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Tops for TV and other

difficult applications!

Available in 5, 10, 25,
50 and 120 watt
ratings.

WIRE-WOUND RESISTORS WITH LOW 5.Q.!

§.Q.?? That means "Service Quotient.” With dependable, tropicalized

Koolohm resistors, it’s practically nil! P
That's why major television manufacturers specify Sprague Kool- =

ohms and avoid unnecessary and expensive service calls due to /“\

resistor failures. - OUND W“ !
Koolohms far outperform and outlast ordinary wire-wound re- W \C

sistors, yet are smaller in size than ordinary units of the same wattage A

rating. Koolohms are wound with larger diameter wire for the same
rating yet are available in far higher resistance values (for example,
70,000 vs 25,000 ohms at a full 10 watts). Koolohms are available
in truly non-inductive windings when needed. Koolohms have ex- \ W RE
ceptional resistance stability. \

Koolohms have all these advantages because they are the only
resistors wound with ceramic-insulated wire (an exclusive Sprague
development) and are enclosed in glazed moisture-resistant ceramic
outer shells. Mounted on a metal chassis, Koolohms will withstand
a 10,000 volt breakdown test from winding to ground.

Koolohm resistors are ideal for television sets and other tough

~

DOUBLY

ROTE
applications—and are equally good for all ordinary electronic and $ PROEEE]
industrial control uses. . o by glazed
Best of all, premium-quality Koolohm resistors are competitively < / CERAMIC SHELLS and
priced.
Sprague Catalog 100E tells The Complete Koolohm Story. Write / MOISTURE-PROOF END SEMS/
for your copy today.

. SPRAGUE ELECTRIC COMPANY

NORTH ADAMS, MASS.
- PIONEERS IN ELECTRIC AND ELECTRONIC PROGRESS

Proceepings or Tue LRE. August, 1949, Vol. 37, No. 8. Published monthly in two sections by The Institute of Radio Engineers, Inc., at 1 East
79 Strect, New York 21, N.Y, Price $2 29 per copy. Subscriptions: United States and Canada, $18.00 a year; foreign countries $19.00 a year. Entered
as second class matter, October 26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3. 1879. Acceptance for mailing at a
special rate of postage is provided for in the act of February 28, 1925, embodied in Paragraph 4, Section 412, P. L. and R., authorized Octoher 26, 1927.

Table of contents will be found following page 32A
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A new Magnetic Core

Material with a rectangular

hysteresis loop . . .

=25 -20
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with these specialized, dependable characteristics?

2 mil Allegheny Deltomax

4 5 10 15 20 25
Oersteds (W) <Ole change Sx —

Commercially available
in standard sizes of

toroidally-wound cores,
heat treated and cased,

ready for your use,

Where can YOU use a Magnetic Material

The properties of Deltamax are invaluable for
many eclectronic applications, such as new and
improved types of mechanical rectifiers, magnetic
amplifiers, saturable reactors, peaking trans-
formers, etc. This new magnetic material is avail
able now as “packaged’ units (cased cores ready
for winding and final assembly) distributed by the
Arnold organization. Every step in manufacture
has been fully developed; designers can rely on

complete consistency in each standard size of core.

Deltamax 1s the most recent extension of the
family of special, high-quality electrical materials
produced by Allegheny Ludlum, steel-makers to
the clectrical industry. It is an orientated 50
nickel-iron alloy, characterized by a rectangular
hysteresis loop with sharply defined knees, com-
bining high saturation with low coercivity

® Call on us for technical data.

M THE ARNOLD ENGINEERING (COMPANY

i

Qnuo‘,o

SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION

147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS ° 4
2A




MEASURE TOTAL DlSTORTlON
Between 20 cps and 20 ke

CHECK THESE SEVEN
IMPORTANT FUNCTIONS:

1. Measures total audio
distortion.

2. Checks distortion of
modvulated r-f carrier.

3. Determines voltage level,
power output.

: 4. Measures amplifier gain and
40 response.
s ( 5. Directly measures audio noise
20 i and hum.
h
> I . .
S | 6. Determines unknown audio
T-40 — g
§ —Any frequency between | frequencies.
! i-ao ,)/ b gl L — 7. Serves as high-gain,' \.wide-
! ' band stabilized amplifier.
| 20 200 2000 20000
‘ Figure 1 FREQUENCY, cps A

This fast, versatile -hp- 3308 Analyzer
measures distortion at any frequency
from 20 cps to 20 kc. Measurements
are made by eliminating the funda-
mental and comparing the ratio of the
original wave with the total of re-
maining harmonic components. This
comparison is made with a built-in
vacuum tube voltmeter.

The unique -hp- resistance - tuned
circuit used in this instrument is
adapted from the famous -hp- 200
series oscillators. It provides almost
infinite attenuation at one chosen fre-
quency. All other frequencies are
passed at the normal 20 db gain of
the amplifier. Figure 1 shows how at-
tenuation of approximately 80 db is
achieved at any pre-selected point be-
tween 20 cps and 20 kc. Rejection is
so sharp that second and higher har-
monics are attenuated less than 10%.

Full -Fledged Voltmeter
As a high-impedance, wide-range,
high-sensitivity vacuum tube voltme-
ter, this -bp- 330B gives precision
response flat at any frequency from
10 cps to 100 kc. Nine full-scale

PROCEEDINGS OF THE I.R.E.

ranges are provided: .03, .1, .3, 1.0,
3.0, 10, 30, 100 and 300. Calibration
from +2 to —12 db is provided, and
ranges are related in 10 db steps.

The amplifier of the instrument can
be used in cascade with the vacuum
tube voltmeter to increase its sensitiv-
ity 100 times for noise and hum
measurements.

Accuracy throughout is approxi-
mately +3% and is unaffected by
changing of tubes or line voltage var-
iations. Output of the voltmeter has
terminals for connection to an oscil-

loscope, to permit visual presentation

of wave under measurement.

Noise and Distortion Analyzers
Audio Frequency Oscillators
Amplifiers Power Supplies

Square Wave Generators

August, 1949

Wave Analyzers
Avdio Signal Generators
UHF Signal Generators
Frequency Standards

Measvures Direct From R-F Carrier

The -hp- 330B incorporates a linear
r-f detector to rectify the transmitted
carrier, and input circuits are contin-
uously variable from 500 k¢ to 60 mc
in 6 bands.

Ease of operation, universal appli-
cability, great stability and light
weight of this unique -5p- 330B Ana-
lyzer make it ideal for almost any
audio measurement in laboratory,
broadcast or production line work.
Full details are immediately avail-
able. Write or wire for them— today
Hewlett-Packard Company, 1437D
Page Mill Road, Palo Alto, Calif.

Frequency Meters
Vacuum Tube Voltmeters
Atftenuators
Electronic Tachometers

3A




Anorther successtul starr

with QUMONT!.

ERIE’'S FIRST
TV STATION

|

A

4z
:

. Says EDWARD LAMB, publisher of “The Erie Dis- telecasting economics.
patch” and owner of TV Station WICU: “Du Mont equipment fulfills that bill. And so Station

“In bringing the only telecasting service to Erie, WICU was, is and will continue to be Du Moni-
Penna., we insist on five prerequisites: (1) Best picto- equipped "
rial quality obtainable; (2) Adequate signal strength
throughout area served; (3) Equipment operable by B Regardiess what your telecasting start may be —
previously-inexperienced local personnel; (4) Depend- leac?ing metropolitan TV station or ne!wor'k studios. or

. again the small-town independent TV station—you can

able service, regardless; and (5) Equipment that, with

s always count on Du Mont “know-how" for economically-
minimum obsolescence, can be expanded in step with sale-and-sound guidance.

© ALLEN B DU MONT LABORATORIES, ING

DU MONT LABORATORIES, INC. + TELEVISION EQUIPMENT DIVISION, 42 HARDING AVE., CLIFTON, N. J. « DU MONT NETWORK ANBD
WABD, 515 MADISON AVE., NEW YORK 22, N. Y. + DU MONT'S JOHN WANAMAKER TELEVISION STUDIOS, NEW YORK 3, N. Y

WTTG, WASHINGTON, D. C. + STATION WDTV, PITTSBURGi{, PA. + HOME OFFICES AND PLANTS, PASSAIC AND EAST PATERSON, N. J.
4A PROCEEDINGS OF THE LR.E August, 194
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COMPONENTS-

BPD's (Disks) and BPF’s (Flats)

‘. SPACE SAVING and ECONOMY

41-Q Disk and Hi-Q Flat Ceramic Capacitors fre-
quently save space simply because their physical shape
is more adaptable than tubular units... and even more
frequently because one of them serves in place of two,
three or more individual capacitors. The multiple units
also simplify soldering and wiring operations and thus
effect substantial production economies.

These are just a few of the many types of H1-Q
Components which are setting the highest possible
standards for Precision, Quality, Uniformity and Min:-
by & . aturization. Our engineers are always available to

1 work with you in developing capacitors or combina-
tions of capacitors to best meet your specific needs.
Please feel free to call on us at any time.

@ Hi-Q BPD's (Disks) are available in capacities of from .001

mf. 10 .01 mf. Dual units range from 2x.001 mf. to 2x.005
B | mf. Triple units are supplied in standard rating of 3x.0015
' mf. and 3x.002 mf. All are guaranteed minimum values.

® Hi-Q BPFs (Flats) can be produced in an unlimited range
of capacities. The number of capacities ona plate is limited
only by the “K” of the material and the physical size of the
unit. They do not necessarily have to have a

common ground as is the case
with the diek type.

Wi
300

ILLUSTRATIONS APPROXIMATELY ACTUAL SIZ&

Electvical Reactance (ort.

FRANKLINVILLE, N. V.
Plonts: Fronklinville, N. Y.— Jessup, Po.— Myrile Beach, 5. C.
Sales Offices: New Yark, Philadelphia, Detroit, Chicago, Los Angeles
PROCEEDINGS OF THE LR.E. August, 1949 5A
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Outstanding Advantages
of the new
Mallory Spiral Inductuner:

1. A single control for easy selec-
tion and fine tuning 4;fun_v tele-
vision or FM channel.

2. Excellent stability eliminates

frequency drift.
3. Supplied in three or four-sec.
tion designs.
L. Far more quiet operation; free
from microphonics.
Greater selectivity on high fre.
quency channels.
. Eliminates "bunching” of high
band channels. Covers “entire
range in only six turns,
Simplifies front end design and
production,
8. Reduces assembly costs.

wt

[

6

 —

*Reg. trade mark of P. R. Mallory & Co.,
Jor inductance tuning devices covered by
Mallory . W are patents.

Precision Electronic

Ine,

M;llory Spiral Inductuner*

Gives Better Performance
' at Lower Costs!

There are hundreds of thousands of Mallory Inductuners in

use today—all giving trouble-free service. And now, the new
Mallory Spiral Inductuner is the biggest news in television for

better performance and lower cost.
You can eliminate many costly methods on your assembly

line with the new Mallory Spiral Inductuner. It permits faster
alignment and far simpler front end design and assembly

than any other system.
The Mallory Spiral Inductuner provides for infinitely accurate

selection from 54 to 216 megacycles . . . gives FM tuning at

no extra cost!

Check the advantages of the Mallory Spiral Inductuner. Im-
prove the performance of your sets, and step ahead of com-

petition at the same time at a cost that will surprise vou.

Getin touch with Mallory now for complete information,

Parts—Switches, Controls, Resistors

3 SERVING INDUSTRY WITH

P.R.MALLORY & CO. Inc.

P. R. MALLORY & €O., Inc., INDIANAPOLIS 6, INDIANA

Capacitors Rectifiers
Contacts Switches
Controls Vibrators

Power Supplies
Resistance Welding Materials

August, 1949



It's

TV Monitor Console

Amﬂzi“g!

Desk Panel Cabinet Rack
0000000000000 000

How Karp Makes

Custom-Built Metal Cabinets

and Boxes at Prices that Compete .d\H//Hg
with those of Stock ltems  cccoccoceoceecees

ﬁ’

The advantages and true economies of Karp custom-built cabinets, boxes, or
housings over stock items are these:

® Your own exclusive design distinguishes and “styles” your product . . . gives
it more market value.

® Flexibility of construction details speeds and simplifies your final assembly
—saving you time and money.
Our vast stock of dies can save you special die costs. -
Our 70,000 square feet of modern plant, with hundreds of craftsmen, means
ample capacity for many types of work—simple or elaborate—at one time.

® Plant is fully equipped with every mechanical facility that aids economical
production.

® Finishing is done in dustproof paint shop, with latest water-washed spray
booths and gas-fired ovens mechanically and electronically controlled.
We make no stock items or products of our own. Our plant, time and effort
are 100% for our customers’ work.

® Our engineering staff can help solve any possible design and production
problems.

® |¢'s results that count—and we give you the results you want.
|
|

\\EWM'

Werite for illustrated data book describing our facilities and showing the wide
range of sheet metal fabrication we do.

CABINETS * BOXES * CHASSIS « HOUSINGS - ENCLOSURES

KARP METAL PRODUCTS CO., INC.

223 63rd STREET, BROOKLYN 20, NEW YORK

-

Cabinet

a
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Pin point accuracy is
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And IRC provides it. Witness leading
manufacturers who specify IRC resistors
for advanced electronic circuits. In
instrumentation and industrial
applications, IRC resistors excel in

every important characteristic.

IN CRITICAL INSTRUMENTATION, IRC Pre-
cision Wire Wounds offer o fine balonce of

[ accyracy and dependability. Tolerances of
1% are stondard, but 2%, %% and 1/10%,
are available. IRC Precisions also afford maxi-
mum temperature coefficient of .002%, per ° C.
ot no extra cost. And in addition, their design |
and construction assure stability —even where
recurring surges are encountered. Labels are
acetate. May we send you complete technical
data? Just check the coupon,




N ]
SEALED PRECISION Voltmeter Multipliers find
many critical applications such as are encountered

in marine service because of absolute dependa-
bility under the most severe humidity conditions.
Type MF's are compact, rugged, stable, fully
moisture proof and easy to instail. They consist of
individual wire wound precision resistors, mounted,
interconnected and encased in glazed ceramic
tubes—and these may be either inductive or
non-inductive, for use on AC as well as DC. Send
coupon for technical data bulletin.

.ﬁ——m-—--—-a-_—sr-—————:_—- - .S =S -

\

\ ‘

MATCHED PAIR Resistors afford a low-cost solution to
many close tolerance requirements. They are widely
used as dependable meter multipliers. Two insulated
ACCURACY AND ECONOMY in close tolerance IRC resistors are matched in series or parallel to as
close as 1% inifial accuracy. Both JAN-R-11 approved
Advanced BT resistors and low-range BW insulated
wire wounds are available in Matched Pairs. Use tie
coupon to send for Bulletin B-3.

applications make IRC Deposited Carbon
PRECISTORS ideal for television and similar cir-
cvits. They are outstanding in their ability to
provide dependable performance in circuits where
the characteristics of carbon composition resistors
are unsuitable and wire-wound precisions too
expensive. Manufactured in two sizes, 200 ohms
to 20 megohms in 1%, 2% and 5% tolerance.
Coupon brings full details.

For fast, local service on standard IRC resistors,
simply phone your IRC Distributor. IRC’s @
Industrial Service Plan keeps him well supplied
with the most popular types and ranges—
enables him to give you prompt, round-the-
corner delivery. We’ll be glad to send you his
name and address.

INTERNATIONAL RESISTANCE CO.
406 N. BROAD ST, PHILADELPHIA 8, PA.

Whargwer, the, Gincudt, Sag- W=

A
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i
Power Resistors ® Voltmetar Multipliers I
¢Insuloted Composition Resistors* Low |
Wottage Wire Wounds * Controls ]
i

i

i

i

i

i

|

* Rheostats * Voltoge Dividers * NAME
Precisions * Deposited Carbon TLE........
Precistors * HF and High Voltage
INTERNATIONAL Resistors ® Insuloted Chokes GOMEANY.
RESISTANCE COMPANY ADDRESS,

H’ 401 N. Broad Streot, Philadelphla 8, Pa. g

In Canada: Internationat Reshitonce Co., L1d,, Toronto, Licensoe




INSTRUMENT
ean qgel

‘j . _,. SOCIETY HOLDS
neswlts like this 4th CONFERENCE
i e AND SHOW!

HANDLES YOUR PROBLEMS

IRE Members from Region V
Are Invited to St. Louis
September 12-16, 1949

to attend this five day conference on all
phases of instrumentation. Members will
be registered free as IRE is a co-spon-
soring society. Invitations will be mailed
in advance to Region V members,

The beautiful Kiel Auditorium will be
used for all sessions and the Exhibitions
including the National Telemetering Forum
Sept. 12 and 13, on telemetering activities
relating to airborne and ground equipment,
design, production and testing, and general
theory; particularly as applicable to rocket
instrumentation and similar work

AIEE will conduct an Electronic Instru-
mentation Session, Sept. 15, and one on
Electrical Instruments and Measurements
Sept. 16.

ASME will hold sessions Sept. 13 and 14
on Industrial Instruments and Regulators,
one paper of which is “The Attenuation of

A snop-on cavered multf-:ontc:t terminal board assembly constructed of Oscillatory Pressures-in Instrument Lines
approved materials to meet a client's special requirements by Arthur S. Iberoll, Bureau of Standards
; A :

When one of our customers ap- CT.C. is prepared to meet any special re- The American Institute of Physics has
proached us with a terminal board quirements you may have for terminal lugs. scheduled papers on Scientific Instruments
prgblem a short time ago, the re- Our engineers will gladly design lugs to fill for Sept. 12 and 13, including several of
quirements were such that no your ?eeds and produce them in quantity. importance on nucleonic instrumentation
standard board could be found to 1 @ | foriiod The Instrument Society sessions are ex-
do the job. e el vio tensive and cover the fields of Instrument

’ . . .

And that s where C.T.C.’s Cus- mounts directy on Maintenance, Inspection and Gaging, Trans-
tom Engineering Service went to SnClch: portation Instruments and Instruments for
work. The result: the board you C.T.C has Testing. :
see above. helped many For a detailed program, write to

This is just one of m hidesh Tantiackirs il ’

1S Just any ex- in designing special coils and chokes to meet William C. Copp, IRE Adv. Dept, 303
amples in which C.T.C. Custom individual conditions. Can we be of service to West 42nd St.,, New York 18, N.V.

Ehgineering has produced results you? We'll see your problem through from
design board to production.

for electronic and radio manufae-
turers. We are equipped to pro- P S |
duce assembled terminal boards of i I 1949 IRE West Coast
almost any description using any I I C ti d
8 ; ) onvention an
: fgr;rogzgg r:zgte&a; Al o-dfleczgmta; | Qustarn or Stendecrd |
you(; Zpecial requirements in any : Tﬂce Gucrantbeod : Pacific Electronic
needed quantity . . . coils and orrfecrnerntls 1t
chokes of.whatever capacities and | Swager Shon/ Split Turrot ! Exposntlon
characteristics you may need. : ‘ ! Aug. 30 to Sept. 2, 1949
l L}
] %& Wﬁ ] Civic Auditorium
Combination lug. [
Scraw on top . . 1 # I San Francisco, Calif.
low. Designed os o l w I
rgged  swoged Double-End Tormi i l
Spnelam s | s
plications, | CAMBRIDGE THERMIONIC CORP. | IRE Regional Meetings
| 456Cancord Ave., Cambridge 38, Mass | A i
» Mass. ccelerate Electronic
| |

10A PROCEEDINGS OF THE LR.E. August, 1949




A NEW
2-WATT TYPE

...to meet JAN and other exacting specifications

Only 117 long by in diameter. Range
from 10 to 100,000 ohms in tolerances
of +5, 10 or 20%. Fully insulated and
highly moisture resistant.

FIXED RESISTORS

Stackpole fixed resistors of molded carbon composition are now avail-
able in a complete range of !/;-, 1- and 2-watt sizes to match modern
design and production requirements. Deliveries are good—quality and
prices are right—and Stackpole engineers welcome the opportunity
to cooperate in matching your specifications to the letter. Samples to
quantity users on request.

ELECTRONIC COMPONENTS DIVISION

STACKPOLE CARBON COMPANY + ST. MARYS, PA.

FIXED AND VARIABLE RESISTORS o IRON CORES ¢ SINTERED ALNICO I
PERMANENT MAGNETS o INEXPENSIVE LINE AND SLIDE SWITCHES o CONTACTS BRUSHES
FOR ALL ROTATING ELECTRICAL EQUIPMENT ond dozens of carbon and graphite specialties

2
3
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Meeting FM and TV Needs for

WRVB, Richmond, Virginia

@ Rising high above the Tideland, this Truscon Self-
Supporting Steel Radio Tower helps flash the cream
of FM and TV entertainment to a great circle of
Virginia audiences. The business end of this slender
steel beauty mounts both an R.C.A. 2-section pylon
FM antenna, and an R.C.A. G6-section TV antenna.

This outstanding installation emphasizes again the fact
that every Truscon Steel Radio Tower is firred exactly
to its specific location. Truscon Radio Towers today are
operating faithfully under world-wide extremes of
weather . . . under almost every possible combination

S

TRUSCON

A TOWER OF STRENGTH

i 4851 B

HIGH

¥ s

1

S

. . - Vot o, - P—
> - 'p——q"gl‘a-.-p—-!—- - .
2 - - e e T N e S
- 5 ;S -t

of temperature, humidity and wind conditions . . . in
mountains, deserts, plains and coastal areas.

Truscon engineers are ready now to put their vast
€xperience at your service—ready to design and erect
just the tower you need for AM, FM and TV broad-
casting . . . tall or small, guyed or self-supporting, of
uniform or tapered cross-section. Call the Truscon
office nearest you or write our home office in
Youngstown. There is no obligation.

TRUSCON STEEL COMPANY

YOUNGSTOWN 1, OHIO
Subsidiary of Republic Steel Corporation

TRUSCON :

SELF-SUPPORTING

woss oo e TOWERS




R ———CTUE ST e

EL-MENCO’S PLACE l YOUR PRODUCT

Wherever fixed mica dielectric capacitors are used,
the first choice with men of experience is always El-Menco

Precision-made under rigid condi- e —
tions, tested seven ways to meet strict
Army-Navy standards, thoroughly im- =
pregnated and provided in water-sealed i ‘
low-loss bakelite; these tiny capacitors
protect and maintain your reputation for
quality equipment. To insure perform- CM 15 MINIATURE CAPACITOR
ance-excellence, place El-Menco capaci- Actual Size " x 15" x %"
tors in your product. Results will prove For Radio, Television and Other

Electronic Applications
2 to 420 mmlf. capacity at 500v DCw
2 to 525 mmf. capacity at 300v DCw

Temp. Co-efficient +50 parts per
THE ELECTRO MOTIVE MFG. CO., Inc. million per degree C for most

WILLIMANTIC CONNECTICUT capacity values
6-dot standard color coded

El-Menco to be a wise choice.

Write on your firm letterheod for @

..l Menco.. ™.

CAPACITORS

FOREIGN RADIO AND ELECTRONIC MANUFACTURERS COMMUNICATE DIRECT WITH OUR EXPORT DEPT. AT WILLIMANTIC, CONN,
ARCO ELECTRONICS, INC. 135 Liberty St., New York, N. Y.—Sole Agent for Jobbers and Distributors in U.S. and Canada
PROCEEDINGS OF THE IL.R.E. August, 1949 13a




NEW PRODUCTS

A NEWS and

AUGUST, 1949

50-Mc TV Oscilloscope

The FTL-32A a broad-band TV os-
cilloscope, which records wave forms hav-
ing frequency components as high as 50
Mc and as low as 10 cps, is presented by
Federal Telecommunications Labs., Inc.,
500 Washington Ave,, Nutley 10, N. J.

This wide-band frequency response is
obtained with sufficient amplification to
provide deflection sensitivity of 0.1 peak-
to-peak volts per inch. The horizontal
amplifier has a bandwidth of 10 cps to 10
Mec.

Both repetitive and triggered sweeps
are incorporated with time durations con-
sistent with the 50 Mc bandwidth. Syn-
chronization from an internal or external
source is independent of the synchroniza-
tion signal amplitude, provided a mini-
mum of 0.1 volt is exceeded.

New Traveling-Wave
Amplifier
A new addition to their line, Model 202
Wide Band Chain Amplifier, a traveling-
wave tvpe, is announced by Spencer-
Kennedy Labs., Inc., 186 Massachusetts
Ave., Cambridge 39, Mass.

The model 202 has 2 stages of six
6AKS tubes, gain of 20 db, bandwidth of
200 Mc, SWR is less than 1.5 db, and
transmission characteristic is +1.5 db
from 100 ke to 200 Mc at an impedance
level of 200 ohms.

The amplifier employs a traveling-wave
circuit to achieve its wide bandwidth; thus
it is adaptable for use with signal, pulse,
and sweep generators, vacuum-tube volt-
meters, and TV test equipment.

14a

These manufacturers have invited PRO-
CEEDINGS readers to write for literature
and further technical information. Please
mention your ).R.E. affiliation.

Sensitive Multiple-Intensifier
Type C1 Tube

A new multiple-intensifier type cath-
ode-ray tube featuring a highly sensitive
vertical-deflection system, and known as
the Type 5XP-, is announced by Allen B.
Du Mont Laboratories, Inc., Instrument
Div., 1000 Main Ave., Clifton, N. J.

Potentilils as low as 24 to 36 volts
peak-to-peak are sufficient for 1”7 vertical
deflection on the screen. Even though the
Type 5XP employs high accelerating po-
tentials, the manufacturer claims its de-
flection factor for plate-pair D;-1), is but
one-third of the deflection factor of similar
tubes operating at low accelerating po-
tentials.

A new type of deflection-plate struc-
ture is used in which the length of one
pair of plates is considerably increased
while the width is decreased, Because of
this new deflection-plate design, the
greater sensitivity of the tube is achieved
with a plate-to-plate capacitance of only
1.7 upf. A }” increase in the over-all length
of the tube is also a contributing factor
to the high deflection sensitivity.

Improved Glass-Metal Seal
for Waveguide Windows

Glass waveguide windows, designed to
permit silver soldering (without damage)
to micro-waveguide svstems operating at
frequencies from 3,000 10 40,000 Me,
have been announced I Electronics Div.,
Sylvania Electric Products Inc., 500 Fif(h
Ave.,, New York 18, N. Y,

PROCEEDINGS OF THE LR.E.

