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IT'S WILCOX in Radio Communications 
For reliable aircraft operations, dependable radio communi-

cations are essential. Wilcox Aircraft Radio, Communication 

Receivers, Transmitting and Airline Radio Equipment have 

served the major commercial airlines for many years, and now 

are in use in military communications in all parts of the world. 

WILC OX ELECTRIC CO MPA NY 
Manufacturers of Radio Equipment  • Fourteenth & Chestnut, Kansas City, Mo. 
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TODAY... 
Aerovox Capacitors Go to War 

TOMORROW .. 
Aerovox Capacitors Help Build 

Peacetime Progress 

Aerovox oil-filled capacitors 
for war and for peace -a 
giant 15.000 volt unit with 
side terminal and grounded 
case. to reduce head room: 
a small "bathtub" unit for 
us• in b•ttsir•grad• radio 
and electronic assemblies. 

• In countless ways Aerovox capacitors are 
speeding up the winning of the war. Thousands 
of skilled workers, carrying out the designs and 
specifications of engineers long specializing in 
capacitors, are meeting a large portion of the 
wartime requirements. 
Indeed. Aerovox personnel has expanded 

threefold since Pearl Harbor. Close to half a mil-
lion square feet, in two plants, are now devoted 
exclusively to capacitor production. 
Today Aerovox is all-out for the war effort 

Winning the war comes first. But tomorrow, when 

victory shall have been achieved, Aerovox once 
more will be ready as never before to rebuild for 
peacetime progress—to meet the requirements of 
the expanding radio industry and the booming 
electronic era. Special types of yesterday shall be 
the commonplace types of tomorrow. New stand-
ards of life and performance for your assemblies 
can be taken for granted. 
Let us help you now with your wartime needs. 

And it isn't too early now to be discussing your 
post-war plans and problems. Submit your ca-
pacitance problems or needs. 

ALIEOVOX  CORPORATION , NE W  BE DF ORD . MASS .. U  S  A. •  Sails  Of f ICIS  IN All  PRINCIPAL  Ciliti 

INDIVIDUALLY TESTED 

I 'port  100 VAMICII ST , N  Y C •  Labia  'ARI AS '  •  In Canada: AENOVOX CANADA LTD ., HAMILTON , ONT . 

Pror•edsnidi of thr I I? I..  I•tbruary, 1941 
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TODAY, the skill and ex-
perience of the AAC Elec-
tronics and Hydraulic Di-
visions are devoted to serv-
ing a fighting America. 
However, AAC engineers 
are planning ahead for the 
great peacetime future 
when new and improved 
AAC products will be ready 
to meet postwar needs. 

(Right) Type  00 Trans-
mitter as designed by AAC 
for Panagra.  Consists of 
multi-channel transmitting 
equipment, 1,000 watts 
each channel. Two chan-
nels may be operated simul-
taneously. Telephone and 
telegraph transmission. Fre-
quency range 250-550 KC 
and 1500-12000 KC. .1111111 !TIRTIV". 

SAO PAULO 

ALONG THE PANAGRA ROUTE 
is located AAC transmitting equipment 
at approximately 30 different points in 
Colombia, Ecuador, Peru, Chile, Bolivia 
and Argentina—forming the nucleus of 
the radio navigation and communica-
tions system. 

Panagra is today primarily devoting 
its personnel and facilities to mainte-
nance of aerial lifelines between the 
Americas, across which are speeding 
men, mail and materials vital to the suc-
cess of the demdcratic war efforts. 

IRCRAFT 
Manufacturers of PRECISION 

Burb 



13S3i1'12'ELY 
AND OTHER COMMUNICATIONS EQUIPMENT 

Dependable Operation Of Airlines And 
Various Communication Services 

* Today, AAC transmitters and other AAC communications equipment play a 
vital part in dependable operation of warplanes on the fighting fronts, as well 

as airlines serving the war-busy Americans on the home fronts. 
AAC Electronics Division has won distinctive leadership as one of the 

country's large producers of radio transmitting and receiving equipment.  One 
outstanding example of AAC communications engineering is the equipment de-
signed and built to meet the specified needs of Pan American-Grace Airways, Inc. 
Consisting of a multi-channel 1,000 watt transmitter, this equipment is used by 
Panagra for radio homing and communication purposes. It represents one of a 
complete line of transmitting equipment for use by airlines or services having 

similar communication needs. 
At the present time practically all AAC facilities are devoted to war produc-

tion. However, your inquiries are welcomed now for commercial equipment which 
can be supplied in limited quantities if adequate priority ratings are available. 

