR boxes and filters8 employing 
identical irises were also designed at the Radiation 
Laboratory in the section headed by L. D. Smullin. 

FILTERS OF THE "M-DERIVED" TYPE AND 

BAND- REJECTION FILTERS 

Filters of the m-derived type are used when fast-ris-
ing attenuation functions are required.' ,' No quarter-
wave filter of this type has yet been built by the au-

L,  C, 

I  I C, 

o  -

(a )  (b)  fc 

L, c, • L. C. •d  C., c. • ba. 
c.c; • w, w„, • w: 

Fig. 10—Typical elements of um-derived" filters. 

thors, but the design procedure is straightforward. The 
only difference between the simple band-pass ladder 
structure and the m-derived structure is the presence 
of shunt branches of the type shown in Fig. 10(a) or of 
series branches of the type shown in Fig. 10(c). Since 
these two types of branches are equivalent when quar-
ter-wave coupling is employed, only the first type will be 
considered in detail. Foster's reactance theorem1,2 per-
mits the transformation of the branch of Fig. 10(a) into 
the network shown in Fig. 10(b), in which the two reso-

It M. D. Fiske, "A broad-band TR switch," General Electric Re-
port, October 18, 1943. 

M. D. Fiske, "Characteritsics of the single and multiple tuned 
circuits," General Electric Report, May 25, 1945. 

nant circuits are tuned at the frequencies co., and co.2. 
These frequencies correspond to peaks of infinite at-
tenuation in the characteristics of the filter. A microwave 
realization of the network of Fig. 10(b) is readily ob-
tained, as shown in Fig. 11(a). One may also consider 

ode', 

"O. 

TUNED TO cu.., 

TUNED TO coo 

a- TUNED TO u,..e 

TUNED 
/TO cu. 

(a)  (b)  (c) 

Fig. 11—Transformation and microwave realizations of the 
elements shown in Fig. 10. 

the network of Fig. 10(a) as a two-element ladder struc-
ture with its output terminals open-circuited (see Fig. 
11(b)). Its microwave equivalent, shown in Fig. 11(c), is 
then obtained by quarter-wave-coupling two cavities 
tuned at the mean frequency coo of the filter. In this case 
the separation of the frequencies co., and co.: is con-
trolled by the ratio of the loaded Q's of the two cavities. 
In the case of wave-guide filters the same design tech-
nique is employed, although the appearance of the final 
structure might be somewhat different. 
Band-elimination filters can be designed in the same 

manner, since the lumped-element ladder structure of 
this type of filter can be obtained from the band-pass 
structure by the simple process of substituting a series-
tuned circuit for any parallel-tuned circuit, and vice 

versa.' 

CONCLUSIONS 

The quarter-wave-coupled structure has been shown 
to be a microwave equivalent of the lumped-element 
ladder structure for the purpose of designing band-pass 
and band-elimination filters. This structure provides 
physical spacing between the resonant elements, and 
at the same time permits the construction and test of 
these elements as separate units which can be easily 
assembled afterwards. The method of design discussed 
in this paper, however, is not necessarily the best method 
in all cases. For instance, filters consisting of directly 
coupled cavities may be preferable when space is at a 
premium. These filters can also be designed by properly 
transforming lumped-element ladder structures, but 
they may present serious construction problems when 
more than two cavities are used. Therefore, in some 
cases the two methods of design may be effectively 
combined to satisfy space requirements without intro-
ducing excessive construction difficulties. In such in-
stances one may also use special cavities which alone 
behave like two- or three-element filters. These cavities 
will be the subject of a future paper. 
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Broad-Band Noncontacting Short Circuits for 
Coaxial Lines 

Part III  Control of Parasitic Resonances in the S-Type Plunger* 

W. H. HUGGINSf, ASSOCIATE, I.R.E. 

Summary—It is known that parasitic resonances may occur in the 
noncontacting plunger of a coaxial-line resonator, when the wave-
length is less than the circumference of the outer gap. When it is not 
possible to select inner and outer diameters such that the parasitic 
resonances occur at wavelengths outside of the tuning range, these 
resonances must be controlled by cutting grooves or slots in the 
plunger. 

This paper develops a theory of the resonances in a slotted 
plunger based upon a loaded-transmission-ring model The wave-
lengths at which the parasitic resonances occur as calculated from 
this model are found to be in satisfactory agreement with experi-

mental measurements made upon a typical plunger. It is concluded 
that ordinarily an odd number of slots is preferable to an even num-
ber, and that the parasitic resonances are more readily controlled in 
the Z-type than in the British S-type plunger. 

I. PARASITIC RESONANCES IN A COAXIAL RESONATOR 

THE COAXIAL-LINE resonator which 'may be 
made to tune over a wide range has rather im-
portant application to oscillators and filters oper-

ating in the -microwave region.' One of the principal 
advantages of a resonator of this type is that it can be 
tuned with a noncontacting plunger over a tuning ratio 
as great as 3 to 1.2 
Unfortunately, parasitic resonances may often exist, 

and the major problem in the design of a wide-tuning-
range resonator is to eliminate the deleterious effect of 
those resonances that may be caused by higher-order 
modes in the coaxial cavity, and also by circumferential 
resonances associated with the noncontacting plunger.' 
Ordinarily, the diameters of the inner and outer coaxial 
conductors are determined by factors that are independ-
ent of the plunger design, and the problem eventually 
reduces to one of designing a noncontacting plunger for 
use in a coaxial line of given dimensions and capable of 
being tuned over a specified tuning range without ex-
hibiting any parasitic resonances. 
If parasitic plunger resonances occur within the tun-

ing range, the plunger must be modified in such a way 

• Decimal classification: R117.112. Original manuscript received 
by the Institute, February 25, 1947. Presented, Boston Section, 
I.R.E., February 20, 1947, Boston, Mass. 
This paper is based in part upon work done for the OSRD under 

contract OEMsr-411 with the President and Fellows of Harvard 
College. 
t Communications Laboratory, Cambridge Field Station, Air 

Materiel Command, Army Air Forces, Cambridge 39, Mass. 
Radio Research Laboratory Staff, "Very High Frequency Tech-

niques," McGraw-Hill Book Co., New York, N. Y., 1947; chapters 
28 and 32. 

2 W. H. Huggins, "Broad-band noncontacting short-circuits for 
coaxial lines. Part I—TE M-Mode characteristics," PROC. I.R.E., 
vol. 35, pp. 906-913; September, 1947. 

W. H. Huggins, "Broad-band noncontacting short-circuits for 
coaxial lines. Part II—Parasitic resonances in the unslotted S-type 
plunger," PROC. I.R.E., vol. 35, pp. 1085-1092; October, 1947. 

as to suppress or remove them. One method of control-
ling these resonances is to cut axial slots into the plung-
er. Since the circumferential currents associated with 
the parasitic resonances must flow across these irregu-
larities, axial slots will increase the resonant wave-
length of the circumferential resonances. On the other 
hand, the surface currents associated with the TE M 
wave are entirely axial and the slots will have little ef-
fect upon the TE M currents and, consequently, upon 
the TE M impedance of the plunger. 
Because of this "selective-tuning" property, axial 

slots may be utilized to modify the more harmful reso-
nances so that their wavelengths will lie outside of the 
tuning range. Furthermore, the slots provide a means of 
introducing selectively sufficient dissipation that those 
resonances remaining within the tuning range will have 
negligible effect. These properties will now be examined 
in greater detail. 

II. RESONANCES IN TRANSMISSION RINGS 

Before discussing the slot resonances that occur in a 
slotted plunger, we shall examine the conditions for 
resonance in a transmission ring formed by connecting 
together the output and input terminals of a transmis-
sion circuit. For a parallel-strip transmission circuit, 
the connection could be made as shown in Fig. 1. 

Fig. 1—Parallel-strip transmission ring and network equivalent. 

The condition for resonance may be established by 
breaking the ring at any plane and then considering the 
resultant structure as a 4-terminal network. Assuming a 
linear passive network, the currents and voltages ap-
pearing at the input and output terminals will be re-
lated by the two linear equations 

VI = A V2 + B12 

= CV2+ D12 

where the coefficients A, B, C, and D are commonly 
known as the general circuit parameters and, for all cir-
cuits where reciprocity applies, AD—BC  1. But, con-

(1) 
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1 

nection of the input and output terminals imposes the 

conditions that 

V1 = V2 

11 = 12. 
(2) 

Equations (1) and (2) together form a set of four equa-
tions in four variables, and if a solution other than the 
trivial all-zero solution exists, it is necessary that the 
determinant formed of the coefficients must vanish. Re-
calling that A D —BC= 1, this requires that 

A ± D = 2.  (3) 

When the resonance condition (3) is satisfied, the 
transmission ring may be treated as an infinite filter 
chain. This is an interesting viewpoint which allows the 
application of microwave filter techniques in studying 
the effect of axial grooves in the plunger surfaces. 
If the four-terminal network shown in Fig. 1 can be 

decomposed into n identical four-terminal sections con-
nected on an iterative basis, there exists a simple rela-
tion between the general circuit parameters of the indi-
vidual sections and the resonance condition (3). From 
standard filter theory we know that if 1, 'B, e, Co are the 
general circuit parameters of the individual section, the 
propagation parameter per section is 

.y= cosh_' PA ± . L 2 
(4) 

Furthermore, the over-all propagation parameter of n 
such sections, iteratively cascaded, is simply 

r =  (5) 

This relation holds, even though the individual sections 
are asymmetric (i.e., a =ID). 
A relation similar to (4) also holds for the entire 

transmission ring, so that (5) may be written as 

[ 2 A +  r = cosh--1   — o + j2wk  (6) 

where k is any integer. 
Equation (6) simply states that for resonance the 

attenuation must be zero (or nearly so) and the total 
phase shift around the ring must be some integral multi-
ple of 360 degrees. This conclusion may appear to be 
self-evident, but it must be appreciated that the phase 
shift given by (6) is that which occurs in an ideal, itera-
tive filter chain, and that the "electrical length" may 
differ radically from any measurable physical length 
associated with the ring. In particular, when there are 
n sections in the ring, resonance may be expected when-

ever (3, the phase shift per section, is 

360° 
Ok — (7) 

the resonant frequencies of the uniform-strip transmis-
sion ring shown in Fig. 2(a). The whole length of line 
forms the basic section, so that n =1 in (7) and reso-
nances may be expected when the electrical length 
=360 degrees, #2= 720 degrees, etc. 
Consider next the effect of a single lumped discon-

tinuity, such as a shunt susceptance or series reactance 
as shown in Figs. 2(b) and 2(c). By breaking these rings 
at any arbitrary plane and applying standard dis-
tributed-constant filter theory* to the resulting section, 
is is easily shown that the "loaded phase shift" # for the 
section is given by 

cos  = cos 0 — m sin 0  (8) 

where 
0 =electrical length of line (without loading) 

X  BZo 
m= — or 

2Z0 2 

Zo =characteristic impedance of line 
X =lumped series reactance 
B =lumped shunt susceptance. 
Resonance of any of the rings of Fig. 2 will occur when 

# = 360° k or when 

cos 0 — m sin 0 = 1. 

(a)  (b)  (c) 

Fig. 2—Transmission rings. (a) No discontinuity. (b) Shunt 
discontinuity. (c) Series discontinuity. 

(9) 

It is of interest that (9) has two sets of solutions. The 
"quadrature-axis" solutions Okq = (360°)k are independ-
ent of m. Hence, the addition of a.single lumped discon-
tinuity to a uniform transmission ring doe § not alter 
the original resonant wavelength of that ring. The dis-
continuity does produce, however, an additional set of 
"direct-axis"  resonances at wavelengths differing 
slightly from those of the original resonances by an 
amount proportional to the discontinuity. That is, 
resonances may also occur when the line length is 
Okd =Okq —Ak where the Ak are the (radian) differences 
between the electrical line lengths for the quadrature-

and direct-axis conditions. 
Assuming that the At are small, the expression 
=0,,5 —Ak = 27rk — Ak when substituted in (9) and the 
resulting expression solved approximately for Ak, yields 

2m.  (10) 

'Paul I. Richards, "Applications of matrix algebra to filter 
As the simplest illustration of the foregoing, consider  Theory," PROC. I.R.E., vol. 34, pp. 145P-150P; March, 1946. 
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Hence, if 1 is the mean circumference of the transmis-
sion ring, the resonant wavelengths will be approxi-
mately 

X kg 

1 
= — 
k 

1  1 

Xk d 
k 1 — mbrk 

It is of interest that when the shunt discontinuity is a 
lumped capacitance C, the resonant wavelength Xkd may 
be written as 

Xkd 
1  1 

k 1 — C/C 

where C is the distributed capacitance of the line alone. 
The physical explanation of why the discontinuity 

produces pairs of nearly equal-frequency resonances is 
that when the standing wave is in such a position that a 
voltage null appears across the shunt susceptance (or a 
current null appears at the series reactance) the dis-
continuity will have no effect. The "quadrature-axis" 
resonances correspond to this field distribution. ,On the 
other hand, when the standing-wave position is such as 
to give a maximum value at the discontinuity, "direct-
axis" resonances at a slightly different wavelength are 
produced. 

(12) 

TRANSMISSION-RING MODEL OF A 
SLOTTED PLUNGER 

Fig. 3 shows a cut-away view of a typical plunger, 
other aspects of which have already been discussed in 
previous papers.5 It might appear at first glance that the 

LOS Sr 

C ERAM tc 

Fig. 3—Slotted plunger showing method of loading slots. 

analytic determination of the wavelengths at which the 
circumferential resonances occur in a slotted plunger, 
such as shown in Fig. 3, would be exceedingly difficult. 
Surprisingly, however, experience has shown that a rela-
tively simple transmission-ring model can be estab-
lished, the calculated lower-order resonances of which 
are in excellent quantitative agreement with experi-

6 See the discussions of experimental results in footnote references 
2 and 3. 

mental observations. Since this model is defined by the 
dimensions of the plunger, it provides a method of pre-
determining the optimum slotting configuration for a 
given situation. 
In setting up this model, the narrow gap (L-L-L in 

Fig. 4(a)) between the front and rear plunger sections is 
identified with the transmission line forming the trans-
mission ring. Each slot that is cut through into this gap 
introduces a lumped impedance in series with the trans-
mission ring at the junction d of the slot with the ring. 

(a) 

Fig. 4—Slotted plunger and transmission-ring model for 
slot resonances. 

The lumped impedance introduced in series with the 
transmission ring is the input impedance of a "stub 
line" of length 1, equal to the total length of the slot 
(i.e., 1,=ab+bc+cd), and of characteristic impedance 
Z,. If the "line" gap is assumed to have a characteristic 
impedance ZL, the model shown in Fig. 4(b) may be 
established by making the mean circumference of the 
ring equal to that of the line gap L-L-L. 
The resonant wavelength of the transmission ring 

will depend upon the ratio Z./ZL. As a first, approxima-
tion, this ratio should be equal to the ratio of the widths 
of "slot" and "line" gaps. Hence, the model is essentially 
defined by the physical dimensions of the plunger and 
its slots. 

IV. CALCULATED AND EXPERIMENTAL RESULTS 

In this section, we shall illustrate the foregoing theory 
by calculating the resonant wavelengths of a typical 
plunger similar to that shown in Fig. 3. 
The plunger here considered was used in a 11- X15/16-

inch coaxial-line resonator to tune a 2K28 reflex kly-
stron ovei a wavelength range of 7 to 14 centimeters. 
Before slots were added to this plunger, one-cycle para-
sitic resonances occurred in the outer gap at wavelengths 
of 13.58 and 12.80 centimeters, and in the inner gap at 
7.90, 7.83, and 7.00 centimeters. By slotting the plung-
er with five slots as shown in Fig. 3, the one-cycle 
resonances in the inner gap were moved to a wavelength 
of 20 centimeters, which is well outside the 5- to 14-cen-
timeter tuning range. The three-cycle resonance that 
remained within the tuning range was suppressed by 
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inserting lossy ceramic disks across the slots in the face 
of the plunger.6 
For the example plunger with six slots, the "slot" 

length l.=4.32 centimeters, and the "line" length 
/L =1.25 centimeters. Here, the transmission ring con-
sists of six sections, and by (8) the phase shift per section 

is 

13 = cos-1 { cos 0 — m sin 0} 

= cos-1 {cos (27r/L/X) 

Lai 
0 100 

7-

_1 

ZIP 
  tan (2ir1,/X) sin (27r/L/X)} . (13) 

HOTEl CURVES 

CALCULATED FOR 

2,, /  and 2 

08  16  24  32  40  48 

FREQUENCY - KILOMEGACYCLES 

Fig. 5—Calculated phase delay for a 6-slot, Z plunger 
(per section) 

5.6 

To show the effect of various slot widths, we calculate 
/3 from (13) as a function of frequency for Z,/ZL =1, 1, 
and 2. The results are plotted in Fig. 5. Since these are 
six sections, resonance can be expected whenever/3 is an 
integral multiple of 60 degrees. These eigenvalues are 
marked by circles in Fig. 5. 
Fig. 6 compares experimental data obtained from 

measurements on an actual plunger with the wave-
lengths calculated from Fig. 5. This plunger had 1/32-
inch slots and a 1/16-inch line gap. Thus, the ratio of 
Za/Zz, =1 should yield the best model. The data of Fig. 
6 are in excellent agreement for the lower-order reso-
nances, but at the higher frequencies a ratio somewhat 
greater than seems to be required. However, the model 

holds qualitatively even there. 
The small numerals immediately above the plotted 

data in Fig. 6 refer to the order of the resonance, i.e., 
the number of complete waves existing around the ring. 
It is significant that the transmission ring exhibits 
band-pass filter characteristics. Thus, as shown in Fig. 
5, from 1600 to 2800 megacycles the ring is cut off; 
there is, in filter terminology, a large attenuation and 

Experimental data for this plunger with 3 or 5 slots in both S 
and Z configurations is given in Table 32-4 of footnote reference 1. 

constant phase shift of 180 or 360 degrees per section.7 
From roughly 2800 to 4800 megacycles, the chain is op-
erating in the pass-band with zero attenuation (360 de-
grees has been repeatedly deducted from the true phase 
shift for ease in plotting). It should be noted that the 
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Fig. 6—Comparison of calculated resonance wavelength (based on 
transmission-ring model of Figs. 4 and 5) with experimental 
results. 

resonance occurring at the upper edge of the first pass 
band is of zero order. That is, all sections are in phase. 
Also, it is significant that if seven slots had been cut in 
the plunger, the number of resonances within the tuning 
range would not have been increased, and the effective-
ness of the slots would have been improved. In general, 
it is concluded that an odd number of slots is preferable 

to an even number. 
In general, the smaller the circumference of the trans-

mission ring, the fewer will be the resonances lying 
within a given tuning range. Hence, it is desirable that 
the slots open into the inner rather than the outer gap 
of the plunger; that is, the Z-type plunger is generally to 
be preferred to the British S-type plunger.2 

V. EXCITATION OF SLOT RESONANCES 

The excitation of the slot resonances may largely be 
attributed to slight asymmetries in the plunger seg-

OUTER CONDUCTOR 

 i i M \ it 

4  

INNER CONDUCTO 

Fig. 7—Slot excitation due to a bent plunger segment. 

ments, or near-by irregularities such as coupling loops, 
etc. When viewed from the cavity, the delineated 
plunger would appear somewhat as sketched in Fig. 7. 
Also shown in Fig. 7 is the TE M electric field across the 
plunger at the instant that the top conductor is positive 

and the bottom negative. 
Because of the displacement of the bent sector, a 

When Z. becomes infinite, the phase shift abruptly changes from 
180 to 360 degrees, as shown by the broken lines in Fig. 5. 
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voltage will be induced across the slot on either side of 
this sector. These voltages will be in phase, but of op-
posite sign with respect to a given direction of propaga-
tion around the transmission ring. At resonance, the ex-
citations occurring at the various slots may be combined 
into a single, equivalent excitation, provided the proper 
phase shift is applied to each of the slot excitations. 
Thus, suppose that the excitations across the two adja-
cent slots in Fig. 7 are F1 and — F2. Since the resonance 
undergoes a phase-shift of 13 degrees per section, the 
equivalent excitation acting at the first slot only would be 

F = F1 — F2egs.  (14) 

It is apparent that maximum excitation will occur when 
13=180 degrees, and, hence, the third-order resonances 
of Fig. 6 may be easily excited by a bent plunger sector. 
Equation (14) may be generalized to include excita-

tion of all n slots in the plunger. The excitation acting 
at each slot may be expressed in terms of variations in 

the plunger gaps. For coupling to the TEM wave, the 
Fk will all. be in-phase but of mixed polarity, and the 
equivalent excitation will be 

F = E F Lei".  (15) 

If a perfectly symmetric plunger is mounted eccentri-
cally in the cavity, the Fk will pass through a single 
cycle of variation around the plunger. This yields a 
strong excitation to the first-order resonance (i.e., when 
13=360°/n) but only a slight excitation to higher-order 
resonances. But it will be noted that the effect of slots is 
to greatly lengthen the wavelength at which the first-order 
resonance occurs. Consequently, the only slot resonances 
occurring within the tuning range of a properly slotted 
plunger are higher-order resonances which have only a 
slight coupling to the dominant field. These resonances 
may usually be suppressed by "loading" the slots with 
some "lossy" dielectric, as shown in Fig. 3. 
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contract research in the Harvard Office of 
Scientific Research and Development labora-
tories. He became an instructor in psychol-
ogy at The Johns Hopkins University in 
February, 1946. Since that time, he has been 
teaching in the department of psychology . 
at Johns Hopkins and doing research with 
Systems Research. 

John J. Glauber (A'27-SM'45) was born 
in New York, N. Y. on July 31, 1903, and 
received the M.E. degree from Stevens Insti-
tute of Technology in 1925. From 1925 to 
1927, he was associated with the U. S. Tool 

• 

W. R. GARNER 

Company, Ampere, N. J., engaged in vari-
able-capacitor design. In 1927, he joined the 
Arcturus Radio Tube Company, Newark, 
N. J., as laboratory assistant, and was 
chief engineer from 1933 to 1936. He then 
joined the Westinghouse Lamp Company, 
Bloomfield, N. J., as a vacuum-tube de-
velopment engineer, and in 1939 became de-
velopment engineer for the National Union 
Radio Corporation, Newark, N. J. 
From 1941 to 1947, Mr. Glauber was as-

sociated with the vacuum-tube department 
of the Federal Telecommunications Labora-
tories, New York. He is now chief engineer 
of the United Electronics Company, New-
ark, N. J. 

D. D. Grieg (A'41-SM'44) was born on 
February 26, 1915 in London, England. He 
received his early schooling in England and 
the B.S. degree in electrical engineering from 
the College of the City of New York. He has 
done graduate work at Columbia and New 
York Universities. 

JOHN J. GLAUBER 

From 1936 to 1940, Mr. Grieg was in 
charge of the television department of the 
Davega Radio Company. In early 1941 he 
taught radio communication in the Brooklyn 
Technical High School. Since 1941, he has 
been a research engineer for Federal Tele-
communication Laboratories. He is now a 
division head and has charge of the televi-
sion and communication departments. 
Mr. Grieg is a member of the American 

Institute of Electrical Engineers. He has 
served on several technical committees, in-
cluding the Television Committee of the 
Radio Technical Planning Board and those 
on Television Relays and Studio-Transmit-
ter Links of the Radio Manufacturers As-
sociation. He is the author of several 
technical papers and holds many patents in 
the field of radio. 

Ferdinand Hamburger, Jr. (A'32-M'39-
SM'43) was born on July 5, 1904, at Balti-
more, Md. He received the B.E. degree 
in electrical engineering in 1924, and the 
doctorate in engineering in 1931, from The 

D. D. GRIEG 
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Johns Hopkins University. From 1924 to 
1925 Dr. Hamburger was with the Consoli-
dated Gas, Electric, Light and Power Com-
pany of Baltimore, and from 1925 to 1929 
he was a research associate at Johns Hop-
kins for the Underground Systems Com-
mittee of the National Electric Light Asso-
ciation. He was a graduate student at Johns 
Hopkins from 1929 to 1930; a Charles A. 
Coffin Fellow from 1930 to 1931; instructor 
in electrical engineering from 1931 to 1939; 
associate in electrical engineering from 
1939 to 1941; and has been an associate pro-
fessor in electrical engineering since 1941. 
During the war Dr. Hamburger served as 

chief test engineer, Bendix Radio, Bendix 
Aviation Corporation; as a consultant to 
the Research and Standards Branch of the 
Navy Department; consultant to the Na-
tional Defense Research Council; and since 
December, 1945, he has been associate di-
rector of Systems Research under contract 
between The Johns Hopkins University and 
the Office of Naval Research. He is a mem-
ber of Sigma Xi, Tau Beta Pi, and the 
American Institute of Electrical Engineers. 

Andrew L. Hopper (A'42—M'46) was 
born on January 11, 1906, at Mahwah, N. J. 

ANDREW L. HOPPER 

He received the E.E. degree from Rens-
selaer Polytechnic Institute in 1928. From 
1928 to 1932 he was engaged in the de-
velopment of machine switching circuits 
for the Bell Telephone Laboratories. The 
following four years provided a variety 
of experience, including electrification in-
spection for the Pennsylvania Railroad and 
electroacoustical acceptance testing for the 
New York Navy Yard. 
In 1936 Mr. Hopper returned to Bell 

Laboratories and until 1942 was engaged in 
the development of telegraph circuits. From 
1942 to 1945 he was concerned with the de-
sign of components for a number of micro-
wave radars. He is now engaged in radio and 
television research. 

For a photograph and biography of W. H. 
HUGGINS, see page 936 of the September, 
1947, issue of the PROCEEDINGS OF THE 
I.R.E. 

ERNEST R. KRETZMER 

Ernest R. Kretzmer (S'46) was born on 
December 24, 1924, in M. Gladbach, Ger-
many, and came to the United States in 
1940. He received the B.S. degree in elec-
trical engineering from Worcester Polytech-
nic Institute in 1944, and the M.S. degree in 
the same field from the Massachusetts Insti-
tute of Technology in 1946. Since 1944 he 
has held the position of assistant on the elec-
trical engineering staff at the Massachusetts 
Institute of Technology, being engaged in 
basic communications research at the pres-
ent time. 
Mr. Kretzmer is a student member of the 

American Institute of Electrical Engineers, 
and an associate member of Sigma Xi. 

Norman T. Lavoo (A'41—M'45) was born 
in St. Louis, Mo., on October 12, 1918. 
He received the B.S. degree in electrical en-
gineering from Washington University in 
1940. Since that time he has been associated 

NORMAN T. LAVO0 

with the General Electric Company, work-
ing in several of their development labora-
tories. He completed the three-year General 
Electric Advanced Engineering Program in 
1943. At present he is in the electronics group 
of the Research Laboratory. 

A. W. Lawson was born in San Francisco, 
Calif., on March 3, 1917. He received the 
Ph.D. degree in physics from Columbia Uni-
versity in 1940. From 1940 to 1944 he was 
first an instructor and later an assistant pro-
fessor of physics at the University of Penn-
sylvania. From 1942 to 1944 he served as 
official investigator on a National Defense 
Research Council contract concerned with 
the development on crystal rectifiers. In 
1944, Dr. Lawson joined the Radiation 
Laboratory at the Massachusetts Institute 
of Technology as a staff member, where he 
worked variously on the development of 
transmit-receive tubes, antennas, r.f. filters, 
and the APS-30 airborne radar series. Since 
March, 1946, he has been associated with 
the University of Chicago as assistant pro-
fessor of physics'in the Institute for the 
Study of Metals. 
Dr. Lawson is a Fellow of the American 

Physical Society, and associate editor of the 
Review of Scientific Instruments. 

A. \V. 1.AwsoN 
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ROBERT A. M CCONNELL 

Robert A. McConnell (S'35-A'38—SM-
'47) was born at McKeesport, Pa., on April 
6, 1914. He received the B.S. degree in 
physics from Carnegie Institute of Tech-
nology in 1935. Following three semesters of 
graduate study at the University of Pitts-
burgh, he devoted two years to petroleum 
prospecting with the Gulf Research and De-
velopment Company, and two years to the 
flight testing of aircraft at the Naval Air-
craft Factory. In 1941 he joined the M.I.T. 
Radiation Laboratory. There, throughout 
, the last two years of World War II, he super-
1 ' vised research in radar moving-target indi-
cation. 
Dr. McConnell returned to the Univer-

sity of Pittsburgh in February, 1946, and 
received the Ph.D. degree in June, 1947. He 
is now assistant professor of physics at this 
university. 

Laurence A. Manning (S'43—A'45) was 
born on April 28, 1923, at Palo Alto, Calif. 
He received the A.B. degree from Stan-
ford University in June, 1944, at which 
time he joined the microwave oscillator 
research group at the Office of Scientific 
Research and Development sponsored Radio 

LAURENCE A. MANNING 

Research Laboratory, at Harvard Uni-
versity. During the year prior to his 
graduation Mr. Manning had been engaged 
in ionosphere research in connection with the 
Interservice Radio Propagation Labora-
tory's activities at Stanford. Late in 1945 
he returned to Stanford as a teaching 
assistant in the physics department. 
In July, 1946, Mr. Manning was ap-

pointed a research associate in the electrical 
engineering department, and he has since 
been in charge of a program of contract re-
search in high altitude propagation under-
taken for the Army Air Forces. 

• 

John W. Miles was born on December 1, 
1920, in Cincinnati, Ohio. He received the 
B.S. degree in electrical engineering in 1942, 
the M.S. degree in 1943, the aeronautical 
engineering degree in 1944, and the Ph.D. 
degree in 1944, from the California Institute 

JOHN W. MILES 

of Technology. From 1941 to 1943 he was a 
teaching fellow there, and from 1943 to 
1944, an instructor. 
In the summer of 1942, Dr. Miles was 

employed by the General Electric Research 
Laboratory; in 1944, he was associated with 
the Radiation Laboratory of the Massachu-
setts Institute of Technology; and in 1945 
he was with the aerodynamics department of 
the Lockheed Aircraft Company. He took a 
leave of absence from the engineering de-
partment of the University of California to 
participate in Operation Crossroads. At 
present, Dr. Miles is an assistant professor 
of engineering at the University of Cali-
fornia. He is a member of the Institute of 
Aeronautical Sciences, Tau Beta Pi, and 
Sigma Xi. 

Stewart E. Miller (M'46) was born at 
Milwaukee, Wis., in 1918. He attended 
the University of Wisconsin for three years, 
and was there elected to Tau Beta Pi and 
Eta Kappa Nu. At the beginning of the sen-
ior college year he transferred to Massachu-
setts Institute of Technology and studied 
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communications engineering under a joint 
Massachusetts Institute of Technology—Bell 
System co-operative plan. Studying under a 
Tau Beta Pi fellowship during the graduate 
year, he received the B.S. and M.S. degrees 
in electrical engineering in 1941, and was 
elected an associate member of Sigma Xi. 
Joining the technical staff of the Bell Tele-
phone Laboratories as a member of the 
systems development department, he be-
came engaged in repeater development for 
the coaxial-cable carrier system. During the 
war  was engaged in the design and de-
velopment of centimeter-wave transmitter-
receivers for the United States Army and 
Navy. When the war ended he became 
engaged in the development of transmission 
systems for coast-to-coast relaying of tele-
phone and television. 

Sidney Moskowitz (M'45) was born in 
Brooklyn, N. Y., on February 23, 1919. 
In 1940 he received the B.E.E. degree from 
the School of Technology of the College of 
the City of New York. From 1941 to 1945 he 
was a member of the evening-session staff at 
that College. 
While teaching evenings, he was also en-

gaged in the development of electronic ap-
paratus for the Industrial Scientific Corpo-

SIDNEY MOSKOWITZ 
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L. C. PETERSON 

ration in New York. In 1943 Mr. Moskowitz 
joined  the  Federal  Telecommunication 
Laboratories, where he has been active in 
the design and development of pulse-time-
modulation systems. He is a member of Tau 
Beta Pi. 

•.1* 

L. C. Peterson (A'32) was born in Var-
berg, Sweden, on November 8, 1898. He 
studied at Chalmers Technical University in 
Gothenberg and took further courses at the 
Technical Universities in Berlin and Dresden 
in Germany. 
After finishing these studies, Mr. Peter-

son took the test course at the General 
Electric Company in Schenectady. A year 
later he became a member of the develop-
ment and research department of the 
American Telephone and Telegraph Com-
pany. 
In 1931 Mr. Peterson transferred to the 

Bell Telephone Laboratories as a member of 
the Technical Staff. Here his work has been 
largely concerned with the analysis of cir-
cuits and with vacuum-tube performance at 
radio frequencies. 

LAWRENCE L. RAucli 

Lawrence L. Rauch was born in Los 
Angeles, Calif., on May 1, 1919. Ile re-
ceived the All, degree in mathematics 
and physics from the University of Southern 
California in 1940. He was a graduate as-
sistant in physics at Cornell University until 
1941, at which time he entered the Graduate 
School of Princeton University in mathe-
matical physics, where he is at present. 
From 1937 to 1940 Mr. Rauch was en-

gaged in broadcast engineering. During 1942 
and 1943 he was an instructor in mathe-
matics and a member of a National Defense 
Research Committee project at Princeton 
concerned with antiaircraft fire-control prob-
lems; during 1944 he lectured to officers of 
the Armed Forces assigned to the radar 
school at Princeton. From 1943 through 1946 
he has been engaged, under several govern-
ment contracts, in research and development 
of radio telemetering systems for flight-
testing aircraft and missiles, and at present 
he is a consultant in this field. During 1946, 
at the request of the Navy, he organized 
and took a group to Bikini to do radio 
telemetering work in connection with Opera-
tion Crossroads. He is a member of the 
American Mathematical Society, Mathe-
matical Association of America, Phi Beta 
Kappa, and Sigma Xi. 

D. H. RING 

For a photograph and biography of 
HENRY J. RIBLET, see page 497 of the May, 
1947, issue of the PROCEEDINGS OF THE 
I.R.E. 

D. H. Ring (A'30) was born in Butte, 
Mont., on March 28, 1907. He received 
the A.B. degree in 1929 and the E.E. degree 
in 1930 from Stanford University. Since 1930 
he has been a member of the technical staff 
in the radio research department of the Bell 
Telephone Laboratories, where he has been 
enraged in research on radio problems in the 
short-wave and microwave bands. He is a 
member of Sigma Xi and Phi Beta Kappa. 

ALBERT ROSE 

Albert Rose (A'36-M'40-SM '43) v, as 
born in New York, N. Y., on March 30, 1910. 
He received the A.B. degree in 1931 and the 
Ph.D. degree in physics in 1935 from Cornell 
University. From 1931 to 1934 he was a 
teaching assistan.t at Cornell University, and 
since 1935 he has been a member of the 
RCA Laboratories. Dr. Rose is a member 
of the American Physical Society. 

For a photograph and biography of 
ARTHUR L. SAMUEL, see the January, 1947, 
issue of the PROCEEDINGS OF THE L R.E. 

J. B. Smyth was born in Pembroke, Ga., 
on June 8, 1914. He received the B.S. degree 
in 1934 and the M.S. degree in 1937 from 
the University of Georgia, and the Ph.D. 
degree in 1942 from Brown University. From 
1937 to 1938 he was on the iechnical staff of 
the Tennessee Eastman Corporation. Since 
1942 he has been engaged in electromag-
netic-wave propagation studies at the United 
States Navy Electronics Laboratory, San 
Diego, Calif. 

J. B. SMYTH 
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L. G. TROLESE 

L. G. Trolese (A'42) was born on July 2, 
1908, in Sonora, Calif. He received the B.S. 
degree in electrical engineering at the Uni-
versity of California in 1930. His engineer-
ing experience includes one year with Radio 
Corporation of America, RCA Victor Divi-
sion, as a field engineer, and five years with 
General Air Conditioning and Heating Com-
pany, San Francisco, as electrical engineer. 
Since 1942 he has been with the United 
States Navy Electronics Laboratory at San 
Diego, where he is engaged on high-frequency 
wave propagation. 

Warren A. Tyrrell (M'44) was born on 
October .2, 1914, in St. Louis, Mo. He 
received the B.S. degree in 1935 and the 
Ph.D. degree in 1939 from Yale University. 
Since 1939 he has been a member of the 
wave-guide research group of the Bell Tele-
phone Laboratories, Holmdel, N. J. 

W. A. TYRRELL 

0 

Paul K. Weimer (A'43) was born at 
Wabash, Ind., on November 5, 1914. He 
received the B.A. degree from Manchester 
College in 1936, the M.A. degree in physics 
from the University of Kansas in 1938, and 

Correspondence 

l'AuL, K. WEIMER 

the Ph.D. degree in physics from the Ohio 
State University in 1942. 
During 1936 to 1937, he was a graduate 

assistant in physics at the University of 
Kansas. From 1937 to 1939, he taught phys-
ics and mathematics at Tabor College, Hills-
boro, Kan. While at the Ohio State Univer-
sity, he was a graduate assistant in physics. 
Since 1942, he has been engaged in television 
research at the RCA Laboratories, Princeton, 
N. J. 
Dr. Weimer is a member of the American 

Physical Society and Sigma Xi. 

Quantitative Radar Measurements* 

It is the purpose of this note to describe 
a method whereby quantitative measure-
ments of radar transmission may be made 
using only standard radar test instruments. 
This method has been in use at the Naval 

- Research Laboratory for several years. 

Rs 

(a)  (b) 
Fig. 1—Block diagram of measuring arrange-

ment (a), and calibration (b). 

Fig. 1 (a) shows a block diagram of the 
method. To a standard radar there is added 
a test set S, which combines the functions of 
a power meter and a signal generator. S 
measures the average power of the radar 
through the directional coupler (or similar 
device) C and line (or wave guide) L. It also 
generates a synchronized pulse of controlla-

• Received by the Institute, July 22, 1947. 

ble amplitude at the radar, frequency, which 
appears on the A scope at an apparent range 
which can be adjusted at will. The "echo" 
due to the test set Scan be adjusted to equal 
that of any echo it is desired to measure. 
In the case of rapidly fading echoes the 
peak value is usually chosen for comparison 
in measurements of this type. 
The ratio of received to transmitted 

power is given by 

PR G2X2F40'  
(1) 

r3 R 1 

where PR is the echo power delivered by the 
antenna, Pr is the radar-pulse power de-
livered to the antenna, G is the gain of 
antenna A, u is the radar area of the target, 
F is the propagation factor, defined as the 
ratio of the field intensity produced at the 
target to that which would exist in free 
space, and R is the range of the target. (1) 
holds if F is constant over the dimensions 
of the target. 
In the arrangement of Fig. 1 the test 

set S receives from the transmitted pulse an 
average power 

Pr ' PT DI gCgL  (2) 

where D is the duty cycle of the radar 
(•• pulse length Xrepetition frequency), gc is 
the insertion loss of the coupler C, and gs, 
is the loss in the line L. The pulse power 

generated by S which produces the same 
A-scope deflection as the target echo is 

PRgcgc.  (3) 

Introducing (2) and (3) into (1), there re-
sults 

where 

Fla= 
XiG'2 

64T3R4D 
(4) 

G' = gegLG.  (5) 

From (4) it follows that the test set need 
measure only power ratios, so that its abso-
lute calibration is unimportant for this pur-
pose. If the factor G' is known, (4) may be 
used to investigate the propagation factor 
F if the radar area of the target is known or 
is constant, or the radar characteristics of 
the target (cr) if the propagation factor is 
known. 
The factor G' may be determined by 

measuring separately its constituent factors 
gc, gL, and G. However, G' may be meas-
ured directly by the calibration procedure 
shown in Fig. 1(b). A second test set S2 
transmits a synchronized pulse of peak 
power Pa through an antenna H (shown 
here as a horn) of known gain GH. The loca-
tion of antenna H and its directivity should 
be such that propagation over indirect 
paths makes a negligible contribution to the 
received signal, and the distance 128 should 
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be great enough to insure plane-wave il-
lumination of the aperture of antenna A. 
An adequate criterion is Re>(d.11+40)/A 
where da and du are the biggest aperture 
dimensions of antennas A and If, respec-
tively. The A-scope signal resulting from 
Ps is matched by one of power PR' from 
test set S. Then 

G' 
1  41rRs\s PR' 

Gil x I PR 

Here, again, only a power ratio is involved, 
so that absolute calibration errors can be 
canceled out simply by an intercomparison 
(or exchange of positions) of the two test 
sets. 
The above calibration procedure also 

can be used to determine the gain of the 
standard antenna If. It is necessary to have 
two identical antennas, and determine the 
transmission loss, Pie/Ps, between them. 
Then 

•  (6) 

4wRs 
—  (P8/P5)1/3.  (7) 
X 

The measurement procedure outlined 
above may be modified and extended in 
several ways which need not be described 
here. An outstanding advantage of the above 
method of measurement is the fact that only 
power ratios need be measured. The meas-
urement accuracy thus is essentially the 
calibration accuracy of the attenuator of 
the test set S. 

MARTIN KATZIN 
Naval Research Laboratory 

Washington 20, D.C. 

Ultra-Short-Wave Propagation 
Studies Beyond the Horizon* 

I have read with interest the paper by 
Wickizer and Braaten.I The authors treat, 
in some detail, the effect of atmospheric 
refraction on the signals received near the 
ground beyond the horizon. Their meteoro-
logical instruments were mounted within 
about 100 feet of the ground, and they state: 
"It may be concluded that the controlling 
(atmospheric) gradient is more than 100 feet 
above the ground in about 69 per cent of the 
cases when unusually strong signals are re-
ceived beyond the horizon on this particular 
transmission path." 
A somewhat similar study has previously 

appeared in the PROCEEDINGS' in which a 
correlation was noted between day-to-day 
meteorological conditions and 41.5-Mc. 
beyond-the-line-of-sight average signals over 
a transmission path much like that of refer-
ence I. The refractive effects were found to 
be associated with slow, large-amplitude 
fading of the received signal which appears 
to be synonymous with the term "unusually 
strong signals" as used by the above authors. 
However, free-air meteorological data were 
used from which the dielectric constant at 
the ground and at a height of 0.3 kilometers, 
the lowest height of observation, were deter-
mined. 

• Received by the Institute, August 7, 1947. 
G. S. Wickizer and A. M. Braaten, 'Propagation 

studies on 45.1, 474. and 2,800 megacycles within and 
beyond the horizon," Pitoc. IR E., vol. 35, pp. 670-
680; July. 1947. 

A. H. Waynick, 'Experiments on the propaga-
tion of ultra-short radio waves.' PROC. IR E.. vol. 28, 
pp. 468-475; October. 1940. 
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Fig. 5—Similar to Fig. 1, height 7.5 km. 

In view of the interesting question as 
what height above the earth's surfa 
meteorological conditions are effective t 
returning such signals toward a receivin 
point near the ground, the data of referen 
2 were re-examined as follows: The free-a 
data for the days of interest were deter-
mined for heights of 0.6, 1.5, 3, and 7.5 
kilometers. Noon data is involved and no 
inversions were noted. From these observa-
tions the equivalent earth radiuses, assum-
ing a linear dielectric-constant gradient, 
were calculated. The results appear in the 
figures below. 
Fig. 1 is equivalent to Fig. 8 of reference 

2 and is for a height of 0.3 kilometers. These 
data, for reasons discussed in reference 2, are 
considered a definite check on the effect 
of refraction since theory predicts a linear 
variation, with positive slope, for the vari-
ables noted when plotted as in this figure. 
Fig. 2, 3, 4, and 5 are similar to Fig. 1 but 
for heights of 0.6, 1.5, 3, and 7.5 kilometers, 
respectively. It will be noted that the cor-
relation between variables begins to break 
down at a height of 1.5 kilometers. 
The data presented are believed to: (a) 

verify the statements of the authors of refer-
ence 1 to the effect that atmospheric heights 
greater than about 100 feet are effective in 
returning signals of these frequencies back 
towards the earth; and (b) indicate that the 
portion of the atmosphere so effective is the 
region below about 1.5 kilometers for the 
experimental conditions involved. 

A. H. WavNicic 
The Pennsylvania State College 

State College, Pa. 

Scalar and Vector Potential Treat-
ment* 

Smith and Shulman) have recently ap-
plied a variational method to the calculation 
of the change in the resonant frequency of a 
cavity (Inc to the introduction of an electron 
beam. The derivation of the result (74) 
can be somewhat simplified by a so-called 
gauge transformation. 
As noted on page 651 of Smith and Shul-

man's paper, the scalar and vector electro-
magnetic potentials are not completely de-
fined by (55a) and (55b) but may be sub-
jected to one additional condition. They 
choose this condition to be div A=0, but 
an equally acceptable (and more usual) 
choice is div A-1-µ4=0. Equations (55a) 
and (55b) then take the form: 

V • rn — AEA = —id 

V<1, — Mt9S.• =  Plc 

Thereafter, the argument of Smith and 
Shulman may be carried through with the 
following simplifications: 

(a) Omit all equations in and p. 
(h) Omit all terms in  and 1,G in.the re-

maining equations. 
(c) Omit the remark just before (74). 

It will be seen that this reduces both the 
explicit and implied mathematical manipu-
lations by about half, and avoids one use of 

* Received by the Institute, July 17. 1947. 
Lloyd P. Smith and Carl I. Shulman, 'Fre-

quency modulation and control by electron bea m.' 
PROC. IR E., vol. 35, pp. 644-657; July, 1947. Equa-
tion numbers refer to those in this paper. 
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he convenient, if rather annoying, phrase 
it can be shown." 
I feel that the authors are to be con-

ratulated on both the use and dissemination 
ef these powerful methods. It is unfortunate 
hat there is so little literature in English 
en the expansion, completeness, and or-
hogonality theorems on which these argu-
'lents depend. 

PAUL I. RICHARDS 
Brookhaven National Laboratory 

Upton, L. I., N. Y. 

;elective Demodulation* 

In the June issue of your journal you 
niblished a paper by D. B. Harris.' You 
nay be interested to know that the pro-
)osed method of demodulation was checked 
experimentally by me in 1934, and a patent 
•overing the method was granted to the 
;tate Telecommunication Works in War-
,aw in June, 1939 (first application made 
n August, 1934). 
The main points contained within that 

xatent are as follows: 
(a) The demodulation is being obtained 

oy "multiplying" the incoming signal by 
the locally generated signal synchronized to 
• the frequency of the incoming carrier. 

(b) The generation of the local oscilla-
tions, as well as the synchronization and 
modulation, can be performed by the same 
; tnultielectrode tube of a proper design. 

(c) In the example given in the descrip-
tion, the tube used was an early Philips 
hexode (EH1), where the local oscillator 
lwas working in a transitron circuit. The 
ianode-current signal-grid-voltage charac-
• teristic was linear. This tube was showing a Iparticularly strong pulling effect between the 
input signal and the local oscillator. This 
effect was, of course, detrimental from the • 
point of view of the normal use of the tube 
as a frequency converter in superhetrodyne 
1 receivers, and it caused the withdrawal of I'the tube from the market. The behavior of 
the tube, however, was ideal for a "selective-
de mod u la tion " circuit, and several receivers 
built by me with this tube were working 
quite well and strictly in accordance with 
theoretical considerations. 

B. STARNECKI 
Ministry of Supply 

Signals Research and 
Development Establishment 

Hants, England 

* Received by the Institute, August 11, 1947. 
D. B. Harris, 'Selective demodulation,' PROC. 

I.R.E.. vol. 35, pp. 565-572; June, 1947. 

Resonant Frequencies of n-Meshed 
Tuned Circuits* 

In his letter Philip Parzen" has gone to 
some pains to show that "In an n-meshed 
coupled tuned circuit multiplying all in-
ductances, both self and coupled, by a factor 
.42, and all capacitances, both self and 
coupled, by a factor of B2, the resonance 
frequencies of the circuit are multiplied by 
a factor 1/AB." 

* Received by the Institute. March 30, 1947. 
I P. Parzen, "On the resonant frequencies of 

ft-meshed tuned circuits," PROC. I.R.E., vol. 35, 
pp. 284-285; March. 1947. 

The above property is nothing but a 
particular case of the following, well-known 
theorm: If a network N' is a model of N and 
the model factors of L, C, and co are, respec-
tively, kL, kc, and k then, 

1  
=  • 
VkLkc 

Thus, if 

hen 

= A2,  kc = B2 

1   1 

A'B'  AB 

LOTFI A. ZADEH 
Columbia University 
New York, N. Y. 

Nodal Method of Circuit Analysis* 

have noted with interest the articles 
and comments on the nodal method of cir-
cuit analysis, particularly the communica-
tion by William H. Huggins.' It seems to me 
that the choice of the nodal or mesh method 
of analysis depends fundamentally upon the 
following factors: 
1. If the nullity is less than the rank, 

the mesh method is preferable; and 
2. If the rank is less than the nullity, 

the nodal method is preferable. 
The reason is that, by proper choice of 

method, a lesser number of simultaneous 
linear equations have to be solved, and the 
order of the resultant determinant is less. 
As a simple example, in Fig. 1(a) the 

nullity N is 3 and the rank R is 4; hence the 
mesh equations would be preferred. In Fig. 
1(b) the nullity is 4 and the rank is 1; 
hence the nodal equations would be em-
ployed. The definitions of rank and nullity 
are evident from the figure, 

(a) 

(b) 

Fig. 1—Examples of two networks having 
different ranks and nullities. Let B= num-
ber of branches, V= number of vertices 
or nodes, and P =number of separate 
parts in a circuit. Then N=B—V-I-P 
and R= V —P. 
(a) N=3 and R=4. 
(b) N=4 and R=1. 

The remarks made by Mr. Huggins 
would therefore appear to be of secondary 
importance; nevertheless, they are very 
interesting. 

ALBERT PREISMAN 
Capitol Radio Engineering Institute 

Washington 10, D.C. 

* Received by the Institute, July 16, 1947. 
I W. H. Huggins. "Node-pair method of circuit 

analysis," PROC. I.R.E., vol. 34, pp. 661-662; Sep-
tember, 1946. 

Federal, Elwell, and Stone* 

Although I have not received my copy of 
the August, 1947, issue of the PROCEEDINGS 
OF THE I.R.E., I am informed that it carries 
a statement on page 804 stating inter alia 
that I had "organized the Federal Tele-
graph Company on the Pacific Coast." This 
statement is not correct. I was President of 
Federal Telegraph Company of California 
from 1924 to 1931, but since the Federal 
Telegraph Company was incorporated in 
1911, and its predecessor, the Poulsen Wire-
less Telegraph and Telephone Company, was 
organized in 1909, it should be clear that I 
was in no way connected with the original 
organization of either company. 
The Poulsen Wireless Telegraph and 

Telephone Company was actually organized 
through the efforts of Cyril F. Elwell, who 
deserves the credit for bringing the Poulsen 
arc to the United States. 
Out of fairness to Mr. Elwell, I shall be 

grateful if you will publish this letter in the 
next issue of the PROCEEDINGS. 

ELLERY W . STONE 
P.O.B. 2034 
Cairo, Egypt 

• Received by the Institute. September 9, 1947. 

Attention, Authors 
PAPERS DESIRED FOR 1948 I.R.E. 

NATIONAL CONVENTION 

Outstanding papers on timely subjects 
are desired for the technical program of the 
I.R.E. National Convention scheduled for 
March 22, 23, 24 and 25, 1948. All of the ra-
dio and electronic fields will be included to 
make the program truly representative of 
the interests of the Institute. It will be pos-
sible to accept only a limited number of pa-
pers. To receive consideration, the following 
rules must be followed: 
1. The title-and a brief abstract of the 

paper, similar to the summaries published 
at the beginning of the papers in the PRO-
CEEDINGS OF THE I.R.E. but not more than 
75 words in length, should be submitted as 
soon as possible. No abstracts can be con-
sidered which are received after November 
30, 1947. 
2. Correspondence should be addressed to 

Chairman, Technical Program Committee, 
Dr. Charles R. Burrows, Director, School of 
Electrical Engineering, Cornell University, 
Ithaca, New York. 
3. The length of the paper should be 

such that oral presentation can be made 
within 20 minutes, in order to allow ade-
quate time for general discussion. 
4. Authors are responsible for obtaining 

military clearance where required. 
5. Submission of the papers for publica-

tion in the PROCEEDINGS OF THE  is 
desired, but is not a necessary requirement 
for acceptance. 
6. Papers published in any journal prior 

to the date of the Convention necessarily 
will be withdrawn from the program. 
7. A condensed 750-word summary of 

the paper must be prepared by the authors 
whose papers are accepted, and must be 
available by January 15, 1948. 
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Institute News and Radio Notes 
REVISED CONSTITUTION APPROVED 
The Tellers Committee has reported the 

following results of balloting on the Revised 
Constitution: 6143 ballots mailed; valid 
ballots received, 3074, or 50 per cent of those 
mailed; 2753 (88.1 per cent) for, 321 (10.2 
per cent) against. The Revised Constitution 
has therefore been adopted as of July 15, 
1947. 

NUCLEONICS • 
The Executive Committee, at its August 

5, 1947, meeting, agreed on the following 
bases for procurement of papers on nucle-
onics for publication in the PROCEEDINGS 
OF THE I.R.E. 
(I) The Institute's contribution in this 

field will be to further the development of 
"electronic aids to nucleonics." (2) Such aids 
are, for the present, primarily in the nature 
of electronic instruments, control devices, 
and special arrangements whereby any of the 
necessary conditions can be brought about or 
maintained during nucleonic processes using 
electronic means or devices to produce or to 
control such conditions. (3) A new special 
Group of the I.R.E. Papers Procurement 
Committee shall carry out the proposed 
program. 

NUCLEAR SUBJECTS DISCUSSED 
Representatives of The Institute of Radio 

Engineers have been meeting with officials 
of the Atomic Energy Commission in a series 
of conferences designed to implement or-
ganizational liaison in the electronic instru-
mentation aspects of nuclear research. 
The interest of I.R.E. in the field of 

nuclear studies, as outlined by President 
W. R. G. Baker, is primarily in electronic 
instrumentation and electronic processes of 
control of the production and utilization of 
nuclear energy. 

JOINT TECHNICAL COMMITTEE 
The Executive Committee, at its August 

5, 1947, meeting, approved on behalf of the 
Board of Directors, the formation of a Joint 
A.I.E.E., I.R.E., and NEMA Co-ordination 
Committee on Commercial Induction and 
Dielectric Heating Apparatus. G. P. Bosom-
worth, Chairman of I.R.E. Industrial Elec-
tronics Committee, was elected I.R.E. 
representative on the joint committee. 

STUDENT BRANCH 
The Board of Directors, at its September 

10, 1947, meeting, approved the petition for 
the formation of a Student Branch at Kansas 
State College. 

ABBREVIATIONS 

A list of approved abbreviations, as used 
by the Editorial Department of the Insti-
tute, has been made available to authors, 
technical committee personnel, and others 
who might be interested, in order to secure 
as nearly uniform practice as possible. Its 
use is urged. Copies are available on request. 

BUENOS AIRES SECTION 
"ENGINEERING WEEK" 

The Buenos Aires Section is holding an-
other "Engineering Week," November 9 
through 14, 1947. President W. R. G. Baker 
will address the meeting by means of a re-
cording. 

PRINCETON SECTION 
INAUGURAL MEETING 
The inaugural meeting of the Princeton 

Section, on the occasion of its change-over 
from a subsection, was held October 9, 1947 
Dr. Alfred N. Goldsmith, Editor of I.R.E., 
was invited to present an address. He ex-
pressed the good wishes and felicitations of 
the Institute and its Board of Directors to 
the new Section on that occasion. 

NEW STANDARD 

The Executive Committee approved, at 
its September 9, 1947, meeting, the official 
I.R.E. adoption of the Standard on "Meth-
ods of Testing F.M. Broadcast Receivers." 

MATHEMATICAL ASSOCIATIONS 
MEETINGS 

The American Mathematical Society, 
the Institute of Mathematical Statistics, and 
the Mathematical Association of America, 
met in New Haven, Conn., from September 
1 to 5, 1947. 
An outstanding feature of the meeting of 

the Mathematical Association of America 
was the symposium or round-table discussion 
on mathematical problems at the college 
level. Mathematicians from various institu-
tions formulated procedures, on the basis of 
their personal experience in research and 
teaching, which they found particularly use-
ful in handling and solving problems. 
Those who delivered addresses at the 

symposium of the Institute of Mathematical 
Statistics were: Churchill Eisenhart, "Tests 
of Significance," C. P. Winsor, "Estima-
tion," and Joseph Berkson, "Non-Standard 
Cases." There was also an address by the 
noted statistician, R. A. Fisher; and, by 
invitation of the program committee, Pro-
fessor Abraham Wald of Columbia Uni-
versity delivered an address on "Sequential 
Estimation and Multi-decisions." 
For the American Mathematical Society 

this was its fifty-third summer meeting. A 
series of four colloquium lectures on Ab-
stract Algebraic Geometry were given by 
Professor Oscar Zariski of Harvard Uni-
versity. Poofessor S. S. Wilks of Princeton 
University, who was a special guest speaker, 
addressed the group on "Sampling Theory of 
Order Statistics." In addition, there were 
over 100 contributed papers in various fields 
of pure and applied mathematics. 

ELECTRONICS RESEARCH FELLOW-
SHIPS 

The Radio Corporation of America Fel-
lowship Board of the National Research 
Council has announced the first series of 
awards to five young scientists. These fellow-

ships for the academic year 1947-1948 pro-
vide for advanced graduate study and re-
search in the broad field of electronics. The 
successful candidates for these awards are: 
Arnold S. Epstein, B.S. in electrical en-

gineering, Lehigh University, for continu-
ation of graduate study at the University 
of Pennsylvania with special reference to 
selenium and other rectifiers as variable 
capacitors. 
Willis W. Harman, B.S. in electrical en-

gineering, University of Washington, for 
continuation of graduate study at Stanford 
University with special reference to the use 
of microwaves in certain cavity oscillators 
Arnold E. Moore, B.S. in chemistry, 

Polytechnic Institute of Brooklyn, for con-
tinuation of graduate study at Cornell Uni-
versity with special reference to electronic 
properties of semiconductors. 
Sol Raboy, A.B. in physics, Brooklyn 

College, for continuation of graduate study 
at Carnegie Institute of Technology with 
special reference to the properties of semi-
conductors and their use as crystal counters. 
H. Gunther Rudenberg, S.B. and M.A. 

in physics, Harvard University, for continu-
ation of graduate study at Harvard Univer-
sity with special reference to operation and 
design of wide-band pulse amplifiers. 
These fellowships have been made pos-

sible by a grant to the National Research 
Council from the Radio Corporation of 
America, Inc., for the purpose of increasing 
the number of trained scientific personnel 
and for the furtherance of electronics and 
closely related fields. The selection of the 
fellows and the administration of the fellow-
ship program are under the direction of the 
RCA Fellowship Board of the National Re-
search Council, the members of which are 
Frederick E. Terman, chairman; C. C. 
Chambers, W. G. Dow, Frederick M. Feiker, 
R. Clifton Gibbs, I. I. Rabi, and Lloyd P. 
Smith. 
Applications for the next series of awards 

for the academic year 1948-1949 must be 
filed before February 1. Stipends will be 
from $1600 to $2100 a year and an added 
amount, not to exceed $600, may be pro-
vided annually to the institution to which 
the fellow is assigned for tuition or necessary 
equipment. 
Further information concerning these 

fellowships and application blanks may be 
secured from the Secretary of the RCA 
Fellowship Board, National Research Coun-
cil, 2101 Constitution Avenue, Washington 
25, D. C. 

PUBLICATION OF AUTOMATIC 
COMPUTING MACHINERY DATA 

The quarterly journal, Mathematical Ta-
bles and Other Aids to Computation, will pub-
lish a new feature section, "Automatic 
Computing Machinery," designed to dis-
seminate information and news on research 
and development in the field of high-speed 
automatic calculating machinery, beginning 
with the October issue. The journal can be 
obtained from the National Academy of Sci-
ences, 2101 Constitution Avenue, Washing-
ton, D. C. 
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Industrial Engineering 
Notes' 
DIAMONDS AS ATOMIC 
RADIATION DETECTORS 

Testing of diamonds for detection and 
counting of gamma radiation has revealed, 
according to the National Bureau of Stand-
ards, that they are at least one thousand 
times more sensitive, size for size, than any 
man-made counter. To the advantages of 
high sensitivity and long life is added small-
ness of size which permits use of such count-
ers inside the human body or in smallopen-
ings in industrial equipment. 

RESEARCH ON ELECTRON TUBES 

The National Bureau of Standards is 
making a study of vacuum tubes in col-
laboration with industry in its new tube 
laboratory. The research, which is both basic 
and applied, deals with the study of electron 
emission from cathodes and other elements 
in the tube envelope, the prevention of "gas 
clean-up," the gradual absorption of gas in 
high-current relay and rectifier tubes used 
in industry, finding and eliminating the 
causes for mechanical tube noise, the de-
velopment, improvement, comparison, and 
standardization of test methods and equip-
ment for evaluating tube performance. One 
of the developments which is expected to 
have a profound effect in industrial and 
commercial fields will be tubes with a life 
expectancy of from 15,000 to 20,000 hours, 
or ten to twenty times the life of the present-
day computer tubes. 
The National Bureau of Standards Tech-

nical News Bulletin for October, which gives 
a thorough description of this program, may 
be obtained by sending 10 cents to the 
Superintendent of Documents, Government 
Printing Office, Washington 25, D. C. 

VISIBILITY MEASURING DEVICE 

An electronic instrument for measuring 
atmospheric visibility which promises to be 
an important addition to airport safety 
equipment has been developed by govern-
ment scientists. The new device, called a 
transmissometer, was designed in the Na-
tional Bureau of Standards' airport lighting 
laboratory to reduce the human factor in 
visual estimates of distance, particularly in 
foggy weather. A complete description was 
published in the September issue of the 
Bureau's Technical News Bulletin; copies 
may be obtained from the Superintendent of 
Documents, Washington 25, D. C. at $.10 a 
copy. 

GERMAN CERAMIC PRESSES 

The Office of Technical Services has is-
sued a report on two novel German ma-
chines: an automatic mechanical press for 
dry pressing steatite ceramics, and a com-
bination spot-welding and impact press for 
fastening metal parts to ceramics. The re-
port (PB-6494: photostat, $3.00; microfilm, 
$.50), describing the two machines in detail, 
is available through the Office of Technical 

The data on which these NOTES are based were 
drawn, by permission, from "Industry Report," issues 
of August 8, 15, 22, and 29, and September 5. 1947, 
published by the Radio Manufacturers Association, 
whose courteous co-operation in this matter is grate-
fully acknowledged. 

Services, Department of Commerce, Wash-
ington 25, D. C. Checks should be made 
payable to the Treasurer of the United 
States. 

DEVELOPMENT OF MICROTUBE 

The Bureau of Standards has announced 
the development in its laboratories of the 
microtube, or "rice-grain" tube, which is a 
trifle larger than a grain of rice and not 
quite the size of an average pencil eraser. 
The tube was originally one-quarter inch in 
diameter, but design simplifications which 
had been introduced facilitated a further 
reduction in size. No other details are avail-
able as the microtube has various military 
applications. 

NATIONWIDE-SCALE RESEARCH 
URGED BY SCIENCE BOARD 

A proposal was recently set before Presi-
dent Truman by his Scientific Research 
Board recommending expenditures of at 
least one per cent of the country's annual in-
come by 1957 for the expansion of scientific 
research. This would mean expenditures of 
more than two billion dollars a year, or about 
twice the amount that is being spent now. 
Half the money, the board said, should be 
provided by the Federal Government and 
the rest by industry, education, and priv-
ately financed research organizations. Due 
to the present shortage of trained scientists, 
a completely balanced program of expansion 
would be impossible before 1957. 
The report, which is the first of five on 

"Science and Public Policy," was submitted 
by John R. Steelman, assistant to the 
President' and board chairman. The docu-
ment stressed the need for American ac-
complishments in "basic research." 

NEW ELECTRONIC COMPUTER 

One of the giant high-speed electronic 
computing machines, now under develop-
ment by the Bureau of Standards, will be 
installed at the Bureau's newly established 
Institute of Numerical Analysis, University 
of California, Los Angeles, Calif., when com-
pleted. 
"These computers will solve problems in 

minutes that now take days to work out, and 
will solve in days problems that are now out 
of the reach of scientists," the Bureau has 
announced. "Design specifications call for 
high memory capacity and automatically 
sequenced mathematical operations from 
start to finish at speeds attainable only with 
electronic equipment." 

NEW INDEX TO TECHNICAL REPORTS 

The third volume of a comprehensive 
index to reports on wartime technological 
developments in the United States, and in 
Germany and other foreign countries, was 
recently released for sale by the Office of 
Technical Services. 
The index is intended for use with the 

OTS Bibliography of Scientific and Industrial 
Reports, which has been published weekly 
since January, 1946, and which lists all re-
ports acquired by the Office with a brief ab-
stract of each. The new index is available 
from the Superintendent of Documents, 
United States Government Printing Office, 
Washington 25, D. C., at 35 cents a copy. 

WAR TECHNICAL REPORTS AVAILABLE 

Approximately 2500 reports of research 
on wartime technical problems sponsored 
by the Office of Scientific Research and De-
velopment, and now released from security 
restrictions, are now available to the public, 
according to a Bibliography and Index re-
cently published by the Office of Technical 
Services, United States Department of Com-
merce. 
Orders for the Bibliography and Index 

(PB-78000; OSRD Reports—Bibliography 
and Index; multilith, $.75; 109 pages) should 
be addressed to the Office of Technical 
Services, Department of Commerce, Wash-
ington 25, D. C., and should be accompanied 
by check or money order, payable to the 
Treasurer of the United States. 

NEW TECHNICAL SUBJECT LIST 

A new list of scientific and technical sub-
ject headings, designed for the use of librari-
ans and scientific research workers, and 
covering the latest advances in the fields of 
electronics, explosives, ordnance, tropicali-
zation, aeronautics, photography, metal-
lurgy, nuclear physics, and others, has been 
released by the Office of Technical Services. 
The document (PB-79322, Subject Headings 
for Technical Libraries, multilith, $1.50, 167 
pages) is available through the Office of 
Technical Services, Department of Com-
merce, Washington 25, D. C., and should be 
accompanied by check or money order, pay-
able to the Treasurer of the United States. 

F.C.C. PROPOSES ABOLITION OF SHARING 
OF TELEVISION CHANNELS 

The F.C.C. has issued a formal notice of a 
proposed amendment in its rules and regula-
tions to abolish the sharing of television 
channels with other radio services, and to 
assign non-government fixed and mobile 
radio services, which were to share certain 
channels with television, to the 44-50-Mc. 
band. As a result of comprehensive studies 
on the subject, the Commission is of the 
opinion that there is no practicable sharing 
arrangement which will not cause serious 
interference to television reception. 

F.C.C. EXTENDS LICENSES OF GENERAL 
MOBILE STATIONS 

The F.C.C. has extended to November 1, 
1948, the license term of all General Mobile 
Class 2 Experimental licenses which nor-
mally would have expired November 1, 
1947, if not renewed by application before 
September 1, 1947. 
"It is contemplated that the General 

Mobile hearing set for October 27, 1947, will 
result in the establishment of a regular serv-
ice for which many licensees of Experimental 
General Mobile Systems will be eligible," 
the F.C.C. said. "In this event it will be 
necessary for eligible experimental licensees 
to apply for authority to operate in such a 
service, and the extension will serve to avoid 
a duplication of work involved in the sub-
mission and processing of applications for 
renewals as well as new licenses." 

EXPERIMENTAL AMATEUR 
F.M. AUTHORIZED BY F.C.C. 

Under F.C.C. Order 130-P, the Commis-
sion has authorized the use of narrow-band 
f.m. for radiotelephony in the bands of 3850-
3900 kc. and 14,200-14,250 kc. by Class A 
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amateur radio operators. In addition, the 
holder of any class of amateur radio operator 
license is authorized to , use narrow-band 
f.m. radiotelephony at any licensed amateur 
radio station on frequencies from 28.8 to 
29 Mc. and from 51 to 52.5 Mc. This 
authorization is on an experimental basis 
until further order of the Commission, but 
in no event beyond August 1, 1948. The 
order also included authorization for use of 
the band 5650-5925 Mc., which the F.C.C. 
recently allocated to replace the amateur 
band 5650-5850 Mc. 

RAILROAD USE OF RADIO GROWS 

The F.C.C. has called attention to the 
inauguration of public radiotelephone serv-
ice on moving trains, and the growing uses 
of radio communications facilities by the 
railways. About 100 authorizations, repre-
senting 75 land stations and 700 mobile units, 
contribute to the safety and efficiency of rail 
operation. It is believed that this latter type 
of radio service, designed to aid train opera-
tion and yard and terminal traffic control, 
will become the most important adaptation 
of radio by the railroad industry. 

NEW OPERATOR LICENSE PLAN 
The F.C.C. has announced the first step 

in its plan to place the commercial radio 
operator examinations and licenses in step 
with the advancements that have been made 
in the industry. The plan provides, in part, 
for three classes of broadcast operator 
licenses authorizing operation of Standard, 
International, Frequency Modulation, Fac-
simile, Television, Development, and Auxil-
iary Broadcast stations. 

F.C.C. PRIMER ON RADIO 

The F.C.C. has recently issued Radio— 
A Public Primer, a 25-page mimeographed 
report containing a review of the various 
radio services, a brief history of broadcast-
ing, and a short explanation of how the 
Commission "polices the ether." Published 
by the Government Printing Office, copies of 
the report are available from the Superin-
tendent of Documents. 

NEW F.M. STATIONS 

The F.C.C. approved two new condi-
tional grants for new f.m. stations and 
authorized construction permits for eight 
other f.m. outlets on August 22, 1947. As of 
September 4, 1947, 276 f.m. stations were in 
operation with 14 new stations having gone 
on the air during August and eight during 
the first week of September. 

SURPLUS ELECTRONIC 
EQUIPMENT TO SCHOOLS 

War Assets Administrator Robert M. 
Littlejohn has announced a plan whereby 
surplus electronic equipment which would 
otherwise have to be scrapped because of the 
lack of commercialized markets, will be al-
located, to schools for training programs. 
Major engineering schools will receive 
equipment on contract for research and de-
velopment work on its adaptation to train-
ing purposes. The Federal Works Agency 
will have equipment transferred to it with-
out charge for use in schools having veteran 
training programs. Equipment will be made 
available at 5 per cent of fair value to state 
educational agencies for distribution to their 
schools. 

NEW RADAR SYSTEM INSTALLED 

Two new devices, a separate v.h.f. radio-
identification indicator and a radar height-
finding antenna, have been installed as part 
of a new radar all-weather landing and 
traffic system at the Naval Air Station, 
Quonset Point, R. I. 

SIGNAL CORPS CONTRIBUTES 
TO SCHOOL EQUIPMENT 

During the past year approximately 
3,500 schools and educational institutions 
have received donations of surplus equip-
ment from the Signal Corps. This represents 
over $6,000,000 in material. Additional re-
quests are being filled. 

ARMY SIGNAL ASSOCIATION 'APPOINTMENTS 

Frederick R. Lack was recently ap-
pointed chairman of a general committee on 
manufacturing by the Army Signal Associa-
tion. Mr. Lack is a director of The Institute 
of Radio Engineers and a member of its 
Executive Committee. Major General G. L. 
Van Deusen, (ret.) was named chairman of 
the military training committee. 

NEW CHIEF OF SIGNAL CORPS BRANCH 

Colonel F. W. Kunesh has been desig-
nated Chief, Industrial Mobilization Branch 
Office of the thief Signal Officer, succeeding 
Colonel J. H. B. Bogman, who has retired. 

AERONAUTICAL RADIO EQUIPMENT 
TO BE STANDARDIZED 

At the suggestion of the Civil Aeronau-
tics Administration, an all-industry confer-
ence was held in Washington on September 
18. RMA has arranged to co-operate with 
the CAA and aircraft industry organizations 
in the standardization of aeronautical radio 
equipment. 

V.H.F. REQUIREMENTS WAIVED 

All airdrome control stations operated 
under the authority of the F. C. C. have 
been granted exemption, until further 
notice, from the requirements for installation 
of very-high-frequency service. This is due 
to difficulty in obtaining material. 

JULY EXCISE TAXES 
Collections of excise taxes on radio sets, 

phonographs, and their component parts 
totalled $6,450,451.19 for July, 1947; the 
comparative figure for July, 1946, was 
$2,799,751.53. 

TUBE PRODUCTION 

Production of radio receiving tubes 
totalled 15,057,109 items in June, 1947, a 
slight gain over the 14,575,237 produced in 
May, but was reduced by the usual seasonal 
slump to 11,244,202 in July. The accumu-
lated production for the first seven months 
of 1947 was thus 114,606,634 tubes. 