Development of these resonant win-
dows, in which glass stress is eliminated at
relatively high temperature differentials
required for soldering, makes available a
wide range of window shapes and outside
contours, for narrow- and wide-band trans
missions. Power losses range from 0.02
to 0.1 db. For frequencies above 3,500 Mc,
the windows will stand pressures up to
65 pounds per square inch absolute.

Continuous Loop Drive
Tape Recorder
Mechanism

Continual repetition of any recorded
message, from 4 seconds to 10 minutes
duration, is possible through the use of a
continuous loop drive mechanism, avail
able as optional equipment on any standard
Twin-Trax Tape recorder, by Twin-Trax
Div., Amplifier Corp. of America, 398 1
Broadway, New York 13, N. Y.

This mechanism is detachable to facil
late installation on previously purchased
Twin-Trax models.

I'wo variations of the drive are avail
able. The model CI.-3 will record and play
back information from 4 seconds to 3
minutes in duration, During operation, a
sufficient length of tape is spooled on a
stationary hub. The inside layer of tape is
fed through a slot in the hub, past an idler,
past the record-playback head, and sub-
sequently engaged by the pulling capstan.
I'he beginning of the tape is then joined to
the end to form a continuous loop which
will continue to repeat until it is manually
or automatically shut off.

Model CI1-10 will reproduce informa
tion from 4 seconds to 10 minutes, and op-
erates on the same principle, but utilizes a
storage system with lower inherent friction
which is accomplished with ball bearing
rollers.

(Continued on page 244)
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PREDICT Crystal Oscillator Operation with the
LAVOIE crysTAL IMPEDANCE METER

LOAD CAPACITY
&)

CAURRATE

L
CRYSTAL

Model 50 . . .
Model 57 . . .

Frequency range,
Maximum resistance,

\a/

N

0 7/

-

\ N

INCALASE

CURRENT

(s

53
. LAIS-T88

76 ke to 1100 ke with provision for plug in coils.
29,900 ohms (3 place setting).

Frequency range, 820 kc to 15 me.

Maximum resistance, 2,990 ohms (3 place setting).

POWER...115 V 60 CPS

SIZE...7"x19"x7%%"

WEIGHT ... 21 LBS.,, 12 OZS.

CONTROLS AND INDICATIONS

CRYSTAL ACTIVITY RESISTANCE ADJUSTMENT
CRYSTAL VOLTAGE MEASURING POINTS
SERIES RESONANCE — PARALLEL RESONANCE
CRYSTAL CURRENT (MODEL 51 ONLY)

FREQUENCY ADJUSTMENT (COARSE AND FINE)
LOAD CAPACITANCE

GRID CURRENT

CRYSTAL-RESISTOR SELECTION SWITCH

Measures parameters of piezoelectric crystals sufficient to pre-
dict quality and operation properties of oscillators in which they
will be used.

Measurements of a crystal resistance can be made at either
the series or anti resonant frequency of the crystal. An indica-
tion of the equivalent resistance of a crystal is an indication of
the quality of the crystal. The Cl meter yields a measurement
of crystal activity it terms of ohmic resistance. This is in contrast
to previous measurements of crystal quality in terms of arbitrary
activity in a standard oscillator. At present. Government specifi-
cations on crystal units specify a maximum allowable series
resonant resistance.

The Crystal Impedance Moter consists of a tuned oscillator
with the crystal unit connected in the feedback path. A switch-
ing arrangement is provided whereby a condenser may or may
not be used-in series with the crystal. This condenser is calibrated
and is used to simulate load capacity when the crystal resistance
is to be measured at the anti resonant frequency of the crystal,
The condenser is shorted when the series resonant resistance of

|
R
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the crystal is measured. In addition, a switching arrangement is
provided to substitute three banks of calibrated decade resistors
into the feedback path replacing the crystal. A grid current
meter is provided as an indication of oscillator activity with
either crystal or resistance in the feedback path of the oscillator.

In addition to the crystal switching circuit, the calibrated
decade switches, frequency controls, the variable capacitor in
the crystal circuit, and the oscillator grid current meter, 2
control which varies oscillator activity, and thereby crystal cur-
rent, is provided in both models 50 and*51. A crystal current
meter is provided in model 51 only.

The series and anti resonant frequencies of crystals can be
measured with conventional frequency measuring equipment.
With frequency measuring equipment and a VIVM, simple
measurements and calculations can be made to yield crystal
voltage at either series or anti resonant operation, the series
inductance of the crystal, the series capacitance of the crystal,
and the Performance Index of the crystal.

Swoio Sbboralorios

RADIO ENGINEERS AND MANUFACTURERS

MORGANVILLE. N. J.

Specialists in the Development and Manufacture of UHF Equipment
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THE FUTURE HOLDS GREAT PROMISE

Neither chance nor mere good fortune
has brought this nation the fincst tele-
phone scrvice in the world. The scrvice
Amcricans cnjoy in such abundance is
dircctly the product of their own imag-
ination, cnterprise and common sense.

‘The people of America have put bil-
lions of dollars of their savings into
building their telephone system. They
have learned more and more wavs to use
the telephone to advantage, and have
continuously cncouraged invention and
initiative to ind new paths toward new
horizons.

‘They have made the rendering of
telephone service a public trust; at the
samc time, they have given the tcle-
phone companics, under regulation, the
frecdom and resources they must have
to do their job as well as possible.

Inv tms climate of freedom and rc-
sponsibility, the Bell System has pro-
vided service of steadily increasing value
to more and more people. Our policy,
often stated, is to give the best possible
serviccat the lowest cost consistent with
financial safcty and fair trcatment of
cmployces. We are organized as we are
in order to carry that policy out.

BELL TELEPHONE

Bire Telephone Laboratories lead the
\Vof]d m ln]])fo\ ing communication
devices and techniques

\Western Electric Company provides
the Bell operating companics with tele-
phone cquipment of the highest qual
ity at rcasonable prices, and can always
be counted on in emergencics to de-
liver the goods whenever and wherever
nceded.

The operating telephone companies
and the parent company work together
so that improvements in onc place may
spread quickly to others. Because all
units of the System have the same sen
icc goals, great benefits flow to the
public

Similarly, the financial good health
of the Bell System over a period of many
years has been to the advantage of the
public no less than the stockholders and
cmployees.

It 1s cqually essential and in the pub-
lic intcrest that telephone rates and
earnings now and in the future be ade
quate to continue to pav good wagcs,
protect the billions of dollars of savings
imvested in the System, and attract the

LABORATORIES

EXPLORING AND INVENTING, DEVISING 7 :\x
AND PERFECTING, FOR CONTINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE

new capital nceded to meet the service
opportunitiesand responsibilitiesahead

There is a tremendous amount of
work to be done in the near future and
the System’s technical and human re
sourccs to do it have never been better
Our physical equipment is the best in
history, though still hcavily loaded. and
we have many new and improved facili
ties to incorporate in the plant. Em
ployees arc compctent and courtcous
The long-standing Bell System policy
of making promotions from the ranks
assurcs the continuing vigor of the
organization.

\VI i these assets, with the traditional
spinit of service to get the message
through, and with confidence that the
American people understand the nced
for maintaining on a sound financial
basis the essential public services per-
formed by the Bell System, we look
forward to providing a service better
and morc valuable in the future than
at any time in the past. We pledge our
utmost efforts to that end.

LEROY A. WILSON. President
American Telephone and Telegraph Company.
(From the 1948 Annual Report.)
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extrusion

Carefully controlled compositions extruded

through precision made dies...a fast,
economical production method for many

shapes in Custom Made Technical Ceramics

Basic shapes which have been
extruded can be cut, machined,
threaded, drilled in the un-

fired state. This combination of

processes . . . all available

Sy
L

under one roof . . . can produce ot L
P e
. » % > -
seemingly complex parts at — s
prices favorable to your pro- .
B ™)

duction budget. Send us your

(il
i

!
|

blueprint for recommendations.

]

pd r. .
pRS

One of several boteries of modern extrusion presses which give AlSiMog exceps
tional quolity, fovoroble cost . . . ond " focillties unmotched in the industry.

ALSIMA

MERICA LAVA

Y &, A 'R [~ N

A CORPORATION

CHATTANOOGA 5, TENNESSEE

OFFICES: METROPOLITAN AREA:. 671 Broad St., Newark, N.J., Mitchell 2-8|59 L4 CHICAGO, 9 South Clint t., Central 6-1721
PHILADELPHIA, 1649 North Broad Street, Stevenson' 4.2823 e  LOS ANGELES, 232 South Hill | g?uset',' ¥ alial 3076
NEW ENGLAND, 38-B Brattle St., Cambrlc’ge, Mass., Kirkland 7-4498 . ST. LOUIS, 1123 Washington Ave., Garficld 4959

8 A M
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Follow the Leaders to
4

Ass The Power for R-F

HELPS BUILD®BETTER VACUUM TUBES

With the increasing demand for higher powers at higher
frequencies the importance of close relationship between
tube and circuit design has become paramount,

A large segment of the laboratory facilities at Eitel-
McCullough is concerned with the development of basic new
circuits closely correlated with vacuum tube development.
The efforts of this group are receiving wide recognition for
their outstanding accomplishments. These new circuits are
being made available, as developed, to the industry enabling
greater realization of a vacuum tube’s potential abilities.

Evidence of these efforts is illustrated above A 14-
tube annular r-f generator. This compact equipment can
provide 500 watts of CW power at 1000-Mc, and has operat-
ing possibilities as high as 2500-Mc. This is but one appli-
cation of the basic annular circuit design developed by Eimac.
The power-output in such a generator'is directly proportional
to the number of tubes used, and single tube efficiency is
maintained

EITEL-McCULLOUGH INC.

728 SAN MATEO AVE.,, SAN BRUNO, CALIFORNIA

Export Agents: Frazar & Hansen, 301 Clay $t., San Francisco, California
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7 Here's the Helipot Principle that is Revolutionizing
Potentiometer Control in Today’s Electronic Circuits

_—cr—rs e —TETormanane
CONVENTIONAL POTENTIOMETERS have a coil diameter THE BECKMAN HELIPOT has the same coil diameter, yet
aof approximately 1%’ and provide only 4’’ (about 300°) gives up to 46’ (3600°)* af potentiometer slide wire cone R
of potentiometer slide wire control. trol —nearly TWELVE times as much!

Cutoway view of the Helipo!

Some of the multiple Helip(" advantages

XTENSIVELY used on precision electronic equipment

during the war, the Helipot is now being widely adopted

by manufacturers of quality electronic equipment to increase the

accuracy, convenience and utility of their instruments. The Hellpot

permits much finer adjustment of circuits and greater aceuracy in

resistance control. It permits simplifying controls and eliminating

extra knobs. Its low-torque characteristics (only one inch-ounce

starting torque®, running torque even less) make the Helipot ideal
for power-driven operations, Servo mechanisms, etc.

And one of the most important Ilelipot advantages is its
unusually accurate linearity. The Helipot tolerance for deviations
from true linearity is normally held to within = 0.5%, while pre-
cision units are available with tolerances held to 0.1%, .05%, and
even less—an accuracy heretofore obtainable only in costly and
delicate laboratory apparatus.

The Helipot is available in a wide range of types and resis-
tances to meet the requirements of many applications, and its
versatile design permits ready adaptation of a variety of special

features, as may be called for in meeting new problems of resis
tance control. Let us study your potentiometer-rhe >
* HELIPOTS ARE AVAILABLE IN MANY SIZES: ue stufy your poieniiome G A
and make recommendations on the application of Helipot advan-
MOOEL A—35 watts, incorporating 10 hellcal turns and s slide wire

length of 46 Inches, case diameter 1% ", is available with resistance tages to Your equipment. No Obliga'ion of course. Write 'Oday'
values from 10 ohms to 300,000 ohms,

MOOEL B—10 watts, with 15 helical turns snd 140" slide wire, case : g
3(1,31mr 8% ', 1s available with resistance values from 50 ohms to ~* Data is for Model A unit
ohms,

MOOEL C—-2 watts, with 3 hellcal turns and 13% " slide wire, case
dismeter 1%, avaifablo in resistances from 5 ohms to 50,000 ohms,

MOOEL O—15 watts, with 25 helical turns and 234" slide wire, caso Send for the New Helipot Booklet?
diameter 3%’’, avallable in resistances from 100 ohmas to 75,000 ohms,

MOOEL E—20 watts, with 40 helical turns and 373" slide wire, case
glm B%" is available with resistance values from 200 ohms to

Other types snd des! of I’otent| s available,

]
THE Hﬂllpﬂt CORPORATION, SOUTH PASEDENA 6, CALIFORNIA
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FIXED RESISTORS ADJUSTABLE RESISTORS

=1 p
Type J Bradleyometers can produce any

‘w resistance-rotation curve. Resistor element

is solid-motded as a one-plece ring that is
wﬂﬂﬁﬂg—_ unaffected by age, wear, heat, or moisture.
Can be supplied in single-, dual-, or triple-
unit construction for rheostat or potenti-
ometer applications. Built-in line switch is
optional on single or dual types.

in all standard R.M.A. valves as follows—25 watt from 10 ohms
to 22 megohms; 1 watt from 2.7 ohms to 22 megohms; 2 watt
from 10 ohms to 22 megohms. Small in size; tops In quality.

h 4
» W
I 4
y -

SMALL CONTACTORS LARGE CONTACTORS
Bulletin 700 Universal Relays are avail- Bulletin 702 Solenoid Contactors are
able in 10-amp rating with 2, 4, 6, ond available for ratings up to 300 amperes.
8 poles. Two contact banks permit quick Arranged for 2- or 3-wire control with
changes from normally open to normaily push buttons or automatic pilot devices.
closed contacts. The double-break, sil- Enclosing cabinets furnished for all serv-
ver-alloy contacts require no mainte- ice conditions. The double -break, silver-
nance. There are no pins, pivots, bear- alloy contacts need no maintenance. For
ings, or hinges to bind, stick, or corrode. complete description and dimensions,

J please send for Bulletin 702.
\_

A I & 2

TIMING RELAYS LIMIT SWITCHES

Essential for safety inter-
locks on transmitter cabi-

Bulletin 848 Timing Relays are ideal for any
service requiring an adjustable, delayed-action
relay. They have normally open or normally
closed contacts. The magnetic core is restrained
from rising by the piston in fivid dashpot. Ideal
for transmitter plate voltage control. Time delay
period of these relays is adjustable. motors. Let us send you
Bulletin 701-2.

» ¢ ) )

nets. Also used forsequence
switching, restricting ma-
chine motions, and starting,
stopping, and reversing

RESISTORS - RELAYS - CONTACTORS

for Quality Electronic Equipment

When you design an electronic device that
must meet rigid performance specifications . . .
your component parts must be "tops” in qual-
ity. For such applications, the leading electronic

limit switches. Let us send you data on all items
listed above. In war service and in peace-
time applications, Allen-Bradley components
are the choice of electronic engineers for tele-

engineer‘s use Allen-Bradley fixed and adjust- vision and radar circuits
able resistors; Allen-Bradley relays and con- )
tactors; Allen-Bradley standard and precision A"en-Bradley Co.

114 W. Greenfield Ave., Milwaukee 4, Wis.

Sold exclusively to manufacturers of radio and electronic equipment

 ALLEN-BRADLEY
RESISTORS  RELAYS

20A
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For today’s broadcast power needs...

GL-8008

{olso supplied
with 50-wott
base as Type
GL-872-A})

JIW ;' ,_‘.q ’ nS=" TE "\.' J 'a ;' )
A\Ibes make for goo rm&ds‘{u;g . -Brgg aﬁmunts’ to broadcas r
So buy General Electric—buy the mitters. it
best! : If you build or design equlp me

Design improvement is constant,  phone your nearby G-E electroni

3 3 e . GL-673
with G-E rectifier types ever-new in  office for expert assistance in select_;‘; (also supplied
. : . . . Y ith 50-wott
their efficiency. For example, the  ing the right G-E rectifier types. E'ae ol

new straight-side bulbs of Types  There are more than a dozen from
GL-8008 and GL-673 give an  which to choose. If a station oper-
increased temperature margin of  ator needing tubes for replacement,
safety; their slim contour also makes  your local G-E tube distributor will
the tubes easier to handle, better to  be glad to serve you promptly, effi-
install. ciently, out of ample stocks on hand.

Future AM-FM-TV power-re- Electronics Department, General Elec-
quirement possibilities are matched  tric Company, Schenectady 5, N. Y. |

GENERAL ELECTRIC

180-HB

FIRST AND GREATEST NAME IN ELECTRONICS |

Cathode Cathode Anode peak Anode peck Anode avg

Type
voltage current voltage current current

GL-8008 5v 7.5 amp 10,000 v
GL-673 5v 10 amp 15,000 v
GL-869-8 L% 19 amp 20,000 v

5 amp 1.25 amp

UL LN N LULLL N S L T L S LA
GL-866-A 2.5v | 5 amp 10,000 v } 1 amp 0.25 amp
‘ 6 amp 1.5 amp

10 amp 2.5 amp

(*20 amp) (*5 amp)

GL-857-B 5v 30 amp 22,000 v 40 amp 10 amp
(*Quadrolure operation)
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WILCOX SERVES THE GOVERNMENTS OF THE WORLD

WV,

Wherever airplanes fly —wherever lives depend on reliable communications
—you'll find WILCOX radio transmitting and receiving equipment. From the
Scandinavian countries to New Zealand...from Portugal to Pakistan, the govern-
ments of the world select WILCOX because of its proven performance under dll
extremes of climate, temperature, and humidity.

As with many governments, WILCOX is being used by the United States
government in the basic communication systems for the Air Force,

Signal Corps,
and the Civil Aeronautics Authority.

The governments of the world have spanned the globe with WILCOX com-

munications. From the Berlin Airlift to the Orient .. -WILCOX equipments carry the

messages that help keep freedom a vital force in the turbulent affairs of the world.
WRITE TODAY..

.for complete information on all types of point-to-point,
air-borne,

ground station, or shore-to-ship communications equipment.

22a

WILCOX ELECTRIC COMPANY

KANSAS CITY MISSOURI
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RATINGS

Interpreted according to RMA standard M8-210

Heater Voltage (+ 10%) 12.6
Maximum Heater-Cathode Voltage 90
Maximum Plate Voltage 300
Maximum Inverse Plate Voltage 1000
Maximum Plate Dissipation (each unit) 4.2
Maximum Total Plate Dissipation (both units) 75
Maximum Bulb Temperature

(at any part of envelope)
Maximum DC Grid Current (each unit)
Maximum External Grid Circuit Resistance

(each unit)

6.3 VOLTS
VOLTS
VOLTS
VOLTS
WATTS
WATTS

C
MA,

MEG.

CHARACTERISTICS

Class A1 Amplifier—Each Unit

Heater Voltage
Heater Current
Plate Voltage 120
Grid Voltage =2
Plate Current 36
Plate Resistance 1650
Transconductance 11000
Amplification Factor 18
Grid Voltage (approx.)

For 1b—100 |1A -10

12,6
450
180
-7
23
2750
6400
17.5

-15

6.3
900

VOLTS
MA,

250 VOLTS

-12.5
16
4000

4100 |IMHOS

16.5

-21

VOLTS
MA,
OHMS

VOLTS




Triad Transformers

Now Stocked by
1‘ﬂ|ﬂb Distributors

Formerly Available
Only as Components of
Fine Electronic Equipment

Thoroughly tested and proved by years of exacting performance
requirements on original equipment, Triad Transformers are de-
signed and built to meet these specific applications

ORIGINAL EQUIPMENT—TRIAD ‘HS’ transformers for original equipment
embody superior techniques in transformer design and construc-
tion — power transformers of low temperature rise and good
regulation—chokes of low resistance and high inductance—audio
transformers of wide range both in frequency response and in
power-handling capacity. Such transformers deserve the best in
mechanical construction and protection against failure as exempli-
fied by TRIAD's perfected hermetic sealing. Quantity production
of hermetically sealed transformers for our Armed Services under
JAN specifications has resulted in improved production tech-
niques, and has lowered costs on these exceptionally long-lived
units to permit their use in quality electronic apparatus.

LACEMENT—TRIAD is a major source of transformers for radio
and television manufacturers. TRIAD replacement transforiners
therefore, incorporate many parts and features to make them
readily and universally adaptable to vacant spots in these
chassis. Features include High-quality materials, permitting
small size without excessive temperature rise; vacuum varnish
impregnation of both coil and core, copper foil static shields in
all power coils, heavy drawn steel cases with sturdy baked
enamel finish,and high temperature UL approved lead materials.

GERPHYSICAL-TRIAD “Geoformers™ are individually calibrated compo-
nents for incorporation in 5-500 cycle measuring equipment of
laboratory precision. Inductance is held within * 5% for the entire
production and frequently within *+ 2% for any given shipment
of transformers. “Geoformers” incorporate hum-bucking coils and
multiple alloy shielding for minimum pickup; are of minimum size
and weight, and are vacuum-filled and hermetically scaled.
Designs are based on years of specialization in this difficult field
by pioncers in geophysical transformer design. Standard designs
for use in the most used circuits are carried in stock at the factory
and by TRIAD distributors. Complete specifications for “Geo-
formers”are given in TRIAD Bulletin GP-49, available on request.

TEUR-TRIAD “DX’er” line of amateur transformers have been built
around high-production, low-cost, transformer parts and simple
coil constructions. This permits designs employing liberal quanti-
ties of high-quality material, at reasonable cost. Simple one-pur-
pose designs with drawn steel cases and flexible leads eliminate
rauch of the unnecessary cost involved in heavy castings and
expensive tapped coil constructions, while still permitting exten-
sive use of finest materials essential to good transformer design.
Write for Triad Transformer Catalog TR-49. Some ter-
ritories still open for qualified manufacturers’ agents.

BOOTH 74
Sth Annual Pacific Electronic Exhibit

August 30, 31 and September 1

TRANSFORMER MFG. C0 San Francisco Clvic Auditorium

2254 SEPULVEDA BLVD. - LOS ANGELES 25, CALIFORNIA
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' News—New Products W

| These manufacturers have invited PROCEEDINGS
readers to write for literature and further technical
information. Please mention your |.R.E. affiliation.

( (Continued from page 144)
{
[
|
|

Dc Microammeter and
Magnetic Amplifier
A new microammeter, Type 100, de-
signed to measure low dc is announced by
W. S. MacDonald Co., Inc., 33 University
Rd., Cambridge 38, Mass.

The Type 100 has an input resistance of
50 ohms and a sensitivity of 1 ma full
scale. The input may be overloaded }
ampere without causing damage. Unlike
high sensitivity galvanometers, this in
strument is not sensitive to position or
' vibration.
An output jack is provided so that the
’ instrument can be used as dc amplifier; as
| such it will actuate a4-ma 1,400-ohm re-
corder directly.

Rf Alignment and TV
Marker Generator

| A new addition to their line of test
equipment, the Model 320 Signal Gen-

| erator, is announced by Electronic Instru-

| ment Co., Inc., 276 Newport St., Brook-
lyn12, N. Y.

]

|

Designed for use in all phases of the
radio industry, the Model 320 may be used
for FM-AM alignment and to provide TV
marker frequencies. The meter featuresa
Hartley oscillator with a range of of 150 k¢
to 100 Mc, with fundamentals to 34 Mc.
A Colpitts type audio oscillator supplies
400 cps sine wave voltage for modulation.

As are the majority of Eico products,
this model is also available as a kit.

(Continued on page 474)
August, 1949




Listen ﬁr the words Tramscribed by AMPEX aﬁef The great shows i radio

Designed by engineers
who had your engineering
needs in mind!

Portoble model

# Original program quality preserved
Use of independent reproduction facilities allows instantaneous
monitoring and makes possible the most stringent comparisons
between recordings and originals.

» Tape and playback noise non-existant
Use of special record and bias circuits has eliminated tape noise.®
Extreme care has been exercised to eliminate huin pick-up.

» Editing made easy
With Ampex editing is ahmost instantancous. Single leuters have
been actually cut off the end of words. Scissors and scotch tape
are all the tools needed.

» You can depend on Ampex
Read what Frank Marx, Vice President in charge of Engineering,
American Broadcasting Company, says: “For the past two ycars
A.B.C. has suceessfully used magnetic tape for re hroadcast pur-
poses...A.B.C. recorded on AMPLEX in Chicago...17 hours per
day. For 2018 hours of playback time, the air time lost was less
than 3 minutes: a truly remarkable record.”

Console Model 300* $1,573.75
Portable Model 300 $1,594.41
Rack Mounted $1,491.75

* Meter panel extro

F. 0. B. Factory, San Carlos, Calif.

SPECIFICATIONS

FREQUENCY RESPONSE:

At 15"+ 2 db. 50—15,000 cycles
At7.5°+ 2 db. 50— 7,500 cycles

*S|GNAL-TO-NOISE RATIO: The
overall unweighted system noise
is 70 db. below tope soturation,
and over 60 db. below 3% totol
hormonicdistortion at 400 cycles.

STARTING TIME: Instantoneous.
(When starting in the Normol
Ploy mode of operation, the tope
is up to full speed in less than
.1 second.)

FLUTTER AND WOW: At 15
inches per second, well vnder
0.1% r.m.s., measvuring oll flutter
companents fram 0 to 300 cycles,
using o tone of 3000 cycles. At
7.5 inches, under .2X.

Manufactured by Ampex Electric Corporation, San Carlos, Calif.

DISTRIBUTED BY

AUDIO & VIDEO
PRODUCTS CORPORATION

1650 Broodway
New York, N.Y,

GRAYBAR ELECTRIC CO. INC.

420 Lexington Avenue, New York 17, N.Y.
(Offices in principal citles)

PROCEEDINGS OF THE I.R.E. August, 1949

BING CROSBY ENTERPRISES

9028 Sunset Blvd.
Hollywood 46, Calif.




The “Gotham"—TV—
Radio—Phonograph
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COSMALITE" gives
STAR performance in the new ZENITH

This internally threaded Cosmalite coil form of cloverleaf design in the very
heart of the Zenith Television Transformer, permits quick tuning of both primary
and secondary frequencies through the upper end. The hexagon shaft of the
frequency setter easily passes through the upper core and engages in the lower
core . . . adjusting the frequencies of both coils with the greatest ease.