AAC products in transport planes, cargo carriers, troop ships, bombers ... 
airport traffic net, police or other services where communications are crucial, can 
be depended upon as expertly engineered and built to the most efficient perform-
ance standards. 

Products of ELECTRONICS DIVISION 
TRANSMITTERS • AIRCRAFT & TANK ANTENNAS • QUARTZ CRYSTALS • RADIO TEST EQUIPMENT 

(Below) Panagra airliner delivers important 
cargo of mail and passengers. 

'1 r, 

ffc r-446 r4c,c-.<;r1 
N ss,* 
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AIRCRAFT EQUIPMENT • HYDRAULICS • ELECTRONICS 
New York, N. Y.  Cable Address: AACPRO City, Kans. 
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What's Wrong 

With This Picture? 

ARMY-NAVY "E" WITH STAR 

Awarded All Four Divisions of Raytheon 
for continued excellence in production 

RAYTHEON M ANUFACTURING CO MPANY 

Waltham and Newton, Massachusetts 

The thing that is wrong about this picture is that radio engineers have 

been doing such a bang-up job meeting and anticipating the vast needs 

of our military services that not enough good things can be said about 

them by those engaged in the field of electronics. 

Seven days a week and night after night, the radio engineers are working 

out the multitudinous problems of design required to give our Allies the 

most of the best electronic equipment in the world. 

Raytheon is proud of its part in furnishing electronic tubes and equipment 

that meet engineering requirements of stamina, high quality and com-

plete dependability under the most severe wartime demands. 

DEV OTED TO RESEARCH AND THE MANUFACTURE OF TUBES AND EOUIPMENT FOR THE NE W ERA OF ELECTR ONICS 

6 
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Type 817-001 55MMF:1'10 % 

Neg. Temp. Coefficient 
—.00052 MMF/MMF 

Test voltage is 2000 V. D. C. 
working voltage 1000 V. D. C. 

Type 817-002 

Mechanically as above 
Capacitance 15 MMF ± 20 % 
Sketch is TWICE actual size. 

Type 814-078 300 MMF ±-10 % 

Neg. Temp. Coefficient 
— .00075 MMF/MMF 
Te‘t voltage is 1400 V. D.C. 
working voltage 500 V. D.C. 

Sketch is TWICE actual size. 

• 

Two Types of 

BUSHING MOUNTED CAPACITORS 
for special applications 

4.; 

Both types are used in high frequency circuits 

where a capacity ground to the chassis and 

a "lead through" is desired. 

The ceramic capacitor tube is plated internally 

and externally with silver and then with cop-

per. The tube is snug fit in the brass bushing 

and the external capacitor plate is soldered 

to the bushing. 

In types 817-001 and 817-002 the tinned 

copper wire is also snug fit inside the capac-

itor tube and is soldered to the internal plate. 

We are equipped to produce other sizes 
and  capacities  where  quantity  need 

justifies  the  tooling  of special parts. 

Division of GLOBE-UNION INC., Milwaukee 

PRODUCERS OF VARIABLE RESISTORS... SELECTOR SWITCHES —CERAMIC 

CAPACITORS, FIXED AND VARIABLE... STEATITE INSULATORS 

A PP W"I  
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Neu, -hp- Model 20 
Resistance- tuned AF 

Oscillator 
Model 202 D in Cabinet 
Model 202DR for Relay 

Rack 

Interested in LOW FREQUENCIES? 
This newest addition to the -hp- line of Resistance-tuned 

Audio Oscillators provides you with all the excellent 

features found in its predecessors plus a range of avail-

able frequencies heretofore not provided. Large, easy to 

read dial has two scales extending over 270° rotation. 

Smooth planetary drive with a 5 to 1 reduction makes 

it easy to control. The outside scale is calibrated for fre-

quencies from 7 cps to 70 kc. The inside scale 

is calibrated for frequencies from 2 cps to 50 

cps. All calibrations are for direct reading. A 

resistance-coupled power amplifier provides 

691 

uniform output over the entire range. The instrument 

is extremely stable, having a frequency drift of less than 

+ 2% even during the initial -warm-up period. Line va-

riations of as much as 20% will change the frequency 

less than + 0.2% at 1 kc. As with all -hp- AF oscillators 

no zero setting is required. Write today for more com-

plete data. Give us details of your problem so that 

we can be of utmost assistance. Ask for your 

copy of the 24 page -hp- catalog which gives 

much valuable information about electronic 

instruments. There's no cost or obligation. 