RADIO AND TELEVISION RECEIVER 
PRODUCTION 

July production of all types of radio 
receivers  by  RMA  member-companies 
dropped, in a regular seasonal decline, to 
1,155,456 sets, as compared to June's total of 
1,213,142. However, a sharp increase in 
total set production occurred during the last 
week of July. 
Television receiver production, including 

radio table models, radio consoles, radio. 
phonograph combination consoles, and tele-
vision converters, was 10,007 sets, slightly 
below the record of 11,484 produced in June 
but well above the total of any other month 
reported this year. 
F.m and a.m. receiver production, includ-

ing table models, consoles, radio-phonograph 
combination  consoles,  and  table-model 
radio-phonograph combinations, was 70,649 
sets, also below that of 76,624 in June. 
Total radio set production by RMA 

member-companies  for  the  first  seven 
months of 1947 was 9,766,100 sets, of which 
516,212 were a.m. and f.m. receivers. 
Production of phonographs for July 

totalled 11,924 items, and of record players 
as radio attachments,13,107. 

PARTS PRODUCTION 

Statistics on parts production show the 
usual seasonal decline, with 58 companies re-
porting on deliveries to manufacturers and 
26 on deliveries to jobbers. July, 1947, de-
liveries to manufacturers averaged 89.01 
per cent of the total for July, 1946; while 
June, 1947, figures were 110.99 per cent of 
those for June, 1946 Deliveries to jobbers 
for July were 64.25 per cent of those for the 
same month last year; in June the percent-
age was 76.20. 

RADIO EXPORTS 

Exports of radio equipment and parts for 
June, 1947, totalled 6,335.260 units with a 
value of $11,087,200, bringing the cumula-
tive figures for the first six months of 1947 
to 48,348,494 units valued at $60,186,964. 

NEW RMA AMPLIFIER AND SOUND 
EQUIPMENT DIVISION CHAIRMEN 

Chairman F. D. Wilson of RMA's 
Amplifier and Sound Equipment Division 
has organized three new project and service 
sections with the following chairmen: Com-
mercial Sound Equipment, A. K. Ward; 
Intercommunication  Equipment,  A.  V. 
Samuelson; Recording Equipment, H. A. 
Crossland. 

NEW RMA TRANS1UTTER SECTION 
CHAIRMAN 

M. R. Briggs has been appointed chair-
man of the transmitter section, RMA en-
gineering department, by Director W. R. G. 
Baker, president of The Institute of Radio 
Engineers. 

RMA MEETINGS 

The following RMA engineering meet-
ings have been held: 
Sub-committee on Fixed Paper Dielectric 
Capacitors—August 25 and 26, 1947 
Committee on Dry Disc Rectifiers—August 
26, 1947 

Subcommittee on Antennas and R.F. Lines 
—September 10, 1947 
Executive Committee, Receiver Section— 
September 10, 1947 
Broadcast Transmitter Section—September 
16. 1947 
Subcommittee on Transformers and Re-
actors, September 19, 1947 
Subcommittee on Gas-filled  Microwave 
Transmission Lines—September 26, 1947. 

RMA MEETING 

A meeting of the RMA School Commit-
tee was held on October 27 and 28, 1947. 
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Books 

Klystron Tubes, by 
A. E. Harrison 

Published (1947) by McGraw-Hill Book 
Company, Inc., 330 W. 42 St.. New York 18, 
N. Y. 246 pages+3-page index +22 pages 
of appendixes+x pages. 155 illustrations. 
6X9 inches. Price, $3.50. 

Most microwave engineers are familiar 
with the "Klystron Technical Manual," 
prepared by Harrison for the Sperry Gyro-
scope Company and distributed in 1944. The 
book, "Klystron Tubes," is in a sense an ex-
tension of that publication, but most sec-
tions have been rewritten, all subjects have 
been expanded, and a number of new sub-
jects have been added. Most important of 
these are the sections on klystron modula-
tion and multiple-resonator klystrons. The 
theoretical sections on all types of tubes 
have been greatly expanded. In conformity 
with the use of the name klystron as a 
generic description of the class of tubes some-
times known as velocity-modulation or 
velocity-variation tubes, some material on 
tubes developed in other companies has 
been included, but the book is primarily 
concerned with principles and not tube 
types. 
The book begins with two introductory 

chapters on klystron construction and cavity 
resonators. There is then a chapter on elec-
tron-bunclting theory, in which the basic 
processes of velocity-modulation of the 
beam, bunching by drifting, and induction 
of current in the output gap are described 
and analyzed from the electron-ballistic 
point of view. The results from this electron-
ballistic approach are then combined in suc-
ceeding chapters with basic circuit theory to 
give the behavior and analysis of klystron 
amplifiers, frequency multipliers, reflex oscil-
lators, two-resonator oscillators, oscillator-
buffer tubes, cascade amplifiers, amplifier-
multiplier tubes, and the derivation of 
modulation characteristics. Although fre-
quency, phase, amplitude and pulse modu-
lation of klystrons are discussed, much of 
this last material is only qualitative. There 
are chapters on klystron tuners, klystron 
power supplies, and klystron operation dis-
cussed with reference to the theoretical 
principles developed earlier in the book. A 
final section gives a concise general survey 
of certain microwave measurement tech-
niques. 
The book is advertised on the jacket as 

an introduction to klystron tubes, and as 
such it can be criticized little. It mentions 
most of the important effects and character-
istics of this class oT tubes, gives some dis-
cussion of most of these, and provides anal-
yses for many. The mathematical develop-
ments are short and for the most part rela-
tively simple, and the author makes a point 
of discussing the physical significances of 
derivations wherever possible. Perhaps even 
for an introductory book there should have 
been more complete quantitative discus-
sions, even if to order of magnitude only, of 
certain effects only cited, such as the limita-
tions placed on drift length by space-charge 

debunching, the effects of transit times and 
secondary electrons on beam loading, etc. 
Certainly the reviewer feels that there 
should have been at least a qualitative de-
scription of the Hahn-Ramo space-charge-
wave approach to the analysis of this class of 
tubes as an important extension to the elec-
tron-ballistic approach. Nevertheless, the 
book will prove invaluable to engineers be-
ginning work on klystron applications or 
design, and to students studying the general 
subject of microwave tubes. 
The book will also be useful for engineers 

who have considerable experience with 
klystron design or applications because of 
the large amount of useful reference ma-
terial which it contains, but this group will 
find the above-mentioned omissions more 
disappointing. To make the book of optimum 
usefulness for this group, another edition 
should contain more material of an ad-
vanced nature, such as a discussion of the 
sources of noise and the fundamental limits 
on improving noise properties, gain-band-
width limitations in power-amplifier applica-
tions, advantages and disadvantages of 
many-gap tubes as compared with the few-
gap tubes discussed, the effects of multiple-
transit electrons in reflex tubes, the Pierce 
theory of gun design for beam tubes, and the 
theoretical limits on transadmittance in 
klystron tube types. 

J. R. WRINNERY 
University of California 

Berkeley 4, Calif. 

Antennae: An Introduction to 
Their Theory, by J. Aharoni 
Published (1946) by Oxford University 

Press, 114 Fifth Ave., New York 11, 
N. Y. 254 pages+3-page index +6-page ap-
pendix+2 page bibliography +viii pages. 
145 figures. 6; X9 inches. Price $8.50. 

This volume contains a comprehensive 
account of mathematical developments in 
antenna theory made in the half-century 
preceding the date of publication (1946), 
with particular emphasis on the work done 
during the last decade. It is an advanced 
book. The author assumes that the reader 
is familiar with mathematical methods 
needed in the development of this subject 
and wastes no space on details and collateral 
explanations. However, the readers with a 
proper mathematical background will find 
the exposition remarkably clear. The book is 
addressed to the applied mathematician 
rather than to the average engineer. 
The contents of the book are subdivided 

into three chapters according to the methods 
of mathematical analysis. The first chapter, 
entitled "Antennae and Boundary-Value 
Problems," begins with Maxwell's equa-
tions, boundary conditions, and a general 
statement of the antenna problem. This 
chapter contains an account of those solu-
tions which may be obtained by the method 
of separation of independent variables. Thus 
it includes plane, cylindrical, and spherical 
waves in free space; spherical waves along 

coaxial cones; free and forced oscillations on 
spherical and spheroidal conductors. The 
second chapter, entitled "Antennae and In-
tegral Equations," is the longest. It begins 
with a derivation of the low-frequency cir-
cuit theory from Maxwell's equations. Next 
come integral equations, at first exact and 
then approximate. This is followed by an ex-
position of an approximate method for solv-
ing one of the approximate integral equa-
tions and by a discussion of some of the nu-
merical results obtained by this method. The 
remainder of the chapter is devoted to circuit 
relations in antennas, to radiation patterns, 
and to ground effects. The third and last 
chapter contains a brief but exceptionally 
clear exposition of the wave-guide theory of 
antennas. 
The book should make it easy for the re-

search worker to learn what has been done 
in the field of fundamental antenna theory, 
which problems are still unsolved, and what 
questions remain as yet unanswered. 

S. A. SCHELKUNOFF 
Bell Telephone Laboratories, Inc. 

New York 14, N. Y. 

Vector and Tensor Analysis, 
by Louis Brand 
Published (1947) by John Wiley and 

Sons, Inc., 440 Fourth Ave., New York, 16 
N. Y. 429 pages +8-page index +xvi pages. 
59 figures. 54X8; inches. Price, $5.50. 

In this, the first of two volumes, Profes-
sor Brand has constructed an exceptionally 
systematic and lucid account of the closely 
related subjects of vector and tensor analy-
sis. The greater part of the book is devoted 
to the algebra and the differential-integral 
calculus of vectors, dyadics, triadics, etc. 
(tensors of valence 1,2,3, etc.). The subject 
of tensor analysis per se is treated in a single 
chapter. Although not primarily intended as 
a text, the fundamental nature of the presen-
tation and the inclusion of many problems 
well adapts this book to a course in vector 
analysis and a short course in tensor analy-
sis. Despite the preponderance of applica-
tions to the fields of mechanics, differential 
geometry, and hydrodynamics, this book 
should nevertheless appeal to the mathe-
matically inclined electrical engineer. A 
second volume is intended to cover applica-
tions of tensor analysis to relativity, electro-
dynamics, and electrical machines. 
The initial chapters are concerned with 

vector algebra and include as well a treat-
ment of the algebra of dual vectors and 
motors which are of importance in me-
chanics. Vector functions of a single variable 
are introduced as a preliminary to the dis-
cussion of linear vector functions of a vector. 
The associated concepts of dyadic operators, 
their scalar and vector invariants, their 
eigenvector properties, and the related 
Hamilton-Cayley equation are well pre-
sented. 
Particularly noteworthy are the chapters 

on the differential and integral properties of 
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vectors, dyadics, etc. With the general con-
cept of derivative as a basis, the invariant 
forms and integral transformations of the 
gradient of a tensor point function are de-
veloped. Volume and surface divergence and 
curl operations on vectors, together with 
their integral transformations, appear as 
special invariant forms. Surface operators, 
too often neglected, are of particular interest 
to electrical engineers because of recent de-
velopments in wave-guide theory. In addi-
tion to a generous sprinkling of applications 
of vector analysis throughout the book, 
complete chapters are devoted to hydro-
dynamics and surface geometry. 
Tensor analysis, rephrasing many of the 

developments of the preceding chapters in 
the new notation, is relegated to a single 
chapter. Transformation theory is discussed 
first in 3-space and later extended to N-
space. The distinction of the invariant ten-
sor from its components leads to simple 
treatments of the metric properties of vari-
ous geometries. 
The book concludes with a chapter on 

quaternions, their relation to vectors, and 
applications to rotations. 
Considered as a whole, this is a well. 

planned book which represents a welcome 
addition to the literature on the subject. 

NATHAN MARCUVITZ 
Polytechnic Institute of Brooklyn 

Brooklyn, N. Y. 

The Strange Story of the Quan-
tum, by Banesh Hoffmann 
Published (1947) by Harper & Brothers, 

49 East 33rd Street, New York 16, N. Y. 
232 pages-I-7-page index-Exiv pages. 15 
figures. 51X8 inches. Price $3.00. 

To those who may have a speaking ac-
quaintance with the frontier developments 
of theoretical physics during the last half 
century, the book under review offers an ex-
cellent summary, in nontechnical terms, of 
the steps leading to the present quantum-
mechanical picture of matter and radiation. 
In a manner both novel and entertaining, 
Dr. Banesh Hoffmann has marshalled in ap-
propriate sequence the ideas which have 
been offered as interpretation of the ever-ex-
panding experimental knowledge of atoms 
and associated radiations. More than this, he 
has provided the connective tissue by which 
these ideas are bound one to the other and 
also the matrix whence new speculations have 
sprung. To the present reviewer, who has 
lived only on the periphery of these revolu-
tionary developments of atomic theory dur-
ing the past quarter century, Dr. Hoffmann 
has been eminently successful in collating 
the seemingly diverse hypotheses and mold-
ing them into a clear and continuously un-
folding picture. 
"The Strange Story of the Quantum" 

embraces fifteen chapters, one each devoted 
to a "Prologue," an "Intermezzo," and an 
"Epilogue." The remaining twelve chapters 
are grouped into "Act I" and "Act II." A 
very complete and commendable "Index" 
provides means for reference. 
The Prologue outlines the early explana-

tions of human vision and the theories of the 

corpuscular and wave nature of light cham-
pioned by Newton and Huygens, ending 
with an account of Faraday's concept of 
"tubes of force" and Maxwell's electromag-
netic theory. Act I commences with Planck's 
hypothesis of the "quantum of energy" and 
Einstein's subsequent application of this en-
tity to the concept of light, culminating in 
an excellent exposition of I3ohr's funda-
mental ideas of the quantum relations of 
permissible energy states in the hydrogen 
atom. 
Following a word of warning in the "In-

termezzo" that the reader proceeds at his 
own risk, the author continues the story in 
Act II with de Broglie's association of wave 
packets with particles of matter, thus initiat-
ing the dual picture of particles as waves and 
waves as particles (photons). From here the 
going is difficult, as we are led through the 
maze of give-and-take theories of Heisen-
berg, Dirac, and SchrOdinger. The curtain 
falls on Act II with the wave and particle, 
like Dr. Jekyll and Mr. Hyde, being but two 
aspects of the same thing; and their existence 
in time and space being without meaning ex-
cept as a matter of calculable probability. 
The "Epilogue" consists of an evaluation 

of the finally developed quantum mechanics 
in opening up new lines of progress in physi-
cal science. One such avenue of progress has 
been the recent discovery of elementary par-
ticles in nuclear structures: the positron, the 
neutron, the neutrino, and the meson. 
"The Strange Story of the Quantum" 

bears on its title page the statement: "An 
account for the general reader of the growth 
of ideas underlying our present atomic know l-
edge." The "general reader" cannot mean, 
surely, the lay reader. Only one interested in 
the constitution of matter and having at 
least a genuine desire to understand physics 
can reap full enjoyment from the reading of 
this book. As expressed in the statement just 
quoted, the story offers the growth of ideas. 
One will not find, regrettably, much refer-
ence to the experimental foundations of our 
present atomic knowledge. It is also regret-
table to find an almost complete lack of bio-
graphical information on these great pro-
moters of the subject at hand, whose role in 
the family of scientists is an integral and 
often fascinating part of "The Strange 
Story of the Quantum." 
As regards the style of presentation, I do 

not subscribe to the opinion of a previous re-
viewer that this book is "in the same class 
with Popular Science Classics of Jeans, Ed-
dington, and E. T. Bell." The author has of 
necessity resorted to explanations by analo-
gies; this is all right. But his long drawn-out 
metaphors and ubiquitous rhetorical ques-
tions I find diverting. Just one example of 
each. On page 229: "It matters not that our 
theories are but temporary shelters from 
those icy finds of doubt and ignorance that 
chill the stoutest heart." On page 164: "Do 
we still wish to cling to the twirling? Do we 
think there is no other possible explanation 
that would make sense? Does it seem that 
we have been splitting philosophical hairs to 
pretend the twirling might be illusory?" 
These forms of expression in moderation 
make excellent seasoning, but in quantity 
they are hard to stomach. Otherwise, the 
fine choice of words, the nicely balanced sen-
tences, and the well chosen bits of humor 

(including even the puns) leave little to be 
desired. 
All in all, the author has accomplished 

with distinction his stated purpose of estab-
lishing a "guide to those who would explore 
the theories by which the scientist seeks to 
comprehend the mysterious world of the 
atom." To those so minded and who are not 
without some experience in the field of mod-
ern physics, this book is recommended. 

WILLIAM H. CREW 
Rensselaer Polytechnic Institute 

Troy, New York 

Electronic Engineering Patent 
Index, 1946, edited by Frank 
A. Petraglia 

Published (1947) by Electronics Re-
search Publishing Company, 2 W. 46 Street, 
New York 19, N. Y. 476 pages +viii pages. 
1677 figures 6X10 inches. Price, $14.50. 

The compiler of this book states in his 
preface that this is the first of a proposed 
annual series which is designed to provide 
engineers with a convenient guide to new 
electronics patents issued during the year 
by the U. S. Patent Office, and that he be-
lieves it will serve as a valuable reference. 
He further states that the compilation re-
produces in full, from the 1946 file of the 
Gazette of the U. S. Patent Office, circuit 
diagrams and descriptions of patents, so 
that they are identical with those of the 
original source and, hence, provide all the 
information necessary to facilitate further 
search where such is desired. 
The preface and the table of contents 

are the only original subject matter intro-
duced by the compiler over that given by the 
Official Gazette. The patents listed under 
each of the ninety subject classifications, 
which appear to be rather arbitrarily se-
lected by the compiler, are incomplete be-
cause no cross references are given. For 
example, Seismic Surveying Systems and 
Prospecting Appara.tus must be examined 
to find even the primary patents used in 
the geophysical field, which at this date en-
joys the status of a well-defined branch of 
the electronic art. 
This book is neither convenient, nor a 

guide, nor a reference. Had the compiler 
given some attention to classification, some 
definition of the ninety subject classifica-
tions; given complete references under each 
classification, including cross references, 
headings on each page indicating the classi-
fication, an index of the numerical patents, 
their inventors and assignees; and a brief 
description of the invention in addition to 
the printed claim; then a constructive step 
would have been taken which could have 
some value to the engineer. As it is, how-
ever, the engineer who wants to familiarize 
himself with the patents issued in this field, 
or who wishes to refer to certain patents, 
will find the Official Gazette of the U. S. 
Patent Office with its annual index more 
useful. 

ALOIS W. GRAF 
120 South La Salle St., 

Chicago 3, Illinois 
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I.R.E. People 
A. W. MARR1NER 
A. W. Marriner (A'29), formerly director 

of the aviation department of International 
Telecommunication Laboratories, has been 
named assistant technical director for the 
International Telephone and Telegraph 
Corporation. 
General Marriner has been the Air 

Force's oldest communications officer, hav-
ing pioneered air communications for the 
Air Corps shortly after the first World War. 
During World War 11 he organized the 
Directorate of Communications, which was 
responsible for the inauguration of Air 
Force  communications  and  navigation 
services. This included the organization of 
the Army Airways Communications Sys-
tem. Later, General Marriner went to for-
eign duty as Senior American Air Communi-
cations Officer in England during the 
preparations for the Normandy invasion. 
Subsequently he served as American Air 
Signal Officer-in-Chief in the Mediterranean 
Theater. 
General Marriner joined the I.T.&T. 

System on May 1, 1946, having retired from 
the regular Army after more than twenty-
eight years of continuous service in the 
Air Forces. During that service he advanced 
through all grades from second lieutenant 
to brigadier general. He is the possessor of 
the Legion of Merit with Oak Leaf Cluster, 

DR. W. L. BARROW 

the Citation Ribbon, and is Honorary 
Commander of the Order of the British 
Empire (Military Division), and Corn-
mendatore of the Order of the S.S. Maurizio 
and Lazzaro. 

RUDOLF FELDT 

Rudolf Feldt (M'44), who has been con-
nected with ,the Allen B. Du Mont Labora-
tories, Inc., of Passaic, N. J., since 1935, 
has been recently appointed head of its 
cathode-ray oseillograph manufacturing de-
partment in Clifton, N. J. 
Mr. Feldt was graduated as an electrical 

engineer from Technische Hochschule in 
Berlin, Germany, and worked in the plants 
of the A.E.G. and C. Lorenz Companies. In 
1931 he became research engineer for the 
Compagnie Lignes Telegraphiques et Tele-
phoniques in Conflans Ste. Honorine. 
He has several important developments 

and refinements to his credit in the field of 
cathode-ray oscillographs and tubes. One of 
his first assignments at the Du Mont Labo-
ratories was the compilation of a bibliog-
raphy on the cathode-ray art. 
During World War II he volunteered and 

served with the French Foreign Legion in 
North Africa. 

W. L. BARROW 

W. L. Barrow (A'28-M'40-F'41) was re-
cently appointed chief engineer of the Sperry 
Gyroscope Company, Inc. Dr. Barrow was 
born in Baton Rouge, La., on October 25, 
1903. He received the B. S. degree in electri-
cal engineering from Louisiana State Uni-
versity in 1926, and the M. S. degree from 
Massachusetts Institute of Technology in 
1929. He was a Redfield Proctor Feljow in 
physics at. the Technische Hochschule in 
Munich, Germany, where, in 1931, he re-
ceived the Sc. D. degree in physics. Serving 
from 1931 to 1936 as an instructor in the 
communications division of Massachusetts 
Institute of Technology and as a member of 
the Round Hill research group, Dr. Barrow 
was appointed professor of electrical com-
munications in 1936. In 1943 he joined 
Sperry as full-time director of armament 
engineering, following several years of serv-
ing as consultanL 

ARTHUR DORNE 

JOSEPH MARGOLIN 
Arthur Dome (A'47-M'47) supervising 

engineer, and Joseph Margolin (M'47), engi-
neer, of the antenna-design section of Air-
borne Instruments Laboratory, Mineola, 
N. Y., have established their own antenna 
consulting firm, Dome and Margolin, An-
tenna Consultants, in Ftreport, L. I. 
Both Mr. Dome and Mr. Margolin have 
done important work in faired-in, dragless 
antenna designing groups for Airborne In-
struments Laboratory. They anticipate 
enlisting the assistance of A.I.L. for meas-
urement and field-pattern work. 

DONALD A. QUARLES 

Donald A. Quarles (M'41-SNI'43), di-
rector of apparatus development of Bell 
Telephone Laboratories, has been elected a 
vice-president of the organization. Associ-
ated with Bell System since 1919, he pre-
viously served as outside-plant-development 
director and transmission-development di-
rector. 
Mr. Quarles is vice-chairmin of the com-

mittee on electronics of the Joint Research 
and Development Board of the federal gov-
ernment. He is also a member of the board 
of directors of the American Institute of 
Electrical Engineers. 

I )0NALD A. QUARLES 
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GROTE REBER 

GROTE REBER 

Grote Reber (A'33—SNI'44) was recently 
appointed to the staff of the National 
Bureau of Standards. His investigation will 
center on the study of cosmic and solar radio 
noise. 
Mr. Reber was born on December 22, 

1911. He received the B.S. degree from 
Armour Institute of Technology in 1933, 
after which he did graduate work at the 
University of Chicago in physics. He was a 
radio engineer for General  Household 
Utilities in 1933 and 1934, and was with the 
Stewart-Warner Corporation from 1935 to 
1937. In 1939 he was associated with the Re-
search Foundation of Armour Institute of 
Technology. In 1941 he returned to Stewart-
Warner to aid the war program. During 1946 
he joined the Belmont Radio Corporation as 
a radio engineer. 
Mr. Reber is the author of a number of 

technical papers in the fields of interstellar 
static and electrical engineering. He is an as-
sociate member of the American Institute of 
Electrical Engineers and the American 
Rocket Society, a member of the Chicago 
Astronomical Society, the American As-
sociation for the Advancement of Science, 
the Astronomical Society of the Pacific, and 
the Franklin Institute. 

ROBERT J. GLEASON 

Robert J. Gleason (A'36—M'39—SM'43), 
communications superintendent of the Pa-
cific-Alaska Division of Pan American 
World Airways, was recently awarded the 
Bronze Star medal by the United States 
War Department for outstanding work in 
establishing communications networks in 
the China-Burma-India theater of war. 
"Colonel Gleason's zealous devotion to 

duty,* the War Department citation states, 
"led him to removed and virtually inaccessi-
ble areas in China to supervise personally 
the installation of radar beacons and radio 
ranges, in many instances disregarding 
prevalent enemy activity. Working in direct 
support of tactical and transport units, 
Colonel Gleason handled special emergency 
missions of furnishing communications for 
entire networks to support operations in-
volving the movement of thousands of 
troops to forward areas to halt the Jap-
anese advances in China." 

JOHN H. BATTISON 
John H. Battison (M'47) has joined the 

general engineering department of the 
American Broadcasting Company as as-
sistant to John G. Preston (S'35—A'37), 
A.B.C.'s chief allocations engineer. 
Mr. Battison graduated from the City 

and Guilds of London, England, in 1936 with 
a B.S. degree in radio communication. 
From 1934 to 1937 he was a research engi-
neer for the EKCO Radio Company of 
London, and from 1937 to 1939 was super-
visor of radio equipment production for the 
Air Ministry. During the war years he served 
the Royal Air Force as an acting squadron 
leader. 
Following the war, Mr. Battison came to 

the United States as a research engineer for 
the Midland Broadcasting Company in 
Kansas City, Missouri, and later became 
technical director for that company. He 
resigned this post to become transmitter de-
velopment engineer for the Federal Radio 
and Telephone Company. 

F. M. SLOAN 

F. M. Sloan (A'41) formerly assistant 
general manager of Westinghouse Radio 
Stations, Inc., has recently been appointed 
manager of the Westinghouse Home Radio 
Division, Sunbury, Pa. 
Mr. Sloan has been associated with 

Westinghouse radio activities for more than 
15 years in both technical and administra-
tive positions. During the latter part of the 
war he was manager of the Field Engineering 
Service Department for the Industrial Elec-
tronics Division at Baltimore. In this ca-
pacity he developed and supervised a world-
wide engineering service organization that 
included operations in the distant theaters of 
operation where radar and electronic equip-
ment were installed for the Navy. 

A. C. KRUEGER 

A. C. KRUEGER 

A. C. Krueger (M'46) has joined the 
staff of the Airborne Instruments Labora-
tory, Mineola, N. Y., to assume the ad-
ministrative direction of the antenna-design 
section. 
Dr. Krueger received the B.A. degree 

from Westminster College in Missouri in 
1925, the M.A. from the University of Mis-
souri in 1927, and the Ph.D. from the Uni-
versity of Wisconsin in 1930. From 1930 to 
1942 he served as professor of physics and 
applied mathematics at Westminster Col-
lege. He lectured at Culver-Stockton Col-
lege in 1942 and at the University of Wis-
consin in 1943. From September, 1943, to 
July, 1945, he worked on the Manhattan 
Project at the University of Chicago, mak-
ing contributions in nuclear physics and in 
nuclear and radiation chemistry. He then 
served as engineer in charge of research and 
development for the Allen D. Cardwell Com-
pany until February, 1946, when he went to 
Republic Aviation Corporation as develop-
ment engineer on a guided-missiles project. 
Dr. Krueger is a member of the Electro-

chemical Society, the American Chemical 
Society, the Association of New York Sci-
entists, the American Association of Physics 
Teachers, the Missouri Academy of Science, 
Alpha Chi Sigma, and the American Radio 
Relay League. 

ROBERT J. GLEASON F. M. SLOAN 
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l'HE MURRAY HILL, N. J., FACILITIES OF THE BELL TELEPHONE LABORATORIES 

The Bell Telephone Laboratories, research and development organization of the Bell System, has established this Laboratory near Summit, N. J. An adjoining unit. 
comparable in size to the one shown, which was completed before the war, is now under construction and is expected to be ready for occupancy by 1948. 
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John E. Keto 
Chairman, Dayton Section, May 1946-May, 1947 

John E. Keto was born on June 9, 1909, in Maynard, 
Mass. He received his E.E. degree in 1932 after complet-
ing the five-year co-operative engineering course at the 
University of Cincinnati. In 1935, he obtained his M.S. 
degree in physics from the same university. 
From 1927 through 1935, Mr. Keto was employed by 

various electrical and product industries in Cincinnati, 
Ohio, and Detroit, Mich., as part of his training course. 
The last three years were with the Detroit Edison Com-
pany, as a member of its research staff. 
For the next two years, Mr. Keto instructed in the 

electrical engineering department of the University of 
Cincinnati as a teaching fellow. During this period he 
continued his research activity in connection with his 

graduate thesis. 
Association in the field of radio engineering and de-

velopment began in 1935 with the appointment as 
physicist to the Aircraft Radio Laboratory, Wright 
Field. The period of 1935 through 1939 was spent in 

research and development on high-frequency com-
passes, instrument-landing aids, and radio altimeters. 
In 1940, Mr. Keto was assigned as project engineer in 
charge of initiating and conducting the development of 
airborne radar equipment for the Army Air Forces, and 
became chief engineer of the Radar Laboratory in 1943. 
He continued in this position until early 1946, when he 
assumed the position of chief engineer of the newly 
established Radiation Laboratory; in June, 1946, he 
was appointed chief of the laboratory. 
In February of 1946 Mr. Keto received the Medal for 

Merit for his outstanding services in the development 
of airborne radar equipment for the Armed Services 
during the war. 
Mr. Keto joined The Institute of Radio Engineers as 

an Associate Member in 1936 and became a Senior Mem-
ber in 1945. He is a member of Sigma Xi, Tau Beta Pi, 
Eta Kappa Nu, and the American Association of Com-
mon Clubs. 
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Postwar Curriculum Emphasis* 
OTTO J. M. SMITHt, MEMBER, I.R.E. 

The qualifications of an engineer are, among other factors, a complex func-
tion of his natural intelligence and resourcefulness, perscnality and physical 
vigor, and his training. It is timely in this turbulent and changing period to 
re-evaluate current methods of professional engineering training and to sug-
gest constructive changes and useful improvements, as has here been done by 
a Member of the Institute who has had experience both in professional instruc-
tion, and in research as Chief Electrical Engineer of the Summit Corporation. — 
The Editor. 

ECENT TECHNOLOQICAL ad-
vances have greatly increased the 
amount of material which every 

engineering graduate should know. En-
gineering schools are striving towards maxi-
mum teaching efficiency. More efficient 
teaching methods are necessary for students 
to cover the increased material available, 
and also to relieve the load on overworked 
faculties. 
Many engineering schools are expanding 

the scope of their curriculums. There is more 
fundamental material to be taught than 
can be adequately covered in four years. 
Some schools are stressing a five-year 
course, while others have increased the re-
quirements per semester until many students 
need five years to complete a four-year 
course. The latter is discouraging to the 
student, and a headache to the adviser who 
must arrange the nonstandard programs. 
This evades the problem. To recognize part 
of the problem and require all engineers to 
take five years, or more, is to overlook the 
fact that industry has positions for men 'who 
do not have a master's or professional en-
gineer's degree, but yet have had more than 
a technical-high-school education or a 
mechanics course. The four-year man will 
continue to be the main product of the 
majority of our universities, and the first 
four years in engineering should be designed 
to fulfill the needs of the man who intends to 
go no further, and at the same time form a 
solid basis for graduate work. 
The purposes of this paper are to present a 

four-year curriculum that satisfies the above 
conditions, and to describe a few methods 
of increasing the amount of material which 
can be presented in a limited time. Of course, 
a great deal depends upon the caliber of the 
teachers. Properly, a discussion of the per-
sonality, characteristics, and method of se-
lection of professors should be included. 
But the assumption will be made that the 
faculty is fixed, and that the variables are 
the curriculum and teaching methods. The 
development of considerable student re-
sponsibility and the use of "problem-tech-
nique" teaching was found by the author to 
be very successful at Tufts College and 
Denver University. 
The conventional engineering curriculum 

* Decimal classification: R070. Original manuscript 
received by the Institute, August 5, 1947. 
t Summit Corporation, Scranton 2, Pa. 

contained a sequence of courses that was 
semihistorical. The advanced and special 
courses usually were centered around the 
study of particular types of equipment. This 
method of "product-centered" organization 
was satisfactory until it was hard-pressed 
by the exigencies of the present situation. 
A school now may find it necessary to in-
crease its teaching efficiency by shifting 
from "product-centered" thinking to "prob-
lem-technique" thinking. Combined with 
psychologically superior teaching methods, 
this will allow them to graduate four-year 
men with better training than their prewar 
graduates. 
The beginning courses should present 

the physical fundamentals in a logical 
mathematical sequence. This need have no 
correlation with the historical development 
of the ideas. The material in the advanced 
courses should be chosen with reference to 
the method of solution of the problems in-
volved, rather than the type of equipment in 
which the problem occurs. This has been 
recognized in the past in such courses as 
transients, design, and thermodynamics, 
but not in d.c. machines or internal-com-
bustion engines. 
This shift of emphasis tends toward 

higher teaching efficiency, and produces the 
most desirable thinking patterns in the 
students. It leads immediately to electro-
mechanical analogies, generalized circuit 
theorems applicable to hydraulic, electrical, 
or mechanical servomechanisms, the laws 
of thermodynamics in a form as useful 
to the physical chemist or electrical engineer 
as to the steam-power man, and an applica-
tion of basic design philosophies to all en-
gineering problems. 
A teacher is a salesman. He must interest 

the students by his opening statements, 
give them the facts, and sell them on the 
idea of outside study. The most effective 
teaching starts with a practical problem to 
introduce each new mathematical or en-
gineering tool. The student should be sold 
on the usefulness of the mathematical tool 
to him, personally, and he should study with 
a specific problem uppermost in his mind. 
This, it has been proved, produces the high-
est rate of learning and the greatest reten-
tion, and we engineers should not condone 
anything less than the maximum possible 
efficiency. 
The student is able to cover not only more 

fundamentals, but also more equipment ex-
amples with "problem-technique" teaching, 
because of the reduction in the amount of 
wasted classroom and study time. The 
professors, too, find their time more pro-
ductive. 
Initiative and responsibility on the part 

of the students has to be developed in the 
laboratory sessions. To be certain, it is 
easier on an instructor's nerves and dis-
position for him to take all of the responsi-
bility in a sophomore laboratory, but then 
his students will still lack initiative when 
they are seniors. The saving in time in a 
senior laboratory where all of the students 
competently assume responsibility more 
than makes up for the extra time that it 
takes to start them right as sophomores. 
Prospective employers are seriously con-
cerned with an engineer's approach to lab-
oratory work. This is so important that it 
can Warrant the department's best man 
teaching the first course in a student's 
major field. 
As an example of a unified course, Table 

I gives an electrical engineering curriculum 
designed primarily for four-year students, 
but applicable to the first four years of a five-
year program. Appendix I is a description 
of the important courses. There is a general 
orientation progratti which presents the 
fields of engineering, evaluates the student's 
abilities and desires, and offers technical and 
psychological guidance. The few basic 
courses emphasize those elements which are 
applicable in all fields of electrical engineer-
ing. The multitude of little courses which 
many undergraduate curriculums accumu-
late upon the request of new teachers or 
industrial men with limited interests has 
been omitted. Since all of the courses listed 
here are intended to be practical, there is no 
need for the special so-called practical 
courses. 
Direct-current machinery illustrates the 

reasoning in determining the correct place-
ment of a subject in a curriculum of this 
type: it is taught in the general machinery 
course in the senior year because it is not a 
prerequisite for any junior subject, and it 
is easier to teach d.c. after synchronous 
machinery than before it. Electromagnetic 
theory is a basic course which precedes cir-
cuit theory (which is derived from it), and 
follows calculus, which is used extensively 
in it. Attention should be directed to the 
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TABLE I 

ELECTRICAL ENGINEERING CURRICULUM 

Hours 
Laboratory  Credit 

Math  1 
Chem 1 
CE  1 
CE  2 
Engl  1 

Math  2 
Chem 2 
CE  3 
Engl  2 

Math  3 
Physics 1 
Chem 3 
EE  1 
CE  4 

Math  4 
Physics 2 
EE  2 
Shop  1 

EE  3 
CE  5 
CE  6 
Shop  2 
Acct  1 

EE  4 
EE  5 
CE  7 
CE  8 
ME  1 

EE  6 
EE  8 
ME  2 
Speech 1 

EE  7 
EE  9 
EE 
EE 

First Year 

General Mathematics 
Inorganic I 
Engineering Lectures 
Engineering Drawing 
Exposition and Business English 

Differential Calculus 
Inorganic II 
Descriptive Geometry 
Composition 

Second Year 
Integral Calculus 
General Physics I 
Engineering Materials 
Orientation 
Statics 

Advanced Engineering Mathematics 
General Physics II 
Electromagnetic Theory 
Fabrication 

Third Year 
Linear Circuits 
Dynamics 
Strength of Materials 
Machine Shop 
Engineering Accounting 

Transients and Nonlinear circuits 
Distributed Constants 
Surveying 
Hydraulics 
Thermodynamics 

Fourth Year 

Electrical Machinery I 
Radio I 
Power Plants 
Public Speaking 

Electrical Machinery II 
Seminar 
Elective 
Elective 
Liberal Arts elective 

6 
1  4 

1 
2  2 

3 

3  16 

6 
1  4 
2  3 

3 

3  16 

2 

5 
5 
3 
1 
2 

16 

4 
1  5 
1  6 
1  1 

3  16 

2  7 
2 

1  3 
1  1 

3 

4  16 

1  5 
1  3 
1  2 

3 
3 

3  16 

1  6 
1  4 
1  4 

2 

3  16 

1  6 
1 

1  3 
1  3 

3 

3  16 

fact that calculus is completed in the middle 
of the second year, supplying the student 
with his most important tool at the time he 
is starting his fundamental major work. 
This was made possible by consolidating all 
noncalculus items into two courses: general 
mathematics and advanced engineering 
mathematics. 
It is best for a student to have only a 

few professors each semester. Most one-
hour one-semester courses should be com-
pressed into two and one-half weeks of a six-
hour course. Such a change increases the 

teaching efficiency by several hundred per 
cent, because each subject is hit hard, rather 
than spread thin. This desirable reduction 
in the number of courses has been ac-
complished in the given curriculum by 
scheduling subjects in succession in a few 
main courses. For example, linear circuits 
and its laboratories (EE3) includes the usual 
courses in measurements and symmetrical 
components. Occasionally, engineering stu-
dents have too many laboratories and too 
many reports. Then there is competition 
between different classes for a student's 

1347 

study time. This is another reason for reduc-
ing the number of contact professors per 
semester. The usual congestion of labora-
tories in the junior year has been dissolved 
by the careful selection of the material that 
should come in the sophomore and senior 
years. There are never more than five courses 
a semester, and only once are there as many 
as four laboratory sessions a week in this 
sample curriculum. 
A reorganization of courses and course 

material initially places added responsibili-
ties upon the professors, but the hard work 
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is like planting a garden-there are re-
wards. A program of this type also requires 
the co-operation of other departments. 
Courses in mathematics, physics, and chem-
istry should be tailored specifically for en-
gineers. Instructors for these courses should 
be skilled in "problem-technique" teaching, 
preferably having had engineering experi-
ence. The content of the important service 
courses is given in Appendix 1. Notice that 
calculus is started in the freshman year so 
that it can be used as a tool in all engineering 
courses. Advanced engineering mathematics 
replaces the classical differential equations. 

electives are for the man who finishes his 
formal education In four years. 

APPENDIX I 

Description of courses: (Numbers in pa-
rentheses indicate hours credit): 

EE 1 Orientation (1). Training, experi-
ence, and duties of the various grades and 
classes of engineers in power, design, manu-
facturing, control, communications,  re-
search, etc., and equipment and problems 
encountered in these fields. 

TABLE II 

CREDIT HOURS SUMMARY 

Year 
Fundamentals  Major 

Math  Physics  Chem  EE 

Other Engineering 

CE  ME  Shop 
Liberal 

1  12  8 
2 
3 
4 

9  10  3 

Totals  21  10 

Per Cent  16.4  7.8  8.6 

7 
15 
23 

45 

6 
2 
10 

1 
3  1 
4 

18  7  2 

6 

3 
5 

14 

35.2  14.1 ,  5.5  1.5  10.9 

Hours  Per Cent 

Fundamentals 
Major 
Other Engineering 
Liberal 

42 
45 
27 
14 

128 

32.8 
35.2 
21.1 
10.9 

100.0 

Table II is a summary of the curriculum 
emphases in hours and per cent. The bal-
ance is good when the student's time is 
equally divided between fundamentals, his 
major, and all other courses. This program 
bears heavily enough upon the technical side 
that the substitution of business or liberal 
arts courses for the senior major electives is 
not only permissible, but advisable. There 
should be available, for seniors, courses in 
business management, advanced accounting, 
statistics, psychology, education, history of 
civilization, law, and economic geography. 
One can find a champion of each of these 
courses among our engineering schools to-
day, and with respect to what the engineer 
needs when he becomes a part of manage-
ment ten years after graduation, these 
champions are right. There are some stu-
dents mainly interested in business, and 
these should enroll in the business school 
and take only an engineering minor. 
A student who intends to go on for a 

master's, engineer's, or Ph.D. degree should 
take his advanced work in engineering, 
mathematics, and physics in the graduate 
school. He should not take undergraduate 
electives of poorer quality covering the same 
subjects, but instead should emphasize lib-
eral arts courses. The undergraduate senior 

EE 2 Electromagnetic Theory (6). Elec-
tric, magnetic, and dielectric phenomena, 
units, space vector, field theory, Maxwell's 
equations, derivation of circuit equations, 
permeability, permitivity, resistivity, wa-
ter-table studies. 
EE 3 Linear Circuits (7). Computation of 
capacitance, inductance, voltage, and force, 
complex notation, a.c. and d.c. steady-state 
response of n-loop and n-node networks, 
meters, standards, bridges, measurements, 
impedance charts, 3-phase, symmetrical 
components. 
EE 4 Transients and Nonlinear Circuits 
(5). Transient solutions of linear networks, 
coupled circuits, electromechanical systems, 
network analyzers, repeated transients, glow 
tubes, lightning arresters, iron, Fourier 
analysis, thermionic emission, electronic 
tubes and circuits, differential analyzer. 
EE 5 Distributed Constants (3). Trans-
mission licks, cables, filters, transducer 
theorems, nomographs, antennas, heat flow, 
radiaticn and wave guides, Bessel functions, 
generalized circle diagrams, Riecke charts. 
EE 6 Electrical Machinery 1 (6). Power 
and audio transformers, synchronous gen-
erators, d.c. machines. 
EE 7 Electrical Machinery 11 (6). Induc-
tion motors, synchronous motors, single-

phase machines, rototrol, amplidyne, con-
trol equipment, rectifiers, inverters, special 
machines. 
EE 8 Radio I (4). Amplifiers, coupled cir-
cuits, detectors, oscillators, a.m. and f.m. 
receivers, rectifiers. 
EE 9 Seminar (1). Student papers based 
upon library research. 

Electives, given upon demand: 

EE 10  Radio II (4). Transmitters, an-
tennas,  ultra-high-frequency  techniques, 
pulsed circuits, television, radar. 
EE II Advanced Circuit Analysis (3). La-
Placian transform, operational methods, 
matrices, boundary problems, n-winding 
transformer. 
EE 12  Power Systems (3). Generation, 
transmission,  distribution,  protection, 
steady-state and transient stability. 
EE 13  High Voltage (3). Gaseous dis-
charge, dielectrics, insulation co-ordination, 
impulse testing, circuit breakers, relaying, 
corona loss. 
EE 14  Design (3). Elements of trans-
former, machinery, relay, and meter design. 
EE 15  Illuminations (3). Photometry; in-
dustrial, display, theater, and home lighting, 
photocell applications, optical systems. 
EE 16 Industrial Electronics (3). Control 
and signaling equipment, timers, counters, 
dielectric and induction heating, d.c., a.c., 
and r.f. welding, arc furnaces, electrolysis, 
X-rays, gauges. 
EE 17 Servomechanisms (3). Control and 
positioning apparatus, stability problems, 
gyropilots, lathe controls, turbine exciters 
and governors. 

Description of important service courses: 
Math 1 General Mathematics (6). Ad-
vanced algebra, trigonometry, and analytics, 
consolidated and taught simultaneously. 
Math 2 Differential Calculus (6). A stand-
ard course. 
Math 3 Integral Calculus (5). A standard 
course including complete solution of linear 
differential equation and power-series meth-
od for any differential equation. 
Math 4 Advanced Engineering Mathe-
matics (4). Determinants, n-mesh linear net-
works, series, Fourier analysis, selected dif-
ferential equations, Bessel's functions, di-
mensionless solutions, cubic and quartic, 
indicial admittance, partial differentiation, 
vector algebra, space vectors, field equa-
tions, probability. 
Physics 1 General Physics I (5). Mechan-
ics, heat, sound. 
Physics 2 General Physics II (5). Elec-
tricity and magnetism, light. Both of the 
above would use calculus and differential 
equations extensively. Physically incorrect 
concepts, such as that of the "unit magnetic 
pole," would be revised. 
Chem 1 Inorganic I (4). Semi-micro lab-
oratory methods. 
Chem 2 Inorganic 11 (4). Semi-micro lab-
oratory methods. 
Chem 3 Engineering Materials (3). Wa-
ter, gas, and ore analyses, photomicroscopy, 
mass spectrograph, steels, alloys, eutectic 
solders, lubricants,. dielectrics, porcelains, 
industrial hazards and poisons, etc. 
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Dynamic Performance of Peak-Limiting Amplifiers* 
DONALD E. MA.XWELLt, SENIOR MEMBER, I.R.E. 

Summary—Dynamic requirements for peak-limiting amplifiers 
are discussed briefly with respect to such factors as attack time, 
signal-to-thump ratio, gain-reduction characteristics, and recovery 
time. There is described a novel measurement technique and appa-
ratus for the visual analysis of the dynamic performance of peak 

limiting amplifiers. 
The dynamic characteristics of several typical commercial peak-

limiting amplifiers are individually analyzed by a series of cathode-
ray oscillograms. These amplifiers exhibit various short-comings of 
a dynamic nature. As an example of the practical improvement which 

is obtainable, there is shown the dynamic performance of an experi-
mental peak-limiting amplifier developed by the Columbia Broad-

casting System. 

I. INTRODUCTION ALTHOUGH the use of peak-limiting amplifiers in 
radio broadcasting and recording systems has 
become very general, the actual dynamic per-

formance of these amplifiers is often a matter of con-
siderable conjecture. Most users know from their own 
experiences that the action which occurs in a peak-limit-
ing amplifier under actual operating conditions fre-
quently has little correlation to that which is indicated 
by steady-state sine-wave measurements. Overmodu-
lation "splatter," audible "thump," and "motorboating" 
are among the more familiar operational defects due to 
dynamic deficiencies in these amplifiers. Manufacturer's 
specifications on commercial peak-limiting amplifiers 
usually include little or no information on dynamic per-
formance, and in the past there has been no available 
measuring technique or equipment by means of which 
the user could reliably judge the dynamic merits or de-
fects of a particular amplifier. 
It is one object of this paper to describe a measuring 

technique which provides a means for evaluating the 
transient characteristics of peak-limiting amplifiers. A 
second object of this paper is to describe the results of 
the above measurements as applied to several peak-lim-
iting amplifiers. By way of background, there will first 
be presented a discussion of some of the dynamic re-
quirements of peak-limiting amplifiers. 

II. DYNAMIC REQUIREMENTS FOR PEAR-
LIMITING AMPLIFIERS 

The essential function of a peak-limiting amplifier' is 
to provide an automatic means of gain control, such 
that no audio peak amplitude at the input of the am-
plifier will produce an output level in excess of a prede- . 
termined maximum value. A peak-limiting amplifier 

'' Decimal classification: R363.2 X R255.1. Original manuscript re-
ceived by the Institute, December 20, 1946; revised manuscript re-
ceived, April 30, 1947. 
'I. Columbia Broadcasting System, Inc., New York, N. Y. 
'F. E. Terman, "Radio Engineers' Handbook," McGraw-Hill 

Book Co., New York, N. Y. 1st edition, 1943, p. 413. 

has an automatically controlled gain characteristic such 
that its gain is essentially constant for all peak signal 
amplitudes below the predetermined maximum output 
value, and is approximately inversely proportional to 
the input peak signal amplitude for all values in excess 
of that corresponding to the predetermined maximum 
output value. A peak-limiting amplifier is usually char-
acterized by a rapid reduction of gain at the onset of a 
high signal peak, and a relatively slow restoration of 
gain after the peak has subsided. The time required for 
gain restoration is usually long, compared to any signal-
frequency variations. The minimum time required for 
gain reduction is commonly known as "attack" time, 
and the time required for gain restoration as "recovery" 
time. 
Since broadcast program material by nature consists 

of a series of non-sustained and rapidly recurring signal 
peaks, a peak-limiting amplifier which does not have a 
sufficiently short attack time will permit the occasional 
passage of short signal bursts having amplitudes in ex-
cess of that corresponding to 100 per cent modulation 
of the associated transmitter. If each of the resulting 
periods of overmodulation does not persist for more 
than a few milliseconds, it is probable that few listeners 
will be able to detect the serious wave-form distortion 
which occurs during these short periods before the gain-
reducing action of the peak-limiting amplifier has taken 
place. However, such occasional bursts of overmodula-
tion in an amplitude-modulated transmitter can set up 
the well-known and undesirable phenomena of adja-
cent-channel "splatter." Due to the very steep wave 
fronts characteristic of many signal peaks, it has been 
observed experimentally by the Columbia Broadcasting 
System that the effective attack time of a peak-limiting 
amplifier should be on the order of 100 microseconds or 
less, if part or all of these peaks are not to be transmitted 
at a level in excess of the predetermined maximum. 
Most commercial peak-limiting amplifiers on the mar-

ket today effect the required gain reduction by auto-
matic variation of either a circuit resistance or the sig-
nal transconductance of a vacuum tube. In either case, 
the actual resistance or transconductance variation is 
usually accompanied by a comparatively large change 
in the d.c. potential across the variable element. Since 
this change in d.c. operating values, commonly referred 
to as "control voltage," occurs at a very rapid rate, it 
will appear at the output of the amplifier along with the 
desired signal, unless special means are provided to 
balance it out. It is, therefore, a fundamental dynamic 
requirement of a satisfactory peak-limiting amplifier 
that a high signal-to-control-voltage ratio be maintained 
at the output terminals throughout each gain-reduction 
cycle. One audible effect of an insufficient degree of con-
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trol-voltage balance is a pronounced and disagreeable 
"thump" or "click" every time the signal reaches a peak 
amplitude sufficient to produce limiting. 
In some cases the thump component may be so large 

and the nature of the control circuit such that over-con-
trol occurs, i.e., the output signal voltage decreases to 
a very small value immediately after the onset of an 
input signal peak. In the most extreme cases of unbal-
ance the thump component may be so heavy as to pro-
duce sustained low-frequency oscillations ("motorboat-
ing") at the output terminals. 
Another requirement of a peak-limiting amplifier is 

that the slope of the output-signal versus input-signal 
curve be as close to zero as possible for all input signal 
levels in excess of that corresponding to the threshold 
of gain reduction. This is equivalent to saying that the 
gain of the amplifier should be inversely proportional to 
the input level for all increases of input level above the 
threshold point. While this requirement is not in itself 
a dynamic one, it frequently has a direct bearing on the 
dynamic stability of the amplifier, since in the majority 
of commercial peak-limiting amplifiers available today 
a flat output-level characteristic can be obtained only 
by an increase of the sensitivity of the signal-control 
circuit. It is a fundamental relationship' that, the 
greater the sensitivity of the signal control circuits of 
these amplifiers,, the more susceptible the amplifiers are 
to "thumping" and instability. 
The "recovery time" of a peak-limiting amplifier is 

also an important dynamic characteristic. Optimum re-
covery time is a combined function of the characteristics 
of the 'nput signal and the personal preferences of the 
individual user. The longer the recovery time, the less 
noticeable is the effect of the automatic gain-reducing 
action on the dynamic range and balance of the program 
material. In general, the shorter the recovery time which 
can be tolerated from a listening standpoint, the higher 
will be the average signal level at the output terminals. 
If the recovery time is much shorter than 0.2 second, 
the gain of the amplifier will change appreciably be-
tween successive cycles of low-frequency signal volt-
ages, resulting in severe wave-form distortion. With the 
exception of a few cases where the amplifier design is 
such that a change in recovery time also changes the 
attack time, there are usually no instability problems 
associated with the recovery-time circuits. 

III. DYNAMIC-MEASUREMENT TECHNIQUE 

The basic technique of the dynamic measurements to 
be described consists of suddenly applying a sustained 
signal of high peak amplitude to the input terminals of 
the peak-limiting amplifier and analyzing the resulting 
voltage at the output terminals, from the instant the 
peak signal is applied until the output voltage reaches 

2 W. L. Black and N. C. Norman, "Program-operated level-gov-
erning amplifier," PROC. I.R.E., vol. 29, pp. 573-578; Novem-
ber, 1941. 

a steady-state condition. A sine-wave voltage of a 
known frequency is perhaps the most significant signal 
wave form which can be used for such transient analy-
sis, since any distortion of the output voltage due to 
transient effects is readily detectable. A sinusoidal wave 
form also provides a convenient time base when measur-
ing the elapsed time from the instant of its application 
to the amplifier to the time when the output voltage 
reaches a steady-state condition. 
The following dynamic-measurement technique was 

employed in obtaining the results described in this pa-
per. With reference to Fig. 1, the measurement tech-
nique consists of: 
1. The application of a sinusoidal signal voltage e of 

a predetermined frequency f to the input terminals of 
the peak-limiting amplifier, the amplitude a of the sig-
nal voltage being of such a value that the peak-limiting 
amplifier is on the threshold of gain-reducing action. 

a 

- 

-TIME 

12  - 

f= FREQUENCY OF e.c.Ps. 
Fig. 1—Wave form applied to input of peak-limiting amplifiers for 
analysis of dynamic performance. The sine-wave amplitude a i 
adjusted so that the amplifier is on the verge of gain-reducing 
action. Amplitude b is any desired higher amplitude, The shift 
from amplitude a to amplitude b is made at a point p when the 
sine wave is crossing the axis of zero amplitude. 

2. The effectively instantaneous increase of the am-
plitude of the input signal voltage e to a greater prede-
termined value b at a time phase when e is crossing the 
axis of zero amplitude (point p of Fig. 1) in either the 
positive or negative direction, as desired. 
3. The maintenance of amplitude b of the input signal 

for a predetermined time interval Li, and at the end of 
that interval the restoration of the input signal level 
to amplitude-a for a predetermined time 12. 
4. The connection of a cathode-ray oscillograph to 

...the output terminals of the peak-limiting amplifier, and 
the initiation and synchronization of a linear-time-base 
sweep voltage in the oscillograph, so as to display visu-
ally on the cathode-ray tube a predetermined number 
of cycles of the output signal voltage immediately be-
fore and after the application of signal amplitude b to 
the input of the amplifier. 
5. At the end of time 12, the repetitive re-application 
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for times Li of the increased amplitude b to the input 
of the peak-limiting amplifier. Time £2 may or may not 
bear a fixed periodic relationship to Li. It is required 
only that time (11+12) be an integral multiple of 11f, 
and that the sweep voltage of the oscillograph be so 
initiated and synchronized that successive traces of the 
electron beam across the cathode-ray-tube screen are 
exactly superimposed on one another to produce a sta-
tionary visual pattern of the output signal voltage for 
the predetermined number of cycles before and after the 
application of the increased amplitude b to the input of 
the peak-limiting amplifier. 
6. The graphical analysis of the amplitude and wave 

form of the cathode-ray-tube pattern, and comparison of 
this pattern with the applied input voltage to the peak-
limiting amplifier. 
In a study of peak-limiting-amplifier performance, the 

time ti of Fig. 1 is an arbitrary value sufficiently long to 
allow complete gain reduction of the amplifier to take 
place. For the specific measurements described and il-
lustrated below, the time Li was chosen to be approxi-
mately 10 milliseconds. It was subsequently found, how-
ever, as will be illustrated, that few if any of the current 
commercial peak-limiting amplifiers examined reach a 
stable output amplitude within the 10-millisecond ob-
servation period under all conditions of operation. 
It is usually required in such an investigation that the 

time £2 of Fig. 1 be of at least 1 to 3 seconds' duration, 
since the recovery time of most peak-limiting amplifiers 
is of this order of magnitude. Therefore, the cathode-ray 
tube used for viewing the transient phenomena should 
have a long-persistence type of screen phosphor, so that 
a visual impression of the transient trace will remain 
continuously on the screen between cycles of the recur-
rent transient phenomena. 
The phenomena which occur for the first several cy-

cles immediately after the establishment of amplitude 
b are usually of the greatest interest. By the use of the 
above-described measurement technique, the gain-re-
ducing action of the amplifier can be observed cycle by 
cycle of the applied sine-wave signal, and the attack 
time is measured by counting the number of cycles of a 
given frequency to the point where no further change of 
amplitude takes place. Accompanying undesirable ef-
fects, such as thump and wave-form distortion, are also 
shown in as great detail as desired merely by changing 

the sweep speed of the oscillograph. 
An important requirement of this method of transient 

analysis is that the change from amplitude a to ampli-
tude b of Fig. I be made at a time when the applied sine-
wave signal is crossing the axis of zero amplitude. If the 
amplitude change were to be made at any other part of 
the cycle an irregular wave front would be developed, 
rendering the transient analysis more difficult of inter-

pretation. 

IV. MEASURING EQUIPMENT 

A block diagram of the required measuring equipment 

is shown in Fig. 2. A signal generator A, which may be 
a standard commercial type of audio oscillator, delivers 
a sinusoidal voltage of predetermined frequency to an 
electronic switch and synchronizer unit, B. The elec-
tronic switch and synchronizer unit consists of a com-
bination of electronic circuits which provide the signal 
amplitude changes, phasing, and synchronizing func-
tions required for the visual presentation of the transient 
phenomena on the cathode-ray oscillograph, C. The 
electronic switch and synchronizer unit supplies the in-
put terminals of the peak-limiting amplifier under meas-
urement (block D of Fig. 2) with voltage of the wave 
form shown in Fig. 1. It also supplies a synchronized 
triggering voltage to the linear-sweep-control circuits of 
the cathode-ray oscillograph, C. The cathode-ray oscil-
lograph may be a standard commercial unit, providing 
it is designed for single-sweep, externally triggered op-
eration. 
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Fig. 2—Block diagram of setup for analyzing dynamic performance 
of peak-limiting amplifiers. 

The transient wave forms displayed on the cathode-
ray-tube screen by this method lend themselves readily 
to photographing. The photographs, which form the 
basis of discussion for following sections of this paper, 
were selected from a considerable number taken of peak-
limiting-amplifier performance under various operating 

conditions. 

V. OBSERVED DYNAMIC PERFORMANCE OF TYPICAL 
COMMERCIAL PEAK-LIMITING AMPLIFIERS 

The equipment described in the preceding section 
permits analysis of peak-limiting-amplifier performance 
at any frequency between 100 and 15,000 c.p.s., and 
at any desired ratio of peak signal level to threshold 
signal level (ratio of amplitude b of Fig. 1 to amplitude 
a). For the sake of brevity, however, results shown in 
this paper have been confined to two frequencies, 1000 
and 10,000 c.p.s., and a single peak-to-threshold signal-
amplitude ratio of approximately 18 db. The photo-

ti 
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graphs shown in Fig. 3 are the transient signal wave 
forms applied successively to the input terminals of 
each of five different peak-limiting amplifiers. The ap-
plication of these wave forms to the input terminals 
result in the output wave forms analyzed individually 
below for each of the amplifiers. Fig. 3(a) shows the 1000-
cycle input wave form, while Fig. 3(b) shows the 10,000-
cycle input wave form. These photographs are direct 
time exposures of the phenomena displayed on the 

(b) 

Fig. 3—Photographs of input wave forms applied to peak-limiting-
amplifiers for analysis of dynamic performance. These are direct 
photographs of images appearing on the screen of the cathode-ray 
oscillograph. Amplitude a corresponds to the threshold of gain-
reducing action. Amplitude b is approximately 18 db greater than 
a. Some second-harmonic distortion of the input wave form is 
evident, but this does not appreciably affect the results of the 
transient analyses to follow. 
(a) 1000-c.p.s. sine-wave frequency. 
(b) 10,000-c.p.s. sine-wave frequency. 

cathode-ray-tube screen. For the purpose of analysis and 
discussion, reference axes and boundaries have been 
hand-drawn on many of the photographic prints shown 
in Figs. 3 through 7. 
The measuring equipment is so adjusted that some 

two to five cycles immediately preceding the arrival of 
the transient peak signal are shown for purposes of com-
parison with the phenomena occurring after the arrival 
of the transient. As mentioned above, the high-ampli-
tude transient signal (amplitude b of Figs. 3(a) and 3(b)) 
persists for about 10 milliseconds, which is equivalent 

to 10 cycles of the 1000-c.p.s. signal, and 100 cycles of 
the 10,000-c.p.s. signal. The sweep speed of the oscillo-
graph is adjusted for good resolution of each individual 
cycle, which usually results in only the first few cycles 
immediately after the onset of the peak being displayed 
on the screen. This is illustrated by Fig. 3(a), where two 
cycles before and four cycles after the onset of the peak 
appear on the screen of the cathode-ray tube. Obviously, 
merely by changing the sweep speed of the oscillograph 
each cycle can be studied in as great detail as desired, or, 
if the sweep speed is made sufficiently slow, the action 
of the peak-limiting amplifier may be observed through-
out the entire 10-millisecond period. In general, a rela-
tively fast sweep speed is used when it is desired to 
study wave-form distortion in detail, and a slower sweep 
speed is used when the peak envelope is of chief interest. 
The case of a relatively slow sweep speed is illustrate.I 
in Fig. 3(b) for the 10,000-c.p.s. signal, where the first 
twenty-odd cycles of high-amplitude transient appear 
on the cathode-ray tube. In this latter case, any cycle-
to-cycle peak-amplitude va• iations would be clearly 
indicated. 

Considerable care was taken in the generation of the 
applied wave forms of Fig. 3 to insure that no d.c. com-
ponent of voltage was included in the high-amplitude 
signal after the points p. Close examination of these 
wave forms will reveal a slight dissymmetry of the posi-
tive and negative peak amplitudes due to second-har-
monic distortion in the high-amplitude signal. This is 
not a desirable condition, but one imposed by signal-
handling limitations in the electronic switch and syn-
chronizer unit discussed in Section IV. Further develop-
ment of the latter unit, since these photographs were 
taken, eliminated this distortion, but it was not con-
sidered of sufficient magnitude to affect substantially 
the results of the present analyses of peak-limiting-am-
plifier performance. 

The response of several commercial peak-iiiniting am-
plifiers to the applied wave forms of Fig. 3 will now be 
analyzed. The sole purpose of these analyses is to de-
scribe dynamic phenomena which occur in typical com-
mercial peak-limiting amplifiers; they are intended to be 
neither a recommendation nor a condemnation of the 
subject amplifiers. 

Peak-Limiting Amplifier 1, Fig. 4 

The first two cycles shown at the left of Fig. 4(a) rep-
resent an output level corresponding to the threshold of 
gain reduction, prior to the onset of the sinusoidal sig-
nal peak. Study of the wave form beyond the point p 
reveals that the first half-cycle rises to an amplitude c 
approximately 12 db above the threshold amplitude, 
showing that gain-reducing action has been insufficiently 
fast to reduce the amplitude of the first half-cycle of the 
18-db, 1000-cycle peak by more than approximately 
6 db. The amplitude d of the second half-cycle is seen 
to be reduced further, but it is still some 9 db above the 
peak threshold level a. It is evident from Fig. 4(a) that 
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approximately two complete cycles of the 1000-cycle 
peak are required for effectively complete gain reduc-
tion. This can be interpreted to mean that the attack 
time of this amplifier is 2 milliseconds (the period of 
two cycles of a 1000-cycle frequency), as indicated by 
the time ta on Fig. 4(a). It can be seen from Fig. 4(a) 
that there has taken place an axial shift of the output 
voltage during the process of gain reduction, as indi-

a) 

(b) 

Fig. 4—Peak-limiting amplifier 1. Photographs of output wave forms 
when input wave forms are as shown in Fig. 3. 

(a) 1000 c.p.s. The first cycle after arrival of the higher-ampli-
tude peak at point p overshoots heavily due to slow attack time. 
Two complete cycles are required before a stable output amplitude 
is reached, indicating attack time 1. to be approximately 2 milli-
seconds. A strong thump component g is also shown. 
(b) 10,000 c.p.s. The first twenty cycles after arrival of the 

peak show excessive amplitude, further confirming the attack 
time t„ to be 2 milliseconds. The steady-state amplitude k is ap-
proximately 6 db higher than the threshold amplitude a, indicat-
ing deficient high-frequency response in the control-voltage cir-
cuit. A thump component g is also indicated. 

cated by the distance g between the axes of the sine 
wave befoie and after gain reduction. This is the result 
of a d.c. component of control voltage which has not 
been completely balanced out, and represents the 
"thump" component of this amplifier for the particular 
peak signal applied. Note that, even though the sine-
wave amplitude after gain reduction is apparently no 
greater than before the arrival of the peak, the axial shift 
due to thump results in all negative peaks shown on Fig. 

4(a) exceeding the negative peak threshold amplitude 
a by a value of approximately 4 db. Therefore, were am-
plitude a equivalent to 100 per cent modulation of an 
associated transmitter, substantial overmodulation 
would persist for a much longer period than the appar-
ent attack time of 2 milliseconds. 
Since the signal path of no commercial peak-limiting 

amplifier can pass d.c., the time duration of the thump 
component indicated by g is a complicated function of 
the low-frequency response of the amplifier signal- and 
control-voltage circuits, as well as the feedback-loop 
gain of the control-voltage circuit. Frequently the am-
plitude of the thump component decreases in the form 
of a damped oscillation. This can be considered as an 
envelope modulation of the signal frequency, and an os-
cillation frequency on the order of 5 to 10 c.p.s. is com-
mon. Therefore, the 2- or 3-millisecond observation pe-
riod of Fig. 4(a) is too short to indicate any appreciable 
decrease in the magnitude of the thump amplitude g. 
A consideration of the above factors makes it evident 

that a constant output amplitude may not be reached 
for an appreciable fraction of a second after the appli-
cation of a sustained peak signal. The actual time re-
quired for an essentially steady-state amplitude to be 
attained is thus a function of the original magnitude of 
the thump component and the decay period of the indi-
vidual amplifier. This low-frequency thump component 
can very readily have a more disagreeable listening and 
operational effect on the signal than the short-duration, 
high-amplitude bursts which pass through the amplifier 
due to an insufficiently short attack time. For instance, 
it is not uncommon for the modulator of an amplitude-
modulated transmitter using inverse feedback to have a 
sharply rising, subaudible, low-frequency response, the 
peak of which may coincide with the thump envelope 
frequency; in which case the thump is aggravated, and 
the modulator may be completely disabled for the dura-
tion of the thump. In an extreme case there might be 
developed an oscillation of sufficient amplitude to trip 
an overload circuit and remove the transmitter from the 
air. 
The magnitude of the thump component in any am-

plifier varies with the amplitude of the peak which pro-
duces gain reduction. Some peak-limiting amplifiers 
have a so-called thump control which is effective in bal-
ancing the thump for any single amplitude of peak sig-
nal, but since the gain-reducing circuits seldom exhibit 
the same degree of balance at any other degree of gain 
reduction, these thump controls merely permit a com-
promise adjustment which has the lowest average thump 
content under normal program conditions. 
The thump amplitude g of Fig. 4(a) is by no means of 

unusual magnitude, as peak-limiting amplifiers go. In 
fact, it is probably not great enough to be detected 
solely by a listening test of the audio output of the am-
plifier. Nor is it likely, either, that the high-amplitude 
bursts which are shown to occur for the first cycle or two 
can be detected by a simple listening test. 
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So far, no detailed tests have been made to correlate 
the transient effects observed on the oscillograph with 
the subjective listening effects of these transient phe-
nomena. Preliminary observations, however, indicate 
that if the amplitude of the thump component, shown 
by the above sine-wave test, is as great as the threshold 
signal amplitude (i.e., if amplitude g of Fig. 4(a) is as 
great as amplitude a), then a listening test with ordinary 
program material is very likely to disclose a disagreeable 
"thump" each time heavy gain-reducing action occurs. 
Perhaps even more significant than the amount of audi-
ble thump observed at the output terminals of the am-
plifier, however, is the possible ill effect the thump com-
ponent may have on subsequent audio equipment, such 
as the modulator described above. 
Fig. 4(b) shows the effects on amplifier 1 of a peak sig-

nal having a frequency of 10,000 c.p.s. Here the 2-milli-
second attack time to is perhaps more clearly illustrated 
than in the 1000-c.p.s. case. It is seen that approxi-
mately 20 cycles are required after the application of the 
peak for the output amplitude to approach the more or 
less constant value k of Fig. 4(b). The first few cycles of 
the 10,000-c.p.s. peak pass through the amplifier with 
little or no attenuation. 
It is noted that the amplitude k of Fig. 4(b)'is about 

6 db greater than the amplitude a, a very undesirable 
condition probably indicating deficient high-frequency 
response in the control-voltage circuit. This is a de-
ficiency which would also be indicated by steady-state 
measurements. A thump component g is also present in 
the 10,000-c.p.s. case. 

Peak-Limiting Amplifier Z, Fig. 5 

The photographs of Fig. 5 show that amplifier 2 has 
considerably less amplitude of overshoot than amplifier 
1 during the period while gain reduction is taking place. 
This particular amplifier is designed to produce peak-
chopping action at an output amplitude approximately 
3 db above the threshold amplitude. The peak-chop-
ping action is independent of automatic gain reduction 
and, hence, limits the maximum peak amplitude to 
about 3 db above the threshold value, regardless of how 
long it takes for complete gain reduction to be effected. 
Amplitude c of Fig. 5(a) and F.g. 5(b) corresponds to the 
peak-chopping level of this amplifier, and, were there 
no gain-reducing action, the output wave form after 
point p would be flat-topped and of amplitude c. Note, 
in the 1000-cycle case, Fig. 5(a), that a substantial part 
of the first half-cycle remains at or near the peak-chop-
ping level, before sufficient gain reduction has occurred 
to reduce the output amplitude below this value. Fig. 
5(b) shows that the output level remains near the peak-
chopping value for about the first three cycles of a 10,-
000-cycle peak. 
It maybe noted from Fig. 5(a) that considerable wave-

form distortion is evident near the peaks of at least the 
first four complete cycles after the arrival of the 1000-

cycle peak. This indicates that gain-reducing action is 
still going on, even though the peak amplitude reaches 
a relatively stable value d after the first cycle. If the 
photograph of Fig. 5(b) were expanded on a faster 
sweep, considerable wave-form distortion would also be 
observable over the first 30 or 40 cycles after the arrival 
of the 10,000-cycle peak. From Fig. 5(b) it is seen that 
approximately six cycles are required for the output am-

(a) 

(b) 

Fig. 5—Peak-limiting amplifier 2. Photographs of output wave forms 
when input wave forms are as shown in Fig. 3. 

(a) 1000 c.p.s. This amplifier includes peak-chopping action 
for all input peaks more than approximately 3 db above limiting 
threshold level. The first half-cycle after arrival of the peak reaches 
the peak-chopping amplitude c. The next several half-cycles, 
while of reduced amplitude, show considerable distortion on 
peaks. The thump component is low. 
(b) 10,000 c.p.s. The first two or three cycles remain at peak-

chopping amplitude c. Approximately six cycles are required for 
full gain reduction, making the attack time approximately 0.6 
millisecond. 

plitude to reach its stable value d, which indicates that 
the attack time of amplifier 2 is approximately 0.6 milli-
second. In view of the fact that considerable wave-form 
distortion persists for a much longer period, however, 
this factor should probably be taken into account. If the 
attack time of amplifier 2 is based upon the time re-
quired for the output wave form to become essentially 
sinusoidal, the value would be on the order of 4 millisec-
onds, instead of 0.6 millisecond. 
Amplifier 2 appears to have a low thump component, 
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is indicated by very little axial shift of the wave form 
Jefore and after gain reduction. This particular ampli-
ier is provided with a "thump" control, and optimum 
idjustment of this control was made before the photo-
;raphs of Figs. 5(a) and 5(b) were taken. However, as 
rioted in the discussion of amplifier 1, the thump control 
insures a low thump component for only one particular 
implitude of peak signal; for some lower or higher am-
plitude of peak, amplifier 2 might exhibit appreciable 
thumps. 

Peak-Limiting Amplifier 3, Fig. 6 

r. As evidenced in Fig. 6, this amplifier exhibits a heavy 
lthump component. The thump effect'of amplifier 3 is 

1) 

Fig. 6—Peak-limiting amplifier 3. Photographs of output wave forms 
when input wave forms are as shown in Fig. 3. 