Consult us on the many uses of Cosma-

lite {low cost phenolic tubing) in tele- J

vision and radio receivers. The “'Claridge "—Tv
Table Receiver

*Reg.U.5.Pat.Of.

% CLEVELAND CONTAINER

6201 BARBERTON AVE. CLEVELAND 2, OHIO ﬁ\

PLANTS AND SALES OFFICES of Plymouth, Wisc Chicogo, Detront, Ogdensburg. N.¥ Jomesburg, N. A
ABRASIVE DIVISION at Clevelond. Ohio
CANADIAN PLANT, The Clevelond Contoiner, Canodo, L1d Prescont, Ontorio

]

Cosmalite coil forms are also used
in transformers of Zenith's table
radios, such as the new Super-Sensi-
tive “Major" FM receiver, above.

REPRESENTATIVES

CANADA WM T BARRON, BIGHTH LINE. RR +1 O XVILLE, ONTAR

NEW YORK | R T MURRAY o AL AVE. EAST ORANGE N
NEW ENGLAND E P PACK ANC
WEST MARTFORD CONN

E5. 968 FARMINGION aVvE
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Developed by MACHLETT

ML-5667

..gives demonstrably
superior performance
in 889RA sockets

Government, communications, and industrial users
of “889RA-type” tubes are now rapidly switching to
the Machlett-developed 5667*.

If you are not already familiar with the unique qual-
ities of this new tube, here is an opportunity to learn
exactly why and how the ML-5667 (completely inter-
changeable with the 889RA ) is convincingly supe-
rior by any standard of comparison.

GET ALL THE FACTS ABOUT THESE FEATURES:

Special anode construction and processing.

Completely new and ruggedized structure. Use of the ML-5666 to replace 8894,
carries the added advantage of the
Machlett automatic-seal water jacket.

High R.F. conducting kovar seals.
Cleaner internal parts and surfaces.

Machlett high-voltage exhaust.

New filament design. Machlett Laboratories, Inc., Springdale, Conn.
* Adopted by Military Services, U. 5. Government
Agencies, and other large users as the standard
replacement for 889RA, the 5667 is now their pre-
ferred tube type for 889RA sockets.

electrical and mechanical characteristics of the ML-5667
and the 889RA.

Name

Usc this coupon to send for
your copy of “The ML-5667
Story.” Mail directly to Mach-
lett or your nearest Graybar
office.

Company

Address

(

l_.
|

| Please send me “The ML-5667 Story” comparing the
I

|

|

[

I

|

|

|

City State
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exireme precision, instant response
in remote indication and control

CIRCUTROL UNITS: rotary elecer
magnetic devices for use as control
components in electronic circuits
and related equipment. Single and
polyphase rotor and stator
windings are available in several
frame sizes. Deviation from sine
accuracy of resolver shown 1s
20.3% of maximum output

INDUCTION MOTORS: miniature
2-phase motors of the squirrel cage )/

type. Designed specifically to ‘
provide fast response to applied

GEARED MOTOR-DRIVEN
INDUCTION GENERATORS:
Small 2-phase servo motor in

combination with a compact gear-reduce control signals and maximum
and a low residual induction generator, torque at zero r.p.m. Unit shown
Motor has high torque/inertia ratio weighs 6.1 0z. and has stalled
and develops maximum torque at seall torque of 2.5 oz. in

Gear-reducer permits a maximum orque
output of 25 oz. in. and is available
in ratios from 5:1 to 75,000:1.

SYNCHRONOUS DIFFERENTIAL UNITS:
electro-mechanical error detectors with
mechanical output for use in position or
speed control servo systems. These torque-
producing half-speed synchroscopes are
composed of two variable frequency
synchronous motors and a smoothly
operating system of differential gearing

SYNCHRONOUS MOTORS:
for instrumentation and other
applications where variable
loads must be kept in exact
synchronism with a constant
or variable frequency source.
Synchronous power output
up to 1/100 H.P.

Output: Speed : Torque up to 1.0 oz. in.

TELETORQUE UNITS: precision [ PRE SSURE
synchros for transmitting i \v"*
angular movements {0 remote ‘“’-—Iy . 40-
points. Accurate within +1°, &' /
May be actuated by mechanisms
that produce only 4 gm. cm
(.056 oz. in.) of torque.

ADDITIONAL SPECIAL PURPOSE AC UNITS BY KOLLSMAN ]

With the recent addition of new units to Kollsman’s already widely diversified line the
electronics engineer will find the solution to an even greater variety of instrumentation and
control problems. These lightweight, compact units offer the high degree of accuracy .
and positive action essential in dealing with exact quantities. They are the product of
Kollsman’s long experience in precision instrumentation and aircraft control — and of con- ]
siderable work done in this field by Kollsman for special naval and military application. Most i
units are available at various voltages and frequencies. For complete information, address:
Kollsman Instrument Division Square D Company, 80-66 45th Avenue Elmhurst, N. Y.

KOLLSMAN INSTRUMENT DIVISION

SQUARE [) COMPANY

ELMHURST, NEW YORK GLENDALE, CALIFORNIA
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WHY

THIS COMMUTATOR Can Stand The
Most Rugged Service, Yet Costs

Less To Produce

SMALL MOTOR COMMUTATORS made by the Spring Division
of the Borg Warner Corp., Bellwood, 1ll., from Revere OFHC
(Oxygen-Free High Conductivity) copper, exploded to show method
of construction. After copper shell was stamped and formed on
multi-slide machine and plastic molding material injected into it
longitudinal slats were sawed just deep enough to completely pene-
trate the thickuess of copper and thus Jorm the segments, each of
which are insulated electrically from one another and anchored
Sirmly in the plastic.

IT was quite a complex problem the Spring Division of connection between commutator and shaft without use of
Borg Warner Corp. dropped into the lap of Revere’s a bushing and key.
Technical Advisory Service. They were getting set to manu- To determine if these commutators could really 1ake ir.
facture commutators for small motors and they wanted test motors in which they were used were speeded up 1o
to select the best material for the job. 35,000 rpm. Although the wiring in the rotors practically
Here were the specifications: The material had to be the explodedPat that speed, there were no failures in the commu-
hardest possible yet still able (o take the extremely severe tators, Temperature tests up to 400° F. were also made.
forming operation which was to be done in a multi-slide Here again there was no damage 1o the commutator,
machine. High hardness was necessary in order to com- though the rotor wiring was bacﬁy damaged due 1o the
bine maximum wear resistance with the abilit to with. combination of centrifugal force and decrease in wire
stand the extreme centrifugal force dev(:lopedy in small strength. Once again the unusual combination of properties
motors operating at high speeds. In addition, in the mold- of Revere OFHC copper had played a part in helping
ing operation, which is done after the copper shells have another one of the country’s leading manufacturers pro-
been formed, it was necessary to hold the diameter of the duce an outstanding product at less cost.
shell to within .001” in order 1o prevent the plastic from Perhaps this or some other Revere Metal can be of help
flowing between the mold and the outer surfaces of the in improving your product—cutting your production costs.
commutator. An equal tolerance was also imposed upon the Toward that end we suggest that you get in touch with your
height of the solid cylindrical portion for the same reason. nearest Revere Sales Office.

Also of great importance was the need for the cylinder wall
being almost absolutely flar.

Because of long experience with somewhat similar prob.
lems Revere recommended trial of OFHC (Oxygen-Free
High Conductivity) copper, four numbers hard. This was

tested along with several other metals. The OFHC alone COPPER AND BRASS INCOR PORATED
waslfound to ;;)rodluce excell’lclm p::’rl(s, and with tolerances Founded by Punl Revere in 1801
so close as to be almost unbelievable in this type of opera-
tion. All other tvpes of copper failed at the veryypsharp end 230 Park Avenue, New York 17, New York
where the anchoring lugs join the side of the shell. LA 2B

An unusual feawre of these commutators is the plastic
material used in the core. Tough, and unusual in composi-
tion, it serves both as insulation and as a mechanical

Mills: Baltimore, Md.; Chicago, 111.; Detrois, Mich.; Los Angeles and
Riverside, Calif.: New Bedford, Mass.; Kome, N, Y.
Sales Offices in Principal Cities, Distributors Everywbhere,
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,// W e f ELECTRON BEAM STUDIES UNDERLIE
sk

_ 4 IMPROVED TUBE DESIGNS FOR
g / TELEVISION, COMMUNICATIONS

\ '{

Aa

Research in electron beam behavior is ‘
a full-time job in the Physics Laboratories
of Sylvania Electric. Here, for example,
specialists in electron optics have devised
new systems for overcoming the tendency
of deflection fields to spread the electron
heam in cathode-ray tubes. These systems
permit brighter, sharper images in television
tubes which are shorter than conventional
tubes of the same screen size. {| Sylvania
scientists have also made rigorous
investigations into the maximum
electron-beam currents that can be
produced consistent with sharp beam
focus. This is of importance to many
types of electron beam devices,
including cathode-ray tubes and
traveling-wave tubes. Improve-
ments in these products, in turn,
make possible broader progress in
television, microwave relay
systems and electronic memory
devices. { Such continuing basic
research is typical of Sylvania’s
never-ending effort to produce
finer and finer electronic
products.

SYLVANIA =
ELECTRIC

ELECTRONIC DEVICES: RADIO TUBES; CATHODE RAY TUBES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES, SIGN TUBING; LIGHT BULBS; PHOTOLAMPS
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RCA-I12LP4 FOR TABLE
MODEL AND
CONSOLE

RECEIVERS
RCA-IOBP4 FOR

TABLE MODEL
AND CONSOLE
RECEIVERS

RCA-5TP4
FOR PROJECTION.
TYPE RECEIVERS
PROJECTED SIZE—

18" x 24"

RCA-16AP4
FOR HIGHER
PRICED DE LUXE
RECEIVERS

RCA-7JP4
FOR PORTABLE
AND SMALL
{ RECEIVERS

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

« « o the five most popular kinescopes

___from one

RCA now has a popular type of kinescope to
accommodate television receiver designs in prac-
tically every class and price range.

Concentrated production on these five accepted
types rtesults in longer production runs, which
in turn, make possible lower cost, more uniform,
and better quality tubes for our customers.

Allfive types are currently being mass-produced
at the famed RCA tube plant in Lancaster, Penn-
sylvania. In addition, a large new plant is under
construction at Marion, Indiana, where the pro-

dependable source

duction will be centered on the RCA-16-inch
metal-cone kinescope.

RCA Application Engineers are ready to cooper-
atewith you in applying these kinescopes and their
associated components to your specific designs.
For further information write RCA, Commercial
Engincering, Section 47HR, Harrison, N. J.

The world’s most modern tubo plont ... Lk

RCA, LANCASTER, PA.

RAD/IO CORPORATION of AMERICA

ELECTRON TUBES HARRISON,. N. J.
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William L. Everitt

BOARD OF DIrRECTORS, 1949-193]

William Litell Everitt was born on April 14, 1900, in
Baltimore, Maryland. During World War [ he served i
the U S. Marine Corps from 1918 (o 1919, .\t the war's
conclusion, he matriculated at  Cornell University,
where he taught electrieal engineering from 1920 until
he received the ELE, degree in 1922,

In that year he joined the North Electric Manufac-
turing Company of Galion, Ohio, as engineer in charge
of the design and development of their relay automatic
public switchboard exchanges. He left in 1924 (o teach
clectrical engineering at the University of Michigan,
transferring to Ohio State University in 1926—the year
in which he reeeived the M. A, from Michigan—to take
charge of their communications engineering staff in the
capacity of assistant professor. Mcanwhile, during the
summers from 1925 10 1930, he served with the depart-
ment of development and research of the .\merican
Telephone and Telegraph Company.

Joining The Institute of Radio Engineers as an Asso
ciate Member in 1925, he became a Member in 1929, and
also was clevated to the rank of associate professor at
Ohio State in that year. In 1933 he received the Ph. D).
degree and was promoted to a full professorship. At
Olio State he originated and directed the annual Broad-

cast Engincering Conference, in which the [RE partici
ated, Te became a Fellow of the IRE in 1938,

In 1940 Dr. Everitt was appointed a member of the
Communications Section of the National Defense Re
scarch Committee. Two vears luter he took a leave
of absence from the University to serve as director of
operational rescarch with the U, S Army Signal Corps
He was appointed head of the University of Illinois’
clectrical engineering department in absentia in 1945,
and at the war's conclusion he took up his duties there.
Lifective September 1, 1949, he will become Dean of the
University of Hlinois' engineering college.

The author and cditor of numerous texts and articles
on electrical engincering, Dr. | veritt has been a con
sultant for various broadeast stations and radio manu
facturing companies. Tle President of the IR in
1945 and vas been a member of anumber of committees:
currently he is on the Cireuits Committee and the
Board of Editors. Dr. Everitt is also a Fellow of the
AMEE, a member of the National Council of Tau Beta
Pi, and a member of Sigma Xi, Eta Kappa Nu, the
Acoustical Society of America, the American Society
for Engincering Fduc wion, and the American \ssocia
tion for the Advancement of Science
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The Valuable By-Product

V. K. ZWORYKIN

Scientists, in their systematic study of phenomena and their development of the covering
theories, pursue a lengthy and sometimes tortuous path. Shall they always head unswervingly
toward the distant goa! or should they occasionally pursue, or at least point out, interesting side
paths?

These matters are considered in the following guest editorial by an eminent research worker,
the correctness and fruitfulness of whose methods have been amply proven. He is a vice-president
and technical consultant of the RCA Laboratories, and a Fellow of the IRE and member of the
Board of Editors.—The Editor.

“Select your goal carefully, and then, looking neither to left nor right, pursue it.”

That is good advice. Yet, like most good advice, it can be overstressed. Much that is of great
value has come from the exploration of bypaths in science and engineering. Certainly, few will
dispute Réntgen’s wisdom in ferreting out the cause of the lighting up of a fluorescent screen
near his enclosed gas discharge tube, and studying the phenomenon with such thoroughness
that he was able not only to announce to the world the existence of X rays, but also to give
an extraordinarily complete description of their characteristics. Perhaps the ideal compromise
between persistence in a chosen line of investigation and the exploration of an incidental find
was practiced by Hertz in the discovery of the photoelectric effect. Having noted unexplained
nonuniformities in the length of induced sparks, he performed a series of critical experiments
with available equipment, which demonstrated that these arose from the action of ultraviolet
light on the negative spark electrode. After publishing a careful description of these experiments
for the guidance of later investigators, Hertz returned to his original objective—the demon-
otration of electric waves as predicted by Maxwell's theory—and thus helped to lay the basic
groundwork for the radio industry.

There are many examples of the valuable by-product in our own experience in the develop-
ment of television. Perhaps the first that comes to mind is the multiplier phototube which now
plays such a vital role as detector in nuclear and cosmic-ray work, and has found innumerable
other applications in industry and research. Our immediate interest in secondary-emission
multiplication stemmed from the need of increasing the signal strength of television pickup tubes.
Again, the clectron microscope, which has extended the range of our vision by two orders of
magnitude, naturally fitted into the orbit of our interests as the result of our intensive occupation
with the electron-optical problems of television; the circuit experience gained in television devel-
opment helped to create an instrument of compact dimension with a resolving power approach-
ing the theoretical limit. The infrared-sensitive image tube, which came to play an important
part as reconnaissance instrument during the war, was another early by-product of pick-up
tube research. And now, a variety of storage tubes, the offspring of television research in tube
construction, operating principles, and circuitry, promise to make material contributions to air
safety through systems such as Teleran, to facilitate the study of high-speed phenomena, and
1o bring within reach the solution of mathematical problems of baffling complexity by modern
clectronic computing machines.

The list is not complete, nor is there any sign of a halt in the flow of new ideas and new devices
that spring from television development. There can be little question that the same applics to
any number of other lines of endeavor. It is with this in mind that I would change the advice
given above to the following:

“Select your goal carcfully, and then, looking both left and right, proceed on your way, mark-
ing out promising side paths as they meet your cyes. Thus, you may reach your goal sooner and
help others, in turn, to reach their goals.”

851
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Path-Length Microwave Lenses’
WINSTON E. KOCK%, SENIOR MEMBER, IRE

Summary—Lens antennas for microwave applications are de-
scribed which produce a focusing effect by physically increasing the
path lengths, compared to free space, of radio waves passing through
the lens. This is accomplished by means of baffle plates which ex-
tend parallel to the magnetic vector, and which are either tilted or
bent into serpentine shape so as to force the waves to travel the
longer-inclined or serpentine path. The three-dimensional contour
of the plate array is shaped to correspond to a convex lens. The
advantages over previous metallic lenses are: broader band per-
formance, greater simplicity, and less severe tolerances.

INTRODUCTION

ENSES ARE useful microwave antennas because
L of their tolerance advantages. An amount of twist
or warp of the completed antenna which would
seriously degrade the gain and directional properties of
a parabolic dish reflector antenna will generally have
negligible effect upon the performance of an equivalent
lens.

Two types of metallic microwave lenses developed by
the Bell Telephone Laboratories have previously been
described. The first comprised rows of conducting plates
which acted as waveguides and achieved a focusing ef-
fect by virtue of the higher phase velocity of electro-
magnetic waves passing between the plates.!

The second type was a scaled-up version of the lattice

Fig. 1—A partially assembled 10-foot artificial dielectric
shielded-lens antenna for microwave relay use.

* Decimal classification: R326.8 X R310. Original manuscript re-
ceived by the Institute, January 11, 1949,

t Bell Telephone Laboratories, Inc., Murray Hill, N. J.

'W. E. Kock, “Metal-lens antennas,” Proc. LR.E., vol. 34, pp.
828-837; November, 1946.

structure of a true dielectric, whereby small conducting
elements replaced the molecules of the dielectric, and
the polarization which these elements engendered dupli-
cated the polarization of the true dielectric.2 This type of
lens exhibited very broad frequency characteristics, so
that it was effective over a much larger wavelength band
than the previous waveguide lens. Because, however,
the elements were small compared to the wavelength,
large size lenses of this type contained large numbers of
the conducting elements, and the construction became
somewhat tedious. For example, the partially assembled
10-foot delay lens shown in Fig. 1 (strip type structure)
requires several thousand strips to fill the 10 foot aper-
ture. The lenses to be described in this paper retain the
broad-band features of the delay type, but permit of
simpler construction.

FUNDAMENTAL PRINCIPLES

The principle of operation of the path-length lenses
can be described in connection with Fig. 2. If parallel

>

>
VLR Al
Y Vv
\
A FI R |
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Fig. 2—Use of conducting plates or grids (shown dotted) 1o
effect a wave delay. :

conducting plates are presented to electromagnetic
waves polarized perpendicularly to the plates, little ef-
fect will be produced on the progress of the waves, pro-
viding that the plates are flat and aligned along the di-
rection of propagation, as shown in the top of the figure.
If, however, the plates are bent into serpentine shape, as
shown in the bottom of the figure, the sinuous path /, in-
side the plates, will be longer than that outside 1o, and
delay will be produced. In order to avoid the generation
of a second-order mode, the vertical spacing of the plates
must be less than one-half wavelength, but for all wave-
lengths longer than this, a constant delay and thus a
constant refractive index is obtained. If, instead of the
serpentine construction, the plates are tilted so that
they form an angle with the direction of propagation, a
delay will also be produced, since the waves will be forced

*W. E. Kock, “Metallic delay len es,” Bell Sys. Tech 2
27, pp. 58-83; January, 1948, onses.” St ys. Tech. Jour., vol.
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to traverse the longer inclined path. Instead of solid outer curved surface must assume an asymmetrical

plates, a grid structure can be used if desired, as shown shape in order that a plane wave emerge from it.

by the dotted lines in the bottom of Fig. 2. The wires of

the grid must be less than one-half wavelength apart in

order to simulate the effect of a solid sheet. Two types of lightweight grid structures are shown in
Fig. 4. In both cases, the vertical spacing b and the hori-

CONSTRUCTION METHODS

DESIGN CONSIDERATIONS

The design of microwave lenses using the path-length
principle follows, in general, the design of any lens in
which the material comprising the lens has an index of
refraction greater than unity. For example, in Fig. 3, the
contour A CGHD defines the cross section of a slant plate
lens looking end on at the plates, and the curved portion
ACG is obtained by making the path lengths of all rays
equal from the focus to the plane BEI. The added delay
or increased path length of ray 2 is équal to the added
length of the line CD, compared to its free-space path ) ) (a). ® .
(the thickness of' the' lens from point' Cc to the front sur- P& 4—ngi "c’gnzg,‘l‘ﬁ‘l‘;ﬁf {ﬂ; Ea?t-lg_ggtgols:tifét(izz\.Ser pentine
face). The effective index of refraction is thus equal to
1/cosine 6. zontal spacing a of the grid wires must be less than one-

When the lens has a flat front surface, the curved side, half wavelength for proper operation, as explained ear-
which is towards the feed, turns out to be a hyperboloid lier. The serpentine or slanted wires are affixed to poly-
of revolution, as in the usual case of dielectric lens. The styrene foam slabs, and the contour of the wire grid
equation of the generating hyperbola of this surface is*  outline on each slab is a section parallel to the axis of the

hyperboloid of revolution generated by (1). Polystyrene
§iF = 1)’x2 + 2x(n = 1) — y* =0, 1 foam (Styrofoam, Dow), is light in weight and transpar-

where 7 is the effective index of refraction (1/cos 6 for ent to microwaves.
the slant plate and I/, for the serpentine lens), f is the A photograph of a serpentine lens of the type sketched
focal length, and the origin of the co-ordinate system is in Fig. 4(a) is shown in Fig. 5. This lens is 12 inches

at the point C in Fig. 3. square and was designed for 3-cm microwaves. A two-
foot square slanted wire lens of the type sketched in Fig.
PLanE wave 4(b) is shown in Fig. 6. It was designed for use at 7-cm
. 8
)\MIN
) 4 z
7,9 A
11 l
\
\ \ -
‘\
FROMAF ‘ro THE PLANE BE! Y
' <5%% Fig. 5--One-foot diameter serpentine wire lens for 3-cm

wavelengths.

Fig. 3—Determinaton of lens contour for path-length lenses

f the slant-pl iety. . . a
e wavelengths. One of the foam slabs with grid wires at-

tached is shown separately, and the remaining slabs
have not yet been put into the frame.

Fig. 7 shows the magnetic plane pattern of this lens
3 See Fig. 17 in footnote reference 2. when illuminated with a small feed horn. The feed horn

For the lens reversed, so that rays starting from the
focal point strike the flat surface, the contour of the
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width of the pattern indicate satisfactory operation of
the lens.

For slant plate lenses employing solid plates instead
of grids, the profiles of the plates again are sections of
the design hyperboloid, but they are now forme by
planes making an angle @ with the axis of revolution,
This is shown in Fig. 8, where a 30-inch diameter open-
structure solid plate lens for use at microwavelengths
from 2.5 cm upward is portrayed. In this lens, aluminum
plates are supported at the edges and spaced by an in
sulating member along the central plane. It has a focal
length (f in equation (1)) of 30 inches, and an angle of
tilt of the plates of 48.2 degrees, corresponding to an
index of refraction (# in equation (1)) of 1.5. Because of
its open structure, air can pass readily between the
plates.

A magnetic plane pattern of this lens is shown in Fig.
9, and it is seen that the minor lobes are fairly well sup

Fig. 6—A partially assembled slant wire lens for 7-cm operation

W by |

4
Fig. 7—Radiation pattern of the lens of Fig. 6. : I &

o

Fig. Y—Horizontal! radiation pattern of the lens of Fig. 8

pressed. .\ 3-inch diameter feed horn was used in this
test and the wavelength was 3.3 cm. Because of the shift
in energy distribution in the vertical plane as the waves
pass through the tilted plates of the lens, the minor lobes
in the elec.lric plane are not as well suppressed as in the
magnetic plane (Iig. 10).

The continuous plate lens of Iig. 8 could be made
lighter in weight by replacing the aluminum plates with
Fig. 8—Continuous sheet slant plate lens 30 inches in diameter. copper foil sheets of proper contour, and then employing
foam slabs as spacers and supports bhetween the plates.
Currents flow along lines lying in vertical planes, so that
the lens could he sectioned vertically for assembly pur-
poses in the case of large structures,

had insufficient directivity to suppress the minor lohes
as well as might be desired, but the symmetry and beam
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T 651/d- 2.8°

DI ETER SLANT PLATE LEN
U METEEE
A= 304 CM

Fig. 10—Vertical radiation pattern of the lens of Fig. 8.

CoMPARISONS WITH EARLIER TYPES

Because the path-length lenses function identically for
all wavelengths longer than the second mode wave-
length, the index of refraction remains constant up to
this wavelength limit. There is thus no dispersion or
change of index of refraction with wavelength, as in the
case of the carlier conducting element delay lens when
operated too ncar the resonant frequency of the cle-
ments. If enclosed in a full horn shield, such a lens

PROCEEDINGS OF THE I.R.E.
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should, over its entire operating range, possess an cffec-
tive area which is independent of frequency. It would
thus constitute an extremely broad-band antenna.

Since the index of refraction of the slanted plate lens
depends only upon the tilt of the plates and not upon
the plate spacing as in the first waveguide lens, construc-
tional tolerances of this lens are even less severe than in
the earlier lenses. Thus the number of plates could be
doubled, if desired, without altering its performance in
the original operating band. Also, flatness of the plates
is not important, so long as the second mode spacing is
not exceeded. The simplicity of design is brought out by
observing that only 60 flat sheets cut to proper profile
are required to duplicate the effectiveness of the several
thousand elements of the 10-foot lens of Fig. 1.