HEWLETT- PACKARD COMPANY 
P. 0. Box 1135-A, Palo Alto, California 

Proceeding, of the I.R.E.  February, 1944 



New Multiplier Phototube for 

C IGNALS are amplified up to 200,000 times and 
more in this new RCA multiplier phototube 

—over three times the amplification possible 
with the famous RCA-931 —because manufac-
turing techniques have been improved materi-
ally by RCA engineers. 

This really amazing sensitivity is made pos-
sible by the skillful use of secondary emission 
as cathode electrons are impelled against 9 
successive dynodes before they reach the plate. 
At each dynode, secondary electrons are pro-
duced to multiply the electron current enor-
mously. 

Because this high amplification is accom-
plished within the phototube itself, extremely 
low light levels will produce high outputs 
without the high-gain amplifier stages re-
quired with conventional phototubes. 

HIGH SIGNAL-TO-NOISE RATIO. Because high-
gain amplifier stages are unnecessary with the 
RCA-931-A, sources of extraneous electrical 
"noise" (such as grid leaks, etc.) are elimi-
nated, and a favorable signal-to-noise ratio 
can be obtained for very low light levels. 

HIGH SENSITIVITY. The 931-A operated at 100 
volts per stage has a sensitivity of 2 amperes 
per lumen; or over 3 times that of the super-
seded 931 at the same voltage per stage. 

CIRCUIT SIMPLICITY. Where light signals are 
very small and high gain is needed, the 931-A 
provides a simpler circuit than that for a con-
ventional phototube and its accompanying 
high-gain amplifier stages; also when the 
931-A is used as a d-c amplifier, its zero-
reading has excellent stability, and there is 
no problem of circuit feedback. 

COLOR SENSITIVITY. The 931-A —like the 931 
— employs the S-4 photosurface which is 
highly sensitive to blue light; peak sensitivity 
is at about 3750 A. Frequency response is fiat 
up to a limit determined by transit-time ef-
fects, well above 10 million cycles per second. 
Dark current is very low. Full details are 
available on request (see coupon). 

APPLICATIONS. A typical application of the 
931-A is in quantitative spectrographic analy-
sis. The 931-A and its associated circuits are 
substituted for the photographic plate com-
monly used in such analyses. This method is 
speedy, and results can be observed with ex-
cellent accuracy. This method of spectro-
graphic analysis is widely used in vitamin 
measurements. 

Cross section of the 16.  
93I-A, showing elec. r 
tron paths in red. 

ichN, 

RCA application engineers will be glad to 
help you apply the RCA-931-A--or other RCA 
electron tubes —to the solution of your de-
sign problems. Write, outlining your problem, 
to Commercial Engineering Section, RCA, 586 
South Fifth Street, Harrison, N. J. 

TECHNICAL DATA. Nine multiplier stages. 
Cathode  photosurface,  S-4.  Max.  seated 
height, 3%". Max. dlam., 1-5/16". Base, small 
shell  submagnal  11-pin.  Mounts in any 
position. 

MAXIMUM RATINGS (Absolute values) : Plate 
volts Id-c or peak a-c), 1250. Volts between 
dynode No. 9 and anode, 250. Plate current, 
2.5 milliamperes. Plate dissipation. 0.5 watt. 

CHARACTERISTICS: 

Volts per stage 

Luminous sensitivity 

Current amplification 

Sensitivity at 
3750 Angstroms 

75 

0.3 

30,000 

100  Volts 

2.0  /amp /plumes 

200,000 

270  1800  Amp./Wan 

Order through your local RCA Tube and 
Equipment Distributor or contact Radio Cor-
poration of America, Harrison, New Jersey. 

E 
r (Please check items wanted) 

V i t t" • 

n 4-page techniral data sheet giving description, 
ratings, characteristics, typical circuit diagram% per-
formance curves, and typical circuits for the RCA-sal-A. 
16-page booklet entitled "RCA Phototubes," chock-

full of valuable tube data, application notes, etc., for 
RCA phototubes. 

RCA, 5813 So. Fifth Street, Harrison. N. J. 
Gentlemen: Please rush me the items checked above. 