(a) 1000 c.p.s. Extremely heavy thump component c greater 
than peak threshold amplitude a is shown. The amplitude of the 
first cycle after arrival of the peak appears to be limited only by 
the overload characteristics of the amplifier. The fourth half-cycle 
and several successive half-cycles show severe over-control 
wherein the amplitude is less than the threshold value a. 
(b) 10,000 c.p.s. Somewhat slower sweep speed was employed 

for this photograph, so that the entire 10-millisecond period of 
duration of the peak is visible. No stable output amplitude has 
been reached during the 10-millisecond interval, so it is not pos-
sible to specify with meaning the attack time of this amplifier. 

great enough to be definitely audible on a listening test 
with ordinary program material. It is observable from 
Fig. 6(a) that the initial thump (amplitude c) is almost 
twice the peak threshold amplitude a. Note that the 

zero-signal axis of Fig. 6(a) after the application of the 
1000-cycle peak has a definite upward slope to it. This 
indicates that amplifier 3 has a more rapid thump-decay 
period than was exhibited by amplifier 1. 
Fig. 6(a) illustrates an effect discussed in Section II 

of this paper, namely, over-control, or excessive gain re-
duction. It can be observed that the fourth half-cycle 
has an amplitude (as also have the next several cycles 
thereafter) less than the threshold amplitude a. This is 
a direct result of too heavy a thump component, and the 
thump voltage is rectified along with the signal voltage, 
producing excessive control voltage in the gain-reducing 

circuit. 
Fig. 6(b) shows the 10,000-cycle output when the 

wave form of Fig. 3(b) is applied to the input. This pho-
tograph differs slightly from the 10,000-cycle photo-
graphs of Figs. 3, 4, and 5 in that a slower sweep speed 
has been employed. In this photograph the entire 10-
millisecond period of duration of the peak is visible. So 
close are the individual cycles under this condition that 
the resulting picture is essentially an envelope of the 
output peak amplitudes. It is difficult to offer a rational 
explanation for the shape of this 10,000-cycle envelope, 
since it is such a complicated function of the transient 
characteristic of the amplifier circuits. 
At the end of the 10-millisecond peak, the output volt-

age of the amplifier is seen to be less than that immedi-
ately preceding the onset of the peak, the difference 
between the two amplitudes being a measure of the gain 
reduction that has taken place in the amplifier. 
Due to the severe thump components of amplifier 3, 

it is difficult to specify definitely its attack time. For in-
stance, although Fig. 6(a) indicates that maximum gain 
reduction occurs about 2 milliseconds after the applica-
tion of the peak, the negative peak amplitude at that 
point is still more than 6 db greater than the threshold 
amplitude a, due to the magnitude of the thump. Nor 
has a stable output amplitude been reached within the 
10-millisecond period of duration of the peak. 

VI. CBS EXPERIMENTAL AMPLIFIER 

In one or several ways it has been observed that each 
of the peak-limiting amplifiers analyzed in Section V 
leaves considerable room for improvement. The Colum-
bia Broadcasting System recently developed a unit 
which has outstanding dynamic-performance character-
istics. The dynamic performance of this experimental 
amplifier is shown in Fig. 7. 
The CBS amplifier has a maximum control range of 

14 db; therefore, the analyses of Fig. 7 differ from those 
covered in Figs. 3, 4, 5, and 6 in that the transient peak 
amplitude is 14 db above the threshold value rather 
than 18 db. The 14-db transient was simulated at each 
of two frequencies, 1000 and 10,000 c.p.s. Except for the 
4-db difference in amplitude, the input wave forms were 
similar to those shown in Fig. 3, and the resulting out-
put wave forms of the CBS amplifier are shown in Figs. 
7(a) and 7(b). 
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With reference to the 1000-cycle dynamic perform-
ance of Fig. 7(a), the first two cycles at the left of the 
photograph show the output voltage immediately before 
the arrival of the transient peak, while the next six cy-
cles correspond to the output voltage immediately after 
the arrival of the peak. Note that not even the first half-
cycle after the arrival of the peak shows any appreciable 
amplitude overshoot. Thus, the attack time of the CBS 
amplifier under the above conditions is effectively zero. 
What may seem more surprising is the fact that there is 
little wave-form distortion of even the first quarter-cycle 
after the arrival of the 1000-cycle transient. 

(b) 

Fig. 7—CBS experimental peak-limiting amplifier, early model. 
Photographs of output wave forms. Input wave forms are the 
same as in Fig. 3, except that the amplitude of the transient peak 
is 14 instead of 18 db. 
(a) 1000 c.p.s. No appreciable amplitude overshoot occurs; 

therefore the attack time is effectively zero. Note that even the 
first half-cycle is essentially undistorted.The thump component is 
negligible. The amplifier is seen to "anticipate" the arrival of the 
peak, since gain-reduction takes place at point q in time, whereas 
the peak does not start until point p. 
(b) 10,000 c.p.s. No amplitude overshoot is present even on 

the first half-cycle after the arrival of the signal peak. The first 
cycle is over-controlled in amplitude. 

This excellent performance is attributable to a unique 
circuit design wherein the automatic-gain-control volt-
age is a function of the input signal voltage, rather than 
of the output signal voltage. The control-voltage gen.-
erating section of the amplifier incorporates large power-
type amplifier and rectifier tubes in low-impedance cir-

cuit arrangements, resulting in extremely fast develop 
ment of the automatic control voltage. Another major 
factor contributing to the exceptional performance 
shown in Fig. 7(a) is the use of a special time-delay net-
work in the signal channel just ahead of the point where 
gain reduction takes place. This network acts to delay 
the signal by approximately 80 microseconds, and the 
gain is already reduced by the required amount upon 
the arrival of the peak at the point where gain control 
is effected. A close examination of Fig. 7(a) will reveal 
that automatic gain reduction occurs near the point q 
in time, whereas the 14-db peak does not arrive until a 
!apt- time at point p. 
The 10,000-cycle performance shown by Fig. 7(b) 

again illustrates the extremely short effective attack 
time of the amplifier. Even at 10,000 cycles, the 14-db 
peak which arrives at the point p in time is effectively 
prevented from exceeding the maximum steady-state 
value. Fig. 7(b) indicates excessive gain reduction (over-
control) for the first cycle after the arrival of the peak. 
Over-control which persists for so short a time as shown 
in Fig. 7(3) (approximately 100 microseconds) cannot 
be perceived by a listening test, and is certainly prefera-
ble to under-control, since it renders overmodulation of 
subsequent equipment impossible. 
It can be observed from Fig. 7 that the "thump" com-

ponent of the amplifier is of very small amplitude, an 
additional design feature of this unit. 
The amplifier described above was developed by E. 

E. Schroeder of the CBS-Chicago technical staff, under 
the direction of J. J. J3eloungy, and has been used at 
station WBBM since 1945. Additional amplifiers, based 
upon this development, are in service in other Columbia 
Broadcasting System stations and are also available 
commercially from a well-known manufacturer. 

VII. CONCLUSION 

It is beyond the scope of this paper to attempt to set 
forth minimum standards for satisfactory transient per-
formance of peak-limiting amplifiers. However, it seems 
evident that the more nearly the dynamic performance 
of a given peak-limiting amplifier conforms to the re-
quirements set forth in this paper, the more satisfactory 
the operational results are likely to be. 
The measuring technique and equipment used to ob-

tain the results described in this paper are applicable 
to a wide variety of transient measurements of audio 
devices arid systems, such as the transient performance 
of loudspeakers and recording and reproducing systems, 
and the build-up and decay characteristics of reverber-
ant acoustical structures. 
The technical developments and investigations which 

form the basis for this paper were carried out under the 
general direction of Howard A. Chinn, chief audio 
engineer of the Columbia Broadcasting System. 
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Radio Doppler Effect for Aircraft Speed 

Measurements* 
LEONARD R. MALLINGt, ASSOCIATE, I.R.E. 

Summary —Measurement of the ground speed of aircraft by the 
use of the radio doppler effect is discussed, and the technical details 
of one complete system are presented. In this particular system, radio 
signals are transmitted from the ground, received in an airplane, and 
retransmitted to the ground for measurement of the doppler beat 
frequency. An accuracy of 0.1 per cent is obtained using simple tech-
niques for frequency stabilization. Some experimental results of 

flight tests are given. 

INTRODUCTION  

t r 11-1E CONTINUAL trend of aircraft design toward 
i   higher and higher speed has created many prob-

lems for flight-test engineers who are responsible 
for performance tests of prototype airplanes. One of 
these is the problem of calibrating the conventional pi-
tot-static air-speed system at high velocities. A cus-
tomary method of performing this calibration has been 
to fly at very low altitude over a measured course while 
timing the flight with stop watches. By averaging the 
times required to fly the course in opposite directions, 
the effect of wind can be eliminated and a true measure 
of air speed obtained. This method has been extensively 
• used but is subject to the following limitations: 

1. Air conditions are uncertain at low altitude, so 
flights are frequently unsuccessful. 

I  2. It is extremely hazardous to fly at low altitude 
with high-speed airplanes. 
3. In the Seattle area it has been necessary to use an 

overwater course because of the rugged terrain and, if 
1 the crosswind exceeds 10 m.p.h., the airplane drifts so 
far off course that timing becomes difficult. 
An alternative method of performing air-speed cali-

brations by means of a so-called "trailing bomb" has the 
advantage of measuring air speed directly without cor-
rections for wind, but it has the disadvantage that with 
present techniques it cannot be used at speeds in excess 
of 350 m.p.h. 

GENERAL PRINCIPLES OF DOPPLER SYSTEM 

Various electronic means have been considered for the 
measurement of ground speed of airplanes, and the most 
satisfactory from the standpoint of simplicity and ac-
curacy appear to be those based on the doppler effect 
of radio waves. According to the doppler principle, the 
frequency of a radio wave is increased if the source is 
moving toward the observer, or decreased if the source 
is moving away from the observer, according to the 

equation 

* Decimal classification: R520X621.375.614. Original manuscript 
received by the Institute, October 18, 1946; revised manuscript re-
ceived, February 3, 1947. 

f Formerly, Boeing Aircraft Company, Seattle, Wash.; now, 
Mailing Laboratories, Seattle, Wash. 
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1+ —v cos e 

Jo =  Ja  (1) 

[1—  (-17 )2112 

where f„= source frequency, fo= observed frequency, 
V=speed of source, c=speed of propagation, and 
0= angle between motion of the source and the line of 
sight. Since V<<c, the denominator is very nearly equal 
to 1. If we assume that the observer is on an airplane 
headed at constant altitude in the direction of a source 
on the ground, the angle 0 lies in a vertical plane, as 
shown in Fig. 1. Furthermore, with the airplane flying 

COURSE 

OF PLANE 

SOURCE  GROUND 

Fig. 1—Relation of course flown by a plane at constant altitude 
to line-of-sight. 

level at an altitude of 5000 feet and 25 miles from the 
source, the angularity correction is of the order of 0.1 
per cent, so that comparatively large errors in altitude 
or distance measurements have little effect on the ac-
curacy of speed measurements. Omitting the angularity 
correction, (1) becomes 

or 

V 
Jo — Ja = — fa 

= 

(2) 

(3) 

Substituting typical values, f,= 200 Mc., V= 200 miles 
per hour, c= 186,000 miles per second, we obtain f60 
c.p.s. It will be seen at once from (2) that it would be 
impossible to measure V by separate independent meas-
urements of fo and f, because an error of 1 part in 200 
million in either of them would cause an error of 2 per 
cent in determining V. If, however, the two frequencies 
are heterodyned to obtain the difference frequency Af, 
V can be determined from (3) with whatever accuracy 
f. and Al are known. Both of these frequencies can be 
measured with very high precision by the use of quartz-
crystal oscillators, although for ground-speed measure-
ment quite mediocre oscillators will suffice, since it is 
only necessary to measure V within 0.1 per cent. 
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REQUIREMENTS FOR DOPPLER SYSTEM 

A considerable variety of systems based on the dop-
pler principle can be devised, and in order to choose 
among them it is necessary to specify the desired per-
formance. The requirements for the Boeing radio-dop-
pler ground-speed meter were as follows: 
1. A 50-mile range in order to minimize angularity cor-

rections for airplanes flying at high altitude, and to ex-
tend the area within which test flights can be made. 
2. Elimination of altitude restrictions for test flights. 
3. Use of a single ground installation to minimize 

setup time and simplify co-ordination. 
4. Freedom for the pilot to fly in any direction, so 

that he can always fly with or against the wind. 
5. Accuracy 0.1 per cent, with the time over which 

measurements must be averaged for a single observa-
tion reduced to the shortest possible interval. 
6. The method used for recording the doppler beat 

frequency should be simple to use, and the data re-
corded should be in convenient form for analysis. 

TRANS- MIT TER DOUBLER 

2 

CRYSTAL 

OSCILL ATOP 

RECEIVER 

21.•410 

21.••21 

-2 

461 

100 CPS 
TIMING 

SIGNAL 

MISER 

AUDIO  RECORDING 

AMPLIFIER  OSCILLOGRAPN 

Fig. 2—Block diagram of the Boeing doppler ground-speed meter. 

In order to eliminate the necessity of installing equip-
ment in the airplane, a radar-echo type of system would 
be very desirable. However, radar equipment which 
meets all the requirements is not at present available, 
and would necessarily be fairly elaborate and expensive. 
Hastings has developed a system' using a radio. trans-
mitter in the airplane. However, this system requires 
the airplane to fly along a line between two fixed ground 
stations, and so fails to meet requirements 3 and 4. This 

C. H. Hastings, "Radio ground speed system for aircraft," 
N.A.C.A. Report. 

restriction to a fixed line of flight could be eliminated b 
the use of three ground stations, but this further corn 
plicates the problems of ground installation and co-ord 
nation. 
The requirements have been met in the Boeing sy 

tern by an arrangement somewhat analogous to a c.w 
ground radar station, but with a small relay transmi 
ter in the airplane to increase synthetically the intensit 
of reflected signals. In order to separate the output from 
the input of the relay station and prevent oscillation 
the frequency of the received signal is doubled before 
retransmission. A block diagram of the system is shown 
in. Fig. 2. In order to make speed measurements with 
this system, it is necessary for the airplane to fly radial! 
toward or away from the ground station, but the pilo 
can choose any desired direction of flight provided th 
ground station has at least 180-degree vision. 

DESCRIPTION OF EQUIPMENT 

A simplified schematic, Fig. 3, shows the circuit ar 
rangements of the plane and ground equipment. Th 
200-Mc, signals, at a level as low as 1 millivolt, are re 
ceived by the plane relay link, amplified, doubled in 
frequency, and retransmitted at 400 Mc. with a power 
of about 5 watts. To prevent instability because of mu 
tual coupling between the transmitting and receivin 
antennas, the 200-Mc. antenna is mounted verticall 
below the fuselage, while the 400-Mc, antenna i 
mounted horizontally on the vertical stabilizer. Both 
antennas are quarter-wave stubs. A series-resonan 
transmission-line section reduces the 200-Mc. com-
ponent in the 400-Mc. antenna, further improving sta-
bility of the plane relay system. 
The ground-station equipment, including antennas 

and recording oscillograph, are contained in a test truck, 
shown in Fig. 4 with the antennas in the raised position. 
The horizontal corner reflector used for the 400-Mc. re-
ceiver and the 200-Mc, vertical antenna for the trans-
mitter can be seen on the truck roof. The ground trans-
mitter is of conventional v.h.f. design and has a tem-
perature-controlled 12.5-Mc, crystal oscillator. The 
crystal frequency is multiplied by a series of doubler and 
power stages to a final frequency of 200-Mc. and an out-
put power of 10 watts. 

The 400-Mc, signal received from the airplane is am-
plified and combined in a mixer with the second har-
monic of the signal being transmitted. The resultant 
audio beat is the doppler signal having a frequency pro-
portional to plane speed. This frequency could be meas-
ured by means of a frequency meter or a counter. How-
ever, direct-reading frequency meters are not very ac-
curate, and a counter might respond to occasional noise 
peaks or, miss counts at points of low signal strength. 
Therefore, in order to be able to monitor the quality of 
the doppler signal, and also measure its frequency with 
high precision, it is recorded on one galvanometer of a 
recording oscillograph, while a 100-c.p.s. standard-fre-
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Fig. 3—Simplified schematic of the radio ground-speed meter. 

quency timing wave is recorded on another galvanom-

eter. 
EXPERIMENTAL RESULTS 

Fig. 5 is a section of a typical oscillogram, from which 
the doppler frequency can be determined by counting 

Fig. 4—Ground-speed-meter truck installation. 

the number of doppler cycles within any desired time 

interval. 
The 100-c.p.s. timing frequency and the frequency of 

the ground transmitter are both known within 0.01 per 
cent or less, so the error in measuring the radial com-

1.•• 
••••••••••.1114. 

0•11 CONIVIN. 

40.110( 
W SW.* 

SIMPLIFIED 504D417( 
Muf10 SPEED EAD11 SYSTEM 

ponent of velocity of the airplane is determined entirely 
by the error in counting cycles on the oscillogram. There 
are approximately 290 doppler cycles in one second, so 
that it is only necessary to estimate within  of a cycle 
in order to obtain the average airplane ground speed 
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Fig. 5-0scillogram of doppler signals. 

during 1 second with an accuracy of 0.1 per cent. If it 
were of any value, still greater accuracy could be ob-
tained by counting cycles over a longer period of time. 
Fig. 6 shows the results of a test in which doppler 

speed measurements were made during a timed flight 
over a measured speed course. It was necessary to fly 
at very low altitude in order to obtain accurate timing 
with stop watches,and the terrain was such that the dop-
pler station had to be located slightly to the side at 
one end of the course. Consequently, angularity errors 
were large for the first few seconds of the run. The aver-
age of the doppler readings after the first 20 seconds, 
without making any corrections for angular error, was 
229.4 m.p.h., while the average for the whole course as 
obtained by stop watches was 229.8 m.p.h. 
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The principal advantages claimed for the doppler 

ground-speed meter are: 

24 

220 

7 

o 200 

IRO 

- -- --MEAN TIMED SPEED (STOP RATER) 

DOPPLER  (MEASURED) 

INDICATED  AIR  SPEED  UNCURREcTED 

20  40  60  so 
TIME  (SECONDS) 

Fig. 6— E xperi mental results of a timed flight 
over a measured speed course. 

1. Very high accuracy. 

2. Speed is measured practically instantaneously, so 

that a flight condition does not have to be maintained 

for an extended period. This also facilitates corrections 

(or wind, because the pilot can turn immediately a 
fly the reverse course with a mini mu m interval betwe 

the two tests. 

3. The system can be used at high speeds without t 

hazard of low-altitude flying. 

4. The pilot can always choose his course so as to II 
exactly into or with the wind, because he can fly an 
radial course with respect to a single ground station. 
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Force at the Stylus Tip While Cutting 
Lacquer Disk-Recording Blanks* 

H. E. R OY St, ASSOCIATE, I.R.E. 

Summary —Lacquer used for disk-recording purposes, being 
harder than wax, imposes a greater load on the cutting stylus and, 
consequently, upon the turntable drive system. In order to study the 

requirements, equipment has been developed to measure the force 
at the stylus tip while cutting unmodulated grooves. Reducing cutting 

bounce, a form of instability resulting in a groove of varying width, 
by using an advance ball or air dashpot was studied. The effect of 

height of the axis about which the recorder is pivoted above the 
record surface was also investigated. 

INTRODUCTION 

W ITHI N the past ten years a new disk-recording 

medium, of a cellulose nitrate base com monly 

called  "lacquer," has  been developed. This 

mediu m is harder than the wax compound used for 

com mercial disk recording, and im mediate playback of 

the recorded disk without appreciable impairment in 

quality is possible. The increased hardness of the 

lacquer mediu m over the wax imposes an additional 

load on the recording head and turntable driving syste m. 

Equipment has been developed for studying the cut-

ting characteristics of the lacquer. 

FORCE GAUGE 

A simple device was constructed to permit measure-

ment of the force at the tip of the stylus while cutting a 

blank groove. The pole piece and armature of a recording 

• Decimal classification: R391.1. Original manuscript received by 
the Institute, June 7, 1946; revised manuscript received, February 2, 
1947. 
t Radio Corporation of America, RCA-Victor Division, Camden, 

N. J. 

head was rotated 90 degrees from its normal position. 

This permits movement of the armature in a direction 

tangent to the groove, as shown in Fig. 1. The stylus, of 

course, is mounted so that the cutting surface re mains in 

its normal plane. The deflection of the stylus is meas-

ured electrically. A 3000-c.p.s. field supply is used, and 

move ment of the stylus induces a 3000-c.p.s. voltage in 

the armature coil which is proportional to displacement. 

It  
FORCE 
GAUGE GAUGE 

O3000 
INPUT 

CUTTING STYLUS 

0155 

AmPLIFiER 

RECTIFIER 

AND FILTER 

0 METER 

—  

AuXILARY COUPLER 

WITH PHASE AND 

AMPLITUDE CONTROL 

di)OPTICAL GALvANOMETER 

Fig. 1—Disk cutting-force equipment. 

For steady forces or forces which vary at a very low 

rate, a direct-current meter is used to measure the 

rectified 3000-c.p.s. voltage. For variations at a higher 

rate, a galvanometer is used to indicate the modulation 

after the 3000-c.p.s. carrier has been filtered out. 
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CUTTING FORCE INDEPENDENT OF SPEED 

Measurements were made of the horizontal force at 
the stylus tip while cutting a groove of normal depth at 
different groove velocities. These measurements were 
started on the outside of a 16-inch-diameter "lacquer," 
and short bands were cut at 78 and 331 revolutions per 
minute. The force-measuring gauge was freely suspended 
and was operated without the aid of a depth-regulating 
advance ball. The spring controlling the vertical force 
at the stylus was adjusted for a groove 5 mils in width 
and was not changed during the tests. The groove 
velocity, or cutting speed, was varied from 63 to 5 inches 
per second. The measured force at the cutting tip re-
mained constant through the tests, • and the groove 
showed no change in width. These results demonstrate 
that the cutting force is independent of the cutting 
speed. The observation can be checked quite easily by 
disconnecting the drive and allowing the turntable to 
coast to a stop while the stylus is cutting a blank groove. 
No change in width will be observed until the very end, 
when the stylus digs in slightly as the turntable stops. 

CUTTING FORCE 

Measurements of the cutting force required for dif-
ferent groove depths were made with both steel and 

STYLUS 

2  3  4  5 
GROOVE WIDTH IN MILS (0 00 ') 

Fig. 2—Cutting force, steel stylus. 

sapphire styluses. The steel stylus had a sharp cutting 
edge and a pointed tip, and gave the results shown in 
Fig. 2. The ratio of the horizontal force to cutting area 
was calculated, and a "cutting stress" of 36,400 pounds 
per square inch resulted. A paper by Kornei' gives a 
figure of 8.5X109 dynes/cm.2 (123,000 pounds per 

20. Kornei, "Playback loss of phonograph records," Jour. Soc. 
Mot. Pict. Eng., vol. 37, pp. 569-590; December, 1941. 
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square inch) for Young's modulus for the cellulose 
nitrate used in lacquer disks. The modulus of shear is 
approximately one-third of the modulus of elasticity 
for most metals (and presumably about the same for 
many other materials). Our calculated value of 36,400 
pounds per square inch is believed to be a fair check 
with 41,000 pounds per square inch, or one-third of the 
value obtained by Kornei. 
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Fig. 3—Cutting force, sapphire stylus. 

.The cutting-force test was repeated with a sapphire 
stylus, and the results are shown in Fig. 3. In this case, 
the moment due to the downward force was found to 
be greater than that due to the horizontal force. A 
sapphire stylus for lacquer disk recording has a burnish-
ing edge to smooth the side walls and produce a quiet 
groove, and it is only logical to assume that some 
additional force is needed to hold the sapphire down in 
place while performing this operation. Calculations of 
the cutting stress are meaningless, since part of the 
groove width is due to the widening action of the 

burnishing edge. 

BURNISHING FORCE 
7 

CUTTER BOUNCE 

In some designs, the recording head oscillates or 

"bounces" vertically at some low frequency, depending 
upon the mass of the recording head and an effective 
stiffness, which depends on the rate at which the lifting 
moment due to the cutting force increases with down-
ward displacement of the stylus into the recording 
medium. The vertical motion attained during oscilla-
tion cuts a groove of varying width and depth, and in 
extreme cases the tip may even clear the disk entirely, 
leaving an uncut portion. Naturally, a groove of vary-
ing depth does not promote good pickup tracking or low 
distortion. 
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Since the bounce is an oscillating condition, it can be 
suppressed by introducing resistance into the mechan-
ical system. Fig. 4(b) shows a recording of the vertical 
oscillation at 78 revolutions per minute, and Fig. 4(a) 
shows how it was reduced by means of an air dashpot. 
The dashpot is effective, but suffers a disadvantage when 
the disk is titled due to warpage or turntable wobble. 

A WITH AIR  DASH POT 

C WITH  DASH POT - TILTCD CMS IC 

Fig. 4—Cutter bounce. 

If enough resistance is used to reduce the oscillation 
effectively, it may cause the recording head to act 
sluggishly on warped disks and cut a groove of varying 
depth. Fig. 4(c) shows the force variation with the dash-
pot on a 16-inch-diameter lacquer disk which was tilted 
0.025 inch to simulate the motion produced when the 
blank is warped. The once-around variation in force, 
due to the tilt, is plainly evident. It is interesting to 
note that the .average force without the dashpot shows 
almost no variation, thus illustrating the self-regulat-
ing action of the recording head. 
Since the dashpot had some disadvantages, an ad-

vance ball was tried. Figs. 4(d) and 4(e) show the cut-
ting forces obtained without and with the use of the 
advance ball. The frequency of oscillation is raised 
and the amplitude of oscillation is decreased, but the 
force now varies considerably due to the fact that the 
self-regulating action of the head has been sacrificed 
by using the advance ball, which holds the stylus at 
some predetermined depth independent of hardness of 
the lacquer. 

LACQUER HARDNESS VARIATION 

Measurements were made of the variation in lacquer 

TM( 

Fig. 5—Lacquer hardness. 

hardness by using an advance ball with the gauge. Fig. 
5(b) shows the cutting-force variation on the out-
side of a 16-inch disk, and 5(a) shows the results 
obtained near the center of the same disk Part of 
the once-around variation may be due to warped disks, 
although every effort was made to reduce such an 
error by using a long arm between the recording head 

and its pivot bearings. Any unevenness of the surfa 
would also cause some variation, for the advance bal 
could not be located closer than about  inch from th 
cutting tip. This unevenness probably accounts f 
some of the difference noted between the measurement 
made on the outside and on the inside of the disk, for the 
disk surfaces are noticeably more wavy near the edge. 
These variations are not too serious, however, as good 
recordings can be made with such disks. As an example 
of what extreme variations may be encountered in disks 
of the very inexpensive class, the results obtained with a 
cheap paper-base disk are shown in Fig. 5(c). 

TURNTABLE REQUIREMENTS 

If the recording is being made without the aid of an 
advance ball, the self-regulating action of the cutter 
tends to maintain a constant average load regardless of 
the hard spots encountered throughout the disk. If 
there is bounce present, there will be a varying force of a 
frequency which is usually high enough not to cause 
serious changes in turntable speed, unless the inertia of 
the turntable is low and the bounce excessive. However, 
if an advance ball is used, there may be some low-
frequency variations in load (due to hard spots and sur-

r.s  z  A NO LOAD 

:  2 

r > 

TI MC  C  WITHOUT ADV. CALL 

Fig. 6—Turntable speed variaticns while cutting with 
and without an advance ball. 

face imperfections over which the advance ball rides) 
which may affect the speed even of a turntable of con-
siderable inertia. Measurements of speed variation were 
made with laboratory equipment2 while recording with 
and without the aid of an advance J3a11. Fig. 6(a) shows 
the speed variations obtained at no load; Fig. 6(b) shows 
the variation when cutting with an advance ball; and 
Fig. 6(c) shows the variation when cutting without the 
advance ball. There is some once-around speed varia-
tion (variation at turntable speed) which has to be dis-
counted, but there is an evident increase in speed varia-
tion when the advance ball is used. The turntable in 
this case was 16 inches in diameter and 25 pounds in 
weight, with most of the mass located near the rim. The 
rate of variation is low, and therefore difficult to over-
come. 

Perhaps the best way to use the advance ball is to 
adjust it so that it barely touches the disk, and so that 
it clears entirely when the recording head is raised by 
hard spots but does not dig in too deeply when cutting 
softer portions. In this way the self-regulating action 
of the cutter is partially retained, the beneficial action 

2 E. W. Kellogg and A. R. Morgan, "Measurement of speed 
fluctuation in sound recording and reproducing equipment," Jour. 
Acous. Soc. Amer., vol. 7, pp. 271-280; April, 1936. 
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in reducing bounce is partially retained, and the pro-
tection of the stylus tip from damage (due to dropping or 
recutting the same groove) is wholly retained. 

RECORDER ACTION 

The oscillograms, with the recording head suspended 
freely, show the average force to be nearly constant; 
low-frequency variations due to hard spots or record 
warpage are not evident. The horizontal force F1 of 
Fig. 7, at the stylus tip while cutting, creates a moment 

SPRING 

REC ORDING HEAD 

4.-- STYLUS 

DIRECTION OF MOTION 

OF  RECORDING BLANK 

PIVOTAL  AXIS 

F2 

N11 

F1 

0. 

PIVOT 

LIFTING MOMENT 1.4,. F, X O. 
DOWN WARD MOMENT Me F2X b 

Fig. 7—Forces on recording head. 

.1f1 about the pivotal axis which tends to raise the 
recorder. Opposing this is the downward moment M 2 

created by the vertical force F2, also acting about the 
same axis. F2 is measured with the stylus clear of the 
record but with the stylus at the same height relative 
to the pivot as when cutting the groove. During cutting 
equilibrium is attained when the two moments are 
equal, and the depth of cut is regulated by adjusting the 
vertical force by spring or counterweight adjustment. 
The data taken with a sharp-edged cutting stylus, illus-
trated in Fig. 2, show these two moments to be equal. 
The product of the horizontal and vertical forces, F1 and 

F2, by their effective distances from the pivotal axis, a 
and b, resulted in M1= M 2,  showing that the record 
material does not exert a vertical force on the stylus. 
When a sapphire stylus is used, having a burnishing 

edge for polishing the groove side walls, some additional 
force to accomplish this action is required. With this 
stylus, the downward-acting moment M2 was found to 
exceed the lifting moment MI. The difference is due to 
the upward-force reaction on the cutting stylus exerted 
by the record material. In other words, the moment 
which provides the downward force must overcome the 
lifting moments due to the horizontal cutting force, 
plus a pressure to force the stylus into the record ma-
terial. Taking the difference of M2 and M1 and dividing 
by b, the horizontal distance between the pivotal axis 
and the stylus tip, gives this force, which, as seen in 
Fig. 3, is an appreciable part of the total vertical force. 
In other words, the total or resultant force exerted on 
the stylus by the record is inclined to the horizontal at 

a considerable angle. 

CUTTER BOUNCE AND DEPTH REGULATION 

Theoretical considerations do not readily show cause 

for recorder instability, but cutter bounce does exist 
and is troublesome in many cases. Experiments indicate 
that the height of the pivotal axis above the surface of 
the disk is important, and if too low, oscillation occurs, 
which results in variations in depth of cut. Fig. 8 illus-
trates the variations in the width of the groove .experi-
enced with a tilted disk as the pivot height was changed. 
The decrease in the width variation with increased pivot 
height is believed to be due to several practical factors 
which perhaps may best be illustrated by the follow-
ing example. If the pivot point is only 0.25 inch 
above the cutting plane, a cutting force of 2.4 ounces 
(for a groove about 5 mils wide) results in a lifting 
moment of 0.6 inch-ounce. If b, Fig. 7, is 2 inches, the 
vertical force for balanced moments is then only 0.3 
ounce. With a recording head having an effective weight 
of 5 ounces about the pivotal axis, the frictional force 
at the pivots and between mechanical linkages used for 

raising and lowering the recorder may be of the same 
order of magnitude as this balancing force. Likewise, 
the additional vertical force required for burnishing 
when a sapphire is used may be greater, and so result in 

- GROOVE WIDT
H VARIATION %
 

15 

10 

5 

02  4  .6  ,8  10  12 
PIVOT HEIGHT-a. 

Fig. 8—Groove-width variation with pivot height. 

a depth regulation which is only partially due to the 
cutting force at the stylus tip. When a spring is used 
for groove-depth adjustment, the design should be such 
that small variations in extension of the spring, due to 

the rise and fall of the recorder because of record 
warpage or turntable wobble, will not alter the vertical 
force appreciably and change the depth of cut. In the 
design just discussed, when using a suitable spring, 
raising the pivot height to 1 inch increased the vertical 
force to 1.2 ounces and greatly improved the controlling 
action due to the cutting force. Satisfactory results were 
then obtained without the aid of an advance ball or 

dashpot. 
Such practical design fulfillments probably account 

for the satisfactory operation observed in cases where a 
light-weight recorder is pivoted low, and when a heavy 
recorder is used but pivoted high. 
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Coaxial-Cable Networks* 
FRANK A. COWANt, SENIOR MEMBER, I.R.E. 

Summary—This paper discusses the general features of the 
coaxial system, its application for both telephone and television, and 
the future prospects for very-broad-band transmission facilities in 
the communication network. 

INTRODUCTION 

THE UNPRECEDENTED growth in the volume 
of communications in recent years has spurred 
the development of means for handling long-

distance communication channels in large bundles over 
transmission paths having broad frequency bands. De-
velopments started in the early 1920's have extended 
the frequency band to about 150 kc. on open wire and 
about 60 kc. on 19-gauge cable pairs, thus providing for 
twelve or more telephone channels, or several high-grade 
program channels or many telegraph channels, per pair. 
The shielding against high-frequency external fields pro-
vided by the coaxial form of conductor makes its use 
attractive for transmission over long distances of still 
wider bands, and it is now being introduced extensively 
into the nationwide telephone network. Fortemately, 
this is occurring just when the telephone plant is be-
ginning to be called upon to serve the new television 
industry by providing wide-band facilities for intercon-
necting television broadcasting stations in the same 
way as the telephone plant has been serving the sound 
broadcasting industry for many years. 

GENERAL FEATURES OF THE COAXIAL-CABLE SYSTEM 

Coaxial Conductors 

The coaxial conductors used for long-distance trans-

Fig. 1—Construction of coaxial unit. 

mission are of two types: an earlier type employed a 
13-gauge (72-mil) copper wire for the central conductor 

• Decimal classification: R117.2. Original manuscript received by 
the Institute, October 10, 1946; revised manuscript received, Febru-
ary 6, 1947. 
t American Telephone and Telegraph Company, New York, N. Y. 

held by polyethylene-disk insulators in the center of a 
longitudinal-seam copper tube 0.27 inch in diameter. In 
the present standard coaxial unit the central conductor 
is approximately 10 gauge (100 mil), and the outer 
conductor has an inner diameter of 0.375 inch. Fig. 1 
shows the construction of this unit. The two steel tapes 
are provided to give added mechanical strength, and 
also added shielding at the lower frequencies. 

Fig. 2—View of section of eight-coaxial-unit cable. 

As many as eight coaxial units, together with wire 
circuits for maintenance and testing and, in some cases, 
for short-haul telephone, program, or telegraph circuits, 
are included in a single. cable. An end view of a typical 
cable is shown in Fig. 2. These cables are, in general, 
placed underground to reduce the chances of trouble 
and the difficulties of correcting transmission variations 
due to temperature changes. 

Repeaters 

The present coaxial system epaploys repeaters at 
intervals of about 5.5 miles for 0.27-inch coaxials and 
about 8 miles for 0.375-inch coaxials. Most of these re-
peater stations are called auxiliary stations and are un-
attended. The buildings are unheated but are so con-
structed that temperature changes inside are slow and 
of limited range. Fig. 3 shows the nature of the equip-
ment within the housing, one such unit being required 
for two coaxials. The two shaded square boxes near the 
top of the equipment assembly are the amplifiers, each 
serving a particular coaxial. To avoid on-the-job ampli-
fier maintenance, the amplifiers are of plug-in design, so 
that in case of trouble a new amplifier can be substi-
tuted and the defective unit sent to a maintenance 
center. The amplifier, with cover removed, is illustrated 
in Fig. 4 Each stage employs two tubes in parallel, so 
that failure of one tube will not interrupt the circuit. 
Negative feedback is used for stability and low modu-
lation. Power for operation of the auxiliary repeaters is 
supplied over the central coaxial conductors from main 
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stations located at intervals of 50 to 165 miles. These 
main stations also house supplementary equalizing and 
regulating equipment, and serve as the centers from 
which most of the testing and maintenance adjustments 
are made. 

Fig. 3—.Auxiliary-station equipment. 

Fig. 4—Amplifier with cover removed. 

Transmission Characteristics 

The transmission loss of the bare coaxial unit varies, 
at normal temperature, from about 8 db at 60 kc. to 
about 52 db. at 3000 kc. per repeater section. Equaliz-
ing and regulating equipment at each repeater station, 
controlled by a pilot frequency of about 2000 kc., and 
supplementary equipment at main stations, controlled 

by three additional pilot frequencies, compensate for 
these variations as well as for variations due to tempera-
ture. Typical over-all characteristics are shown in Fig. 5. 
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Fig. 5—Gain versus frequency characteristic of 
Washington-New York coaxial. 

The shielding afforded by the coaxial units keeps 
noise due to atmospherics and inter-system cross talk 
low. The controlling noise is, therefore, generally 
thermal noise in the first circuits of the amplifiers. 
When the coaxial line is used for television transmis-

sion, it must be carefully equalized from a delay stand-
point. Such equalization is provided at intervals of 100 
to, 200 miles or at points where television programs are 
to_be dropped or introduced. 

Terminal Equipment 

For flexibility, all broad-band carrier systems use a 
basic grouping of twelve telephone channels in the 
range 60 to 108 kc. This group is then moved by modu-
lation to other appropriate frequencies." In the coaxial 
system, five of the basic twelve-channel groups are 
assembled as a sixty-channel supergroup in the range 
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PILOT 64 

1804 
1796 

1556 
1548 

1308 
300 
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804 

564 
552 
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306 

6 

Fig. 6—Frequency translations in coaxial system (telephone). 

I R. W. Chesnut, L. M. Ilgenfritz, and A. Kenner, "Cable car-
rier telephone terminals," Bell Sys. Tech. Jour., vol. 17, pp. 106-124; 
January, 1938. Also, Elec. Eng., vol. 57, pp. 237-245; May, 1938. 
I C. E. Lane, "Crystal channel filters for the cable carrier sys-

tem," Bell Sys. Tech. Jour., vol. 17, pp. 125-136; January, 1938. 
Also, Ekc. Eng., vol. 57, pp. 245-250; May, 1938. 
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between 312 and 552 kc.3.4 At present, eight such super-
groups are positioned on the line between 64 and 2064 
kc. These frequency translations are indicated in Fig. 
6. There is under development equipment which will 
place two additional sixty-channel supergroups in the 

frequency space between about 2000 and 3000 kc. 
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Fig. 7—Frequency translations in coaxial system (television). 

For television transmission the video band. is posi-
tioned for transmission over the coaxial line as shown 
by Fig. 7. The sound channel associated with the tele-
vision channel generally is transmitted over the same 
unit on a single-sideband basis between 80 and 88 kc. 
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Fig. 8—Network facilities capable of television transmission. 

APPLICATION OF COAXIAL-CABLE SYSTEMS 

In broad terms, the coaxial-type telephone system is 
and will be used principally for supplementing heavy 
cable routes, and for replacing open wire where the ex-
pected growth is heavy. Routes now in service, to-
gether with other cables under construction and cables 
expected to be added to the communication network 
within the next few years, are shown in Fig. 8. 

3 L. Espenschied and M. E. Strieby, "System for wide-band trans-
mission over coaxial lines," Bell Sys. Tech. Jour., vol. 13, pp. 654-
679; October, 1934. 

4 M .  E. Strieby,  million-cycle telephone system," Bell Sys. 
Tech. Jour., vol. 26, pp. 1-10; January, 1937. 

Coaxial Cable for Television Transmission 

In 1927, television transmission was demonstrat 
between Washington and New York (225 miles) usin 
a 20-kc. band over an open-wire line.' In 1937, there w 
a similar demonstration between New York and Phil 
delphia using a 1-Mc. band over an experimental c 
axial cable which was looped to provide a total circui 
length of 180 miles. Many other tests and demon 
strations have been carried out. " 
In 1945 and 1946, techniques for handling television 

pickups and switching, paralleling in many respects th 
methods used in the sound-program transmission field, 
were sufficiently advanced to be demonstrated on many 
occasions. Experimental television transmission over the 

coaxial by several broadcasters is now continuing on 
regular schedule. In 1946 color television was sent ove 
the coaxial from New York to Washington and back. 

Local Facilities 

Pickup loops and other intracity television-system 
links are an important element in the nation-wide tele-
vision network. During the past year over twenty-five 
such circuits have been in service in six cities, some hav-
ing been in regular use for several years. To date, such 
facilities furnished by the telephone companies have 
been largely exchange-type paper-insulated cable pairs 
with special equalization and video amplifiers at inter-
vals of about one mile." 
Experimental lengths of copper-shielded balanced 

16-gauge pairs, string insulated with polyethylene, have 
been made for use within cities. This structure is ex-
pected to permit increasing repeater spacing to about 
three miles and to be sufficiently good, from the cross-
talk standpoint, to permit opposite directions of tele-
vision transmission in adjacent units. 
In some cases, microwave radio may be the best 

method for supplying pickup loops or studio-transmitter 
facilities, and systems are under development at Bell 
Laboratories for this purpose. They seem well adapted 
for one-occasion pickups, or where the terrain favors 
radio but makes wire-line construction difficult. A trial 
microwave system was set up between the Yankee 
Stadium and the long-distance operating center in 
lower Manhattan for the Louis-Conn fight. It gave re-
sults comparable to that provided by the wire line 
which was actually used during the fight telecast. Also, 
this microwave system has been demonstrated between 
Hollywood and Mt. Wilson. 

6 D. K. Gannett and E. I. Green, "Wire transmission system for 
television," Bell Sys. Tech. Jour., vol. 6, pp. 616-633; October, 1927. 

6 Herbert Ives, Frank Gray, and M. W. Baldwin, "Image trans-
mission system for two-way television," Bell Sys. Tech. Jour., vol. 
9, pp. 448-470; July, 1930. 

7 M. E. Strieby, "Coaxial cable system for television transmis-
sion," Bell Sys. Tech. Jour., vol. 27 pp. 438-458; July 1938. 

M . E. Strieby an d C. L. Weiss, '"Television transmission," PROC. 
I.R.E., vol. 29, pp. 371-382; July, 1941. 

9 K. C. Black, "Stevens Point and Minneapolis linked by coaxial 
system," Bell. Lab. Rec., vol. 20, p. 127; January, 1942. 

H. S. Osborne, "Transmission networks for frequency modula-
tion and television," Elec. Eng., vol. 64, pp. 392-398; November, 
1945. 
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Radio Relay 

Radio relay is a possible alternative to coaxial cable 
LS a means of providing long-distance television, tele-
bone, or other communication forms. Experiments are 
Hider way in this connection as a part of which a full-
;cale radio-relay system is being constructed between 
New York and Boston. This system will operate prin-
:ipally in the 4000-Mc. range and will use seven inter-
nediate repeater points. If such a system should prove 
mccessful and be capable of being operated at a reason-
ible cost, there is a possibility that the future will see 
extensive use of radio relay in long-distance intercity 
:ommunication. It would be expected that, as in the case 
)f coaxial, the broad frequency bands provided might 
De utilized for television, telephone, or other types of 
:om m un ication. 

LOOKING AHEAD 

Past experience has shown a continued trend toward 
the use of wider and wider frequency bands for com-
munication purposes. Equipment is now under de-

velopment for use with coaxial cables which will pro-
vide wider bands; for example, a 7-Mc. band capable of 
being used in furnishing an effective 4-Mc. television 
circuit together with 480 telephone circuits. 
For more than a decade the Bell System has con-

ducted tesearch work on a system of transmission in 
which super-high-frequency waves are guided through 
hollow pipes. The technique for generation, amplifica-
tion, and control of the very-high frequencies used in 
the wave-guide system may also be employed when these 
frequencies are used for microwave radio. The relative 
extent to which guided waves or radio beams in space 
will be used in the future cannot accurately be pre-
dicted at this time. Wave guides have the advantage of 
avoiding some of the possible sources of interference in 
radio, but they do require the construction of the guid-
ing structure over the route used. - 
Just how any of these future possibilities will develop, 

or what other arrangements might be introduced, can 
not be foretold with any certainty, but it seems clear 
that the frontiers of broad-band frequency transmission 
have ample room in which to move forward. 

Mutual Impedance Between Vertical Antennas 
of Unequal Heights* 
C. RUSSELL COXt, ASSOCIATE, I.R.E. 

Summary —An expression is derived for the resistive and reactive 
components of the mutual impedance between vertical antennas of 
unequal heights, located above a perfectly conducting ground. 
Mutual-impedance curves for typical combinations of antenna 
heights are plotted for spacings between 0.1 and 1.0 wavelength. 

1. INTRODUCTION 

r- 10 THE DESIGNER of power-distribution ap-
paratus for directional antenna arrays, the evalu-
ation of mutual impedance between elements of 

the array is the first step in a series of calculations 
leading eventually to the determination of all system 
parameters. Sufficient data exist in the literature to ac-
commodate the usual problem in which all radiating 
elements are equal in height, but for the occasional in-
stance involving radiators of unequal heights no mu-
tual-impedance data are available. It is the purpose of 
this paper to derive an expression from which may be 
calculated the mutual impedance between radiators of 
unequal heights, mounted vertically above a perfectly 
conducting earth, and thus to fill in a gap which in 
some cases hinders the proper design of antenna-phasing 

networks. 

Decimal classification: R125.1 XR244. Original manuscript re-
ceived by the Institute, July 22, 1946. 

t Andrew Company, Chicago 19, III. 

II. FORMULATION OF INTEGRAL 

In Fig. 1, two antennas of heights /1 and /2 are shown 
separated by a distance d. The current at the base of 

Fig. 1—Two antennas of unequal height above a perfectly 
conducting earth. 

antenna I is /01, while that at any distance z above 
ground is Li. Similarly, the current at the base of 
antenna 2 is IN, while that at any distance z above 
ground is /82. The term E821 represents the vertical corn-
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By applikation of the recipris it y theorem to the cur-
lews and ‘oltages in antenna 2, one can write: 
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which, inserted in (1), gives 
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The mutual impedance, referred to the bases of both 
antennas, is 
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It is convenient to write (4) in terms of exponentials: 
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Brown's' expression for the vertical compinelit of 
electric field 1.:41  may now be introduced. 
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Eas = sin Oh  — 2 - --- cos 01, } . (6) 

(I) 

Sp  rip 

d:.  (5) 

Inserting (6) into (5) and dropping the time-variant 
co" , the mutual impedance is found to be the sum of 
six integrals. 

15 

sin 091,  {f. 

40( ,1+ le--.) 

e 

-0(rtf IS it 

-  liz 

ri 

c 10(410-• too 

e- 15 0.4 

Iro 

ds 

ds cos Olt 

e "t "  1341)  

- - 

/3 

dz cos #14 . (7) 

Ill . EVALUATION OF NTEGNA LS 

From the geometry of Fig. 1, the following expres-
sions are apparent: 

(8) 

(9) 

ro   /d j -2'.  (10) 

G. U. Brown, 'Direction/al antennas," rime. IRE., vol. 25, 
pp. 81-145; J•nuary, 1937. 

il  and hiettron I Section  S evern 

differentiating (8), (9), and (10), one obtains 

di  dr, 

ri S —  p  (II)i 

41S 

as  (12) 
ro s 4- I, 

For ('onvenience, let the sli m  and difference of the 
radiator lengths he given by 

a - it - LI 

L  -1- 11. 

(14) 

(15) 

By making suitable changes of variable, each in-
tegral will now be reduced to the form 

1lig  e - -  du =  i(111) -  (4(,tio)  ji Si( 14) -  S  ul ' 

U   

16) 

in which Ci(u) and Ai(u) are the cosine and sine in-

tegrals, respectively. Tables of these integral functions 
are available for values of the argument ranging friim 0 
to 100, the best available compilation having been pub-
lished in 1940 under WPA sponsorship.' 
In the first integral, let 

14 -= ti(r, — /,  z).  (17) 

Then, from (11), 

du  0(dr, 4-- viz)  4- l it 
• I 

and 

(114  11: 

IS   I p 

New limits of integration uo and sr, are dlitained by 
letting a ..(1 and z.../2, respcctively, ill (17). 

130 1= 0  d' 

d'  at 4 .1 I.  (19) 

The first integral in (7) then becomes 

- _ tit 
J O ri 

f  e oi,) 

J, 
.1 e-s. 

••  --- du.  (20) 

In the second integral, let 

Phri Ii  

Differentiating and using (11), one obtains 

dr 

(21) 

(22) 

"Tables of Sine. Cosine, anti Exponential integrals." Federal 
Works Agency, Work Projects Ad ttt i l Ustration, 1940. 
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(23) 

(25) 

06  0.8 

X21  

R21 
10 

Fig. 3—Resistive and reactive components of mutual impedance 
between antennas of heights of 60 and 90 degrees. 

The final answer is obtained by inserting the cosine 
and sine integrals of (16) into (27). 

15 
R21 =    1 cos O A 1C1(14,1)  C 1(14 0) 

sin /311 sin /312 

(26)  + Ci(vi) — Ci(vo) -1- 2Ci(yo) — Ci(yi) — Ci(si)1 

After undergoing the transformations indicated, (7) 

takes the form 

The new limits of integration are 

Do = /3[Vd2 -I- /12 + /1] 

vi = 13[Vd2 -1- A' — A]. 

The second integral in (7) then becomes 

f  12 e-hscri+:2-z) 
 dz =  ;0°  vi   dv.  (24) 

ri  vo  v 

The remaining four integrals are transformed in similar 
fashion. 

12 
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-4 
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X21 
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10 

Fig. 2—Resistive and reactive components of mutual impedance 
between antennas of heights of 40 and 90 degrees. 

— 2 cos Nicol' 

24 

f 

Y1  

dx — 2 cos g/lejoh i  —  dy 
yo  Y 

110 

ds} .  (27) 

20  

16 

12 

8 

-4 

-8 

0.2  0 

Changes of variable are made as follows: 

w = 0(rx + 11 + z)  -12 

x = 13(r2 — ii — 

= 0(ro + z) 

s = i3(ro — z). 

The limits of integration are 

wo = 13[Vd2 -I- /12 + /11 = vo 

= 13[Vd2 L2 

xo = fl[Vd2 = 
= 0[Vd2 + L2 1-1 

yo = 13[(1] 

y = 13[N,/ d2 122 +  121 

=  P[d] = Yo 
s, = k/d2 ± /22-121.  • cosoL [ci(wi) — c/(vo) + C/(xi) — ci(uo) 

▪ 2ci(yo) — Ci(yi) — ci(si)] 

▪ sin PL[Si(wi) — Si(vo)  Si(uo) 

Z21   15  ul  —  Si(Si(xi) Si(yi) + Si(s1)]  (28) 
  {e  du 

sin Xi sin /3l2  o0  15 
X 21    t cos 13A [Si(uo) — Si(ui) 

e-2" I .1 dv +  f  e- 1..   dw  sin NI sin 0/2 
✓  I 0  S i ( vo)  S i ( V1)  Si(yi) — 2Si(yo)  Si(s1)1 

-1- sin /36, [Si(ui) — Si(uo) + Si(vo) 

— Si(vi) — Si(Y1) + S/(01 
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+ sin A Ki(ui) — Cguo)  Ci(vo) 

— Ci(th) — Ci(Yi) -F Ci(si)] 

+ cos a [S4v0) — Si(tvi)  Si(u0) — Si(xi) 

▪ Si(yi) — 2Si(yo)  Si(si)1 

+ sin /31,[Ci(m) — Ci(vo)  Ci(u0) 

— Ci(xi) — Ci(Yi)  Ci(si)] } • 

15 (Ci(ui)  Ci(vi) — Ci(sol) — 

+ cot Ph [Si(ui) — Si(91)  2Si(Y1) 

▪ 2Si(S1)  Si(Wi) — S1(X1)] 

X21 = 15 {Si(tvi)  — Si(ui) — Si(t4) 

+ cot NI [Ci(ui) —  — 2Ci(yi) 

(29)  2Ci(h)  Ci(m) — Ci(xi) J } • 

Examination of (28) and (29) reveals that, to obtain 
X*1 from R21, it is necessary only to replace ci(p) by 
-si(p), and .Si(q) by Ci(q). 

32 
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Fig. 4—Resistive and reactive components of mutual impedance 
between antennas of heights of 75 and 90 degrees. 

IV. SPECIAL CASES 

It is easily shown that when the radiators are equal 
in height, /1=1* and (28) and (29) become 

15 
R21 r=   4Ci(2h)  2Ci(uo) — 2Ci(vo) 

sin2 #1 

+ cos 213/Ki( m) — 2Ci(vo)  Ci(xi) 

— 2Ci(uo)  2Ci(ui) 

▪ sin 291[Si(m) — 2Si(vo) 

— Si(xi)  2Si(uo)11  (30) 

15 
X21 =   4.54241) + 254240  2Si(vo) 

sin2 

+ cos 2134— Si(wi)  251(v0) — Si(xi) 

▪ 2Sgu0) — 2Si(ui)] 

▪ sin 291[Ci(tvi) — 2Ci(vo) 

— Ci(xi)  2Ci(uo)] } •  (31) 

Considerable simplification of (28) and (29) results 
if one of the antennas (say 12) is a quarter-wave in 
height. In this case, the resistive and reactive com-
ponents of r.21 become 

Re1 
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(32) 

(33) 

Fig. 5—Resistive and reactive components of mutual impedance 
between antennas of heights of 120-and 90 degrees. 

Figs. 2, 3, 4, and 5 are plots of (32) and (33) for values 
of /1 corresponding to angular heights of 40, 60, 75, 
and 120 degrees, respectively. 

V. CONCLUSION 

As is the case for previously available data on mutual 
impedance with equal heights, the expressions pre-
sented here are only approximate, because sinusoidal 
current distributions are assumed in both members. 
However, the present calculations are no less accurate, 
and should prove useful to the same extent as previously 
published information. 
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A Wide-Band 550-Megacycle Amplifier* 
RAYMOND O. PETRICHt, ASSOCIATE, I.R.E. 

Summary —This paper describes a five-stage 550-megacycle 
amplifier having an over-all bandwidth of 20 megacycles and a gain 
of 10 decibels per stage. It uses a 2C43 triode in a grounded-grid 
circuit with an impedance-transforming band-pass filter in the out-
put to give the desired bandwidth. A visual method of alignment 

with a sweep-frequency oscillator is described, and important design 
considerations are given. The voltage gain per stage for a wide-
band amplifier of this type is shown to be 

G= (A+ 1)V RLAR,-F R 'AA+ 1+ (Rp+RL)/Ref 
where R, is the equivalent shunt resistance between grid and cathode 

due to transit-time loading and cathode-lead-inductance loading, 
and RL is the optimum value of load resistance in the plate circuit 
consistent with the bandwidth of the amplifier and the grid-plate 

capacitance of the tube. 

DESCRIPTION 

A
GAIN per stage of over 10 db for a bandwidth 
of 20 megacycles has been obtained at 550 mega-
cycles using a 2C43 "lighthouse" triode in a 

grounded-grid amplifier circuit. The center frequency of 

CENTER  CONDUCTOR OF 
CATHODE LINE 

DIELECTRIC FOR 
TUNING CATHODE LINE 

Fig. 1—Views of a single stage. 

the amplifier may be tuned from 500 to 600 megacycles 
and the bandwidth varied from 10 to 30 megacycles. 
Five stages have been connected in tandem, giving an 
over-all gain of 50 db for a 20-megacycle bandwidth. The 
first four stages are operated as voltage amplifiers draw-
ing a cathode current of 25 milliamperes at a plate volt-
age of 250 volts, while the output stage is operated class 
AB at 20 milliamperes and 400 volts. A continuous-wave 
output of 5 watts may be obtained without external 
cooling. Impedance-transforming networks are used at 
both the input and output of the tube, so that stand-

* Decimal classification: R363.11. Original manuscript received 
by the Institute, September 19, 1946; revised manuscript received, 
November 15, 1946. This paper is based on work done for the Office 
of Scientific Research and Development unet r Contract OEMsr-411 
with the President and Fellows of Harvard College. 
N.  Airborne Instruments Laboratory, Inc., Mineola, Long Island, 

ard 50-ohm concentric cables and connectors may be 
used for coupling into and out of each stage. This type 
of design provides for the most flexible use of the 
amplifier, since each stage is identical and may be used 
either separately or connected in tandem with several 
similar stages if more gain is desired. 

2C43 TUBE 

Fig. 2—Cross-sectional view. 

Photographs of a single stage of the amplifier are 
shown in Fig. 1, and a cross-sectional view showing the 
the actual construction is given in Fig. 2. An equivalent 
circuit of the radio-frequency components may be repre-
sented as shown in Fig. 3. 
Each stage of the amplifier is of the grounded-grid 

type .with an impedance-transforming band-pass filter 

in the output circuit_ to give the required bandwidth. 
The output filter is a .double-tuned circuit consisting of 
two resonant cavities capacitively coupled together. 
The plate cavity is a short concentric line tuned by the 
grid-plate capacitance of the .tube plus a small trim-

TUNED PLATE LINE 
TUNED OUTPUT LINE 

TUNED CATHODE LINE 

Fig. 3—Equivalent circuit of radio-frequency components. 

ming capacitor. The output cavity is of similar construc-
tion, using a short concentric-line inductance with 
capacitive tuning at the end. The coupling between the 
two circuits is through the capacitance C. which is 
indicated in Figs. 2 and 3. Physically, this is the capaci-
tance between the plate of the tube and the end of the 
coupling rod which is threaded through the center con-
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+ sin PA[cgui) — ci(u0) + ci(vo) 
— ci(vo — ci(yi) + ciw] 
+ cos 13L[Si(vo) — Si(toi)  Si(140) — Si(xi) 

Si(Yi) — 25i(Yo)  Si(si)] 

+ sin n[ciovo — ci(vo + ci(uo) 
— Ci(xi) — cicyo + ci(si)11 • 

R.E. — Waves and Electrons Section 

(29) 

Examination of (28) and (29) reveals that, to obtain 
X21 from R21, it is necessary only to replace Ci(P) by 
—si(p), and .Si(q) by Ci(q). 
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Fig. 4—Resistive and reactive components of mutual impedance 
between antennas of heights of 75 and 90 degrees. 

IV. SPECIAL CASES 

It is easily shown that when the radiators are equal 
in height, /1=12 and (28) and (29) become 

15 
R21 =   {4Ci(142)  2Ci(lio)  2Ci(vo) 

sin2 

▪ cos 26/ [Ci(wl) — 2Ci(vo)  Ci(xi) 

— 2Ci(uo)  2Ci(ui)] 

+ sin 201[5i(wi) — 2Si(vo) 

— Si(xi)  2Si(uo)]) 

15 
45i(ui)  2Si(uo)  2Si(vo) 

sin' 01 

▪ cos 204— Si(tvi)  2Si(vo) — Si(xi) 

▪ 2Si(uo) — 2Si(ut)] 

+ sin 2/31[Ci(wi) — 2Ci(vo) 

— Ci(xi)  2Ci(uo)] } • 

x21 

(30) 

(31) 

Considerable simplification of (28) and (29) results 
if one of the antennas (say 12) is a quarter-wave in 
height. In this case, the resistive and reactive com-
ponents of 521 become 

R21 

X21 

15 1Cgui)  — Ci(wi) — Ci(xi) 

▪ cot PI, [Si(ui) — Si(vi) — 2Si(yi) 

-F 2Si(s1)  51(w1) — Si(xi)]1 

= 15 {Si(tvi)  Si(xi) — Si(ui) — Si(vi) 

-F cot $11[Ci(ui) — Ci(vi) — 2Ci(Y1) 

• 2Ci(si) Ci(tvi) — Ci(xi)]1. 
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Fig. 5—Resistive and reactive components of mutual impedance 

between antennas of heights of 120 end 90 degrees. 

Figs. 2, 3, 4, and 5 are plots of (32) and (33) for values 
of /I corresponding to angular heights of 40, 60, 75, 
and 120 degrees, respectively. 

V. CONCLUSION 

As is the case for previously available data on mutual 
impedance with equal heights, the expressions pre-
sented here are only approximate, because sinusoidal 
current distributions are assumed in both members. 
However, the present calculations are no less accurate, 
and should prove useful to the same extent as previously 
published information. 

VI. ACKNOWLEDGMENTS 

The writer acknowledges the assistance of R. E. 
Beam, who carefully checked the mathematics, and of 
Peter Andris, who calculated and prepared Figs. 2, 3, 
4, and 5. 
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A Wide-Band 550-Megacycle Amplifier* 
RAY MOND 0. PETRICHt, ASSOCIATE, I.R.E. 

Summary —This paper describes a five-stage 550-megacycle 
amplifier having an over-all bandwidth of 20 megacycles and a gain 

of 10 decibels per stage. It uses a 2C43 triode in a grounded-grid 
circuit with an impedance-transforming band-pass filter in the out-
put to give the desired bandwidth. A visual method of alignment 
with a sweep-frequency oscillator is described, and important design 
considerations are given. The voltage gain per stage for a wide-
band amplifier of this type is shown to be 

(1.1-1-1) V RLAR,±  (Rp+RL)/ RI] 
where R, is the equivalent shunt resistance between grid and cathode 
due to transit-time loading and cathode-lead-inductance loading, 
and RL is the optimum value of load resistance in the plate circuit 
consistent with the bandwidth of the amplifier and the grid-plate 

capacitance of the tube. 

DESCRIPTION 

A
GAIN per stage of over 10 db for a bandwidth 
of 20 megacycles has been obtained at 550 mega-
cycles using a 2C43 "lighthouse" triode in a 

grounded-grid amplifier circuit. The center frequency of 

CENTER CONDUCTOR OF 

CATHODE LINE 

DIELECTRIC FOR 
TUNING CATHODE LINE 

Fig. 1—Views of a single stage. 

the amplifier may be tuned from 500 to 600 megacycles 
and the bandwidth varied from 10 to 30 megacycles. 
Five stages have been connected in tandem, giving an 
over-all gain of 50 db for a 20-megacycle bandwidth. The 
I first four stages are operated as voltage amplifiers draw-
ing a cathode current of 25 milliamperes at a plate volt-
age of 250 volts, while the output stage is operated class 
AB at 20 milliamperes and 400 volts. A continuous-wave 
output of 5 watts may be obtained without external 
cooling. Impedance-transforming networks are used at 
both the input and output of the tube, so that stand-

Decimal classification: R363.11. Original manuscript received 
by the Institute, September 19, 1946; revised manuscript received, 
November 15, 1946. This paper is based on work done for the Office 
of Scientific Research and Development uneer Contract OEMsr-411 
with the President and Fellows of Harvard College. 
N.  t,Airborne Instruments Laboratory, Inc., Mineola, Long Island, 

TUNED OUTPUT LINE 

ard 50-ohm concentric cables and connectors may be 
used for coupling into and out of each stage. This type 
of design provides for the most flexible use of the 
amplifier, since each stage is identical and may be used 
either separately or connected in tandem with several 
similar stages if more gain is desired. 

2C43 TUBE 

Fig. 2—Cross-sectional view. 

Photographs of a single stage of the amplifier are 
shown in Fig. 1, and a cross-sectional view showing the 
the actual construction is given in Fig. 2. An equivalent 
circuit of the radio-frequency components may be repre-
sented as shown in Fig. 3. 
Each stage of the amplifier is of the grounded-grid 

type with an impedance-transforming band-pass filter 
in the output circuit_ to give the required bandwidth. 
The output filter is a 'double-tuned circuit consisting of 
two resonant cavities capacitively coupled together. 
The plate cavity is a short concentric line tuned by the 
grid-plate capacitance of the _tube plus _a small ,trim-

TUNED PLATE LINE 

TUNED CATHODE LINE 

Fig. 3—Equivalent circuit of radio-frequency components. 

ming capacitor. The output cavity is of similar construc-
tion, using a short concentric-line inductance with 
capacitive tuning at the end. The coupling between the 
two circuits is through the capacitance C. which is 
indicated in Figs. 2 and 3. Physically, this is the capaci-
tance between the plate of the tube and the end of the 
coupling rod which is threaded through the center con-
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ductor of the output cavity. The inductance of the 
coupling rod was omitted in the equivalent circuit 
since its reactance is in the order of 50 ohms, whereas 
the reactance of the coupling capacitor, which is in series 
with this inductance, is nearly 4000 ohms. For maxi-
mum gain the output filter should be designed to match 
the output impedance of the tube. However, if this is 
not possible for the given bandwidth and grid-plate 
capacitance of the tube, the impedance should be made 
as high as these two factors will allow. The output tap is 
adjusted to work into a 50-ohm load. 
A double,tuned circuit similar to that used in the 

output is not necessary at the input since the tube 
loading effect is sufficient to give a broad response with a 
single-tuned circuit. The input cavity consists of a short 
length of concentric line of low characteristic im-
pedance. Since the impedance level is low due to the 
loading by the tube, a high-Q cavity is not necessary, 
thus making it possible to use a low-impedance line in 
which the base of the tube and socket are housed inside 
the center conductor. The tuning is accomplished by 
changing the amount of dielectric under three equally 
spaced conducting fins extending from the end of the 
center conductor. The shape of the dielectric piece is 
shown in Fig. 1, and the tuning adjustment is made by 
rotating it with respect to the fins on the end of the 
center conductor. The input tap is adjusted to work 
from a 50-ohm source. 

ALIGNMENT 

Because of the numerous tuning adjustments, the 
alignment of an amplifier of this type would be a very 
tedious process using the conventional point-by-point 
method of plotting response curves. However, the use of 
a sweep-frequency oscillator with visual presentation of 
the output on a cathode-ray oscilloscope provides an 
extremely simple and accurate method of checking the 
response. 
A beat-frequency oscillator employing two fre-

quency-modulated 3-centimeter reflex klystrons is used 
to obtain a sweep width of 100 megacycles over the de-
sired range. The modulating source is capable of 
sweeping each of the tubes over a range of 50 mega-
cycles by applying a low-frequency sawtooth voltage to 
each of the repellers. The modulating voltages are 
applied to the repellers 180 degrees out of phase, caus-
ing the tubes to change frequency in opposite direction, 
so that the difference-frequency output from the mixer 
sweeps over twice the range that would be obtainable 
if the modulating voltage were applied to a sirigle tube 
only. 
The radio-frequency output from the sweep oscillator 

is fed through an attenuator and matching section to the 
amplifier, which is terminated by a 50-ohm load. With 
proper matching the output of the sweep oscillator is 
nearly constant throughout the range, so that a true 
indication of the amplifier response is obtained. A single 
stage is aligned by tuning all three cavities to the 

desired center frequency and adjusting the coupling 
rod to give the desired bandwidth. To align a multi-
stage amplifier, each stage may be aligned separately 
into a 50-ohm dummy load before connecting them in 
tandem. This may be done since the feedback between 
plate and cathode circuits is small, and the impedance 
level is 50 ohms at both the input and output of each 

TABLE I 

Number of Stages  n for a 3-db dip 

2 
3 
4 
5 
6 

1.11 
1.19 
1.25 
1.30 
1.35 

stage. It should be noted that the over-all bandwidth 
decreases as each successive stage is added, so that in 
order to obtain a given over-all bandwidth each stage 
must have a bandwidth n times greater than the over-all 
bandwidth. If a 3-db dip may be tolerated in the 
over-all response and the bandwidth is measured down 
3 db, Table I gives an approximate value for n for 
two to six stages in tandem. 
When the stages have been prealigned in this manner, 

they may be connected directly in tandem with only 
slight retuning to keep a symmetrical response as each 
successive stage is added. The output stage should be 
aligned for the load into which it will be working, and 
the additional stages added to the input. 

GAIN CONSIDERATIONS 

Neglecting the direct voltages applied to the tube, 
the radio-frequency circuit of the amplifier may be 
represented by Fig. 4. 

Fig. 4—General circuit of a grounded-grid amplifier. 

E= open-circuit voltage of generator 
R= load resistance and generator resistance 
Rs =shunt resistance between grid and cathode due 

to transit-time loading and cathode-lead-in-
ductance loading 

A =impedance-transforming band-pass filter with 
an effective step-up ratio N1 

Ni= 0-2.---./R where R. equals the shunt impedance at 
the output terminals of filter A 

B = impedance-transforming band-pass filter with 
an effective step-up ratio 1%12. 



11947 Petrich: Wide-Band 550-Mc. Amplifier  1373 

N 2 = OTTire where Ro equals the shunt impedance at 
the input terminals of filter B. 

In the circuit shown in Fig. 4, the input filter in-
cludes the dynamic input capacitance of the tube, and 
the output filter includes the dynamic output capaci-
tance. Since the grid forms a screen between the input 
and output circuits in a grounded-grid amplifier, for all 
practical purposes the input capacitance may be con-
sidered equal to the grid-cathode capacitance of the 
tube, and the output capacitance equal to the grid-
plate capacitance. 
An analysis of a circuit similar to that shown in Fig. 4 

has been made by Dishal, who has shown that the in-
put impedance of the tube will be'  • 

Zin = Re(Rp + RIN22)/[Rp  R/N22 Rt(2  1)]  (1) 

where 
R,= plate resistance of the tube 
µ=amplification factor. 

The output impedance of the tube was shown to be 

veloped in the output circuit is limited by the band-
width of the amplifier and the grid-plate capacitance of 
tube.2 

RL = 1/27A/C„  (5) 

where 
RL = maximum load resistance at the plate of the tube 
Llif =bandwidth of the amplifier 
C„ = grid-plate capacitance of the tube. 
If the value of RL given by (5) is smaller than the 

optimum value of (R/N22)' given by (4), it will not 
be possible to match the output filter to the out-
put impedance of the tube, and the maximum gain for 
this case will be obtained when R/N22 is made equal 
to RL and N12R is made equal to the resulting input 
impedance of the tube. Therefore, when 

RL <R,,/1 -I- (A  1)R194, 

(R/N22)" = RL 

and 

(6) 

Zmet  = Rp  [Ni2RRi(At  1)/(Ari2R  R,)].  (2)  (Ni2R)" = (R„  RL)I[,u + 1  (R„  RL)/R,].(7) 

The equivalent input circuit may be represented as 
shown in Fig. 5(a), and the equivalent output circuit 
as shown in Fig. 5(b). 

R p/U-A • I ) 

2 IN 

(a) 

(0 • 1)1411R 

N/Net V(A.• I) 

(b) 
Fig. 5—(a) Equivalent input circuit. (b) Equivalent 

output circuit. 

The condition for maximum gain was shown to be 
when N12R was matched to the input impedance of the 
tube and R/N22 was matched to the output impedance 
of the tube. Replacing Ni2R for the input impedance in 
(1) and R/N22 for the output impedance in (2) and 
solving the resulting simultaneous equations gives for 
the condition of maximum gain 

(NI2R)1 = Re/V1 ±  1)R,/R, 

and 

(3) 

(R/N22)' = ReA/1 ±  + 1)R/R.  (4) 

However, the maximum impedance which can be de-

Milton Dishal, "Theoretical gain and signal-to-noise ratio of 
the grounded-grid amplifier at ultra-high frequencies," PROC. I.R.E.. 
vol. 32, pp. 276-280; May, 1944. 

If the gain of the amplifier is expressed as the ratio 
of the voltage appearing across the load resistance R 
to that appearing across the output terminals of the 
generator under matched conditions, the expression 
for gain becomes-2 

G=(0-1-1) 

4./(R/N22)/(Rp-FR/1 T22) [1,4+1+ (Rp+R/N22)/Ril.  (8) 

Substituting (4) into (8) gives for the maximum value 
of gain 

=  ± 1)/ [1\7;r1r e  ± 1 ± R,,/R 1} (9) 

when 

RL > RpV1  1)R/R,,. 

Substituting (6) into (8) gives a gain of 

G"=(,.-1-1)VRLARp-FRL)[th-F1-1-(Rp+ROIR:1  (10) 

when 

RL < RA/1 + OA 1)R/R. 

The total input loading Re may be considered equal 

'F. E. Terman, "Radio Engineers' Handbook," McGraw-Hill 
Book Co. New York, N. Y., 1943; Section 3, pp. 230-231. Actually, 
equation (5) is derived for a circuit containing lumped inductances 
and capacitances, but it may be used with reasonable accuracy for a 
short-circuited quarter-wave line heavily loaded with shunt capaci-
tance. 

This definition is equivalent to the concept of gain advanced by 
Friis in a more general form in his paper, "Noise Figures of Radio 
Receivers," in which he defines gain in terms of available power. It 
should be noted that equation (8) gives twice the gain given by 
Dishal, since he defines gain as the ratio of the voltage across the 
final load resistance to the open-circuit voltage of the generator. 
Equation (8) may be used directly to compute the gain of amplifiers 
connected in tandem, whereas the definition given by Dishal would 
give a gain that would be incorrect by a factor of two for each suc-
cessive stage that is added. 
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to the combination of the transit-time loading R, and 
the cathode-lead-inductance loading Rk,  in parallel. 
Ferris4 has shown that the loading due to the transit 
time of electrons between the cathode and grid is 

R, = 1/ kg„,f2T2 (11) 

where 
gm= tube transconductance 
f= frequency 
T =time required for an electron to travel from 
cathode to grid 

k = a constant determined by the tube voltages 
and geometry. 