There are two disadvantages which the slant plate
lens possesses. The first is that the lens plates must be
held at the proper design tilt with respect to the feed
horn (since the index of refraction depends upon plate
tilt). This prohibits a lens tilt in the vertical plane un-
less so designed, and limits the scanning ability of a
moving feed in the vertical plane. The usual lens scan-
ning capabilities are retained in the horizontal plane,
however. The second is that the energy distribution in
the electric plane is unsymmetrical, and results in a
poorer minor lobe suppression in this plane. This latter
disadvantage may not be serious in applications such
as microwave repeater work, where lobes in the vertical
plane are not as objectionable as lobes in the horizontal
plane.
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Mercury Delay Line Memory Using a Pulse
Rate of Several Megacycles®
ISAAC L. AUERBACHT, MEMBER, IRE, J. PRESPER ECKERT, JRr.f, ASSOCIATE, IRE,

ROBERT F. SHAW{, SENIOR MEMBER, IRE, AND
C. BRADFORD SHEPPARDJ, MEMBER, IRE

Summary—A mercury delay line memory system for electronic
computers, capable of operating at pulse repetition rates of several
megacycles per second, has been developed. The high repetition
rate results in a saving in space and a reduction in access time.

Numerous improvements in techniques have made the high
repetition rate possible. The use of the pulse envelope system of
representing data has effectively doubled the possible pulse rate;

* Decimal classification: 621.375.2XR117.19. Original manu-
script received by the Institute, December 15, 1948; revised manu-
script received, March 4, 1949.

t Formerly, Eckert-Mauchly Computer Corp.; now, Burroughs
Adding Machine Co., Philadelphia, Pa.

$ Eckert-Mauchly Computer Corp., Philadelphia, Pa.

the use of crystal gating circuits has made possible the control of
signals at high pulse rates; and a multichannel memory using a
gingle pool of mercury has simplified the mechanical construction,
reduced the size, and made temperature control much easier.

The memory system described makes possible a significant in-
crease in the over-all speed of an electronic computer.

[. INTRODUCTION
T[HIE MAJOR design problem in any high-speed

clectronic computer of advanced design is that of
a memory, or storage device. Such a device must
be capable of storing several hundred or more numbers
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of, say, twelve decimal digits each. Furthermore, any
one of these numbers must be available for use in the
computing circuits within a time comparable to the time
required for an elementary arithmetic operation. Al-
though considerable research is being done on electro-
static memories, in which information is stored in the
form of charges on a dielectric medium, the delay-line
type of memory is more highly developed at the present
time, and is being used in several computers. In a delay-
line memory, information is stored in the form of groups
of electrical or acoustical impulses or signals circulating
in an electric delay line or medium suitable for transmis-
sion of acoustic waves.

A device capable of storing # pulses may also be con-
sidered as storing n binary digits. The presence or the
absence of a pulse in each of the n successive positions
provides the coding necessary to represent binary num-
bers. To represent a decimal digit, a minimum of four
successive coded pulse positions is required.

Acoustic propagation has a lower velocity than elec-
tromagnetic propagation, so a proportionately greater
amount of information can be stored in the acoustic type
delay line than in the electrical delay line for a given de-
lay bandwidth and attenuation. Where large storage ca-
pacity is required, the acoustical line is preferrpd. Be-
cause of the low velocity of propagation and the good
impedance match between it and quartz, mercury has
been selected as the acoustic delay medium.

II. History

One of the first applications of acoustic delay lines was
in the Scophony television system,! where video signals
were converted into acoustical wave patterns in a trans-
parent medium. These signals were read out optically by
making use of the Debye-Sears effect? which translates
the strain pattern into a pattern of varying light inten-
sity.

This type of acoustic line was a nonregenerative or
“delay storage” device. Further work on acoustic lines
was done by Shockley at Bell Telephone Laboratories,
who also used them as simple time delay devices. In
1943, Eckert, then at the Moore School of Electrical
Engineering at the University of Pennsylvania, carried
on further development work under a contract from the
Radiation Laboratory of the Massachusetts Institute of
Technology. Eckert was the first to use mercury as the
acoustic medium and the first to use nonreflective back-
ings on the quartz crystal transducers. By this tech-
nique it was possible to eliminate multiple storage due to
reflections, and it was no longer necessary to use ampli-
tude discrimination at the receiving end, as had been
necessary in Shockley's lines. It also became possible to
store patterns of pulses with relatively close spacing, in-
creasing the amount of information per unit length, due
to the greater bandwidth which the nonreflective termi-

' V. K. Zworykin and G. A, Morton, “Television,” John Wiley
and Sons, Inc., New York, N. Y., p. 254; 1940.
2 See p. 251 of footnote reference 1.
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nations provided. Once these things had been accom-
plished, regeneration circuits were introduced to convert
the delay device into a long-time dynamic storage de-
vice.

Work at the Moore School on delay lines had to stop,
however, when work began on the ENIAC, the first
large-scale all-electronic digital computer. Further de-
velopment in the field took place at the Radiation lLabo-
ratories.?=8 These subsequent studies included both lig-
uid and solid media acoustic lines for use in range meas-
uring circuits and MTT equipment.

During the final construction of the ENIAC, how-
ever, Eckert and Sheppard were able to return to the
work on acoustic delay memories and eventually pro-
posed this method for the ENDVAC, a much improved
electronic digital computer.®

‘i'he proper choice of a backing material for the quartz
crystals is one of the most important design problems of
the mercury delay line memory. It was during the time
when work was being done on the EDVAC that Shep-
pard first used steatite as a crystal backing material. U'n-
til then the more practical choices were steel, air, and
mercury. Steatite, it was found, gave a wider bandwidth
than steel or air because there is a lower coefficient of re-
flection between it and quartz. The mercury-backed
crystal had a higher capacitance than that with air
backing, and further, this mounting subjected the crys-
tals to breakage due to hydrostatic pressure of the
mercury, and due to the method of mounting the thin
crystals.

I1I. THEORY

Delay line circulating memories have one common
characteristic: an inevitable distortion of the circulating
pulses. The pulses will be distorted in shape, and a timing
shift will occur after each circulation. The shape distor-
tion is due to attenuation, dispersion, phase distortion,
and other less important practical considerations. If the
shape distortion were not corrected, the pulse groups
would lose their identity after a very few circulations.
The timing shift arises through small errors produced in
the temperature control system, changes in the length of
the mercury column due to expansion and contraction,
and the inaccuracy of construction which may give to
different channels slightly different lengths. If the tim-
ing shift were not held within limits, it would be difficult
toselect a specific group of pulses from the several circu-
lating in a single channel, Additional difficulties would
arise in the arithmetic circuits, since timing synchronism
is essential for proper operation. If the operation of the

line is to be successful, both distortion and timing shift
must be corrected.

. ' “A Theory of the Supersonic Delay Line,” Rad. Lab. Report
No. 733. .
: :gluluhple'll_{heﬂeclion (})cllay Tank,” Rad. Lab. Report No. 791.
n the Theory and Perf. .iqui * Lines,”
Rad.“Lab. Report N, g5 erformance on Liquid Delay Lm}?s,
s l’roircss Report on the Edvac,” University of Pennsvlvania,
Moore School of Electrical Engineering, June 30, 1946. '
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The actual processes for correcting these variations
may be thought of in two different ways. The terms “re-
shaping” and “retiming” impiy that each pulse, as it
emerges from the line, is sharpened to its original shape
and shifted in time so that it coincides with some stand-
ard timing pulse. It is equally possible to think of the
distortion correction process as being one in which each
pulse, as it emerges from the line, is used to operate a
gate circuit which, upon opening, allows a new standard
timing pulse of the proper shape to enter the acoustic de-
lay line. In this sense the old pulse containing some small
error in time, and having been broadened by its passage
through the memory channel and its associated ampli-
fiers, is finally used to hold the gate open for the new
timing pulse. Each recirculation therefore uses a new
pulse gated into the line by the previous pulse. If no
pulse is present in any given position, the gate circuit
will suppress the standard timing signal.

ACOUSTIC DELAY REGISTER FOR
UNIVAC MEMORY SYSTEM

ELECTRO-ACOUSTIC DELAY LINE
$

Y
- MERCURY
L
PULSE ’ RECIRC
RESHAPER GATE
B
DRIVER [ DELAY Y AND DET.
TIMING B
PULSES
INPUT OUTPUT
E13 GATE CONTROL GATE
VOLTAGES =y
INPUT BUS OUTPUT BUS

Fig. 1

Fig. 1 shows a block diagram of a typical memory
channel. Pulses from the input bus enter the recircula-
tion circuit through the input gate if an input gating sig-
nal is supplied. These pulses then gate timing pulses
through the pulse reshaper or clock gate. The output of
the clock gate feeds the driver, which is simply a power
amplifier. Upon leaving the amplifier, the electrical
pulse is applied to a quartz crystal transducer at one end
of the mercury column, causing the transducer to pro-
duce an acoustic pulse in the mercury. The acoustic
pulse then travels through the mercury with the velocity
of sound in that medium. Because of the bandwidth lim-
itation of the mercury tank, the acoustical pulse, after
conversion into an electrical signal, has become a wave
packet. After being amplified in the band-pass amplifier,
the signal is rectified by the detector. The band-pass
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amplifier has a center frequency comparable to the
crystal frequency and a bandwidth of several megacy-
cles. The bandwidth limitation of the amplifier further
broadens the wave packet. The output of the detector
is a signal whose shape is that of the envelope of the
wave packet. This signal, after passing through the re-
circulation gate, is used to gate a new timing pulse
through the clock gate. The process is repeated indefi-
nitely, unless the line is cleared by interrupting the re-
circulation path or a power failure occurs.

The two most important considerations of such a
memory device as is here described, are the amount of
information which it can store and the average length
of time needed to remove or insert a given group of
pulses. The waiting or latency time, often called the ac-
cess time, directly affects the speed of operation of the
computer. On the average, the access time will be one-
half the recirculation time. It is as probable that a group
of pulses will be desired just after they have entered the
memory channel as it is that they will be desired just as
they are about to emerge. In view of the access time
consideration, several short channels are to be preferred
over a few long ones.

The capacity of a delay line memory is determined by
the length of the column and the repetition rate of the
pulses circulating in the memory. Increasing either will
increase the capacity, but it has already been pointed
out that column length should be kept short in the inter-
ests of access time. Therefore, larger memory capacity
should preferably be achieved through increased repeti-
tion rate. Considered in another way, a higher repetition
rate will, for a given number of pulses per channel, re-
duce the access time because this number of pulses can
be put in a shorter length of column. Any shortening of

‘the access time makes it reasonable to increase the speed

of performing arithmetic operations within the com-
puter.

An important factor in determining the maximum
repetition rate is the dispersion or phase distortion re-
sulting largely from the effect of the walls of the tubes
containing the mercury column. Such effects are greatly
minimized by making the diameter of the column large
compared to the crystal diameter and compared to the
wavelength. Using crystal frequencies of about 15 Mec,
this is not difficult, but still would result in arather
bulky memory assembly if the number of columns were
large. It has been found, however, that a common pool
of mercury can be used for a number of memory chan-
nels. The acoustical waves are so directional that each
crystal affects only the one directly oppositeit; and cross
talk between channels can easily be held to two or three
per cent with columns long enough to store over a thou-
sand pulses per channel, particularly, if stainless steel
tubes or “liners” such as those shown in Fig. 4 are used
to isolate some channels from their neighbors.

The attenuation in the mercury has been found to be

a = 0.00132 + 0.9/fd?,
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where

a is the attenuation in db per hundred microseconds

of delay

[ is the frequency in megacycles

d is the column diameter in inches.
Having made the second term negligible by using a large
column diameter, one is still faced with the problem of
frequency discrimination. The bandwidth required de-
pends only on the repetition rate of the pulses; by in-
creasing the center frequency of the pass band, the
variation of e over a given bandwidth can be decreased.

If effects of dispersion and attenuation are minimized,
as described, the chief limitation on bandwidth is the
electromechanical coupling characteristic of the crys-
tals. The response is proportional to sin? ¢/¢, where ¢ is
the ratio of impressed frequency to crystal frequency,
and the distance between the half-power points Af
=0.66f., where f. is the crystal frequency, assuming
proper acoustic termination.” To find the required hand-
width for transmission of the wave packets, it will be
assumed that the crystal frequency is made equal to
about three times the maximum pulse repetition rate;
it is then reasonable to use the Fourier transform of the
envelope of the packet to obtain the frequency spec-
trum. Assuming an envelope having the shape of the
probability curve, given by '

e(t)

clnux

e.’4~u'

the envelope of the corresponding frequency spectrum
is given hy3
l'(f) 1. ”()
€uninx T

€ LA

where ¢, is the width of the pulse packet at half voltage,
T"is the time between packets, and f, is the frequency of
the waves making up the packets. The distance between
half-power points on the above frequency spectrum is
0.61f,. The over-all bandwidth of the tank and amplifier
should he a small amount greater than this to obtain the
desired packet width at the detector, when the input of
the tank is driven with a pulse having relatively rapid
rise and slow {all.

Under the conditions just described, the detector out-
put will drop to about 15 per cent of its maximum value
between two pulses which are separated by a space, but
will not drop at all (in fact, will rise slightly) between
two adjacent pulses. Such a situation is somewhat un-
conventional in a pulse transmission system, but it will
be recalled that the output pulses are not permitted to
re-enter the line, but are only used to gate timing pulses.
Therefore, if the latter are themselves sharp enough, it is
only necessary for the output signal to be above or below

7 See sections, 2, 5, 3, and 5, respectively, of footnote references
3-5,

8 G. A. Campbell and R. M. Foster, “Fourier Integrals for Prac-
tical Application,” Bell System Monograph B-584; 1931,
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the critical gating level by a safe amount in order to pass
or reject a timing pulse. The gating signal can therefore,
if necessary, retain its full amplitude for a number of
pulse times if it represents an unbroken sequence of
pulses, only dropping below the critical level when it is
necessary to reject one or more pulses. Such a represen-
tation of pulse signals is known as a “pulse envelope”
system, and can be shown to result in a reduction by a
factor of two in the bandwidth requirements for trans
fer of a given amount of information per unit time.

V. CONSTRUCTION

I‘urther details of the mercury tanks are shown in
Figs. 2, 3, and 4. Fig. 2 shows the construction of the

CRYSTAL MOUNTING DETAIL FOR
ACOUSTIC DELAY REGISTER

ELASTIC
. \\// fd-é 2L L A
N\ \ ///// 7 WASHE
NN\ AR CERAMIC
_;x;.&_ﬂ OO\ e
A
9 1.
MERCURY .
A
A
i SILVERED
SO
\V //,
N
Z
\\ \—CRYSTAL
END VIEW OF
SUPPORT
Fig. 2

crystal mounting. The ceramic support is silvered: one
surface of the crystalissilvered, and the two are soldered
together. The silvering is carried around the support to
provide a connection to the back clectrode; the mercury
itself forms the front electrode. The support provides
the proper acoustic termination for waves from the rear
surface of the crystal. A threaded brass retaining ring
and clastic washer hold the crystal support in the end
of the mercury tank. Fig. 3shows three crvstals mounted
on their steatite supports. r

Fig. 3

Iig. 4 shows the various components of an 18-chan
nel tank. The end cells into which the crystal mountings
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fit are shown at bottom left and right, surrounded by
mounted crystal, retaining bushings, and short coaxial
connectors which are used between crystal element and
recirculation chassis. The mounted crystals fit into the
holes in the end cells and bear against retaining plates
having holes slightly smaller than the crystals; these
plates are shown just below the tank cylinder, with the
liners used to reduce cross talk. Above the cylinder are
tie rods which hold the assembly together, and at the
right is one of the supports which center the assembled
tank inside the outer jacket. The components at bottom
center form an expansion chamber for the mercury. All
metal parts in contact with mercury are made of a spe-
cial stainless steel.

“The outer surface of the cylinder will be coated with
insulating resin and wound with resistance wire, which
serves as a heating clement. The latter is part of a tem-
perature control system which keeps the repetition rate
of the pulses in synchronism with the clock or timing
pulses. Here we note another advantage of the common
mercury pool over a group of separate tanks: it is now
easy to keep the temperature of all channels uniform. In
the proposed designs of some previous computers, com-
pensation for changes in mercury temperature was made
by varying the clock frequency through a reactance
tube. Now, because of the ease with which the mercury
temperature can be controlled, it becomes possible to
revise this procedure and use a crystal-controlled oscil-
lator in the clock, which in turn controls the mercury
temperature, and hence controls the circulation time of
the tanks. This greatly simplified the problem of keeping
all parts of the computer in synchronism, and in particu-
lar makes it easy to use a single clock to control two
computers. The latter arrangement is valuable in cases
where it is necessary to provide continuous checking of
results by intercomparing the operation of the two com-
puters.

Fig. 5 is a block diagram of the temperature control
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system. One channel in the multichannel tank is re-
served as a temperature control channel. By means of a
frequency divider, the timing pulse frequency is divided
down to produce a series of pulses having a repetition
rate corresponding to an integral submultiple of the to-
tal number of pulses stored in the tank. This submulti-
ple is ordinarily made equal to the number of pulses in
each number stored in a tank; for example, if each num-

UNIVAC MEMORY TEMPERATURE
CONTROL SYSTEM

STANDARD MEMORY DELAY CHANNEL
/\
) 7
1L e
MERCURY
b DELAY
LINE
TIMING PULSES

DELAY FLOP _/_\ —/—\_ ﬂ
pO _.[\__ j\._ J\_

PEAK DET. A N

INPUT
MERCURY TEMP  TOO HIGH  CORRECT TOO LOW =
HEATER POWER  NONE EQUILIBRIUM  MAX.

Fig. 5

ber requires 50 pulses to represent it, the basic pulse rate
is divided by 50. Division is accomplished by means of
an electric delay line with a single pulse circulating in it.
This technique yields a large division ratio of precision
equal to that obtained by a successive division, using a
number of multivitiators or blocking oscillators in cas-
cade. The pulses from the divider, which we may think
of as corresponding to the last pulse in each number, are
referred to as p0 pulses. They are supplied to the input
gateof the temperature control channeland also, through
the mercury line and a delay flop, to the output coinci-
dence gate. Timing pulses are also applied to these gates
to increase the accuracy of temperature control. This
technique results in an over-all temperature control of
+0.3° absolute.

If the capacity of a memory channel is, say, twenty
12-digit numbers, and the delay is accurately adjusted,
then any $0 pulse entering the input will, after going
through the line, coincide with the twentieth subsequent
p0 pulse at the output gate. If the temperature is a little
too high, however, the pulse through the line will arrive
too late and fail to gate the twenticth following pulse. If
the temperature is correct, the pulse from the line will
have just reached half amplitude when the timing pulse,
as gated by the twentieth following pulse, arrives, and
the gate will produce an output pulse of intermediate
amplitude. Finally, if the line is too cold, the pulse
through the line will arrive too soon; ordinarily it would
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again fail to gate the twenticth following pulse, but
if it is used to trigger a delay flop, the effect is to pro-
duce a pulse of maximum amplitude at the output of
the gate. Thus the effect of the circuits shown is to
produce an output signal whose amplitude is propor-
tional to the amount of heat which should be supplied
to the line to assure perfect synchronism. The gate out-
put is fed to a peak detector to smooth out the pulse
signal into a continuous signal which, after suitable
amplification, controls the current to the heater coil
around the tank.

A similar effect could have been achieved by using an
average detector whose output is proportional to the
amount of overlap of the p0 pulse and the signal from
the line. Because of the low duty cycle, however, the de-
tector output would be small and would require a con-
siderable amount of amplification. The circuit used, giv-
ing an output whose amplitude varies in accordance
with the relative position of a standard pulse and the
relatively gradually sloping front of the signal from the
line, in combination with the peak detector, gives a sig
nal which requires little amplification.

Fig. 6

Fig. 6 shows the outer cylinder mounted between its
supporting end castings and surrounded by terminal
boards to receive the plug-in recirculation chassis. The
space between inner and outer cylinders is filled with
santocel, a good thermal insulator. The radially disposed

holes near the ends of the eylinder receive the short co
axial connectors shown in I9ig, 4.

In the plug-in recirculation chassis shown in Iig. 7,
the four tubes at the left are the band-pass amplifiers,
type 6AKS. These are followed by a detector using ger-
manium crystals, and an AVC circuit. The latter fea-
ture is essential to compensate for changes in gain due
to tube aging. A SOCS amplifies the detector output sig-
nal and applies it to the output and recirculation gates:
the recirculation and input gates feed another 50CS
which drives the clock gate. Timing pulses from the mas-
ter oscillator are fed to the other input of this gate.
Finally, the output of the clock gate is fed to a 505
driver which applies the reshaped and retimed signals to
the crystal at the input end of the mercury column.

All gating is done by means of germanium diodes,
which, because of their low forward impedance and small
shunt capacity, are useful for gating operations at high
pulse rates. The gating circuits are shown in Iig. 8.

UNIVAC MEMORY
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Crystals which are normally conducting are shaded. The
load resistors and the voltages to which they are con-
nected are so chosen that the signal developed across the
load resistor will not he sufficient to actuate the follow-
ing circuit if only one of the crystals is conducting. How-
ever, it will actuate the following circuits if both crystals
do not conduct. For example, an input signal will cut off
current in the right-hand crystal of the input gate and
Cause somewhat less voltage drop across the load re-
sistor, but the resulting signal will be of insufficient am-
plitude to cause the lower buffer crystal to conduct, un-
less a gate signal is simultancously applied to the left-
hand crystal of the input gate. The gates are not ampli-

tude-sensitive in the usua) sense, as input signals need

Augusl1

!
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only have sufficient amplitude to cut off their respective
crystals.

Wave forms of the signals at various points in the

system are shown in Fig. 9. The top curve shows the out-

UNIVAC MEMORY
VOLTAGE WAVE FORMS

__/\—— DRIVER GRID

—
—afi—

TANK INPUT

TANK OQUTPUT

I.F, AMPLIFIER OUTPUT

_ N\

DETECTOR OUTPUT
Fig. 9

put of the clock gate as it is applied to the grid of the
driver tube. Below is the voltage developed by the out-
put crystal; it goes through about one and one-half os-
cillations as a result of bandwidth limitations in the
tank.

The next curve is the output signal from the band-
pass amplifier. In order to obtain adequate gain without
too many stages, only sufficient bandwidth to pass a
usable signal has been used; hence the amplifier intro-
duces a noticeable amount of phase and amplitude dis-
tortion. The lower curve shows the detector output volt-
age; it is this signal which is amplified and used to gate a
timing pulse, resulting in a signal of the form shown in
the top curve in Fig. 9.

Auerbach, Eckert, Shaw, and Sheppard: Mercury Delay Line Memory with Megacycle Pulse Rate

861

V. CONCLUSION

This paper has reviewed the results of developmental
study of the basic acoustic delay line memory. As a re-
sult of this development, it was shown that it is possible
to transmit and receive intelligence at the rate of
5,000,000 binary digits per second. This is a considerable
extension over previous telegraphic keying rates and is
thus of interest in its relation to information theory.

Of the various techniques employed to extend the use-
ful frequency range of memory systems, the application
of the pulse envelope system is probably the most sig-
nificant in that it represents an important contribution
to the concept of transmission of intelligence. Its impor-
tance lies in the fact that it provides a simple means of
increasing the effective bandwidth of a transmission sys-
tem without the necessity for a corresponding improve-
ment in the characteristics of the components of the
system. Another contribution was the application of
germanium crystal gating circuits which permitted the
effective control of signals at this high pulse repetition
rate. The circuits developed in this work have found
many other applications in the arithmetic and control
circuits of computers.

The use of a single pool of mercury for multiple chan-
nels of information reduced the physical size of the whole
memory system. As a result of the intimacy of metal
contact between the channels, temperature gradients
were greatly reduced, the temperature control problem
was simplified, and synchronous operation of two com-
puters for checking purposes facilitated.

The acoustic memory described represents one of the
first practical applications of techniques which have ex-
tended the useful audio transmission range from its pre-
vious limits of some 150,000 cps to a new present value

-of 30 million cps or more.

This paper has reviewed the several improvements
that have been made which helped to extend the useful
acoustic transmission range.

C2EZT D

CORRECTION

A drafting error in the paper, “A Digital Computer for Scientific Applica-
tions,” by C. F. West and J. E. DeTurk, which appeared on pages 1452-1460
in the December, 1948, issue of the PROCEEDINGS OF THE [.R.E., has been
brought to the attention of the editors by the authors. The error was made in
IFig. 10, on page 1457, in which the signals feeding through 1N34 crystals to the
grids of the indicated flip-flops should be transposed.



862

PROCEEDINGS OF T1ils 1.K.I-.

August

An Analysis of Magnetic Amplifiers with Feedback”

D. W. VER PLANCK#%, M. FISHMAN{{, ASSOCIATE, IRE, AND
D. C. BEAUMARIAGET, STUDENT MEMBER, IRE

Summary—Two ways of obtaining feedback in magnetic ampli-
fiers are studied. One, termed external feedback, employs a bridge
rectifier and separate feedback coils, while the other, termed self
feedback, uses two rectifiers so disposed that separate feedback
windings are unnecessary. Commutation of the rectifiers, apparently
not considered heretofore, is shown to be of major importance. The
calculated currents are confirmed satisfactorily, both in shape and
magnitude, by experimental checks. The two feedback methods
are compared, and it is found that self feedback is advantageous.

INTRODUCTION

SIMPLE magnetic amplifier consists of twoiden-
A tical single-phase transformers having one pair

of similar windings in series with an ac source
and a load, and the other pair in series with a dc source.
A small direct current in the latter windings, through
saturation of the cores, determines the inductive react-
ance presented on the ac side and so controls the load
power. This and similar types of magnetic amplifiers are
treated in a companion paper.! A more complex tyvpe
achieves greater sensitivity through positive feedback
or self-excitation schemes well known in practice.#=% The
purpose here is to treat these feedback circuits more pre-
cisely than has been done before.

One way of obtaining feedback is shown in Fig. 5,
which is derived from Fig. 1 of the companion paper!
by adding a third set of windings N; to each core and
connecting them to a bridge rectifier in series with the
load. The mmf’s produced in the feedback windings N;
reinforce those produced in the control windings Ny, so
that a given average saturation is achieved with less
control current than would be needed without feedback.
This arrangement is identified here by the term “ex-
ternal feedback.”

A less obvious way of obtaining feedback is shown in
Fig. 1, which is identical with Fig. 4 of the companion

* Decimal classification: R363. Original manuscript received by
the Institute, October 1, 1948; revised manuscript received, Feb-
ruary 24, 1949. Presented, National Electronics Conference, Chicago,
1., November 6, 1948. This work was done in part under Office
of Naval Research Contract N6ori-47 Task Order V, and in part was
submitted by M. Fishman in partial fulfillment of the requirements
for the degree of doctor of science at Carnegie Institute of Tech-
nology.

t Carnegie Institute of Technology, Pittsburgh, Pa.