Name   

Company 

AddreF14   



\  HEN it comes to determining 

type for a job —or the most 

suitable type for fastest 

Sprague engineers have the answers 

CAPA,CIT ORS 
KO OL O H M  RESIST ORS 

PIJALITY COMPONENTS • EXPERTLY ENGINEERED • COMPETENTLY PRODUCED 



XACTING 
LABORATORY 
STANDARDS.. 

Quick and efficient comprehension of the production of labora-
tory equipment comes naturally to us of ECA. We're rich in the 
fundamental experiences arising from specialization in the de-
velopment, design and manufacture of "tailored-to-order" radio 
and electronic equipment. Our facilities, geared io exacting lab-
oratory standards, permit our engineers and technicians to 
approach a problem confident that the ultimate result will prove 
ultimately satisfactory. 

An example of the work we do is the ECA Laboratory Oscillo-
graph. This is a 7-inch, direct current, general purpose device 
built to provide features not ordinarily available in any com-
mercial unit. This Oscillograph has seen continuous service in 
the ECA laboratory for more than a year, and it has been em-
ployed for such varied purposes as photographing transcient 
phenomena, measuring time delay circuits, checking the fidelity 
of mechanical recorders and oscillographs, and so on. 

INVASION! This is no time for complacency. It's 
still necessary to buy War Bonds . . . still necessary to 
save scrap metal . . . still necessary to be a regular patron 
of the Red Cross Blood Bank . . . to hasten Victory and 

save lives. 

ELECTRONIC CORP. OF AMERICA 
45 WEST 18th STREET • NE W YORK II, N.Y. • WATKINS 9-1870 

Proceedings of the I.R.E.  February, 1944 
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Rolling all over the world. Hitting 

the enemy where it hurts him the 

most, covering infantry, scouting, 

fighting. Fighting and talking. Talk-

ing by radio to coordinate all in a 

pattern of Victory. 



WRITE FOR YOUR COMPLIMENTARY COPY TODAY 

ENDLESS opportunities for new and improved electrical design 

are offered with ALS1MAG Steatite Ceramic Insulators. The 
Engineer will understand, however, that high speed economical pro-

duction of the steatite pieces depends very largely upon the design 
of the insulator. A practical knowledge of the manufacturing proc-
esses involved is most useful in designing for low cost production 

as well as for better assembly. 
Our Engineering and Research Staff is ready at all times to 

cooperate in developing the most practical design for insulators and 

to aid in selecting the most suitable ALS1MAG body. 

Our new bulletin DESIGNING STEATITE CERAM-

ICS contains much helpful information for all who design electri-
cal, radio and electronic devices. 

Write today for your complimentary copy. 

STEATITE CERAMIC ELECTRICAL INSULATION 
FOR ELECTRONIC USES 

AMERICAN LAVA CORPORATION 
CHATTAN OOGA  5 TENNESSEE 
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We dare to explore...we dare to try the unfamiliar. In this manner, our 

creative engineers have built the world's largest organization devoted 
to the design nnd manufacture of automatic radiotelegraph apparatus. 

Indicative of the 'McElroy technique are these completely automatic 
transmitting and receiving assemblies. Designed in the McElroy plant, 

these installations are typical of the high-speed radiotelegraph equip-
ment that we supply to such international companies as R.C.A. Com-

munications Inc., Mackay Radio, Globe Wireless . . . and to the 
military branches of the government. Descriptive literature of all 
McElroy apparatus may be obtained by writing direct to us. 

McElroy engineers never Imitate and never copy We create, design, 
build . . . and we deliver. If one of our engineers can be of service 
to you, let us know. 

MANUFACTURING CORPORATION 
82 BROOKLINE AVENUE  BOSTON, MASS. 

4_ 
roe r MrEiroil. World Champion Radio telegrapher for More Than 20 Year& 

:s••• 

\ 
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"Nothing Like Being Rugged, Eh Kid?" 

Our mechanized 
Ar my must have 
brains, but brawn still 
counts. The big fellow 

wrestling interminably with 155 millimeter 
shells serves his greedy howitzer with the 
broad back developed by endless months 
of bone-tiring drill. 
If it cannot take the jolts, vibrations, 

concussions, and extreme atmospheric 
variations of mechanized global war, the 
best electronic fighting equipment in the 
world is useless. Hearts of this combat 
equipment  electronic tubes — have two 
strikes against them from the start. Inher-
ently delicate and fragile by nature, still 

i 

they must be as rugged as the men who 
depend upon them. 