Strutt and van der Ziels have shown that the cathode-
lead-inductance loading is 

Rk = 1/cd2g.LkCch  (12) 

where 
A =cathode-lead inductance 
C„= grid-cathode capacitance of the tube 
co = brf. 
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Fig. 6—Input loading for a 2C43. 
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It is important to note that the effects of both the 
transit-time loading and the cathode-lead-inductance 
loading increase as the square of the frequency, so that 
at higher frequencies they have a decided effect on the 
gain. Experimental results have shown that the total 
loading at the input to a 2C43 tube at 550 megacycles 
is in the order of 500 ohms. Using this as a basis, a prob-
able curve of the loading versus frequency is given in 

4 W. R. Ferris, 'Input resistance of vacuum tubes as ultra-high-
frequency amplifiers," PROC. I.R.E., vol. 24, pp. 82-107; January, 
1936. 

5 M. J. 0. Strutt and A. van der Zeil, 'The causes for the increase 
of the admittance of modern high-frequency amplifier tubes on short 
waves," PROC. I.R.E., vol. 26, pp. 1011-1033; August, 1938. 

Fig. 6. Using the value of Re obtained from this curve, 
the gain versus frequency is computed for a 2C43 tube 
in an amplifier having a bandwidth of 20 megacycles, 
and the results are shown in Fig. 7. 
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Fig. 7—Gain versus frequency for a 2C43. 

2000 

DESIGN CONSIDERATIONS 

Standard filter design may be used in determining 
the "lumped-constant" values of the components in the 
filter circuits. A pi-section filter similar to the one 
shown in Fig. 3, where C„ is the grid-plate capacitance 
of the tube, has proved to be a suitable output circuit. 
The impedance developed across this section is de-
termined by either (4) or (5), whichever is applicable for 
the given bandwidth, grid-plate capacitance, and input 
loading. The impedance transformation between the 
plate circuit and the output is accomplished by tapping 
down on the output line at the desired point. 
Because of the small magnitude of the inductance 

and capacitance required for the circuit elements, short 
concentric lines capacitively loaded at the end are 
readily adaptable for the tuned circuits. Foreshortened 
one-quarter-wavelength lines should be used in prefer-
ence to higher multiples, since the impedance will vary 
less rapidly with frequency and will provide a closer ap-
proximation to the "lumped-constant" values of the 
filter components. 
The response of the input filter is not as critical as 

the output filter, since the output circuit is the main 
factor determining the bandwidth of the amplifier. It 
should have a bandwidth as wide as the output filter 
but the cutoff does not need to be as sharp, so that a 
heavily loaded single-tuned circuit is sufficient. This is 
simple to obtain at high frequencies since the response 
of the input circuit is determined by the input loading 
of the tube. Matching is accomplished by adjusting the 
position of the input tap. 
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Special Magnetic Amplifiers and Their Use 
in Computing Circuits* 

H. S. SACKt, R. T. BEYERt, G. H. MILLERt, MEMBER, I.R.E., AND J. W . TRISCHKA§ 

Summary—A special design of a magnetic amplifier is described 
which can be used as a summer, differentiator, or integrator in elec-
tronic computers. The incorporation of a negative feedback gives a 
high degree of precision and stability (0.1 per cent or better) to the 
system, with a minimum of precision parts. 

I
T IS CUSTOMARY to designate by the term "mag-
netic amplifier" certain circuits in which transform-
ers operated in the nonlinear region form basic 

elements. In particular, it is possible to transform di-
rect-current signals into alternating-current signals by 
means of such transformers in making use of certain 
hysteresis properties of the ferromagnetic core mate-
rial. 
Many radar and related devices, such as gun direc-

tors, navigational aids, etc., contain computers which 
transform the intelligence received from the radar beam 
into other signals appropriate for the further use of the 
device. These computers have to perform certain mathe-
matical operations on the input signals, such as sum-
ming, differentiating, etc., or more complex operations 
such as co-ordinate transformations. In most cases, 
these computers are made up of a series of component 
circuits, each of which performs one specific mathemati-
cal operation (or a combination of a few, perhaps two or 
three). They may contain purely electrical elements, 
purely mechanical, or combinations of both electrical 
and mechanical elements. 
The magnetic amplifier combined with a very high 

percentage of negative feedback can be used advanta-
geously in such component circuits of computers, and can 
replace some of the more conventional designs; e.g., re-
sistance networks in adders. In this paper the design, 
operation, and test results of magnetic-amplifier circuits 
for the use as summers, differentiators, and integrators 
will be discussed.' 

I. PRINCIPLE OF THE MAGNETIC AMPLIFIER 

The use of nonlinear transformers (NLT's) in the ap-
plication here described depends in particular on a phe-

• Decimal classification: 621.375.2. Original manuscript received 
by the Institute, October 7, 1946; revised manuscript received, 
December 9, 1946. This paper is based in whole on work done for the 
Office of Scientific Research and Development under Contract 
OEMsr 768, with Cornell University. 

i
Cornell University, Ithaca, N. Y. 
Brown University, Providence, R. I. 
Columbia University, New York, N. Y. 
1 This research was initiated by Bruno Rossi, now at the Massa-

chusetts Institute of Technology, Cambridge, Mass., and continued 
by the present group. For more details, see National Defense Re-
search Committee, Division 14, Reports 436 and 437, December, 
1944, and May, 1945. 
3 T. Epstein, "German Pat. No. 149761, August, 1902. 

nomenon observed by Epstein in 1902.2 If a sinusoidal 
voltage is applied to the primary of a transformer con-
taining a ferromagnetic core, of an amplitude sufficient to 
extend the hysteresis loop into the region of saturation, 
the potential appearing on the secondary winding will 
possess the same frequency and odd harmonics.8-2  As 
long as the hysteresis loop is symmetrical (with respect 
to the origin), this will be the case, since the symmetry 
precludes the production of even harmonics. If a small 
direct-current flux is superimposed on the transformer, 
however, even harmonics will also appear in the out-
put. 
In the first approximation, the amplitude of the even 

harmonics will be proportional to the superimposed di-
rect-current flux, and therefore to the magnitude of the 
direct-current bias which is used. 

Fig. 1—Schematic diagram of the arrangements of windings on 
a pair of NLT's. 

To remove the fundamental signal and the odd har-
monics from the output, the transformers are wound 
as shown in Fig. 1. It is assumed here that the two trans-
formers are identical, and that the windings are all 
wound in the same sense. WI, are the primary windings, 
and WI and W2 are the pickup (output) and bias sec-
ondaries. These secondaries are so connected in series 
that the fundamental and odd harmonics will cancel out 
across them, while the even harmonics will add. 
In some of the earlier work, the second-harmonic out-

put, after amplification, was used as a measure of the 

3 G. Vallauri, "Statischer frequentverdoppler," Elek. Tech. Zeit., 
vol. 32, pp. 988-989; September, 1911. 

L. Kuhn, 'Ober em n neues radiotelephonisches system," Jahr far 
Drah8 Teleg., vol. 9, pp. 502-534; June, 1915. 
• E. F. W. Alexanderson and S. P. Nixdorf, "A magnetic amplifier 

for radio telephony," PROC. I.R.E., vol. 4, pp. 101-121; April, 1916. 
•T. Minobara, "Some characteristics of the frequency doubler as 

applied to radio transmission," PROC. I.R.E., vol. 8, pp. 493-500; 
!December, 1920. 
7 A. Hund, "Phenomena in High-Frequency Systems," McGraw-

Hill Book Co., New York, N. Y., 1936; p. 185. 
o J. Zenneck, "A contribution to the theory of magnetic frequency 

changers, “PRoc. I.R.E., vol. 8, pp. 468-493; December, 1920. 
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bias current. While high sensitivity can be obtained in 
this way, there are many disadvantages. The linearity 
between the amplitude of the second harmonic and the 
bias current is limited by the characteristics of the trans-
formers, and is also dependent on external conditions 
such as temperature, constancy of primary voltage, etc. 
Also, the stability of such amplifiers is not always good. 
These disadvantages are overcome by introducing a 
negative feedback. A fourth pair of windings, similar to 
the bias windings, is added to the transformers. The sec-
ond harmonic from the pickup windings is amplified and 
detected. Tfie resultant direct current is fed into this 
added pair of windings (compensation or feedback wind-
ings) in such a way that its magnetic field opposes that 
of the direct-current bias. The magnitude of the com-
pensating current can be shown to be 

I, = 
1  N. 

(1) 

where I, is the bias current, I. the compensating current, 
k the amplification of the system, defined as the ratio 
of the output current of the amplifier system to the bias 
current if the compensating coils are not connected, and 
N1 and N. the numbers of turns on the bias and com-
pensation windings, respectively.° 
If k is sufficiently high, then h=Nc/i/Ni and the 

linearity between input and output does not depend on 
a constant k, and therefore does not require good linear-
ity in the transformers or very high stability of the am-
plifying system. 

II. DETAILED DESCRIPTION OF THE CIRCUIT 

A block diagram of a typical circuit is shown in Fig. 
2. The two NLT's are designated by A and B, the bias 
(input) windings by SI, the feedback windings by S2, 
and the pickup windings by Ss. An audio-frequency os-
cillator is used to excite the NLT's. It must have a po-
tential sufficiently large to drive the NLT's into the 
nonlinear region, and must not have a large content of 
even harmonics. The pickup windings are connected to 
an amplifier and detector stage, while the bias windings 
SI are connected to a separate input circuit. The output 
of the amplifier and detector stages is fed back through 
a feedback circuit into the windings S2. The design of 
the feedback circuit depends on the particular applica-

• If k is the amplification as defined, the current in the output 
circuit, without feedback, is  This current corresponds to a 
magnetic flux produced by  ampere-turns. The output current 
for 1 ampere-turn is then k/ NI. If the output current is fed back, the 
the total flux in the NLT will be determined by the total ampere-
turns (N111—N.I.), and therefore the output current is 

k 
— , 

from which equation (1) of the text follows immediately. 

tion of the circuit, as does also the design of the input 
stage. 
Although all the windings are drawn separately in the 

A 

Ir 

Input 

Circuit 

A F  L s  Amplifier 

Oscillator  Detector 

B Slog. 

C 

Amplifier 

Fig. 2—Block diagram of a magnetic amplifier 
with feedback. 

diagram, it is possible to use one winding for two pur-
poses. In general, for example, the pickup winding and 
the input winding are the same windings. This reduces 
by one the number of windings required, and may be of 
importance where a larger number of windings are re-
quired; e.g., in a circuit for adding currents. 

Fig. 3—Wiring diagram for a magnetic amplifier with voltage output. 
Tubes (T): (1) 6N7; (2) 6SJ7; (3) 6SJ7; (4) 6SN7. 
Chokes and transformers (L): (1) Western Electric type 645 
(250 additional turns secondary); (2) Western Electric 
type 645 (2 sections in series); (3) 6 henries; (4) 6 henries. 

Resistors (fixed) (R): (1) 100,000 ohms; (2) 100,000 ohms; 
(3) 3000 ohms; (4) 2000 ohms; (5) 1000 ohms; (6) 250,000 
ohms; (7) 250,000 ohms; (8) 3000 ohms; (9) 3000 ohms; 
(10) 1000 ohms. 

Resistors (variable) (R): (101) 2500 ohms; (102) 2500 ohms. 
Capacitors (C): (1) 0.5 microfarad; (2) 0.5 microfarad; (3) 
0.13 microfarad; (4) 0.03 microfarad; (5) 20 microfarads; 
(6) 20 microfarads; (7) 0.05 microfarad; (8) 0.5 micro-
farad; (9) 0.5 microfarad. 
E, —250, electron-tube-regulated. 
Et -150, VR-regulated. 

The different stages of the circuit will now be dis-
cussed in more detail, referring to Fig. 3, which is a com-
plete circuit diagram of one of the models developed. 
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A. Nonlinear Transformers 

The cores of the NLT's used in all the circuits de-
scribed in this paper were made of molybdenum permal-
boy ribbon, 0.05 millimeter thick, wound as a spiral into 
a ring of rectangular cross section, 0.7 centimeter high, 
with inner and outer diameters of 2.9and 3.8 centimeters, 
respectively. Each core weighed 25 grams and was 
placed in a phenol fiber box with a winding of 200 turns 
of No. 32 Formex wire for the primaries, and five sepa-
rate windings of 800 turns each of No. 36 Formex wire 
for the secondaries. 
Because the cancellation of the primary and odd har-

monics requires identity in the two transformers, it is 
necessary that the pair be matched very carefully. The 
two transformers are connected together as in actual 
use; the primaries are excited, and the output is observed 
across that pair of secondaries which will form the pick-
up winding. Such transformers are chosen to form a pair 
in which the second-harmonic output is as nearly zero 
as possible. There may still be some fundamental signal 
left, but this can be easily eliminated later in the circuit, 
whereas the presence of a residual second harmonic 
would be more harmful. 
Since bias produced by the earth's magnetic field or 

stray fields has serious effects on the zero level, it is nec-
essary to shield the NLT's magnetically. A set of per-
malloy and copper shields is very effective for this pur-
pose. The different windings must be well insulated 
from each other. Otherwise, leakage currents will 
greatly reduce the sensitivity of the NLT's. If the cores 
are to be subjected to mechanical vibration, they should 
be mounted in a shockproof case, since such vibrations 
may influence the magnetic properties of the cores. 

B. Oscillator 

The oscillator is a balanced negative-resistance oscil-
lator. It not only satisfies the requirements of small even-
harmonic content, but may also simultaneously serve 
as a source of a second-harmonic signal which is neces-
sary for modulating purposes in another part of the cir-
cuit. This second harmonic is obtained from the common 
cathode of the twin triode. 
The coil in the tuned plate circuit serves simultane-

ously as the primary of a matching transformer, the 
number of turns on the secondary being determined by 
the impedance of the NLT's. The frequency of the os-

cillator is 1000 cycles. 

C. Detector and Amplifier 

The output of the NLT's must be rectified by a phase-
sensitive detector, i.e., a detector in which the direct-
current output changes sign if the phase of the input 
signal changes by 180 degrees. Such a change of phase 
occurs when the bias (input) current changes its sign. 
But even if the input current were always of the same 
direction, a phase-sensitive detector is necessary be-

cause a system with a normal detector would not be 
stable. 
Several types of phase-sensitive detectors were em-

ployed which could be classified as balanced modulators. 
They vary principally in the method of introducing the 
modulating signal. The design most frequently em-
ployed is shown in Fig. 3. The pickup coil on the NLT's 
is connected to a circuit tuned to the second harmonic 
whose inductance is center-tapped. This puts the signals 
at the ends of the coil 180 degrees out of phase. These 
signals are then applied to the control grids of two pen-
todes. The modulating signal, which is obtained from 
the oscillator, is applied to the suppressor grids of the 
tubes. This signal is in phase with one of the signals from 
the pickup coil, and is therefore 180 degrees out of phase 
with the other. The plate circuit of each pentode con-
sists of a resistance-capacitance _parallel combination 
with a time constant long in comparison with the period 
of the signal voltage. The magnitude of the modulating 
signal is such that the two tubes are effectively conduct-
ing only during half the period. The sign of the potential 
difference between the two plates then depends evi-
dently on which of the two grids is more positive. The 
output thus changes its sign if the grid (input) signal 
changes its phase by 180 degrees. 
Amplifications of between 70 and 120 direct-current 

volts per volt root-mean-square for pentodes such as 
6SJ7, 6AC7, 6AS6, etc., can be obtained. The modulat-
ing signal must be of the order of 30 to 40 volts. The 
variable resistor R100  in the cathode of one of the pen-
todes permits a balancing of the two pentodes for zero 
input signal. 
In other designs a twin triode is used, with the modu-

lating signal applied across a common cathode resist-
ance. This gives a much lower amplification (about 20 
to 30), but requires one less tube envelope. 
Another way of employing twin triodes is to apply the 

modulating signal to the grids over a resistance net-
work. This method has the disadvantage that coupling 
between the two signals may occur. 

D. Tuning of the Pickup Coil 

In most of the circuits designed, the pickup coil was 
tuned to the second harmonic. This has two definite ad-
vantages. It increases the sensitivity by a factor of as 
much as 20 or more, depending on the sharpness of the 
tuning, and it reduces the relative content of the funda-
mental or other harmonics with respect to the second 
harmonic. It is desired to reduce this fundamental back-
ground in order that the detection stage will not be 
saturated with it, and also so that no phase detection 
can occur between it and any fundamental which may 
be present in the modulating signal. 
The chief disadvantage of tuning is that slight changes 

in the frequency (resulting, say, from a change in the 
oscillator voltage) can produce a large variation in the 
input applied to the detector stage. Also, the time con-
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stant is increased due to this tuning, and, finally, if the 
tuning is too sharp, the output of the NLT's may jump 
into an unstable region. Therefore, this method requires 
careful tuning and a frequency-stable oscillator. 
On the other hand, without tuning, the magnitude of 

the output of the NLT's might be too small for a direct 
application to the detector. An alternating-current pre-
amplifier is then necessary. Also, the discrimination be-
tween the second harmonic and other harmonics is done 
only by the detector. The advantage of this method is 
the relative independence of frequency. 

E. Feedback 

The choice of the feedback system will depend on the 
output requirements—whether the device should give 
current amplification, voltage amplification, or yield 
another type of output as, for instance, an angular rota-
tion, a mechanical speed, etc. The simplest method of 
feedback would be to connect the compensating winding 
in series with a large resistance or a large inductance, 
across the plates of the detector tubes. However, it may 
be that not enough current can be supplied by the de-
tectors for this purpose. In that case a stage of direct-
current or voltage amplification is necessary. In Fig. 3, 
this is accomplished by a differential cathode follower. 
A second method of feedback was employed in an ap-

plication which required the output of the circuit to 
cause a mechanical angular velocity. In this case it was 
more advantageous to use the output from the detector 
to drive a generator with linear characteristics, and then 
take the feedback current from the output of this gen-
erator. In this way the circuits connecting the detector 
output to the motor are also stabilized, and linearity be-
tween the input and the speed (output) is guaranteed. 
In another application (differentiation) the output 

was desired in the form of an angular shaft rotation 
which was proportional to the input current of the 
NLT's. In this case, a linear potentiometer was con-
nected to the output axle and a constant potential was 
applied across it. The feedback current was then taken 
from the variable contact of the potentiometer. 
Of course, there are many other ways in which the 

feedback could have been accomplished. The final feed-
back is always a current, and if the output is desired in 
another form, such as a potential or a shaft rotation, it 
is important that the desired relation between the cur-
rent and this other form of output be satisfied within the 
permitted error. 

F. Input Circuit 

The magnetic amplifier is a current-sensitive device 
and the input impedance is relatively low. Much care 
must be taken that this low impedance of the input coils 
does not influence those circuits which feed into the in-
put circuit. 
The impedance of the input circuit as seen from the 

input to the NLT's must not be too low, for instability 

again may be encountered. Since this impedance is re-
flected back into the primaries, a change in the value of 
the impedance can change the sensitivity. To avoid 
these difficulties, a large choke was put in series with the 
input windings, and all resistances which were subject 
to change during operation were shunted by capacitances 
of low impedance. 

III. CIRCUIT OPERATION AND 
GENERAL RESULTS 

Before considering specific applications of the mag-
netic amplifier, the operation of the circuit in a general 
way will first be discussed, and those results described 
which are common to all applications. 

A. Definition of Sensitivity and Precision 

By sensitivity is meant the ratio of output to input. 
In regard to NLT's, the input is the current passing 
through an input winding, and the output is an alternat-
ing-current potential across the pickup winding. By this 
definition, the sensitivity depends on the number of 
turns in the different windings. For reasons of easier 
comparison it is preferable to refer all results to similar 
input and output windings, each having 800 turns. It 
may be noted that a current of 1 microampere in such 
a winding produces a magnetic field in the core of ap-
proximately 10-4 gauss. 
By percentage precision is meant the mean per cent 

error of the result with respect to the maximum output 
for which the particular circuit was designed. 

B. Number of Turns on the NLT's 

The choice of the number of turns on the NLT's de-
pends on the particular problem at hand. Since the ab-
solute sensitivity of the NLT's increases with the 
number of pickup turns, and also with the number of 
input turns, a large number of such turns' is certainly 
desirable. Powever, there is an upper limit to the num-
ber of turns apart from consideration of space, for, if it 
becomes too large, the potential of fundamental fre-
quency appearing on each single NLT secondary will 
be very high and may cause insulation difficulties. This 
difficulty can be avoided by a particular arrangement 
of windings: several windings of fewer turns are wound 
on the NLT'S and then are connected in such a way that, 
for example, winding No. 1 of transformer 1 is con-
nected to winding No. 1 of transformer 2; then to wind-
ing No. 2- of transformer 1; then to winding No. 2 of 
transformer 2, etc. In this way the net potential of fun-
damental frequency appearing across any winding can 
be kept within reasonable limits. 
The number of windings on the primaries is not im-

portant, so long as there are means for matching the 
output impedance of the oscillator to the impedance of 
the primaries of the NLT's. 

The choice of the number of turns for the compensa-
tion winding depends on the amount of current which 



1947  Sack, Beyer, Miller, and Trischka: Special Magnetic Amplifiers for Computers  1379 

is available in the output. If this cur'rent is sufficiently 
great, then very few turns will be sufficient. 

C. Primary Frequency and Potential 

As already mentioned, the fundamental frequency 
was 1000 cycles. While the sensitivity of the open-cir-
cuit NLT's increases with frequency, losses in the core 
material and the primary potential necessary to drive 
the NLT's to saturation also increase with frequency. 
On the other hand, the frequency should not be too 
low, for larger capacitors, chokes, etc., are then re-
quired in tuned circuits and filters. 
The choice of the amplitude of the exciting potential 

on the primary of the NLT's is a critical one. The sensi-
tivity of the open-circuit NLT's increases very rapidly 
with primary potential until a peak is reached. It then 
falls off with a fui ther increase in the potential. For 
greatest stability, it is best to operate at the edge of this 
latter region, i.e., just beyond saturation. This particular 
potential can be determined by examining the hys-
teresis loop on an oscilloscope under operating condi-

tions. 
Under the operating conditions in this research, the 

open-circuit sensitivity was 43 millivolts root-mean-
square secondary output per microampere input. 
When tuned circuits are used on the pickup coil, the 

behavior of the NLT's is quite different. The investiga-
tion of such phenomena is complicated by the fact that 
the oscillator frequency and output voltage vary simul-
taneously in the type of oscillator here used. If the 
secondary is sharply tuned, the sensitivity of the NLT's 
increases very rapidly with the exciting voltage until an 
instability results. This has already been mentioned. 
In a typical case of a sharply tuned secondary, the 

sensitivity increased from 168 to 612 millivolts per 
microampere and passed into instability as the oscil-
lator voltage increased by 1 volt. If the tuning is less 
sharp, such instabilities do not occur. 
These difficulties show that, if the circuit is used with 

a high sensitivity, the potential must not vary, and 
also the impedances in the secondaries must not change. 
In practice, a sensitivity of about 100 millivolts per 
microampere was found adequate and sufficiently stable. 

D. Over-All Sensitivity and Linearity 

Over-all current sensitivities, referred to 800-turn 
windings, of as high as 5000 have been obtained with 
these circuits. This high amplification indicates that 
the net magnetic field will be very small, and therefore 
the linearity should be very good. The results bear out 
this surmise. In the best tests, a mean error of 0.0025 
per cent was obtained for a maximum current of 1.1 
milliamperes (with an amplification of 5000). 
In most cases, the amplification is not so high, and 

therefore the linearity is somewhat less good. However, 
it is always possible to remain within 0.1 per cent as 
long as the maximum output current is 100 microam-

peres or greater. 

E. Limits of Sensitivity, Precision, and Range 

No systematic deviations from linearity should occur 
with these circuits, provided the necessary zero adjust-
ments can be kept constant. The error in microamperes 
of a particular reading seems to be independent of the 
magnitude of the input current. The precision of the 
apparatus is then limited by short-time fluctuations. 
These fluctuations apparently depend on the over-all 

amplification, varying in the different models tested 
from 5 microamperes for a model in which the ampli-
fication was 70, down to 0.025 microampere for one in 
which the over-all amplification was 5000. 
The larger fluctuations are possibly due to the ampli-

fying stages following the NLT's. Another possible cause 
of fluctuations would be the discontinuities in mag-
netization (Barkhausen effect). However, for the large 
cores used in these experiments such fluctuations should 
be below 0.01 microampere. This is not very much 
smaller than the lowest value of fluctuations thus far 

obtained. 
The maximum range of the circuit depends, for suffi-

ciently large k, only on the amplifier stages, and is par-
ticularly determined by the saturation of the final stage. 
In the circuit just described, the maximum range is 5 
milliamperes with a cathode follower in the last stage 
and about 0.2 milliampere with a differential amplifier 
(voltage amplification). 

F. Long-Time Stability; Zero or Background Current 

The long-time stability depends mainly on what is 
called the "background." A second-harmonic signal 
exists in the NLT's even if the input currents are zero. 
This gives rise to a finite compensation current which 
constitutes a zero error or zero current. The whole phe-
nomenon of residual second harmonic is known as the 
background. It apparently varies with time, therefore 
producing a shift in the zero of the current. Such fluctua-
tions seem to depend somewhat on the value of k. For 
the model just described, the observed fluctuations are 
of the order of 0.3 microampere over a period of eight 
days. For a similar circuit employing miniature tubes, 
the stability is somewhat less. In general, however, one 
can say that the long-time stability without any adjust-
ments is 1 microampere or better over several weeks' 
time, provided that large temperature changes are 

avoided. 
Some fluctuations may occur in the value of k, but 

since it is so large this has a negligible effect on the 
stability, provided that the region of instability of the 
NLT's is not reached. The long-time stability can be 
improved by using an automatic zero correction, as de-

scribed in the next section. 

G. Stability Under Change of External Conditions 

Here, again, it is the background which causes varia-
tions under changes of external conditions. While no 
general rules can be stated, a few observations on par-
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ticular models will give a general view of the problem. 
When broad tuning and a low k was used, the value of k 
changed very little when the NLT's were heated in the 
interval 5 to 65 degrees centigrade, while the back-
ground increased by about 0.2 microampere per degree 
centigrade. In the later model, with a certain tuning the 
zero current changed from 0.06 microampere to — 1.8 
microamperes, passing through a maximum of 0.4 micro-
ampere between 4 and 65 degrees centigrade, k varying 
from 120 to 230. Measurement of the sensitivity of the 
NLT's with the tuned circuit showed that it increased 
from 20 to 150. The largest influence of the temperature 
then appears to be on the tuning. Later measurements 
showed that, while the temperature variation could be 
very disturbing if only the NLT's were heated, the 
variations were kept within the limit of error when the 
whole circuit was kept at uniform temperature. 
Vibration tests, without shock-proof mounting, 

showed that the change in the background stays within 
1 microampere under a vibration of 10 g, provided that 
the vibration remains steady. 

11E-T-1 150u I  , 

/ Motor Shaft 

Servo 
System 

Detector 
a 

Output 

1-2 

Fig. 4—Block diagram for automatic zero correction. 

The general results of various stability tests show 
that, with the regulated power supplies normally avail-
able and with temperature variations of not more than 
5 to 10 degrees centigrade, an over-all stability of 
about 0.1 microampere over a week can be expected, 
provided that k is 1000 or greater. 
The long-time instabilities can be reduced even 

further by the use of a device to provide frequent zero 
corrections. One such arrangement is shown in Fig. 4. 
The zero is corrected by superimposing an additional 
bias current in one of the windings—say, the pickup 
winding—and by giving this current such a value that 
it compensates for the background and for any unbal-
ancing in the later stages. This can be done automatically 
by adding a servo system in such a way that the output 
of the detector can be connected by a switch to the feed-
back winding or to a servomotor. This motor drives a 
potentiometer which regulates the zero correction cur-
rent. If the switch is thrown to the servo position, then 
the feedback circuit is opened, and if simultaneously 

the input circuits are opened, then the servomotor will 
run until the zero current compensates the background. 
If care is taken that the opening of the input and feed-
back current is done in such a way that the alternating. 
current impedance is not changed, this method provides 
a very effective adjustment for the long-range fluctua-
tions. 

H. Use of Miniature Tubes 

Although most measurements were made with cir-
cuits employing tubes of ordinary size, some tests were 
made with miniature tubes. Models of this type ex-
hibited nearly the same behavior as the models thus far 
described, except that the long-time fluctuations are 
somewhat greater. This is apparently due to the twin 
triodes 6J6, the characteristics of which are not so con-
stant as those of the 6SL7 or 6SN7. 

IV. APPLICATIONS 

A. Direct-Current Amplifier 

The circuits which have been described can be used 
for the amplification, with high stability, of small direct 
currents from low-impedance sources. The current to be 
measured is entered on an input winding. If the com-
pensating winding is connected in series with a large 
resistance (300,000 ohms) in a differential amplifier as a 
final stage, a relatively large potential output is ob-
tained. 

The amplification can be further increased by increas-
ing the ratio of turns on. the input winding to turns on 
the feedback winding. 

B. Algebraic Addition of Currents 

The magnetic amplifier can also be used for algebraic 
addition of currents. A number of input windings are 
placed on the NLT's, this number being the number 
of potentials or currents to be added. If the current in 
the jth winding is h and the number of turns in that 
winding is NJ, h is the compensating current and N, is 
the number of turns on the compensating winding; and 
if k, the amplification factor, is sufficiently high, then 

E NJ; 
I=   (2) 

N. 

Hence, the compensating current will give any desired 
linear combination of the input currents. 
The simplest circuit performing such addition or sub-

traction is one in which the current is fed back from the 
detector stage directly over a resistance if the compensa-
tion current is small, or over a direct-current amplifier, 
e.g., a cathode follower, if the current is larger. 
The operation of this circuit, except for the use of 

several input windings, follows the general description 
given above. Tests were made with two currents entered 
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on windings with the same number of turns, and the 
precision was better than 0.1 per cent. 
A somewhat different output system was designed for 

a special application. This circuit provided for an out-
put in the form of an angular speed proportional to the 
sum of two currents. The motor employed was a perma-
nent-field direct-current motor and the speed could only 
be varied by varying the armature current. This cur-
rent (maximum 250 milliamperes) was too large for con-
venient direct control by vacuum tubes, so that a relay 
system was employed in which the potential necessary 
to drive the motor to maximum speed is periodically 
switched on and off, the average armature current 
therefore being determined by the relative length of 
time during which the motor is connected and dis-
connected, respectively. In order to have a good 

• 
R2 

Detector 
Plates 

R, 
  6.171;1- 1Dial 

1(1)11— w ,‘"7.1LT Comp Wind 

Et 

Fig. 5—Magnetic amplifier used as an adder followed by 
a mechanical integrator. 

Tubes (T): (1) 6SL7; (2) 6SN7. 
Resistors (R): (1) 0.5 megohm; (2) 0.5 megohm; (3) 0.1 

megohm; (4) 100,000 ohms; (5) 20,000 ohms; (6) 300,000 ohms; 
(7) 10,000 ohms; (8) 10,000 ohms: (9) 10 ohms, 10 watts; (10) 10 
ohms, 10 watts; (11) 875 ohms (precision). 
Capacitors (C): (1) 4 microfarads; (2) 0.25 microfarad; (3)0.01 

microfarad; (4) 0.5 microfarad. 
Inductance (L): 6 henries; R.—S: relay (BTL 168479); M: 

motor (Delco, 24-volt); G generator (Delco, 24-volt). 

linearity between the speed and the sum of the inputs, 
a generator with linear characteristics was connected 
to the motor, and the output potential of this gener-
ator used to feed into the feedback winding of the 
NLT's. 
Fig. 5 shows that part of the circuit which follows the 

detector stage, and which is characteristic for this par-
ticular application. The periodic switching is obtained 
by producing a square wave of variable width through 
superposition of an auxiliary alternating voltage (50 to 
100 cycles) and the direct-current output voltage of the 
detector stage. The switching itself is done by Bell Tele-
phone Laboratories mercury switches inserted in the 
plates of the last tube. Another switching system de-
veloped by Bell Telephone Laboratories, in which the 
switching is done by a self-oscillating circuit, was also 
tried with equally good success. With a maximum input 
of 1 milliampere direct current, a precision of 0.25 per 
cent was accomplished with no adjustments needed over 
a period of a week. 

The advantages of the magnetic amplifier for cur-
rent addition are the independence of input and output 
potential levels; good accuracy with no precision parts; 
virtually no dependence on tube drift; and high sta-
bility, particularly if used with zero correction. Its dis-
advantages are relatively high input currents and prob-
ably a need for more tubes than in a circuit with addi-
tion by a resistance network. 

C. Application to Dijerentiation and Integration 

The magnetic amplifier can be used for differentia-
tion by applying a variable input potential through a 
capacitor Co to the input winding. The current in this 
winding is, in a first approximation, equal to Co(dV/dt). 
This is, then, the input, and hence the output will be 
proportional to dV/dt. This circuit has the advantage 
over direct electronic direct-current amplifiers in that 
the low input resistance of the coils eliminates the need 
for a compensation of the lR drop across the resistance 
of the winding. Some consideration must be given to the 
limitations in accuracy caused by the presence of re-
sistance R and inductance L in the input circuit. 
The correct value of the current will, in general, con-
tain higher derivatives of the potential than dV/dt, their 
importance being determined by the relative values of 
the circuit constants. It can be shown that the relative 
error in the current introduced by these highei terms is 

given by 

E (Rco) 
Ai 
-  = 

k- 1 
dkV 

dtk 

dV 

dl 

(3) 

For instance, if R=2000 ohms and C0= 10 microfarads, 
this formula shows that, in order to have a precision of 
2 per cent, the second derivative may have a numerical 
value of the same order of magnitude as the first. Hence, 
the difficulties arising from higher terms are, in general, 
not very serious with low resistance values. 
A second possibility of error lies in transients which 

will be set up whenever a sudden change occurs in the 
potential. However, with the proper choice of circuit 
constants (such as those above), the tiansients will be-
come negligible after about 0.1 second, i.e., they will fall 
to within 1 per.cent of the normal differentiation cur-
rent CdV/dt. Hence, this is no serious difficulty in 
cases where dV/dt is changing slowly. 
A more serious problem is that of the differentiating 

capacitor. It must be large in order that appreciable 
input currents be obtained. However, large capacitors 
generally exhibit absorption phenomena (after-effects) 
and leakage. This leads to additional currents not pro-
portional to dV/dt. Even with some of the better makes 
of capacitors, errors as high as 3 per cent may occur. 
Furthermore, the leakage currents increase rapidly with 
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temperature. Polystyrene capacitors were found to be 
the most successful, but have the disadvantage that 
they are rather bulky. 
Because of the small size of the available input cur-

rents, it is advantageous to use a great number of turns 
on the input windings. In this case, care must be taken 
that sufficiently large chokes are inserted in the input 
circuit in order to make the reflected impedances large 
enough. 
In the testing of the circuit for differentiating, several 

kinds of time functions of potentials were chosen as in-
put signals. The first was obtained by the discharge of a 
large capacitor which results in a dV/dt proportional to 
an exponential. In such tests, the accuracy obtained 
was better than 1 per cent, with a maximum input 
current of 40 microamperes. In Fig. 6, results are repro-
duced which were obtained by giving the input poten-
tial a sawtooth shape. The circles represent the value 
of dV/dt calculated from the observation of the time 
variation of the input potential, while the curve shows 

500 

m.croomporiN 

-500 0 0.2  04  OA  0.8 
Time In Seconds 

10 12 

Fig. 6—Test results on a differentiator. 
(The input is a sawtooth potential.) 

the observed output values. As the measurements them-
selves are delicate, the coincidence of calculated and ob-
served values must be considered quite satisfactory. 
The curve shows in particular that the transient occur-
ring during the rapid rise in the sawtooth does not dis-
turb the performance of the apparatus. 
The general results of these experiments indicate that 

the magnetic amplifier lends itself very well to dif-
ferentiation, having the advantage of a short time con-
stant and of no need for a correction circuit for the IR 
drop. It does not require any precision parts, with the 
exception of the input capacitor. It has the only dis-
advantage that it needs a rather big differentiating 
capacitor. 
Another possible use of the magnetic amplifier is in 

integration. The input potential to be integrated would 
be applied to one of the input windings, whereas the 
feedback current is obtained by connecting the output 
stage through a big capacitor to the feedback winding. 
Under such conditions, the feedback current is equal to 
Cd Void/ where C is the capacitance of the capacitor 
just mentioned, and Vo is the potential appearing at 
the output stage. As this feedback current is equal to the 
input current I, it is evident that 

it 
V0 = —c f Id:. •  (4) 

As before, the advantages of the magnetic amplifier 
are the independence of the input and output levels, 
and the good precision and stability that can be obtained 
without any precision components. No comprehensive 
tests were made on a circuit of this design. 

V. CONCLUSIONS 

It may be seen from the above that magnetic-ampli-
fier circuits can be applied to advantage in summer, dif-
ferentiator, and integrator circuits, used in computing 
devices where high precision and high stability are de-
sired. Particular advantages are the independence of 
input and output levels, and the achievement of good 
precision and stability with few precision parts. These 
circuits have a relatively low direct-current input im-
pedance which, in certain applications, may be ad-
vantageous. A disadvantage to all these circuits is the 
relatively high input ctirrent, which is of the order of 
10 microamperes or greater. 
The lowest input current used in these experiments 

was 8 microamperes (through five input windings in 
series). The precision was per cent with good stability, 
which means that 0.04 microampere can §till be de-
tected. In other words, with an 8-microfarad capacitor 
as a differentiating capacitance, "a dV/dt of 1 volt 
per second can be measured with per cent precision, or 
in other terms, since five windings in series have a re-
sistance of 250 ohms, the sensitivity of the apparatus for 
direct voltages is 10 microvolts. With larger input cur-
rents, precisions of 0.1 per cent and better can be ob-
tained. 
The models described in this paper were designed 

with an aim towards ruggedness and good operation over 
long periods without adjustments. If it were a question 
of building a laboratot y instrument, considerably higher 
sensitivity or precision could be obtained. 



Summary—The physical quantities of interest in electromagnet-
ic theory are tabulated in terms of the basic physical quantities: 
mass, length, time, and charge; and a method for checking the di-

mensional validity of an equation is indicated. 

/ T IS VERY often necessary to check equations di-
mensionally. The present paper describes a method 
of dimensional analysis by which equations can be 

checked with a minimum of effort. 
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Dimensional Analysis of Electromagnetic Equations* 
A. M. WINZEMERt, ASSOCIATE, I.R.E. 

In Table I, the various physical quantities of inter-
est in electromagnetic theory are listed alphabetically. 
Dimensionally, each of these can be expressed in terms 
of four or less basic physical quantities. In the extended 
Giorgi system, the four basic quantities used are mass 
(kilogram), length (meter), time (second), and charge 
(coulomb). The symbols used to designate these are, re-
spectively, M, L, T, and Q. For example, the units of 

TABLE I 

Number Quantity Letter 
Equivalent Units 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

Acceleration 
Area 
Capacitance 
Capacitance, distributed 
Charge 
Charge density, line 
Charge density, surface 
Charge density, volume 
Conductance 
Conductance, distributed 
Conductivity 
Current 
Current density, line 
Current density, surface 
Dielectric constant 
Displacement, dielectric 
Energy 
Energy density, volume 
Field intensity, electric 
Field intensity, magnetic 
Flux, dielectric 
Flux density, dielectric 
Flux density, magnetic 
Flux, magnetic 
Force 
Force, electromotive 
Force, magnetizing 
Force, magnetomotive 
Frequency 
Inductance 
Inductance, distributed 
Length 
Magnetization 
Mass 
Moment, electric 
Moment, magnetic 
Permeability 
Polarization, electric 
Polarization, magnetic 
Potential, electric 
Power 
Power density, surface 
Power density, volume 
Reluctance, magnetic 
Resistance 
Resistance, distributed 
Resistivity 
Time 
Torque 
Velocity, angular 
Velocity, linear 
Voltage 
Volume 
Work 

+1 

+1 
0 
0 
0 

+1 
+t 
+1 
+1 

-1 
-1 

-1 
-1 
-1 
0 
0 

+1 
+2 
—2 
—3 

-1 
—2 
—3 
—2 
—3 
—3 

-1 
o  —2  —1 

—1  —3  +2 
—2  0 
+2  —2 
—1  —2 
+I  —2 
—1  —1 
0  0 
—2  o 
o  —1 

+2  —1  —1 
+1  —2  o 
+2  —2  —1 
—1  —1  +1 
0  —1  +I 
o  -1  o 

+1  +2  o  —2 
+1  +I  o  —2 
o  +1  o  o 
+1  o  -i  -1 
+1  o  o  o 
o  +1  o  +1 
o  +2  —1  +1 

+1  +1  o  —2 
o  —2  o  +1 
o  -1  -1  +1 

+1  +2  —2  —1 
+1  +2  —3  0 
+1  o  —3  o 
+1  -1  —3  0 
—1  —2  o  +2 
+1  +2  —1  —2 
+I  +1  —1  —2 
+1  +3  —1  —2 
o  o  +1  o 
+1  +2  —2  o 
o  o  -1  o 
o  +1  -1  o 

+2  —2  —1 
+3  o  o 
+2  —2  o 

+1 
0 
+1 

—2  0 

+2  +2 
+2  +2 
0  +1 
O  +I 
O  +1 
•  +1 
+I  +2 
+1  +2 
+I  +2 
—1  +1 
-1  +1 

+1 
+2 
+1 

-1 
+1 
+1 

-1 

Meter/Second' 
Meter: 
Farad [Coulomb/volt] 
Farad/Meter 
Coulomb-[Ampere Second] 
Coulomb/Meter 
Coulomb/Meter' 
Coulomb/Meter' 
Mho 
Mho/Meter 
Mho/Meter 
Ampere 
Ampere/Meter 
Ampere/Meter2 
Farad/Meter 
Coulomb/Meter' 
Joule [Watt-Second] 
Joule/Meter" 
Volt/Meter 
Ampere/Meter 
Coulomb 
Coulomb/Meter' 
Weber/Meter' 
Weber [Volt-Second] 
Newton [Joule/meter] 
Volt 
Ampere/Meter 
Ampere 
Cycles/Second 
Henry [Volt-Second/Am r ere] 
Henry/Meter 
Meter 
Weber/Meter' 
Kilogram 
Coulomb-Meter 
Ampere-Meter' 
Henry/Meter 
Coulomb/Meter' 
Ampere/Meter 
Volt 
Watt [Joule/Second] 
Watt/Meter' 
Watt/Meters 
Ampere/Weber 
Ohm [Volt-Second/Coulomb] 
Ohm/Meter 
Ohm-Meter 
Second 
Joule 
Radians/Second 
Meter/Second 
Volt 
Meter' 
Joule [Watt-Second] 

• Decimal classification: 537.1X5I0. Original manuscript re-
ceived by the Institute, July 25, 1946. 

Naval Research Laboratory, Washington, D. C. 

acceleration are meters per second per second, expressed 

in shorter form as [a] =LT-2. 
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We can use the notation [a] =0 +1 - 2 0, where the 
numbers represent, in order, the powers of mass, length, 
time, and charge which characterize the physical quan-
tity. All the other quantities in Table I are expressed in 
this manner. 
In Table II, the physical quantities are listed in the 

descending numerical order of their powers. The symbol 
or letter which designates each of the physical quanti-
ties appears next to each set of powers. Also tabulated 
is a reference number which refers the user to the same 
physical quantity in Table I. 
In each term of an equation, the various physical 

quantities are combined by means of the fundamental 
operations, multiplication, division, inverse, root, and 
power. It is easily seen that the following rules govern 
operations on combinations of physical quantities. 
Rule 
number 
1  nth root 
2  nth power 
3  inverse 
4  multiplication 
5  division 

Operation 

divide each power by n 
multiply each power by n 
reverse sign of each power 
add corresponding powers 
subtract powers of denominator from cor-
responding ones of numerator. 

As an illustration of the method of applying these 
rules, consider the following equation, which gives the 
power input to a smooth, lossless transmission  line:  

V2  
=  - 
"1/c 

From Table!, number 31,  [/]= +1+1  0-2. 
From Table I, number 4,  [c]= -1-3+2+2. 
Using rule 5,  [//d = +2+4'- 2 -4. 
Using rule 1,  Wi7-c1=+1+2-1 -2. 
Using rule 3,  1/ 07t= -1-2+1+2. 
From Table!, number 26,  [-V]=+1+2-2-1. 
Using rule 2,  [V]=+2+4-4-2. 
Using rule 4,  [ V2A/T/C] = +1+2 -3 0. 

TABLE 11 

M L  T  Q Letter  Number 

+3 
+2 
+2 
+2 
+2 
+2 
+2 
+1 
+1 
+1 
+1 
0 
0 
0 
- 
- 

-1  -2 
0  -2 
-1  -1 
-I  -2 
-2  0 
-2  -1 
-3  0 
O  -2 

-2 
0 

-2  -1 
O  0 

-1  -1 
-3  0 
-2  0 
-3  0 

-1 
-2 

P  47 
L  30 
0, 24 
R  45 
W, 3, W  17, 49, 54 
✓  26, 40, 52 
P  41 
1, is  31,37 
✓  46 
P  25 
E  19 
br  34 
A tn,,  23,33 
PI  42 
iv  18 
P  43 

O  +3  0 
0  +2  0 
O  +2  -1 
O  +1  0 
0  +1  0 
O  +1  -1 
O  +1  -2 
O  0  +1 
O  0  0 
O  0  -1 
O  0  -1 
O  -1  0 
0  -1  -1 
0  -2  0 
O  -2  -1 
O  -3  0 

+1 
+1 

A 
M. 
M. 

a 

I, 7 
.f. w 
qi 
H, H, p.. 

q., D, D, p. 

q. 

53 
2 
36 
35 
32 
51 
1 
48 
5, 21 
12, 28 
29, 50 
6 
13, 20, 27, 39 
7, 16, 22, 38 
14 
8 

-1 
-1 
-1 
-1 
-1 

-2 
-2 
-2 
-3 
-3 

+2  +2 
-1-1  +2 
0  +2 

+2  +2 
+1  +2 

3 
9 
44 
4, 15 
10, 11 

From Table II, + 1 +2-3  0 = [PI, and the reference 
number is 41. 
From Table I, number 41, P is the power in watts.' 

I Note that more steps than necessary have been used in the 
above example, in order to illustrate the use of each of the rules. 

Contributors to Waves and Electrons Section 

Robert T. Beyer was born in Harrisburg, 
Penn., on January 27, 1920. He received 
the B.A. degree in mathematics from 
Hofstra College in 1942. His graduate work 
was done at Cornell University from 1942 
to 1945, during which time he was a teaching 
assistant in physics. He received his Ph.D. 
in physics in 1945. While at Cornell, he 
engaged in war research under an Office of 
Scientific Research and Developingnt con-
1414: 

• 
Since 1948, Dr. Beyer has been an in-

structor in physics at Brown University, 
where he has conducted research in ultra-
sonics. He is a member of the American 
Physical Society and Sigma Xi. 

Frank A. Cowan (M'30-Shl'43) was 
born on August 30, 1898, at Escatawpa, 

Ala. He received the B.S. degree in elec-
trical engineering in 1919 from the Georgia 
School of Technology. From 1929 to the 
present date he has been associated with the 
Bell System and is currently the Transmis-
sion Engineer of the American Telephone 
and Telegraph Company, New York, N. Y. 
He holds a commission as lieutenant com-
mander in the United States Naval Reserve. 
Mr. Cowan is a Fellow of the American 
Institute of Electrical Engineers. 



11947 Contributors to Waves and Electrons Section 

ROBERT T. BEYER 

C. Russell Cox (A'39) was born in Chi-
cago, Ill., in 1916, and attended the Uni-
versity of Chicago, receiving the B.S. degree 
in 1937, and the M.S. degree in physics in 
1939. Since January 1, 1940, he has been as-
sociated with Andrew Company in Chicago, 
where he is now chief engineer and sales 
manager. 
Mr. Cox is the author of numerous tech-

nical papers on coaxial transmission lines, 
and has presented several such papers at 
I.R.E. Section meetings. He is a member of 
Phi Beta Kappa, and has served on the Ra-
dio Manufacturers Association subcommit-
tees to develop standards on coaxial trans-
mission lines. 

Leonard R. Mailing (A'31) was born in 
Acton, England, in 1909. He received the 
E.E. degree from the Northampton Tech-
nical Institute, England. From 1927 until 
1931 he was engaged in the research labo-
ratories of the Electrical and Musical In-
dustries. In 1932 he joined the International 
Telephone and Telegraph Company to work 
on radio links, and the following year he 
became associated with Marconi-Ecko, do-
ing instrument development. From 1934 
until 1938 Mr. N1alling was employed by 
the Baird Television Company in England, 

FRANK A. COWAN 

occupied with television research. He left 
Baird to join the Hazeltine Electronic 
Corporation, where he remained until 1943, 
engaged in both television research and 
electronic war developments. 
Mr. Mailing spent 1944 at the Univer-

sity of California, doing research on under-
water sound. He joined the Boeing Aircraft 
Corporation in 1945, where he was asso-
ciated with guided missile and antenna re-
search. In 1947 he formed his own labora-
tory, where he is now engaged in special 
instrument manufacturing and consulting 
work. 

C. RUSSELL COX 

LEONARD R. MALLING 

Donald E. Maxwell (A'46—SM'46) was 
born at Lynn, Mass., on April 18, 1913. 
In 1937 he received the B.S. degree in elec-
trical engineering from Tufts College, and 
in 1939 the M.S. degree in communication 
engineering from Harvard University. From 
1937 to 1938 he was employed by the Gen-
eral Electric Company as a student engineer 
at the Lynn and Pittsfield plants. 
In 1939 Mr. Maxwell rejoined the Gen-

eral Electric Company as a student engineer 
in the radio transmitter department at Sche-
nectady, and shortly thereafter became a de-
velopment engineer in the broadcast engi-

DONALD E. MAXWELL 

neering section of the transmitter division. 
From 1940 to 1945 he was project engineer 
of the audio facilities group, and was re-
sponsible for the development of a complete 
line of broadcasting audio facilities. During 
the war years he was engaged chiefly in the 
development of airborne radar equipment. 
Since 1945 Mr. Maxwell has been with 

the Columbia Broadcasting System as a 
member of the audio division of the general 
engineering department,  where he co-
ordinates the activities of the audio develop-
ment and measurement group. Mr. Maxwell 
is a member of Tau Beta Pi. 

Glenn H. Miller (M'46) was born on June 
15, 1920, in Washington, D. C. He re-
ceived the B.S. degree in physics from 
Wake Forest College in 1942. From 1942 to 
1944, he was a graduate assistant in physics 
at Cornell University. During that time he 
did research work on electronic computers 
under a contract with the Office of Scientific 
Research and Development. 
In 1944 he accepted a position in the 

research laboratory at the Stromberg-Carl-
son Company, where he worked until 
October. 1946. At that time, he returned 
to Cornell, where he is now working toward 
the Ph.D. degree. 

GLENN H. MILLER 
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RAYMOND 0. PETRICH 

Raymond 0. Petrich (S'43-A'45) was 
born on September 14, 1922, at Cleveland, 
Ohio. He received the degree of B.S. in 
electrical engineering from the University of 
Washington in 1943. From 1943 through 
1945 he was employed as a research associ-
ate at the Radio Research Laboratory, 
Harvard University. There he participated 
in the development of ultra-high-frequency 
and microwave receivers. In 1946. he became 
a staff member at the Airborne Instruments 
Laboratory, Inc., Mineola, N. Y., where 
he is continuing his work on the develop-
ment of microwave receiver components. 
Mr. Petrich is a member of Tau Beta Pi, 

and an associate member of Sigma Xi and 
the American Institute of Electrical Engi-
neers. 

For a photograph and biography of H. 
E. ROYS, see page 1162 of the September, 
1947, issue of the PROCEEDINGS OF THE 
I.R.E. 

Henri S. Sack was born in Davos, 
Switzerland, on November 25, 1903. He 
received his diploma for physics and mathe-
matics in 1925, and the Dr. of Sc. degree 
in 1927 at the Eidgen Techn. Hochschule in 
Zurich, Switzerland. He was an assistant 
and later "Chef de Travaux" in Zitrich, then 

in Leipzig, Germany, and in Bruxelles, 
Belgium. In 1940 he became a research asso-
ciate at the college of engineering of Cornell 
University. He is now associate professor 
of engineering physics in the new depart-
ment of engineering physics of Cornell 
University. 
Mr. Sack is a member of the American 

Physical Society, the American Chemical 
Society, the Swiss Physical Society, and the 
New York Academy of Science, and of 
Sigma Xi. 

OTTO J. M. SMITH 

Otto J. M. Smith (M'44) was born on 
August 6, 1917, in Urbana, Ill. He re-
ceived the B.S. degree in chemistry from 
Oklahoma Agricultural and  Mechanical 
College in 1938; the B.S. degree in electrical 
engineering from the University of Okla-
homa in 1938; and the Ph.D. in electrical 
engineering from Stanford University in 
1941. He was a research assistant at the 
H. J. Ryan High Voltage Laboratory at 
Stanford from 1938 to 1941. 
Dr. Smith was an instructor in power 

and high voltage at Tufts College from 1941 
to 1943; assistant professor of communica-
tions at Denver University 1943 to 1944; 
research engineer in the electronics depart-
ment of the Westinghouse Research Lab-
oratories, May, 1944, to October, 1945; and 
chief electrical engineer of the Summit Re-
search and Development Laboratory, Oc-
tober, 1945, to date. 
Dr. Smith is a member of the A.I.E.E., 

American Chemical Society, American Phys-
ical Society, American Institute of Physics, 
American Association for the Advancement 
of Science, and American Society for Engi-
neering Education. He also is associated with 
Sigma Xi, Phi Kappa Phi, Tau Beta Pi, 
Eta Kappa Nu, Phi Lambda Upsilon; Kappa 
Tau Pi, and Phi Eta Sigma. 

J. W. Trischka was born on December 
30, 1916, in Bisbee,'Ariz. He received the 
B.S. degree in electrical engineering from 
the University of Arizona in 1937. He then 
worked for a year for the General Electric 
Company at Schenectady, N. Y., where he 
was a test engineer and where he took the 
advanced course in engineering. From 1938 

J. W . TRISCHICA 

to 1942 he was a graduate student and as-
sistant in physics at Cornell University, 
receiving his Ph.D. degree in 1943 after 
completing a thesis on X-ray absorption fine 
structure. From 1942 to 1945 he was an 
instructor in physics at Cornell University, 
doing research first under a Naval Ordnance 
Laboratory contract and subsequently on a 
project sponsored by the National Defense 
Research Committee. 
From the middle to the end of 1945 Dr. 

Trischka worked on the Manhattan Project 
at Los Alamos. In 1946 he became an asso-
ciate in physics at Columbia University, 
where he is now teaching and doing research 
on molecular beams. Dr. Trischka is a mem-
ber of Tau Beta Pi, Sigma Xi, and the 
American Physical Society. 

A. M. Winzemer (A'42) was born on 
November 15, 1917, at Cleveland, Ohio. He 
received the B.E.E. degree from the City 
College of New York in 1940 and has taken 
graduate courses at the Polytechnic Insti-
tute of Brooklyn. From 1941 to 1944, Mr. 
Winzemer was an inspector of electrical in-
struments for the Navy Department. Since 
1945 he has been employed as a radio engi-
neer in the Antenna Subsection, Radio Divi-
sion  Ill,  Naval  Research  Laboratory, 
Washington, D. C. 

A. M. WINZEMER 

/1. 
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serial number of the Abstract. 

ACOUSTICS AND AUDIO FREQUENCIES 

534.42:621.38  3001 
A Method for Changing the Frequency of a 

Complex Wave —Kent. (See 3048.) 

534.62:621.396.001.42  3002 
The Silent Room of the National Centre for 

the Study of Telecommunications— P. Cha-
vasse. (Comps. Rend. Acad. Sci. (Paris), vol. 
224, pp. 1341-1343; May 12, 1947.) A special 
arrangement of absorbing screens enables waves 
to be obtained which, in a test-space of 1.5 m', 
are uniform to within ± 1 db for all frequencies 
from 200 to 10,000 c.p.s. 

534.756  3003 
Acoustical Quanta and the Theory of Hear-

ing —D. Gabor. ( Nature (London), vol. 159, pp. 
591-594; May 3, 1947.) A summary of the first 
two parts of 1057 of May with emphasis on the 
physical and physiological aspects of the prob-
lem. 

534.78:621.396.619.11/.13  3004 
Narrow-Band F. M. for Voice Communica-

tion—Bishop. (See 3275.) 

534.845  3005 
Functional Sound Absorbers —H. F. Olson. 

(RCA Rev., vol. 7, pp. 503-521; December, 
1946.) Sound absorbers are described whose 
high efficiency depends upon the shape and the 
fact that the absorbers are not required also to 
act as building material. 

534.851  3006 
The Reduction of Background Noise in the 

Reproduction of Music from Records-11. 11. 
Scott. (Proc. Nat. Electronics Conference (Chi-
cago), vol. 2, pp. 586-596.) 

534.86:534.322.1  3007 
Experiments in Listening —N. D. Webster 

and F. C. McPeak. (Electronics, vol. 20, pp. 90-
95; April, 1947.) Audience reaction to repro-
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included from the Wireless Engineer, Dorset House, Stamford St., London 
S. E., England 

duced music, from both live and transcribed 
sources, is tested with a high-quality audio sys-
tem. 

534.861.1  3008 
Acoustical Design of Studios for A. M. and 

F.M. —C. R. Jacobs. ( Tele-Tech, vol. 6, pp. 46-
50; June, 1947.) Details of the lay-out and con-
struction of the New York WNE W studios, 
with particulars of the insulation of floors, 
walls, ceilings, windows, and doors. To mini-
mize background noise, theair-conditioning sys-
tem is lined throughout with rigid rockwool 
material 1 inch thick. A feature of the inner lin-
ing of the studios is that no large area of any 
one type of absorbing material is used. Five dif-
ferent types are used in combination with ser-
rated and curved plywood and plaster areas. 

534.861.1  3009 
Audio Problems in A. M. Broadcasting — 

H. L. Blatterman. (Communications, vol. 27, 
pp. 18-21, 51; April, 1947.) The subjective ef-
fect of a given broadcast depends not only on 
the characteristics of the electrical circuits be-
tween studio and home, but also on the reverber-
ation introduced. An equipment interposed be-
tween studio microphone and the transmitter 
is described, which gives a controllable amount 
of reverberation. The variation in high fre-
quency transmission with the diameter of the 
playing groove in a disk recording may be com-
pensated electrically. An arrangement for 
achieving this is described. 

534.862.1  3010 
Recording Studio 3A —G. M. Nixon. (RCA 

Rev., vol. 7, pp. 634-640; December, 1946.) The 
acoustical design problems encountered in re-
modeling a studio for recording both broadcast 
transcriptions and records for home use are dis-
cussed and some methods of solution given. 

621.395.625  3011 
Lateral Recording: Part 2— W. H. Robin-

son. (Communications, vol. 27, pp. 38-40, 58; 
April, 1947.) Discussion of cutter measdrement 
technique, frequency run recordings, stylus, 
cutting angles, disks, scratch filters, and pre-
emphasis. To be continued. For part 1 see 1993 
of August. 

621.395.625.2  3012 
Embossing Type Sound Recorder —(Tele-

Tech, vol. 6, p. 55; June, 1947.) Uses Vinylite 
disks of diameter 3 and three-quarter inches. 
These have a moulded guide groove, with 350 
lines to the inch, on the underside and a sound 
groove is embossed on the smooth upper sur-
face by a recording stylus which also serves for 
reproduction. 

621.395.625.2:016"1921/1947"  3013 
Bibliography of Disc Recording —A. Jlrysz. 

(Tele-Tech, vol. 6, pp.  73-77, 104; June, 
1947.) From 1921 to 1947, with brief summaries. 

621.395.625.3 14 
Recent Developments in Magnetic Record-

ing of Sound —R. B. Vaile, Jr. (Proc. Nat. Elec-
tronics Conference -(Chicago), vol. 2, pp. 597-
602.) 

AERIALS AND TRANS MISSION LINES 

621.315.211.9:621.315.616.1  3015 
Making Rubber Cables —(Elec. Rev. (Lon-

don), vol. 141, pp. 278-283; August 22, 1947.) 
A description of the essential processes. 

621.315.212:621.317.73.029.63  3016 
Comparator for Coaxial Line Adjustments 

—O. M. Woodward, Jr. (Electronics, vol. 20, 
pp. 116-120; April, 1947.) The instrument, con-
sisting of a T-junction and rotating loop cou-
pling to the lines, can be used in place of a slot-
ted line and probe to measure standing-wave 
ratios and load impedances at u.h.f. 

621.315.212:621.317.79  3017 
A Standing- Wave Meter for Coaxial Lines 

—Pattison, Morris, and Smith. (See 3196.) 

621.315.212.029.6: [621.317.333+621.317.37 
3018 

The Voltage Characteristics of Polythene 
Cables —Davis, Austen, and Jackson. (See 
3179.) 

621.392:621.317.79  3019 
The Theory and Design of Several Types of 

Wave Selectors —N. I. Korman. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, pp. 
404-423.) Wave selectors are devices which, 
when attached to a transmission line or wave-
guide, set up in another system a response pro-
portional to either the forward or the back-
ward traveling wave in the line or guide. 
Lumped-constant  and  distributed-constant 
wave selectors for frequencies lower and higher 
than 1000 Mc. respectively are described, with 
methods of adjustment. 

621.392.029.64 3020 
Wave Guides for Slow Waves —L. 3Br2i10. 

louin. (Phys. Rev., vol. 71, p. 483; April 1, 
1947.) Summary of American Physical Society 
paper. Pipes fitted with equidistant diaphragms 
which behave as band-pass filters, show a very 
marked variation of phase velocity with respect 
to frequency. 

621.392.029.64: 549.623.5  3021 
Mica Windows as Elements in Microwave 

Systems —L. Matter, R. L. Jepsen, and L. R. 
Bloom. (RCA Rev., vol. 7, pp. 622-633; De-
cember, 1946.) "The design of a virtually re-
flectiontess, vacuum-tight window made of mica 
for use in a wave-guide system is described. 
The technique of manufacture and the experi-
mental results with a number of models are 
given. Such mica windows have many applica-
tions but are particularly useful for the trans-
mission of microwave power or electromagnetic 
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radiation in particular portions of the spec-
trum." 

621.392.21:621.315.1+621.396.6641:621.396.712 
3022 

The Design and Use of Radio-Frequency 
Open- Wire Transmission-Lines and Switch-
gear for Broadcasting Systems —F. C. McLean 
and F. D. Bolt. (Jour. I.E.E. (London), Part 
ill, vol. 94, pp. 216-217; May, 1947.) Discus-
sion on 2139 of 1946. 

621.392.43  3023 
An Exponential Transmission Line Em-

ploying Straight Conductors —W. N. Christian-
sen. (Paoc. IRE., vol. 35, pp. 576-58); June, 
1947.) The design is described of a 4-wire wide-
band matching line, of constant wire diameter, 
in which the horizontal and vertical wire spac-
ings vary linearly with distance to produce a 
characteristic impedance which rises nearly ex-
ponentially from 300 to 600 a 

621.392.43  3024 
Matching the Line to the Ground-Plane 

Antenna —J. T. M cWa t ter& (QST, vol. 31. pp. 
56-58; May, 1947.) Simple calculations give 
the dimensions of the antenna and shunt cor-
rective stub. 

621.392.43: [621.317.72.029.56/.58  3025 
Additional Notes on the "Micromatch" — 

Jones and Sontheimer. (See 3188.) 

621.396.67  3026 
Problems in Wide-Band Antenna Design — 

A. G. Kandoian. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, p. 142.) Summary 
only. The most general requirement is that both 
the impedance and radiation patterns be essen-
tidily independent of frequency over the operat-
ing range, but in some specialized applications 
a predetermined variation of the radiation pat-
tern with frequency is required. Examples and 
measured results of various types of wide-band 
aerial are discussed. 

621.396.67: 621.396.97  3027 
Theoretical and Practical Aspects of F. M. 

Broadcast Antenna Design —P.  H. Smith. 
(Communications, vol. 27, pp. 14-15; March, 
1947.) Summary of 1947 I.R.E. Convention 
paper. 

621.396.67:621.397.5  3028 
Load Characteristics of Television Antenna 

Systems: Part 3—Hamilton and Olsen. (See 
3303.) 

621.396.67:621.397.5  3029 
Television Antenna Installations Giving 

Multiple Receiver Outlets —R. J. Ehret. ( Tele-
Tech, vol. 6, pp. 26-29. 100; June, 1947.) A dis-
tribution system, for hotel use, with a single 
aerial. Three or six receivers are led through 
300-I2 lines without interference. 

621.396.674:621.396.712:621.396.619.13  3030 
Loop Antennas for F. M. Broadcasting: Part 

1—N. Marchand. (Communications, vol. 27, 
pp. 34-35, 63; April, 1947.) Discussion of aerial 
requirements for f.m., with particular reference 
to loop type aerials. To be continued. 

621.396.676  3031 
Aircraft Antenna Pattern Measuring Sys-

tem —O. Schmitt. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, p. 132.) Summary only. 
A system for drawing automatically the radia-
tion patterns of aircraft aerials by use of scale 
models. See also 2684 of October (Schmitt and 
Peyser). 

621.396.677  3032 
Directional Patterns with a 54A Array — 

H. R. Whaley. (Radio News, vol. 37, pp. 53, 
143; April, 1947.) Directional aerial arrays are 
described, using as elements standard single 
aerials whose horizontal radiation pattern is cir-
cular. 

621.396.677  3033 
Helical Beam Antenna —J. D. Kraus. (Elec-

tronics. vol. 20. pp. 109- I 1 1 ; April, 1947.) Axial 
mode of operation gives circular polarization, 
with readily controlled directivity and gain. 
Aerial dimensions are given for /t 10 cm. 

621.396.677  3034 
Long Slot Antennas —A. Alford. (Proc. Nat. 

Electronics Conference (Chicago), vol. 2. pp. 
143-155.) Brief account of aerials with slot as 
long as possible and to which metal wings are 
added to control the radiation pattern in the 
plane perpendicular to the axis, and of the use 
of arrays of such aerials to obtain directivity. 

621.396.96: 621.396.82  3035 
Theory of Radar Reflection from Wires or 

Thin Metallic Strips —J. H. Van Vleck, F. 
Bloch, and M. Hamermesh. (Jour. Appt. 
Phys., vol. 18, pp. 274-294; March, 1947.) The 
radar reflecting properties of wires and thin 
metallic strips are analyzed mathematically by 
two independent methods. The efficiency of a 
reflector is expressed by the concept of "radar 
cross section," defined as 4w times the power per 
unit solid angle returned in the direction of the 
source divided by the incident power density. 
This quantity, when expressed in units of area 
equal to the square of the wavelength, depends 
only on the ratios of the length of the wire to 
its diameter and to the wavelength. For several 
wires in random orientation an averaged "radar 
crosssection" is calculated which is small when 
the wavelength is longer than the wire and 
passes through maxima when the wire is slighty 
less than an integral number of half wave-
lengths long. The ratio of maxima to minima 
decreases and their magnitude increases as the 
number of wavelengths of the wire increases. 
The values of the minima increase with the 
thickness of the wire. See also 1687 of July 
(Block, Hamermesh and Phillips). 

CIRCUITS AND CIRCUIT ELE MENTS 

538.3:621.396.694:1621.385.029.63/.64  3036 
On the Helix Circuit Used in Progressive. 

Wave Valves—E. Roubine. (Onde Elec., vol. 27, 
pp. 203-208; May, 1947.) A complete account 
of the work referred to in 2339 and 2340 of 
September. 

621.314.2.029.5:621.396.69  3037 
Very-Wide Band Radio-Frequency Trans-

formers —D. Maurice and R. H. Minns. (Wire-
less Eng., vol. 24, pp. 168-177 and 209-216; 
June and July, 1947.) Toroidal transformers 
may be used for impedance matching, bal-
anced-unbalanced coupling, d.c. isolation, and 
the provision of accurate voltage or current 
ratios. The equivalent circuit of the 2-winding 
transformer is used to deduce the If. loss of 
the winding data for 2-db loss are shown graph-
ically for various commercial cores (dust and 
alloy-strip). The leakage inductance and shunt 
capacitance for various forms of winding are 
evaluated; their effect on the h.f, performance 
is minimized by a low-pass filter design tech-
nique. Multiwinding and auto-transformers 
are briefly discussed; balance and its measure-
ment are described. The design procedure is il-
lustrated by a numerical example. 

621.314.23:621.396.69  3038 
Practical Transformer Design and Construc-

tion: Part 1—C. Roeschke. (Radio News, vol. 
37, pp. 60-61, 165. June, 1947.) Simple method 
of calculating winding data from graphs and ta-
bles. 

621.314.26:629.135  3039 
Electronic Frequency Changers for Aircraft 

—O. E. Bowlus and P. T. Nims. (Elec. Eng.. 
(New York), vol. 66, pp. 463-466; May, 1947.) 
The frequency changer incorporates two dis-
tinct cirucits: (a) power circuit for frequency 
conversion, and (b) control circuit to establish 
output frequency. Design and performance de-

tails of an experimental test unit are given. By 
using a similar unit with each alternator, several 
main aircraft engine-driven alternators can be 
operated in parallel. 

621.314.671  3040 
Circuit Cushioning of Gas-Filled Grid-Con-

trolled Rectifiers —D. V. Edwards and E. K. 
Smith. ( Trans. A.I.E.E. (Elec. Eng., December 
Supplement, 1946), vol. 05,p. 1131.) Discussion 
on 361 of March. 

621.315.2.011.3  3041 
The Inductance of Wires and Tubes — 

A. H. M. Arnold. (Jour. I. E. E. (London), 
Part 1, vol. 94, pp. 116-118; February, 1947.) 
Summary of 1017 of May. 

621.316.313.025  3042 
A New Design for the A.C. Network Analy-

zer—J. D. Ryder and W. B. Boast. (Trans. 
A.1.E.E. (Elec. Eng., December Supplement, 
1946), vol. 65, pp. 1162-1165.) Discussion on 
362 of March. 

621.316.726.029.64.078.3  3043 
Microwave Frequency Stability —Harrison. 

(See 3321.). 

621.316.86  3044 
Thermistors — W.  Rosenberg.  (Electronic 

Eng., vol. 19, pp. 185-187; June, 1947.) Discus-
sion of characteristics and applications, includ-
ing methods of use with ohmic resistors in am-
plifiers and oscillators. 

621.318.323.2.042.15  3045 
Permeability of Dust Cores —Friedla nder. 

(See 3163.) 

621.318.371.011.2/.4  3046 
Q of Solenoid Coils —M. V. Callendar. 

(Wireless Eng., vol. 24, p. 185; June, 1947.) 
Within the limits of Medhurst's data (1694 of 
July) Q=0.15 0/(1/ RA-1/1) is accurate within 
a few per cent provided 1> R. 

621.318.572:621.396.615.01533  3047 
Electronic Switch for the Production of 

Pulses —C. R. Smitley and R. E. Graber. 
(Electronics, vol. 20, pp. 128-130; April, 1947.) 
A circuit providing variable pulse length and 
rate, variable delay of synchronizing pip and 
means for introducing a steady-state signal 
upon which pulses may be superimposed, in a 
laboratory generator. 

621.38:534.42  3048 
A Method for Changing the Frequency of a 

Complex Wave —E. L. Kent. (Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, pp. 329-
338.) A method retaining essentially the origi-
nal wave form. Variants are obtained by dif-
ferent sampling procedures. 

621.392.1  3049 
On Methods for the Construction of Net-

works Dual  to  Non-Planar Networks —A 
Bloch. (Proc. Phys. Soc., vol. 58, pp. 677-694; 
November, 1946.) A network having a non-
planar circuit diagram (i.e., one with crossings 
between some of its branches) cannot be con-
verted into its dual counterpart directly, but 
must first be converted to an equivalent planar 
network. The paper describes a number of 
methods for determining the equivalent planar 
network. 

621.395.661  3050 
Mica Capacitors for Carrier Telephone Sys-

tems —A. J. Christopher and J. A. ICater. 
(Trans. A.I.E.E., (Elec. Eng., December Sup-
plement, 1946), vol. 65, pp. 1116-1117.) Dis-
cussion on 374 of March. 

62 1.396.611.4+621.385.1  3051 
F. M./TV P-A Tube and Grounded-Grid 

Cavity Cicrult — Wells and Reed. (See 3337.) 

A 
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21.396.615  3052 
Non-Linear Regenerative Circuits —D. G. 

Tucker. (Wireless Eng., vol. 24, pp. 178-184; 
June, 1947.) Analysis and curves for the fre-
quency and amplitude discrimination of the 
synchronized oscillator with an unwanted sig-
nal mixed with the injected locking tone. Some 
discrimination occurs over the whole frequency 
range, and within limits a relatively pure tone 
can be obtained from a signal having other fre-
quencies mixed with it that cannot be sepa-
rated by ordinary frequency-selective circuits. 
The experimental results of Byard and Eccles 

(750 of 1941) are shown to be consistent with 
the theory given. 

621.396.615:371.66  3053 
A Demonstration  Valve  Oscillator —E. 