11 Formerly, Carnegie Institute of Technology.

' D. W. VerPlanck and M. Fishman, “An analysis of interlinked
clectric and magnetic networks with application to magnetic ampli-
fiers,” scheduled to appear in an early issue of the Proc. I.R.E.

2 E. C. Wentz, “Direct-current controlled reactor,” Electric Jour.,
vol. 28, p. 561; October, 1931.

3 T. Buchhold, “Uber gleichstromvormagnetisierte Wechselstrom-
drosselspulen und deren Riickkopplung,” Arch. fur Elek., vol. 36,
p. 221; month, 1942,

*T. Buchhold, “Zur Theorie des magnetischen Verstirkers,”
Arch. fur Elek., vol. 37, p. 197; April, 1943,

¢ I1. S. Kirschbaum and E. L. Harder, “A balanced amplifier using
biased saturable core reactors,” Trans. AIEE, (Elec. Eng.) vol. 66,
pp. 273-278; 1947.

¢ A. Uno Lamm, “Some fundamentals of a theory of the trans-
ductor or magnetic amplifier,” Trans. AIEE, (Elec. Eng.) vol. 66,
pp. 1078-1085; 1947.

paper,! eacept for the addition of a rectifier in serics
with cach of the two load coils. During one half cycle
the load current links one core and during the next half
cvele the other, thus producing direct components of
mmf which aid those produced by the control current,
and so gives feedback without additional windings. The
term “self feedback™ is used for this circuit.

\\
.\
A
(e, %
&~
L2
LOAD Eucos‘ut
L,
-

Fig. 1 —Magnetic amplifier employing self-feedback.

he purpose here is to calculate the currents as func-
tions of time under steady-state conditions for the self-
and external-feedback circuits, and then to compare the
two arrangements.

METHOD OF ANALYSIS

Fhe analysis is similar to that in the companion pa-
per.t The simplifying assumptions are that:

(@) The load is replaced by a short circuit, so that a
sinusoidal voltage is impressed directly on the
amplifier terminals;

The control circuit is connected to a constant dc

source having no impedance:

(c) Steady-state conditions exist;

(d) Eddy currents and hivsteresis are negligible, and
lhe.B—I.l relationship is given by the normal mag-
netization curve of the core material;

(¢) Leakage fluxes are negligible, and the flux density
is uniform throughout each core:

(f) Coil resistances are very small, although not neg-
lecth entirely; and

(8) Rectifier reverse resistances are infinite, and for-

ward resistances are very small and constant,

(b)

Briefly, the procedure is to apply Kirchhoff's voltage
law to.the clectric network and solve for the magnetic
fluxes in the cores; use (he magnetization curve of the
material to find the corresponding mmf's; apply Am-
pere’s law to cach core (o relate mmf’s and currents;
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and, finally, solve for the currents. In doing this, it is
necessary to account for commutation periods in which
all rectifiers conduct simultaneously.

As it is the simpler of the two arrangements to be
studied, the self-feedback circuit is treated first.

SeLF-FEEDBACK CIRCUIT

Referring to Fig. 1, and replacing the load by a short
circuit, Kirchhoff's voltage law gives three equations
represented in matrix form as

Ea AW Ny .
“ ¢a
Encoswt| = N2 0 .
s
E,, cos wt 0 —N:
2R, 0 0 - i
+ 0 Rz + Rr 0 ° i2 (1)
0 0 R, + R, i3

\lks units are used and the symbols are as shown in
Fig. 1, with the addition that R, and R, are, respec-
tively, the resistances of each of the single windings N,
and N,, and R, is the rectifier resistance equal either to
a small and constant value or infinity, depending on
whether or not the rectifier is conducting.

\When rectifier @ alone is conducting, the positive pe-
riod, only the first two equations of (1) are useful. Sim-
ilarly, in the negative period, when b alone conducts,
only the first and last of (1) apply. All three are useful
in the commutation period when both a and b conduct.

The fluxes are found by simultancous solution of the
appropriate voltage equations, assuming that the re-
sistance drops (and hence Eq) arc negligible. Flux den-
sities B, and Bj in the respective cores are then found
by dividing the fluxes by the core arca A. Each period
must be trcated separately but in cach case the result
is the same, namely

Be = Bmsin wt + Bo
— B, sin wt + By

(2)
3)

where B, =FEn/NwA. By, the average flux density in
each core, to be determined, is the same throughout the
cycle because the linkage of the cores by closed circuits
of finite resistance prevents sudden changes of flux at
the transitions between periods; also, considering sym-
metry, it is clear that By is the same for each core. For
the commutation period, only two of the three voltage
cquations are neceded to determine the flux densities;
the third equation is uscful later.

The field intensities are derived from the flux densities
through graphical use of the magnetization curve, as in
Fig. 5 of the companion paper.! In functional notation,

By =

m the relationship is

P
g

(B, sin wt + Ba)
II('— B sin wl + By).
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The required mmf’s are, respectively, LH, and L1,
where L is the mean length of core. Then, applying
Ampere'’s law, two equations result which in matrix
form are:

v r il
NoooNe 0 _ Lll. | )
| © 1 = | -
N0 =No b |l Ll &
13

In the positive and negative periods, 3 and 7, are respec-
tively equal to zero, and the remaining two currents are
found directly as shown in Table I.

TABLE I

ExpPrRESSIONS FOR CURRENTS IN AMPLIFIER
WITH SELF-FEEDBACK

Period

Currents

iv=LHg/ N,
ir=L(Ha—Hp)/ N2 .

3=
ia+is= L(Ha—Hp) /N2

Positive

i = [k’L(Ha+I§p)/2+NJ| I/ Ni(1+#')

1'2=[k’L(Ha_ 8)/2+ LHe— NI\ 1/ N2 (1 +k')
iy= (¥'L(Ha—Hp)/2—LHg+ NIy 1/ No(1 +F)
1z+1s=L(Ha—Hﬂ) N

il =LHa/Nl
12=0
iy=L(Ha~Hp)/ N2
is+i3=L(Ha— Hg)/ N2

Commutation

Negative

In the commutation period all three currents have
values, and so an additional equation is needed. This is
obtained by eliminating the rates of change of flux from
(1) but without neglecting the resistance drops. This
equation and (6) are solved simultaneously, with the
results shown in Table I. In these expressions,

a1 ‘
=] = — t ,
‘TR 2n fo Sy 0
the average (dc) value of the control current, and
0 Nl L R2 + Rr
B=({—) ——- (8)
N, R,

Thus, as in circuits with parallel-connected load coils,!
resistances determine the currents when the mmf can be
supplied in part by currents in cither of two paths, even
though the resistances may be negligible in other re-
spects. Here the two paths are the control circuit and
that through the two load coils and two rectifiers in
serics in the forward direction.

Although expressions for the currents have been de-
rived for all periods of the cycle, the average flux density
B,, which enters all of the expressions, and the times of
transition between periods have not been found. To
determine these unknowns requires a graphical trial
and error process, illustrated in Fig. 2, and consisting
of the following steps:

(a) A value of By is assumed.
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(b)) T'he centers of the (ommutation periods are
located by plotting Ni(134+1,), which, as is ind
cated in Table I, is independent of transition
times.

(¢) As a first trial, commutation is assumed instan

taneous and N, is plotted using the ex[Iressions

in Table I for the positive and negative periods

(positive and negative referring to the sign of

1214 4) and continuing the plots to their inter

sections as shown by (1) in Fig. 2.

The average control excitation N1y, detined In

(7), is found from the area under Nty as plotted

in (c).

(¢) The value of NI, from (d) is used to obtain .
second approximation to N, in the commuta
tion period, (2) in Fig. 2.

(d)

"
z
[ 3
-
[ o4 {

(1 A
¢ ¢ e
-
a +

7
3 . B
< N,u,n,)r”\ P
| S
~ -

-~ -

(4
P—POSIHV( PERIOD — e P(::IMO: T NECATIVE  PERIOD J

{
J
Fig. 2—Successive approximations to Nii; and the limits of the com

mutation period. The first three approximations to Ny and the
correct value are shown by 1, 2, 3 and 4, respectively.

Ny= 500 turns Ry= 35 ohms
N3=4000 turns Ry=190 ohms
Eqa=140 /2 volts R,= 50 ohins

w=2x60 sec™!
L =018 meters
A=4.2X10 * (meters)?

This leads to a new value of N1, which is used 1o cor-
rect Ny, and so on. The process converges rapidly, the
fourth approximation to N,/ in Fig. 2 being essentialiv
correct. Thus the transition times are located, and the
currents are completely determined for the assumed B,
If the problemi must be solved for a specified 1y, a suc-
cession of values of By are tricd until the one correspond-
ing to the desired 1, is found,

Experimental checks are given in Figs. 3 and 4, which
are for the circuit parameters of Fig. 2 and for the mag
netization curve shown in the companion paper.' Fig. 3
compares calculated currents (plotted as ampere-turns)
with points measured from oscillograms for the same
conditions as Fig. 2. Fig. 4 compares calculated and
measured external characteristics over a range of N,/,
with other quantitics fixed at the values of Iigs. 2 and 3.
The load current 1,41, was measured with . rectifier-
type ammeter, and calculated from areas under curves
of instantaneous currents like that in Fig. 3.
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when rectifiers aa alone conduct; the negative, when
bb conduct: and commutation, when all four conduct.

For the control circuit one voltage equation applies
throughout, namely,

Ea = Ni(da + é5) + 2Ryis. (9)

During the positive period, i3=1s, and the voltage
equation for the load circuit is

E.coswt = (N; + N2)¢2’a + (N3 — Nz)d;g
+ 2(Rs + Rz + R,)i.. (10)

In the negative period, i3= —1s, and the voltage equa-
tion may be obtained from (10) by changing N3 to — Na.

For the commutation period, (10) is replaced by two
voltage equations: one for the loop through the gener-
ator, the coils N, and either pair of rectifiers ab,

En cos wt = No(bpa — ¢8) + (2R2 + R,)ia, (11)

and the other for the loop through the coils N; and a
pair of rectifiers ab,

0 = Ny(¢a + ¢5) + (2Rs + R))ia. (12)

Simultaneous solution of the appropriate voltage
equations for each of the periods results in expressions
for the flux densities B, and B in the respective cores
identical with (2) and (3) for the self-feedback case, ex-
cept that here Bn=E./2NwA. As in the previous case
the field intensities are given by (4) and (5).

The mmf conditions in matrix form are:

i
I'Ni N. N ," LH, 0
1 = . <
N, —N. N, |_’ | Li,
13

For the positive and negative periods, 73 is equal respec-
tively to 4142 and —4,, and (13) may be solved for the
currents. For the commutation period, it is necessary
to get another equation from the voltage conditions, as
in the self-feedback case. Doing this, the currents in all
three periods are found readily, as shown in Table II.
Here I, is defined exactly as in (7), and

b = <Nl>2 2R; + R,
N, 2R,

TABLE 11

I-xPRESSIONS FOR CURRENTS IN AMPLIFIER
wiTH EXTERNAL FEEDBACK

(14)

Period Currents
. Hn=L[(1 — N3/ Na) I+ (14 N3/ Na) 1] /2 N
Positive #=L{Hs—1Ig]/2N,
| =1y
. ‘ 1:1- (k" L(Ha+ Hp) /24 M1, )/ N:(1+£"')
Commutation | da=L[Ha—1IHg]/2Ns
o | = (LTt 12~ ML)/ N 4+4)
) iv=L[(1+Ns/N)Ha+ (1 = Na/ N2) I )/ 2Ny
Negative ta== L[1la—Hp]/2Ny

=™ —1
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The limits of the commutation period and the relation
between B, and I are found by trial, as explained for

the self-feedback case. ¢
r N

“

r4

[-4

=]

2

s

>3

«

N L

L

Fig. 6—Calculated excitation curves for the circuit of Fig. 5, showing
the effect of varying the number of feedback turns while keeping
the total amount of copper in feedback and control windings con-
stant.

Fig. 6 and Table III show an application of the fore-
going analysis of the magnetic amplifier with external

TABLE 111

ErrFect oF FEEDBACK TURN RaTio ON CONTROL POWER
REQUIRED FOR A PARTICULAR CASE

N|I| l Il’Rl= (NIII)’EV;T/kI;

N;/Ns’ N/ Ry ‘ N#/R, |

0 | 18,400 0 85 | 0.39
1.0 3,400 | 15,000 | 25 0.18
1.2 400 | 18,000 1.4 | 0.0049

feedback. The purpose is to show how varying the feed-
back turns affects the control excitation and power.
The load windings N, the magnetic quantities B, and
B,, the ac voltage, and the load current remain the same
throughout. That is, conditions on the ac side are iden-
tical for the three cases shown. The total amount of
copper in the control and feedback windings together is
kept fixed by holding the quantity (N12/Ri+ Ny*/Ry)
constant, but the distribution of copper between these
windings is varied. Forward resistances of the rectifiers
are neglected in these calculations. The last column of
Table 111 shows how greatly the power which must be
supplied by the control source can be reduced in this
particular case by using feedback. These results, how-
ever, must be viewed with some caution, because an-
other effect of high feedback may be to cause the ampli-
fier to become unstable. The present analysis is also use-
ful in the study of stability.

COMPARISON OF SELF- AND EXTERNAL FEEDBACK

In comparing the self- and external-feedback circuits,
Figs. 1 and 5, one must note that the latter is more
flexible in that there may be various amounts of feed-
back, depending on the number of turns Ns. The com-
parison, therefore, is made on the basis that the feed-
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back and load coils in the external-feedback circuit are
equal; that is,
N3 = "\’2 (15)
Ra = R-g. (16)

With this condition, Tables I and Il show that the ex-
pressions for control currents in the two cases and for the
load currents (72 and 43413, respectively) become identi-
cal if

K=k (17)
"\111 = 1\’1“ (18)
Ny = 2N, (19)

where single primes are used for self-feedback quanti-
ties and double primes for external feedback. The cur-
rents actually will be idemiical if L, I1,, and IIg are the
same in the two cases. This identity will exist if core
dimensions and material are identical, and impressed
ac voltages and average values of control current I; are
the same.

Having established these conditions for identity of
magnetic conditions and of external currents in the two
cases, it follows that

R, + R, = 2(2R," + R,”), . (20)

provided that
R’ = R/. (21)

With these relations between resistances and the
other conditions of equivalence, it is found, using the
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expressions for the currents in Tables I and 11, that the
1*R losses in the control windings are the same at every
instant, and similarly in the load and feedback windings
and the rectifiers taken together. Thus the performance
of the two arrangements will he identical in all respects
under the conditions set. J<xamination of the relations
between resistances and numbers of turns shows, how-
ever, that external feedback requires twice as much
copper in the load and feedback coils together as is
required in the load coils of the sclf-feedback circuit.

Thus, for equivalent performance, the self-feedback
arrangement, Fig. 1, can be made smaller than that
employing external feedback, Fig. S, and is therefore
superior provided that the feedback turn ratio Ng/N,
desired is unity. IFor greater feedback turn ratio, a com-
bination of the arrangements is indicated 8 rectifiers be-
ing provided as in Fig. 1 to give most of the feedback
cffect, and booster windings like N3 in Fig. 5 heing
added to supply additional feedback as desired.

CONCLUSION

Two well-known methods for obtaining feedback in
magnetic amplifiers have been analyzed quantitatively,
with results that are checked closely by experiment.
The analysis has heen used to show quantitatively how
feedback reduces the control excitation requirements
and to compare the two feedback arrangements.

The analysis takes account of commutation, or simul-
taneous conduction of the rectifiers, a phenomenon
which does not seem to have been considered so far,
although it may have been observed.?

Electrical Network Analyzers for the Solution
of Electromagnetic Field Problems®

K. SPANGENBERGY, rELLOW, IRE, G. WALTERS], sTubenT MEMBER, IRE, AND
F. SCHOTTS, ASSOCIATE, IRE

Part II
OPERATION

Summary—This is the second part of a paper on the design,
construction, testing, and operation of electrical networks capable
of obtaining solutions of the wave equation in both two-dimensional,
axially symmetric, cylindrical co-ordinates and rectangular co-or-
dinates. The circuit yields information on TEM, TM,,(n) and

* Decimal classification: R143XR202. Original manuscript re-
ceived by the Institute, October 19, 1948; revised manuscript re-
ceived, February 2, 1949, Presented, 1948 IRE National Convention,
New York, N. Y,, March 25, 1948. This paper reports work on a pro-
gram sponsored by the Office of Naval Research under Contract
N6onr-251, Task Order 7.

t Office of Naval Research, Washington, D. C.

$ Dalmo Victor Co., San Carlos, Calif.

§ University of California, Los Angeles, Calif.

7:E,.,.,(n) modes of concentric lines, waveguides, and resonators.
Flel.d Plots of electric- and magnetic-field configurations are directly
available, and resonant frequencies of cavities, equivalent imped-

ance, reactance characteristics, Q, and propagation characteristics
can be determined.

INTRODUCTION

‘\" PART I, the general theory, design, and construc-
tion of two network analyzers for solution of the
wave c.quation in both two-dimensional, axial sym-

metric, cylindrical co-ordinates and rectangular co-or-
dinates were discussed. This section will deal only with
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the testing and general use of the networks. These net-
work analyzers have been used at Stanford University
for about two years, and have been found to be very
helpful in the general solutions of field problems. The
applicability of the network has been well established
by comparing numerous results with known cases. The
various boundary conditions that must be met and their
apparent position in respect to the network are dis-
cussed. Techniques for testing and solving special prob-
lems, such as resonator characteristics, obtaining of
ficld plots, and the measurement of shunt resistances
and Q, are presented.

IV. NETWORK ADjUSTMENT

A. Tuning the Cylindrical-Co-ordinate Network

The only tuning involved on the .network is that of
adjusting the trimmer capacitors. The inductances can
be assumed to be correct from their original calibra-
tion. In tuning the capacitor, it was found that the most
accurate method of adjusting the capacitors was a
resonance-substitution method applied to each ca-
pacitor individually. Since the capacitance values vary
with radius, this involves a number of different adjust-
ments consuming considerable time. A careful adjust-
ment of all the network capacitance values requires ap-
proximately two man days of work.

B. Tuning the Rectangular-Co-ordinate Network

Similarly with this network, the only adjustment is
that of the capacitance values. The uniformity of his
network makes these operations relatively simple.

Methods were developed for checking both continuity
in coils and adjusting capacitor values which did not re-
quire that any coils be unplugged from their operating
positions in the clips.

Adjustment of capacitance values was facilitated by
the fact that the coils uniformly had a natural resonant
frequency of 2 Mc. At this frequency, they exhibited a
very high resistance compared to the proper value of
capacitive reactance. Accordingly, a special coil was
designed to be clipped across the capacitors and to be
resonated with the proper value of capacitance at 2 Mc.
Resonance was indicated with a Measurements Corpo-
ration Megacycle Meter. By this method, it was pos-
sible to adjust all the capacitances to a high degree of
accuracy in approximately one-half man day.

V. UsE oF THE NETWORKS
A. Use of the Cylindrical Network

1. Determination of Cavity Resonant IFrequencies. The
determination of the resonant frequencies of cavity
resonators is relatively simple. A scaled outline of the
cavity is set up on the network by opening the circuit
at the boundary corresponding to the cavity walls for
T M, modes and shorting capacitors to ground for TE,
modes. The network is then excited from a variable-fre-
quency oscillator, and the frequency of oscillation varied
until a resonance is obtained. Excitation of the network

is achieved by simply connecting the ground plane and
an arbitrary point of the network lattice to the oscil-
lator through a high series resistance (100,000 ohms)
simulating very loose coupling. Coupling may also be
had inductively by a coupling loop in the vicinity of
one of the network coils. It should be borne in mind that,
for a given boundary condition, i.e., either open or short
circuit there will be revealed resonances of the cor-
responding mode type only; i.e., TAM, and TE,, respec-
tively. It should also be borne in mind that the cor-
responding edge of the field is different for the two
types of boundary conditions. When the conductor is
represented by an open circuit, the effective field bound-
ary is very nearly one-half section beyond the capacitor
at which the network is opened. For the short-circuit
type of boundary, however, the effective edge of the
field is at the short. These end corrections are the same
by test for either radial or longitudinal boundaries with
the cylindrical-co-ordinate netwerk. A similar end cor-
rection applies to the rectangular-co-ordinate network.

2. Resonator Tuning Curves. Resonator tuning curves
as one dimension of a cavity is varied are obtained by
the method related in the previous section. It is only
necessary to record and plot resonant frequency as a
function of the corresponding cavity dimension. A
curve of resonant wavelength versus cavity length for a
concentric-line resonator is shown in Fig. 6. This figure
exhibits several groups of curves for different modes
and different ratios of radii in the concentric-line por-
tion. The curves have been extended to allow the
plunger to protrude into the end space of the resonator.

3. Cylindrical Cavity Field Plots. For cylindrical TEM
and TM, modes, the modes of usual interest, complete
magnetic- and electric-field plots are obtained from the
junction voltage-to-ground data at network resonance.
Since voltage to ground corresponds to magnetic field

Fig. 6—Resonant wavclength of a loaded concentric-line resonator
as a function of length.
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multiplied by radius, it i8 only necessary to divide
voltage values by the radius to get the relative magnetic
field. ,

A type of electric-field plot is given directly by con-
tours of constant network voltage to ground. Such con-
tours have the direction of electric flux lines. Flux den-
sity is, however, given by line density of the voltage
contours divided by radius. While this has not been a
common convention for plotting clectric flux fields, it
should be pointed out that it is the only correct con-
vention for cylindrical geometries which permits the
use of continuous lines when such lines are not all parallel
to the axis. In working with the network it has been
found desirable to use the above convention exclusively
because, in the first place, it is the only consistent con-
vention which can be used for general field configura
tions, and, in the second place, such field plots are given
directly by contours of constant voltage on the network.

The reason for the above relations is seen from equa-
tions (7) and (8) in Part I. Ilere it is seen that the elec-
tric flux density multiplied by radius is a vector whose
magnitude is proportional to the gradient of 7114 (hence
of network voltage to ground), and whose dircction is
normal to the gradient of rIl, (or network voltage).
Since the direction of the electric flux is normal to the
gradient of rIl, (network voltage), which, in turn. is
normal to the contours rIl4 (network voltage), then the
electric flux has the direction of contours of constant
rlly (network voltage). Since the gradient of ri, (net-
work voltage) is proportional to electric field multiplicd
by radius, then the electric flux density is given by the
density of lines of constant r/I, (or network voltage)

divided by the radius.
’ TTTTT 7
&
. £/ J

Fig. 7—LElcctric-field plot for a re-entrant cavity resonator
operating on a three-quarter wave mode.

Shown in Fig. 7 is an electric-field plot of a three-
quarter-wave resonance in a concentric-line resonator,
drawn according to the convention given above. An
interesting feature of higher-order modes, not ordinarily
appreciated but revealed here, is the fact that, whereas
with higher-order TEM and TM, modes there is always
a nodal surface of magnetic field, there need not be a
true nodal surface of electric field. There will, however,
always be a pseudo-nodal surface of electric field which
can be drawn through a point of zero electric field,
which will always exist in such a way that no power is
transmitted across this surface and such that, if the sur-
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face were replaced by a conductor, the two resonators
thus created would have field configurations like por-
tions of the orginal and would resonate at the same
frequency as the entire cavity. The “nodal” surface of
clectric field having these properties is shown by a
dashed line in Fig. 7.

4. Determination of Shunt Resistance and Q of Cylin
drical Cavity Resonators. The cylindrical-co-ordinate net-
work can be used to measure the shunt resistance and
Q of cavity resonators directly. The details of the
method of measurement and a discussion of some re-
sults obtained by its application will be given in a sub)-
scquent paper.” In this paper there will only be given a
statement of the principles involved.

Since the network is the electrical analogue of the field
problem, it is expected that its Q and input resistance
should be related to those of a cavity resonator it repre-
sents. Normally, the network will correspond to a cavity
with a nonuniform lossy diclectric, the series resistanc
of the inductances corresponding to the diclectric loss.
To represent wall losses, it is necessary to shunt the
terminal capacitances of the network with resistuances
which are large compared to the capacitor reactande
and which increase linearly with radius.

In making measurements upon a network loaded with
terminal resistors o represent wall losses, it is NECCssdry
to separate the effects of the power losses in the terminal
resistors and in the coils themselves, For Q mcasure-
ments, the Q of the network must be measured with
and without the terminal resistors, thus determining the
Q resulting from the terminal resistors alone, This value
will be proportional 1o the cavity-resonator Q. The
appropriate proportionality factor may be measured or
deduced theoretically.

In making shunt-resistance NIEASUrenIents, use cal
be made of the fact that for 77/ and T ) modes, the
network quantities are the inverse of the field quantities;
thus the electric ficld is represented by a network cur-
rent. Accordingly, it is expected that the equivalent
circuit of the network, as measured at the cavity gap,
should be the inverse of the cavity-resonator equivalent
circuit. Since the equivalent circuit of a cavity is given
closely by a parallel combination of shunt resistance,
lossless inductance, and capacitance, it is expected that
the equivalent circuit of the network will be a series
combination of resistance, inductance, and capacitance.
This serics impedance is measured by opening the net-
work at the point where the radial gap currents flow into
the axis circuit. 1t is further cexpected that the con-
ductance of the series network cquivalent will be pro-
por%ional to the shunt resistance of the cavity. Here,
again, it Is necessary to separate components of shunt
resistance due to wall losses and dielectric losses. This
is done by measuring the network series resistance with

"F. W. Schottand K. R Spangenberg, “\ network analogue ap-
proach to the study of cavity resonator logecs, presented, 1948 West
Coast IRE Convention, Los Angeles, Calif., October 1, 1948,
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and without the terminal resistors. The conductance of
the difference of the two series resistances thus measured
is proportional to the shunt resistance of the cavity.

B. Use of the Rectangular Network

1. Determination of Resonant Frequencies of Cavilies.
The method used here involves excitation and variation
of frequency until electrical resonance is observed by the
same method used on the cylindrical-co-ordinate net-
work. Attention must again be given to proper bound-
aries and end corrections. As with the other network, the
effective field edge is half a section beyond the capacitor
at which the network is opened with open-circuit bound-
aries, and at the short with short-circuit boundaries.

2. Tuning Curves. These are obtained by the same
method as is used with the cylindrical-co-ordinate net-
work.

3. Field Plots. These can usually be obtained di-
rectly from network voltage measurements. In the case
of the modes referred to here as TM modes, network
voltage to ground is directly proportional to electric
field strength. A plot of contours of constant voltage to
ground constitutes a magnetic flux plot. With TE
modes, voltage to ground gives strength of magnetic
field, and contours of constant voltage constitute an
electric-field plot. -

4. Measurement of Shunt Resistance and Q. Shunt re-
sistance and Q can be mecasured by the same general
method indicated for cylindrical cavities. In the case of
waveguide cavities operating on TM modes, however,
the coil losses correspond to top and bottom surface
losses. As a result, terminal resistors must be propor-
tioned relative to the coil resistance to represent prop-
erly side-wall losses. Also, care must be taken in repre-
senting losses associated with gap loading, which, be-
cause of high current densities near the gap, will often
be as large as all other losses combined.

5. Measurement of Ridge Waveguide Characteristics.
Work on ridge waveguides has indicated a number of
desirable characteristics.® These include low cutoff fre-
quencies and increased separation of modes. Other char-
acteristics, such as increased attenuation and lower
power-transmission capabilities, are less favorable. The
characteristics of ridge waveguides can readily be deter-
mined with the rectangular network. The network, be-
ing restricted to two-dimensional problems, can only
give the ficld configuration at cutoff; however, with
both the ficld configuration and cutoff frequency known,
all of the characteristics of the waveguide at any fre-
quency can be determined.®

‘I'he principal characteristics of interest in ridge wave-
guides are the cutoff frequencies of the various modes
and the impedance of the fundamental mode. Cutoff

3S. B. Cohn and P. Richards, “Very High Frequency Tech-
niques,” McGraw-Hill Book Co., Inc., New York,(}‘l. . 1947;
vol. 11, pp. 678-684.

v §. C. Slater, “Microwave ‘Transmission,” McGraw-Hill Book
Co., Inc., New York, N. Y., 1942; p. 152.

frequencies are readily determined by simply setting up
the waveguide in cross section with open boundaries,
according to the TE analogy previously given. The net-
work is then excited through a high series resistance to
give the effect of loose coupling to a variable-frequency
oscillator. The cutoff frequencies of the various TE
modes of transmission are scaled by equation (12) in
Part 1 from the frequencies at which the network reso-
nates.

The characteristic impedance of a waveguide may be
defined in terms of (a) equivalent current and voltage;
(b) transmitted power and equivalent voltage; or
(c) transmitted power and equivalent current.!® The
current-voltage definition is always the geometric
mean of the other two. The spread of values is of the
order of 2 to 1 in ordinary waveguide, and is expected
to be relatively small in ridge waveguide because this
approaches a strip transmission line for which the three
above impedances are identical. The current-voltage
definition is most useful in considering matching prob-
lems with two-conductor lines, and agrees most closely
with the values measured through transducers from
concentric line to waveguide. All of the impedance forms
contain a factor which depends solely upon the geom-
etry of the waveguide multiplied by a frequency-de-
pendent term of the form (1 —»%2 where 7 is the ratio
of the cutoff frequency of the mode considered to the
actual frequency. This factor is infinite at the cutoff
frequency and drops to unity at infinite frequency.

The current-voltage definition of impedance is

[
f E naxdx
_Je

— (21)

where the integral limits b, ¢, L, and R stand for bottom,
top, left, and right, respectively, as shown in Fig. 8. All
of the above quantities are simply related to the x

Y

AT L

L b R

Fig. 8—Ridge-waveguide notation.

component of magnetic field of which the network ana-
logue is voltage to ground. Specifically,

iz all,

= — 22

‘ K* o9x (22)
—jB all,

=1 (23)
K? 0x

where B is the phase factor, kis 2w/N, and Z = (1 —»n*)~Y2%
With these substitutions, and replacing I, by V, net-

10§, A, Schelkunoff, “Electromagnetic Theory,” I). Van Nostrand
Co., Inc., New York, N. Y., 1913; pp. 319-324.
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work voltage to ground, the impedance expression be-
comes

rar
(1 — »?) 1/2[ ——dy

Jy o 0dx

Zyr = 337 ———— ohms. (24)

e — V4,

From this it is seen that the impedance of the wave-
guide is given by 377 times the frequency factor, times
the average transverse voltage gradient at the wave-
guide center, multiplied by the vertical dimension of the
waveguide; all divided by twice the maximum voltage
which appears on the edge of the network. Impedance
values according to the other definitions are similarly
obtained.

C. Solution of Radiation Problems

The networks may be used to solve antenna problems,
give radiation patterns, surface currents, antenna im-
pedances, junction transformations, etc. To simulate
radiation problems, it is necessary to simulate the an-
tenna contour and then terminate the edges of the net-
work in such a way as to eliminate reflection of waves
from it. Experiments with network terminations have
shown that standing waves of the order of 1.10 or less
are readily obtainable. This makes possible the deter-
mination of radiation patterns. Antenna impedances
can be measured directly. Reactance transformation of
junctions can be tested by simulating the surrounding
of the antenna with reflecting spheres of different radii.
For extensive work with antenna patterns, a special net-
work containing a centrally located fine section with
larger dimensions over-all in terms of wavelengths, and
possibly having a polar co-ordinate system rather than
a rectangular co-ordinate system, would be advanta-
geous.

D. Accuracy and Speed of Network Determinations

The networks described here are not high-precision
devices, but do give sufficient accuracy for engineering
applications. Resonant frequencies may be determined
to within 1 per cent accuracy for simple geometries or 2
per cent accuracy for complex geometries. Shunt re-
sistance and Q determinations are accurate to within
5 per cent for complex geometries, but may be relied
upon to be within 2 per cent accurate for simple geom-
ctries. This accuracy decreases somewhat as the electri-
cal length of a section exceeds 25°.

A complete field plot of a resonator may be obtained
in less than an hour. Resonant frequencies may be deter-
mined within a matter of minutes. Once equipment has
been set up for shunt-resistance measurements, such
determinations may also be made in a matter of min-
utes. In general, determinations are much more rapid
than the equivalent calculation or model measurement.

PROCEEDINGS OF THE 1.R.I.
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V1. EXPERIMENTAL VERIFICATION OF PERFORMANCIE

A. TEM Modes

A large number of resonant structures have been
checked against the network to calibrate its operation.
Checks on resonant frequency, ficld configuration, shunt
resistance, and Q have been made. A few of these results
are reported here to indicate the nature of agreement
between the theory and the network results.

A basic reference test is the resonant concentric line
operating on a I'£2M mode with its length being an
integral number of half waves. Such a configuration,
when set up, gives resonant frequencies which check
within 1 to 2 per cent. The agreement on the field
variation with line length is correspondingly good.
Shown in Fig. 9 are plots of measured and theoretical
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Fig. 9—Voltage distribution with length in a coaxial TE)M mode
(shorted coaxial line) 22 sections long, one-half section correction
added at each end, (outer radius)/(inner radius) =35, Test points:

————— calculated
© half-wave resonator
A full-wave resonator.

voltage, analoguc of 114, versus length of the half-wave
and full-wave resonance of a coaxial line. The agreement
between the theoretical and measured cosine wave is
good except in the vicinity of the nodes, where the true
reading is somewhat obscured by harmonics and noise.
This particular mode is convenient for checking the net-
work adjustment on the cylindrical network. Since mag-
netic fiekd varies inversely with radius, network voltage,
which is proportional to rlly, will be constant with
radius. It is very casy to check this condition with a
vacuum-tube voltmeter, and any irregularitics can usu-
ally be quickly traced. From resonant-frequencies
measurements, the half-section correction for open-cir-
cuit boundaries can be verified.

B. Cylindrical TMq,, Modes

The cylindrical-resonator T'Momo modes are formed
by radial waves which have No variations in intensity
in the axial direction. The corresponding resonant fre-
quencies are inversely proportional to radius. Tests with
a large number of radii showed that measured network
frequencies agreed with theoretical values within about
1 per cent when the radial-field edge correction was con-
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| sidered to be half a network section. For these modes,
the radial electric-field variation is expected to be a zero-
order Bessel function of the first kind. The magnetic
field is expected to vary as a first-order Bessel function
of the first kind. Figs. 10 and 11 show that these expec-
tations were fulfilled quite closely.

Relative Fleld
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Fig. 10—Radial field variation in the T Mo mode.
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Fig. 11—Radial field variation in the T Moz mode.

C. TMou Mode

The cases checked above have shown that the cylin-
drical-co-ordinate network behaves properly for purely
radial or longitudinal waves. The question naturally
arises as to whether it will properly represent a com-
bination of these. The simplest mode which exhibits
both radial and axial field variations is the 7 Mo, mode.
This mode is found with the same boundary conditions
as the T My, mode, it being necessary only to raise the
frequency of the excitation voltage to the proper value.
The excitation frequency in a typical experimental test
was 136.8 kc, as against a theorctical value of 135.3 kc.

. D. Net-Point Computations

In order to check the performance of the network on
resonator structures presenting more complex geome-
tries than the simple forms shown above, it is necessary
to have recourse to rather involved theoretical ap-
proximations or resort to net-point computations. Net-
point computations were preferred in checking network
results because they are adaptable to arbitrary geo-
metrical configurations, and also because the network
gave the resonant frequency with sufficient accuracy
that the computations were greatly simplified.

Basically, the net-point computation consists of find-
ing a difference equation which corresponds to the dif-
ferential equation pertinent to the problem; assuming
values of ficld and then applying the difference equation

to obtain successive improvements on the originally as-

sumed values of field.!*—12
In making net-point computations of field in reso-
nators with rotational symmetry, it is convenient to use
the parameter rH,, which is the analogue of network
voltage to ground, V. This is convenient because, as has
been shown, contours of constant rII, or V constitute
an electric-field plot. Likewise, values of rII, or V di-
vided by radius give magnetic field. The boundary con-
ditions on rH, or V are also simple in that the normal
gradient of 7H, is zero at any conducting surface. The
differential equation for V in two-dimensional, cylindri-
cal co-ordinates with rotational symmetry has the form
v oW

R + BV =0
932 or? r Or

(25)
where & is 27 divided by wavelength. Note that this
equation differs properly from the scalar wave equation
in that the sign of the first derivative term in 7 is nega-
tive. The corresponding net-point or difference equation
in terms of the network notation of Fig. 12 is

S UL
Vo = ,I,+ zﬁ--i—t,, i ,21_,,_ (26)
4 — h2R?
I T
—kcfiﬁﬂf— 1
Eanunnnil

Fig. 12—Notation for net-point computations in
cylindrical co-ordinates.

where £ is the net-point spacing in wavelengths and I is
the integral number of lattice sections from the axis.
This equation relates the voltage in the center of a
square to the voltage at four symmetrically disposed
points arranged as shown in Fig. 12. If values of voltage
are assumed at all points in a field or arc taken from ac-
tual network measurements, then application of (26)
will smooth out the values and give values which are
more correct than those originally given.

Shown in Table VI are values of network voltage as
taken directly from the network (above), compared with
voltage values refined by a successive application of
(25). It is scen that the errors in the ficld as presented
in the nctwork are relatively slight.

For cases in which the resonant frequency is not
known, it is necessary to reitcrate between values of
ficld and frequency. However, the dependence of the
ficld values upon the frequency is low. Hence if the
resonant frequency is known within a few per cent, it is

1 G, H. Shortley and R. Weller, “Numerical solution of Laplace’s
equation,” Jour. Appl. Phys., vol. 9, pp. 334-348; May, 1948.

1 |1, Motz, “Calculation of the clectromagnetic ficld, frequency,
and circuit parameters of high-frequency resonator cavitics,” Jour.
JEE (London), vol. 93, part 111, pp. 335-338; September, 1946.
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possible to proceed to refine field values without correct-
ing frequency.

In some applications, it is desired to use a different
form of the difference equation given above. Where ex-
tensive computations are to be made, it is convenient to
have a form where the center potential of a square is
given by the sum of the four surrounding values divided
by a constant dependent upon the radius. Such a form
results if there is used the variable

U=V/\/r. (27)
Another useful transformation is
W =V/r (28)

The paramenter W has the advantage that it will tend
to be constant in a resonator gap on the axis. Since V
is proportional to r1I,, and H, tends to increase linearly
with radius in a gap, V/r? will tend to be constant.

It should be emphasized that the tests reported here
and many others indicate a good agreement betwcen
the analyzer results and theory in cases where the results
may be simply predicted and also in cases where the
theoretical results are not simply predicted. As a result,
it is felt that the analyzer is a useful tool which can be
trusted in cases where the boundaries are too compli-
cated to admit of only experimental or numerical deter-
mination,

PROCEEDINGS OF TIIE [.R.[.
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VII. CONCLUSIONS

Networks have been constructed which give the solu-
tion of the wave equation in two-dimensional rectangu-
lar and cylindrical co-ordinates. Resonant frequencies
of cavities, ficld plots, equivalent reactance of obstacles,
shunt resistance, and Q are obtainable with little effort.
The devices are simple to operate, and results can be
obtained with considerable speed. The networks contain
no vacuum tubes or moving parts and are simple and
inexpensive to build. Accuracy, though not at the pre-
cision level, is sufficient for most engineering applica-
tions,

Two-dimensional networks are believed to be very
practical. It is not thought that three-dimensional net-
works arc practical.

The educational value of the networks is considera-
ble. They possess a form of “intelligence,” in that they
often reveal the presence of unsuspected resonance
modes. In addition, their use reveals a large number of
important propertics of fields which are little known.
They can be operated by people not highly skilled in
ficld theory.
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Design of Optimum Transient Response Ampliﬁers*

PIERRE R. AIGRAINY, STUDENT MEMBER, IRE, AND EVERARD M. WILLIAMSY,
SENIOR MEMBER, IRE

Summary—This paper describes a method based entirely upon
transient considerations for the design of amplifiers with optimum
transient response in the ‘‘least squared” sense. This method is
applicable to video amplifiers, symmetrical band-pass amplifiers,
and dissymmetrical band-pass amplifiers used with low-level modu-
lation, and has provisions for taking into account noise acceptance
and adjacent channel rejection. Examples are given of the results
obtained with this method.

[NTRODUCTION
&_LTHOUGH ALL communication amplifiers are

used in conjunction with signals of an essentially

transient character, amplifier circuit design and
synthesis has for the most part concentrated on the
problem of obtaining predetermined steady-state char-
acteristics. Methods of solving this steady-state prob-
lem have been brought to a high degree of perfection by
Cauer,! Guillemin,? and Lee,? amongst others.

Recent developments, however, first of television,
later of radar, and finally of pulse communication sys-
tems, showed that there are important cases where the
performance of a system cannot be simply related to its
steady-state characteristics, but rather is best expressed
by its transient response.

Existing design methods for transient amplifiers are
derived from steady-state theories, particularly those
relating to filters. Butterworth,* Landon,® Wallman,®
Bedford,” and Kallman, Spencer, and Singer® all studied
amplifier transient response as related to steady-state
characteristics. The shortcomings of their procedures
are well understood, however, and have been pointed
out by Kallmann.®

This paper describes a design method, based entirely
upon transient analysis, which leads to amplifiers with

* Decimal classification: R 363. Original manuscript received by
the Institute, August 16, 1948; revised manuscript received, April 7,
1949, Part of a dissertation submitted by Pierre R. Aigrain in partial
fulfillment of the requirements for the degree of doctor of science
at Carnegie Institute of Technology.

i t Service d’Etudes et de Recherches Scientifiques de la Marine
Francaise, F.cole Normale Superieure, Paris, France,

t Carncgie Institute of Technology, Pittsburgh, Pa.

U\W. Caner, “Sicbschaltungen,” published by V.D.I., Verlag
G.MUBUH, Berlin; 1931,

21 A, Guillemin, “Communication Networks,” John Wiley and
Sons, Inc., New York, N. Y., 1931,

‘_Y. \W. Lee, “Synthesis of electric networks by means of the
fourier transform of Laguerre's functions,” Jour. Math. Phys., vol.
11, pp. 83-113; 1932,

¢S, Butterworth, “On the theory of flter-amplifiers,” Exp. Wire-
less and Wireless Eng., vol. 7, pp. 536-541; October, 1940.

s V. ). Landon, “Cascade amplifiers with maximal flatness,”
KRCA Rey., vol. 5, pp. 347-362; January, 1941.

$11. Wallman, “Stagger Tuned 1.F. Amplifiers,” M1T Radiation
Lab. Report 524; February, 1944,

7A. V. Bedford and G. L. Fredendall, “Transient response of
multi stage video frequency amplifiers,” Proc. LR, vol. 27, pp.
277-289; April, 1939,

» [, 15, Kallman, R. I5. Spencer, and C. P. Singer, “Transient
response,” Proc. 1.R.E., vol. 34, pp. 138-144; March, 1946.

an optimum transient response. This method is derived
from operational analysis using Laplace transforms.

The procedure by which the transient response of an
amplifier to some particular signal is calculated with
Laplace transform technique involves the determination
of the “operational transfer impedance,” AG(s), of the
circuit under consideration. If a signal of Laplace trans-
form Fi(s) is applied to the amplifier, the output will
have the transform

AFy(s) = AG(s)F:(s). (1)

(The amplifier gain 4, at low frequencies, is extracted
as a cocfficient for convenience.) Considerable difficulty
is generally encountered when it is desired to calculate
the actual amplifier response f2(¢), the inverse transform
of Fa(s)in (1). This process requires the extraction of the
poles of Ga(s), an algebraic process only possible in gen-
eral with known numerical values and of great difficulty
when several poles are involved. It is apparent first that
a simpler method is necessary for calculating the transi-
ent response. Such a method is described in part I.

I. THE LAGUERRE SERIES

The problem is that of determining f(¢) from a speci-
fied Fa(s). This will be simplified first by using a function
F;(t), defined as

fi()) = fo() = C
C = fo») = lim sFa(s) (2)

-0

or a function differing from f,() by the steady-state re-
sponse f2( »)- f3(¢) can be calculated as

f3(t) = Z aan(t)v (3)

in which the terms a, are the coefficients of an expansion
in a Taylor series of

2 14« i
2 () S
1—x 1—x n=0

and the terms B.(f) are “Laguerre functions”® defined

by
n _2 r
plhy = o3 2 ("):n. (4)
p=0 ?! ?

“I'he series (2) is convergent for all values of ¢. Since

2 14 x
1—x 1—x

* The Laguerre functions are related to the Laguerre polynomials,
for which see “Orthogonal Polynomials”, Szegt, Gabor, Colloquinm
Publications, American Mathematical Society, vol. 23; 1939.
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is a rational fraction in x, aa can he obtained by division
of two polynomials. I‘'urthermore, the B,(¢) form a close
orthogonal set fromf=0tot= o, that is
o0 O if nym
[ mpaa= 5)
Joo

bl o n=m

and every function L(t) such that

° 0

’ LU B.()dt = 0 for all » (0)
Jo

PLOT OF THE LOWEST ORDER LAGUERRE FUNCTIONS

Fig. 1—Plot of the first nine Laguerr< functions,

is identically zero almost everywhere. The first ten
B.(t) have been computed and are given in Table |
Their form is shown in Fig. 1. Calculation of transient
response is often simplified by the use of these B.(t) and

PROCELEDINGS OF THE .RE.
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L, DErINIIION OF TRANSIENT DISTORTION

The distorting or disturbing e¢ffects of principal inter.
est in communication systems are non-linear distortion,
random noise, adjacent channel interference, and transi-
ent distortion. When defining the first three it is cus-
tomary to relate the actual response f,(f) to a specified
signal to the output f,(1) of a “distortionless” systenn.
The actual distortion is defined as the time average of

/) = 1,0

or, if the input is of finite duration, as
[ 1500 = 5 Jrar

This definition has given satisfactory results when ap-
plied to most ty pes of distortion and it scems logical to
extend it to transient distortion. It has, in fact, previ-
oushy been so used ' Following this concept, transicnt
distortion will be defined as follows: Assume a signal
Si(t) to be fed into the amplifier at time £ =0, The output
will be 4 fo(t). An ideal amplifier would yield an output
A fil(t—=T,) in which T represents a delay time. | he
“transient distortion”™ will he defined as

r /‘w [f2(t) = fi(t - T) |2dt. (")

This integral is convergent for all £i(1) with a finite en-
ergy and for all hounded input functions which reach
a final value in a finite time (e.g., a step function), pro-
vided the amplifier has no low frequency distortion. The
low-frequency distortion problem in video amplifier,
however, is fairly distinet from that of high-frequency
distortion, so that it is possible to define an “ecquivalent
low-pass amplifier” without low-frequency distortion
and work with it exclusively.

TABLE 1
VALUES OF 11E Firsr Nix). LAGULRRE FUxcrions

¢ Bo(t) Bi() Ba(1) Bi(t) Bt)

o028) 0.7788 0.3894 0.0974  —0.1130 —0.2576
S0 0.6065 0 —0.3033  —0.4043 —0.3791
75 0.4724 —0.23062 —0.4133  —0.3248 —0.13606

00 0.3679 -0.3679 —0.3679 —0.1226 0.1220

.25 0.2865 —0.4298 —0.2507 0.0770 0.2753
50 0.2231 —0.4403 —0.1117 0.2331 0.3008

0

0

0

1

1

1

578 0.1738 —0.4344 0.0217 0.3005 0.2467
2.00 0.1353 —0.4060 0.1353 0.3158 0.1353
2.25 0.1054 -0.3689 0.2240 0.2833 0.0091
2.50 0.0821 —10.3283 0.2873 0.2189 —0.1060
2.75 0.0039 —0.2877 0.3276 0.1372 =0.1913
3.00 0.0198 —0.2490 0.3185 0.0408 -0.2490
3525 0.0388 —0.2132 0.3538 —0.0347 -0.2093
3.50 0.0302 —0.1812 0.3473 —=0.1107 -0.2605
3.75 0.0235 —0.1529 0.3323 —=0.1750 —0.2273
+4.00 0.0183 —0.1282 0.3114 —0.2259 01771

(2) and (3); the principal value of these functions, how-
ever, is that they result in a simple means for determin-
ing the cffect of individual parameter variations on the
over-all transient response. This subject will be treated
in part IT1. Part 11 deals with the definition of transient
distortion.

By(1) Be(1) Byt Bio(t)
=0.3470 —0.3920 —0.4026 —0, 3881 —0.3527 —0.3033
—0.2830 —0.1558 —0.0213 0.0935 0.1883 0.2551
0.0550 0.2008 00.2828 0.3016 0.2679 0.1974
0.2098 0.3025 0.2441 0.1320 —0.0391 -0.1537
0.2938 0.1897 00309 —0.1176 —0.2171  —0.2529
0.1897  —0.0028 —0.1606 —0.2473 -0.2368 —0.1501
0.0310  —0.1668 —=0.2507 —0.2160 —0.1013 0.0300
-0.1174  —0.2511 —=0.2206 —0.0817 0.0737 0.1860
—0.2185 —0.2443 —=0.1093 0.070 0.1991 0 2286
=0.2599  —0.1715 0.0207 01830 0.2200 0.1411
—0.2457 -0.0034 0.1427 0.2250 0.1578 0.01145
- 0.1892 0.0498 0.2120 0.1952 00498  —0 1107

“7(’) ”u(f)

0 ]()(_;() 01407 0.220] 01194 —0 0082 0 1875
0 (ll\(; '(LZ(I()T 0.10905 00097 01580 01090
00718 0.2313 01202 —0 o807 02015 -0 1510

0.1295 0220 0 0327 -0 1010 0.1932 00651

AV, Hansen “Transient res S i i "
/ ] sen, ponse of wide-band amplifiers,
Proc. Nat, I.;Icct. .(onfvrencr, vol. 1, pp. 544-553: October, 1944,
"H the inputis a delog (8) impulse, the definition of transient dis-

lortion must he modificd slightly 1o yield a convergent result. A
suilable definition s

/= ]o @) — 2500 - Tofo(0) Jdt = fo ;.,(:),1: - 2f5(To).

— D
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In this study, in accordance with common practice in
video amplifiers, f1(t), will be taken as a step function de-
fined by

t <0
t> 0.

for

i) =0
fl(t) =

The method can, if desired, readily be extended to other
signals. The delay T in (7) must be chosen to minimize
I. For the step function

fz(To) =

[11. CALCULATION AND MINIMIZATION OF [

for

[

The transient distortion integral I can very easily be
cvaluated when the Laguerre series e\(pansmn of f3(t) is
used. In fact, if we write

S vaBalt) + 1,

n=0

fi(t = To) =
then, using f3(¢), from (2),

= Z (an — Yn)2

n=0

®

This formula permits the evaluation of the integral I
without calculating f2(¢) e\(phmtly, providing values of

va(To) are available. Table II gives these values for the
case in which f1(¢) is a step function.!?
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pendent parameters £, £, £5 - - - £a. The integral I may
be minimized when
EI=C1122=C21"'12n=Cm
if
al
—(C,Co, - -+, To) =0
43
al
—6—2; (Cy, Co, - , Ty) = 0, etc. 9)

The series (3) and (4) are absolutely convergent, and
(8) may be differentiated term by term. The optimizing
equations corresponding to (9) are:

i (an

n=0

= 0. (10)

121

Since the Laplace transform of the derivative of a func-
tion of time with respect to an independent parameter is
the derivative of the Laplace transform of this function
with respect to the parameter,

d 2 G(l - x>
 1+x \M—2x/
This yields da/d%: just as (3) yields a,. The system

(11) solves the problem mathematically, but actually an
approximate method is desirable for its solution. We as-

®  Jdan
2

ne{ aEl

x".