Bradshaw. (Electronic Eng., vol. 19, pp. 162--
163; May, 1947.) Meters in all parts of the cir-
cuit facilitate study of operating conditions of 
tuned-anode oscillator. 

621.396.615.015.33+621.396.619.16  3054 
Some Notes on Pulse Technique —M. M. 

Levy. (Jour. Brit. I.R.E., vol. 7, pp. 99-116; 
May and June, 1947.) The transmission of 
pulses through ideal filters and delay lines is 
discussed in detail and practical formulas are 
given for the design of delay networks. The use 
of pulsed tubes is considered together with 
methods of obtaining high efficiency in practi-
cal circuits for power pulse generators. Pulse 
modulation and demodulation processes are 
studied, with particular reference to the choice 
of conveniently shaped pulses, in order to sim-
plify the circuit design and eliminate harmonic 
distortion. 

621.396.615.12:621.396.619.13  3055 
Frequency Modulation of High-Frequency 

Power Oscillators — W. R. Rambo. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, pp. 
577-585.) An account with particular reference 
to common-grid reactance-tube circuits and to 
class-C operation of reactance tubes. 

621.396.615.14  3056 
Study of a V.H.F. Oscillator —L. Liot. 

(Tiliv. Franc., no. 24, Supplement glectronique, 
pp. 11-14; April, 1947.) A detailed description 
of a symmetrical arrangement using two 955 
tubes with X/4 feeding lines the anodes and be-
tween the cathodes and earth. Short-circuiting 
bars across these lines give wavelength adjust-
ment from 0.7 m. to 2 m. 

621.396.615.142:621.396.621.54:621 .396 .96  
3057 

Reflex Oscillators for Radar Systems — 
J. 0. McNally and W. G. Shepherd. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, p. 
157.) Summary only. Design problems for oscil-
lators for military radar receivers. 

621.396.615.142.2  3058 
Design of Wide-Range Coaxial-Cavity Os-

cillators Using Reflex Klystron Tubes in the 
1000 to 11,000 Megacycle Frequency Region — 
J. W. Kearney. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 624-636.) The de-
sign of an external-resonator type of reflex kly-
stron oscillator, for use in standard signal gener-
ators and superheterodyne receivers. The tun-

I ing range is about 2:1 in frequency. Details of 
I operation, and methods of adaptation of pres-
ent day tubes for use as coaxial resonators are 
given. Design characteristics are outlined for 

) (a) optimum cavity dimensions, (b) suitable 
contacts to the tubes, (c) noncontact, short cir-
cuiting tuning plungers, (d) output coupling 
devices. The factors involved in the choice of 
cavity and repeller modes, and precautions for 
the suppression of interference from undesira-
ble modes, are discussed in some detail. 

621.396.619  3059 
Selective Demodulation —D.  B.  Harris. 

(Pstoc. I.R.E., vol. 35, pp. 565 -572; June, 1947. 

When an amplitude-modulated carrier f, to-
gether with other modulated carriers on fre-
quencies harmonically related to f, is multi-
plied by the instantaneous value of a plain car-
rier whose frequency and phase are identical 
with!, only the modulation component of lap-
pears in the output. The modulation compo-
nents of two carriers in phase quadrature on the 
same frequency may be separated similarly. A 
suitable linear multiplicative pentagrid demodu-
lator is described. The advantages and disad-
vantages of a system using these principles for 
multichannel carrier working are discussed, 
and a design for a hypothetical 8-channel sys-
tem is outlined. 

621.396.622  3060 
F. M. Detector Systems —S. D. Loughlin. 

(Communications, vol. 27, p. 18; March, 1947.) 
Summary of 1947 I.R.E. Convention paper. 

• 621.396.622  3061 
A New Detector for Frequency Modulation 

—Bradley. (See 3264.) 

621.396/.3971.645  3062 
Bandwidth and Speed of Build-Up as Per-

formance Criteria for Pulse and Television 
Amplifiers —D.  G.  Tucker.  (Jour.  I.E.E. 
(London), Part Ill, vol. 94, pp. 218-226; May, 
1947.) "A comparison is made of the two main 
methods of describing the performance of pulse 
and television amplifiers, namely bandwidth, 
and speed of build-up of a suddenly applied 
signal. It is shown for a variety of circuit ar-
rangements (including asymmetrical circuits) 
that equal speeds of build-up based on the slope 
of the build-up curve at half the steady-state 
amplitude correspond fairly closely to equal 
bandwidths measured between the points at 
which the response is 3 db below that at the 
applied frequency. It is therefore concluded 
that either of these criteria would be satisfac-
tory in practice, since they are mutually con-
sistent. Other methods of defining the speed of 
build-up are discussed, and the main inconsist-
ency is shown to be that, for only one or two 
stages, but not for larger numbers, the use of 
the maximum slope of the build-up curve gives 
misleading results." 

621.396.645  3063 
Stabilised Amplifiers —J. J. Zaalberg van 

Zelst. (Philips Tech. Rev., vol. 9, pp. 25-32; 
January, 1947.) Two groups of circuits are 
discussed. The first adds a compensating quan-
tity to the input or output signal of the main 
amplifier and uses either a negative feedback 
circuit or an auxiliary amplifier. The second 
group uses an auxiliary alternating voltage, 
generated either outside or inside the amplifier 
and passed through the same circuit as the 
main signal to keep the slope of the amplifying 
tube constant. 

621.396.645  3064 
Input Admittance of Cathode-Follower Am-

plifiers—H. J. Reich. (Paoc. I.R.E., vol. 35, 
pp. 573-576; June, 1947.) General expressions 
are derived, taking the tube interelectrode ca-
pacitances into account, and curves of con-
ductance and susceptance for typical tube con-
stants are given. It is shown that capacitance 
across the cathode load resistance can produce 
a negative input conductance, and oscillations 
may result. Means of preventing such oscilla-
tions are discussed. 

621.396.645:518.3  3065 
Exact Design and Analysis of Double- and 

Triple-Tuned Band-Pass Amplifiers—M. Di-
shal. (Pstoc. I.R.E., vol. 35, pp. 606-626; June, 
1947.) Nomograms for designing double and 
triple-tuned coupled circuits to achieve desired 
band-pass, gain, skirt-rejection, and phase-
change characteristics are developed from con-
ventional theory. Both Inductive and capaci-
tance coupling are considered. The work is ex-

tended to cover multistage band-pass ampli-
fiers. 

621.396.645:518.4  3066 
A Graphical Analysis of the Cathode-Cou-

pled Amplifier —M. S. Rif kin. (Communica-
tions, vol. 26, pp. 16, 43; December, 1946.) 

621.396.645.029.6+621.396.621.54.029.6 3067 
Gain and Sensitivity of Amplifier and Fre-

quency-Changer Stages for Metre and Deci-
metre Waves —M. J. 0. Strutt. (Oncle Elec., 
vol. 27, pp. 184-193; May, 1947.) Methods are 
given for estimating the optimum gain for both 
narrow and wide-frequency bands. For narrow 
bandwidths the optimum gain is equal to the 
square of the effective slope divided by the prod-
uct of the effective input and output admit-
tances. For wide bands the admittance product 
must be replaced by that of the input and out-
put capacitances. The power gain of amplifiers 
with grid coupling is treated in detail. Three 
important properties of the noise factor are • 
stated; these form a basis for applications 
which enable the noise factor to be reduced 
considerably, especially in the case of grid-
coupling  stages  and  multigrid  frequency 
changers. 

621.396/.3971.645.029.62  3068 
Wide-Band I.F. Amplifier Above 100 Mc/s 

— M. T. Lebenbaum. (Communications, vol. 
26, pp. 25, 50; December, 1946.) Summary of 
Rochester Fall Meeting paper. A brief outline 
of the general features and design considera-
tions. The advantages of staggered tuning and 
the effect of grid-anode capacitance are dis-
cussed. For the full paper see Electronics, vol. 
20, pp. 138-149; April, 1947. 

621.396.645.029.62  3069 
A Compact Lightweight Amplifier for Radar 

—P. L. Hammann. (Bel: Lab. Rec., vol. 25, pp. 
146-149; April, 1947.) Design and construction 
details of the OAKS amplifier used in AN/APS-
4 radar equipment and in the Bat radar-di-
rected bomb. 

621.396.645.029.62.076.2  3070 
A Permeability-Tuned 100-Mc/s Amplifier 

of Specialized Coil Design —Z. Benin. (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
pp. 548-556.) Suitable spacing of coil turns and 
choice of core and coil lengths reduces fre-
quency drift and makes trimmer capacitors 
unnecessary. 

621.396.645.371.029.4  3071 
The Parallel-T Bridge Amplifier —A. B. 

Hillan. (Jour. I.E.E. (London), Part I, vol. 94, 
pp. 188-189; April, 1947.) Summary of 2051 of 
August. 

621.396.662  3072 
The Design of Band-Spread Tuned Circuits 

for Broadcast Receivers—D. H. Hughes. (Jour. 
I.E.E. (London), Part III, vol.94, p.227; May, 
1947.) Discussion on 1803 of 1946. 

621.396.662.2:621.397.62  3073 
Variable Inductance Tuning for TV Re-

ceivers —M. F. Melvin. (Communications, vol. 
27, pp. 48-49, 63; April, 1947.) Description of a 
3-gang tuning unit and its application in a tele-
vision receiver covering the frequency range 
44 to 216 Mc. Methods of adjusting the design 
to provide tracking and suitable bandwidths 
are described. 

621.396.662.3  3074 
The Design of Resonant Filters —S. Y. 

White. (Tele-Tech, vol. 6, pp. 56-57; June, 
1947.) Discussion of pendulum analogy results 
in tuned filter with rapid rise, immunity from 
shock excitation and complete cutoff at 7 per 
cent off resonance. 

621.396.662.3:534.12  3075 
Compact Electromechanical Filter—R. Ad-

ler. (Electronics, vol. 20, pp. 100-105; April, 
1947.) The design and performance of a trans-
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mission-line type of filter consisting of a num-
ber of steel plates interconnected by steel wires. 
A model for a 455-kc. U. channel is described. 

621.396.662,34:621.396.645.37  3076 
RC Bandpass Filter Design —J. L. Bowers. 

(Electronics, vol. 20, pp. 131-133; April, 1947.) 
Design curves and applications to 1.1. filters of a 
parallel-T RC network, used as the feed-back 
loop in an amplifier to give narrow band-pass 
characteristics similar to those of an LC circuit. 

621.396.69+621.317.7+621.38  3077 
The Physical Society's Exhibition—(Elec-

tronics Eng., vol. 19, pp. 195-198; June, 1947.) 
See also 2494 of September. 

621.396.69+621.317.7  3078 
The R.C.M.F. [Radio Component Manufac-

turers'  Federation'  Exhibition—(Eleetronies 
Eng., vol. 19, pp. 164-165; May, 1947.) A 
further selection of exhibits. See also 2376 of 
September. 

621.396.69  3079 
Electronic Wiring Techniques —C. Bru-

netti. (Communications, vol. 27, p. 16; March, 
1947.) Summary of 1947 I.R.E. Convention 
paper. 

621.396.69  3080 
Evolution of Printed Circuits for Miniature 

Tubes—A. F. Murray. (Tele-Tech, vol. 6, pp. 
58-61, 112; June, 1947.) 

621.396.69  3081 
Materials and Techniques for Printed Elec-

trical Circuits—Rose. (See 3164.) 

621.396.69:669.228  3082 
New Types of Silver Coatings —Hopf. (See 

3166.) 

621.396.96:531.76  3083 
Timer for Radar Echoes —L. A. Meacham. 

(Bell Lab. Rec., vol. 25, pp. 231-236; June 
1947.) A range measuring unit for radar sys-
tems which use irregularly spaced pulses. Each 
transmitted pulse initiates a sine wave reach-
ing steady state immediately. This is passed 
through a continuously variable phase shifter 
and is formed into pulses, one of which is se-
lected as a marker. By means of the phase 
shifter control, which is calibrated in distance, 
the marker can be continuously moved over the 
radar display. 

GENERAL PHYSICS 

5.31.18:531.15  3084 
Absolute Rotation and a Rotating Magnet — 

Chang-Pen Hail. (Wireless Eng., vol. 24, PP. 
185-187; June, 1947.) Comment on 3564 of 
1946 (G. W.O.H.); see also 2727 of September 
(Stedman) and back reference. Einstein's prin-
ciple of equivalence, properly applied for any 
particular instant, gives a simple explanation of 
so-called "absolute rotation." The electromag-
netic reaction upon a rotating magnet and the 
resultant electric field distribution in it can 
then be obtained from Maxwell's equations 
modified for the relativity effect. 

537.291:621.385.833  3085 
Oil-Drop Method for Electron Trajectories 

—L. Jacob. (Nature (London), vol. 159, pp. 
475-476; April 5, 1947.) Visual study of trajec-
tories in air at atmospheric pressure of charged 
oil drops falling undergravity through enlarged 
model of electrostatic electron lens. 

537.311.33  3086 
Surface States and Rectification at a Metal 

Semi-Conductor Contact—J. Bardeen. (Phys. 
Rev., vol. 71, pp. 717-727; May 15, 1947.) 

537.312.62  3087 
Super-Conductivity—E. Schroter. (Metal 

Ind. (London), vol. 70, pp. 444-445; June 13, 
1947.) A review of recent researches, abstracted 

from "Zentralblatt f Ur die Oaterr Industrie und 
Technik," discussing (a) the critical tempera-
tures of pure metals, alloys, and certain metal-
lic compounds such as nitrides, carbides, etc., 
(b) the transition from normal conductivity to 
superconductivity and (c) the effects produced 
in superconducting materials by the applica-
tion of a magnetic field. A result of practical im-
portance has been the discovery of materials 
with critical temperatures in the region of the 
temperature of boiling hydrogen. Further re-
search may reveal substances with critical tem-
peratures easily attained. 

337.312.62  3088 
The Magnetic Quenching of Superconduc-

tivity —J. W. Stout. (Phys. Rev., vol. 71, p. 741; 
May 15, 1947.) 

537.523.3  3089 
The Mechanism of the. Negative Point 

Corona at Atmospheric Pressure in Relation to 
the First Townsend Coefficient —L, B. Loeb. 
(Phys. Rev., vol. 71, pp. 712-714; May 15, 
1947.) 

537.525:621.3.015.5.027.7  3090 
The Insulation of High Voltages in Vacuum 

—J. G. Trump and R. J. Van de Graaff. (Jour. 
Appi. Phys., vol. 18, pp. 327-332; March, 
1947.) A description of research into the mech-
anism of electrical breakdown in vacuum for 
voltages from 50 kv to 700 kv. Results are given 
graphically supporting a theory of breakdown 
at these voltages due to secondary emission. 
See also 3545 of 1946. 

538.3  •  3091 
The Experimental Basis of Electro-Mag-

netism : The Direct-Current Circuit —N, R. 
Campbell and L. Hartshor n. (Proc. Phys. Soc., 
vol. 58, pp. 634-653; November 1, 1946.) The 
first part of an investigation of the extent to 
which the working principles of electromagne-
tism can be soundly based on teal experimental 
facts as distinct from imaginary experiments 
such as those involving point charges and unit 
magnetic poles. 
The general principles of measurement are 

outlined. Current, resistance, conductance, and 
voltage are then established independently of a 
knowledge of any other magnitudes. Ohm's 
Law and the conception of e.m.f. follow. An 
examination of the relations between these 
magnitudes and geometrical and mechanical 
magnitudes leads to the consideration of Am-
pere's two laws. See also 3092 below. 

538.3  3092 
The Experimental Basis of Electromagne-

tism —G. W.O.H. (Wireless Eng., vol. 24, pp. 
161-162; June, 1947.) 
Editorial discussion of 3091 above. 

538.52:537.123  3093 
On a New Electromagnetic Induction Ef-

fect Due to Negative Ions—T. V. lonescu and 
V. P. Mihu [Mihulj. (Corn t. Rend. Acad. Sci. 
(Paris), vol. 224, pp. 1349-1351; May 12, 1947.) 
If a Geissler tube is placed within a coil forming 
part of an oscillatory circuit, the intensity of 
the current through the coil varies with the in-
tensity of the tube current. A detailed study of 
this effect is described. In general an absorp-
tion of energy occurs in the discharge tube, but 
for certain•frequencies the resonator current is 
much greater with the discharge than without 
it. 

538.56:1621.396.615.142+621.392.029.64 3094 
Generalized Boundary Conditions in Elec-

tromagnetic Theory—S. A. Schelkunoff. (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
pp. 317-322.) Generalization of the conception 
of an idealized perfectly conducting boundary, 
and its application to wave guides, magne-
trons, and velocity-modulation tubes. The gen-
eralized condition is that E,/118 is constant, Ei 
and H8 being the tangential components of the 

electric and magnetic vectors at a given s 
face. The condition may be extended to d 
tinguish between isotropic and anlsotrop 
boundaries, and the ratio Eg/ 118 may be a glv 
function of position on the boundary. 

538.566.2:517.94  3095 
Two Notes on Phase-Integral Methods— 

W. H. Furry. (Phys. Rev., vol. 71, pp. 360-371; 
March 15, 1947.) In the first note, entitled "A 
New Derivation of the Connection Formulas," 
proof is based only on the fact that actual solu-
tions of the differential equation must be single-
valued. The results serve to establish the valid-
ity of Eckersley's phase-integral method for the 
treatment of problems of wave propagation. 
The second note, entitled "Normalization of 
Approximate Wave Functions of the Anhar-
monk Oscillator," discusses the accuracy of the 
usual asymptotic formula for the normalization 
factor for the lowest quantum states of the os-
cillator. 

538.569.4.029.64:546.171.1  3096 
Inversion Spectrum of Ammonia —M. W. P. 

Strandberg, T. Kyhl, T. Wentink, Jr., and 
R. E. Hillger. (Phys. Rev., vol. 71, p. 326; 
March 1, 1947.) Measurements of the frequen-
cies of some of the lines have been made to an 
accuracy of ±50 kc. A formula for these fre-
quencies in terms of rotational angular mo-
menta is discussed. See also 1399 of June 
(Townes) and back references, and 3097 below. 

538.569.4.029.64:546.171.1  3097 
Microwave  Absorption  Frequencies  of 

N14H3 and Ni6H2 —W. E. Good and D. K. Coles. 
(Phys. Rev., vol. 71, pp. 383-384; March 15, 
1947.) Measurements of the frequencies of 
some of the lines to an accuracy of ± 20 kc. See 
also 3096 above. 

538.569.4.029.64 : 546.21  3098 
The Absorption of Microwaves by Oxygen 

—J. H. Van Vleck. (Phys. Rev., vol. 71, pp. 413-
424; April 1, 1947.) A theoretical paper in 
which the features of the oxygen absorption 
spectrum at millimeter and centimeter wave-
lengths are derived and compared with existing 
experimental data. The absorption is caused by 
the interaction of the magnetic moment of Os 
with electromagnetic fields, and is most pro-
nounced at a wavelength of about 5 mm. where 
k exceeds 10 db per kilometer. The theoretical 
capendence of absorption on pressure is con-
sidered. 

538 .569.4.029.64:1546.212+546.212.02  3099 
Expected  Microwave  Absorption  Coef-

ficients of Water and Related Molecules— 
G. W. King, R. M. Hainer, and P. C. Cross. 
(Phys. Rev., vol. 71, pp. 433-443; April I, 1947.) 
A theoretical paper. The predicted positions 
and strengths of the absorption lines at centi-
meter and millimeter wavelengths are tabulated 
for H20, D20, HDO, H2S, and }I:Se, and, where 
possible, compared with experimental data. It 
is pointed out that HDS and HDSe will also 
have many absorption lines in this wavelength 
region. See also 3100 below. 

538.569.4.029.64:546.212  3100 
The Absorption of Microwaves by Uncon-

densed Water Vapor —J. H. Van Vleck. (Phys. 
Rev., vol. 71, pp. 425-433; April 1, 1947.) A 
theoretical paper in which the characteristics 
of the absorption spectrum at centimeter and 
millimeter wavelengths are computed and com-
pared with existing experimental data. Agree-
ment is generally satisfactory and the compari-
son yields precise information concerning the 
wavelength and breadth of the absorption line 
at about 1.35 centimeters (attenuation 0.2 db/ 
km. per gm./m.3). The predicted attenuation 
"due to the combined effect of all the other lines 
whose wavelengths are too short for resonance" 
is about a quarter of the observed value; possi-
ble explanations of this discrepancy are dis-
cussed. See also 3099 above. 



1947 Abstracts and References  1391 

GEOPHYSICAL AND EXTRATER-
RESTRIAL PHENO MENA 

523.53:621.396.11  3101 
Meteor Detection by Amateur Radio -

0. G. Villard, Jr. (QST, vol. 31, pp. 13-18; July, 
1947.) A general explanation of the effect of 
meteors on radio propagation, and an account 
of experimental equipment used for their detec-
tion. 

523.7+550.3851"1946.10.12"  3102 
Solar and Magnetic Data, October to De-

cember, 1946, Mount Wilson Observatory — 
S. B. Nicholson and E. S. Molders. ( Terr. Meg. 
Aimo. Elec., vol. 52, pp. 65-66; March, 1947.) 

523.72+523.321:621.396.822.029.64  3103 
Microwave Radiation from the Sun and 

Moon —R. H. Dicke and R. Beringer (Astro-
phys. Jour., vol. 103, pp. 375-376; May, 1946.) 
Measurement of thermal radiation at 1.25 cen-
timeters; half-power beam width of 18-inch para-
bolic reflector was 2 degrees and measured gain 
6000 times that of isotropic radiator. Size of 
sun's disk at 1.25 centimeters found to be nearly 
similar to that at optical wavelengths; effec-
tive black-body temperature of sun and moon 
found to be about 1.1 X109 and 292 degrees K 
respectively. 

523.72:621.396.822  3104 
Origin of Solar 'Static' —C. E. R. Bruce. 

(Nature (London), vol. 159, p. 580; April 26, 
1947.) Comment on 2088 of August (Martyn). 
Suggestion that "discharges occur in the radial 
electric field set up by the emission of highly 
charged atoms from nuclear reactions in the 
sun's interior." 

523.74:551.593.9  3105 
Relations Between Solar Activity and the 

Luminescence of the Earth's Upper Atmos-
phere —J. Cabannes, J. Dufay, and Tcheng 
Mao-Lin. (Compi. Rend. Acad. Sci. (Paris), 
vol. 224, pp. 1393-1395; May 19, 1937.) 

523.746 "1946.10/.12"  3106 
Provisional Sunspot-Numbers for October 

to December, 1946 —M. Waldmeier. (Terr. 
Meg. Aimo. Elec., vol. 52, p. 14; March, 1947.) 

523.746 "1947.03/.04"  3107 
Solar Notes —H. W.N. (Observalory, vol. 67, 

p. 74; April, 1947.) Two sunspots occurred in 
March and April, 1947, without associated mag-
netic storms. The April spot was the largest 

ever recorded. 

523.78"1945.07.02": 621.396.822.029.64  3108 
Radio Noise from the Sun at 3.2 cm —K. F. 

Sander. (Nature (London), vol. 159, pp. 506-
507; April 12, 1947. Comment on 716 of April 
(Martyn). Observations during the partial 
eclipse of July 2, 1945, indicate that the noise 
mainly emanates from the solar circumference 
and has a value of 4 X 10-1 s watts per square 
centimeter per Mc. 

523.78" 1947.05.20": 551.510.535  3109 
To the Question of the Coefficient of the 

Ionosphere's Recombination and the Determi-
nation of Its Quantity at the Time of the Eclipse 
on the 20th of May 1947 in Brazil—J. L. Alpert 
and A. A. Einberg. (Bull. Acad. Sci. (U.R.S.S.), 
sir. Oozy. geophys., vol. 11, no. 2, pp. 137-140; 
1947. In Russian with English summary.) 
Measurements at Tromse during the eclipse of 
June 9, 1945, gave for the effective recombina-
tion coefficient of the E layer: aE  4.65 X10-9  
and for the F1 layer: a/71..6.9 X10-9 . The 
changes of ionization to be expected during the 

1947 eclipse are calculated. 

537.591  3110 
Cosmic-Ray Research in B-29 Laboratory 

Determines Nature of Secondary Particles— 
G. Grosvenor. (Terr. Meg. Minos. Eke., vol. 
52, pp. 84-87; March, 1947.) Proof that a large 

proportion of mesotrons are produced by elec-
trically-charged particles. 

537.591  3111 
The Mass of the Mesotron as Determined 

by Cosmic-Ray Measurements —D. J. Hughes. 
(Phys. Rev., vol. 71, pp. 387-392; April 1, 1947.) 
"The great majority of the results are statis-
tically reconcilable with a single mass." 

538.12:521.15  3112 
The Magnetic Field of Massive Rotating 

Bodies —P. M. S. Blackett. (Nature (London), 
vol. 159, pp. 658-666; May 17, 1947.) It is 
known that the magnetic moment and the an-
gular momentum of ,the earth and sun are nearly 
proportional and that the constant of propor-
tionality is nearly the square root of the gravi-
tational constant divided by the velocity of 
light. The author points out that recent meas-
urements of the magnetic moment of a star are 
in agreement with this relationship and that 
since its validity has been demonstrated over 
such a wide range of values of the parameters it 
should be given further consideration as a pos-
sible general law of nature. A review of previous 
theories of the magnetic field of the earth and 
sun is followed by a discussion of the applica-
tion of the above relationship and of the possi-
bilities of further measurements both for stars 
and in the laboratory. 

550.38"1884/1889"  3113 
Daily International Magnetic Character-

Figures, C, for the Years 1884 to 1889 —J. Bar-
tels. (Terr. Meg. Aim°. Elec., vol. 52, pp. 33-
38; March, 1947.) 

550.38"1945"  3114 
Mean K-Indices from Thirty Magnetic Ob-

servatories  and  Preliminary  International 
Character-Figures, C, for 1945 —W. E. Scott. 
(Terr. Meg. Ai m. Elec., vol. 52, pp. 25-31; 
March, 1947.) 

550.38"1946.04/.06"  3115 
Five International Quiet and Disturbed 

Days for April to June, 1946 —W. E. Scott. 
(Terr. Meg. Ai ms. Elec., vol. 52, p. 87; March, 
1947.) 

559.38"1946.10/.12"  3116 
American Magnetic Character-Figure, CA, 

Three-Hour-Range Indices, K, and Mean K-
Indices, KA, for October to December, 1946, 
and Summary for Year 1946— W. E. Scott. 
(Terr. Meg. Aimo. Elec., vol. 52, pp. 15-24; 
March, 1947.) See also 1770 of July. 

550.385: 523.755"1942.08/1944.07"  3117 
The Correlation of Magnetic Disturbances 

with Intense Emission Regions of the Solar 
Corona —A. H. Shapley and W. 0. Roberts. 
(Asfrophys. Jour., vol. 103, pp. 257-274; May, 
1946.) Observations during 1942-1944 show 
that magnetic disturbance occurred when in-
tense emission regions of the corona were situ-
ated in the eastern hemisphere of the solar disk. 

550.385:621.396.11  3118 
Effect of Magnetic Perturbations on the Ve-

locity of Short Radio Waves —Stoyko. (See 
3251.) 

551.5:621.396.9  3119 
Recent Developments in Meteorological 

Equipment —A. F. Spilhaus. (Bull. Amer. Mel. 
Soc., vol. 27, pp. 399-409; September, 1946.) A 
review of wartime developments in electronics 
and other equipment for use both in aircraft 
and on the ground. 

551.510.535  3120 
The Ionosphere —(Observatory, vol. 67, pp. 

51-53; April, 1947.) Sir Edward Appleton, in-
troducing a geophysical discussion, pointed out 
that though the general structure of the 
ionosphere is well known, anomalies occur, es-
pecially in the F2 layer with its winter loniza-

tion maximum and dependence on magnetic 
dip (see 2898 of 1946). A. H. Mumford de-
scribed transatlantic experiments on the rec-
iprocity of long-distance transmission, and 
H. L. Kirke experiments on lateral deviation 
between London and New Delhi. J. W. Cox de-
scribed work by the Interservice Ionosphere 
Bureau on possibleways of using existing knowl-
edge. J. S. Hey considered radiations associated 
with solar disturbances at wavelengths between 
1.5 and 15 meters. "Scatter bursts" were dis-
cussed; they occur at a height of about 95 km. 
and are believed to originate from meteors. 
Finally, H. S. W. Massey considered the proc-
esses by which the ionospheric layers are 
formed. 

551.510.535  3121 
Ionospheric Studies in South Africa: Tele-

communications Research Laboratory Iono-
spheric Sounder —T. L. Wadley. (Terr. Meg. 
Almo. Elec., vol. 52, pp. 67-69; Match, 1947.) 
A description of the ionospheric recorder in use 
at Johannesburg. The instrument covers the 
frequency range of 2 to 14 Mc. in 8 seconds. 
The height frequency graph is formed on a 
long-afterglow c.r. tube and photographed on a 
single frame of 16 mm. film. The transmitter 
and receiver are kept in tune by means of a 
common oscillator, and the r.f. tracking is ob-
tained by cams which operate the tuning ca-
pacitors. 

551.510.535  3122 
Echoes at D-Heights with Special Refer-

ence to the Pacific Islands—C. D. Ellyett. 
(Terr. Meg. Al m. Elec., vol. 52, pp. 1-13; 
March, 1947.) Radio echoes obtained from an 
equivalent height of 50 km. above Pitcairn Is-
land during 1944 and 1945 by the usual verti-
cal-incidence pulse technique are attributed to 
D-layer reflections. Earlier data are collected 
and compared with these observations, which 
are analyzed with respect to frequency range, 
diurnal and seasonal variations, and echo 
strength. 

551.510.535  3123 
Temperature of the Upper Atmosphere — 

s. L. Seaton. (Phys. Rev., vol. 71, p. 557; April 
15, 1947.) Calculations are made of the tem-
perature at various heights for three widely 
different latitudes. At E-layer heights of about 
100 km., high temperatures are to be expected, 
while the F1 and F2 layers at about 200 km. and 
350 km. respectively may be at considerably 
lower temperatures, with a wide variation from 
night to day. 

551.510.535:621.396.11  3124 
Equivalent Path and Absorption in an Iono-

spheric Region —Jaeger. (See 3252.) 

551.510.535:621.396.11.029.58  3125 
Doppler Effect in Propagation —Gtiffiths. 

(See 3254.) 

551.593.5  3126 
The Equilibrium of Atmospheric Sodium 

(Na-Nat and Na-Na0J —D. R. Bates. (Terr. 
Meg. Aimo. Elec., vol. 52, pp. 71-75; March, 
1947.) 

551.593.9+ (551.510.535: 523.7  3127 
(Minutes of thel Meeting of the Royal As-

tronomical Society 114th March' 1947 —(Ob-
servatory, vol. 67, pp. 46-51; April, 1947.) Short 
papers read and discussed included: The origin 
of the Night Sky Light, by D. R. Bates, and 
The Relations between the Ionosphere, Sun-
spots, and Solar Corona, by K. 0. Kiepenheuer 
(an account by R. d'E. Atkinson). 

LOCATION AND AIDS TO 
NAVIGATION 

621.396.663  3128 
4-Band Automatic Radio Direction Finder 

for Transport Planes—R. II. Bailey. (Radio 
News, vol. 37, pp. 68-69, 130; June, 1947.) An 
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account of a new light-weight radio compass 
covering all normal broadcast transmissions 
and marine beacons. Improved bearings are 
obtained because the compass loop is auto-
matically turned to face the incoming signal. 
High altitude and atmosphere effects are re-
duced by hermetic sealing of components and 
eliminating the receiver power pack. 

621.396.9:551.5  3129 
Applications of Electronics to Meteorology 

—C. M. Reber (Bull. Amer. Met. Soc., vol. 27, 
pp. 365-372; September, 1946.) A brief account 
of the application of radar to the detection of 
thunderstorms, fronts, and other precipitation 
areas, and also to the following of free balloons 
for wind determination. The use of the cathode-
ray direction finder to obtain the position of 
sources of atmospherics is also described. 

621.396.9:551.5  3130 
Recent Developments in Meteorological 

Equipment —Spilhaus. (See 3119.) 

621.396.93  3131 
Raydist —A Radio Navigation and Tracking 

System —C. E. Hastings. ( Tele- Tech, vol. 6, pp. 
30-33, 103; June, 1947.) A portable system de-
pending on the relative phase relationship be-
tween c.w. transmitters operating on frequen-
cies of the order of 2 to 15 Mc. Block diagrams 
show the arrangement of equipment at the mas-
ter and relay stations for (a) determining the 
position of a ship or an aeroplane, (b) measur-
ing the distance between two stations, and (c) 
charting the flight path of a guided missile. 

621.396.93:551.594.6  3132 
Location of Thunderstorm Centres from Di-

rectional Observations of Atmospherics During 
Sunrise and Sunset—S. R. Khastgir, M. K. 
Das Gupta, and D. K. Ganguli. ( Nature (Lon-
don), vol. 159, pp. 572-573; April 26, 1947.) 
The time variation of the intensity of atmos-
pherics is in agreement with the theory of 
Khastgir (1379 of 1943) and enables the differ-
ence of the longitudes of the source and re-
ceiver to be estimated. 

621.396.93:621.396.663  3133 
The Design of Electromagnetic Radio-

goniometers for Use in Medium-Frequency 
Direction-Finding —J. H. Moon. (Jour. I.E.E. 
(London), Part I, vol. 94, pp. 185-186; April, 
1947.) Summary of 2127 of August. 

621.396.932  3134 
Radio Aids to Marine Navigation —( Nature 

(London), vol. 159, p.647; May 10,1947.) Brief 
description of the International Meeting, Lon-
don, May, 1946, during which ship and shore 
d.f., hyperbolic systems (Loran, Gee, Decca) 
and radar were discussed. For the complete ac-
count see 3135 below. 

621.396.932  3135 
Radio Aids to Marine Navigation. Vol. 1. 

Record of the (International] Meeting Held in 
London (in May 19461 and of Demonstrations 
and Visits. Vol. 2. Radio Navigation Radar and 
Position Fixing Systems for Use in Marine 
Navigation (Book Noticel--H.M. Stationery 
Office., vol. 1, 2s. 6d. vol. 2, 5s. (Govt. Publ. 
(London), p. 16 and p. 16; November and De-
cember, 1946. 

621.396.932  3136 
Postwar Marine Radar in Great Britain — 

M. G. Scroggie. (Communications, vol. 26, pp. 
9-11, 41; December, 1946.) The design of the 
prototype set developed by the British Ad-
miralty and demonstrated at the International 
meeting on Radio Aids (3135 above). Choice of 
frequency, pulse duration, horizontal awl verti-
cal beam widths, transmitter power, and per-
formance monitoring are discussed in some de-
tail. New design features include facilities for 
superimposing the p.p.i. picture upon charts 

and a monitoring device which Indicates volt-
ages at 20 points as vertical lines on the display 
tube. A safety device automatically cuts out the 
p.p.i. should the performance of either trans-
mitter or receiver fall below a certain level. 

621.396.933  3137 
Trends in Air Navigation —H. Davis and 

L. Lader. (Communications, vol. 27, pp. 15-16; 
March, 1947.) Summary of 1947 I.R.E. Conven-
tion paper. 

621.396.933  3138 
Teleran —D. H. Ewing and R. W. K. Smith. 

(RCA Rev., vol. 7, pp. 601-621; December, 
1946.) A system for air navigation and traffic 
control using television and radar. See also 3139 
below. 

621.396.933  3139 
Teleran Air Navigation and Traffic Control 

by Means of Television and Radar —D. H. 
Ewing and R. W. K. Smith. (Proc. Not. Elec-
tronics Conference (Chicago), vol. 2, pp. 299-
316.) See also 1546 of 1946 (Herbst et al.) and 
3138 above. 

621.396.933  3140 
Navaglobe Long-Range Radio Navigation 

System —P. R. Adams and R. I. Colin. (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
pp. 288-298.) 

621.396.933:629.135  3141 
Automatic Radio Flight Control —F. L. Mo-

seley and C. B. Watts. (Proc. Not. Electronics 
Conference (Chicago), vol. 2, pp. 268-287.) An 
outline of various radio navigational facilities 
for automatic aircraft guidance. 

621.396.933.029.5/.6  3142 
Ground-Air Communications Unit —Mea-

cham. (See 3325.) 

621.396.933.2  3143 
Improvements in 75- Megacycle Aircraft 

Marker  Systems—B.  Montgomery.  (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
pp. 133-141.) 

621.396.96+621.396.93  3144 
A Survey of the Development of Radar — 

R. A. Smith. (Jour. 1.E.E. (London), Part I, 
vol. 94, pp. 172-178; April, 1947.) 

621.396.96:531.76  3145 
Timer for Radar Echoes —Meacham. (See 

3083.) 

621.396.96: 621.396.82  3146 
Theory of Radar Reflection from Wires or 

Thin Metallic Strips —Van Vleck, Block, and 
Hamermesh. (See 3035.) 

621.396.96:629.135  3147 
Radar Eyes for the Black Widow —J. B. 

Maggio. (Bell Lab. Rec., vol. 25, pp. 221-226: 
June, 1947.) Describes a night fighter radar 
system. A dipole rotating in a parabolic mirror 
scans a 15 degree cone. The mirror searches au-
tomatically or can be directed by the radar 
operator on to a chosen aircraft which it then 
follows, ignoring aircraft at different ranges. 
Iniication is given to the pilot of range, azi-
muth, and rate of overtaking. 

MATERIALS AND SUBSIDIARY 
TECHNI QUES 

535.37:535.215.9  3148 
The Influence of Irradiation with Light on 

the Dielectric Properties of ZnS Phosphors 
%V. de Groot. (Phillips Tech. Rev., vol 8, p. 
370; December, 1946.) Brief summary of Phys-
ica paper. The change in dielectric behavior is 
probably due to free electrons. 

537.312.62:546.883  3149 
Magnetic Transition Curves in Supercon-

ducting Tantalu m —R. T. Webber. (Phys. Rev. 

vol. 71, p. 471; April 1, 1947.) Summary of 
American Physical Society paper on the results 
of measurements made at the temperature of 
liquid helium with thin wires of pure tantalum 
in uniform longitudinal magnetic fields. Un-
annealed wires were used and the effects of an-
nealing and outgassing were also determined. 
Experiments with pulse magnetic fields are 
mentioned. 

538.221  3150 
On the Isothermal Remanent Magnetiza-

tion of Iron Sesquioxide — J. Roquet. (Compt. 
Rend. Acad. Sci. (Paris), vol. 224, pp. 1418-1420; 
May 19, 1947.) Measurements on stabilized 
Fe2O3 a to field strengths of 32300 gauss. 

538.221  3151 
Properties of a Fine-Grain Cubic Ferromag-

netic Material —L. Neel. (Compt. Rend. Acad. 
Sci. (Paris), vol. 224, pp. 1488-1490; May 28, 
1947.) See also 3152 below. Calculation for 
spherical grains shows that below a critical di-
ameter of about 300 A the magnetization is 
uniform. Powders have .been obtained with a 
grain size of 200 to 300 A and coercive field as 
high as 1000 gauss; this field is too large to be 
satisfactorily explained by magnetocrystalline 
anisotropy and must probably be attributed to 
anistropy of grain shape. Discussion of powders 
consisting of ellipsoids of different eccentricities 
confirms this view. 

538.221  3152 
The Coercive Field of a Cubic Ferromag-

netic Powder with Anisotropic Grains —L. Neel. 
(Compt. Rend. Aacd. Sci. (Paris), vol. 224, pp. 
1550-1551; June 2, 1947.) Abstracted with 3151 
above. 

538.221:621.317.41.029.62  3153 
Ferromagnetism at Very High Frequencies: 

Part 1—Magnetic Iron at 200 Mc/s —Johnson, 
Rado, and Maloof. (See 3182.) 

538.221:621.317.41.029.62  3154 
Complex Permeability of Magnetic Iron at 

200 Mc is as a Function of Polarizing Field — 
Rado, 'Johnson, and Maloof. (See 3183.) 

53 8.245:621.318.323.2  3155 
Non- Metallic Magnetic Material for High 

Frequencies —J. I.. Snoek. (Philips Tech. Rev., 
vol. 8, pp. 353-360; December, 1946.) "Ferrites 
of the type MFe,O., in which M is a bivalent 
metal, have specific resistance 107-10,1 times 
that of iron, so that eddy currents are negligi-
ble; hysteresis can be made small, while initial 
permeability is of the_order of 1000. 

538.3:539.215.2  3156 
The Electrical Constants of a Material 

Loaded with Spherical Particles —L. Lewin. 
(Jour. I.E.E. (London), Part I, vol. 94, p. 186; 
April, 1947.) Summary of 2139 of July. 

538.63:549.289  3157 
Hall Effect and Magneto-Resistance in 

Germanium — W. C. Dunlap, Jr. (Phys. Rev., 
vol. 71, p. 471; April 1, 1947.) Summary of 
American Physical Society paper on the results 
of measurements made with polycrystalline 
and single-crystal specimens. "The magneto-re-
sistance effect in germanium appears to be at 
least an order of magnitude larger than is ex-
pected from the free electron theory for semi-
conductors." 

546 .431 .284 :621.385.1.032.216  3158 
A Study of the Barium Silicate Interface of 

Oxide Coated Cathodes —A. Eisenstein. (Phys. 
Rev., vol. 71, p. 473; April 1, 1947.) Summary 
of American Physical Society paper. "The inter-
face compound which is formed in the case of a 
BaO or (BaSr)0 coating on a Si-Ni base is be-
lieved to be Ba2SiO4 rather than BaSiOs. . . . 
The relation of the compound to an anomalous 
voltage at the interface region (thickness 
from 5X10 1 to 10-s cm.) has been examined. 
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620.19"19/20"  3159 
Corrosion Processes —U. R. Evans. (Metal 

Ind. (London), vol. 70, pp. 335-337 and 355-
357; May 9 and 16, 1947.) A survey, covering 
the last hundred years, of the British contribu-
tion to the understanding of metallic corrosion. 
A bibliography of 78 items is included. 

621.315.615.2  3160 
The Influence of the Concentration and 

Mobility of Ions on Dielectric Loss of Insulat-
ing Oils —B. P. Kang. (Trans. A.I.E.E. (Elec. 
Eng., December Supplement, 1946.) vol. 65, 
p. 1132.) Discussion on 443 of March. 

621.315.616.018.14  3161 
A Note on the Effect of Combined Carbon 

Monoxide on the Power Factor of Polythene — 
W. Jackson and T. S. A. Forsyth. (Jour. I.E.E. 
(London), Part I, vol. 94, p. 187; April, 1947.) 
Summary of 2145 of August. • 
621.318.322:1621.314.2.029.4/.5  3162 

Use of Thin Permalloy Tape in H.F. Trans-
formers —( Tech. Mod., vol. 39, pp. 68-69; Feb-
ruary 1 and 15, 1947. In French.) Summary of 
2225 of 1946 (Ganz). 

621.318.323.2.042.15  3163 
Permeability of Dust Cores —E. R. Fried-

laender. (Wireless Eng., vol. 24, pp. 187-188; 
June, 1947.) The observed increase of perme-
ability may be explained by the assumption of 
irregular shaped particles and uneven distribu-
tion of air pockets. See also 1692 and 1693 of 
July. 

621.396.69  3164 
Materials and Techniques for Printed Elec-

trical Circuits —K. Rose. (Materials and Meth-
ods, vol. 25, pp. 73-76; March, 1947.) A war 
time development having many post-war ap-
plications whereby electrical components and 
circuit connections are produced as metallic 
and carbonaceous deposits on a ceramic plate 
thus enabling overall size of an instrument to 
be reduced while its mechanical stability is in-
creased. See also 1913 of July. 

669.14-41:538.221:621.314.1/.2  3165 
Magnetic Sheet  Steel —D. Edmundson. 

(Jour. I.E.E. (London), Part I, vol. 94, pp. 
180-182; April, 1947.) An account of recent 
American improvements in both quality and 
production technique, special attention being 
given to heat treatment, cold rolling, and 
subsequent reannealing. 

669.228:621.396.69  3166 
New Types of Silver Coatings —P. P. Hopf. 

(Electronic Eng., vol. 19, p. 193-194, 198; June, 
1947.) A colloid containing up to 70 per cent of 
metallic silver and containing no organic mat-
ter may be used in an offset printing press for 
depositing circuits such as spiral aerials and can 
facilitate the manufacture of silvered polythene 
capacitors by h.f. eddy current heating meth-

ods. 

678.1:537.226  3167 
Dielectric Properties of Rubber —Particu-

larly of Loaded Stock —L. V. Holroyd, B. A. 
Mrowca, and E. Guth. (Phys. Rev., vol. 71, p. 
488; April 1, 1947.) Summary of American 
Physical Society paper. 

678.1:621.3.011.2  3168 
The Electrical Resistivity of Conducting 

Rubber—P. E. Wark. (Phys. Rev., vol. 71, 
p. 489; April 1, 1947.) Summary of American 
Physical Society paper. 

679.5  3169 
Fugitive Fluorine Works for Industry — 

H. C. E. Johnson. (Sci. Amer., vol. 176, pp. 
60-62; February, 1947.) Short descriptions of 
commercial methods for the production of 
fluorine and some of its compounds. These in-
clude a new plastic called "Teflon" which is a 

polymer of tetrafluorethylene, is stable and 
tough from —75 degrees to 250 degrees centi-
grade, is not attacked by any chemical except 
molten alkali metals and has excellent electrical 
properties. See also 1121 of May. 

679.5:537.226  3170 
Some Dielectric Properties of Butadiene-

Containing Polymers and Copolymers —R. F. 
Boyer, E. B. Baker, and P. C. Woodla nd. (Phys. 
Rev., vol. 71, p.488; April 1, 1947.) Summary of 
American Physical Society paper. 

MATHE MATICS 

517.54:621.385.1  3171 
Conformal Transformations in Orthogonal 

Reference Systems —C. S. Roys. (Proc. Not. 
Electronics Conference (Chicago), vol. 2, pp. 
323-328.) General equations are derived for 
transformations  which  correspond  to  the 
Cauchy-Riemann equations for Cartesian co-
ordinates; these are applied to shielding and 
tube problems involving recurrent structures. 

518.5  3172 
The  Mechanical-Transients  Analyzer — 

G. D. McCann. (Proc. Not. Electronics Con-
ference (Chicago), vol. 2, pp. 372-392.) An elec-
tric analogue computer for the solution of com-
plex algebraic and differential equations. It is 
designed primarily for the analysis of mechani-
cal vibration problems and servomechanisms. 

519.28:621.3  3173 
A New Approach to Probability Problems in 

Electrical Engineering —H. A. Adler and K. W. 
Miller. ( Trans. A.I.E.E. (Elec. Eng., Decem-
ber Supplement, 1946.) vol. 65, pp. 1118-1119.) 
Discussion on 465 of March. 

517.512.4(083.5)  3174 
Tables of Spherical Bessel Functions, Vol. 1 

[Book Reviewl —Mathematical Tables Project, 
National Bureau of Standards. Columbia Uni-
versity Press, New York, 1947, 378 pp.. $7.50. 
(Gen. Elec. Rev.. vol. 50, p. 60; May, 1947.) The 
Introduction summarizes their properties, ex-
presses the Fresnel integrals in terms of them, 
and describes methods of computation. The 
present tables, with their great scope and ac-
curacy, now make possible the solution of a 
large number of important problems in a wide 
variety of fields. 

MEASURE MENTS AND TEST 
GEAR 

620.16:621.319.4.011.5  3175 
Metallized Capacitor Tests —P. Godley and 

J. C. Balsbaugh. (Electronics, vol. 20, pp. 112-
115; April, 1947.) 

620.163:621.385  3176 
Electrical Production Tests for High-Power 

Tubes —Sheren. (See 3334.) 

620.163:621.385  3177 
Production Test Facilities for High-Power 

Tubes —Lyndon. (See 3335.) 

621.317.32:621.317.755  3178 
Measurement of H.T. by Cathode-Ray 

Tube E.M .1. Laboratories —(Elearonie Eng., 
vol. 19, p. 177; June, 1947.) A special tube is 
used with two anode systems. The unknown 
voltage is applied to the second of these and a 
calibrated lower voltage to the first. The value 
of this lower voltage for accurate focusing of 
the beam is a measure of the unknown voltage. 

621.317.333+621.317.371:621.315.212.029 .6 
3179 

The Voltage Characteristics of Polythene 
Cables —R. Davis, A. E. W. Austen, and W. 
Jackson. (Jour. I.E.E. (London), Part III, vol. 
94, pp. 154-165; May, 1947. Discussion, pp. 
165-170.) An experimental investigation of 
breakdown voltage, power factor, life with pulse 
voltages and discharge characteristics at power 

frequencies and performance with 600- Mc. r.f. 
pulse operation. Tentative voltage ratings based 
on this work are proposed. 

621.317.333.027.3  3180 
High Voltage D.C. Testing of Rubber-In-

sulated Wire — W. N. Eddy and W. D. Fenn. 
(Trans. A.I.E.E. (Elec. Eng., December Sup-
plement, 1946.) vol. 65, p. 1126.) Discussion on 

3668 of 1946. 

621.317.34  3181 
Highly-Selective Transmission-Measuring 

Equipment for Communication Circuits —D. G. 
Tucker. (Jour. I.E.E. (London), Part III, vol. 
94, pp. 211-216; May, 1947.) The equipment 
can be designed to be within a specified degree 
of accuracy; ±0.25 db is readily obtainable. 
Basic principles are: (a) direct demodulation of 
the test signal by means of an identical fre-
quency obtained from an oscillator synchro-
nized to the test tone, (b) discrimination 
against unwanted line signals obtained by 
means of low-pass filters, (c) the elimination of 
the effect of the phase difference between the 
test and demodulating tones by Barber's two-
path method (2697 of October), and (d) the use 
of an envelope-modulated test signal. 

621.317.41.029.62:538.221  3182 
Ferrogmagnetism at Very High Frequen-

cies: Part 1—Magnetic Iron at 200 Mc/s — 
M. H. Johnson, G. T. Rado, and M. Maloof. 
(Phys. Rev., vol. 71, pp. 322-323; March 1, 
1947.) A method of determining the complex 
permeability by measuring the phase velocity 
and attenuation in a coaxial line whose center 
conductor is the metal under investigation. The 
results at 200 Mc. suggest that magnetization 
by displacement of domain boundary walls is 
greatly reduced and magnetization by rotation 

is the dominant effect. 

621.317.41.029.62:538.221  3183 
Complex Permeability of Magnetic Iron at 

200 Mc/s as a Function of Polarizing Field — 
G. T. Rado, M. H. Johnson, and M. Maloof. 
(Phys. Rev., vol. 71, p.472; April 1, 1947.) Sum-
mary of American Physical Society paper. Re-
sults obtained by extension of method of 2852 
of October. 

621.317.44.025  3184 
Alternating Current Probe for the Measure-

ment of Magnetic Fields —E. C. Gregg. (Phys. 
Rev., vol. 71, p. 482; April 1, 1947.) Summary 

of American Physical Society paper. The probe 
consisted of a 150-turn primary winding and a 
100-turn secondary wound on a 0.1-inch length 
of Permalloy wire 0.01 inch in diameter. The 
probe had the dimensions of a cylinder 0.1 inch 
long and 0.08 inch in diameter. An a.c. null 
detector method was used, an adjustable d.c. 
current in the primary serving as a measure of 
the unknown magnetic field. The accuracy of 
the probe measurements was about 0.2 per cent. 

621.317.7+621.38+621.396.69  3185 

The Physical Society's Exhibition —(ElecIronic Eng., vol. 19, pp. 195-198; June, 1947.) 

See also 2494 of September. 

621.317.7+621.396.69  3186 
The R.C.M.F. [Radio Component Manufac-

turers' Federation] Exhibition —(See 3078.) 

621.317.7.029.64:621.396.611.4 3 

Cavity Resonators for Measurements with 7 

Centimeter Electromagnetic Waves -B. Blea-
ney, J. H. N. Loubser, and R. P. Penrose. (Proc. 
Phys. Soc., vol. 59, pp. 185-199; March 1, 1947.) 
"A wave-meter for wavelengths of about a cen-
timeter, with an accuracy of 1 to 2 parts in 
10,000, is described." Measurements at wave-
lengths of 3.2 and 1.35 centimeters of the 
dielectric constant and power factor of six non-
polar liquids are described and tabulated. 
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621.317.72.029.36/.5 0 621.392.43  3188 
Additional Notes on the "Micromatch" — 

M. C. Jones and C. Sonthelmer. (0S7', vol. 31, 
P. 45; July, 1947.) A complete account of the 
modifications to the original design (2853 of 
October) to improve the performance at 30 Mc.; 
details of the revised circuit and components 
and the best method of assembly are given. 

621.317.73.029.63:621.315.212  3189 
Comparator for Coaxial Line Adjustments — 

Woodward. (See 3016.) 

621.317.733  3190 
Measuring Megohms to a Few Parts in a 

Million —H. T. Wilhelm. (Bell Lab. Rec., vol. 
25, pp. 155-158; April, 1947.) Bridge method of 
measurement used in production to obtain re-
sistance-ratios constant to <100 parts in 106 
for a range of temperature from -40 degrees to 
60 degrees Centigrade. 

621.317.755  3191 
Trends in Cathode-Ray Oscillograph Design 

— W. L. Gaines. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, p. 454.) Summary 
only. 

621.317.755:621.394.813  3192 
A Cathode-Ray Telegraph Distortion Meas-

uring Set —W. T. Rea. (Bell Lab. Rec., vol. 25, 
pp. 150-154; April, 1947.) A portable set with 
a built-in supply unit. A simplified circuit of 
diagram is given. 

621.317. 61:621.165  3193 
An Electronic Frequency Meter and Speed 

Regulator —E. Levin. (Trans. A.I.E.E. (Elec. 
Eng., December Supplement, 1946) vol. 65, pp. 
1181-1182.) Discussion on 1148 of May. 

621.317.761.029.64  3194 
S.H.F. Heterodyne Frequency Meter — 

C. D. Jeffries. (Electronics, vol. 20, pp. 134-137; 
April, 1947.) Portable instrument for the range 
450 to 10,000 Mc. with a maximum error less 
than 0.05 per cent. 

621.317.784:621.3.015.33  3195 
The Notch Wattmeter for Low-Level Power 

Measurement of Microwave Pulses —D. F. 
Bowman. (Proc. Nat. Electronics Conference 
(Chicago), vol. 2, pp. 361-371.) The r.f. pulse 
of unknown amplitude is matched in amplitude 
with an interrupted c.w. signal. The interrupted 
portion or notch of the c.w. signal is adjusted to 
equal in length and to coincide in time with the 
unknown pulse. The amplitude is then meas-
ured by a self-balancing thermistor bridge, an 
instrument which indicates average power, and 
measures accurately the. peak pulse power of 
the unknown signal. Powers from 20 to 200 jaW 
can be measured within 5 per cent; accuracy is 
independent of pulse shape, pulse length, repe-
tition rate, and frequency modulation during 
the pulse. 

621.317.79:621.315.212  3196 
A Standing- Wave Meter for Coaxial Lines 

— H. 0. Pattison, Jr., R. M. Morris, and J. W. 
Smith. (QST, vol. 31, pp. 41-43; July, 1947.) 
A full account of the construction and perform-
ance, with diagrams and details of circuit and 
components. The meter is essentially a resist-
ance bridge with RI equal to the impedance of 
the line under test, in this case 52(2, so that sub-
stitution of R1 is necessary for other cables. A 
calibration curve is given for the instrument 
shown, and the method of calibration is de-
scribed fully. 

621.317.79:621.392  3197 
The Theory and Design of Several Types of 

Wave Selectors —Korman. (See 3019.) 

621.317.79:621.396.611  3198 
The Design of a Universal Automatic Cir-

cuit Tester and Its Application to Mass-Produc-
tion Testing —R. C. G. Willianis, J. E. Marshall, 

11. G. T. Bissmire, and J. W. Crawley. (Jour. 
I.E.E. (London), Part 1, vol. 94, pp. 194-196; 
April, 1947.) Summary of 2181 of August. 

621.317.79:621.396.615  3199 
The Sweep-Frequency Signal Generator — 

R. Racial!. (Radio News, vol. 37, pp. 47-50, 
114; June, 1947.) A full general description of 
Instruments used for testing if. and r.f. circuits 
and video amplifiers. The frequency response 
curve Is observed visually on an oscilloscope 
screen. 

621.317.79:621.396.615.14  3200 
A New Frequency-Modulated Signal Gener-

ator —D. M. Hill. (Communications, vol. 26, 
pp. 50-51; December, 1946.) Summary of a 
Rochester Fall Meeting paper. Covers the 
range 54 to 216 Mc. and can be used for ampli-
tude or frequency modulation either separately 
or simultaneously. A circuit dihgram is given. 

621.317.79.029.62  3201 
Standing-Wave Ratio Meter for V.H.F. — 

G. Glinski. (Tele-Tech, vol. 6, pp. 34-35; June, 
1947.) A simple directional coupler, consisting 
essentially of a section of auxiliary transmission 
line with matched terminations, coupled to the 
main transmission line. It can also he used as a 
power meter. 

621.317.79.089.6:[621.396.615.12/.14  3202 
A Method of Calibrating Standard-Signal 

Generators and Radio-Frequency Attenuators 
—G. F. Gainsborough. (Jour. I.E.E. (London), 
Part III, vol. 94, pp. 203-210; May, 1947.) The 
relative magthtudes of r.f. signals are measured 
by passing the signals through a linear hetero-
dyne frequency-converter and comparing the 
magnitudes of the resultant i.f. signals with 
those of signals from a standard i.f, generator of 
known performance. Signal ratios up to 10 db 
can be measured to 0.02 db; greater ratios up to 
90 db can be measured to within 0.2 per cent of 
their decibel values. Signals 16 db below noise 
can be measured to 0.5 db. The method has 
been used for frequencies betseen 3 and 3000 
Mc. and this range can be extended. 

621.396.11 +538.566  3203 
Velocity of Electromagnetic Waves--Es-

gen. (See 3249.) 

OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

533.5: 539.163.2.08: 620.191.33  3204 
The Mass Spectrometer as an Industrial 

Tool —A. 0. Nier. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 190-197). Applica-
tions to continuous process gas analysis and to 
leak detection in high-vacuum systems. 

535.33.072.029.63  3205 
A Microwave Spectrograph —R. H. Hughes 

and E. B. Wilson, Jr. (Phys. Rey., vol. 71, pp. 
562-563; April 15, 1947.) The basic principle is 
the use of a r.f. Stark effect field which modu-
lates the absorption by the gas so that a radio 
receiver can be used for detection purposes. 

538.74:621.385.832  3206 
Cathode-Ray  Compass —R.  T.  Squier. 

(Electronics, vol. 20, pp. 121-123; April, 1947.) 
Uses a vertical electron beam in a gimbal-
mounted tube with four horizontal quadrantal 
targets. The action depends on the varying tar-
get currents due to the deflection of the beam 
by the earth's magnetic field. 

539.16.08  3207 
Velocity of Propagation of the Discharge in 

Geiger-Mtdier Counters —E. Wantuch. (Phys. 
Rev., vol. 71, p. 646; May 1, 1947.) Experi-
mental results support the theory that the posi-
tive-ion sheath spreads by photon emission 
and ionization. Values of the propagation ve-
locity are lower than those found by Huber, Al-
der, and Baldinger (2867 of October). 

539.47m :6e20iu93  3208 Fundamental Problems of Nuclear 
Power-Plant Engineering —E. T. P. Neubauer. 
(Proc. Nat. Electronics Conference (Chicago), 
vol. 2, pp. 673-679.) 

621.313.2-9:621.314.653  3200 
Large  Electronic  Direct-Current  Motor 

Drives -M. M. blorack. (Proc. Nat. Electronics 
Conference (Chicago), vol. 2, pp. 212-225.) The 
use of sealed ignitrons extends electronics drives 
up to about 600 li.p, where reversing is not re-
quired. 

621313.2-9:621.316.721.076.7  3210 
Constant-Current Systems for Electronic 

Control of D.C. Motors —O. W. Livingston. 
(Gen. Elec. Rev., vol. 50, pp. 38-44; May, 1947.) 
Adjustment of speed for a wide variety of ap-
plications is effectively accomplished through' 
suitable modification of the basic constant-
torque system. 

621.313.2-9:621.316.721.076.7  3211 
Electronic Constant-Current Motor Systems 

— 0. W. Livingston. (Elec. Eng. (New York), vol. 
66, pp. 432-437; May, 1947.) Constant torque 
characteristics simplify use for certain applica-
tions. As adjustable speed drive, similar char-
acteristics to variable voltage system, with 
minimum number of power tubes. 

621.316.7:621.313.2-9  3212 
Basic Procedures in Motor Control: Part 

1—D.C. Series Motors —G. W. Heumann. 
(Gen. Elec. Rev., vol. 50, pp. 23-34; May, 1947. 
Methods of calculating performance and of se-
lecting types of control for matching motor 
characteristics to the operating requirements. 
To be continued. 

621.316.718.5.076.7: 621.313.3-9  3213 
Electric Speed Control of A.C. Motors — 

W. H. Elliot. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 226-238.) A review of 
basic circuits, with practical applications. 

621.317.39:1531.71 +531.787  3214 
The Pressuregraph —A. Crossley. (Proc. 

Nat. Electronics Conference (Chicago), vol. 2, 
PP. 352-360.) A compact pickup is used to mod-
ulate an h.f, source and transform pressure 
variation or mechanic al motion into a pressure-
time or displacement-time graph on a c.r.o. 

621.317.39:531.717.1  3215 
The Z-Callipers —A. G. Long. (Electronic 

Eng., vol. 19, p. 187; June, 1947.) Details of a 
simple instrument for measuring bulb wall 
thickness in terms otreadings of an a.c. mdli-
ammeter. 

621.317.39:6  3216 
Electric  Gauges  in  Quality  Control-

J. Manuele. (Elec. Eng. (New York), vol. 66, 
pp. 441-444; May, 1947.) 

621.317.39:620.178.3  3217 
A Modern Vibration Measurement Labora-

tory: Part 3—Types of Apparatus —A. J. Cog-
man. (Electronic Eng., vol. 19, pp. 152-156; 
May, 1947.) D.c. bridge methods of stress 
measurement using temperature compensation. 
An ac. bridge circuit for measuring steady 
stress by means of a c.r.o. is illustrated. A mo-
bile recording unit includes an amplifier of al-
most uniform response from 2 cycles to 10 kc. 
Some preliminary notes are also given on the 
measurement of h.f. vibrations. For part 4 see 
3218 below. 

621.317.39:620.178.3 3218 
A Modern Vibration Measurement 18Labo-

ratory:  Part  4—Fatigue  Testing —D.  M. 
Corke. (Electronic Eng., vol. 19, pp. 189-192; 
June, 1947.) The test apparatus is arranged as 
part of a regenerative electromechanical sys-
tem; instability is reduced by limiting the am-
plitude and adjusting the phase of the electri-
cal feedback. For part 3 see 3217 above. 
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521.317.755:535.33  3219 
The Cathode-Ray Spectrograph —R. Feldt 

and C. Berkley. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 198-211.) Pro-
duces complete spectral distribution curves on a 
c.r. screen. Applications to color matching, etc., 
are suggested. 

621.317.755:771.36  3220 
Cathode-Ray Tube Shutter-Testing Instru-

ment —D. T. R. Dighton and H. McG. Ross. 
(Jour. Sci. Instr., vol. 24, pp. 128-133; May, 
1947.) The apparatus gives, on an after-glow 
c.r. tube, the characteristic curve of a camera 
shutter, i.e., the variation with time of the light 
passing through the shutter. Full details are 
provided of the various circuits used in the in-
strument. 

621.365.5+621.365.92 1:621 .316 .726 .078 .3 
3221 

The Problem of Constant Frequency in In-
dustrial High-Frequency Heating Generators — 
E. Mittelmann. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 503-510.) 

621.365.5:621.314.653  3222 
Ignitron Converters for Induction Heating 

— R. J. Ballard and J. L. Boyer. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, pp. 
455-469.) A "cyclo-inverter" circuit converting 
directly 3-phase 60-cycle power to single-phase 
power at a higher frequency. 

621.365.52  3223 
Coreless Induction Furnaces —M. J. March-

banks. (Jour. I . E.E. (London), Part I, vol. 94, 
pp. 119-120; February, 1947.) Summary of 
I.E.E. paper. Another account noted in 1987 of 
1946. 

621.365.92  3224 
Heating by Dielectric Losses —G. Gourod. 

(Tech. Mod., vol. 39, pp. 45-49 and 113-119; 
February 1, 15 and April 1, 15, 1947. In 
French.) Formulas and graphical methods are 
given for finding the h.f. power required to 
,raise a given quantity of a dielectric to a given 
temperature. Applications to many branches of 
industry are reviewed. 

621.365.92:679.5  3225 
Dielectric Preheating in the Plastics Indus-

try —G. F. Leland, D. E. Watts, and T. N. Will-
cox. (Proc. Nat. Electronics Conference (Chi-
cago), vol. 2, pp. 488-502.) 

621.365.92.029.64  3226 
Microwaves and Their Possible Use in 

High-Frequency Heating -T. P. Kinn and J. 
Marcum. (Proc. Nat. Electronics Conference 
(Chicago), vol. 2, pp. 470-487.) Sources of c.w. 
power for r.f. heating at frequencies from 1500 
to 30,000 Mc. are discussed and microwave co-
axial transmission line and wave guide tech-
nique, including matching methods, described. 
Possible methods of using waveguides, aerials, 
and resonators to apply r.f. power to dielectric 
materials of various shapes are suggested. 

621.38:621.9  3227 
The Electronic Method of Contouring Con-

trol —J. Morgan. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 239-249.) See also 

207 of February. 

621.38:655.324.5  3228 
Electronic Register Control for Multicolor 

Printing — W. D. Cockrell. (Tranc. A .I.E.E. 
(Elec. Eng.), December Supplement , 1946j, vol. 
65, pp. 1117-1118.) Discussion on 3697 of 1946. 

621.383.001.8  3229 
An Electronic Reading Aid for the Blind--

V. K. Zworykin and L. E. Flory. (Proc. Amer. 
Phil. Soc., vol. 91, pp. 139-142; April 5, 1947.) 
A description of the equipment and a critical 
account of its application. It is not considered 
that the apparatus is ready for general use, al-

though after about 60 hours training two blind 
readers were able to identify letters at random 
with about 80 per cent accuracy. See also 3700 
of 1946. 

621.383.5.001.8+1621.383.5:621.318.57  3230 
The A.C. Behavior of the Barrier Layer 

Photo Cell —Sargrove. (See 3332.) 

621.384.3  3231 
Military Application of Infrared Viewers — 

G. E. Brown. (Proc. Not. Electronics Confer-
ence (Chicago), vol. 2, pp. 181-188.) 

621.384.6  3232 
Optimum Disturbing Field for Synchrotron 

Beam Ejection —F. K. Goward and J. Dain. 
( Nature (London), vol. 159, pp. 636-637; May, 
1947.) Theoretical analysis of the reactive 
power required to build up the disturbing field 
and of the conditions that minimize this power. 

621.384.6  3233 
Nuclear Research With the 100- MeV Beta-

tron —E. E. Charlton and G. C. Baldwin. (Proc. 
Nal. Electronics Conference (Chicago), vol. 2, 
pp. 650-672.) A descript ion of the General Elec-
tric betatron, with experimental results. 

621.384.6  3234 
Initial Performance of the 184-Inch Cyclo-

tron of the University of California — W. M. 
Brobeck, E. 0. Lawrence, K. R. MacKenzie, 
E. M. McMillan, R. Serber, D. C. Sewell, 
K. M. Simpson, and R. L. Thornton. (Phys. 
Rev., vol. 71, pp. 449-456; April 1, 1947.) A 
brief description of equipment and experiments 
by which deuteron and alpha-particle beams, of 
approximately 200 and 400 Mev respectively, 
have been produced. The characteristics of the 
high-power (18 kw input) frequency-modulated 
h.f. generator are mentioned. 

621.384.6  3235 
An Accelerator Column for Two to Six Mil-

lion Volts —R. R. Machlett. (Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, pp. 680-
687.) Manufacturing techniques for multi-sec-

tion tubes. 

621.385.833  3236 
Summarized Proceedings of Conference on 

the Electron Microscope. Oxford 1946 —(Jour. 
Sci. Instr., vol. 24, pp. 113-119; May, 1947.) 
Sessions were devoted to: (a) construction, in-
cluding descriptions of various recent develop-
ments and discussion of design principles, (b) 
the technique of specimen preparation, and (c) 
special applications. 

621.385.833  3237 
Proceedings of the Electron Microscope So-

ciety of America —(Jour. Appl. Phys., vol. 18, 
pp. 269-273; March, 1947.) Titles and abstracts 
of 36 papers presented at the 1946 annual meet-

ing. 

621.385.833  3238 
On the Limit of Resolution of the Electron 

Microscope: Round Lens. -11. Bruck. (Compt. 
Rend. Acad. Sci. (Paris), vol. 224, pp. 1553-
1555; June 2, 1947.) A discussion of the differ-
ent values obtained for the limit of resolution in 
the Gauss plane by use of the superposition for-
mula, that of Born and Glaser and Rayleigh's 
X/4 rule, with graphs and a numerical table. 

621.385.833  3239 
A  Methyl  Methacrylate-Sllica  Replica 

Technique for Electron Microscopy—A. F. 
Brown and W. M. Jones. ( Nature (London), 
vol. 159, pp. 635-636; May 10, 1947.)  A 
method requiring neither pressure nor high 
temperature and applicable to many types of 
material. 

621.386.001.8  3240 
One-Millionth-Second Radiography and Its 

Applications —C. M. Slack and D. C. Dickson, 

Jr. (Puoc. IR E., vol. 35, pp. 600-606; June, 
1947.) Outline of development of the modern 
cold-cathode X-ray tube, in which 1000-Am-
pere microsecond pulses are obtained, and of 
the associated 300-kv. surge-generator. The 
equipment has had particular application to 
studying the effect of bullets passing through 
material opaque to light. Summary noted in 
1613 of 1946. 

621.391.64  3241 
Modulation of Infrared Sources for Signal-

ing Purposes — W. S. Huxford. (Proc. Not. 
Electronics Conference (Chicago), vol. 2, pp. 
158-170.) An account of various modulation 
methods, including  mechanical  modulation 
used by the Japanese, and German mechanical 
and optical methods. Details are given of two 
new types of electrically modulated arc lamps, 
(a) the concentrated arc, and (b) the calcium 
vapor arc. 

621.396.9.083.7:551.5  3242 
Telemetering from V-2 Rockets: Part 2— 

V. L. Ileeren, C. H. Hoeppner, J. R. Kauke, 
S. W. Lichtman, and P. R. Shifflett. (Electron-
ics, vol. 20, pp. 124-127; April, 1947.) A time-
modulated pulse system is used. The output of 
the ground station 1000-Mc. receiver contains 
trains of pulses spaced according to instrument 
readings in the rocket. Circuits for decoding 
these pulses into individual voltages for record-
ing are given. For part 1 see 2536 of September. 

621.398:621.397.6  3243 
Television Equipment for Guided Missiles 

—C. J. Marshall and L. Katz. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, pp. 
115-129.) 

623.26:621.396.9  3244 
Detectors for Buried Metallic Bodies — 

L. F. Curtis. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 339-351.) Various de-
velopment problems are discussed and a de-
scription is given of the SCR-625 detector, 
which uses a 1-kc. transmitter and receiver and 
a balanced coil system. 

623.978+550.8381:538.71  3245 
Magnetic Prospecting — W. J. Shackelton. 

(Bell Lab. Rec., vol. 25, pp. 142-145; April, 
1947.) Short account of an airborne magnetic 

detector, and its application to submarine de-
tection and geophysical prospecting. 

778.332  3246 
Electronic Timing Provides Uniform X-Ray 

Exposures —li. D. Moreland. (Radiography, 
vol. 13, pp. 51-54; May, 1947.) X-ray radia-
tion, after passing through an object, is con-
verted to visible radiation measured by a pho-
toelectric cell which opens a relay switch in the 
X-ray circuit. 

PROPAGATION OF WAVES 

538.566.2:517.94  3247 
Two Notes on Phase-Integral Methods — 

Furry. (See 3095.) 

538.569.4.029.64  3248 
Various Papers on Absorption of Micro-

waves  (See 3096 to 3100.) 

621.396.11 +538.566  3249 
Velocity of Electromagnetic Waves —L. Es-

sen. (Nature (London), vol. 159, pp. 611-612; 
May 3, 1947.) An account of the results ob-
tained from velocity determination by reson-
ance of a short length of a wave guide closed at 
both ends, using centimeter waves. The ac-
curacy is comparable with that of light velocity 
measurements, and tile average result obtained 
is 17 kilometers higher than that generally ac-
cepted for light waves, although this discrep-
ancy is within the combined limits of error for 
the two measurements. 
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621.396.11  3250 
The Elements of Wave Propagation Using 

the Impedance Concept —H. G. Booker. (Jour. 
I.E.E. (London), Part III, vol. 94, pp. 171-198; 
May, 1947. Discussion, pp. 199-202.) The 
theory of transmission lines is normally ap-
proached from the point of view of circuits and 
developed in terms of the impedance concept, 
whereas the theory of more general forms of 
wave propagation tends to be developed from 
Maxwell's equations. By using the concept of 
field impedance, propagation and transmission 
line phenomena can be integrated into a single 
picture. Phenomena such as the Brewster an-
gle, the critical angle, propagation in hollow 
metal pipes, reflection, and transmission by 
wire netting, etc., all have their counterparts in 
transmission line theory. For example, it is 
easier to explain the part played by the less 
dense medium in total internal reflection by re-
garding total internal reflection as analogous to 
a reactive load on the end of a simple transmis-
sion system. The impedance concept can, in fact, 
be regarded as complementary to the optical 
approach to electromagnetic phenomena. 

The impedance concept is here applied to: 
(a) a simple infinite plane wave; (b) reflection 
at a discontinuity between two dielectrics, (c) 
extension of (b) to conducting media and to 
oblique incidence, (d) extension of the use of 
circle diagrams, (e) the effect of obstacles such 
as an infinite plane sheet of wire netting on an 
incident plane wave, (f) propagation along a 
wave guide. Energy, metal losses, the use of 
matrices and radiation from aerials are also dis-
cussed. The correspondence between transmis-
sion-line and propagation phenomena is made 
clear by placing corresponding equations in 
parallel columns; for example, the obstacles 
mentioned in (e), above, correspond to lumped 
shunt impedances. 

621.396.11:550.385  3251 
Effect of Magnetic Perturbations on the 

Velocity of Short Radio Waves —N. Stoyko. 
(Compt. Rend. Acad. Sci. (Paris), vol. 224, P. 
1281; May 5, 1947.) From reception results for 
17-35 m. at Buenos Aires, Paris, Tokyo, and 
Washington, and magnetic data provided by 
the University of Paris, it is found that for di-
rect propagation the apparent velocity dimin-
ishes from 275 660 kilometers per second for 
magnetically calm conditions to 272 090 kilo-
meters per second for very disturbed conditions, 
while for "super-propagation" (along the longer 
arc of the great circle) the apparent velocity in-
creases from 284, 502 kilometers per second for 
calm days to 288, 283 kilometers per second for 
very disturbed conditions. For earlier work see 
3780 of 1945, 945 of 1942, and back references. 

611.396.11:551.510.535  3252 
Equivalent Path and Absorption in an Iono-

spheric Region —J. C. Jaeger. (Proc. Phys. Soc., 
vol. 59, pp. 87-96; January 1, 1947.) Formulas 
for the calculation of absorption and equivalent 
path for rays vertically incident on an ionized 
region, the ionization of which varies expo-
nentially (a Chapman region), are deduced for 
the cases of transmision and of reflection from 
above and below. Tables of numerical values 
are appended. The results are compared with 
those obtained on the basis of a parabolic varia-
tion of ionization. 

621.396.11:551.510.535  3253 
Predicting World Area Coverage by Re-

flected Waves —N. A. Atwood. (Tele-Tech, 
vol. 6, pp. 38-42, 104; June, 1947.) Technical 
details of a new method for predicting the maxi-
mum usable frequency and the optimum work-
ing frequency for any radio link. Use is made 
of a slide-rule type of device consisting of a 
transparent world map, a transparent time-fre-
quency chart, and a series of great-circle charts 
These are similar to the maps and charts con-
tained in the C.R.P.L. Basic Radio Propaga-
tion Predictions. 

621.396,11.029.58:551.510.535  3254 
Doppler Effect in Propagation —H. V. Grif-

fiths. ( Wireless Eng., vol. 24, pp. 162-166; June, 
1947.) Changes of 2 to 7 parts in 10e have been 
observed in the received frequency of W WV 
standard transmissions on 15 Mc., which are 
accurate to ±2 parts in 10e. Further measure-
ments under different conditions have shown 
that the divergence is not wholly or largely due 
to the difference in frequency standards. 
Trigonometrical formulas for the path 

length and the Doppler effect resulting from 
the changes in path length are deduced. A rate 
of change of the virtual height of the reflecting 
layer of the order of 3 to 6 meters could account 
for the observed frequency difference between 
the received and transmitted signals. 

621.396.11.029.6  3255 
Radio Propagation at Frequencies Above 30 

Megacycles —K. Bullington. 'Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, p. 130.) 
Summary only. Discusses the effect on propa-
gation of frequency, range, aerial height, curva-
ture of the earth, atmospheric conditions, etc. 
Charts are given from which an estimate of re-
ceived power and field intensity for a given 
transmission path can be obtained quickly. 

621.396.11.029.6:621.397.81  3256 
Analyzing TV Propagation at U.H.F. — 

R. P. Wakeman. (Tele-Tech, vol. 6, pp. 62-65, 
115; June, 1947.) From investigations by the 
F.C.C. of diffraction effects, u.h.f. at present 
carrier power levels appears to be useful only 
for line-of-sight service. 

621.396.11.02944:535.434  3257 
Radar Echoes from the Sea Surf ace at Cen-

timeter WaveLengths —H. Davies and G. G. 
Macfarlane. (Proc. Phys. Soc., vol. 58, pp. 717-
729; November 1, 1946.) An account is given 
of quantitative measurements of the echoes ob-
tained from the sea surface under various 
weather conditions with radars operating on 
wavelengths of 1.25,3, and 10 centimeters. The 
necessary theoretical treatment is given; a 
"scattering coefficient" of the surface is defined 
and its variation with sea conditions and angle 
of elevation is shown. See also 423 of March and 
2218 of August, for which the above U.D.C. 
would have been preferable. 

621.396.81.029.63:621.397.81  3258 
Results of Field Tests on U.H.F.(490 Mc/s) 

Color Television Transmissions in the New 
York Metropolitan Area —E. B. Lodge. (Proc. 
Not. Electronics Conference (Chicago), vol. 2, 
p. 156.) Summary only. 

RECEPTION 

621.396.621 +621.396.662.2.029.62  3259 
Front-End Design of F. M. Receivers — 

C. R. Miner. (Proc. Nat. Elearonics Confer-
ence (Chicago), vol. 2, pp. 564-569.) Details of 
a new type of guillotine tuner for receivers for 
the 100-Mc. band. See also 2052 of August. 

621.396.621  3260 
High-Fidelity Miniature Tube Receiver — 

J. C. floadley. (Radio News, vol. 37, pp. 47-
49, 171; April, 1947.) 

621.396.621: 621.396.681  3261 
28 Volts H.T. and L.T. —R. Terlecki and 

J. W. Whitehead. (Electronic Eng., vol. 19, pp. 
157-159; May, 1947.) Discusses the design of 
receivers for operation direct from a 28-volt 
supply, without either rotary converters or vi-
brators. Tests with a modified American com-
munications receiver gave very satisfactory re-
sults. Suitable tubes are listed. 

621 .396 .62 1.54:621.396.615.142:621.396.96 

3262 
Reflex Oscillators for Radar Systems — 

McNally and Shepherd. (See 3057.) 

621.396.621.54.029.6:621.396.5  32 
An Experimental Receiver for Ultra-Sho 

Wave Radio-Telephony with Frequency Mod 
lation —A. van Wed. (Philips Tech. Rev., vol. 8 
pp. 193-198; July, 1946.) Description of a au 
heterodyne receiver for a mean carrier fr 
quency of about 300 Mc. The push-pull mixi 
stage is made self-oscillating by introducing an 
"asymmetric" input circuit tuned to the local 
oscillator frequency. As no separate oscillator 
is required there is a reduction in fluctuation 
noise, so that an h.f. amplifier can be omitted 
with only a small reduction in the signal-to-
noise ratio. For a description of the transmitter 
used for the same Tilburg-Eindhoven link, see 
2606 of September. 

621.396.622  3264 
A New Detector for Frequency Modulation 

— W. E. Bradley. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 570-576.) A de-
scription of the circuit, design procedure, and 
alignment of a single stage f.m. detector. Tests 
show it to be comparatively unresponsive to 
a.m. and free from practical defects. 

621.396.662:621.396.621.54.029.62  3265 
V.H.F. Tuner Design —G. Wallin and C. W. 

Dymond. (Proc. Nat. Electronics Conference 
(Chicago), vol. 2, pp. 557-563.) The design of 
a single-oscillator double-superheterodyne cir-
cuit for use on the 88 to 108 Mc. f.m. band is 
described. Receiver performance characteristics 
are given. 

621.396.82:621,396,619.13  3266 
Frequency Modulation Distortion Caused 

by Common- and Adjacent-Channel Interfer-
ence —M. S. Corrington. (RCA Rev., vol. 7, pp. 
522-560; December, 1946.) Formulas are de-
veloped for computing the amplitudes of har-
monics and cross-modulation formed by the 
interference of two f.m. waves. From these the 
effects on f.m. reception of a de-emphasis net-
work following the discriminator, of a low-pass 
audio filter and of nonlinear phase shift in the 
amplifiers are calculated. 

621.396.82.029.5  3267 
Interference Between V.H.F. Radio Com-

munication Circuits — W. R. Young, Jr. (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
p. 131.) Summary only. A discussion of com-
mon causes of such interference, with measure-
ment results and computation formulas. 

621.396.822:621.396,613,1412  .3268 
Excess Noise in Cavity Magnetrons —R. L. 

Sproul!. (Jour. App!. Phys., vol. 18, pp. 314-
320; March, 1947.) A fluctuating noise modula-
tion in excess of shot noise in 4000-Mc. magne-
tron oscillations is described. The effects of gas 
pressure and cathode material on the ratio of 
noise to r.f. output were investigated and the 
gas near the cathode examined by spectro-
graph. The excess noise is attributed to the 
liberation of metal atoms from the oxide coated 
cathode by bombarding electrons. Details are 
given of a cathode in which the oblique path of 
bombardment is used to separate the emitting 
and bombarded surfaces. 

621 .39 6.828:621.3 96.619.16  3269 

Pulse Modulation Noise Suppression Char-
acteristics —S. Moskowitz and D. D. Grieg. 
(Communications, vol. 27, pp. 42-43; March, 
1947.) Summary of 1947 I.R.E. Convention pa-
per. 

STATIONS AND CO MMUNICATION 
SYSTE MS 

621.394.44  3270 
Carrier Telegraphy —J. te Winkel. (Philips 

Tech. Rev., vol. 8, pp. 206-213; July, 1946.) A 
method in which 18 telegraphic channels are 
contained in the frequency band of a single 
telephone connection. 
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621.395.44:621.315.052.63  3271 
Rural Carrier Telephony —(Elec. Eng., vol. 

66, pp. 425-431; May, 1947.) A carrier system 
for application on power lines. Summary of "A 
Carrier Telephone System for Rural Service," 
by T. M. Barstow and "Application of Rural 
Carrier Telephone System," by E. H. B. Bar-
telink, L. E. Cook, F. A. Cowan, and G. R. 
Messmer. 

621.395.44:621.315.052.63  3272 
Field Tests on Power-Line Carrier-Current 

Equipment —R. H. Miller and E. S. Prud'-
homme. ( Trans. A.I.E.E. (Elec. Eng., Decem-
ber Supplement, 1946), vol. 65, pp. 1177-1178.) 
Discussion 1207 of May. 

621.395.5:621.317.34  3273 
Transmission Rating of Telephone Systems 

— W. A. Codd. ( Trans. A.I.E.E. (Elec. Eng., 
December Supplement, 1946), vol. 65, p. 1123.) 
Discussion on 1208 of May. 

621.396.1  3274 
The Job Ahead —C. R. Denny. (Paoc. 

I.R.E., vol. 35, pp. 598-599; June, 1947.) The 
chairman of the F.C.C. asks radio engineers for 
ways and means of winning the battle for ether-
space. 

621.396.619.11/.13:534.78  3275 
Narrow-Band F. M. for Voice Communica-

tion —N. Bishop. (QST, vol. 31, pp. 20-23; 
May, 1947.) Comparison of a.m. and narrow-
band f.m. shows that the latter gives greater in-
telligibility with weak signals. 

621.396.619.11/.131.029.62:621.396.931  3276 
Amplitude- Modulated Communication in 

the V.H.F. Band —D. H. Hughes. (Electronic 
Eng., vol. 19, pp. 143-146, 151; May, 1947.) 
The relative merits of f.m. and a.m, are dis-
cussed and miniature mobile radiotelephone 
equipment using a.m. is described. It occupies 
1 ft.' for a weight of 40 pounds and radiates 12 
watts at frequency between 80 and ILO Mc. The 
results of some field tests are given. 

'621.396.619.16: 621.396.13: 621.396.97  3277 
Pulse-Time Multiplex Broadcasting on the 

Ultra-High Frequencies —D. D. Grieg and 
S. Moskowitz. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 531-547.) The ad-
vantages of a multiplex broadcast system over 
a simplex system are discussed. Details are 
given of time-division and frequency-division 
multiplex systems, apparatus employed, and 
results obtained. See also 3049 of 1946 (Grieg). 

621.396.619.16:621.396.41  3278 
Multiplex  Employing  Pulse  Time  and 

Pulsed F.M. Modulation —H. Goldberg and 
C. C. Bath. (Communications, vol. 27, pp. 41-
42; March, 1947.) Summary of 1947 IR E. 
Convention paper. 

621.396.65+621.397.261:629.135  3279 
Stratovision System of Communication — 

C. E. Nobles. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 54-72.) The proposed 
system uses high-altitude aircraft transmission. 
The same aircraft may carry television and f.m. 
transmitters, as well as radio-relaying transmit-
ters. Experimental curves are given of field-
strengths at various distances from an aircraft 
transmitting on 107.5 Mc. and 514 Mc. at 
about 20,000 It. For previous accounts see 3970 
of 1945, 3090 and 3801 of 1946, and 2588 of 
September. 

621.396.65+621.397.261:.629.1 35  3280 
The Stratovision System of Communication 

— Aircraft Requirements— W. K. Ebel. (Proc. 
Nat. Electronics Conference (Chicago), vol. 2, 
pp. 73-81.) Design considerations for reliabil-

ity and economy of operation. 

621.396.65.029.63:621.396.6 19 .16  3281 
Pulse Time Division Radio Relay —B. Tre-

vor, 0. E. Dow, and W. D. Houghton. (RCA 
Rev., vol. 7, pp. 561-575; December, 1946.) De-
scription of a radio relay set developed for the 
U. S. Army. Two sets provide eight two-way 
telephone circuits, over a line-of-sight path of 
between 50 and 100 miles. The frequency range 
is 1350 to 1500 Mc.; a time division multiplex 
system and pulse position modulation are used. 
See also 3283 below. 

621.396.65.029.64  3282 
A Microwave Relay Communication Sys-

tem —G. G. Gerlach. (Proc. Nat. Electronics 
Conference (Chicago), vol. 2, pp. 511-530.) Ado-

-scription of a multichannel f.m. 4000-Mc. relay 
system using a 1-Mc. f.m. sub-carrier. The in-
termediate relay stations are unattended. See 
also 1578 of June (Thompson). 

621.396.65.029.64  3283 
A Microwave Relay Communication System 

• — G. G. Gerlach. (RCA Rev., vol. 7, pp. 576-
600; December, 1946.) A review of experi-
mental results obtained with a 4000 Mc. multi-
channel relay system using a f.m. sub-carrier 
for frequency-modulation of the final carrier. 
Demodulation to sub-carrier frequency is ef-
fected at the relay stations. The equipment de-
veloped from these experiments and to be used 
commercially for linking New York, Washing-
ton, and Pittsburgh, is described in detail. See 
also 3048 and 3748 of 1946 and 2935 of October. 

621.396.712.2  3284 
W NE W Program Dispatching System — 

J. Peterson. (T ele- Tech, vol. 6, pp. 50-51, Ill; 
June, 1947.) A master control console is de-
signed for flexibility in handling multiple pro-
grams and can deal with seven studios and three 
remote channels simultaneously. 

621.396.931  3285 
Vehicle Radiotelephony Becomes a Bell 

System Practice —A. C. Peterson, Jr. (Bell 
Lab. Rec., vol. 25, pp. 137-141; April, 1947.) 
A brief description of a mobile radio-telephone 
system, operating on frequencies in the range 
100 to 200 Mc. and providing two-way com-
munication between any subscriber's vehicle 
and the normal telephone system. 

621.396.931  3286 
Selective-Calling Systems in Mobile Radio 

Communication —L. Morris. (Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, pp. 644-
649.) 

SUBSIDIARY APPARATUS 

621-526  3287 
Dimensionless Analysis of Servomecha-

nisms by Electrical Analogy —S. W. Henvald 
and G. D. McCann. (Trans. A.I.E.E. (Elec. 
Eng., December Supplement, 1946), vol. 65, 
p. 1132.) Discussion on 543 of March. 

621-526  3288 
Parallel Circuits in  Servomechanisms — 

II. T. Marcy. (Trans. A.1.E.E. (Elec. Eng., 
December Supplement, 1946), vol. 65, p. 1128.) 
Discussion on 3763 of 1946. 

621-526  3289 
The Frequency Response of Automatic Con-

trol Systems —H. Harris, Jr. (Trans. A . I . E. E. 
(Elec. Eng., December Supplement, 1946), vol 
65, pp. 1131-1132.) Discussion on 361 of 1946' 

621-526  3290 
High-Performance Demodulators for Ser-

vomechanisms  K. E. Schreiner. (Proc. NW. 
Electronics Conference (Chicago), vol. 2, pp. 
393-403.) 

621.313.2  3291 
The "Electrotor"—J. V. Eurich. (Elec-

tronic Eng., vol. 19, pp. 160-161; May, 1947.) 
For another account of this equipment see 2943 
of October. 

621.317.755  3292 
Trends in Cathode-Ray Oscillograph De-

sign —Gaines. (See 3191.) 

621.318.3  3293 
A.C. Magnets and Solenoids —L. T. Rader. 

(Elec. Eng., vol. 66, pp. 487-492; May, 1947.) 
The design and construction of single phase a.c. 
magnets. Their advantages over d.c. magnets 
are briefly discussed. 

621.318.5  3294 
Telephone Relays —and Their Use in Elec-

tronic Circuits: Part 1—A. A. Chubb. (Elec-
tronic Eng., vol. 19, pp. 172-177; June, 1947.) 
The operating conditions of common types of 
relay are described and the load-line method of 
matching a relay to a tube is discussed. To be 
continued. 

621.352.8  3295 
Characteristics of the  Silver Chloride-

Magnesium Water Activated Battery —J. B. 
Mullen and P. L. Howard. (Electrochemical 
Society, Preprint 90-33, pp. 411-422.) The full 
account of a new type of cell referred to in 2948 
of October. 

TELEVISION AND PHOTO-
TELEGRAPHY 

537.291-F538.6911: 621.385.832  3296 
Electron  Optics of Deflection Fields — 

R. G. E. Hutter. (Proc. Nat. Electronics Con-
ference (Chicago), vol. 2, pp. 424-453; October 
3 and 5, 1946.) 

621.397.3  3297 
Simultaneous All-Electronic Color Tele-

vision —RCA Laboratories Division. (RCA 
Rev., vol. 7, pp. 459-468; December, 1946.) The 
first progress report on the new system which 
enables the three color images to be trans-
mitted simultaneously. Each color channel 
employs the same standards as are in use for 
black and white transmission, so that the green 
channel can transmit monochrome pictures. 
Undesirable obsolescence is thus avoided, as 
the system can be interchanged with ordinary 
black-and-white television. Apparatus for scan-
ning, color slides and color motion-picture film 
is described in detail, and the construction of 
the receivers used in the experimental work is 

explained. 

621.397.44  3298 
Television Relaying —P. H. Reedy. (Com-

munications, vol. 26, pp. 18-21; December, 
1946.) Summary of a Rochester Fall Meeting 
Paper. Color television relaying by means of 
cable and radio. Tests on short-range transmis-
sions are outlined and a description of a KO-Mc 
relay transmitter is given. Long-distance cable 
tests indicate the superiority of color over black 
and white, despite bandwidth limitations. 

621.397.5  3299 
A Report on the 1946 Rochester Fall Meet-

ing —L. Winner. (Communications, vol. 26, pp. 
18-25, 51; December, 1946. 

621.397.5  3300 
Ttlevision as a Public Service —R. F. Guy. 

(Communications, vol. 26, pp. 21-22.) Summary 
of a Rochester Fall Meeting paper. 

621.397.5  3301 
Television —(RCA Rev., vol. 7, pp. 641-

655; December, 1946.) A list of some 275 pa-
pers published by R.C.A. authors from 1929 to 
1946 on television and related subjects. 

621.397.5:621.318.572  3302 
Counter-Timer for Television —C. E. Hall-

mark. (Communications, vol. 27, p. 14; March, 
1947.) Summary of 1947 I.R.E. Convention pa-

per. 
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621.397.5:621.396.67  3303 
Load Characteristics of Television Antenna 

Systems: Part 3—G. E. Hamilton and R. K. 
Olsen. (Communications, vol. 27, pp. 20-25; 
March, 1947.) Aerial impedance characteristics 
are discussed and phrasing and matching meth-
ods for transmitting aerials are given, with par-
ticular reference to (a) the doughnut type of 
folded dipole with elements of the same or un-
equal diameter, (b) a double-folded system in 
turnstile and (c) three-element folded dipoles. 
Where many measurements are found neces-
sary and the complex nature of the load must 
be plotted, transmission line charts may be used 
to simplify the calculation. Suitable charts are 
"Chart for Transmission Line Measurements 
and Computations," by P. S. Carter, (RCA 
Review, January 1939); "Practical Analysis of 
Ultra-High-Frequency," by J. R. Meagher and 
H. J. Markley, (RCA Service Co.) and "Trans-
mission Line Calculator," by P. H. Smith 
(Electronics, January, 1939.) For parts 1 and 2 
see 2262 of August. 

621.397.5:621.396.67  3304 
Television Antenna Installations Giving 

Multiple Receiver Outlets —Ehret. (See 3029.) 

621.397.6  3305 
Television Deflection Circuits: Part 1— 

Molded Iron Dust Cores for Use in Horizontal 
Dine] Deflection Circuits. Part 2—Theory and 
Design of Combined Low-Loss Horizontal De-
flecting and High-Voltage Power-Supply Sys-
tems —A. W. Friend. (RCA Rev., vol. 8, pp. 
98-138, March, 1947.) Part I: A low-loss, in-
expensive system using compressed sponge-iron 
cores for transformers and yokes enables line 
deflection to be obtained for a 27-kb kinescope 
from two type 807 tubes. Curves of the proper-
ties of the core material. photograChs of typical 
yokes and transformers and circuit details are 
given. Part 2: A complete analysis with design 
equations and charts. 

621.397.6  3306 
The Use of Powdered Iron in Television 

Deflecting Circuits —A. W. Friend. (Proc. Nat. 
Electronics Conference (Chicago), vol. 2, pp. 
89-114.) A shortened version of 3305 above. 

621.397.6  3307 
Westinghouse  Color  Television  Studio 

Equipment —D. L. Balthis. (Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, pp. 27-39.) 
A descriptive account of the electrical and opti-
cal equipment required to convert a 35-mm. 
color slide, or a 16-mm. color film and its asso-
ciated sound into signals suitable for an u.h.f. 
color television transmitter (480 to 920 Mc.). 
The color operation is based on the use of three 
primary colors with sequential scanning by 
means of color filters. Sound and picture signals 
are transmitted on the same frequency. 

621.397.6:621.398  3308 
Television Equipment for Guided Missiles — 

C. J. Marshall and L. Katz. (Proc. Nat. Elec-
tronics Conference (Chicago), vol. 2, pp. 115-
129.) 

621.397.6:629.135  3309 
Television Equipment for Aircraft—M. A. 

Trainer and W. J. Poch. (RCA Rev., vol. 7, pp. 
459-502; December, 1946.) A light-weight air-
borne television equipment operating on a fre-
quency of about 100 Mc. is described, and the 
design considerations involved are listed and 
discussed. The transmitter and camera are en-
closed in a single unit which, together with a 
monitor and power supply, comprises the trans-
mitting station. Flight tests of the equipment 
showed difficulties peculiar to the transmission 
of television signals from aircraft; methods used 
for minimizing these difficulties are discussed. 
In particular instability of synchronization was 
overcome by use of a keyed automatic volume 
control and difficulties due to multi-path trans-

mission from one plane to another by keeping 
the frequency modulation of the transmitter to 
a minimum. 

621.397.61  3310 
High-Power  Television  Transmitters — 

Some Aspects of Their Design: Parts 1 and 2— 
P. A. T. Bevan. (Electronic Eng., vol. 19, PP. 
138-142 and 181-184, 204; May and June, 
1947.) Considers the problems associated with 
peak power outputs up to 50 kW, involving 
bandwidths up to ±5 Mc., with special refer-
ence to the B.B.C. 405-line system. Wide band-
width requires "maximally flat" coupled cir-
cuits of low Q and this implies a low anode load 
resistance for the amplifier tube, thus limiting 
the power output and anode conversion ef-
ficiency.  Recent short single-ended  water 
cooled tubes such as the CAT21 give the small 
grid-lead inductance required for neutralized 
push-pull grid-modulated amplifiers at 50 Mc. 
The estimated peak power of a CAT21 is shown 
graphically in terms of the bandwidth response. 
The requirements for capacitors, insulators, 
and resistors are briefly described. After expres-
ing the need for more accurate measurement of 
large currents in v.h.f. tank circuits, the ideal-
ized linear operating conditions of a grid-modu-
lated push-pull r.f. amplifier are illustrated and 
the requirements for neutralization are given. 
Methods described for overcoming the effects 
of nonlinearity include loading the grid circuit 
of the modulated amplifier with resistance and 
the use of a cathode-follower driver stage. The 
advantages and disadvantages of the grounded-
grid r.f. amolifier, and the requirements for out-
put transmission lines, and cables are described. 

621.397.61  3311 
Television  Transmitter  for Black-and-

White and Color Television —N. H. Young. 
(Proc. Nat. Electronics Conference (Chicago), 
vol. 2, pp. 40-53). A general description of a 
490-Mc, transmitter giving a peak power out-
put of 1 kW. It is designed for operation from 
3-phase 60-c.p.s. mains at either 208 or 220 
volts. The total power consumption is 25 k.v.a. 

621.397.611  3312 
The Electrostatic [image] Dissector—H. 

Salinger. (Proc. Nat. Electronics Conference 
(Chicago), vol. 2, pp. 82-88.) Magnetic focus-
ing is used, but scanning is done by electro-
static deflection. The deflection is achieved by 
means of a number of wires (twelve in this case) 
disposed axially inside the tube. The two scan-
ning saw-tooth voltages are applied in different 
proportions to each wire. Special networks to ef-
fect proper voltage distribution have been de-
veloped. 

621.397.62  3313 
A Simple and Practical Television Receiver 

— M. Mars. (Telivis. Franc., no. 24, pp. 15-17; 
April, 1947.) Circuit diagrams and construc-
tional details of a receiver using only 18 tubes, 
including the three rectifiers in the supply unit. 
Sensitivity can be improved by the addition of 
another h.f. stage. 

621.397.62  3314 
Color Television for Theatres —H. G. Shea. 

(Tele-Tech, vol. 6, pp. 44-45; June, 1947.) Gen-
eral principles of a R.C.A. system giving pic-
tures 7 and one-half feet by 10 feet. The colors 
are obtained by special phosphors in the three 
c.r. tubes. See also 1246 of May. 

621.397.62  3315 
Television Sound Channels —R. B. Dome. 

(Communications, vol. 26, pp. 22-25; Decem-
ber, 1946.) Summary of a Rochester Fall Meet-
ing paper. A television receiver using a single 
wide-band i.f. amplifier for both sound and vi-
sion signals. Final separation depends on the 
frequency difference between sound and vi-
sion channels. 

621.397.62:621.396.662.2  3316 
Variable Inductance Tuning for TV Re. 

ceiiers —Melvin. (See 3073.) 

621.397.743  3317 
Television Network Facilities —L. G. Abra-

ham and H. I. Romnes. (Elec. Eng., vol. 66,99. 
477-482; May, 1947.) A discussion on the use 
of (a) balanced wire pairs, (b) coaxial cables, 
and (c) radio relays for the interconnection of 
television studios. 

621.397.81:621.396.11.029.6 
Analyzing TV Propagation 

Wakeman. (See 3256.) 

621.397:621.396.81.81.029.63  3319 
Results of Field Tests on U.H.F. (490 Mc/s) 

Color Television Transmissions in the New 
York Metropolitan Area —Lodge. (See 3257.) 

621.397.5  3320 
Television: Vols. 3 and 4. [Book Noticel— 

A. N. Goldsmith, A. F. Van Dyck, R. S. Bur-
nap, E. T. Dickey, and G. M. K. Baker (Eds.). 
Radio Corporation of America, Princeton, 
N. J. A collection of papers dealing with all as-
pects of television. Volumes 1 and 2 are now 
out of print, but summaries of the papers in 
them are included in Volume 3, which covers 
the period 1938 to 1941. Volume 4 covers the pe-
riod 1942 to 1946. 

3318 
at U.H.P. — 

TRANSMISSION 

621.316.726.029.64.078.3  3321 
Microwave Frequency  Stability—A.  E. 

Harrison. (Proc. Not. Electronics Conference 
(Chicago), vol. 2, pp. 615-622.) A discussion 
of the principles of operation of klystron fre-
quency multipliers and power amplifiers for di-
rect crystal control of the microwave power. 

621.396.61:621.396.662.1  3322 
Mono-Sequence Tuning —J. N. Whitaker. 

(Radio News, vol. 37, pp. 44-45, 92; June, 
1947.) A full description of a single-dial tuning 
system for the oscillator and frequency multi-
plier' stages of a multiband transmitter, using 
identical variable capacitors. Circuit details are 
given. 

621.396.61:621.396.97  3323 
2-Control 250- W A. M. Braodcast Transmit-

ter —H. Kees. (Communications, vol. 27, pp. 11-
13, 37; March, 1947.) A design with only one 
tunable r.f. circuit, simplified metering and con-
trols, and accessible components. 

621.396.61.029.5  3324 
Transmitter with Efficient Band Switching 

—R. P. Turner. (Radio News, vol. 37, pp. 53-55, 
150; June, 1947.) The coils for the range 10 to 
80 meters are mounted on a sliding carriage, 
with rack and pinion operation from the front 
panel, which carries all controls. 

621.396.61.029.5/.62]: 621.396.933  3325 
Ground-Air Communications Unit —S. A. 

Meacham. (Communications, vol. 27, pp. 22-23, 
54; April, 1947.) A medium-power transmitter 
covering the bands 125 to 525 kc., 2 to 20 Mc., 
and 100 to 160 Mc. 

621 .396.61.21.029.56/.58  3326 
A Table-Top Silowatt —G. Grammer, D. 

Mix, and B. Goodman. (QST, vol. 31, pp. 13-
19, 154; May, 1947.) Triode-tetrode crystal os-
cillator and frequency multiplier drive an 813 
push-pull amplifier. With input of 1 kW, out-
put of 600 watts is obtained at all amateur fre-
quencies from 3.5 to 30 Mc. 

621.396.619.13/.14  3327 
Low-Frequency N.F.M. [narrow-band fre-

quency modulationl—B. Goodman. (QST, vol. 
31, pp. 21-27; July, 1947.) Comparison with 
narrow-band phase modulation and description 
of a simple phase modulator. 



947  Abstracts and References  1399 

VACUU M TUBES AND THER MIONICS 

37.533.7+621.385.1  3328 
Electron Optics and Space Charge in Strip-

athode Emission Systems —O. Klemperer. 
Proc. Phys. Soc., vol. 59, pp. 302-323; March, 
947.) For small emission, electron-optical laws 
en be applied. Simple space charge theory does 
ot hold for special systems of the type pro-
osed by Pierce (4275 of 1940 and back refer-
aces). In these systems, the potential distribu-
ion in the beam causes a lack of homocentric-
.y, revealed by ray-tracing results. 

21.383  3329 
Spontaneous Fluctuations of Current in a 

Photo-Electric Cell —D. K. C. MacDonald. 
Nature (London), vol. 159, pp. 608-609; May 
, 1947.) Graphical presentation of the results 
f shot-effect measurements, with brief discus-
ion. 

41.383  3330 
Photodetectors for Ultraviolet, Visible and 

nfrared Radiation —R. J. Cashman. (Proc. 
Vol. Elearonics Conference (Chicago), vol. 2, 

171-180.) Review of recent developments, 
ncluding (a) protoemissive cells with activated 
aid pure metal cathodes, (b) photovoltaic cells 
is used in exposure meters, and (c) photocon-
luctive cells and their uses. 

i21.383:522.615  3331 
Application of the Multiplier Phototube to 

kstronomical Photoelectric Photometry —G. E. 
Kron. (Astrophys. Jour., vol. 103, pp. 326-331; 
May, 1946.) Characteristics of 1P21 multiplier 
Thototube, which is many times superior to 
ight-sensitive units previously used in the blue 
-egion of the spectrum. 

21.383.5:621.318.571+621.383.5.001.8  3332 
The A.C. Behaviour of the Barrier Layer 

Photo Cell —J. A. Sargrove. (Jour. Brit. I.R.E., 
vol. 7, pp. 86-97; May and June, 1947.) When 
the cell is illuminated, it acts as a nonlinear con-
ductor to current in both directions, whereas in 
darkness it behaves as a rectifier. This property 
enables the cell to be used directly for operating 
relays, with a sensitivity some 300 times greater 
than when used as a detector. A high degree of 
electrical stability is obtained by operating the 
cell from the same a.c. supply as the lamp 
which illuminates it. A number of industrial 
applications of the method are described. 

621.385  3333 
Similitude of Valves —F. H. Raymond. 

(On& Elec., vol. 27, pp. 209-212; May, 1947.) 
A demonstration of the agreement between the 
general theory of similitude and the technical 
aspect of its application to tubes described by 
Lehmann(3821 of 1946). The similitudeof tubes 
with a common cathode is considered in par-
ticular, the possibility of other types of simili-
tude is discussed and the law of similitude for 
the magnetron derived simply. 

621.385:620.163  3334 
Electrical Production Tests for High-Power 

Tubes —B. Sheren. (Proc.  Nat.  Electronics 
Conference (Chicago), vol. 2, pp. 250-255.) 

621.385:620.163  3335 
Production Test Facilities for High-Power 

Tubes — W. L. Lyndon. (Proc. Not. Electronics 
Conference (Chicago), vol. 2, pp. 256-267.) 
I R.C.A. equipment for testing modern high-
* power tubes. It consists of a 25-Mc. oscillator 
unit, a 1.5-Mc. oscillator unit, and associated 
dummy loads, power supplies, sub-station, 
tcontrol and water-cooling equipment. 

621.385.029.63/.641: 538.3: 621.396.694  3336 
On the Helix Circuit Used in Progressive-

Wave Valves —Roubine. (See 3036.) 

621.385.1 +621.396.611.4  3337 
F. M.+TV P-A Tube and Grounded-Grid 

Cavity Circuit —IL D. Wells and R. I. Reed. 

(Communications, vol. 27, p. 16; March, 1947.) 
Summary of 1947 I.R.E. Convention paper. 

621.385.1:517.54  3338 
Conformal Transformations in Orthogonal 

Reference Systems —Roys. (See 3171.) 

621.385.1:621.396.813  3339 
Microphony of Radio Valves —Chamagne 

and Guyot. (Tilivis. Franc., no. 24, Supple-
ment glectronique, pp. 7-10; April ,1947.) Dis-
cusses definition and gives methods of measure-
ment. 

621.385.1:621.396.813  3340 
Microphonism in a Subminiature Triode — 

V. W. Cohen and A. Bloom. (Communications, 
vol. 27, pp. 18, 41; March, 1947.) Summary of 
1947 I.R.E. Convention paper. 

621.385.1.032.216:546.431.284  3341 
. A Study of the Barium Silicate Interface of 
Oxide  Coated  Cathodes —Eisenstein.  (See 
3158.) 

621.385.16+621.396.615.141.2  3342 
The  Donutron. An  All- Metal  Tunable 

Squirrel-Cage Magnetron —F. H. Crawford 
and M. D. Hare. (Proc. Not. Electronics Con-
ference (Chicago), vol. 2, p. 623.) Summary 
only. For another account see 947 of April. 

621.385.2  3343 
Total Emission Noise in Diodes —A. van 

der Ziel and A. Versnel. ( Nature (London), vol. 
159, pp. 640-641; May 10, 1947.) Measure-
ments at X 7.25 meters on a diode with negative 
anode voltage show that the equivalent noise 
temperature of the conductance is approxi-
mately equal to the cathode temperature; this 
relationship is expected to hold over a wide fre-
quency range. 

621.385.2  3344 
Total Emission Damping in Diodes —A. van 

der Ziel. ( Nature (London), vol. 159, pp. 675-
676; May 17, 1947.) Results of measurements at 
X 5.8 meters of the additional admittance in a 
diode due to the space charge are given in 
curves which show the dependence of the ad-
mittance on the anode voltage and the satura-
tion current. See also 3109 of 1946 (Smyth). 

621.385.3:621.396.694.012.8  3345 
The  Equivalent  Diode —J.  Eastabrook. 

(Wireless Eng., vol. 24, pp. 188-189; June, 
1947.) It is concluded that experimental dis-
crimination between the formulas of Walker 
(949 of April) and Tellegen (Physica, vol. 5, 
p. 301; 1925.) is not possible; between these two 
and Fremlin's (3166 of 1939) it is possible but 
unimportant. Walker's approach is preferred 
on account of its simplicity and because it is 
theoretically sounder and does not involve the 
three-halves law. See also 2622 and 2623 of Sep-
tember. 

621.385.832: [537.291 +538.691  3346 
Electron  Optics of  Deflection Fields — 

R. G. E. flutter. (Proc. Not. Electronics Con-
ference (Chicago), vol. 2, pp. 424-453.) 

621.396.615.14  3347 
The Generator of Centimeter Waves — 

H. D. liagstrum. PROC. I.R.E., vol. 35, pp. 
548-564; June, 1947.) The physical principles 
and performance of three types of cavity-reso-
nator magnetron oscillator are described and 
discussed in some detail. Disk-seal triodes (with 
built-in cavity-resonators) and velocity-varia-
tion oscillators are described briefly. Refer-
ences to basic papers are given. 

621.396.615.14+621.385.11.029.63/.64  3348 
The Generation of Ultra-High-Frequency 

Power at the Fifty-Kilowatt Level —W. G. Dow 
and II. W. Welch, Jr. (Proc. Not. Electronics 
Conference (Chicago), vol. 2, pp. 603-614.) A 
comprehensive description of the cavity and 

electrode structures of the resnatron. The ef-
fects of transit time are considered with special 
reference to frequency stability. See also 1732 
of 1946 (Salisbury). 

621.396.615.141.2  3349 
A Magnetron Oscillator with a Series Field 

Winding —L. H. Ford. (Jour. I.E.E. (London), 
Part I, vol. 94, pp. 187-188; April, 1947.) Sum-
mary of 2631 of September. 

621.396.615.141.2:621.396.645.35  3350 
A Magnetron for D.C. Voltage Amplifica-

tion —H. B. G. Casimir. (Philips Tech. Rev., 
vol. 8, pp. 361-367; December, 1946.) Use of 
diode in which magnetic field is excited by in-
put circuit; input and output circuits thus 
separated; introduction of grid at cathode po-
tential near anode increases magnetic sensitiv-
ity, which is comparable with the amplification 
factor of a triode. 

621.396.615.141.2:621.396.822  3351 
Excess Noise in  Cavity  Magnetrons — 

Sproull. (See 3268.) 

621.396.615.142  -  3352 
Velocity Modulation: Parts 1 and 2—J. H. 

Fremlin. (Electronic Eng., vol. 19, pp. 147-151 
and 199-201; May and June, 1947.) A general 
discussion of the various types of tubes. The 
conditions for oscillation in the Heil tube are 
derived and it is shown how the power from the 
electron beam in a rhumbatron varies with the 
oscillation amplitude. The methods for increas-
ing bunching efficiency using the reflex klystron 
oscillator are compared and the mechanism of 
bunching for different field distributions using a 
reflector at high negative potential is explained 
with the aid of mechanical analogies. By con-
sidering the voltage and current conditions in 
the working gap it is shown how instantaneous 
frequency changes are effected in a klystron by 
variation of the high voltage or in a reflexoscil-
lator by variation of the reflector potential. 

621.396.615.142  3353 
Velocity-Modulation Valves —F. M. Pen-

ning. (Philips Tech. Rev., vol. 8, pp. 214-224; 
July, 1946.) A theoretical discussion of the prin-
ciples involved in their use as amplifiers and as 
oscillators. 

1621.396.615.142+621.392.029.641:538.56 3354 
Generalized Boundary Conditions in Elec-

tromagnetic Theory —Schelkunoff. (See 3094.) 

621.396.615.142.2.029.64  3355 
The Klystron as Amplifier at Centimetric 

Wavelengths —R.  Kompfner.  (Jour.  Brit. 
I.R.E., vol. 7, pp. 117-123; May and June, 
1947. Discussion, pp. 123-124.) It is shown that 
in theory a klystron is capable of giving r.f. 
amplification; a detailed examination shows 
that noise is the limiting factor. The reduction 
of shot noise by suitable design is discussed 
briefly but it is concluded that the practical 
difficulties in the case of the klystron are much 
greater than for other devices. 

621.396.694  3356 
Empirical Formula for [Valve] Amplifica-

tion Factor —E. W. Herold. (Proc. I.R.E., vol. 
35, p. 493; May, 1947.) A simple formula 
based on Herne's table (2210 of 1944). See also 
2406 of 1946. 

621.396.694  3357 
Triode Characteristics —S. Rodda. (Wire-

less Eng., vol. 24, p. 157; May, 1947.) Method 
of calculating the equivalent grid voltage of a 
triode. A first approximation gives a result in 
agreement with that of Tellegen, a second 
approximation includes the effect of space 
charge in the grid-anode region. 

621.383  3358 
Photoelectric Cells (Book Review1—A. Som-

mer. Methuen and Co., 104 pp., Si. (P. 0. 
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Elec. Eng. Jour., vol. 39, part 4, p. 180; 
January, 1947.) Describes the theory of photo-
emission, the properties of commercial photo 
electric cathodes, the matching of light sources 
and photocathodes, the mechanism of gas 
amplification and multiplier cells, and applica-
tions. 

MISCELLANEOUS 

061.3:621.39  3359 
A Report on the 1947 I.R.E. National Con-

vention —(Communicalsons, vol. 27, pp. 14-16, 
43; March, 1947.) For titles of some of the pa-
pers read see individual sections. 

061.6(54):666  3360 
Central Glass and Ceramic Research In-

stitute, India —Y. P. Varsliney. ( Nature (Lon-
don), vol. 159, pp. 290-292; March 1, 1947.) A 
description covering the functions of, and 
facilities to be provided by, the Institute which 
is in process of erection at Calcutta. 

5+61:016  3361 
Bibliography of Scientific and Industrial 

Reports —A weekly publication by the U. S. 
Department of Commerce, giving abstracts of 
reports and patents dealing with electronics, 
plastics, electrical machinery, equipment and 
supplies, instruments, metals and metal prod-
ucts, physics, and other subjects. 

5:3  3362 
Science, Politics, and the National Welfare 

—F. L Hovde. (Proc. Nat. Electronics Confer-
ence (Chicago), vol. 2, pp. 15-19.) 

5:6  3363 
Physics of To-day Becomes the Engineer-

ing of To-morrow —C. G. Suits. (Proc. Not. 
Electronics Conference (Chicago), vol. 2, pp. 
20-26.) A discussion of developments resulting 
from physical research, illustrated by special 
reference to the magnetron. Sec also Elec. Eng., 
vol. 66, pp. 241-243; March, 1947. 

538.3:001.5  3364 
The Electric-Magnetic Analogy —G. W.O.H: 

G. H. Livens. (Wireless Eng., vol. 24, pp. 131-
132 and 156; May, 1947.) Comment on 970 of 
April. Various manipulations of the Lagrangian 
and Hamiltonian tunctions L and A for both 
electric and magnetic fields tend to show that 
in some cases E is analogous to B rather than 
to H, while D (MP E/4w, where P is the 
material polarization) is analogous to H rather 
than to B. 

The advantages and disadvantages of ex-
changing the roles of the vectors B and H are 
discussed. 

539 Rutherford  3365 
Rutherford: Life and Work After the Year 

1919, with Personal Reminiscences of the Cam-
bridge Period —J. D. Cockcroft. (Proc. Phys. 
Soc., vol. 58, pp. 625-633; November, 1946.) 
The second Rutherford Memorial Lecture. 

539 Rutherford  3366 
Rutherford and the Modern World —M. L. 

Oliphant. (Proc. Phys. Soc. (London), vol. 59, 
pp. 144-155; January 1,1947.) The third Ruth-
erford Memorial Lecture. 

539.1:62  3367 
Atoms, Electrons and Engineers —T. E. 

Allibone. (Jour. I.E.E. (London), Part I, vol. 

94, pp. 165-171; April, 1947.) The Faraday Lec-
ture. Salient features of modern atomic theory. 
Common substances and processes used in en-
gineering are examined in the light of this the-
ory. Uranium fission and its applications are 
described. 

614.825  3368 
Dangerous Electric Currents —C, F. Dal-

ziel. (Trans. A . I .E.E. (Elec. Eng., December 
Supplement, 1946.) vol. 65, pp. 1123-1124.) 
Discussion on 310 of February. 

621.3.016.25  3369 
The Sign of Reactive Power —(Elec. Eng., 

vol. 66, pp. 514-517; May, 1947.) Sixteen 
further comments on 971 of April. See also 1972 
of July. 

621.3"1920/1946"  3370 
A Synoptic Review of Electrical Engineer-

ing Progress, Particularly During the Last 
Quarter Century —J.  D.  Ferguson.  (Jour. 
I.E.E. (London), Part I, vol. 94, pp. 73-81; 
February, 1947.) Abstract of Chairman's ad-
dress to Irish branch of LE E. 

621.38/.39  3371 
Electronics and the Future —E. U. Condon. 

(Proc. Nat. Electronics Conference (Chicago), 
vol. 2, pp. 1-14.) The opening address at the 
Conference. 

621.38/.39  3372 
Some Aspects of Electronic Engineering — 

T. P. Aliens (Jour. I.E.E. (London), Part I, 
vol. 94, pp. 113-115; February, 1947.) Ab-
stract of Chairman's address to Northern Ire-
land Centre of I.E.E. 

621.395:061.24 C.C.I.F.  3373 
The 14th Plenary Session of the Comit6 

Consultatif  International  T6 ephonique 
(C.C.I.F.) in Montreux, 21st-31st October 1946 
— W. Schiess. (Tech. Mitt. Schweiz. Telegr.-
Trleph. Vow., vol. 25, pp 73-82; April 1, 1947. 
In German.) A general account of the proceed-
ings. 

621.396  3374 
Scientific Problems of Contemporary Radio 

— N. D. Papalexi. ( Viesinik Aka,!.  Noah. 
(U.S.S.R.), no. 7, pp. 9-15; 1946. In Russian.) 

621.396  3375 
(Radio Society of Great Britain] Presi-

dential Address —S. K. Lewer. (Proc. R.S.G.B., 
no. 1, pp. 1-6; Spring, 1947.) Discusses the 
revival of obsolete radio techniques to solve 
new problems. 

621.396:06.053 URSI  3376 
Summary Report of the Seventh General 

Assembly of the International Scientific Radio 
Union (URSI) in Paris, September 27-October 
25, 1946—Newbern Smith. (Terr. Mag. Atrno. 
Elec., vol. 52, pp. 80-83; March, 1947.) State-
ment of resolutions adopted. For a summary of 
selected papers read at the Conference, see 
2758 of October. 

621.396"1939/1946"  3377 
Radio-Communication Developments — 

(Wireless World, vol. 53, pp. 158-160, 181; 
May, 1947.) Report of the I.E.E. Ra(Iio-Com-
munication Convention of March 1947 which 
covered advances made since 1939. 

621.396.1.029  3378 
Proposed Frequency Band Designations— 

Elec. Eng., vol. 66, p. 471; May, 1947.) Ex-
planation, by the technical committee on stand-
ard frequency bands, of a 'decade frequency 
system" in which the designation of each band 
is the characteristic of the logarithm to base 
10 of all the frequencies within the band. Band 
.5, for example, includes frequencies from 101(0 
100 c.p.s. See also 3742 of 1945. 

621.396.97:621.396.82  3379 
The War of Broadcasting —E. Wolf. (Tech. 

Milt. Schweiz. Telegr.-Teleph. Verw., vol. 25, pp. 
64-72; April 1, 1947.) In German and French. 
Discusses the part played by broadcasting dur., 
ing the war and describes the development of 
methods of attack and defense, from simple 
jamming of enemy transmissions to intrusion 
on the single sideband of the enemy carrier 
wave. 

491.7-3.= 2  3380 
Russian-English Technical and Chemical 

Dictionary [Book Reviewl—L. I. Callahan. 
John Wiley and Sons, New York, N. V., 1947, 
794 pp., $10.00. (Amer. Jour. Sci., vol. 245, p. 
463; July, 1947.) The book leans towards chem-
istry, but nearly every natural science, medi-
cine, mathematics, engineering, etc., receives 
some attention. 

621.38 /39  3381 
Proceedings of the National Electronics 

Conference, Vol. 2 [Book Noticel —R. E. Beam 
(Ed.),  Electrical  Engineering  Department, 
Northwestern University, Evanston, Illinois, 
1947, 741 pp., $1.50. A collection of papers pre-
sented at the Second National Electronics Con-
ference held at Chicago, October 3 and 5, 1946. 
For abstracts of selected individual papers, see 
other sections. 

621.396  3382 
Radio's Conquest of Space [Book Review] — 

D. McNicol. Murray Hill Books, Inc., 364 pp., 
$1.00. (Electronic Eng., vol. 19, p. 202; June, 
1947..) The author traces "the evolution of ra-
dio as a disinterested observer.... This is a 
good book and an authoritative book." 

621.396  3383 
Rcference Data for Radio Engineers [Book 

Reviewj— W. L. McPherson. Standard Tele-
phones and Cables, London, 175 pp., 5s. 
(Overseas Eng., vol. 20, p. 278; March, 1947.) 
"It consists of a series of tables which list 
mathematical theorems and short reminders of 
essential definitions.  It is profusely illus-
trated with curves and diagrams relating to 
every important aspect of radio engineering." 

621.396  3384 
Second Year Radio Technology. [Book Re-

view[ — W. H. Date. Longmans, Green and Co., 
London, 222 pp.. 7s. 6d. (Elec. Rev., vol. 141, 
P. 304; August 22, 1947.) 

621.396  3385 
The Radio Amateurs' Handbook [Book Re-

viewl —Ileadq iiarters Staff of the American Ra-
dio Relay League. American Radio Relay 
League, West Hartford, Conn., 24 (b edition, 
1947, 470 pp., $1.25 in U.S., $2.00 elsewhere. 
(Paoc. IRE., vol. 35, p. 707; July, 1947.) For 
review of 1946 edition see 1303 of May. The 
section on equipment construction is revised, 
and information on the mechanical construc-
tion of aerials has been added. 



hantem 

Steetis a Root 

INCO Nickel Alloys help 

this new robot pilot "see" and correct 

tiny deviations from course 

Plunging through rough seas.. . with no hand at its helm... 
a ship equipped with a Kirsten Photo-Electric Pilot clings to 
its course with uncanny accuracy. 

This robot, manufactured by the Marine Division of the 
Kirsten Pipe Company, Seattle 9, Washington, gets its initial 
signal from an electric eye in the compass binnacle. 

The slightest deviation of the compass increases or decreases 
the intensity of a beam of light. This energizes a power unit 
which, in turn, operates the steering mechanism. 

In designing their power unit, Kirsten ran into trouble with 

the solenoid shaft. 

This vital part had to be non-magnetic, strong, and able to 
take a high polish to cut down friction between the shaft and 
the steel clutch. It had to be easy to machine and capable of 

resisting corrosive marine atmospheres. 

After experimenting with many metals, Kirsten engineers 
finally found the one with all the properties required. Its 

name? "KR" Monel. 
Also, when perfecting their binnacle unit, these men chose 

another INco Nickel Alloy. ..."K" Monel. Ball bearings of 
this strong, extra-hard, corrosion-resistant metal enable the 

binnacle assembly to move freely and easily. ...despite constant 
wear, damp sea air, and changing temperatures. 

Find out where and how one or more of the family of INco 
Nickel Alloys can help you solve metal-selection problems. Put 
these alloys at the top of the list when you're searching for 
metals with a hard-to-find combination of properties. 

THE INTERNATIONAL NICKEL COMPANY, INC. 

67 Wall Street. New York 5. N Y. 

MONEI• • -K-• MONEL • S  MONEL • -R-•  MOREL • KR ' MONEL 

INCONEL  • NICKEL • -U.' NICKEL • -2—  NICKEL 'R. g  141 (PT. 

Section of Kirsten Photo-Electric binnacle. The 
co m pass assembly rotates on hard, corrosion-resis-
tant "K" Monet ball bearings. Robot pilots such 
as these are used today on commercial and plea-
sure craft up to 100  in length. 

Power unit ill Kirsten Photo-Electric pilot. Arrow 
show; "KR" Monet solenoid shalt which engages 
the clutch mechanism. 
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Centralab's new and revolutionary 

"printed electronic circuit" filter! 

"Filpec" gives you integral construction! Made 
with high dielectric Ceramic-X, Centralab's 
Filpec assures long life, low internal induct-
ance, resistance to humidity and vibration. 
Actual Filpec dimensions: 1112" long, Xl" 
wide,  thick. 

"Filpec" gives you flexibility! Schematic dia-
gram above shows typical Ft/per application 
as a balanced diode load filter. Filpec can be 
designed for you to meet a wide range of 
filter applications. 

Resistor 

Capacitor 

Capacitor 

Actual size 

"Filpec" combines up to three major components into one tiny 
filter unit! Small, lightweight, Filpec reduces soldered connec-
tions 50%, saves space, cuts inventory, is highly adaptable to a 
variety of circuits. Capacitor values are available on Fl/per from 
50 to 200 mmf. Resistor values from 5 ohms to 5 megohms. 

HERE IT IS — Centralab's newest application of its famous 
"printed electronic circuit" (PEC) ! Illustrated on this 

page is a typical example — a brand new balanced diode load 
filter, lighter in weight, smaller in size than one ordinary ca-
pacitor! Think of what that offers you in higher circuit efficiency, 
more dependable performance as well as a reduction of line 
operations in set and equipment manufacturing! For complete 
information, send for Bulletin 976. 
Ratings: Capacity values (C1 and C2 equal): 50 to 200 mmf. Capacity 
tolerance: —20% + 50% over 100 mmf., -± 20% below 
100 mmf. Resistance values: 5 ohms to 5 meg-
ohms. Resistance rating: 4 watt. 400 
WVDC. Flash test: 800 VDC. 

LOOK TO CENTRALAB IN 1947! First in component re-

search that means lower costs for the electronic industry. 
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ATLANTA 

'High Energy Particle Accelerators,' by F. E. 
Lowance. Georgia School of Technology; June 27, 
1947. 

'Propagation at Microwave Frequencies,' by 
J. E. Boyd, Georgia School of Technology; August 
22, 1947. 

BALTIMORE 

'Navigational Computers,' by Arthur Om-
berg and J. S. Morrell, Bendix Aviation Corpora-
tion; June 24, 1947. 

Election of Officers; June 24, 1947. 
'The World of Tomorrow Studios.' by R. S. 

Duncan, Station WBAL; September 23, 1947. 

BUFFALO-NIAGARA 

'The Organization of the Field Engineering 
and Monitoring Division of the Federal Communi-
cations Commission,' by E. H. Lee, Federal Com-
munications Commission; September 17. 1947. 

CINCINNATI 

'The Formant Electronic Organ —Technical 

Aspects," by A. Knoblaugh, The Baldwin Com-
pany; September 16, 1947. 

CONNECTICUT VALLEY 

'Testing Instruments for Radio Servicing,' by 
by M. Silver, McMurdo Silver Company; Septem-
ber 18, 1947. 

DALLAS-FT. W ORTH 

'Use of Radio by the Office of War Informa-

tion,' by J. O. Weldon, Weldon & Carr; August 29, 
1947. 

DAYTON 

"National I.R.E. Affairs," by W. R. G. Baker, 

President of The Institute of Radio Engineers; 
September 11, 1947. 

HOUSTON 

"A  eview of Radio Navigational Aids." by 
W. M. Rust, Jr., Humble Oil and Refining Com-

pany; September 15, 1947. 

KANSAS CITY 

'Recent Developments in Microwave Elec-
tronics," by A. L. Samuel, Bell Telephone Labora-
tories; May 28, 1947. 

Los ANGELES 

'Development of V.H.F. Communication Sys-
tem in 152- to 162-Mc. Band,' by H. Grove, West 
Coast Electronics Company; August 27. 1947. 

'Problems of Television and Possible Reme-
dies,' by H. R. Lubcke, Don Lee Television Sys-
tem, R. A. Montfort, L. A. Times Television Sta-

tion, K. Landsberg. Television Station KTLA, and 
P. H. Reedy, CBS; September 16, 1947. 

NE W YORK 

'A New Television Projection System.' by 
W. E. Bradley, Philco Corporation; September 3, 
1947. 

'Low-Cost High-Quality Audio Amplifiers,' 

by N. C. Pickering, Pickering and Company, and 
W. S. Brian, Hanson-Gorrill-Brian. Inc.; Septem-

ber 18, 1947. 
'An  Experimental  Pulse-Code  Modulation 

System for Ninety-Six Channels,' by L. A. Mea-
cham, Bell Telephone Laboratories; October 1, 1947. 

NORTH CAROLINA-VIRGINIA 

'Projectiles, Rockets, and Guided Missiles,' by 
J. W. Cell, North Carolina State College; Septem-
ber 12, 1947. 

(Continued on page 364) 
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k"iate 
water jackets and 

forced air cooling mounts 

"yaw, aim--
: MIL  •  Immediate delivery 

• 
M. "h. • Excellent value 

...: %., • Any quantity 

oner agl ht. 

YOU ARE ASSURED of low cost and 
simplified design because RCA tube 
mounts and jackets are mass produced. Tube and equipment manu-
facturers are already finding it advantageous to obtain their cooling 
equipment requirements from RCA. 

Gone is the need for the expensive and time-consuming operation 
formerly required to make these cooling devices at your own plant. 

Quantities from 1 to 300 can be obtained immediately . . . larger 
orders filled on fast schedule. For complete information on how to 
easily incorporate these cooling jackets or mounts into your own 
equipment mail the attached coupon today, or write to RCA, Tube 
Mounts and Accessories Section, Engineering Products Department, 
Camden, New Jersey. 

Vair 
TUBE M O UNTS A ND ACCESSO RIES SECTIO N 

R A DI O C O R P O RA TI O N of A ME RICA 
E N GI NEE RI N G P R O D UCTS D E PA RT ME NT. CA M DE N. N. J. 

In Canoda  RC A VICTOR Company Limited, Montreal 

Check your tube types for free data and prices 

Tube Mounts and Accessories Section 
Radio Corporation of America 
Box 67-K, Camden, N. J. 

Please send me information and prices on jackets and mounts for the 
following tubes: 

WATER-COOLED 

1:11 9C21  Li 889 

O 207  0 1891A 

E 858  892A 

Ej 862A  0  893A 

(I] 880  0  898A 

NAME 

AIR-COOLED 

0 7C24  Li 889R 

El 9C22  1891R 

LI 8 9C25  92R 

Li 9C26  Li 893A-R 

TITLE 

COMPANY   

STREET ADDRFSS   

CITY ZONE  STAT 
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poiztles 
hot off the wire! 

Sound trucks with magnetic wire recorder-reproducers mean 
better announcements with less personnel! Here's a field 
that will net some aggressive engineer a neat piece of the 
profits in magnetic recording. Why don't you investigate? 
Look to the leader—Brush—for the finest in magnetic wire 
recording components! 

BRUSH PLATED WIRE 
Constant plating thickness assures uniform signal. 

Correct balance of magnetic properties assures good frequency response 
and high level. 

Excellent surface finish assures low noise and minimum wear. 

Corrosion resistant. 

Easy to handle —ductile —can be knotted. 

.-agus_OLVIRE RECORDING HEADS    
Of principal interest are their excellent electrical characteristics, ext reme 

simplicity of design to avoid trouble, and the "hum-bucking" characteristics, 

which reduce the effect of extraneous magnetic fields. When required, the 

head cartridge alone (pole piece and coil unit) may be supplied for in-

corporation into manufacturers' own head structure. 

Write today— 

THE 2 ? II M E M EI NO MIN M E M E MI M 

DEVELOPMENT COMPANY  . . . . . .111 .1 . .. . .111 M  

(Continued from pope 354) 

PITTSBURGH 

"Navar.• by R. I. Colin, Federal Telecommuni-
cations Laboratories; May 12. 1947. 

'Electronics of the Future, by W. E. Shoup% 
Westinghouse Laboratories; June 9, 1947. 

Election of Officers; June 9, 1947. 

PORTLAND 

"A V.H.F. Bridge for Impedance Measure-
ments at Frequencies between 20 and 140 Mc.,' 
by R. A. Soderman, General Radio Company; 
September 18, 1947. 

SACRAMENTO 

Pulse Position Modulation Radio System., 
by M. W. Walthers, The Pacific Telephone & Tele-
graph Company; September 16, 1947. 

ST. LOUIS 

'Television and F. M. Antenna Installations,' 
by S. E. Baker, RCA Television Shop; September 
25, 1947. 

SAN DIEGO 

"Analysis and Design of Reactance Tube Cir-
cuits,• by R. Carroll, U. S. Navy Electronics 
Laboratory; September 2, 1947. 

SAN FRANCISCO 

'Supersonic Magnetic Recording,' by A. I. 
I sberg. The Chronicle F.M. Station KRON; August 
20, 1947. 

WASHINGTON 

'The Versatile R.C. Parallel-T,' by C. F. 
White. Naval Research Laboratory; September 8, 
1947. 

The:following transfers and ad missions 
were approved on October 7, 1947, to be 
effective as of November 1, 1947: 

Transfer to Senior Me mber 

Brewster, F. C.. Sr., 2725 Hawthorne, Franklin 
Park, III. 

Clark, J. F., Jr., 2016 Fairland Ave., Bethlehem, Pa. 
Cogswell, W. P., 1030-26 St.., S., Arlington, Va. 
Davide, H. H., 520 Clarendon St., Syracuse. N. Y. 
D'heedene, A. R., 419 Woodland Rd., Madison 

N. J. 
Fisher. W. P.. 715 Garfield St.. San Francisco, Calif. 
Freedman, S.. 38 W. 182 St., New York. N. Y. 
Lasher, C. C., General Electric Co., Thompson Rd.. 

Syracuse, N. Y. 
Montgomery, B. E., Engineering Department. 

Northwest Airlines, Inc.. Holman Field, 
St. Paul, Minn. 

Rybner, J. C. F., Tranegaardsvej 59„ HelleruP. 
Denmark 

Schlelmann-Jensen, A., Alingsasvagen 24, Ham-
marbyhojden, Sweden 

Walley, B., 840 S. Hobart Blvd., Los Angeles. Calif. 

Admission to Senior Member 

Clark, 11 T., 401 Jamesville Rd.. Dewitt. ts. Y. 
Harris. H. H., 5850 N. 13. Philadelphia, Pa. 

Hathaway. J. L., 52 Stonehenge Rd., Manhasset, 
L. I., N. Y. 

Wills, W. P., 6134 Wayne Ave., Philadelphia, Pa. 

(Continued on pope 384) 
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MAN AT W ORK 

Electronics scientists aren't waiting for a 

"cold war" to get hot. They're pitting 

their knowledge, ingenuity 

and skill against the direst of 

eventualities. You'll find their 

counterparts in the Sherron 

laboratories. Physicists, mathe-

maticians and technicians — the Sherron 

laboratory staff is earnestly alert to to-

morrow's responsibilities. 

IS 

"":::•r441::•!!!:!.. 

;;°31 is  e .1 1_ iss*..  • 
•  ..ist vs••••••••sss 
•  ist liv“sisiss•—• 

•-- I* 

SHERRON LABORATORY PROJECTS COVER 

• Ultra and Hyper High Frequency 

Techniques 

a  Electron Ballistics 

• Thermionic Emission 

• High Vacuum Electronic Tubes 

Techniques 

• Radar: (Detection — Navigation) 

• Electronic Control for Dron2 & Guided 

Missiles 

Sherron  ) 

Electronic. SHERRON ELECTRONICS CO. 
Division of Sharron Metallic Corporation 

1201 FLUSHING AVENUE  • BROOKLYN 6, NE W YORK 
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FIVI 
"i/ Andrew Coaxial Transmission Line 

i/Andrew Installation of Line and Antenna 

At FM frequencies, transmission lines are tricky. 
That's why broadcasters who value reliability buy 

ANDRE W transmission lines. Having bought the best, they 
find it good business to have Andrew engineers install it. 
ANDRE W field crews are supervised by radio engineers 

of long experience, because we believe that steeplejacks 
alone cannot properly install transmission lines, antennas, 
and lighting equipment. If you prefer to employ your own 
workmen, we'll gladly furnish a supervisory engineer. 
ANDRE W coaxial transmission line, and installation 

service, may be purchased directly from the factory; or 
through any FM transmitter manufacturer. If you buy an 
FM package, be sure to specify ANDRE W. 

J. M. Troesch of WSTV is one of 

many satisfied ANDREW customers, 

sty00̀ 
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ANDREW CO 
363 EAST 75th STREET • CHICAGO 19 COMPLETE CATALOG 

Pioneer Specialists in the Manufacture of a Complete Line of Antenna Equipment 

(Continued from page 36A) 

Transfer to Member Grade 

Abrahams, I. C.. 1651 Avenue B, Schenectady, 
N. Y. 

Abramovich, M. N.. 301 Delafield Place, N. W., 
Apt. 210, Washington, D. C. 

Alexander B., 193 Whitford Ave., Nutley, N. J. 
Aziz, S. A., 605 East Healy, Champaign, Ill. 
Barnett, G. F., 904 Oak Lane Ave., Philadelphia, 

Pa. 
Bones, T. M., Jr., 13 State St., Schenectady, N. Y. 
Clement, It. R., 641 Park Ave., Syracuse, N. Y. 
Cox, R. J. Chalk River Laboratory, National Re-

search Council of Canada, Chalk River, 
Ont., Canada 

Dukat, F. M., 22 Madison Rd., Waltham 54, Maas, 
Freeman, S., Jr.. 836 Lincoln St., Jackson, Mich. 
Hunt, W. A., 17320 Rutherford, Detroit, Mich. 

Jacobsen, A. B., University of Washington, 311 
Engineering Hall, Seattle 5, Wash. 

Lester, B. R., Box 211, R.F.D. 1, Lishakill Rd., 
West Albany, N. Y. 

Pegrume, S. A., Box 1093, Nairobi, Kenya, East 
Africa 

Scheiner, S. R., 131 W. Roosevelt Blvd., Phila-
delphia 20, Pa. 

Schoenhorn, F. J. W., 159 Woodhull Ave., River 
head. N. Y. 

Sukhadia, P. U., Plot No. 427, Floor 1, Rm. 16. 
Shantinath Bhuvan, Sion Rd., Matunga 
(G.P.I.), Bombay 19, India. 

Tirrell, C. W.. 3128 Newton Ave., San Diego 2, 
Calif. 

Todd, A. C., Route 10, Lafayette, Ind. 
White, A. W., Box 1142, Port Elizabeth, Union of 

South Africa 

Admission to Member Grade 

Bruntil, I. M., 254 Huntington St., New London. 
Conn. 

Canning, J. H., Prospect Park, Emporium, Pa. 
Carr, S. 0., Box 91, Curundu. Canal Zone 
Cheek, R. C., Westinghouse Electric Corp. East 

Pittsburgh, Pa. 
Cosby, J. C., 1817 Senate St., Columbia, S. C. 
Long, G. A.. Jr., 1007 -26 Rd., S., Arlington, Va. 
Long, L. E., 148 W. Norman Ave., Dayton 5, Ohio 
Macmillan, J. G., 481 Laurier West, Ottawa, Ont., 

Canada 
McAlliser. C. L., •Glenesk.' Summerhill Rd., 

Aberdeen, Scotland 
McKay, R. L., 15245 Lemoli Ave.. Gardena, Calif. 
Morris, A. J., 2430 Durant Ave., Berkeley 4, Calif. 
Moses, R. C., 35 Beverly Rd., Swampscott, Mass. 
Norris, K. H., 6200 Drexel Ave., Chicago 37. Ill. 
Oliver, E., 17 Connaught Mansions, Prince of Wales 

Drive, London, S.W. 11, England. 
Parthasarathy Lyengar, R. A., 1414 E. 59 St., 

Chicago 37, Ill. 

Pease, M. C., III, 5 Sylvan Rd., Needham, Mass. 
Ramanadham, R., Marconi College Hostel, Chelms-

ford, Essex, England 
Reiss, H. R., 1133 S. Ruby St., Philadelphia, Pa. 
Reynolds, J. B., 120 Oakdale Ave., Baltimore 28, 

Md. 
Sweet, C. M., 24 Newberry Rd., Lucknow, U.P..dia  

Vance, M. H., Jr., 118-D Lovington  Dr., Fairfield. 
Ohio   

VanZeeland, F. J., 2461 S. 68 St.. Milwaukee 14. 
Wis. 

Wilson, W. H., 249-37 -51 Ave., Little Neck. L. I., 
N. Y. 

tVood, R., Box 366, Santiago. Chile 

The following admissions to Associate 
were approved on October 7, 1947, to be 
effective as of November 1, 1947: 

Alberts, W. A., 136 Georgina Ave., Santa Monica, 

(Continued on page 40A) 
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"these WA 4 distributors 
have surplus electronic 
equipment which we need" 

ELECTRONICS DISTRIBUTORS 

EASTERN 

Automatic Radio Mfg. Co., Inc. 
122 Brookline Ave. 
Boston, Mass. 

Corr Industries, Inc. 
1269 Atlantic Ave. 
Brooklyn, New York, N. Y. 

Tobe Deutschmann Corp. 
863 Washington Street 
Canton, Mass. 

Electronic Corp. of America 
353 West 48th Street 
New York, N. Y. 

Emerson Radio 8 Phonograph Corp. 

76 Ninth Ave. 
New York, N. Y. 

General Electric Co. 
Bldg. 267; 1 River Road 
Schenectady, N. Y. 

General Electronics, Inc. 
101 Hazel Street 
Paterson, N. J. 

Hammarlund Mfg. Co., Inc. 

460 West 34th Street 
New York, N. Y. 

Hytron Radio & Electronics Corp. 
76 Lafayette St. 
Salem, Mass. 

American Condenser Co. 
4410 N. R  wood Ave. 
Chicago, III. 

Belmont Radio Corp. 
3633 S. Racine Ave. 
Chicago, Ill. 

Johanns 8 Keegan Co., Inc. 
62 Pearl St. 
New York, N. Y. 

Newark Electric Co., Inc. 

242 West 55th St. 
New York, N. Y. 

Radio Ports Distributing Co. 
128 West Olney Road 
Norfolk, Va. 

Smith-Meeker Engineering Co. 
125 Barclay Street 
New York, N. Y. 

Standard Arcturus Corp. 

99 Sussex Ave. 
Newark, New Jersey 

Sylvania Electric Products, Inc. 

Emporium, 
Pennsylvania 

Technical Apparatus Co. 
165 Washington St. 
Boston, Mass. 

Tung-Sol Lamp Works, Inc. 

95 Eighth Ave. 
Newark, New Jersey 

W. 8 H. Aviation Corp. 
Municipal Airport 
Rochester, N. Y. 

MID WESTERN 

Electra-Voice, Inc. 
Carroll 8 Cecil Streets 
Buchanan, Michigan 

Essex Wire Corp. 
1601 Wall Street 
Fort Wayne, Indiana 

E. F. Johnson Co. 
206 Second Ave., S. W. 
Waseca, Mi  ta 

November, 1917 

,,,••••"" 

‘Iyes sir.•-•it  easY  to 
buy pa pn rd ()their 

electronic materials  equipment.adpnrkes are  right" 
These vast 

Yes . . . these WAA A  ved Distributors 
have large inventories of valuable, hard-to-get, 

stocks of tubes, devices and apparatus were de-
clared surplus by the Armed Forces. Investi-
gate . . . fill your present and future need while 
inventories still permit large purchases and 
wide selection. 
Purchasing of this equipment has been sim-

plified to a high degree. These WAA Approved 
Distributors were selected on a basis of their 
ability to serve you intelligently and efficiently. 
Write, phone or visit your nearest Approved 
Distributor for information concerning inven-
tories, prices and delivery arrangements. You'll 
find you can "Save with Surplus". 

SOUTHERN 

Navigation Instrument Co., Inc. 
P. 0. Box 7001, Heights Station 
Houston, Texas 

Cole Instrument Co. 
13205. Grand A   
Los Angeles, Calif  

Southern Electronic Co. 
611 Baronne Street 
New Orleans, La. 