(1)

TABLE 11
VALUES OF vp(To) FOR THE CASE OF THE STEP INpuT FUNCTION

T, 7o(To) 11(To) ‘Y"(To) v3(To) v4(To)
0.25 0.442 0.336 0.248 0.174 0.114
0.50 0.787 0.426 0.181 0.021 —0.072
0.75 1.055 0.362 —0.008 ~0.171 —0.203
1.00 1.264 0.207 ~0.207 —-0.283 —0.207
1.25 1.427 0.006 —0.364 -0.293 —-0.103
1.50 1.557 —-0.215 —0.454 ~0.215 0.048
1.75 1.672 —-0.476 —-0.436 -0.121 0.229
2.00 1.729 —0.647 —-0.436 0.079 0.278
2.25 1.789 —0.841 —0.345 0.227 0.322
2.50 1.836 —-1.015 —-0.216 0.353 0.297
2.75 1.872 —1.189 —0.022 0.403 0.260
3.00 1.900 —1.303 0.108 0.490 0.108
3.25 1.922 —-1.418 0.284 0.493 —0.023
3.50 1.940 —1.517 0.460 0.456 ~0.157
3.75 1.953 —-1.600 0.630 0.385 —0.280
4.00 1.963 —1.670 0.791 0.283 —0.381

It is necessary, however, to evaluate 7% (to avoid an ex-
plicit solution) and a simplified method of calculation is
given subsequently. Equation (8) not only permits the
calculation of I but also provides a means for choosing
circuit parameters to render 7 a minimum. In general.
all the coefficients of G(s) cannot be chosen arbitrarily.
Some relations between them are introduced by ampli-
fier gain requirements and by unavoidable minimum
values of interstage shunt capacitances. It is convenient
to express the coefficients of G(s) as functions of inde-

2 If fi(1) is a delta iinpulse, va= B (T5).

vs(To) ‘Ye(To) ‘Y1(To) v8(To) vo(To) v10(T o)
0.065 0.026 —0.006 —0.023 —0.04R —0.051
—0.120 —0.134 -0.129 —0.107 —0.083 —0.051
-—0.180 —-0.112 —0.052 0.015 0.053 0.088
—0.087 0.024 0.091 0.133 0.198 0.137
0.062 0.151 0.167 0.130 0.069 0.003
0.186 0.199 0.129 0.053 —-0.074 —0.097
0.201 0.195 -0.027 —0.052 —0.167 —0.096
0.227 0.041 —-0.102 -0.170 -0.147 —0.079
0.133 -0.082 —0.188 -0.170 —0.088 —0.029
0.011 —-0.188 —0.209 -0.105 0.031 0.122
—0.158 —0.207 —0.205 0.041 0.094 0.193
—0.228 —0.250 -0.074 0.108 0.183 0.172
—0.303 -0.202 0.037 0.184 0.192 0.047
—0.333 —-0.111 0.144 0.218 0.119 —0.038
-0.318 —-0.001 0.223 0.197 0.047 —0.168
.232 0.051 0.324 0.069 —-0.011

—0.245

sume that approximate values Cio, C2o, * + -, Caocan be

found for Ci, Cs, - - -, Ca so that Ay, A, - - -, defined
by
Ay = Cy — Ch,
= Cy — Can,

are small quantities.
The equations (10) can be expanded in a series of pow-
ers of da,/0t; and, neglecting all of order above the first,
this series is

Jda,

Z (a" ’Y"

ne=0 £l
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N /da,\? 0%a,
+ A‘{ %( aa) i = ’"’m}
ra{r Xty oy e =0 (12
— QAn — Yp)& —— =0,
V& o ok " Stk

and other similar equations. This system (12) is linear
and readily solved. The number N in this system corre-
sponds to the last series terms considered to be of jm-
portance. Since numerous approximations are involved
in (12), the values of &, &, - - -, obtained will differ
from C,, Co, - - - . However, the amount by which §,
differs from C,, etc., is not so significant as the amount
by which the transient distortion I of the calculated cir-
cuit differs from that of the best possible circuit. The
approximations can be shown to introduce the following
errors in I:

1. An error ¢, due to the neglect of terms of order
above the Nth:

6 <2 ZZan‘yn — a,?.

ne=0

2. An error €., due to taking for Ty an approximate
value,

€ < 001[
< 0.0017

if 047 < fo(To) < 0.53
if 049 < f(To) < 0.51.
3. An error €3, due to the linear approximation to

equation (10). This error cannot be ascertained easily,
but is of the third order in 4,, A, - - -, sothatitis very

small if Ay, Ay, - - - are small.
There remains the problem of determining
Cio, Ca, - - - . Any approximate design methods may

be utilized. Marcuwitz' has proposed a method in which
the first terms in the Laplace transform transfer imped-
ance G(s) in powers of s are equated to those of the series
expansion of e~*To. If all the terms could be equated a
perfect transient response could result and further, if
circuits of increasing complexity are considered, so that
nwore and more terms can be equated, results of uni-
formly increasing quality are obtained. Although this
method does not nccessarily lead to an approximately
optimum circuit in any given case with a finite number
of terms, it does lead consistently to usable designs as a
starting point for our optimization procedures. The
Marcuwitz method may be replaced by any other ap-
proximate design data.

As an illustrative application consider the circuit of
Fig. 2. This interstage coupling network has been stud-
ied by Kallmann, Spencer, and Singer® for equal input
and output capacitances. We shall determine the opti-
mum values of the parameters subject to choice with the
sum of input and output capacitances fixed, but with an
additional choice as to the division of this total capaci-
tance between input and output circuits; that is, with

¥ N. Marcuwitz, “Distortionless Correction of Video Networks,”
M.E.E. Thesis, Polytechnic Institute of Brooklyn, June, 1941,
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RESEONSE OF CONVENTI tAL T FLTER {FFm RALLMANN

Fig. 2—Pi-filter interstage coupling network. Responses of the
conventional type and the optimum type are compared.

fixed values of C and R (R from the gain selected) and
variable L and a.. The time unit is chosen as t/(RC) so
that a general solution is obtained. The notations
h=alLCand & =a.(1 —a.) will be used.

The Laplace transform of this circuit is

1 1
= —— —_
p(s) 1+ s+ £152 + 57
and the transform of the response to a step function is

1 1
(;I(S) = -—-(,'(s) = ———
&

Ge, =

sp(s)

The derivatives of G,(s) with respect to £, and & are
G, s aG, SE
) % p0)
9°G, B —2s3 %, — 254
w T ps) ok ps)

As the starting point approximation, use -the circuit
given by Kallmann, Spencer, and Singer® in which
£1=0.45and £ =0.10. Substituting S= (14-x)/(1 —x)in
the above expressions, with these values of ¢, and &,

3.1 — 3.6x 4 1.52

2 <1 + x>
1 = — -
11—« 1 -« 2.55 — 3.25x 4+ 1.85x2 — 0.35x3

2 a6,
e an ~ 0 9N,
2w,
- "’E; = (14 x)M(x)
2 ' 9%,
1= % agp 0= 2N,
2 o,
= x ogag, (T FING)
2 8%,
1 — x afé = (14 2)N(x),
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in which

1 — 2x + 2x% — x*

S muxr = M(x) =
0

3.25(1 — 2.55x + 3.07x2 — 2.12x% 4 0.87x* — 0.2x% + 0.022°%)

877

> 1 — 3x% 4 3x% — «f
S npxr = N(x) = S—
0 4.14(1 — 3.82x + 7.04x2 + 6.152* — 3.272°5 + 1.22% — 0.29x7 4 0.04x%)

\\'e can now arrange in Table I1I the coefficients of
the expansion of the above expressions in powers of x.

1V. EXTENSIONS OF THE M ETHOD TO BAND-PAss AMPLI-
FIERS AND TO THE TREATMENT OF NOISE AND

Of course ADJACENT-CHANNEL REJECTION
3 S The design method described so far applies only to
[4 4 . . .
2= M, — Mp_1, 2 = M, + Myp, video amplifiers. It can be extended to symmetrical
23 9k2 band-pass amplifiers, or asymmetrical amplifiers with
0" low-level modulation, however, by making use of the
I e hand ! logy.1¢ The desi thod
=y, — 2npy + pa =n,— Ny band-pass, low-pass analogy. e design metho
o%* 0£19¢, here involves finding the low-pass equivalent of the
. band-pass amplifier under consideration, obtaining the
b . . . .
2 =y 4 2y + npen .optxmum design for the v'xdeo equivalent and reconvert-
at,? ing to the band-pass equivalent.
TABLE 111
dap dap ay, %ap Nay
? Y ap Yp—ap 3.25m, 4.19n,
; 33 & 0£10: a4? 9t:?
0 1.264 1.216 0.048 1. 0.308 -1. 0.308 —-0.242 —-0.242 —0.242
1 0.207 0.137 0.070 0.548 -0.139 - 3.82 0.475 —0.923 —0.437 -1.397
2 —-0.207 —0.197 0.010 —1.678 —0.638 — 4.55 —0.347 —0.857 0.502 —3.1606
3 —0.283 —0.184 —0.099 —1.839 —0.049 1.57 —1.076 1.302 1.644 —-2.741
4 —0.207 —-0.073 —-0.134 -0.240 0.491 10.85 —0.638 3.72 0.758 2.014
5 —0.087 0.015 -0.102 1.202 0.442 14.39 0.295 3.12 —1.354 8.88
6 0.024 0.047 —-0.023 1.458 0.079 9.12 0.816 —0.415 —2.162 11.82
7 —0.031 0.039 0.052 0.776 -0.209 — 1.26 0.685 —0.378 —1.200 7.30
8 0.133 0.018 0.115 —0.079 --0.262 —11.21 0.214 —4.88 0.103 -1.11
9 0.198 0.001 0.197 —-0.559 —0.147 —18.22 —0.196 0 —-10.12

The coefficients of the equations (22) calculated from
the elements of Table 111 are 1.08A% —2.364%,=0.169
and —2.36A%+1.08A¢, = —0.233, giving as a final re-
sult £, =0.36 and £;=0.21 or a,=2/3 and L=0.73 R*C.
For this optimum circuit, 7=0.0956. The circuit re-
sponse is given in Fig. 2 and compared with the conven-
tional pi section derived from filter considerations." The
order of magnitude of the error terms is

ficatior of the basic method.

by:

0

e~ 0.001, €~0.0009, and e; == 0.0008.

= [ axp,

.706

There are many cases in which the transient response
of an amplifier is not a sole performance criterion. Other
factors of interest, such as noise acceptance and adjacent
channel rejection, can be taken into account by a modi-

The “noise acceptance” of an amplifier may be defined

in which A(f) is the amplifier amplitude response at a

In the event that the error terms should be too large, it
would be necessary to use new starting values of & and
£, and to repeat the procedure. The results of this par-
ticular calculation indicate a pronouiced improvement
from using this video coupling network when the driving
tube output capacitance exceeds the driven tube input
capacitance by a substantial amount; the optimum ratio
of two to one might readily be realized with some tube
types.

(or “white”) noise source.

M=fﬁﬁan

frequency f. It can also be expressed as

I.R.E., vol. 24, pp. 1583-1584; December, 1936.

1 H. A. Wheeler, “Widc-band amplifiers for television,” Proc.

1.R.E., vol. 27, pp. 429-437; July, 1939, I.R.E.

where f2'(t) is the response to a 8 function. M is propor-
tional to the power of the noise present at the output of
the amplifier, when its input is connected to a random

¥V, . Landon, “The band-pass low-pass analogy,” Proc.

1 P, R, Aigrain, B. R. Tcare, Jr., and E. M. Williams, “Gieneral

ized theory of the band-pass low-pass analogy,” to apprar in Proc.
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H o would he almost hopelessly complex to try to choose
the noise acceptance, and then minimize the transient
distortion; indeed, the noise acceptance is given by a
complex function of the circuit parameters. A preferable
procedure is to minimize an expression of the form:

U=1+4uM,

where ¢ is some constant determined by the relative
importance assigned to the transient response and to the
noise acceptance. This procedure is particularly simple
if one uses as test signal a delta-function. Corresponding

to (7):
v=(l +u)/ S0t = 21(Ty).

I'he calculations are similar to those involving tran
sient response only, and the resulting equations are the
same except that v, is replaced by B,/14q.

Adjacent channel rejection is of interest particularly
in band-pass amplifiers in which it may be specified that
some particular adjacent frequency must he st rongly at
tenuated. As in the case of noise acceptance, it would he
impractical to introduce this condition as a relation be-
tween the circuit parameters. It is, however, possible to
handle this problem by minimizing the sum of the tran
sient distortion and of the amplifier response (o the un-
desired frequency. The amplificr input signal may he
treated as the sum of a step function, for example, and a
damped sine wave of frequency equal to the undesired
frequency and with damping and amplitude dependent
on the desired rejection. The frequency spectrum of
such a signal appears in Fig. 3. Due to this additional

af -
)
[
J
Y
<G b
b |
|
'~07Q 2X
. |
|
|
|
|
|
]
W FREQUENCY

IR
FREQUENCY SPECTRUM OF b€ ™ cosuwt
Fig. 3 Frequancy spectrum of be™ cos 2xft, the function used

in minimizing adjacent channel rejection.
mput signal, 7 as calculated from (1) will be increased
by an amount which will be least if the desired fre
quency is properly rejected. If the damping and ampli-
tude are small, the main part of the transient will be
practically unaffected and the increase of I is given ap-
proximately by:

A,
A

{, =14+
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1, response of amphiter at the rejected frequency

of the added tunction s be Mocos ZIT_/I I his Jroon cdhine s
thus cquivalent to mummmzng the sum of the transient
distortion and the amphtier response at the undesired

frequency
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Vhe method of optimizing transient response s of
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tlentical for optimum transicnt response, 1oone calls

TR TETE JI T
ferring to the 1st, 2nd, cte, citcmt of the cascade, 1t s

the adjustable paramcters 1o

evident that 7 can depond on these parametors only
through svmmictiical combinanions of £, £, ,andd
£ b0 But any svmimetrical funetion £ of these
is such that

all {)

Ok [ X Im (nn~l:u|1]
I

if & £

Land

tes any svimmietrical function of o number of vannblos
does not change invalue when all the variables are ap
prosimatel cqual, if any two variables are hanged D
A smalb amount, the sum of Wb variables staving con
stant,

. —
to 0 . e \
- ———
3 p
\
¢ 1N\ [
5 S 3 } ~«
2 ) / 3
goﬂ ‘ :': = N | oL
3 { 2 g
> . >
R, S Ry
. {
. te
n- An
.
0 i ; -
L . a ) .
RUSPONSL OF 0P BuUM CASCADE OF WO HamT PLARING CRCUTS R

Lig 4 Optimum ciscade of twoadentical shunt poaked circunts
and its response.,
Thux
al ()

. : for & 12 = §1s
g [ >t mnﬂ:ml]
It

since [ depends only on functions such a~ /7.
Thedesign for which &, =¢

Su=t,=0 “is thus optimum,
provided that

al a0/
), 0,
"'Ell 4‘053,




1949

since the other optimizing relations will follow immedi-
ately from these. The consequence of this can be ex-
pressed in other words by the theorem “For optimum
transient response in a video amplifier cascade,' all sec-
tions of the cascade should be made identical.”

17 These conclusions also apply to the video equivalent, when such
exists, of a band-pass amplifier. This includes the case of stagger-
tuned intermediate-frequency amplifiers, for instance, in which
there are an even number of stages, each pair being symmetrically
tuned with respect to carrier frequency.
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It is not possible to prove, but there are reasons to be-
lieve, that the optimum design for a section in a cascade
is not very different from the optimum design of this sec-
tion used alone. Indeed the amplitude as well as the
phase distortion of each section will be cumulative, and
thus it appears that the only way to improve the re-
sponse of the amplifier as a whole is to make each section
as good as possible. The results of a calculation of the
optimum design for two shunt-peaking circuits are
given in Fig. 4 and support this view.

Admittance of the 1B25 Microwave Switching Tube”

RALPH W. ENGSTROM{ anp ARNOLD R. MOORE]

Summary—The operation of an RCA-1B25 neon-argon-filled
glow tube as a switching element in a transmission-line network at
ultra-high frequencies has been investigated. A test method has been
developed and theory formulated for evaluating the behavior of the
tube in terms of an equivalent susceptance and conductance. Experi-
mental measurements have been made which show the variation
of the admittance characteristics as a function of gas pressure and of
the direct current.

into a coaxial transmission line and is used to
switch a small ultra-high-frequency signal. Admit-
tance characteristics of the tube were studied because of
their importance in tube replacement.
A block diagram of the test equipment used to meas-
ure the conductance and susceptance of the tubes under

4 | VHE 1B25 IS a neon-argon-filled diode which fits

4C0-Me
SIGNAL

GENERATOR
2t14
75 OMu COA 7 AL LINE —a|
/4% 106 Onu | T 1/6 % 150-0MM CAPACITANCE 1
HPUT SECTION SHORTED SECTION |
1/4h 106 Omm
r 0 20 OMw TUHABLE COAXIAL LINE
X A

1825 |

SUUARE wavE
CENERATOR

Fig. 1—Block diagram of experimental equipment.

* Decimal classification: R257.2. Original manuscript received
by the Institute, April 28, 1948; revised manuscript received, Janu-
ary 14, 1949.

t Radio Corporation of America, Lancaster, Pa.

1 Cornell University, Ithaca, N. Y.

test is given in Fig. 1. The 1B25 tube terminates the
150-ohm tunable coaxial line, as indicated. The method
of determining the admittance of the 1B25 in operation
requires mecasurement of the voltages at junction k (Fig.
1) with the switching tube unfired and fired as a func-
tion of the electrical angular distance of the 1B25 from
the junction. The ratio of these voltages is termed the
switching ratio

SR = | Vi/Vis|, (D

wherein subscripts % and f refer to the unfired and fired
states, respectively. This switching ratio was evaluated
because of its applicability to operating conditions in
the direction-finding equipment in which the tube finds
its principal use.

The tube under test is fired at audio frequencies by a
square wave of 250 peak volts. Included in the circuit is
a frequency-doubler arrangement which delivers a
square wave at twice the fundamental frequency. This
double-frequency wave is applied to disable the receiver
during part of cach fired and unfired period. The switch-
ing ratio may then be measured as the relative height of
two sqnare-wave pips on the oscillograph.

The relative admittance of the 11325 may be defined
as

Y./Yo = jbu + gu, for the unfired state, (2)

and

Yy/Vo = jbs + g, for the fired state. (3)

Y, is the surge admittance of the line, ¥, and Y, are the
unfired and fired admittances of the 1825, and the b's
and g's represent corresponding relative susceptances
and conductances.

The tunable coaxial line terminated by the 1325 may
be considercd to have an electrical length of 0 degrees
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from the junction k. When an analysis is made of the
junction voltages for the fired and unfired condition, the
following expression for switching ratio may be de-
rived:

[3 AR s ]
(cos 0 — b, sin 6)? 4 (g, sin 0)?

[3 N D+ 2gu + b2 }
(cos @ — b, sin 6)? + (g, sin 6)?

(SR)* = SN )]

This working expression gives the ratio squared of the
magnitudes of the reccived signal for the two conditions
of the tube as a function of the length of the tunable line
and of a set of constants which represent the lumped
relative admittance of the switching tube during non-
conducting and conducting periods.

The results of various possible switching-tube admit-
tances, plotted from (4), are illustrated in Fig. 2. The
parameters chosen and the equivalent circuits represent-
ing the types of “short” introduced by the firing of the
1B25 are indicated in the accompanying legend. Very
distinct characteristics classify the possible types of tube
behavior.
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Fig. 2—Variation of switching ratio with Icngth of tunable line, based
on (4) for different possibilities of fired-tube admittance.

The inverse problem of determining the admittance
characteristics from the experimentally measurable SR
function required a graphical solution. Fig. 3 shows loci
of SR(Buiin. tirea) and Oum;n. tired- 1'he latter parameter was
chosen as most convenient for the graphical analysis;
it represents the electrical angular length of the tunable
line for the condition that the junction voltage be a min-
imum during the fired condition. The switching ratio
for Guin. firea is in general nearly equal to the maximum
switching ratio. In Fig. 3, gu is assumed to be zero, as
may be expected in a properly insulated tube. The value
of b, is 0.36, which corresponds to a 6,5 tirea Of 70.3°, or
a capacitive reactance of 417 ohms at 400 Mc, and is the
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value to which all tubes are adjusted during manufac-
ture. The intersection of 10ci 0.1, tirea and SR(,n;., fired)
defines by and g;.

T T
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Fig. 3—Chart for obtaining conductance and susceptance
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0 0i0 AMP PE AR
SET TO by, -0 36(20.3%)
@MIN FIRED %8.0°

— THEORE TICAL CURVE
060624 g4-00%0
©,20.36 w3000
EQUATION(S.

SWITCHING RATIO [vay/ Vae|

6t /I

,‘/
. A J

40 4“0 80 120 140 60 80
ANGLE BF WO JUNCTION » £, gC" RiICAL OEGREELS

Fig. 4—_\'ariali(_m‘uf swilc_hing ratio with length of tunable line for a
typical 1825, 1l!usqunng l}]c accuracy with which' the tube's be-
havior may be identified with admittance parameters.

Experimental points for an SK(8) curve are shown in
Fig. 4. The solid line shows the theoretical SR curve ac-
cording to (4) with the parameters by and g, as obtained
from G.uin. tina and SK(6,.;,. tirea) and the graph of Fig. 3.
The fired gap admittance is, thus, equivalent to a ca-
pacitive susceptance in parallel with a conductance. All
of the 1825 tubes measured exhibited a similar admit-
tance at 400 Mc within the range of attainable currents.

A more fundamental method of showing the behavior
of a 1825 tube is to plot susceptance and conductance
of the ionized gas as a function of the peak discharge
current. It is convenient to define the relative suscept-
ance and conductance of the ionjzed gas:

b=1b,— b,
)

£ =8 — g

e
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Figs. 5 and 6 show values of b, g, and the ratio of b/g as
a function of peak current through the tube. Gas pres-
sure in these two cases was 100 and 195 mm of mercury
of a mixture of neon and 11 per cent argon. The standard
1825 tube is filled to a pressure of 150 mm of mercury.
Large variations of these characteristics were found, but
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Fig. 5—Variation of conductance and susceptance at 400 Mc as a
function of the direct current through a 1B25 tube having low gas

pressure.
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Fig. 6—Variation of conductance and susceptance at 400 Mc as a
function of the direct current through a 11325 tube having high gas
pressure.

susceptance and conductance always increased with the
| direct current. The admittance of a tube usually changes
| during operation, particularly at the outset; the plotted
"values were measured, therefore, after the tube had
been aged at least 30 minutes. The differences between
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operation at 100 and 195 mm of mercury, as illustrated
in Figs. 5 and 6, are quite typical of the general shift in
characteristics with gas pressure. Conductance (par-
ticularly) and susceptance both increase with decrease
in pressure.

In Fig. 6 theoretical curves also are shown for b and ¢
variation with current. Since the theoretical computa-
tion is lengthy and necessarily approximate, it has been
omitted. The calculated behavior agrees with experi-
ment only to the extent of indicating trends.

A large switching ratio was desirable in the antenna-
switching application. This ratio could be obtained at
high gas-discharge currents, but practical limitations on
tube life limited the current to about 40 ma. Operation
at pressures lower than 150 mm was excluded because of
excessive sputtering and eventual short-circuiting of the
clectrodes. An attempt was made to increase the switch-
ing efficiency by mechanically restricting the area of
glow between the two electrodes. ‘A ceramic collar was
built to enclose the sides of the cathode as illustrated in
the sketch of Fig. 7. This collar restricted the cathode-
glow region to the flat surface facing the anode. A more
uniform distribution of cathode glow resulted, which
tended to prevent erratic shifts in the switching ratio.
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Fig. 7—Variation of the 400-Mc conductance and suscept-
ance with current for a restricted discharge.

The voltage drop was increased, however, due to the
abnormal glow condition. Conductance and susceptance
values for the restricted discharge are plotted in Fig. 7.
At high current values beyond the indicated unstable
point, the cathode glow jumped around the collar and
returned to a condition of unrestricted discharge. It may
be observed that restriction of the discharge increases
the susceptance and decreases the conductance of the
ionized region.
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Bridged Reactance-Resistance Networks
G. R. HARRIS{t

Summary—Consideration is given to the various possible six-
arm, six-element RC bridged networks of which the parallel-tee is
the previously known example. It is found that six symmetrical RC
structures exist having the infinite attenuation property of the paral-
lel-tee and other properties differing from those of this structure. The
duality of certain pairs of such structures is demonstrated.

ScoPE oF THis PAPER
T HIS PAPER is limited to the development of cer-

tain’ networks having six arms only, cach arm
comprising a single resistance or reactance of
common sign. The chief property of interest of these
networks is the infinite attenuation attained at some
real frequency determined by the network constants.
The designation “bridged” for this class of networks
is descriptive of less than half the number found, but is
adopted by analogy with the familiar bridged-tee con-
figuration, which is at the same time a pi in series with
a single shunt arm.

THE PROBLEM

A familiar example of the above-defined class is the
parallel-tee configuration of resistances and reactances,
usually capacitive. This structure has been employed
for a variety of purposes: as a power-supply filter,! a
radio-frequency bridge,? a frequency-determining ele-
ment of an oscillator,® a selective amplifier,* low- and
high-pass filters,® a linear frequency discriminator,® a
motor control circuit,” and others.

In view of this fairly extensive application, extending
over a period of ten years or more it is of interest to in-
quire whether the parallel-tee configuration is the only
three-terminal configuration of resistances and capaci-
tances (or inductances) capable of affording infinite sup-
pression at a sclected frequency. It will be shown that
the parallel-tee is not in fact unique, but is a member of
a class of six six-arm structures having this property.

DEVELOPMENT OF EQUIVALENT NETWORKS

The parallel-tee configuration, including its two
terminating impedances, can be drawn in generalized

* Decimal classification: R143. Original manuscript received
by the Institute, October 29, 1948; revised manuscript received,
February 23, 1949,

1 Jones & Laughlin Steel Corporation, Pittsburgh, Pa.

' H. W. Augustadt, United States Patent No. 2,106,785; 1938.

* W. N. Tuttle, “Bridged-T and parallel-T null circuits for meas-
urements at radio frequencies,” Proc. L.R.E., vol. 28, pp. 23-30;
January, 1940.