PACIFIC 

Hoffman Radio Corp. 
3761 S. Hill Street 
Los Angeles, Calif. 

OFFICE Of AIRCRAf T AND ClICTNONICS DISPOSAL  4,11"14. .41 p+ 

Offices located at: Atlanta • Birmingham • Boston • Charlotte  INP 
Chicago • Cincinnati • Cleveland • Denver • Detroit • Grand Prairie, 
Tex. • Helena • Houston • Jacksonville • Kansas City, Mo. • Little Rock 
Las Angeles • Louisville • Minneapolis • Nashville • New Orleans • New 
York • Omaha • Philadelphia • Portland, Ore. • Richmond • Salt Lake City 
St. Louis • San Antonio • San Francisco • Seattle • Spokane • Tulsa  1371 

Customer Service Centers In these and many other cities. 

39A 
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THOR 1 ARSON 
TRANSFORMERS 

5L-cce 1 0 95 
d 9aaaieeeoj 

Zeateeet Pe/ OP:malice 
For well over half a century Thordarson has lead the field in 

the development of fine transformer equipment. First to build 

tramformers for specific applications in industry, Thordarson has 

pioneered many developments, among them the superior coil 

and core materials used throughout its entire line ... A 

vigorous policy of research and development, together with 

an unusually high production standard has made its name 

a guarantee of quality. 

an assurance of trouble-free 

performance among engineers 

everywhere. 

Our technical staff would welcome an oppor-

tunity to assist you with your transformer prob• 

Isms. Send us full details as to your require• 

ments today ... For General applications, the 

new 1947 Thordarson Transformer catalog is 

now available. Send for your free copy today. 

• 

Mteavaeseve 
ELECTR O NIC  DISTRIB UT OR  AN D 

IN DUSTRI AL  SALES  DEP ART ME NT 

MAGU IRE INDUSTRIES, INC. 
500 W. HURON STREET • CHICAGO 10, ILLINOIS 
EXPORT-SCHEEL INTERNATI ONAL, INC ORPORATED 
4237 N. LI NC OL N AVE NUE • CHICAG O 18, ILLI N OIS 

CABLE -- HARSCHEEL 

(Continued (emu page 384) 

Anthony, I. B., 35 Shepard Ave , West Englewood, 
N. J. 

Arnold, R. D., 82 Miller Ave.. Rumford 16, R. I. 

Atlya, F. S., Inst. f. Hochfr. Technik, Glorlastrasse 
35. ZlIrich 7, Switzerland 

Becker, H. J.. 6915 Lake Dr., East St. Louis, 111. 

Derain, V. M., 1639 Catalpa St., Chicago 40, Ill. 

Bernstein, J. L., 506 Fort Washington Ave., New 
York 33, N. Y. 

BertinI, G., Marconi College, Arbour Lane, Chelms-
ford, Essex, England 

Bey, W. 1., Box 1545, Fargo, N. D. 

Bing, V. B., 620 Thatcher Ave., River Forest, Ill. 
Bolm, A. A., 1889 Hertel Ave., Buffalo 14, N. Y. 

Braden. W. V., 191 Rhodes Ave.. Akron, Ohio 
Bullock, R. G.. 43 Beaconsfield Ave., Toronto .3, 

Ont., Canada 

Butchard, J. W., 38 Mortimer Place, Winnipeg, 
Man., Canada 

Butler, R. W., 2101 Cozy Court, Fort Wayne 6, Ind. 
Cagle, D. S.. 421 Van Dyke Ave., Oakland 6, Calif. 

Carter, J. M., 4407 N. Winchester Ave., Chicago 
40. III. 

Caulkins, F. A., 1706 Thornapple Ave., Akron. Ohio 

Ceries, R. E., 932 Cwrwood Dr., Webster Groves 
19, Mo. 

Cissel, F. G., 1415 Mt. Vernon Blvd., Alexandria, 
Va. 

Collett', N., 140 N. Portage Path. Akron 3, Ohol 
Cuddy, E. J., Box 6, Bayside, L. I., N. Y. 

Curtis, T. J., Box 901, Dixon, Calif. 

Darnell, W. E., 115 Third Ave., Haddon Heights. 
N. J. 

Darcey, R. J., 133 ‘,V. 101 St.. New York, N. Y. 

Davis, W. R., 58 Bement Ave., Staten Island 10, 
N. Y. 

De janovich, C. R., 10727 Yates Ave. Chicago 17, 

Dere, E. B., 4418 Augusta Ave., Richmond 21, Va. 
Detweiler. D. C.. 634 Oakdale Ave., Chicago 14, Ill. 

Drucker. R., 119-40 Union Turnpike, Kew Gardens 
15, L. I., N. Y. 

Drumm, J. C., 10405 Warner Ave., Kensington, 

Md. 
Dunn, L. J., 2320 Elizabeth Ave., Zion, Ill. 

Eachus, W. J., 801 S. Humboldt St.. San Mateo, 
Calif. 

Edwards, W. 11., 715 West Gray, Houston 6, Texas 
Eidson, D. VV., 2424 Olive St., Temple City, Calif. 
Erdel, S., 1910 Avenue Y. Brooklyn 29, N. V. 
Fialkov, 11., 2228 Mermaid Ave.. Brooklyn 24, 

N. Y. 

Freeman, L. C., 560 W. 165 St., New York 32, N. Y. 
Fuller, J. D., CIC Team Training Center, San 

Diego 47, Calif. 

Fuller, W. T., R.F.D. 1, Uniondale, Ind. 
Fulton, A S., 4137 Duquesne Ave., Culver City. 

Calif. 

Gourlie, L. C., c/o C.A.A. Section 67, Box 440, 
Anchorage, Alaska 

Graham, W. J., 3009 Seventh St., S. E., Washing-
ton 20, D. C. 

Green, W. W., 15 Orlando Ave., Pittsfield, Mass. 
Haggard, W. C., Jr., 774 N. Laramie, Chicago 44, 

Hansen, E. N., 2417 W. Madison St., Chicago 12. 

Harrington, J. V., 23 Grosvenor St., Ayer, Mass. 

Harris, W. C., Rm. 610, 215 West 23 St., New York, 
11, N. Y. 

Hart, G. L., 212 E. Market, Bluffton, Ind. 
Hasbach, W. A., 5043 N. Kolmar Ave., Chicago 30, 

111. 

Hein, D. W., 3760 Rohns, Detroit 14 Midi. 

Henrich, C. A., 921 Wilson Ave., Chicago 40. III. 
Hill, I. D., 4920 N. Magnolia, Chicago 40, III. 

Hi nson, G. D., 5428 W. Jackson Blvd., Chicago 
44. 111. 

Inman, A. D., R. F. D. 5, Tunkliannock, Pa. 

Keppert, G. D., 941 N. 29 St., Milwaukee 8, WI.. 
(Continued on page 424) 
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The Sperry Klystron Tube to generate 
ultra-high-frequency microwaves . . . 

The Sperry Klystron Signal Source 
to "power" them . . . 

The Sperry Microline to test and 
measure them . . . 

These Sperry products equip the 
research or development engineer 
with every essential for development 
or design in the microwave field. 

The Sperry Klystron Tube has ; 
already opened up new vistas in 

PROCEEDINGS OF THE I.R.E.  November, 1947 

navigation, aviation, medicine, radio, 
telephone, telegraph and other major 
applications. It is ready for many new 
local oscillator or high power uses. 

The Sperry Microline includes 
practically every type of instrument 
for qui k precision measurements 
in th miFrowave frequency bands. --„ _ 

This Sperry service — beginning 
with a source of microwave energy, 
the Klystron, and following through 
with every facility for measuring 
microwaves — opens up almost un-
limited possibilities for industry. 

We will be glad to supply com-
plete information. 

Sperry Gyroscope Company, Inc. PE • 
EXECUTIVE OFFICES: GREAT NECK, NEW YORK  • DIVISION OF THE SPERRY CORPORATION 

NEW YORK  • CLEVELAND  • NEW ORLEANS  • LOS ANGELES  • !,AN [PAW l',1,(1  • %I Al II F 
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Wherever industrial electionic equipment is sectionalized, 
Amphenol AN connectors serve with efficiency and economy 
to provide quick connection and easy disconnect for servic-
ing or movement. 

They save money by permitting associated wiring for one 
or many circuits to be prefabricated, thus electronic devices 
may be tested at the factory and instantly connected for 
use on arrival. This greatly simplifies installation and servic-
ing procedures. 

Available in five major shell designs, each of which accom-
modates over 200 styles of contact inserts, Amphenol AN 
connectors handle voltages up to 22,000, amperages up to 
200. Types with pressure-proof, explosion-proof or moisture-
proof housings also are available, as are standard elements 
for thermocouples. 

Amphenol, long the leader in mass-producing AN connec-
tors for the armed forces, remains completely tooled for 
large-scale production for industry at costs far below those 
in effect pre-war. Write for full data now. 

AMERICAN PHENOLIC CORPORATION 
1830 South 54th Avenue, Chicago 50, Illinois 

COAXIAL CABLES AND CONNECTORS. INDUSTRIAL CONNECTORS, FITTINGS AND 
CONDUIT • ANTENNAS • RADIO COMPONENTS • PLASTICS FOR ELECTRONICS 

THICKER ANIPHENOL AN INSERTS INCREASE BREAKAGE RESISTANCE 

AM PHENoi 
CONVENTIONAL  AMPHENOL 

Here's another example of the "safety insurance" supplied 
by alert Amphenol engineering: On all sizes, from 20 up. 
Amphenol inserts are thicker, offering greater resistance to 
breakage. This is particularly important where larger diam 
eters are employed, and a greater number of contacts accom• 
modeled. 

(Continued from page 404) 

Kime, J. M., 471 Greenwood Ave., Akron 2, Ohio 
Kishi, II, J., 171 West End Ave., New York 23, 

N. Y. 

Kulp, J. B., 5050 N. Broadway, Chicago 40, Ill. 
Lee, W. wS0.,200. N.  J'.V‘hite Horse Pike. W. Collings-

0d 

Leonard, A. B., 3336 Mt. Pleasant St., N. W., Wash. 
ington 10, D. C. 

Long, F. H., 2540 Hudson Blvd., Jersey City 4, 
N. J. 

Lund, C. 0., RCA Laboratories, Princeton, N. J. 
Malvarez, F. G., Pozos 1143, Buenos Aires, Argen-

tina 
McCarthy A. A., Radio Department, Hanger 4, 

British Airways. Montreal Airport, Mon-
treal, Que., Canada 

McDaniel. G. A., 3339 Wallace St., San Diego 10, 
Calif. 

McGinn, B. A., 167 Lloyd Ave., Providence 6, R. I. 
McKim, W. J. G., 11998446, 172nd Signal Service 

Company, APO 980, c/o Postmaster, 
Seattle, Wash. 

Morrison, W. J., 72b S. 41, Louisville 11, Ky. 
Moston, H. A., Bryn Estyn. Cadwgan Rd., Old 

Colwyn, North Wales 
Muir. D. A., 1200 W. Colvin St., Syracuse 7, N. Y. 
Neeley, A. C., Box 683, Red Bank, N. J. 
Nelson, D. D., 7732-25 N. W , Seattle 7, Wash. 
Nickel, W. L., 811 Chestnut, Joplin, Mo. 

Oebels, C. J., 3601 E. Fifth St., Dayton 3, Ohio 
Olick, J., 808 Adee Ave., New York 67, N. Y. 
Pechousek, T. W., 7712 Morningside Dr., Washing-

ton. D. C. 
Phelps, W. H., 747 Fifth St., Hermosa Beach, Calif. 
Pinkerton, F. J., 1115 Stratford Rd., Lynchburg, 

Va. 
Pointon, C. G., 72 Queen, W., Toronto 2, Ont., 

Canada 
Pratt, D. E., Box 149, Attica, N. Y. 
Preston, M. D., 609B S. Palm Ave.. Alhambra, 

Calif. 
Purdy. J. A., R.F.D. 4, Hamilton, Ohio 

Quint, A. S.. 55 Lee St.. Cambridge 39, Mass. 
Ramankutty Nair, P., 55 Hanson Pl., Brooklyn 17. 

N. Y. 
Redhead, P. A., 36 Patterson Ave., Ottawa, Ont.. 

Canada 
Reynier, E. H., 737 Evergreen Dr., Akron 3, Ohio 
Rhine, J. A., 454 E. Buchtel Ave., Akron 4, Ohio 
Ricker. A. M., 1728 N. Orange Dr., Hollywood. 

Calif. 
Robbins, R. E., 1616-16 St., N. W., Washington 9, 

D. C. 
Rubio, J AI., Ayacucho 1147, Buenos Aires, Argen-

tina 
Savalan, D., Freyre 1510, Buenos Aires, Argentina 
Schulz, K. A., 904 W. Webster St., Chicago 14, III. 
Shaffer, R. C., Circle Manor, Tallmadge, Ohio 

N , 914 N. Franklin St., Philadelphia 23, Pa. 
Sloan, G. H., Graduate House, M. I. T., Cambridge 

• 39. Mass. 
Sprung, L. II.. 4918 S. Ashland Ave., Chicago 9, III. 
Stahl, J. E., Jr., 637 S. Humphrey Ave., Oak Park, 

Stanfield, W. II., 3638 N Wayne, Chicago 13. III. 
Swenson, A. N., Jr., 145 W. Acacia. Glendale 4. 

Calif. 
Tylor, /I. L., 4427 Harcourt Rd., Baltimore 14, Md. 
Van Gavree, R. L., 98 B St., Carlisle, Pa. 
Volpe, F., 4942 Wrightwood Ave Chicago 39. III. 
Weingarten. R., 311 Heliotrope Dr.. Los Angeles 

4, Calif 

Wetmore, G C., 115 Atlantic St., Stamford, Conn. 
Williams, C. S., 509 E. Fourth St., Alice, Texas 
Williams, H. C., 916 Coral St., Tampa, Fla. 

Wilson, J. E., 115 S. Darling St., Angola, Ind. 
Wittig, W. L., 410 Douglas St., Akron 7, Ohio 

Yankausld, B. U., 4900 N. Sheridan, Chicago, 
Young, T. P., 848 Lakeside Pl., Chicago 40. 111. 

(Continued on page 44A) 
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Model 666HH 
VOLT-OHM-MILLIAMMETER 

Here it is! The NEW "hand-size" Triplett tester that packs a laboratory of 
versatile service into a size that fits your hand and weighs only 11/2 pounds. 
It's the tester you've been looking for. 

In a handsome, streamlined, molded case, Model 666HH features greater 
scale readability; low contact resistance at jacks achieved by new banana-
type plug-in leads; greater stability evolved through special new type 
resistors—these are just a few of the many refinements. 

Model 666HH is an engineered marvel of compactness, a miniature "labora-
tory" that delivers more accurate, precise results per square inch than 
many kinds of larger, more costly equipment. 

See, try, compare the brilliant performance of this thorough-going example 
of dependable Triplett engineering. It's the ideal tester for radio service-
men, radio amateurs, industrial engineers and laboratory technicians. 

R A NG ES 
D.C. V OLTS: 0-10-50-250-
1000-5000, at 1000 ohms-

Volt. 

A.C. V OLTS: 0-10-50-250-

1000-5000, at 1000 ohms-

Volt. 

D.C. MILLIA MPERES: 0-

10-100-500, at 250 milli-

volts. 

OH MS: 0-2000-400,000. 

For Descriptive Material Write Dept. HII7 

Agent,zi,it Triplett 
ELECTRICAL INSTRUMENT CO. BLUF F ION, OHIO 
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Rated performance of Model  1750-S goarantee.t delivery of output 

line voltages at a regulation ac curacy of  0.2%  under varying load. 

Ifowever, in arroa1 leo, of this unit vokage stabilization was beid 
to within 0.1% under full operating conditions. This 

conservative safet y rating of 0.2% is typical of 

all  Sorensen performance factors. 

Input volute,' nuwe....,............95-123 

Adinstnbil %gnu betuven-110.1.20 

Load Innet.-...------200.2000 VA 

Regulatioo acturaty  .... 
_.... .. ---0-2% 

issun onk dis  •  -.2% sox. 
Reonvtr  

Input I  range...55-6S cycles 

IT IS "A NATURAL" 

FOR CONTROLLING 

VOLTAGES IN LAB-

ORATORIES, ASSEMBLY 

LINE TESTING AND AS 

A COMPONENT OF 

YOUR ELECTRICAL 

UNIT. 

for the latest 

in electronic 

developments 
• 

urn. Or U ,10 0 1u 
slO w1.0. 

kat i0 .1. 

V•I % Ai SOM . . 
r A•1 0. wit.q 

• 110 
141 

-  -  -  -  -  -  -  - 

fl Send me the Electronics Journal "Currently** regularly in addi-
tion to the resume on **Electronic Batteries." 

NAME  TITLE 

COMPANY   

ADDRESS   

SORENSEN & COMPANY, INC. 
375 FAIRFIELD AVE. STAMFORD, CONN. • 

.GINIMMINEm ml 

Membership 
(Continued from page 424) 

Zweiger, E. A., Solis 1237. Plea 1, Department° D, 
Buenos Aires, Argentina 

ERRATA 

The following memberships were errone-
ously listed and should read as follows: 
Tronifer So Member Grade, effective as of September 
1, 1947 
Thomas. A., 241 George St., Sarnia, Ont.. Canada 

Admitrion to Member Grade, effective u of October 
I, 1947 
Smith, H. B., 4912-40 Place, Hyattsville, Md. 

News—New Products 
These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your I.R.E. 

Interesting Abstracts 
(Continued from page 304) 

• • • The entire stock of the Garod Radio 
Corp., 70 Washington St., Brooklyn 1, 
N. Y., has been purchased by Leonard 
Ashback Company of Chicago. The Garod 
Radio Corporation has been in existence 
since 1922, and Mr. Ashback stated, when 
announcing the stock purchase, that the 
Garod plant will continue operating under 
the new ownership, without interruption, 
at its present location in Brooklyn. 

• • • The Gemloid Corp., 7910 Albion 
Ave., Elmhurst, N. Y., has recently an-
nounced the appointment of Louis J. 
Wronke as its midwest manager, with 
headquarters in the Republic Bldg., 209 
So. State St., Chicago, Ill. This appoint-
ment represents a step of the Gemloid 
Corporation in the direction of a reoganiza-
tion of its industrial sales and engineering 
division. 

• • • Haydon Manufacturing Co., makers 
of electric timing motors, announce the 
moving of their offices and manufacturing 
facilities from Forestville, Conn., to mod-
ern quarters in Torrington, Conn. 

• • • Removal of office and manufacturing 
facilities to a new location at 223-233 
West Erie St., Chicago, Ill., has been an-
nounced  by  Instrument Development 
Laboratories. It was explained that this 
expansion has been necessitated by the in-
creasing demand for products of the com-
pany, which are used in both nuclear re-
search and routine testing work with radio-
active materials. 

• • • The Langevin Manufacturing Corp., 
manufacturers of sound systems, broad-
casting audio facilities, and industrial con-
trols, has taken over the business previ-
ously carried on by The Langevin Com-
pany, Inc., with the exception of the busi-
ness of the latter's West Coast offices. 
These West Coast offices in Los Angeles 
and San Francisco will keep the name of 
The Langevin Co., Inc., and will act in the 
capacity of a sales and engineering service 
for the products manufactured by The 
Langevin Manufacturing Corp. Carl G. 
Langevin, who recently became a member 
of the Board of Directors of The W. L. 
Maxson Corp. of New York, is president 
of The Langevin Manufacturing Corp., 
which will continue at its present address, 
37 West 65 St., New York 23, N. Y. 

(Continued on page 464) 
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W HEN YOU HAVE TO CHANGE "DRIVERS" 

. . . YOU i srr TY, f 
High-speed railroading on crack cross-country trains requires 

frequent changing of "drivers" — the huge locomotives that 

furnish the driving power. Each change of "drivers" means time 

wasted. 

Modern streamline assembly work also involves high speed, but 

there is no time wasted changing drivers when Reed & Prince 

equipment is used. Why? Because 

O lirrk REED & PRINCE DRIVER FITS ALL 

SIZES OF REED & PRINCE SCRE WS AND BOLTS 

There is no longer any need to stop work, search for another 

driver, change to it, whenever there is a change in screw sizes. 

The Reed & Prince ONE driver method is the fast efficient time-

and-money-saving method of modern production. 

All recessed head screws and bolts have definite ad-
vantages over the older slotted head, but the Reed & 
Prince type Recessed Head is the only one which can be 
fitted and driven throughout the entire size range with 
a single driver. 

REED t PRINCE4  

SCREWS 
REED & PRINCE MANUFACTURING CO., Worcester, Mass. and Chicago, III., manufacturers of 

Recessed and Slotted Wood Screws, Sheet Metal Screws, Machine Screws, Stove Bolts. Also Cap Screws, Set Screws, Machine Screw Nuts, Wing Nuts, Rivets 

and Burrs, Rods, Screw Drivers and Bits, Specialties. 

45A 
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THE IDEAL WAY TO 

MAKE ENDS MEET 

'Ione" --(1(  
r 

N radio equipment design, the placing of variable elements 
is governed by these considerations: 

I. Optimum circuit efficiency. 
2. Operating convenience. 
3. Easy assembly and wiring. 
4. Space saving. 
5. Accessibility for servicing. 
6. Orderly panel appearance. 

To satisfy one and all of these requirements looks like a large 
order. Actually, it's very simple. Just hook up the variable ele-
ments to their control knobs with— 

S.S. WHITE REMOTE CONTROL 
FLEXIBLE SHAFTS 

This gives you complete freedom in placing both the elements 
and the knobs anywhere you want them! It's as easy as that. 
These shafts are especially engineered and built for the job. 

With proper application, they can't be distinguished from a 
direct connection for easy, smooth turning and sensitivity—and 
they retain their characteristics indefinitely. Full details about 
these shafts are included in this 

260-PAGE FLEXIBLE SHAFT HANDBOOK 

COPY FREE if you write for it on your business letterhead and 
mention your position. 

S.S.WHITEINDUSTRIAL 
THE 5. S. WHITE DENTAL MFG. CO.  DIVISION 

DEPT. G io EAST 41011. ST., NEW YORK 16, N. Y. 
Pl. to .. %NAL ".  •  tl1118•11 1664101 toots  •  AkIDC•WO. •(CISSO.../ 

SA . " CUTTING AND CIINOINC.  00 .  •  SPICI•• #011.a01• 11 .114•4 

m•C‘DID •11$1110 1  • rumc incAurial • C000.4 0 •SASIICS NO W .* 

nee od filocetica;:t .4 444 Tweze.ttrial Efelvtivezded 
(Continued on page 484) 
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News—New Products 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
Information. Please mention your IRE, affiliation. 

(( ontinued from taw. 44/1) 

Thyratron Tube 

A new 15,000-volt, heavy duty, mer-
cury-vapor thyratron tube, which operates 
both as a rectifier and as an instantane-
ous electrical cir-
cuit breaker under 
heavy  temporary 
overloads, is now 
being manufactur-
ed by Federal Tele-
phone and Radio 
Corp., 100  Kings-
land Road, Clifton, 
N. J. 
The unique type 

of grid design in-
corporated in this 
tube allows normal 
rated Row yet blocks 
sudden destructive 
heavy  overloads 
without damage to 
the tube or cuicuit. 
The resulting longer 
tube life reduces 
maintenance and re-
placement costs and, through the added 
protection to the circuit, minimizes the 
number of costly shutdowns. 
This tube, designated Type F-5563, was 

designed for use as a voltage controller 
and overload protector in high-voltage 
rectifier circuits for industrial heaters, 
transmitters, and other similar high-
voltage applications. 
Of the negative-control triode type, the 

tube operates on a filament voltage of 5 
volts and filament current of 10 amperes. 
The grid voltage for a typical installation 
would be approximately —70 volts. With 
15,000 volts peak forward and inverse 
anode voltage, the tube is rated at 1.6 
amperes average anode current, with a 
peak of 6.4 amperes. 

Voltage Calibrator 
A new instrument for peak-to-peak 

voltage measurements, designated Type 
264-A Voltage Calibrator, has been an-
nounced by Allen B. DuMont Laboratories, 
Inc., 1000 Main Ave., Clifton, N. J. It 
may be used with any commercial cathode-
ray oscillograph. 
The output is essentially a square wave 

the amplitude of which is continuously 
variable from 0 to 100 volts. By merely 
throwing the selector switch, either the 
unknown signal or any of four ranges of 
calibrating voltage may be applied to the 
input of the oscillograph. There is no need 
for switching leads between signal and cali-
brating voltage. Measurements may be 
made of any part of a complex, composite 
waveform with Type 264-A 



Wire- Wound 
Vitreous-Enamel 

Type 

Now you can get an Ohmite wire-wound, vitreous-enameled 

resistor . . . of proved reliability . . . in the new compact 

5-watt size. This new resistor has the same rugged construc-

tion . . . the same unfailing dependability . . . as the well 

known line of 10 and 20-watt Brown Devil resistors. 

Stocked in a wide range of resistance values from 1 to 

10,000 ohms, with a tolerance of -± 10%. 
The new 5-watt Brown Devil can be easily mounted 

by its 13/2' copper wire leads. Its small size—s' x 
—and rugged all-welded construction make it ideal for 

general industrial uses and for original and replacement 

, purposes in radio and electronic equipment. 

Investigate this new line of Ohmite resistors. 

Write for Catalog 19 
Contains Information cm 

Ohmite stock Items 

OH MITE MANUFACTURING COMPANY 
4862 Flournoy St., Chicago 44, III. 

• • • 

new 
onAssi ire items 
• • • • • • • • • • 
TypE 48, 2- WATT 

POIENFIOAIEFER 

It new,  'molded extremeiy high quality 
composition 

unit—with d 
Sa fety  fa a gooctor. 

Sold only thru Ohtnite Distributors 
• • • • • 
SZ  LITTLE • • • 

DEVIL  • • 
COMPOS/T/ON RESISTORS 
The 3i and 
popul  I- watt sizes of this ar resistor now  

tolerance. Also  I, and 2-watt 
units in :2:10% tolerance. 

Sold only 1k,.,, Ohntite Distributors 
• • • • • • • • 

RI-2 DIRECTION INDICATOR porawriomErat  • • 
A compact, low-
cost unit used with 
a 6-volt b 
and 0-1 zuiatterylliam-

meter to indicate 
re motely the posi-
tion of a rotary-

beam antenna. • • • • • • 

PLATE 
RADIO FREQUENCY 

CHOKES 

Tiny, single-layer wound, higb-
frequency chokes. Six new Stock 
sizes from 7 mc to 520 inc. 
Two rated 600 nta, 
four rated 
1000 ma. 

• • 

• 

HIMITE 
RHE OST ATS  • RESIST ORS  • TAP SWITCHES  • CH OKES  • ATTE N U AT ORS 

PROCEEDINGS OF TIIE I.R.E.  November, 1947 47A 



News—New Products 

Zeu NEEDLE TALK 
CARTRIDGE 

INVADES 

Z at PRICE FIELD 
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Exclusive 
New Type 
"LT" 

Cartridge 
Introduced 
by Astatic 

as,* 

-INS% e,ts  ( 
AZ:b 

"r "Cfew  ct' ..";  0-• 
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Wdete high sensitivity, excellent reproduction, 

low needle noise or needle talk, and low needle pres-

sure are required . . . and cost economy is an important 
factor . . . Astatic earnestly recommends this new Model 

"LT" Crystal Cartridge. 

In the reproduction of high frequencies, this cartridge is 

noticeably free from disagreeable and annoying surface 

noise or needle talk. . . thereby providing increased tonal 
clarity and beauty for greater phonograph enjoyment. 

The Type "T" Needle employed in the "LT" Cartridge is 
replaceable and is furnished with an "Electro Formed" 

precious metal playing tip. Matched to the Cartridge, to 

give permanent Needle performance, this new Type "T" 

Needle is the only one that can be used, thus assuring 

constancy of the quality of reproduction regardless of the 

number of times the Needle may be replaced.  Special 
literature is available. 

o 

THE 

ASTATIC  CORPORATION 
C O N N E A U T.  O HI O 

M ENU  :a.. CA.A.••• ASC.( ,to 70>Ore0 cross 0 

Astatic Crystal Dorms,' Monulactured 

,rnSer Brush Development Co polents. to, 

These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your I.R.E. affiliation. 

(Continued from page 46A) 

Miniature I.F. Transformer 
Mounted in a 3/4-inch square can with 

a height of 13 inches, the SM-107 meets 
the need for a small, highly sensitive, but 
low-cost i.f. transformer. 

These transformers are now being pro-
duced by the Stanwyck Winding Com-
pany, 102 So. Lander St., Newburgh, 
N. Y. Write to the manufacturer for 
further information. 

VEE-D-X Antenna 
In collaboration with Alfred C. Denson, 

electronics specialist of Rockville, Conn., 
the Lapoint-Plascomold Corp., of Union-
ville, Conn., have developed a television 
antenna claimed to be capable of provid-
ing clear signals at distances as great as 
125 miles from the television transmitter, 
by direct reception. Reports indicate that 
reliable reception is secured on an average 
of 85 per cent of the time. 
The VEE-D-X has a high forward gain 

which gives maximum pickup in one direc-
tion while having minimum pickup from 
the sides and rear, thus helping to elim-
inate interference. The incorporation in 
this antenna of a matching section pro-
vides a method for matching the imped-
ance of the transmission line, which may 
be from 50 to 600 ohms, to that of the an-
tenna, thus helping to prevent "ghosts" 
and  other  undesirable  characteristics 
caused by mismatching. 
The entire assembly weighs about 25 

pounds. It may be mounted in the end of 
a short length of 2-inch pipe or other 
structure and does not require any guy 
wires of any type, since even under severe 
weather conditions the antenna has ample 
mechanical strength. 

(Continued on page 66.4) 
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New ,uNITRED amplifier systems for recording 

Flexibility is the outstanding advantage of the new 
Fairchild Unitized Amplifier System. It includes 13 basic 
components which can be assembled in an endless number 
of combinations to meet the standard, special and chang-
ing recording requirements of schools, broadcasting and 
the professional recording industry. Related units are sim-
ply plugged in or cabled together. It's that easy.. . that 
quick! 
Fairchild's Unitized Amplifier System now makes it 

practical and economical to build highly individualized 
audio systems to satisfy all of the varied and changing re-
quirements of the individual recording engineer. Further, 
the flexibility of the Fairchild system permits the units to 
be rearranged or the system to be expanded at will with-
out obsoleting a single component. 
Fairchild's 13 basic components have been especially 

designed by recording engineers to meet the specific re-
quirements of the various types of recording systems. 

Unit 620 — Power Amplifier 
Unit 621 — Microphone Preamplifier 
Unit 622 — Pickup Preamplifier 

Equalizer 

Unit 623 — Line Amplifier 
Unit 624 — Output Switch Panel 
Unit 625 — Input Switch Panel 

Unit 626 — NAB Equalizer 

Unit 627 — Variable Equalizer 
Unit 628 — Diameter Equalizer 
Unit 629 — Mixer 
Unit 630 — VI Panel 
Unit 631 — Bridging Device 
Unit 632 — Auxiliary Power Supply 

Study the typical setups shown on this page. Then set 
down your own requirements . . . select the basic units 
you'll need ... assemble them for convenient panel board 
operation . . . or let us do it for you. How will your spe-
cific amplifier system perform? Professionally! Like all 
Fairchild Sound Equipment—it keeps the original sound 
alive. Precisionized mechanical and electronic skill is the 
precise reason. 
Want more details? Address: 88-06 Van Wyck Boule-

vard, Jamaica 1, New York. 

MICROPHONES 
OR 

PICKUPS 

LINE    

620 626 621 

624 

2 RECORDERS 

 r LINE 

  MONITOR 
SPEAKER 

Single Channel Systems: for recording from a microphone or 
record or playing back from a pickup. 

INPUT 

CHANNELS 

621 

621 

621  I 

620 

629 

621 626 

624 

 .RECORDERS 

 *LINE 

 *MONITOR 
SPEAKER 

Multiple Channel Systems: for recording simultaneously 

through multiple input channels in conjunction with a mixer. 

INPUT 
CHANNELS 

LINE 

621 

621 

621  1 

629 

632. 

62.3 

627 

620 

630 

630 

627 

620 

RECORDER  RECORDER 

Dual Recording Channels: for recording simultaneously on 

two machines through dual channels with separate variable 

equalizers. 

so N 

CAMERA 

AND INSTRUMENT CORPORATION 

MAKERS OF: TRANSCRIPTION TURNTABLES, STUDIO RECORDERS, MAGNETIC CUTTERHEADS, PORTABLE RECORDERS AND LATERAL DYNAMIC PICKUPS 
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ENGINEERS NEEDED 
Large Eastern manufacturer of communication and broad 
cast radio equipment has positions available for the follow-
ing personnel: 

Broadcast Receiver Project Engineers 
and Assistant Project Engineers 

Television Receiver Project Engineers 
and Assistant Project Engineers 

Mechanical Engineers—Senior Draftsmen, 
Detail Draftsmen 

Personnel experienced in design methods on broadcast, tele-
vision and automobile radio receivers preferred. Pleasant 
working conditions. Unlimited advancement opportunities. 
Reply in detail, giving complete resume of business ex-
perience. 

BOX 485 

THE INSTITUTE OF RADIO ENGINEERS 

1 East 79th Street, New York 21 

WESTINGHOUSE RESEARCH 

ginnudtate- cizenineo- in  PatAluivh-
Physicist of Ph.D. level interested in the theory of the solid state to do funda-
mental work in ferromagnetism. 

Physicist of Ph.D. level to do fundamental work in gas discharge. 

Physicist or Mechanical Engineer of Ph.D. level to do research work in the 
field of friction under extreme pressures over a wide range of temperatures. 

Instrumentation Engineer to manage our instrument activity. 

Research Physicist or Vacuum Tube Research Engineer with some train-
ing in vacuum tube or x-rays desirable. 

Research Physicist or Vacuum Tube Research Engineer to work on de-
sign of high power ultra-high frequency oscillator tubes. 

Circuit Development Engineer or Physicist to design electronic devices for 
industrial applications for industrial test and processing. 

Research Physicist interested in the fundamental properties of propagation. 
absorption, and scattering of microwaves. 

Nuclear Research Physicist for fundamental research in nuclear physical 
phenomena. 

Nuclear Research Physicist or Electronics Engineer interested in develop-
ment of circuits and equipment for measurement of nuclear processes, detec-
tion, and measurement of nuclear radiations. 

Top Flight Research Physicist or Engineer capable of heading group on 
underwater sound developments. 

Research Engineer or Physicist interested in basic studies of underwater 
sound phenomena. 

For application address Manager, Technical Employment, 
306-4th Avenue, Pittsburgh, Pennsylvania. 

The following positions of interest to 
I.R.E. 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 I.R.E. 
1 East 79th St., New York 21, N.Y. 

ENGINEERING ASSOCIATE 

Will offer a partnership in prospective 
professional consulting service to engineer 
with B.S. degree or better who is desirous 
of striking out for himself but who has 
been financially restricted. Must have ex-
perience in all phases of broadcasting en-
gineering including directional antenna 
array design and preparation of F.C.C. 
broadcast station applications both AM 
and FM. No investment required. West 
coast. Please give full particulars. Replies 
will be treated confidentially. Write to 
Box 478. 

TEACHERS OF ELECTRICAL 
ENGINEERING 

State land grant college in northwest 
has openings for power and electronics 
men. Salaries $3000 to $4200 for nine 
months. Write giving references and com-
plete personal data to Box 479. 

SALES ENGINEERS 

Old established manufacturer of broad-
casting  equipment  has  openings  for 
several qualified sales engineers. An op-
portunity to have a good income selling 
equipment to broadcasting stations. These 
positions require men having a thorough 
knowledge of the field of broadcasting 
both from a technical and business stand-
point. Give full details in reply concern-
ing past employment, age, education, mari-
tal status, remuneration expected, and lo-
cation preferred. Box 480. 

PHYSICIST OR ELECTRONIC ENGINEER 
Wanted: Top flight physicist or elec-

tronic engineer. Should have Ph.D. or 
equivalent experience. Must be capable of 
heading up large development projects as 
well as performing original theoretical 
and  experimental  research.  Congenial 
working atmosphere amongst many for-
mer M.I.T. Radiation Laboratory per-
sonnel. Will pay salary commensurate with 
experience and ability. Write: Laboratory 
for Electronics, Inc., Att : Nims McGrath, 
610 Newbury Street, Boston 15, Mass. 

ENGINEERS 
HEAD OF CATHODE RAY TUBE 

RESEARCH. Under direction of Super-
visor of Electronics and in the cooperation 
with the Electron Optics Group, he will 
direct applied research on the development 
of improved cathode ray tubes for com-
mercial television. Responsibilities include: 
setting up of processes, scheduling and 
direction of design, testing and screen ap-
plication. 
CATHODE RAY TUBE DESIGN 

ENGINEER Carry out experimental re-
search on and design of electron guns for 

(Continued on page 524) 
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There's a Beckman 

e l • 'pot 
(Trade Mark of the HELIcal  POTentiorneter) 

to simplify YOUR Potentiometer—Rheostat Problems! 

MODEL B—Case diameter-3.3"; 
Number of turns-15; Slide wire 
length-1401e; Rotation-5400 °; 
Power rating-10 watts; Resistance 
ratings-50 to 200.000 ohms. 

HELIPOT'S Wide-Range, High-Precision Control 
Advantages Available in Many Sizes of Units 

1.1 e Iipot —the original helical potentiometer— 
has proved so popular in modern-

izing and simplifying the control of electronic cir-
cuits, that many types and sizes of Helipots have 
been developed to meet various potentiometer-rheo-
stat problems. Typical production Helipot units 
include the following... 

MODEL A—Case diameter-1.8"; 
Number of turns-10; Slide wire 
length-46142";  Rotation-3600°; 
Power rating-5 watts; Resistance 
ratings-10 to 50,000 ohms. 

FEA  
F DESIGN  TURES 

Not  only ore Helipots avoilable  a wide 
WIDE  CHOICE O  in 

range of sites  and ratings, but also can be 

supplied w ith various fdesign features to 

meet individual requirem ents . • • 

II Available w ith speciol length shafts, lat ted shafts, screw-

II Can be supplied with shaft extensions at  each end to 
etc.  pe rmit 

driver slots, 
coupling to indicating instruments or ot her devices. 

It May be mblies of or 
provided in ganged asse  two   three 

units, common  0 %- d even le all operoting from a  shaft. 

II

Avo iloble with linearity tolerances of  .1 an ss. 
II Models A & B con be modified to  include additiona l tops 

on 
ot  virtually any point  windings. f  i 

...and many other special  eatures. 
investigate the many important advantages to be ganed by 
using the Ilelipot in your electronic control applications. 

Write outbning your problem! 

MODEL C -Case diameter-1.8"; 
Number of turns-3; Slide wire 
length-13.5"; Rotation-1080°; 
Power rating-3 watts; Resistance 
ratings-5 to 15,000 ohms. 

SPECIAL MODELS 

In additior to the above standard Help°, units, special models 
in production include. 

MODEL Ci •Similisr to Model B, above, but longer sod with gresier 

length of aide wire. C•se diameter-.-3.3"; Number of itten, -25; 

Slide  wire  length-.-234";  Rot•tion---9000 °; Power  rating -15 

watt•; Resistance rating rI00 to 300,000 ohms. 

MODEL E— Similmr to Model B, but longer and with prettier length 
of slide wire than Model D. C•ite di•meter 3.3"; Number of turn. 

•-•-•401 Slide wire length -373"; Holation -11,  ° ; Power ••ting 

— 20 watt.  ; Ite.dki•nre r•iingt. -1:;0 to 500,   ohm, 

Send for HELIPOT Literature! 

THE HelIPOtC ORP OR ATI O N 

1011 Mission Street 

SOUTH PASADENA 6, CALIFORNIA 
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II„. 
F. W. SICKLES OPAflU A 
OF CHICOPEE, MASS. 
LEADING MANUFACTURERS OF 

RADIO ELECTRICAL APPARATUS 

ONE  OF  THE  MANY 

MANUFACTURERS  OF 

RADI O  APPAR ATUS 

winding coils on 

COS MALITE  for ms 
The Cleveland Container Company recommends for 

YOUR consideration these spirally laminated paper base, 
Phenolic Tubes. Wall thicknesses, diameters, punching and 
notching to meet your individual needs. 

WE RECOMMEND our  96 COSMALITE for coil forms 
in all standard broadcast receiving sets; our SLF COSMA-
LITE for permeability tuners. 

Spirally wound kraft and fish paper Coil Forms and Con-
denser Tubes. 

*  *  * 

Inquiries welcomed also on COSMALITE COIL FORMS 
for Television Receivers. 

* * * 
• Trade Mark Registered. 

ih CLEVELAND CONTAINER a 
6201 BARBERTON AVE.  CLEVELAND 2, OHIO 
• All-Fibre Cans • Combination Metal and Paper Cons 
• Spirally Wound Tubes and Cores for all Purposes 
• Plastic and Combination Paper and Plastic Ite ms 

• • 
PIODUCTION PLANTS all' 0 P11advt1 Mit OglEdsbdid N V CincEld III Do w Nal la•osIvoLN I 
M int  Ply•ddll No, Oidedsidri N I • ietisivl DIVISION al amuse Al,, 

SO W OFFICES . lido 121 1115 8,111•1, NYC Os, Ed/ Nald St N. 1114 ,1. Cell 

IN CANADA  IN, Cloyeladd Coolviddi C ..... ltd PretEdlt. Ddlatio 

"e"-
• 

(Continued from page 50A) 

approved television cathode ray tubes 
using the theoretical information avail-
able from the electron Optics Research 
Department and the customary cathode ray 
tube model shop facilities. 
CATHODE RAY TUBE TEST EN-

GINEER. Test experimental models of 
television cathode ray tubes in cooperation 
with the design engineers and carry out 
the modifications of the test equipment 
for the testing of such special tubes. Ex-
perience in the design of television video 
and scanning circuits desirable. Position 
includes responsibilities with maintenance 
of cathode ray test tubes equipment but 
not for initial design or construction. Ap-
ply to Supervisor of Employment, Indus-
trial Relations Department, Sylvania Ekc-
tric Products, Inc., 40-22 Lawrence Street, 
Flushing, New York. 

RADAR AND ELECTRONIC ENGINEERS 
GUIDED MISSILE DEVELOPMENT 

Engineers needed for new missile guid-
ance and control project. Bachelor's de 
gree in electrical engineering or physics; 
Master's degree very desirable, or equiva-
lent advanced study of mathematics, elec-
tronics, applied physics. Analysis and/or 
development experience in one or more; 
radar equipment; electronic timing and 
control circuits; electro-mechanical servo-
mechanisms; guided missile control and 
testing. Salary to $7500 depending upon 

(C,ntinne1 on rage 54A) 

Radar Design 

Engineer 

"We have an opening at our Boston, 

Massachusetts Electronic Plant for 

a Senior Engineer to perform miscel-

laneous circuit design work. Work 

Involves design of such equipment as 

1-f amplifiers, video circuits, indica-

tors, modulators, etc. 

"Applicant should have experience 

in the design of radar OF other elec-

tronic devices. 

"B.S. or M. S. in Electronics or Elec-

tronic Physics preferred. Immediate 

consideration will be given to quali-

fied applicants furnishing full de-
tails regarding age, education, ex-

perience and salary expectations to: 

Supervisor of Employment, Indus-

trial Relations Department, Sylvania 

Electric Products Inc., 40-22 Law-

rence Street, Flushing, N.Y. 

52A PROCEEDINGS OF THE IRE. November, 19 27 



Dependability in FM 

The Collins 734A 

10,000 watt FM 

Broadcast Transmitter 

Built for Continuous Performanee 

Operating reliability and efficiency are your assur-
ance of economical operation. In Collins FM trans-
mitters each stage has been carefully designed for 
maximum efficiency. The requirements of every com-
ponent were determined and generous safety factors 
allowed. You can depend on a Collins transmitter to 
give you continuous efficient performance. 

Lasting Econo my 

The 10 kw 734A (shown above) consists of three basic 
units—a model 731A 250 watt exciter unit, a 3 kw 
intermediate amplifier, and a 10 kw grounded grid 
amplifier. The economy of thorough engineering is 
apparent both in the moderate initial cost and in the 
low operating expense. Each stage functions with 
high efficiency, thus a minimum number of stages is 
required. Only 33 tubes are utilized in the entire 
transmitter, with only ten different tube types. 

Low maintenance costs are assured by the use of 
highest quality components operated conservatively. 

Adranced Cirettit Design 

Frequency stability is within ± 250 cps. All circuits 
are metered. Exciter, intermediate amplifier and 
power amplifier stages utilize motor tuning. Forced 
air ventilation is provided for each cabinet. The ver-
tical chassis can be tilted forward for servicing the 
rear side. Fuseless circuit protection is provided in 
both a-c and d-c power channels. 
Distortion is less than 1.5% at 100% modulation 

over the range of 50-15,000 cps. The frequency re-
sponse is flat within 1.0 db over the same range. 
Twenty-five or fifty kw operation is accomplished 

simply by adding amplifier bays. Write us for a com-
plete,descriptive bulletin giving detailed information. 

FOR THE BEST IN FM, IT'S... 

COLLINS RADIO COMPANY, Cedar Rapids, Iowa 

11 West 42nd Street, New York 18, N. Y. 

COLLINS 

438 South Spring Street, Los Angelo. 13, California 
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WANTED 

PHYSICISTS 

ENGINEERS 
Engineering laboratory of precision 

instrument manufacturer has interest-

ing opportunities for graduate engi-

neers with research, design and/or 

development experience on radio com-

munications systems, electronic it me-

chanical aeronautical navigation in-

struments and ultra-high frequency & 

microwave technique. 

WRITE FULL DETAILS 

TO 

EMPLOYMENT SECTION 

SPERRY 
GYROSCOPE 

COMPANY, INC. 

Marcus Ave. & Lakeville Rd. 
Lake Success, L.I. 

Electronic 
Equipment 
Design 
Engineer 

"Our Boston, Massachusetts Elec-
tronics Plant is seeking experi-
enced Senior Engineers to work 
on the development of Electronic 
Digital Computers. Should have 
extensive experience on equipment 
with circuits somewhere in the re-
gion of 100 KC to 100 MC. 

"B.S. or M. S. in Electronics or 
Electronic Physics preferred. Ear-
ly interviews will be granted quali-
fied applicants furnishing full par-
ticulars regarding age, education, 
experience and salary require-
ments to: 

Supervisor of Employment, In-

dustrial Relations Department, 

Sylvania Electric Products Inc., 

40-22 Lawrence Street, Flush-

ing, N.Y. 

(Continued from page .52A) 

qualifications. Write or phone Mr. F. 
Melograno, Pilotless Plane Division, Fair-
child Engine and Airplane Corp., Farm-
ingdale, N.Y. 

DESIGN ENGINEER 
Excellent opportunity for experienced 

electrical and mechanical engineer, with 
old established central Connecticut plant, 
who can translate intricate precision 
electro-mechanical parts and assemblies 
into designs for mass production. Ability 
to develop model-shop components into 
production line designs of paramount im-
portance. Write or wire Box 481. 

TELEVISION INSTRUCTOR 
Television instructor 'with degree in 

physics or electrical engineering. Some 
practical experience in the field necessary. 
Salary commensurate with ability. Perma-
nent position. Progressive school. Write 
Louisville Radio School, 413 W. Jefferson, 
Louisville, Kentucky. 

SONAR ENGINEER 
Wanted by leading west coast manufa, 

turer experienced sonar design engineer 
for important military and commercial 
work. Should be capable of handling com-
plete design from development to produc-
tion. Please include full particulars and 
salary requirements in first letter. Box 482. 

RADIO ENGINEER 
Radio receiver engineer, junior or senior, 

experience with component parts including 
permeability tuners desirable. Location 
Chicago. Excellent opportunity and seen 
rity. Reply in confidence giving trainiii_ 
experience, age and salaries. Box 483. 

MANUFACTURING ENGINEER 

Manufacturing engineer, junior or sen-
ior. Experience in making transformers, 
loud speakers, permeability tuners, and 
metal parts desirable. Location Chicago. 
Reply in confidence giving training, ex-
perience, age, and salaries. Box 484. 

ENGINEER 
Research and development project en-

gineer with experience in Klystron or 
Storage Tubes development wanted by 
medium size nationally known manufac-
turing concern in New England. Salary 
open. Write giving details and experience. 
Box 486. 

PHYSICIST OR ELECTRICAL ENGINEER 
Graduate physicist or electrical engineer 

for product development work with manu-
facturer of electroacoustic and electro-
mechanical devices. Please write stating 
education, experience and salary. Box 487. 

ENGINEERING PROFESSORSHIPS 
Outstanding technical school in Chicago 

has openings in radio, industrial electron-
ics, and electric power engineering fields. 
Unusual opportunities can be offered men 
possessing desirable industrial, research or 
teaching experience. Write giving field of 
interest and outline experience. Box 488. 

(Continued on page .56A) 

JUNIOR 

ELECTRONIC 

ENGINEERS 

Positions open in develop-
ment Laboratory of equip-
ment manufacturer for capa-
ble top men with engineering 
degree or equivalent back-
ground. Experience in UHF 
and pulse techniques desir-
able. Unlimited opportunity, 
top salaries, excellent work-
ing conditions in modern, 
fast-growing plant. Call or 
write for an appointment— 

LA V 0 I E 
LABORATORIES 

Morganville, N. J. 

Telephone Matawan 1-1049 

WANTED 
ONE of the leading manufac-

turers of mobile equipment 
and FM broadcast transmitters 
seeks representatives to handle 
sales, installation, and mainte-
nance in certain territories now 
open. 

Consideration will be given to 
outstanding parts jobbers or serv-
ice organizations experienced in 
handling transmitting equipment. 
This is a once-in-a-lifetime oppor-
tunity to establish a permanent 
and profitable connection in the 
fastest-growing section of the 
radio industry. 

For information on available 
territory and commissions, write 
at once, giving details of qualifii-
cations and area now covered. 

BOX 496 

PROCEEDINGS OF I.R.E. 
1 EAST 79TH STREET 
NEW YORK 21, N.Y. 
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FREQUENCY- MODULATED 
PULSED POWER SUPPLIES 

adjustable from 0 to full output 

Beta Electronics Company 
Equipment 

has been purchased by 

the followtng: 

Bell Telephone (.abs. 

Allen B. Durviont Labs. 

U. S. Novy 

Massachusetts Institute of Technology 

Douglas Aircraft Co. 

Northern American Philips Co. 

Princeton University 

American Cyonomide Co. 

Sylvania Electric Co. 

Winchester Repeating Arms Co. 

Hrovord University 

G D. Searle & Co. 

U. S. Television Corp. 

University of California at 

Los Angeles 

ond others 

15 

K. V. 
10 

OUTPUT 
5 

0  .2 .4 .6 .8  1.0 
M. A. LOAD 

A new regulation principle for pulsed 
power supplies results in the regulation 
curves shown at the left. 

Additional Features 

Light-Weight — Model 501-E, 0 to 15 
KV, weighs 23 lbs. Housed in compact 
cabinet 9" x 7" x 15". 

Safe — High operating frequency per-
mits use of low filter capacitances. In-
herent sharp cut-off at overload pro-
tects circuit components and personel 
from short-circuits. 

Output Kilovoltmeter — Full scale 
accuracy of 3%. 

Low Power Consumption — 65 V.A. 
from 115 V, 60C line. 

Also available in 0 to 30 KV range 
Model 50I-E 

Other BETA instruments include: 

MODEL 301 ELECTRONIC MICROAMMETER: Cannot be damaged 
by any degree of overload. Full scale ranges from 0.01 microamperes to 
100 microamperes. 

SERIES 101 KILOVOLTMETERS:  50,000 ohms per volt instruments, 
20 microamperes full scale drain, available in ranges up to 50 KV. 
Portable, compact, safe. Can be used without turning off high voltage to 
connect meter. 

MODEL 201 —0 TO 30 KV DC POWER SUPPLY: A portable, 
rectified 60 cycle power supply. Variac controlled. Currents up to 2 m.a. 
may be drawn. 

High voltage power supplies up to 150 KV made to your specifica-
tions. 

for further information, write or wire. to: 

BETA ELECTRONICS COMPANY 
Dept. E-0  1762 Third Avenue  New York 29, N. Y. 

SALES REPRESENTATIVES IN ALL MAJOR CITIES 
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Seecadeee, Reciaated 
POWER SUPPLIES 

ACCURACY 
PERFORMANCE 
Built to rigid U. S. Government Specifications 

SPECIFICATIONS 

INPUT -115v. 50-60 cycle 

REGULATIONS —Less than 1/20 volt change in output voltage with change of from 
100-140 V.A.C. input voltage & from NO-LOAD to FULL-LOAD (over very wide 
latitude at center of variable range) 

RIPPLE —less than 5 millivolts at all loads and voltages 
DI MENSIONS —Fits any standard rack or cabinet (overall: 19 in. wide: 121/4  in. high: 

II in. deep; shipping wt. -100 pounds) 

TYPE A —VARIABLE FROM 210 TO 335 V. D. C. (IP 400 M. A. 

TYPE Bl —VARIABLE IN TWO RANGES: 450-600 and 600-890 

V. 0. C. @I 125 M. A. 

CONSTRUCTION FEATURES  

Weston model 301  (or equal) milliammeter and voltmeter • Separate switches, pilot 
lights, and fuses for FIL and PLATE VOLTS • All tubes located on shoclanount assemblies 
• Fuses mounted on front panel and easily accessible • Can vary voltage by turning 
small knob on front of panel. Can easily modify Type Ell from POSITIVE to NEGATIVE 
output voltage • Individual components numbered to correspond with wiring diagram. 

Rigid construction: components designed to withstand most severe military conditions, 
both physical and electrical; and were greatly under-rated. 
All units checked and inspected at 150 % rated load before shipment. 

{Type A: 2-836; 6-616; 2-65F5; 1-VR150; 1-VR105 Tube complement: 
Type Bl: 2-836; 2-616; 2-65F5; 1-VR150; 1-VR105 

IMMEDIATE DELIVERY 

NET PRICES —F. 0. B. BALTIMORE, MD, 

TYPE A —$189.00  TYPE B1 -5185.00 

Complete with tubes and ready to plug in —Prices subject to change without notic• 

NATIONAL RADIO SERVICE CO. 
Reisterstown Rd. & Cold Spring  Lane  Baltimore 1 5, Md. 

(Continued from page 544) 

ENGINEERS 

Microwave engineers wanted. Labora-
tory experience essential (industry or gov-
ernment). Positions of junior engineers, 
engineers, senior engineers. Permanent. 
Salary relatively high. Video men also 
wanted. 
You are invited to visit our modern plant 

and talk to our engineers, or write us your 
job history and education. Motorola, Inc., 
4545 W. Augusta Blvd., Chicago 51, Illi-
nois. Att : Mr. E. Dyke. 

ENGINEERS, PHYSICISTS, 
MATHEMATICIANS 

To fill 10 positions on seismograph field 
parties scattered throughout the Rocky 
Mountains, Mid-continent and Gulf coast 
,tates. Duties consist of operating seismic 
recording instruments, or computing seis-
mic data, or alidade surveying seismic loca-
tions. Nature of work requires several 
changes of address per year; part of it is 
outdoors and part indoors; certain opera-
tions performed under standard procedure, 
others require ingenuity and initiative; 
salary $200-$300 per month to begin with 
excellent opportunity to advance for those 
with practical ability. To apply write 
giving scholastic and employment back-
ground, age, nationality, and family status 
to Box 490. 

(Continued on page 584) 

MICROWAVE 

DESIGN ENGINEERS 

MICROWAVE 

EQUIPMENT 

ENGINEERS 

Engineers to develop microwave tubes for 
specific applications. To design electron 
guns, tube assemblies and parts; special 
jigs and fixtures. 

Men to develop test methods and design 

microwave equipment for test of traveling 
wave tubes. 

2 or more years experience in microwave 

plumbing, measurement techniques, meas-
urement of nose at microwave frequencies. 

Cathode Ray Tube Design 

Engineer 

Carry out experimental research on and 
design of electron guns for improved tete• 
vision cathode ray tubes using the theoreti-
cal information available from the Electron 
Optics Research Department and the cus-

tomary cathode ray tube model shop facili-
ties. 

Apply to Supervisor of Employment, In-
dustrial  Relations  Department,  Sylvania 
Electric  Products,  Inc.,  40-22  Lawrence 
Street, Flushing, New York. 

56A 
PROCEEDINGS OF THE T.R.E. 

November, 1947 



O'seent akezprela id.  ..ififrqmatioy . . . 
efiiihaeomfri,/ ... Ounce.. ..4Tmst 
gle•al lin") lot ere  ty reality 

W hiles/491s-

, weltsceto clatesy I. 

2'erveolAsaafacek4 lonfely. 

EXPORT DIVISION: 13 EAST 40th STREET. NEW YORK 16, N.Y..  CABLES: "ARIAS" 



4 REASONS why you should specify 

"KIC" GETTERS 

1. 50 ASSEMBLY TYPES. Kemet makes 
getter assemblies of barium, and of 

barium alloyed with magnesium, or with 

aluminum, or with both. These getter as-

semblies are produced in a variety of 
sizes and shapes designed to meet your 

specific requirements. 

3. AT YOUR BECK AND CALL. Kemet is 
always prepared to render on-the-job 

assistance to the user of KEMET prod-

ucts. Our engineers are available at 
all times to help you in the solution of 

your problems. 

P /M QV  The 28-page booklet Z-1, "Getters and 
Gettering Methods for Electronic Tubes," tells 
how to overcome difficulties in gettering. It is 
recommended for designers of electronic tubes. 

2. BETTER GAS CLEANUP. To adsorb 
residual gases most effectively, Kemet 

has designed the KIC getter assembly. 

This consists of a barium core protected 

by an iron sheath which promotes 

efficient dispersion of vaporized barium 

upon flashing. 

4. LOWERED TUBE COSTS  THROUGH 
RESEARCH. In the search for superior 
gettering methods Kemet draws upon 

the  experience  and  metallurgical 

research facilities of Units of Union 
Carbide and Carbon Corporation. 

KEMET LABORATORIES COMPANY, 
Unit of Union Carbide and Carbon Corporation 

Nig 
Madison Avenue and West 117th Street, Cleveland 1, Ohio 

Foreign Department-30 East 42nd Street, New York 17, N. Y. 
Cable Address: Kemetlab, New York 

KEMET and KIC are trade-marks of Kernel Laboratories Company, Inc. 

KIC GB AE TRTI EURMS KEMET 

Positions Open 
(Continued from page 564) 

JUNIOR ENGINEERS 
Microwave research and other advanced 

radio work, requiring college degree and 
natural aptitude. Opportunity for valuable 
experience and advancement in a small, 
growing organization. Suburban location 
on Long Island near New York City. Send 
personal record to Harold A. Wheeler, 
Wheeler Laboratories, Inc., Great Neck, 
New York. 

PHYSICISTS, RESEARCH ENGINEERS, 
TECHNICIANS 

Growing research and manufacturing 
concern in suburban Philadelphia, special-
izing in multi-gun cathode ray tubes, has 
attractive openings, particularly for those 
experienced in vacuum tubes, photo sur-
faces.and electron optics. Electronic Tube 
Corporation, 1200 E. Mermaid Avenue, 
Chestnut Hill, Philadelphia 18, Pa. 

PATENT ATTORNEY 
Patent Attorney wanted having thor-

ough understanding of the physics of 
electronics and electro-magnetic radia-
tions, capacity for further study of these 
and other subjects and the ability to ex-
press himself in concise scientific lan-
guage; should be registered patent attor-
ney and member of Bar or prepared t( 
engage in the study of law. Salary corn 
mensurate with qualifications. State agt 
and education and experience in full. Pref 
erably enclose small photograph. Box 491 

ELECTRONIC ENGINEER 
Graduate engineer with major in elec-

tronics is required for development 0, 
industrial and medical electronic equip-
ment. Must have good scholastic record 
and have ability to do original work. Sal-
ary open. Send full details of education 
and experience. Write Perkin-Elmer Cor-
poration, Glenbrook, Conn. 

PRODUCTION DESIGN ENGINEER 
Engineer, preferably with radio-phono-

graph mechanical design background, 
capable of producing practical, low cost, 
mass production designs starting from 
performance specifications. The work in-
volves specification for purchase of com-
ponents, establishing of inspection and 
quality standards, coordination of appear-
ance styling, and follow-up of initial pro-
duction. Reply giving a brief resume of 
personal data, educational background, and 
details of type of product worked on, and 
extent of responsibility therefor, over 
the past ten years. Box 492. 

ELECTRONIC THEORIST 
Our New York Laboratory is seeking 

an Electrical Engineer or Physicist to 
carry on theoretical investigations of prob-
lems associated with vacuum tubes, ther-
mionics and microwave equipment and to 
interpret theoretical developments in terms 
of experimental results. MS or equivalent 
in experience in field of thermionics and 
microwave engineering desired. Send re-
sume outlining age, education, experience, 
salary requirements to: Supervisor of 
Employment, Industrial Relations Depart-
ment, Sylvania Electric Products, Inc., 
40-22 Lawrence Street, Flushing, N.Y. 

(Continued on page 604) 
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miniature D. C. RELAYS 
with Steatite Insulation 

e 

ACTUAL SIZE 

.4-gaz, 04. 

• 
ou —34'1* 

n aircraf t 
Originally designed for use i 
equipment, these MINIATURE relays 

give  completely dependab  n 
le operatio 

under extreme conditions of vibration,  

humidity and temperature. 

The Steatite insulation and gen-

eral construction of these relays 
makes them inherently suitable for 
switching circuits requiring perma-

nently low leakage, for switching 

certain high frequency circuits, and 
for any application where a com-

pact, light weight, yet sturdy relay 

is required. Particular attention has 
been paid to design of relays that 
will not "chatter" under vibration 
even in the un-energized position. 

The antenna throw-over relay 

shown is of unique design and pro-
vides the wide contact spacing and 

positive action necessary for this 
special purpose, for a weight of 
only 0.2 lb. 
The other small relays are pro-

vided in the contact combinations 

illustrated at right, with maximum 
overall dimensions of 1%" x 7/8" 
x 1%" and a maximum weight of 

0.09 lb. 

ANTENNA THROW-OVER 

FOR EITHER 14 VOLT OR 28 VOLT 
D.C. OPERATION 

SINGLE ARM DOUBLE ARM 

0-1 0-1 
0 -1 

0 
• 

0 1 

  • 
 0 

Write on your letterhead for our Catalog de-
scribing these and our other Component Parts. 

adio Corporation 
Boonton, N. J. 
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Positions Open 

SHURE Proudly Presents 

SONODYNE 
A MULTI-IMPEDANCE DYNAMIC MICROPHONE 

Here is the microphone in its class—a high output moving-
coil dynamic that was designed to out-perform...out-smart 
...out-last even higher-priced microphones. The "Sonodyne" 
features a multi-impedance switch for low, medium, or high 
impedance—plus a high output of 52 db below 1 volt per 
dyne per sq. cm. It has a wide-range frequency response (up 
to 10,000 c. p. s.) and semi-directional pickup. Mounted on 
swivel at rear, can be pivoted 900. 

SONODYNE — Model51 —Code: RUSON 

SHURE BROTHERS, Inc. 
Microphones and Acoustic Devices 

225 West Huron Street  Chicago 10, Illinois 

Cable Address: SHUREMICRO 

(Continued from page 584) 

MECHANICAL DESIGN ENGINEER 

Having experience in quantity produc-
tion of small metal stampings and com-
ponent assemblies. Pleasant working con-
ditions with electronics equipment manu-
facturer in small Minnesota town. Box 
493. 

ENGINEER 

Wanted: Mechanical Engineer or Elec-
trical Engineer with background in prod-
uct design, tooling, assembly, etc., of com-
munications equipment. Must be able to 
carry the ball on a new development. This 
position is permanent. Salary open. Apply 
to: Audio Development Co., 2833-13th 
Ave. So., Minneapolis 7, Minn. 

ELECTRONIC ENGINEER—PHYSICIST 

A major oil company located in the 
Southwest requires services of a few com-
petent physicists and electronic engineers 
as permanent research staff members. Po-
sitions available for project engineers and 
group leaders. Preference given to men 
with Ph.D. degree or equivalent in train-
ing and experience. Work involves re-
search in field of physics, physical chem-
istry, and geophysical exploration, devel-
opment of analytical instruments and 
equipment. Applicant should have training 
and experience along theoretical as well 
as experimental lines. These positions are 
permanent and offer unusual opportunities 
for right men. Give complete details as to 
personal history, education, experience, 
and salary required.  All applications 
treated confidentially. Box 494. 

MASS SPECTROMETRY 

Engineer with advanced degree and ex-
perience in electronics, ion-optics, and 
high-vacua techniques to take charge of 
long-term program in development and 
research in field of mass spectrometry at 
an Eastern University, Salary $5-8000. 
Box 495. 

TELEVISION TRAINEES 

Opportunity with National Broadcast-
ing Company for graduate engineers 
major in communications. 20 to 30 years 
of age. 18 months intensive training prior 
to placement on regular staff. Apply to 
Personnel Dept., National Broadcasting 
Co., 30 Rockefeller Plaza, New York 20, 
N.Y. by letter only. No interviews in per-
son. 

ELECTRONIC CIRCUIT ENGINEERS 

For design, construction and test of 
electronic circuit components and systems 
in forms suitable for field operation of a 
complete electronic field installation. In-
genuity, imagination and capable theoreti-
cal inclinations suitable for Research Lab-
oratory work are desired. Send resume 
outlining age, education, experience and 
salary requirements to: Supervisor of 
Employment, Industrial Relations Depart-
ment, Sylvania Electric Products, Inc., 
40-22 Lawrence Street, Flushinv, New 
York. 
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You can now select those characteristics in paper capacitors 

best fitting your operational require ments, by si mply specifying 

AEROVOX 74a  4ftfreepta D, M, For H 

AEROVOX PAPER CAPACITOR IMPREGNANTS 
Numerals indicate impregnants in their order of preference 

• Don't settle for anything less than a custom-
filled capacitor—one definitely meeting your op-
erational requirements—not just the usual hand-
me-down capacitor. 

And that spells Aerovox. For in addition to the widest range of casings, 
dimensions, mountings and terminals, Aerovox also offers a choice of 
impregnants. Those impregnants—HYvoL D (castor oil), HYVOL M (min-
eral oil), HYVOL F (chlorinated synthetic) and HYVOL H (halowax)—deter-
mine the operational characteristics of corresponding Aerovox paper 
capacitors. Each has distinct advantages as per the handy reference table 
above. 

Such custom-fitting of capacitors to your particular capacitance problem 
is typical of Aerovox application-engineering service. 

ENGINEERIN G AID ... 

• Send us those capacitance 
problems and requirements. 
Our engineers will gladly col-
laborate in working out the 
most satisfactory solutions. 
Further data on request. 

FOR RADIO-ELECTRONIC AND 

INDUSTRIAL APPLICATIONS 

W ROVOX CO-RWRATION, NEW BEDFORD, MASS., U.S:R.7 
SALES OFFICES IN ALL PRINCIPAL CITIES • Export: 13 E. 40th St, NEW YORK 16, N. Y. 

IlLAB  •  In Canada: AEROVOX CANADA LTD., lintali,JON, O111„ / 

PROCEEDINGS OF THE I.R.E.  Noverisbrr, 1947 



• YOU NEED 
Only two types of PLUG-IN 
amplifiers ...Type 116-A as a 

pre-amplifier or booster...Type 

117-A as a program amplifier, 
monitor, or booster. 

Only two types of tubes, 1620's 

and 6V6GT's. 

• YOU SAVE 
By conserving rack space. 

By simplified maintenance ... 

Just PLUG-IN a spare amplifier 

should trouble occur. 

• YOU HAVE QUALITY 
These amplifiers are built to the 

Langevin standard of high qual-

ity performance...They exceed 
the FCC specifications for FM. 

The complete story of "PLUG-
IN Amplifiers by 
Langevin" is 
ready for you 
now in booklet 
form ... write 
for it today. 

The Langevin Company 
•NCO.•011•TID 

10 00  ill0001,(IMINI  010  olV•001P11001 

WY MAN 39* IS SI 23  • SAN IRANCISCO 10S0Huiraid St 3 

IOS ANGII1S 1000 N Smart' St 38 
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Positions Wanted 
By Armed Forces 

Veterans 
In order to give a reasonably equal op-

portunity to all applicants, and to avoid 
overcrowding  of  the  corresponding 
column, the following rules have been 
adopted: 
The Institute publishes free of charge 

notices of positions wanted by I.R.E. mem-
bers who are now in the Service or have 
received an honorable discharge. Such no-
tices should not have more than five lines. 
They may be inserted only after a lapse 
of one month or more following a pre-
vious insertion and the maximum number 
of insertions is three per year. The Insti-
tute necessarily reserves the right to de-
cline any announcement without assign-
ment of reason. 

ENGINEER 
B.S. Chemistry, Rutgers 1941. Acre 28. 

Married. Naval Radar and year graduate 
work physical chemistry M.I.T. Experi-
ence includes photochemical research, in-
struction in electronics, electronic main-
tenance officer and vacuum tube manufac-
turing. Special training and experience in 
microwave spectroscopy. Seek research 
and/or teaching position. Box 111 W. 

JUNIOR ENGINEER 
B.E.E. New York University. 1947. Age 

23. Single. Desires work in radio electron-
ics, or industrial electronics in Metro-
politan area. Details on request. Box 112 
W. 

ELECTRICAL ENGINEER 
B.S.E.E. 1947. University of Michigan. 

Tau Beta Pi, Eta Kappa Nu. Navy ex-
perience in servicing test equipment, re-
ceivers and transmitters. Would like radio, 
television production or develonment. Box 
122 W. 

ELECTRONICS AND RADIO ENGINEER 
B.E.E. Drexel Institute 1936. Four years 

design development of radio and UHF 
equipment. One year bridge, oscillator, 
amplifier and Null detector design. Three 
years investigation of German electronics 
equipment circuit design and production 
methods in Germany. Box 123 W. 

ELECTRICAL ENGINEER 
Graduate electrical engineer experienced 

in development and manufacture of FM 
and television antennas wishes to associate 
on an incentive basis with firm interested 
ir manufacture of antenna line. Located 
in Chicago area. Box 124 W. 

ENGINEER 
B.S.E.E. University of Pennsylvania; 

Graduate of training course of leading 
radio manufacturer; 1st class radio tele-
graph and radio telephone licenses. Box 
125 W. 

ENGINEER 
B.E.E. June 1948, Ohio State. Experi-

ence: 21/2 years radio officer U. S. Mer-
chant Marine; 9 months broadcasting sta-
tion; 7 months FM transmitter; 7 months 
television research. 1st class radio tele-
phone, 2nd class radio telegraph, HAM 
licenses. Desires electronic research or de-
velopment work. Vicinity Cleveland or 
New York City. Box 127 W. 

(Continued on page 64.4) 
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MEASUREMENTS 

CORPORATION 

U. H. F. RADIO NOISE and 

FIELD STRENGTH METER 
Mode/ 58 

FREQUENCY RANGE: 15 to 150 mc. Push-

button switching for rapid, accurate measure-

ment of noise levels or field strength. 

SQUARE WAVE 
GENERATOR Model 71 

FREQUENCY RANGE: 5 to 100,000 cycles. 

WAVE SHAPE: Rise time less than 0.2 micro-
seconds. 

OUTPUT VOLTAGE: 75, 50, 25,15,10,5 peak 

volts fined, 0-2.5 volts continuously variable. 

MANUFACTURERS OF 
Standard Signal Generators 

Pulse Generators 

FM Signal Generators 
Square Wave Generators 

Vacuum Tube Voltmeters 

UHF Radio Noise L Field 
Strength Meters 

Capacity Bridges 

Megohm Meters 
Phase Sequence Indicators 

Television and FM Test 
Equipment 

Catalog 

on 

request 

MEASURE MENTS 
CORPORATION 
BOONTON  NE W JERSEY 
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THESE AUTHORITATIVE JOURNALS WILL 
KEEP YOU CLOSELY IN TOUCH WITH 
BRITAIN'S  LATEST  DEVELOPMENTS 

W IRELESS WORLD is Britain's leading technical 
magazine  in the  general  field  of  radio. 

television and electronics. Founded over 35 years 
ago. it has consistently provided a complete and 
accurate survey of the newest British technique in 
design and manufacture. The October issue is a 
special Radiolympia Show number. reporting fully 
on Britain's first post-war National Radio Exhibition. 
WIRELESS WORLD is published monthly, 
20 shillings ($4) a year. 

SOCI ALS: D . 

ILIFFE 
PUBLIC AT IONS 

I RELESS  ENGINEER  is read  by  research 
engineers, designers  and students, and  is 

accepted internationally as a source of information 
for advanced workers.  The Editorial policy is to 
publish only original work and representatives of the 
National Physical Laboratory, the British Broadcasting 
Corporation and the Engineering Department of the 
British Post Office are included on the Editorial 

Advisory Board.  WIRELESS ENGINEER is 
published monthly, 32 shillings ($6.50) a year. 

Subscriptions can be placed with British Publications Inc., 150 East 35th Street, New York t6, N.Y., or sent direct by 
International Money Order to Dorset House, Stamford St. London. S.E.t. England.  Cables  Iliffepres. Sedist. London." 
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Positions Wanted  
(Continued from page 624) 

ELECTRICAL ENGINEER 
An asset to any manufacturing organi-

zation. Electrical engineer, 24, aggressive, 
personable, recent graduate with two years 
naval experience in radio, sonar and tele-
type. Seeks interesting affiliation. Box 
128 W. 

ELECTRONIC ENGINEER 
Available—Registered electrical engi-

neer, age 41. 13 years' experience in esti-
mating, supervising and procurement for 
electrical power construction, designing, 
developing and specifications for power 
and electronic equipment. Desires perma-
nent position in design and development 
for electronic equipment with opportunity 
for advancement. Box 129 1V. 

ELECTRONIC ENGINEER 
B.S. 1943, and M.S., 1947, in E.E. co-

operative course at M.I.T. Sigma Xi. Age 
25. M.I.T. radar school. 11/2 years with 
Bell Telephone System. Over 3 years in 
research and development of large scale 
electronic computing machines in Army 
and M.I.T. Interested in applying this ex-
perience of pulse techniques. New York-
New Jersey area preferred but not neces-
sary. Box 132 W. 

ENGINEER 
M.S.E.E.'in 1947. Single. Age 28. Two 

years electronic work in the Navy. Two 
years teaching. B.S.E.E. in 1942. Prefer 
development or research. Box 133 W. 

ADMINISTRATIVE ENGINEER 
Relieve top level engineering personnel 

ot technical-administrative duties; 5 years 
responsible experience National Bureau of 
Standards; project coordination and plan-
ning; new systems development; prepara-
tion of technical reports, engineering 
specifications; electronics procurement; 
technical representative for outside con-
tacts. Age 27, intelligent, initiative, ability 
to secure cooperation of others. Box 134 
W. 

ENGINEER 
B.E.E. New York University, 1944. 

Age 24. Single. Ex-communications officer. 
Desires work as executive's assistant or 
sales engineering in the radio-electronics 
field. Interesting work and opportunity 
for advancement primary importance. Box 
135 W. 

Simpler FM Analysis 

144 

0 0  tQi Q 
• 

with the 

PANALYZ OR 
Eliminates tedious, time consum-
ing point by point frequency 
checks. It shows simultane-
ously, in one complete picture, 
an FM'd carrier and resultant 
sidebands . . . in terms of rela-
tive frequency, amplitude and 
stability. 

EIDERAND• 

IINC APART 

••• 

KILOCYCLES 

CARRIER 
LE VE L 

DEVIATION 
GO.? NC 

Afr FREQUENCY DISTRISUTION 

MODULATION.  ICAL 

A single observation enables 
determination of such perform-
ance details as frequency 
deviation, energy distribution, 
sideband content, carrier shift 
and modulation symmetry . . . 
Operating procedures are sim-
ple. . . interpretations clear cut. 

Actually, the PANALYZOR is a 
panoramic spectrum analyzor 
which shows, distributed in fre-
quency, discrete quantities of 
r-f energy as vertical deflections 
on a cathode-ray tube. 

Standard models now available 
with maximum scanning widths 
of 50 KC to 20 MC and corre-
sponding resolutions of 2.5 KC 
to 100 KC. 

Write, wire or phone now for 
recommendations,  specifications, 

prices and delivery time. 

PANORAMIC( ' 
RADIO CORPORATION 

242 2S0 WEST St. ST  $ 

i.41.11,•• (••••••••4 lop ***** Wive: Canimilsoi Mer.•“1, 
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A Significant Advance in ffff Design 

ail,. CRISTIL [TITS 
Crystal performance m the range 15-100 mc is an 
accomplished fact with the new BH6 unit. New proc-
essing techniques produce paper thin quartz plates 
operating on third, fifth, and seventh overtones. 
Stability, precision, and reliability have all been 
proven in this outstanding design—another triumph 
of Bliley engineering and craftsmanship. 

Crystal holders look pretty much alike externally 
but the internal assembly is the vital spot. In the 
B116 unit a pair of ceramic rings rigidly clamp the 
delicate quartz crystal in position. The crystal, lapped 
as thin as .004", is processed to micro-tolerances and 

7 1 1  
CRYSTALS 

silver plated to insure long term precision. Every 
step is carefully controlled and inspected before the 
complete assembly is hermetically sealed in its metal 
case. 
The finished BH6 crystal unit is not a prima donna 

—it will meet the most rigid service requirements in 
your VHF equipment. Design engineers are invited 
to write for recommendations covering oscillator cir-
cuits best suited for optimum performance; stating 
qualifications such as drive requirements to the fol-
lowing stage, frequency tolerance, and temperature 
range over which tolerance must be maintained. 

BLILEY  ELECTRIC  CO MPA NY  •  UNI O N 

PROCEEDINGS OF TIIE I.R.E.  tovember, 1947 
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PAUL and BEEKMAN, Inc. 
makes stampings in all sizes 

It's one thing to be set up to make small stampings. But it's another to 

have the skill and the equipment to make all sizes of stampings, quickly 

and economically. 

Paul and Beekman, Inc., has the skill, the men and the equipment to 

make precision stampings in all sizes ... from copper, mild or stainless 

steel, brass or aluminum . . . assembled, painted or electroplated if 

required. The Paul and Beekman, Inc., service is complete. 

It's so complete that many of the best known names in industry are using 

it. Let us cite you some examples. Or, better still, let our engineers, 

without obligation to you, tell you how your specific needs would be 

handled. 

PAUL and BEEKMAN, Inc. 
Eighteenth and Courtland Streets, Philadelphia 

SUBSIDIARY OF PORTABLE PRODUCTS CORPORATION 

A . 

See 4 Sto seawoipt, smtece 

News—New Products 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your I.R.E. affiliation. 

New Transformers 

A new series of transformers designed 
especially for photo-flash use has been 
announced by United Transformer Corp., 
150 Varick St., New York 13, N. Y. The 
series includes a transformer for use from 
110-volt lines, one for battery-powered 
application, and a "trigger" transformer 
to be used in conjunction with either of 
the others. These transformers are known 
as types PF-1, PF-2, and PF-3, respec-
tively. A special information leaflet is 
available upon request to the manu-
facturer. 

Oscillograph Camera 
To meet the need for a convenient and 

inexpensive means of recording oscillo-
grams, Allen B. DuMont Laboratories, 
Inc., of 1000 Main Ave., Clifton, N. J., 
announce their Type 271-A oscillograph 
camera. This simplified equipment does 
not require that recordings be taken in a 
darkened room in order to obtain ade-
quate contrast. Furthermore, the camera 
clamps onto the usual supporting ring of 
the cathode-ray tube of any standard 
5-inch oscillograph, and it is automatically 
positioned for correct and fixed focus. Thu. 
adjustable mounting permits the camera 
to be horizontal, vertical, or tilted for 
corresponding images. Immediately re-
movable when the camera is not required, 
the oscillograph is available for other uses. 

Type 271-A is a compact 35-mm. 
camera with fixed-focus f/3.5 coated lens 
and simplified shutter with "time," "bulb," 
and "1/30-second" speeds. The cathode-
ray-screen image is observed through the 
peephole at the camera end of the rugged 
light hood, and the exposure made by a 
conventional cable release. The camera is 
instantly removable for shutter and lens 
settings, and also for the convenient load-
ing and unloading of film spools. This ac-
cessory is very rugged and suitable for 
laboratory, factory, or field usage. 

(Continued on page 68A) 

PROCEEDINGS OF THE I.R.E.  November, 194: 



THE hottest ham performance ever at this price . . ." That's the verdict of amateurs who have 
had a chance to try Hallicrafters new Model SX-43. 

This new member of the Hallicrafters line offers continuous coverage from. 540 kilocycles to 

55 megacycles and has an additional band from 88 to 108 megacycles. AM reception is pro-

vided on all bands, except band 6, CW on the four lower bands and FM on frequencies above 

44 megacycles. In the band of 44 to 55 Mc., wide band FM or narrow band AM just right for 

narrow band FM reception is provided. 

One stage of high gain tuned RF and a type 7F8 dual triode converter assure an exceptionally 

good signal-to-noise ratio. Image ratio on the AM channel on band 5 (44 to 55 Mc.) is excellent 

as the receiver is used as a double superheterodyne. The new Hallicrafters dual IF transformers 

provide a 455 kilocycle IF channel for operating frequencies below 44 megacycles and a 10.7 

megacycle IF channel for the VHF bands. Two IF stages are used on the four lower bands and a 

third stage is added above 44 megacycles. Switching of IF frequencies is automatic. The separate 

electrical bandspread dial is calibrated for the amateur 3.5, 7, 14, and 28 megacycle bands. 

Every important feature for excellent communications receiver performance is included. 

e/P4deo/SX.43 

FEATURES FOUND IN NO OTHER RECEIVER AT THIS PRICE 

• ALL ESSENTIAL AMATEUR FREQUENCIES 
FROM 540 kc to 108 MC 

AM - FM - CW RECEPTION 

• IN BAND OF 44 TO 55 MC. WIDE BAND 
FM OR NARRO W BAND AM . . JUST RIGHT 
FOR NARRO W BAND FM RECEPTION 

• CRYSTAL FILTER AND EXPANDING IF CHAN-
NEL PROVIDE 4 VARIATIONS OF SELECTIV-

ITY ON LO WER BANDS 

• SERIES TYPE NOISE LIMITER 

rBUILDERS Of  k i d a nt E,  AVIATI O N  R ADI OTELEPH O N E 

PROCEEDINGS OF THE I.R.E.  Nove,,, ,,„ 1917 

• TEMPERATURE COMPENSATION FOR FREE-

DOM FROM DRIFT 

• PERMEABIL1T'Y ADJUSTED "MICROSET" IN-
DUCTANCES IN THE RF CIRCUITS 

• SEPARATE  RF AND AF GAIN CONTROLS 

• EXCEPTIONALLY  GOOD  SIGNAL-TO-NOISE 

RATIO 

• SEPARATE ELECTRICAL BANDSPREAD CALI-

BRATED FOR THE AMATEUR 3.5, 7, 14 AND 
28 Mc BANDS 

hallicrafters RADIO 
THE HALLICRAFTIRS CO., MANUFACTURERS OF RADIO 
AND ELECTRONIC IOUIPMENT, CHICAGO 16. U. S. A. 

Sole Hallureolter. Ill•pr•••nestir•s $n Canad• 
loge"  114•1•11"  lemelod,  To,•nle ,M•nlf••I 
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4PC 1 4. 
BARKER & WILLIAMSON, Inc. 
237 Fairfield Ave., Upper Darby, Pa. 

MIDGET 

for High-Frequency Application 
Have a look at B & W Miniductors when it comes to choosing 
a midget coil for that next high-frequency application! They're 
inexpensive —they come in a variety of standard sizes and 
pitches —they lend themselves readily to all sorts of adap-
tations — and B & W "Air- Wound" construction assures 
peak Q factor because there's an absolute minimum of 
insulation material in the electrical field. Ideal for 
band-switching assemblies. 

Miniductor Bulletin 78C gladly sent on request. 

PILOT LIGHT 
ASSEMBLIES 

PLN SERIES —Designed for 
NE-51 Neon Lamp 

Features 

• THE MULTI-VUE CAP 
• BUILT-IN RESISTOR 
• 110 or 220 VOLTS 
• EXTREME RUGGEDNESS 
• VERY LOW CURRENT 
Write for descriptive booklet 

The DIAL LIGHT CO. of AMERICA 
FOREMOST MANUFACTURER OF PILOT LIGHTS 

900 BROADWAY, NEW YORK 3, N. V. 
Telephone—Spring 7-1300 

News—New Products 
These manufacturers have invited PROCEEDINGS 
readers to write for literature and further technical 
information. Please mention your I.R.E. affiliation. 

(Continued from page 66A) 

Standing-Wave-Ratio Meter 

The "Micro Match," Model MM2, is an 
instrument for measuring standing-wave 
ratio and r.f. power on coaxial transmis-
sion lines. It was recently announced by 
M. C. Jones Electronics Co., 96 No. Main 
St., Bristol, Conn., and is designed to read 
accurately without absorbing appreciable 
power from the line. It may be left in the 
line to monitor the standing-wave ratio 
and r.f. power while the transmission line 
is in use. 
The coupler unit,  which measures 

4 X4 X2 inches, may be placed in the 
transmission line at any point or may be 
mounted directly inside of a transmitter. 
The indicator unit is contained in a small 
console-type cabinet, which may be placed 
at any distance from the coupler unit or 
may be built into the transmitter panel. 
The "Micro Match" has a frequency 

range of 3 to 162 Mc.; transmission-line 
impedance, 52 or 72 ohms; power range, 
10 to 500 watts; reflection coefficient, less 
than 1 db; directivity, more than 20 db; 
and power loss, less than 3/10 of 1 db. 

New Tube Checker 
A new proportional mutual-conductance 

tube checker, known as the Weston Model 
798 Type 5, which not only tests all re-
ceiving tubes but alsQ handles voltage-
regulator tubes and low-power thyratrons 
as well, has been announced by Weston 
Electrical Instrument Corp., 617 Freling-
huysen Ave., Newark 5, N. J. 

Using the differential-frequency system, 
the new tube checker provides propor-
tional mutual-conductance readings under 
conditions which closely resemble actual 
operation. "Good-Bad" readings also are 

(continued on page 704) 
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NO W AVAILABLE FOR IMMEDIATE SHIPMENT! 
TWO PARTY 
INTERCOM 
SPECIAL 

$29.50 
ideal for factory or office use. 
Momentary  Press - to . Talk 
switch provides last positive 
action. Built for rugged use. 
has terrific pick-up.  115 v. 
50-60 Cy, panel controls In-
cludes volume control 110 v. 
switch Hal  0x61/2 -weIght 28 
lbs. Complete with tubes and 
additional  speaker  in metal 
case. 

HS-16 HEADSET 
8000 ohms HI-Impedance 
Noise Proof 
Most sensitive phone built 
May be used as a sound 
powered intercom 

Light.  durable. efficient. 
Molded neoprene sarong), 
shaped to completely en-
velope entire ear. Adjust-
able steel headband ex-
tends  or  retracts.  Es-
pecial!), suited to hams. 

commercial  operators.  aircraft  pilots,  recording 
enolneers and  rn2ny others  Can  be used with 
simple xtal to make complete radio  
receiver. Special   

Original cost 525.00  .49 
6 foot extension cord   

AMERTRAN VOLTAGE REGULATOR 
IT RANST AT) 

17.4 amps, maximum outout 2 KVA sinole phase 
115 v. 50 to 60 ov. 90 to 1300. shlooloo weight 20 
11,s. -a marvelous buy -First come  $24.95 
Or-St served    

XTALS 
We  can  supply  power  xtals of  any  frequency 
ground to .02 tolerance in any type of holder for 
any surplus or standard transmitters or test equip-
ment as well as any receiver IF frequency. Prices 
on request -write to our engineering department. 

G. E. INTERLOCK SWITCH 
HI-voltage is lethal -protect yourself and family -
this switch automatically shuts off Hi-volt. circuits 
while adjustments are being made-low pressure-
hi current capacity. Positive  $2.49 
action. Silver plated contacts. Pr.   

CONDENSERS 
CF. I-2M FD 400 V. DC.  $ .39 
CF. 5-2M F D 600 V. DC.   .60 
Cl'- 6-4MFD 600 V. DC.   .75 
CF. 8-lobe Dual 8M F D 600 V. DC. fits 4 

prong socket   1.25 
CF-10 -IMFD 1000 V. DC.   .90 
CF-13--451F 0 1000 V. DC.   1.10 
CF-14 -4M F 0 1500 V. DC.   1.89 
QF•19-1MFD 600 V. DC.   .39 
CF-22 -2M F 0 4000 V. DC.   5.50 
CF-27 -1 MFD 2500 V. DC,   1.19 
CF.28 -7MFD 800 V. DC.   1.00 
CF-29 -2MFD 2000 V. DC.   2.10 
CF-30 -IMFD 5000 V. DC.   6.75 
CF•3I -8MF D 600 V. DC.   1.20 
CF•32--4M F 0 400 V. DC.   .69 
CF-33-10MF 0 600 V. DC.   1.40 
CF-37 -8MFD 2000 V. DC.   4.95 
CF-40-2 87MFD 3500 V. DC.   16.95 
CF•4I -'16MFD 12.000 V. DC.   14.95 
CF.42 -7MFD 600 V. DC.   1.35 
CF-43 -6MFD 600 V. DC.   1.09 

1.20 
1.90 
3.49 
2.39 

CF.44 -1000M F 0 25 V. DC.   
CF-45 -.IMFD 3500 V. DC.   
C1.411 -1MFD 350(1 V. DC.   
CF•47 -6MFD 1500 V. DC.   
CF-48-.05MFD  2500 V.  DC.  Perfect for 

Television    1.09 
CB-12 -.2M F 0 2000 V. DC.   2.75 

CB•113 -.25MFD 4000 V. DC.   2.95 19.95 
CB-I4 -.5.5-9000 V. DC.   

CB-35 -.5M F D 2000 V. DC.   2.10 
CF-34 -2MFD 440 V. AC.   .98 
CB•16-.1MFD 440 V AC.   .79 
CB-21 -.25M F 0 20,000 V. DC.   19.95 

BATH TUB 
CB•13 -.1..IMFD 600 V. DC.   .45 
C,B•17 -.5MFD 400 V. DC.   .39 
CB-19--100MF D 25 V. DC.   .59 
CB-20-2MF D 400 V. DC.   .59 
CB-36 -.25MFD 600 V. DC.   .39 

Mallory Vlbraoack 12 V. Input. 150 v. le 65 mils 
output -Extra  $3.75 
Spetiml at   

75,000 nhm bleeder. 200 wets  $1.65 
ahmite-weial    
50 000 ohm bioeder, 100 watts,  .89 
I.Ac. 

WESTINGHOUSE MN 
OVERCURRENT RELAY 

Adjustable) to .4 amp.  Has automallo 110 v. 
AC reset -glass encased -perfect for any overload 
application where tube damage must be avoided. 

A Steal -$12.95 

VACUU M CONDENSER VCSO 
Capacity 55 mmld -tost voltage 20,000 v peak 

WHILE THEY LAST $4.95 
Write For Latest Flyer 2 El 

NE W, STANDARD BRAND TUBES 
TYPE  PRICE  TYPE  PRICE  TYPE  PRICE 
A3   950 12SKI   2  95 

A7GT I  10  12SN701   879900 880998   1.50 
980  12SQ7OT  ...990  811 121(8 .1.95 

12 H4G    

I 1? 14138 
I  29  28D7    1.10  30  3  25 

L4  6  90 R4  1  25  812 

5  96 
T4   

990  34  9759o. 881132H 
780  814   4.49 

H5    980  815   2.25 
N5GT  1  10  3523  990  826  I  75 
N218     3.95 
INS  138928 33251-176   990  829B  5  25 

2  25 R5  1  10  35004  185900 88330213 

S5  I  10  37  869%  8.37 2A  2.25 
304 3615GT  1  10  38 2  50 1.10  39/44  590  838 3  75 

6849o. 5856014  3S4   41    
_19192 

:567005   tg: 7130 n  3  25 

3  00 

6AB7/1853  45 
6AC7    

3  95 
990   490 

6A 05   
6A07  990 6AK5  990  50L6  I  59  8011 

I95990 88081162 4  95 990 
4  95 

6AL5   70L7 990  1  49 
6AT5    98 . 7IA   :Z0  04  1  25 
B 0 2121    
68B64 1  29 0   75   77117 1  1 5  75c 1  65  2X2   84o 890  3 

750 4C/35 6138   990  1  95 
6C4  640  954   7250  53BR424GY  7  95 
6C5    125.9158  955  I  15 
6C2I   
68866 C1113F 668580   956  750  5T4   98o 

995587A    75o  77g80  5U4 44  980 980  750 
 5Io  959   1614  750  5T3   60c 
 950 

99000021   590  80o  1,978155c 5552:34413    
 890 

6F7  1  25   89c 
6F8   1.10  9003   890 
606   1.10  9004   98o 
6H6    6H6GT   590  9005   

890 9006  9988:  3657 4   
 99c 

98c  2526   

990 
614  1  50  10Y  750 
615   590  ISE   

89.  H F100 86,c0c HH 485   690  3525   tTg :  98o 
616   

H Y7691 I  50  80i  940 

617   1.75  83V   98o 
6K6   1.3I !t7C  90o 
6K7   79c   1.95  250R  7  50 
61(8  395 
6L6  295 836   1.15 
6160    750 
6L7  1:1922175552 2Tvl ", coZ2702804r8ODAs /   

6  90  866A   
2  25 

6N7   2C34  37005.  888724A  750 
6R7   980  1.15  991   50c 
6SA7   900 2C40   900 
6SC7    8579.4 22C4E245  2.60  2050   I  75  2051   90e 
6SF5     5.95 
6SG7    1.25 65H7   3.95  8020    2  25  RK60   

580 6S17GT  890  2E30 20.00  R K72 
750 

6SK7   

6817   862595;  222 )1153182   690  2133   20.00  VR78   
1  25  VR90   750 

750 

6S07 
770T  ....690  3C24 1   1.35  VRI50  75e  590  3E29/  20.00  VR105   

1  95 
6SR7    6S87   890  75T  2  95  Z225 I  95 

750 304TH 950 30411  2  95  874 95c 
606    6050   9  85  1613   4  95  1818  2  90 

9918300 4340872   980 6U5    .25  1619   980 6V6GT  2  60  1624   980 
6Y60   64e  1625   225 7AE7   99c 6C4    890  703A  7  50  2AP1 
7C4   750  705A  495 3API  346 

495 3BPI  2  95  717  1.50  7150 I  25  723A/B  ..9.93  5BPI  395 
7L70T  1  39  800  2  25  5BP4  6  45 
12AT6  I  10  80IA  1  25  5CPI   3.95 
I2SA7GT  ...990  802  1  49  7BP7   7.95 
I2SG7   890 803  893 913  300 
112289)H77  890  ens  375 70 P4    950  7EP4  14.95  790  807 18.99 

NO MAIL ORDER FOR LESS THAN M OO   

AMPHENOL COAX CONNECTORS 
81.I8PN   $0.45 
53-1R   .45 
UG•12/U    59 
63-1T    1.49 
131-1AP    .79 
UG-28-U    1.49 
83-IF    .99 

SELSYN MOTORS 
Synchronous Type 

Pair In Series for 110 V. AC. 
Type 1-5 1/2 " long, 3" dla. -50 v. AC. 56 
cy. -4 lbs.  $ 9.95 pr. 

Type 11 -61/2 " long, 41/4 " dla. -115 V. 
AC. 50 ey. -11 oz.   12.9:: Pr. 

Type 111 -2 1/2 " Irmo, 21/4 " 615. -50   
AC. 50 cy. -11 oz.   6.95 Dr. 

SYNCHRO -DIFFERENTIAL 
Model  51943-C78249-CAL-I MO Bendlx 
Aviation 115 v.-60 cy. 6"  length to 
end of shaft x 41/2 " diameter  $ 9.95 

NE W BANTA M BLO WER 
Blow*, 8 v. AC or DC hi speed blower made by 
John  (later.  Rated  at  5000  liPM -I.8  AMP -
mode for continuous duty -1 1/2 " overall diameter 
-I" blower output -1 1/2 " blower Intake $5.95  

CONTINUITY CHECKER 
Neon typo-in block metal box 3- %" x 3" I 3' 
complete with leads A ac coral  . $2.50 

300 OHM TWINEX -unaffeoted by molsturo-will 
handle 3 kilowette nf R.F. -losses et 40 MC per 
100 ft.. are 3/10 DB. Best buy In the 
house, per foot   .08 

CRA MER 

TI MER 
Type 577663461.2 ad-
justable  from  1-30 
see.  S.P.D.T.  with 
starting relay for re-
mote  sontrol  motor 
and canteens separate. 

$9.95 
Type  5P7766348P4  adjustable  from  4-120  seo. 
S.P.S.T.  normally  closed  motor  and  contacts 
separate. $6.95 

FULL W AVE  SELENIU M 

RECTIFIER 
Perfect for bias nppll. 
cation - Use your DC 
relays  from  an  AC 
source.  Only  requires 

3" x 1/2 " mounting space Rectifier for 
input up to 300V (iT) 40 ma output. 

$.89 or 5 for $4.00 

R. F. INDICATOR PROBE 
1601 -has a fixed xtal (VHF) type and a pick 
up  coil.  Coax  load.  coax  connector  at  end. 
Probe has 4" bakellte handle. Used with a 0.1 
Ma. motor across it. Fnr checking R F. In lines, 
neutralizing finals. eto.   $1.98 

HEINEMANN CIRCUIT BREAKERS 
10 Amp. 117.5 V. A.C., Curve 1   $1.25 
0.010 amp coll. 2340 V., Rect. D.C. Cur), ; 78'1() 
Res. 5000 ohms Max.   $2.95 

TRANSFORMER SCOOP 
TC-5 -Western Eleo-KS9547 -332-0-332 v @ 246 
MA. 10 v. C.T. 10 A., 2.5 v. C.T. 00 10 A. 
2.000 v. Ins., 5.1 v. 9) 3 A.. 6.4 v. C.T. 011 
5 A. -Will supply every voltage for rig except 
plate of modulators and final   $4.25 

TS 5-Western Electric -0303184 -1 M Volt 4200 
V. e 9 MA Lo. Volt. 640 v  200 MA -Fil. 
6.4 V. 00 5 A.. 5.4 v. 00 3 A.. 5.1 V. 00 3 A., 
2.5 v. a 1.75 A., Complete Television Hi. & Lo. 
volt. Tans.  In one compact oil filled  unit -
W111 handle any television tube -  $12.95 

IS 6-Scone Transformer-2500 v. ei .4 A.. 2.5 V. 
a 1.75 A.. 6 3 v. Z .6 A   $9.95 

TCH 2-Scope Transformer 1750 v. 00 4 MA and 
matching 111_ trans 6.3 v. a .8 A  2.5 v. 00 
1.75 A.. 2.5 V. @ 1.25 A.   $7.95 

HE 16 -Filter Choke 10 Fly. 00 150 MA  $1.95  
LC 2-25 MH R.F. Choke   $  .59 

METERS 
54M 4-0-100MA Model 301 Weston Wm" ....$3.95  
MM 10-0-1 amp DC-Model 301 Weston TA" . 3.95 
MM 14-0-150MA NX 35 Westinghouse 31/2 " . 3.95 
MM 19-0-800MA Weston Model 301 MA ..... 3.95 
MM 33-0- I MA-MD•300 1 K -McClintock 314" 3.95 
MR 13-0-8 R. 1. amp -425AM- Weston 31/2" . 4.95 
M Z-1.0.130  v.  AC-25  to  125  cy. -376M 

Weston 31/2  "   3.95 
MV 8-0-4 K.V. DC -Roller-Smith Ws"   2.95 

RELAYS 
K R 5-Leach Tyne 1357 -115 v. AC -DPDT $2.00 
KR 8--Struthor Dunn -115 v. AC -DPDT $1.65 
KR 10-Allied 51(135910-115 V. AC 10 amp con-
tacts TPDT  $1.98 

K Ii II -Allied 5KS5910-115 v. AC 4 PDT 10 A. 
contact   $2.50 

KR 12 -Struther Dunn -110 v. AC -2 relays on 
one mount. SPOT A SPST 10 A. onnt. $3.95 

KR  13 -K urman  Elect.  t)(1400  D.C.  overload 
relay with AC reset coil 115 V. AC SPOT $4.95 

KR I5--Sperry -Thermo Time Delay AD)  15-45 
See. 115 V. AC 60 on SPOT  $3.50 

KR 17 -Leach -1177131 -115 v. AC Ceramic) Instil. 
TPDT  $1.75 

KR 2I -Wheelock 816. -115 v. AC -5 Amp Con-
tacts DPOT -133 x 4  $2.25 

KR 22 -G.E. 5CR2790E105 -115 V. AC or 230 AC 
Heavy Duty DPDT  $4.95 

K R 24 -Adiake  Mercury  Time  Delos(  Relay -
41040-80 normally opened .3 to 5 see 115 AC 

$8.95 
KR-75 -Struther Dunn -I15 v. AC 30 amp. con-
tacts DPST  54.96 

Kit 26-13 E. Instantaneous over ourrent relay -
Typo PBC 3 amps (a) 115 v. ,  $24 95 

flirnbach No. 4175 feed thru insulator .29 
ROTARY  SWITCH -1  deck  9 position  non. 
shortening ceramio walrus. Each ...  $1.25 

R.F. Choke RI54 1MH 05 H600 MA with mount. 
leg bracket   $1.25 

R. F. Choke 31/s MH 00 100 MA on termini° with 
threaded mounting hole   .18 

All Prices f.o.b. N.Y.C.  NIAGARA RADIO SUPPLY CORP., Dept. R CREDIT EXTENDED 
160 GREEN WICH STREET, NE W YORK 6, 1) Y  TO RATED ACCT'S 
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This graph shows frequency ranges 
covered by each unit. Write us for 

your full-size copy. 

Five Standard 
Slug -Tuned 

LS3 Coils Cover 
1/2 to 184 mc 

For strip amplifier work, the 
compact (1%" high when 
mounted) LS3 Coil is ideal. 
Also for Filters, Oscillators, 
Wave-Traps or any purpose 
where an adjustable induct-
ance is desired. 

Five  Standard Windings -
1, 5, 10,30 and 60 megacycle 
coils cover inductance 
ranges between 750 and 
0.065 microhenries. 

CTC LS3 Coils are easy to 
assemble, one V," hole is all 
you need. Each unit is du-
rably varnished and sup-
plied with required mount-
ing hardware. 

SPECIAL COILS 

CTC will custom-engineer 
and produce coils of almost 
any size and style of wind-
ing...to the most particu-
lar manufacturer's specifi-
cations. 

Conault  d"-V rot 
T4eee-9tew 
Comitonelif erekvice 

Custom Engineering ... Standardized Designs... 

Guaranteed Materials and Workmanship 
CAMBRIDGE THERMIONIC CORPORATION 

/56 Concord A v e nu e, Con,b,dge 38, Mc", 

News—New Products 

These manufacturers have invited PROCEEDINGS 

readers to write for literature and further technical 

information. Please mention your I.R.E. affiliation. 

(Continued from page 684) 

provided. Sixty-cycle a.c. potentials are 
used on tube elements, thereby approach-
ing the zero-plate-load conditions most 
desired for mutual-conductance tests. A 
separate internal 5-kc. signal is applied to 
the control grid, and the resulting plate 
component of the high-frequency signal is 
measured on a rectifier meter. 
Since the normal plate current of the 

tube does not pass through the meter cir-
cuit, all types of tubes can be properly 
tested without overloading, in spite of 
widely  varying characteristics.  Three 
signal voltages of only 0.75/1.5/3 volts 
provide mutual-conductance ranges of 
12,000, 6,000, and 3,000 micromhos, with-
out overdriving or tube damage which 
might result from use of a higher signal 
voltage. A hot neon test is provided for 
checking leakage between tube elements. 
This model, which weighs only 23 

pounds complete, is mounted in a heavy-
gauge aluminum case. 

Midget-Can Electrolytics 
The handy midget-can electrolytics of-

fered by Aerovox Corporation of New Bed 
ford, Mass., heretofore available in voltage 
ratings up to 450 d.c. working, are now 
available also in higher voltage ratings 
of 500, 600, and 700 d.c. working, or 650, 
750, and 850 surge volts, respectively. 
Capacitance values are 8, 10, 12, and 16 
µfd., and container sizes are extremely 
compact. 

The higher working voltages are in keep-
ing with the higher potentials of certain 
radio and electronic circuits, particularly 
cathode-ray oscillographs and television 
receivers. The units are electrically insu-
lated with a special waxed-paper jacket 
and the ends are spun over the can rim, 
thereby eliminating the possibility of 
shorts if leads are bent close to the unit. 

(Continued on page 724) 

PR EMAX 

0 W O 
About the Right 

ANTENNA 
and Mounting 
For Police Cars and 
Other Mobile Units 

If your problem is a satisfactory radio 
antenna and mounting for a mobile unit, 
Premax has the answer. 
Antenna Rods (whip type) are available 

in specially designed tubular beryllium 
Copper-Monel, Monel, stainless steel and 
solid steel —in lengths from 72" up. Tubu-
lar adjustable Antennas with collapsed 
length of 44̂ and extended length of 14' 
are available in monel. Large mobile unit 
and marine antennas from 6'1" to 35'. 
Mountings include everything from the 

simple "bumper" type to those which con-
form to the shape of the car body. 

Write for details 

remax  ucls 
ar;siom or CAisholm 1741de, Co.. /r.r. 

Div. Chisholm-Ryder Co., Inc. 
4811 Highland Ave.  Niagara Falls, N.Y. 
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TESTS: Receiving Tubes, Voltage IMgulator Tubes, low power Thyratrons 

The WESTON Model 798 Mutual Conduct-
ance Tubechecker provides, for the first 
time, adequate tests on voltage regulator 
tubes, light-duty Thyratrons such as the 
884, 885, 0A4, 6D4, 2A4, 2050,2051 in ad-
dition to tests on regular receiving tubes. 
Ranges of 12,000, 6,000, 3,000 micromhos 
as well as "Good-Bad" indications cover 

the tube checking requirements of elec-
tronic control and radio circuits. Housed 
in rugged aluminum case to withstand 
rough usage in shop or field. 
For full details consult your local 

WESTON representative, or write . . . 
WESTON Electrical Instrument Corp., 617 
Frelinghuysen Ave., Newark 5, N. J. 

WESTON 
RIMINI • ATLANTA  BOSTON  BUFFALO  CHARLOTTE  CHICAGO  CINCINNATI  MU NN°  DALLAS  DENVER  DETROIT • TACKSONYIllE  KNOXVILLE  LITHE ROCK  LOS ANGELIS  MERIDEN  HMI APOT IS NEWARK 

NEW ORITANS  NEW YORK  PHII XVI PHIA  PHOENIX  PITISIURGH  ROCHESTER  SAN FRANCISCO  STATILE SI LOUIS  SYRACUSE  IN CANADA, NORTHERN ELECTRIC CO , LID , POWERIIII DEVICES. LI& 
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30,000 
RADIO SERVICE-
TECHNICIANS 
READ 

10111111111? RRRRR In  25 CENTS 

RADIO SERVICEMAN 

.1A.11.•  •••... 
• %%1:4, • 

I 

•  SOL ••4 0  A N D  00 r C I  PU IIIC AII OP 

EVERY MONTH 
RADIO MAINTENANCE today fills a breach that 
has existed in the radio field for • long time. Al-
ready 30,000 technicians read  RADIO  MAINTE• 
NANCE every month because It is devoted entirely to 
the radio serviceman. 

The RADIO MAINTENANCE staff specializes In the 
preparation of articles on every phase of Radio Main-
tenance In series form which may be flied and used 
be reference. The leading articles cover everything 
for the radio serviceman on Television. FM and AM: 
Test Equipment; Electronic Appliances: Tools: An-
tennas; Alignment: Troubleshooting: Repair: Con-
struction: Pick-Ups and Sound Amplification and 
Reproduction Equipment. Also, In RADIO MAIN-
TENANCE each month there are departments on 
hints and kinks, the latest news of the trade, review 
of trade literature, radiomen's opinions. new prod-
ucts and news from the organizations. All article, 
are  Pr011ented  In  a step-by-step  pr.CiSICIrl  style. 
clearly illustrated, with schematics. accurate photo-
graph,. specially preparesl drawings. white on black 
charts, color diagrams, isometrlo projections and ex-
ploded views. 

Special offer during Oct. & Nov. 16 issues for $3 

Your first issue will be mailed 
Immediately on receipt of this 
coupon.  One  issue  FREE  If 
Payment is enclosed. 

ME  INI INN 

RADIO MAINTENANCE 
MAGAZINE 

460 Bloomfield Avenue. 
Montclair 6, N. J. 

Please send  ma RADIO  MAINTENANCE for IS 
months for only $3 

0 Payment enclosed  13 BM Roo haw 
Name   

Address   

City —State    
Occupation    

Title   
Employed by 

_  • Independent Serviceman —Dealer Serviceman —Sem-

i  loo Monaoor--Doolor—Dlotributor—Jobbor 

BOLAND & BOYCE INC., PUBLISHERS 

72\ 

News—New Products 
These manufacturers have Invited PROCEEDINGS 

readers to write for literature and further technical 

Information. Please mention your  affiliation. 

(Continued from rage 70/1) 

Bantam Blower 
The Bantam B-2 Blower, developed for 

ventilating and cooling electronic tubes, 
projectors and other units, has been an-
nounced by Small Motors, Inc., 2076 
Elston Ave., Chicago, Ill. 
This item delivers 32 cubic feet per 

minute and is powered by a universal frac-
tional-hp. motor built for efficient, long-
life performance. This a.c.-d.c. unit is 
51 X3i X3I inches; 110 volt, 60 cycle. 

Model RV-10 F.M. Tuner 
Announced by Browning Laboratories, 

Inc., 750 Main St., Winchester, Mass., 
Model RV-10 is a new f.m. tuner covering 
the 88-108-Mc. band. 

The  Armstrong circuit  with  dual 
limiters is claimed to provide exceptional 
freedom from noise and sensitivity of 10 
microvolts, producing enjoyable reception 
outside the accepted service area of f.m. 
transmitters. 
The antenna input is designed for 300. 

ohm RMA standard downlead. The tuner 
has a built-in power supply. A large, clear, 
slide-rule dial with vernier drive is pro-
vided, having an edgelighted scale on 
which frequencies and channel numbers 
appear. A tuning indicator is incorporated 
in the dial assembly. 
The Model RV-10 has a height of 6i 

inches, a depth of 9 inches, and a width 
of 11 inches. It weighs 10i pounds, and is 
suitable for adapting existing radio and 
amplifier setups to f.m. reception. 

Resonant Relays 
Stevens-Arnold, Inc., 22 Elkins St.: 

South Boston '27, Mass., has announced 
that their line of resonant relays, previ-
ously made only in the range of 153 to 
1000 c.p.s., has now been extended down-
ward to 20 c.p.s. and includes 60 c.p.s. 
as a standard model. The 60-cycle model 
is particularly useful because of the general 
availability of that frequency. 
The manufacturer's catalog 116A fur-

nishes complete information. 

(Continued on page 764) 

di koic 
PLEXAGUIDL 

IMPROVED FLEXIBLE WAVEGUIDE 

in sizes for ALL 

frequency ranges ... 

Army-Navy or 

YOUR special requirements 

We specialize in 

the design, engineering 
and production of 

FLEXIBLE MICRO-WAVE PLUMBING 

DESIGNS and PRODUCES 

E teCtIONC-C 4If d , 4CteT 4, 0 e 0•1 00•1‘..4 4.1 

650 Bloomingdale Road, Pleasant Plains 
Staten Island 9  New York 

BRANCH OFFICES 
more  Detroit  Los Angeles 
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SURPLUS 
Equipment 

Radar Jammer T-85/APT-5, 400 to 1500 mc, 
new  $50.00 

Radar Jammer T-26/APT-2, 435-715 mc, 
110 v 400 cps, new  $40.00 

Synchroscope, 115 v 400 cps, Indicator ID-
93/APG13A, new  $25.00 

Radar Set AN/APG-13A, 115 v 400 cps, 
compact, 10 cm, new  $125.00 

Radar set SL and SF, 10 cm, complete, 
new, export packed. 

Signal Generator, Measurements 78B, new 
 $90.00 

Crystal Mixer Assembly, 10 cm  $3.00 
Tunable Mixer Assembly, 10 cm  $5.00 
Tunable Mixer cavity, 2000-4000 mc.. $5.00 
Oscillator, I000-3000 cm, 2C40, calibrated 
 $50.00 

Oscillator Butterfly, 300-1000 mc, mounted 
socket and W.E. 703A Tube  $11.00 

Mixer Butterfly, 80-300 mc  $3.00 
Oscillator, 10 cm, tunable, variable at-
tenuator, with klystron and thermistors 
 $40.00 

Attenuator TPS-51PB-20, fixed 20 db $3.50 
Attenuator CN-50 ,APN, 30-100 db, cali-
brated   $15.00 

Type N Connectors, UG 12, 21, 24, 25, 27, 
29, 30, 58, 83, 86, 245 U and UHF Connec-
tors S0239, PL259, M359, UG266U, im-
mediate delivery. 

RG-9/11. and RG-8 1:1 cable with UG21 ,U 
connectors at ends 4.5' long  $2.00 

RDF Equipment DP-15, 100-1500 kc, for 
ship use, complete with pedestals, azi-
muth scale, loop assembly, used, 110 
60 cps  $160.00 

Radio Compass Receiver, Bendix MN26-A, 
150-1500 kc, 12 v, new  $40.00 

Radio Compass Receiver BC-A, B, C, G, 
Bendix, used  $15.00 

Glide Path Receiver BC-733D, 6 crystal 
controlled channels,  108-110 mc, new 
 $12.00 

Dynamotor G.E. 12 v, 1000 v 350 ma out, 
new  $15.00 

Dynamotor DM43, 24 v, 550/10001, 8/ volts 
at 250/280 ma, new  $8.00 

Transformers, 115 v 60 cps primaries: 
1. 7500 v 35 ma ungrounded, Thordarsen 

suitable for doubler  $15.00 

2. 6250 v 80 ma ungrounded, G.E.  $12.00 
3. 2 secondaries at 500 volts 5 amps 

each  $50.00 
4. 1120 v 600 ma c.t., 2 x 5v 6.2 amps c. t. 

3 kv ins. 6.3 v 3 amps 1700 v ins. 
6.3 v .3 amps. 1.7 kc ins. potted $15.00 

Pulse input transformer, permalloy core, 
50 to 4000 kc, impedance ratio 120 to 2350 
ohms  $2.80 
Pulse transformer, 3 windings, impedance 
0 to 5000 ohms, turns ratio 1:1:1  50t 

Ceramic feed thru capacitors, threaded, 50 
mmfd, $5.00 per hundred 

ELECTRO IMPULSE 
LABORATORY 

Bo. 250  Red Bank, New Jersey 

Red Bank 6-4247 

FOR LO W HUM • • 
HIGH FIDELITY 

I 

\\-
s$ 

SPECIFY KENYON TELESCOPIC SHIELDED HUMBUCKING TRANSFORMERS 

For low hum and high fidelity Kenyon tele-
scoping shield transformers practically 
eliminate hum pick-up wherever high 
quality sound applications are required. 

CHECK THESE ADVANTAGES 

LOW HUM PICK-UP . .. Assures high gain with 
minimum hum in high fidelity systems. 

• HIGH FIDELITY ... Frequency response flat with-
in ' I db from 30 to 20,000 cycles. 

V DIFFERENT HUM RATIOS ... Degrees of hum re-
duction with P-200 series ranges from SO db 

to 90 db below input level .  made possible 
by unique humbuckling coil construction plus 

multiple high efficiency electromagnetic shields. 

V QUALITY DESIGN . . . Electrostatic shielding 
between windings. 

V WIDE INPUT IMPEDENCE MATCHING RANGE. 

V EXCELLENT OVERALL PERFORMANCE ... Rugged 
construction, lightweight- mounts on either end. 

V SAVES TIME ... In design ... in trouble shoot-
ing ... in production. 

Our standard line will save you time and money. 

Send for our catalog for complete technical data on 
specific types. 

For any iron cored component problems that are 
oft the beaten track, consult with our engineering 
department. No obligation, of course. 

KENYON. To ppsFEET  igtmFAR co.Inc. 
, 

ilTRANSMITTING AND) 

l 

SPECIAL PURPOSE TUBES 

"IT'S A PLEASURE 

WRIIE FOR 
NEWARK'S LIST of TUBES 

Make Newark your 

source , too, for all 
needed radio and elec-
tronic parts. Brisk, com-
petent service assures 

quick delivery. 

NE W YORK 
Offices & Warehouse 
242 W551•5t,NYI9 

. . to do business with NEWARK!" So say 
hundreds of outstanding M CA  in the Radio and 
Electronic Field. And here's why: 

• COMPLETE STOCKS OF ALL STANDARD 
MAKES, on hand at all times. 

• CONVENIENTLY LOCATED —  Three great 
stores  and  warehouses  centrally  located  in 
N. Y. C. 

• INDUSTRIAL DEPT —staffed  by  technical 
men who specialize in Industrial requirements. 

• NE WARK 15 WAA AGENT —Acting  under 
contract WAS(p)7-I67, for distribution of TRANS-
MITTING & SPECIAL PURPOSE TUBES—largest 
stocks at lowest prices—for immediate delivery! 

TELEPHONE 

Circle 6-4060 

New York City Stores. 115.17 W 45th St. & 212 Fulton St 

• MAIL AND PHONE ORDERS 
FILLED PROMPTLY 

• WRITE: 242-N WEST 551h 

STREET, NEW YORK CITY 
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NEY PRECIOUS METALS eft INDUSTRY 
PALINEY #7 CONTACTS IMPROVE PRECISION POTENTIOMETERS 

RESULTS OF LIFE TESTS on nickel-chrome 

wire-wound potentiometers using contacts 

of PALINEY #7 in comparison with 

phosphor bronze. 

FIGURE 1. Cathode Ray oscillograph 
showing percentage error of standard 
potentiometer after one million cycles or 
two million sweeps of phosphor bronze 
contact over the wire. Initial linearity 
was ±  .17% and the error increased to 
.211% plus noise. 

1S  100 

4 
3: 
2: 

3 

FIGURE 2. Shows performance of modi-
fied potentiometer after one million cy-
cles or two million sweeps of PALINEY 
#7 contact over wire. The initial error 
was reduced to -I- .12% and this linear-
ity was maintained throughout the test. 

Tests were made on a potentiometer equipped 
with a phosphor bronze contact in comparison 
with the same type potentiometer with a 
PALINEY #7 precious metal contact. Error 
measurements were made on a special tester 
equipped with cathode ray tube calibrated to 
measure directly in percentage of error. 

Other important Ney Precious Metal Products 
for Industry include NEY-ORO #28, a special 
alloy developed for contact brushes against coin 
silver slip rings . . . gold solders ... fine resist-
ance wires (bare or enameled) and a wide 
range of other alloys having many specialized 
applications. 

Write or phone (HARTFORD 2-4271) our Research Department 

THE J. M. NEV rO MPANY 171 ELM ST.  • WHITF01111 I, CONN 

SPECIALISTS IN PRECIOUS METAL METALLURGY SINCE 1812 

LABORATORY TEST EQUIPMENT 

No. 1020 
Direct Read-
ing Megohm-
eter up to 
1.000.000 
megohms. 

Self contained. 
A.C. operated. 

No. 1110 
Incremental 
Inductance 
Bridge. 

No. 1010 
Comparison pttiztn 

Bridge. Self 
contained. 

A.C. operated. 

No. 1640 
Wide Range 
Vacuum Tube 
Voltmeter. 

FREED 

No. 1030 
Direct Read-
ing Low Fre-
quency  
Indicator — 
-Q" .5 to 
500 — Fro-
quenci•s from 
50-50 000 
cycles. 

TRANSFORMER CO., INC. 
Instruments Division 

78 SPRING STREET  NE W YORK 12. N. Y. 

HIGH CAPACITY 
TO SPACE RATIO 
7e/id Poitademe 

Pteddevtlece ecrizazievra 

JOHNSON Pressurized Capacitors 
are so carefully engineered that they 
provide the desired capacity and 
voltage rating with minimum pressure 
and condenser height. Because of their 
efficient electrical and mechanical 
design, they also provide the utmost 
in stable operating conditions. 

Available as "standard" are variable, 
fixed and fixed-variable units — in a 
wide variety of capacitance and current 
rating. In addition, JOHNSON can 
build any pressure condenser to in-
dividual specifications. 

FE A T U RE S 

• Low Loss 
• High KVA Rating 
•Shielded From External Electro-
static Fields 

• Low Internal Distributed induc-
tance 

• Complete Dependability 

Write  For  Illustrated 
JOHNSON Catalog and 

Prices 

E. F. JOHNSON CO.  WASECA, MINN. 
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TYPE 

50 

1. Precision Engineered 

2. Rugged, Durable, Long-lived 

3. Efficient, Dependable Operation 

4. Economical 

Every conceivable type of Socket 
and Jewel Light Assembly is avail-
able at DRAKE .. all measuring up 
to the same high quality standards. 
We make over 950 different kinds 
of Mounting Brackets, to bring 
lamp filaments into desired posi-
tions. Should a new application 
call for a special design of As-
sembly or Bracket, our skilled en-
gineers will work with you to de-
sign ,a unit to meet your specific 
needs. DRAKE quality, dependa-
bility and patented features are 
widely known and appreciated a-
mong those who know Socket and 
Jewel Assemblies best. Very large 
high speed production facilities 
assure reasonably prompt deliver-
ies in any quantity. Write or wire 
for samples and full information. 

v̀  ASK FOR OUR NE W 

CATALOG • NO OBLIGATION! 

Socket and Jewe 
LIGHT IISSEMBLIES 

DRAKE 
MikNUFACTURING CO. 
1713 W HUBBARD ST  CHICAGO 22 

DECADE SCALING UNIT 

T HIS unit offers the research 
1- laboratory a quick and effective 
means of counting the number of 
pulses from any desired source. It 
will prove invaluable in such 
studies as: 

• Nuclear Research 

• Radioactivity 

• Mass Spectography 

TYPE 

YYZ-1 

In addition-it will be found ex-
tremely useful: 

• For Timing Purposes 

• For Counting Rapidly Recurring 
Phenomena 

• For Use in Conjunction with 
Calculating Machines 

For additional information, write: 
General Electric Company, Electronics 
Department, PI-6411, Syracuse I, N. Y. 

GENERAL 0 ELECTRIC 

Cloth bound, 
220 pages 

$14.50 

MEMO To Chief Engineers, Research Directors, Librarians— 

Your laboratory needs these idea-stimulat-

ing, time-saving, indispensable references. 

1946 Supplement Edition  ELECTRONIC ENGINEERING 

MASTER INDEX, 1946 
This supplement to the definitive 1925-1945 edition of 
the Master Index covers the period from July 1945 to 
December 1946. Contains over 7000 bibliographical en-
tries from 85 American and foreign periodicals grouped 
under more than 400 subject headings ranging over 
fields of communication, broadcasting, electronic ap-
plications, radar, FM, television, etc. Also contains com-
prehensive section of abstracts on manufacturers' cata-
logs. 

First Compilation of Its Kind! 

ELECTRONIC ENGINEERING 

PATENT INDEX, 1946 
Presents e wealth of information on more than 2,000 U.S. elec-
tronics patents issued during 1946. Covers a wide range of 
design, component, and manufacturing details. Every patent 
lists inventor, assignor, claims granted, etc. Profusely illus-
trated. Here in one volume is the complete compilation from 
52 weekly issues of the U.S. Patent Office Gazette. A book 
indispensable in design and manufacturing departments of 
your organization. 

Cloth bound, 
476 pages $14250  

ELECTRONICS RESEARCH PUBLISHING CO. 
2-4 WEST 46TH ST., N.Y. 19, N.Y. 

LIMITED 
OFFER 

33 Y3 % 

DISCOUNT 
Allowed to individ-
ual purchasers as a 
professional  Cour-
tesy. Deduct TA M 
from $14.50 price. 
This Is a limited 
offer. 
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PARA-FI,UN 
EPKODUCER 

Light Weight Head 

to only 1/10 of 1% average pe r month 

Since we started making Light Weight Heads, work 
in our repair department has practically stopped. 
Because these Heads are so tough and durable 
Because the diamond is actually soldered in its stylus 
setting . . . and because of the low mechanical ins. 

pedance designed into the improved PARA-FLUX, 
allowing operation on commercial service at a pres-
sure of 22 grams, our new Heads keep performing 

efficiently continually with repair and main-
tenance practically nil. And they afford even 

so % a more realistic reproduction of tone quality. 

Ask for Bulletin PR. 51. 

reduces users' repair costs 

57. 

I% 

Ikon 
11111111111111 

%WORK 
wANTED PARA-Fu „. aep4in  061 

We do not even repair any old, broken 
unit. Return it to us and you get an 
absolutely new Light Weight Head as a 
replacement at exchange price of only 
$35.00. 

Oh 
g., IMIIINIIIIIIIMIII NIINNI MININ NIN  NIIIINI MISMININNIsm_ v MAY  
1946 JUNE 

1947 

P A R A. FL11.17 
R EPROD UCE R 
with interchangeable Heads: 
UNIVERSAL 

LATERAL ONLY... 

VERTICAL ONLY... 

NOV. 
1947 

0  000 
C. 
\ S 

• ‘)%. ‘0' 
‘̀cl, 

RADIO-MUSIC CORPORATION 
P O U T C H E S T E R 

•  N E W Y O R K 

LEADERSHIP 
A LL T HE  W AN' 

Subsonic and Ultrasonic 

X-cut circular crystals up to 3" diameter and square crystals 
up to 2" on a side, in thicknesses from 2" to .005" with frequen-
cies from 60 kc. to 20.000 kc.. optically finished or silver, gold, 
or nickel-on-gold plated. 

R N-51    

The wide range of Reeves. 
Hoffman crystal activities 
includes such crystal units 
as RH-51 a hermetically 
sealed, 1000 kc. crystal unit 

designed for frequency meters and 
secondary standards. The metal tube 
holder has a standard octal base. 

In still another field of crys-
tal applications is the 1111-241 
crystal unit designed for FM 
transmitters and receivers. 
This is a plated. 200-1000 kc.. 
wire mounted, sealed unit which is also 
suitable for use in frequency meters 
and filters. 

SALES OFFICE. 215 EAST  91  STREET, NE W YORK 28, N  Y 

PLANT  321 CHERRY STREET, CARLISLE, PA. 

News—New Products 

These manufacturers have Invited PROCEEDINGS 

readers to write for literature and further W oks' 

information. Please mention your I.R.E. 

(Continued from Page 724) 

New Enterprise 
• • • Formerly serving as a consultant to 
government and industry, Rockwall In-
struments, of Rockwall, Texas, have ex-
panded their facilities to include produc-
tion of photoelectric control devices, 
record-changing mechanisms, turntables, 
relays, and remote-control equipment. 

Mode HK Filmgraph 
An announcement was recently made 

by Miles Reproducer Co., Inc., 812 
Broadway, New York 3, N. Y., of their 
Model Ill< Filmgraph, a permanent re-
corder and instantaneous reproducer em-
ploying two 14-inch reels of 16-mm. film 
which give 300 hours of recording. 

This instrument is capable of automatic 
continuous recording of two-way tele-
phone conversations, hearings, confer-
ences, interviews, reports, and dictation 
by remote control. The machine starts 
recording automatically as soon as sound 
is picked up by the microphone. 
Special features include electric fast re-

wind (about 2 minutes), slow-down con-
trol, volume regulation from a whisper to a 
roar, and error correction. The unit is port-
able and weighs 30 pounds. 

• 

Fuse Resistors 
The International Resistance Co., 401 

No. Broad St., Philadelphia 8, Pa., has 
developed a new wire-wound resistor 
which performs two functions: first, that 
of a resistor; and second, that of a fuse. 
The difference between the two functions 
is one of power level. At a relatively low 
level the unit functions as an ordinary 
resistor; at a higher power level it functions 
as a fuse and "open-circuits" when the 
wire burns out. 
This new resistor, designated as Type 

OWA, is custom-designed to individual 
circuit requirements, and is available in 
RMA values from 15 to 150 ohms. Power 
rating is 1 watt. 
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PROFESSIONAL CARDS 

JOHN F. BRINSTER 

Applied Physics, Mathematics and Electronics 

Design Industrial Applications Engineering 
Research  Development  Consultation 

Specialist in Radio Telemetering 

THE APPLIED SCIENCE 
CORPORATION OF PRINCETON 

P.O. Box 144, Princeton, N.J. 
Phone: Lawrenceville, N.J. 430 

Office & Laboratory: U. S. Highway 1 1, 
RD. 14. Trenton, New Jersey 

EDWARD J. CONTENT 
Acoustical Consultant 

Functional Studio Design 
Fm T•lovieion - AM 

Audio Systems Engineering 

Roxbury Road  Stamford 3-7459 
Stamford, Conn. 

HERBERT A. ERF 
Architectural Acoustics 

Consultant 
STUDIO DESIGN 

Standard Broadcast —FM —Television 
Cleveland IS, Ohio 

11411 Carnegie Avenue  EXpreu 1416 

DAVID C. KALBFELL, Ph.D. 
Engineer — Physicist 

Complete laboratory facilities 
Industrial Instrumentation and control 
Broadcast engineering and measurements 
1074 Morena Boulevard  Jackson 1939 

San Diego 10, California 

FAirmount 5105 EXpress 7766 

FRANK M ASS A 

Electro-Acoustic Consultant 

1313 Dellwood Road  3866 Carnegie Avenue 

CLEVELAND. OHIO 

ROBERT E. McCOY 
Consulting Engineer 

Antennas, Antenna-Coupling Systems, 
Direction Finders and Beacons. 

Electronic Circuits for Special Purposes: 
Measurement, Computation and Control 

301-302 Concord Bldg., Portland 4, Oregon 

EUGENE MITTELMANN, LE., Ph.D. 
C•mosIging Engineer & Physicist 
HIGH FREQUENCY HEATING 
INDUSTR I AL ELECTRONIC-9 

APPLIED PHYSICS & 
MATHEMATICS 

549 W. Washington Blvd. Chicago 6, III. 
Phone: State, 8021 

IRVING RUBIN 
Physicist 

Radio Interference and noise meters, Inter-
ference suppression methods for ignition sys-
tems and electrical devices. Laboratory facili-
ties. 
P.O. Box 153, Shrewsbury, Now Jersey 

Telephone: REDBANK 6-4247 

,4ccuracy 
Direct reading within 10/0 -± I/2 Division 

DIRECT READING 
VARIABLE RESISTOR 
Type RVL-3 
Specifications 

• Power rating-9 watts 
• Binding posts with non-remov-
able heads for ease in connect-
ing 

• Convenient bar-type knob 

MAXIMUM RESISTANCE RANGES 
AVAILABLE 

100-200-500 Ohms 
1,000-2,000-5,000 Ohms 
10,000-20,000-50,000-100,000 Ohms 

OUTSTANDING FEATURES 

Precious metal contacts . . . low temperature coefficient . . . reliable rotor 
take-off assembly . . . dust-proof . . . adjustable rotor stop . . . ganging 
simplicity. 

ci 

Other standard and special models available. 

ENGINEERING REPRESENTATIVES: 
HOLLYWOOD: 623 Guaranty Building, Hollywood 28, California, Phone: H011ywood 5111 

CHICAGO: 1024 Superior Street, Oak Park, Illinois, Phone: Village 9245 

7  TECHNOLOGY INSTRUMENT CORP. 
1058 MAIN ST., WALTHAM 54, MASSACHUSETTS 

ARTHUR J. SANIAL 
Consulting Engineer 

Loudspeaker  Design;  Development;  Mfg. 
Processes.  High  Quality  Audio Systems. 
Announcing Systems. Test and Measuring 

Equipment Design. 
168-14 32 Ave.  Flushing, N.Y. 

FLushing 9-3574 

Paul D. Zottu 
Consulting Engineer 
Industrial Electronics 

High Frequency  Dielectric and Induction 
Heating Applications, Equipment Selection, 
Equipment and Component Design. Develop-
ment. Models. 

272 Centre St., Newton, Mass.  BIG-9240 

Announcing—The 194,8 National 
Convention of The Institute of 
Radio Engineers, and Radio Engi-
neering Show 
PLACE: Grand Central Palace and 

Hotel Commodore 
TIME:  Monday, March 22 through 

Thursday, March 25, 1948 
EXHIBITS: Available to about 250 
radio and electronic firms. First floor 
units 10' x 12', rental $480.00. Second 
floor units 10' x 8', rental $250.00; for 
four days or about 36 hours. Write for 
full details and register your space re-
quirements now, to: 

William C. Copp, 
Exhibits Manager 

303 West 42nd Street 
New York 18, N.Y. 
Circle 6-6357 

Specify 

MYCALEX 
LO W LOSS INSULATION 

Where high mechanical and elec-
trical specifications must be met. 

MYCALEX 410 
(MOLDED MYCALEX) 

makes a positive seal with metals 
. . . resists arcing, moisture and 
high temperatures. 

27 years of leadership 
in solving the most 

exacting high frequency 
insulating problems. 

MYCALEX CORPORATION 
OF AMERICA 

"Owners of 'MYCALEX' Patents'. 

Plant and General Offices: Clifton, N.J. 
Executive Offices: 30 Rockefeller Plain 

New York 20, N.Y. 
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1 1   

inc 
first in facsimile 

for broadcasting and point-
to-point communication! 

FINCH TELECOMMUNICATIONS 
IN C ORP OR ATE D 

SALES OFFICE: 

10 EAST 40th STREET, NEW YORK 
FACTORIES  PASSAIC, N J 

CO-AX 
CONNECTORS 

AVAILABLE FOR 

IMMEDIATE 

DELIVERY 

We carry all popular stand-
ard an British type coaxial 

cable connectors in stock. These connectors are 
brand new and were produced for the Government 
by the leading manufacturers in this field. Our in-
ventory contains sufficient quantities for the largest 
users at prices well below the market. Write or wire 
for special Coaxial Cable and Connector Listing 
100A or send us your requirements. 

Manufacturers 

and Distributors 
Wells maintains one of the 
world's largest inventories 
of highest quality radio. 
electronic components. 
Out new catalog, now 
ready, will be mailed upon 
request. 

W ELLS/" a „ . m e. 320 N. La Salle St., Dept. RE 
Chicago 10, Illinois 

INDEX AND DISPLAY ADVERTISERS 

Section Meetings . .  35A 

Membership   36A 

Positions Open   .50A 

"Positions Wanted  62A 

News—New Products  .30A 

DISPLAY ADVERTISERS 
Aerovox Corporation   6IA 

Aircraft Radio Corp. ...  59A 
Airtron, Inc.   72A 

Alliance Mfg. Co.    I5A 
American Lava Corp.   I7A 
American Phenolic Corp.   42A 

Amperes Electronic Corp.   Cover II 
Andrew Company  38A 
Arnold Engineering Co.  22A 

Astatic Corporation  48A 
Audio Devices, Inc.   9A 

Barker & Williamson  68A 

Bell Telephone Laboratories   2A 
Beta Electronics,Company  55A 
Blew-Knox Company  28A 
Bliley Electric Company  65A 
Boland & Boyce, Inc.  72A 
J. F. Brinster  77A 

Brush Development Co.  36A 

Cambridge Thermionic Corp.  70A 
Centralab   34A 

Cleveland Container Co.    52A 
Sigmund Cohn & Co.  64A 
Collins Radio Company  53A 

Edward J. Content  77A 
Cornell-Dubilier Electric Corp.  Cover Ill 

Tobe Deutschmann Corp.   8A 

Dial Light Co. of America  68A 
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Eagle Pencil Co.  27A 
Eitel-McCullough, Inc.  20A 
Electro Impulse Laboratory  73A 

Electro-Motive Mfg. Co., Inc.   7A 
Electronics Research Publishing Co.   75A 
H. A. Ed  77A 
Erie Resistor Corp.  23A 

Fairchild Camera & Instrument Corp.  49A 
Finch Telecommunications, Inc.  78A 

Freed Transformer Co.  74A 

General Electric Company  75A 
General Radio Company  Cover IV 

Hallicrafters Company  67A 
Helipot Corporation  5IA 

Hewlett-Packard Company   3A 
Hytron Radio & Electronics Corp.   IA 

Iliffe & Sons  63A 
Insulation Manufacturers Corporation  79A 

International Nickel Co., Inc.   33A 

International Resistance Co.    I 3A 

E. F. Johnson Co.  74A 

David C. Kalbfell  .........   77A 
Karp Metal Products Co., Inc.   I IA 

Kemet Laboratories Co., Inc.  58A 
Kenyon Transformer Co., Inc.  73A 

Langevin Manufacturing Corp.  62A 
Lavoie Laboratories  3IA, 54A 

Machlett Laboratories, Inc.  ... 4A & 5A 
Maguire Industries, Inc.  40A 

P. R. Mallory & Co., Inc.   I 4A 
Frank Massa  77A 
Robert E. McCoy  77A 

Measurements Corp.  62A 
Eugene Mittelmann  77A 

Mycalex Corp. of America  77A 

National Company, Inc.   I2A 

National Radio Service Co.  .... 56A 
Newark Electric Co., Inc.  73A 
J. M. Ney Company  74A 

Niagara Radio Supply Corp.  69A 

Ohmite Mfg. Co.  47A 

Panoramic Radio Corp.  64A 
Paul & Beekman, Inc.  66A 

Premax Products  70A 

Radio Corp. of America .I0A, 32A, 35A, 80A 

Radio-Music Corporation  76A 
Raytheon Mfg. Co.  24A 
Reed & Prince Mfg. Co.  45A 
Reeves-Hoffman Corp.  76A 

Revere Copper & Brass, Inc.   6A 
Irving Rubin  77A 

A. J. Sanial  77A 
Selenium Corp. of America  29A 
Sherron Electronics Co.  37A 

Shure Brothers, Inc.  60A 
Simpson Electric Co.  25A 
Sorensen & Co., Inc.  44A 

Sperry Gyroscope Co., Inc.  41A, 54A 
Sprague Electric Co.   I8A & I9A 

Stackpole Carbon Co.  26A 
Stupakoff Ceramic & Mfg. Co.  2IA 

Sylvania Electric Products, Inc.   
 52A, 54A, 56A 

Technology Instrument Corp.  77A 
Triplett Electrical Instrument Co.  43A 

Union Carbide & Carbon Corp.  58A 
United Transformer Corp.  57A 

War Assets Administration  39A 
Wells Sales, Inc.  78A 
Western Electric Company   2A 

Westinghouse Electric Corp.  50A 
Weston Electrical Inst. Co.  7IA 
S. S. White Dental Mfg. Co.  46A 

Paul D. Zottu  77A 
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The IMC Engineer 

WILL 

On Your Staff 

but not on your 

payroll. . • 
HELP YOU "RING UP" THE RIGHT 

INSULATION FOR YOUR NEEDS 
If you have a problem in the application of electrical 

insulation, go to the expert for guidance. Call on your 
nearest IMC Engineer. He'll be glad to show you the 
right insulation to meet your needs, and he'll probably 
save you money. You'll improve your products, too, 
by making them more trouble free and long lasting. 

The IMC Engineer is especially trained to help you 
solve your electrical insulation problems. Get the 
most help from him by asking him to: 

I. Assist you in the selection of the best insulating 
materials for the job. 

2. Familiarize you with their proper application. 

3. Suggest ways to eliminate waste. 

4. Help you increase your production. 

INSULATION 
MANUFACTURERS CORPORATION 

'CLEVELAND 14 
1231 Superior 
Ave , N. E. 

•CHICAGO 6 
565 W. Washington 

Boulevard 

MILWAUKEE 2 
312 East Wisconsin 

Avenue 
A 

_ 

DAYTON 2 
1315 Mutual Home 

Building 

DETROIT 2: 11341 Woodward Avenue 

•Local Stocks Available 

Representatives in. 
MINNEAPOLIS 3: 1208 Harmon Place  PEORIA 5. 101 Heinz Cowl 

• 

IMC PRODUCTS: Macallen Mica Products — Vertex 

Varnished Cloth and Tapes — Vorslot Combination 

Slot Insulation —Varnished Silk and Paper —Fiberglas Electrical Insulation — Manning Insulating 

Papers and Pressboards — Dow Corning Sili-

cones — Dieflex Varnished Tubings and Satu-

rated Sleevings of Cotton and Fiberglas — 

National Hard Fibre and Fishpaper — Ph•no-

lite Bakelite —Permacel Adhesive Tapes — 

Asbestos Woven Tapes and Sleevings—Cot-

Ion Topes, Webbing% and Sleovings — 

Pedigree Insulating Varnish•s — Wedges' 

Brand Wood Wedges. 



Your enjoyment climbs to new altitudes through radio and television achievements of RCA Lab(natoti, 

R CA LA BCPRATO RIES-your" magic carpet" 

to ne w w on ders of radio an d television 

More and more people will go sight-
seeing by television as the number 
of stations and home receivers in-
creases. Eventually, television net-
works will serve homes from coast 
to coast. . . bringing you the news as 
it happens ... sports events ... drama 
... vaudeville. 
Many of the advances which have 

made possible these extended serv-
ices of radio-electronics, in sound 
and sight, originated in research 
conducted by RCA Laboratories. 

Recent RCA "firsts" include: ultra-
sensitive television cameras that give 
startling clarity to all-electronic tele-
vision. . . tiny tubes for compact, 
lightweight portable radios . . ."pic-
ture tube" screens for brilliant tele-
vision reception. 
In other fields of radio-electronics, 

RCA has pioneered major achieve-
ments—including the electron micro-
scope. Research by RCA Labora-
tories goes into every product bear-
ing the name RCA or RCA Victor. 

d 
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• 

RCA Laboratories at Princeton, N. J., 
one of the world's centers of radio and 
electronic research. • When in New York 
City, see the radio-electronic wonders on 
display at RCA EXHIBITION HALL, 
36 West 49th Street. Free admission. 
Radio Corporation of America, Radio 
City, New York 20. 
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You may build the best appliance of it 
kind on the market — but if it set .i 4p. 
local radio interference—you'll have tough 
sledding against today's keen coMpetit ion. 
Your customers are demanding radio 
noise-free performance in the electrical 

equipment they buy. 

The answer, of course, is to equip your 
products with C-D Quietones. Why 
Quietones? First, because-they're the best-

engineered noise filters — second, because 
they guard your product's reputation by 

ro uct 
IS M ORE SALEABLE WITH 

giving long trouble-free service — third, 
because they're designed and built to meet 
manufacturers' specific needs — efficiently 

and economically. 

Speed up sales — build prestige — boost 
profits with C-D Quietones. Your inqui-
ries are invited. Cornell-Dubilier Electric 
Corporation, Dept. M-11, South Plainfield, 
New Jersey. Other large plants in New 
Bedford, Brookline and Worcester, Mass., 
and Providence, Rhode Island. 

re a 
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Make Your Product More Saleable 
with C-D Quletone Radio Noise Filters 

and Spark Suppressors 

MICA  • DYKANOL  • PAPER  • ELECTROLYTIC 
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VARIAC VOLTAGE 
CONTROLS 

THE Type V-5 VARIAC is the most  popu lar of a 
number of different models. For over- and under-

voltage testing, compensation for varying line voltages, 
and general a-c power, heat, speed and light control, its 
rating of 862 volt-amperes seems to cover a majority of 
applications. 
We have been concentrating our VARIAC production 

facilities on this model and are gradually getting out of 
the woods. 
The Type V-5, like others in the new 'V' series, is 

a decided improvement over its predecessors. Lighter in 
weight by 25%, with new unit brush construction which 
cannot cause damage to the winding if the brush wears 

SPEC1FICATIONSt 

down, having a heavy-duty line switch, equipped with a 
polarity indicator in the convenience 'load' outlet, pro-
vided with a new molded terminal plate for either screw 
or solder connections, and furnished with a newly de-
signed knob and dial with big calibration figures for 
reading at a distance, these new VARIACS are more 
convenient to use .. . more efficient in operation ... last 
longer. 
The VARIAC is the ideal a-c voltage control. It has 

the convenience of the rheostat with the efficiency of the 
transformer; unlike a rheostat it provides control voltages 
17 per cent higher than the line voltage . . . and these 
voltages are continuously adjustable from ZERO. 

I 15-Volt  230-Volt 
TYPE V-5  TYPE V-5H 

LOAD RATING (KVA) 
Input Voltage 
Output Voltage, ZERO to 
Rated Current (Amps.) 
Max. Current (Amps.) 

PRICE—Unmountetd (1) 
" —Cased (2) 
" —Mounted (3) 

.862 
115 

135 or 115 
5 
7.5 

TYPE V-5 
TYPE V-5M 
TYPE V-5MT 

818.50 
20.50 
25.00 

.575 
230 or 115 
270 or 230 
2 or 1 
2.5 

TYPE V-5H 
TYPE V-5HM 
TYPE V-5HMT 

$21.00 
23.00 
27.50 

(1) At left in illustration 
(2) Center of illustration 
(3) At right of illustration 
t All performance data for 60-cycle operation. 
The 230-volt models (V-5H) are similar in external appearance and 
size to the corresponding 115-volt (V-5) units shown in the illustration. 

• Reg. U. S. Pat. Off. VARIACS are patented under U. S. Pat. No. 
2,009,013 and British Pat. No. 439,567. The VARIAC— and original 
continuously-adjustable transformer—is manufactured and told exclu-
sively by General Radio Company or its authorized agents. 

be ORDER NOW! rri Proma de pot ns ah r modelsnt p or of b thea b y cp ae nv 

GENERAL RADIO COMPANY 
90 West St., New York 6 

Cambridge 39, 
Massachusetts 

920 S. Michigan Ave., Chicago 5 950 N. Highland Ave., Los Angeles 38 

441 