# W. G. Shepherd and R. O. Wise, “Variable-frequency bridge-
type frequency-stabilized oscillators,” Proc. LR.E., vol. 31, pp. 256-
269; June, 1943,

¢ H. H. Scott, “A new type of selective circuit and some applica-
tions,” Proc. I.R.E., vol. 26, pp. 226-236; February, 1938.

¢ G. J. Thiessen, “R-C filter circuits,” Jour. Acous. Soc. Amer.,
vol. 16, pp. 275-279; April, 1945.

¢ J. R. Tillman, “Linear frequency discriminator,” Wireless Eng.,
vol. 23, gp. 281-286; October, 1946.

7 D. S. Bond, United States Patent No. 2,429,257;1947.

form as the cight-arm mesh of Fig. 1. This mesh can be
considered cither as a configuration of impedances or
admittances; it happens that the cquation stating the

o b *2
2 7 Y8 Y6
) (a) (b)

Fig. 1

‘T

conditions for infinite attenuation of the parallel-tee|

falls in a more clegant form when expressed in admit-
tances. For half of the networks to be developed, how-
ever, the reverse is true, and thus it is convenient to be-
gin with both forms of the mesh in Fig. 1. It will be
noted that the subscripts of the chord impedances of
Fig. 1(a) are those of the branch admittances of Iig.
1(b), and vice versa. This inversion brings the equations
for dual networks into parallel form and halves the
number of equations to be solved.

If the opposite branches 1, and ¥y of Fig. 1(b) are
made the terminating impedances, the parallel-tee con-
figuration of Fig. 2 appears. If, however, opposite
chords are made terminating impedances, as Z; and Z;
of Iig. 1(a), the configuration of Fig. 3 is obtained.
These two networks are dual, as the series and shunt
arms of either one appear as the correspondingly num-
bered shunt and series arms, respectively, of the other.
The configuration of Fig. 3 might well be called a scries-
pi network by analogy with the parallel-tee of Fig. 2.

Y8 Y6
i Y3 Y7 Ys
Fig. 2
Z2 24
2 25
Z8 74
27 6
WVWAANAAAA
Fig. 3

Two other symmetrical configurations may he ob-
tained by making adjacent chords of Fig. 1(b) and
adjacent branches of Fig.
pedances. If ¥, and Vs are so chosen in the first of these
cases, the configuration of Fig. 4 results. This may be
called a shunt-ladder network, since it is in fact a ladder

1(a) the terminating im- |
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in series with a single shunt arm. If Z, and Zs are chosen
as terminating impedances, the configuration of Fig. §
appears, which may be called a bridged-ladder. The net-
works of Figs. 4 and 5 are dual.

Harris: Bridged Reactance-Resistance Networks
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CQNDITIONS FOR BALANCE

All four of the networks developed above, if con-
sidered as symmetrical about a vertical center line, have,
of course, lattice equivalents, which may be easily de-
rived through Bartlett’s bisection theorem. It is, there-
fore, convenient and not inaccurate to speak of the con-
ditions for infinite attenuation as the balance condi-
tions.

Balance conditions may be determined by setting up
the general circuit equations in terms of E, I, and either

Fig. 4 Y or Z, and equating either E or I to zero. As the net-
T A work of Fig. 3 is drawn as a configuration of imped-
23 75 27 ances, it will be convenient to determine its balance
conditions from its mesh equations. The order of the
o 2 - 28 meshes is obvious from Fig. 1(a) when E, the applied
voltage, is considered to be in series with Z;. The mesh
currents are taken as flowing clockwise in each mesh.
Fig. 5 .
E=NZ+2Z,+2Z3) — .22 0 — IZs
0= — 17, + 1IZ:+ 7+ 2Z) — 124 0
0=0 - 1.7, + I:Zi+Zs + Zs) — 12
0= —1Zs 0 — IZs + IiZs + Z1 + Zs)
) —~ Z Ze+ 2+ 2,4 0 ‘
I,'; = E () - 24 e Zo
— Zs 0 Ze+Z1+2Zs
A

The graphic method described by Tellegen® may be
used to demonstrate the duality of these two pairs of
configurations. If the configuration of Fig. 4, for exam-
ple, is drawn in solid lines as in Fig. 6; a node placed in
each of the four meshes of this configuration, as well as

g p-TT T T 3
&5 PSS O s
:. WA/ AN/ v
c.: v v % \:
‘: a7 A b= e e By - 3
. = 4 ¢4 -
n b e e e crm B ——m =)

Fig. 6

one outside corresponding to the mesh circumscribing
the configuration; and branches drawn from node to
node so that each node is the junction of as many
branches as its corresponding mesh has chords, then the
dotted-line configuration of Fig. 6 is obtained. The
dotted-line configuration is the ual of the solid-line
configuration, and is scen to be the configuration of
r‘rlg 5 previously developed.

* B. D. H. Tellegen,
electrical networks,
1940.

“Geometrical configurations and duality of
Phil. Tech. Rev., vol. S, pp. 324-330; November,

where A is the full determinant. The requirement for
balance is that J;=0. If this substitution is made in the
above expression, the minor is easily expanded to:

0 =722 ¥+ 27+ 2Zs) +ZeZs(Z2+Z5+7s) (1)

which expresses the conditions of balance for the net-
work of Fig. 3. If the Z's in (1) are replaced by ¥’s of
the same subscripts, the resulting equation in Y’s ex-
presses the conditions of balance for the parallel-tee
network of Fig. 2.

The balance equation for the networks of Figs. 4 and
S is derived in the same manner, and is found to be, for
the shunt-ladder configuration of Fig. 4:

0=V3¥Veo(Yi+ Vs + Vo) + Ve(VaVe + ViV3)

+ VVo(Vi+Vs+ Vet Vo) (2)
This equation in Z’s applies to the bridged-ladder con-
figuration of Fig. 5.

PuysicaLly REALIZABLE STRUCTURE
AND SERIES-I’I

S: PARALLEL-TEE

As has been mentioned, this paper is confined to six-
arm structures of six elements only. Since RC networks
are of more general application than RL networks, the
latter will not be discussed, although it is obvious that
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derived merely by replacing all C’s with R’s of corre-

for every RC structure considered, a corresponding RL ! w
sponding subscripts, and vice versa. These correspond-

structure exists.

Fig. 7

The RC parallel-tee structure corresponding to Fig. 2
is that of Fig. 7. Its balance conditions are expressed
in general terms by the ¥ form of (1) above

0= szA(Ye + ¥V + Ys) + Yeys(yz + Vs + Y4),
Substituting g;, gs, gs, jbs, jbs. and jb; for the cor-

responding V’s gives:
0= — bsbi(gs + gs + jb7) + gegs(gs + j[bz + ba]-)

The real and imaginary terms may be separated and
equated to zero in the usual manner:

Real: g3gegs = babu(gs + gs) (3)
I'maginary: babsbr = (b2 + bi)gegs. ()

At this point it is convenient to replace the g's and
b's by the R's and C's of Fig. 7:

1 1 1
20, (__ + _> - o
v ! Rs Rs R.’!RGRB
W(Cz + C4)
BCLCLC; = ——
w 2C4 7 ReRs
1
w? = N D (5)
CoCyR3(Rs + Rs)
C,+C
w= ()
CCC7R6Rs
1 i~
= —— (I)
2\ 'C2CiR3(Rs + Rs)
1/ C+Cy
= . (8)
2w CoCyC7ReRs
If (5) is equated to (6),
(C2 4 Co)C:CiR3(Rs + Rs) = C:CiC1R6Rs
C: + C, ReRs
= S (9)
Cy R3(Rs + Rjg)

The balance conditions for the structure of Fig. 7 may
thus be expressed by two equations, either (7) or (8), and
(9), the latter being independent of frequency.

The RC structure corresponding to the configuration
of Fig. 3 is that of Fig. 8, the dual of Fig. 7. It is, of
course, unnecessary to derive its balance cquations, as
they may be obtained from (5) through (9) previously

ing equations are:

Imaginary: w? = RyRC3(Ce + Cv) (10)
R: + R,
: w” = (11)
Real: w RuRRACon
1
= — : . (12)
.Z?l' RzR4Ca(( 1 + (,s)
1 /R R
f gtk (13)
21!' I(’zl(’qR7C6(‘g
R, + R CsC
] & + 4 _ 68 . (14)
R C3(Ce + Cs)

Fither of (12) or (13) together with (14) expresses
the balance conditions for the structure of Fig. 8.

14
YR <
R2 R4

L L

Cs Cs
R7

[

Fig. 8

PHySICALLY REALIZABLE STRUCTURES: SHUNI-
LADDER AND BRIDGED-LADDIR

The parallel-tee RC structure discussed above was
previously known, and the series-pi is its dual. The
problem of deriving real RC structures for the net-
works of Figs. 4 and 5 however, is less easy of approach.
Analogy with the previously developed structures and
regard for symmetry suggest that if the three shunt
arms, V3, 15, and 17 of Fig. 4, are made capacitances,
the remaining arms must be resistances and the struc-
ture of Fig. 9 is thus obtained. Its balance equations

"E::am1 TCs " TC7

Ri

Fig. 9

may be derived from (2) by substituting the conduct-

ances and susceptances of Fig. 9 for the generalized ad-
mittances:

0= — bsba(gs + g6 + jbs) + jbs(gejbs + gajbi)
+ gage(g: +j[b3 + bs + b7]).

I'he real and imaginary terms of the
separated and equated to zero:

Real:

Imaginary:

above may be 4

818486 — bubi(gs + ge) — bs(yebs + g4b7) 0
babsbs — gpelbs +by + b)) — 0.
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In terms of the element designations of Fig. 9 these
cquations become:

Real: 1 = Rw (RC3[Cr + 5] + ReCa{Cs + Cs))  (15)
. o Ca+ G+ G
Imaginary: o= ——— (16)
RyR4C5CsCq
or
1 JCs + Cs + Cs
3 5 ‘ (17)

f=.31r ‘

If the value for w? of (16) is substituted in (15) the re-
sulting equation is:

R Re(3CsC7
Ry(C3+Cs+C5)

The balance conditions for the structure of Fig. 9 may
thus be expressed by (17) and (18), the first giving the
frequency at which balance occurs, and the second a
relation which the network elements must satisfy.

Although the networks of Figs. 7 and 8 are the only
possible symmetrical RC structures corresponding to the
configurations of Figs. 2 and 3, the structure of Fig. 9 is
not a unique embodiment of the configuration of Fig. 4.
If arms V3, 15, and Y7 are made resistances and the re-
maining arms capacitances, the structure of Fig. 10 is

oA
R3 Rs R7

iCl
T

Fig. 10

RiRoCsCsCy

= RiC3(C:4Cs) + ReC7(C3+Cs). (18)

o

obtained. Its balance equations, obtained as before, are:

Real: 1 = wCiCe(RsR: + R3R7 + R3Rs) (19)
Ci(R R Ce¢(R R
Imaginary: w'C,CiCs = - o _t~6( o 72' (20)
R;R:R;
From these are derived:
1
f = / - = — (21)
27\/CCe(RsR7 + R3R: + R3R;)
and
C4(Rs-%-R5)+Ce(R5+R7) R;3R;R; (22)
&)  RyRi+RaR:+ RiRs

The bridged-ladder structures dual to the shunt-lad-
der structures of Figs. 9 and 10 may now be drawn im-

16
I\C'

R3 R5 R7
T ca Tce

Fig. 11
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mediately as Figs. 11 and 12, respectively, and their
balance equations written down by inspection of those
previously obtained. These equations for the structure
of Fig. 11 are:
1 Ry + Rs + R
PO E ik ik (23)
21I’ C4C5R3R R7
CiCeR3RsR
. 42—6‘3—=C4R3(R7+R5)+C6R7(R3+R5)-
Ci(Rs+Rs+R7)
The equations of balance for the structure of Iig. 12
are:

(24)

1

277/ RyRe(CsC1 + CC7 + CCs)
R4_(C:3 + Cf)_-*-iR}s(Cs + C7l - CCCr (26)
R, CsC1+ CCr + Co(s

—J\M/VK}/VW_

el TG

Ra Ré

-

Fig. 12

PROPERTIES OF SIMPLIFIED STRUCTURES

When elements of the structures of Figs. 7-12, in-
clusive, are duplicated or triplicated, the balance equa-
tions reduce to more manageable forms, and, inciden-
tally, reveal network properties which are masked by the
general equations (7) through (26). If in the structures
of Figs. 7 and 8 the elements having subscripts 2 and 6
are set equal to those of subscripts 4 and 8, respectively,
the equations of balance become:

For Fig. 7: .
fi= = (27)
2w/ 2C2\' R3Rs
or
\/2
f= e (28)
27 Re\/CoCo
and
4C, R
e TE (29)
C: Ks
For IFigure 8:
1
f = = . (30)
27\/2R2\/CCs
or
V2
f= — (31)
27Ce\/ R2R:
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and Suppose, however, that C;/Cs=2. Then

4R2 Ca \'/3'

R G (32) = (43) |

R G 22CsR,
As the properties of the parallel-tee have been discussed R, -

2 9 . . q — =13 (44)

rather extensively and those of the series-pi are identi- R,

cal, no further consideration will be given them here.

If in the structures of Figs. 9-12, inclusive, elements
of subscripts 3 and 4 are set equal to those of subscripts
7 and 6, respectively, the equations of balance become:
For Fig. 9:

{/1+2—
5
=_— 33
2rC3R, (34)
R, 4C; 2Cs
—=—+"+5 (34)
R, s C;
For Fig. 10:
1 -
= , (33)
2eRCy 1+ P
3
('l 4R5+ 2R3+ 6 ’ (3()
(‘4 = Ra Rs . J0
For Fig. 11: '
2K,
‘ O
Ry
f=— (37)
27 R4
Cy 4R3+2R5+6 (38
Ci Ry R, ‘)
For Fig. 12:
i : (39
J = ; s )
2Ry 1+ 2
s
Ry 3 n 2C, n (' (10)
= ).
Ry G, Cs

These cquations are significantly different from the
corresponding equations (27) through (32). The fre-
quency-determining equations here contain a term
which is a ratio of two like elements; this makes it pos-
sible to multiply or divide within certain limits the fre-
quency determined by the duplicated elements. Con-
sider, for example, (33) and (34), which apply to Fig. 9.
If C3/Cs=1, these become:

/3
AV
= (41)
2rCsR,
R 12 (42
R )

A more interesting property appears from further con-
sideration of these equations. Suppose Ci3/Cs=1/2.
Then

V2 )

ey (43)

WA (46)
;‘ = o

For given values of C;, Ry, and R, there are two inde-
pendent frequencies of balance, (41) and (43), corre-
responding to two particular values of Cs. This double
frequency of balance results from the form of (34) and
corresponding equations for the other structures of this
group.

In (34) for example, let R,/R;=P, and Ci/Cs= Q.
The equation then becomes:

1’=4Q+%+6. (47)

It has been shown just previously that P=12 for two
different values of Q. The minimum values of P and
Q are obtained in the usual manner by differentiating
P with respect to Q and setting the derivative equal to
L0TO.

dr 2
=31-— "=
dQ (0s
. 1
¢ =7
1
Umin = or 0.507 (48)
2
4 -
Poiw = —+ 22 + 6 = 11.656. (49)
V2

Values of Pless than this cannot be chosen if real results
are to be obtained from (33) through (40). A graph of
(47) is shown in Fig. 13, the Q scale being logarithmic.
Drawn in this manner, the curve is a parabola.

The shunt-ladder and bridged-ladder structures dif-
fer from the parallcl-tee and series-pi in still another
way. It is possible to make either all R’s or all C’s the
same value in both the latter two structures, but not in
former structures. In the shunt-ladder and bridged-
ladder configurations, the three resistances or capaci-
tances occupying similar arms may be made equal, but
not the clements of the other three arms. In Fig. 9, for
example, all C's can be made equal, but not the R’s; in
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Fig. 10 the R’s can be made equal, but not the C’s. This

follows from (49) which shows that the minimum value
of P is a little less than 12.
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Fig. 13

Although this paper will not discuss particular ap-
plications of the structures considered, some practical
advantages of the shunt-ladder and bridged-ladder
structures will be briefly mentioned. Where networks
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balancing at low frequencies are desired, the structure
of Fig. 12 offers economies in the size of the capacitances
required. Where a high frequency balance is wanted,
the structure of Fig. 9 is more suitable, as its capaci-
tance values may be made appreciably larger for a given
balance frequency than those of the others. The struc-
ture of Fig. 9 is useful if the three capacitances are to
be varied, as they have a common terminal. This ter-
minal need not be too far above ground potential, since
the ratio of the series to the shunt resistances may be
made fairly large.

ADDITIONAL NETWORKS

The configurations of Figs. 2 through § are not all
those which may be developed from the mesh of Fig. 1.
Two other such exist, but as they are not symmetrical
and do not appear to possess any properties not previ-
ously known, they will be mentioned only briefly. One
is obtained from making an adjoining branch and chord
the terminating impedances; the resulting three-ter-
minal configuration cannot be embodied in an RC struc-
ture which balances at any real frequency. The other
is obtained from making an opposite branch and chord
the terminating impedances; the resulting four-terminal
configuration is that of the well-known Anderson
Bridge. It is possible to balance this structure when
only two of its six arms are capacitances, but in this
respect it merely equals the \Wien RC Bridge. Each of
these additional configurations is its own dual.

Ionospheric Virtual Height Measurements

at 100 Kilocycles’

ROBERT A. HELLIWELLY, ASSOCIATE, IRE

Summary—A simple high-power ionosphere sounding equipment
for use at low frequencies is described. Its application to the meas-
urement of virtual height at vertical incidence at a carrier frequency
of 100 kc is reported. Results of nearly a year of intermittent night-
time measurements showed a remarkably large variation in virtual

s height which ranged from about 84 km to as high as 106 km. Some
evidence was found to indicate that frequently at night the reflecting
region consists of clouds or patches of ionization, rather than the
more nearly uniform ionization characteristic of the regular layers
at high frequencies. A rotation of the polarization of the reflected
signal with respect to that of the transmitted signal was observed.

1. INTRODUCTION

ECENTLY, considerable interest has arisen in

R the behavior of the ionosphere at low and very
low frequencies. The development of low-fre-

.. Quency precision aids to navigation, such as If Loran,

* Decimal classification: R248.13XR113.602.21. Original manu-
script received by the Institute, September 20, 1948; revised manu-
script reccived, March 18, 1949,

t Stanford University, Stanford, Calif.

has necessitated a detailed knowledge of the variations
in the electrical properties of the ionospheric reflecting
region at these frequencies. Of particular interest is the
virtual height! of reflection of low frequency sky-wave
signals, for upon the virtual height depends the time
delay and arrival angle of a sky wave. It is the purpose
of this paper to report the initial results of virtual height
measurements made at a carrier frequency of 100 kc,
and to describe the special equipment developed for
this purpose.

Much of the knowledge of the electrical and physical
properties of the upper atmosphere has been obtained
directly or indirectly by radio methods applied mainly
at frequencies above 500 kc. The foremost of these is the
group retardation or “pulse” method of Breit and Tuve
which gives the virtual height of reflection of a short
pulse at a given carrier frequency. Because the heights

! “Virtual height” is defined as the height at which a signal would

be ;cﬂccu-(l, if the ionosphere were replaced by a perfectly reflecting
surface.
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at which propagation is influenced by the presence of
ionization tend to increase with the frequency, the char-
acteristics of the lowest regions of the ionosphere can
best be investigated by radio methods only at low fre-
quencies. Thus it would seem that the study of the
ionospheric reflections of low-frequency waves offers an
excellent means of increasing our knowledge of the
lower 1onosphere.

A limited amount of data on the propagation of sky
waves at very low frequencies have been obtained by the
continuous-wave interference method? and by the ob-
servation of signals from lightning discharges.® In the
continuous-wave technique, variations in cffective
height are "determined from changes in the relative
phase of ground and reflected waves arriving at a dis-
tant receiver. Polarization and field intensity can also
be determined by this method. One of its limitations is
the difficulty in interpreting the results when more than
one reflected wave is present, which is the usual situa-
tion during nighttime. Another difficulty arises in at-
tempting to apply the method at vertical incidence,
where one must somehow attenuate the ground wave
by several orders of magnitude.

The other method makes use of the fact that a light-
ning discharge radiates a pulse-type signal which is
short enough to permit the resolution of multipke reflec-
tions between earth and ionosphere. The virtual height
of the reflecting layer and the distance of the source
are found from a measurement of the relative times of
arrival of three or more pulses which have been reflected
from the ionosphere a known number of times. This
method is fundamentally restricted to very low fre-
quencies, since the principal frequency components in a
typical lightning discharge lie below about twenty ke.
Various practical limitations prevent the fullest utiliza-

* J. E. Best, J. A. Ratcliffe, and M. V. Wilkes, “Experimental in-
vestigations of very long waves reflected from the ionosphere,” Proc.
Roy. Soc., vol. 156, pp. 614-633; September, 1936.

3 B. F. J. Schonland, et al., “The wave form of atmospherics at
night,” Proc. Roy. Soc., vol. 176, pp. 180-202; October, 1940,
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Aupust
tion of these natural radio signals. These include the
difficulty of determining the location and exact char-
acter of the discharge. Furthermore, there is evidence
to indicate that abnormal jonization may be produced
above a thunderstorm. If this be the case, then vertical-
incidence measurements of the normal ionosphere would
be impossible when using this method.

I, APPARATUS
Generul Description

The transmitted pulse consists of an exponentially
damped oscillation which is produced about once every
second by directly exciting a large “inverted-L” type of
antenna. This" pulse travels by way of the ground and
the ionosphere to the receiver, located 2.7 km away. A
block diagram of the system is shown in I'ig. 1. The
ground and principal sky waves are radiated by the
30-meter high vertical part and the 440-meter long
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Fig. 1—Block diagram.

horizontal part of the antenna, respectively. Since the
antenna is less than a quarter-wave long at 100 ke, a
loading inductance (Ly) is required to tune the antenna
to resonance. Energy for the pulse is obtained by slowly
charging a relatively large capacitor C, through a high
resistance R, from a dc source of high voltage ranging
from 100 to 200 kv. The charged capacitor is connccted
in series with the antenna by means of a variable-length

Fig. 2—Transmitter site.
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sphere gap. One of the spheres is mounted on an arm
which rotates at a rate of about 1 rps. An instant before
the moving sphere reaches the position nearest the fixed
sphere, the gap breaks down and the energy stored in
the capacitor flows into the inductance and the antenna
which may be regarded simply as a transmission line.
The repeated reflections of diminishing amplitude pro-
vide an exponentially damped oscillation whose period
depends primarily on the line length and the size of Ly,
and whose time constant depends primarily on the re-
sistance of the ground connection. To reduce the pulse
length, additional resistance may be placed in series
with the antenna. With typical circuit constants, no ex-
ternal resistance, and an applied voltage of 100 kv, the
peak current in the pulsc is 200 amperes, and the time
constant is 150 ps. A photograph of the transmitting
antenna and the Ryan High Voltage Laboratory is
shown in Fig. 2.

The principal receiving problem is obtaining an ade-
quate signal-to-noise ratio. In spite of the large current
flowing in the transmitting antenna, the power radiated
from the horizontal part is only of the order of 1 kw
because of the extremely low radiation resistance. At
low frequencies and at low and medium latitudes,
atmospheric static is usually the limiting factor in re-
cciver sensitivity. A substantial reduction in the pickup
of such static is effected by use of a balanced horizontal

Fig. 3—Receiver site.
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dipole which is relatively insensitive to signals arriving
at low vertical augles. To permit the “nulling out” of
ground waves and to allow the polarization of the down-
coming waves to be investigated, the dipole is uni-
versally mounted. Azimuth and tilt are controlled at
the receiver by two sets of selsyns. By proper orienta-
tion of the dipole in the horizontal plane, its response to
vertically polarized signals can be reduced by 60 db be-
low that with the dipole vertical. The dipole is shown
in the photograph of the receiving site in Fig. 3.

The pulses picked up by the dipole are amplified by a
simple broadband TRF receiver of straightforward de-
sign. The output of the receiver is fed to a five-inch os-
cilloscope whose time base is triggered slightly in ad-
vance of the arrival of the ground pulse at the indicator
by the strong ground pulse which is received on a
broadly tuned vertical antenna. The time delay of the
echoes with respect to the ground pulse is measured by
means of timing markers which are derived from a 30-
ke ringing oscillator. The ringing oscillator is triggered
by the oscilloscope gate voltage. A photographic record
of each trace is made with a motor-driven single-shot
16-mm movie camera, which is controlled by the gate
voltage from the oscilloscope in such a way that the film
moves ahead one frame each time the sweep is trig-
gered. The time is indicated on each frame by a seconds-
counter situated in the upper right-hand corner directly
in front of the cathode-ray tube.

Power Supply

With the relatively low repetition rate of one pulse
every onc and one-half seconds, the average demand
from the power supply is small, being about twenty
watts under typical operating conditions. A maximum
voltage of about 200 kv is obtained from nine cascaded
half-wave rectifiers which are supplied from a 23-kv,
60-cycle transformer. A simplificd schematic of the sup-
ply is shown in Fig. 4. Each stage consists of two 27,000-
volt, 0.125-uf capacitors in scries with a half-wave high-
vacuum rectifier, type 250R. To avoid the problem of
filament transformer insulation, the filament power is
obtained from a 1-kw 450-kc oscillator which supplies
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Fig. 4—Power supply schematic.
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a current of one ampere to the autotransformer pri-
maries which are connected in series through the capaci-
tors. The secondaries supply the required filament cur-
rent of ten amperes to each of the nine rectifiers.

Each autotransformer is tuned approximately to reso-
nance by means of a shunt capacitance. The effect of
variations in primary current from stage to stage is
compensated by individually adjusting the tuning of
each stage. The measurement of filament power is read-
ily made with the aid of an optical pyrometer which is
first calibrated, using a filament carrying a known effec-
tive current.

Over-voltage protection is provided by spark gaps
connected across each capacitor, and “transmit-re-
ceive” gas tubes connected across each auto trans-
former.

Antenna Current

The current which flows in the antenna can be deter-
mined by considering the circuit to be made up of an
inductance in series with a transmission line and a
source of voltage. It is assumed that the capacitance C,
which appears in the block diagram of Fig. 1, is so large
compared with the antenna capacitance that the varia-
tion in voltage across C during the charging of the line is