Bump, vibration, immersion, life, and 
other punishing tests prove the mettle of 
Hytron tubes before they leave the fac-
tory.  More  important still,  results of 
these tests form the basis for continual im-
provements in construction and process-
ing. Throughout manufacture — in stem, 
mount, sealing-in, exhaust, aging, basing, 
and test departments — engineers, fore-
men, and skilled operators are cease-
lessly striving to achieve in Hytron tubes 
not only the tops in electronic perform-
ance, but also the peak of dependable 
stamina which combat demands. 

OLDEST  EXCLUSIVE  MANUFACTURER OF RADIO RECEIVING TUBES 

SALE 

RT 
AN D NE WB U RYP O , MASS. 

BUY 

ANOTHER 

WAR BOND 

February, 1944 Proceedings of At. I.R.P. 
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In this "dead" room only the sounds 
which come out of the speakers are 
recorded. Sounds which would other-

wise bounce back from the walls, ceil-
ings or other objects are trapped and 
lost forever. The absence of rever-
beration permits scientifically accurate 

testing in the sound absorbing room 

silence that makes sound! 

of Utah's complete testing laboratory. 
In making practical the many war. 

created radio and electronic improve-

ments—in adapting them to today's 
needs and for the commercial require-
ments ahead, Utah engineers have 
designed new parts and products, devel-
oped new manufacturing devices and 

Radio Products Company, 

842 Orleans Street, Chicago 10, Illinois 

methods and have instituted new, more 
comprehensive testing techniques. 

* * * 

Every Product Made for the Trade, by 

Utah, Is Thoroughly Tested and Approved 

1• ,sreilmosr.isisgerleassomailrospik Nr•••  

Keyed to "tomorrow's" demands: Utah speakers 
for inter-communication, portable and battery set 

receivers and for public address systems--trans formers, 
vibrators, vitreous enamel resistors, wirewound controls, 

plugs, jacks, switches and small electric motors. 

16A 
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Can a Vibrator lifIlfer Supply 
Rescue a limit-Load of Men? 

No .. . it can't! But it can help—and the rescue 
might be prevented and the boat lost forever, if 

just one vibrator power supply failed to do its job. 

• The compact radio transmitter that is standard equip-
ment in many lifeboats depends on a vibrator power 
supply . . . The patrol plane that picks up the SOS . . . 
spots the drifting boat, and summons surface ships with 
its own powerful transmitter, has a complex electrical 
system that includes many vibrator power supplies. And 

NOR 

LABORATORIES, INC. 
IN DIANAP OLIS 

E. L ELECTRICAL PRODUCTS —Vibrator Power 
Supplies for Communications ... Lighting ... Electric 
Motor Operation . . . Electric, Electronic and other 
Equipment ... on Land, Sea or in the Air. 

•t 

in the rescue ship itself are still other vibrator power 
supplies performing vital functions. 
The dependability of E L Vibrator Power Supplies 

under all climatic conditions — their amazing adapta-
bility in meeting specific current requirements — have 
brought them into u ide use for radio, lighting, commu-
nications and motor operation — on land, sea and air. 
Electronic's engineers have specialized for years in the 

technique of vibrator power supplies. They have con-
ducted the most extensive research ever known on power 
supply circuits. They have extended the practical appli-
cation of vibrator-type power supplies far beyond pre-
1, ions conceptions. 
In the electronic era of peace to come, the 

efficiency and economy of E•L Vibrator 
Power Supplies will find new applications 
wherever electric current must be changed. 
in voltage, frequency or type. 

For Operating Radio Transmitters 
in lifeboats — E • L Model S-1229-B 
Power Supply.InputVoltage,12Volts 
DC; Output Voltage, 500 Volts DC; 
Output Current, 175 MA; Dimen-
sions, VA" x  x 6%". 



Chemistry is but one of the many sciences 

Ilkwhich are collaborating at National Union 
in the work of producing better electronic 
tubes for today's vital war assignments. 

Indeed, our chemists are playing a decisive role 
in making National Union Tubes measure up to 
the precise standards of scientific instruments. 

Thanks to chemical research, we know for ex-
ample that not only must the formula of a tube's 
emission coating be right, but also the application 
and processing methods must be rigidly controlled. 

To effect such control our chemists, in coopera-

tion with the engineers of our Equipment Division, 
designed, built and put into production a new type 
automatic coating machine. Operating in an air-
conditioned chamber, this equipment provides 
exact control of both the coating operation and the 
chemical processing of the emission coating— 
free from all extraneous elements. 

The fact that tube manufacture is such a many-
sided scientific job—is a subject to keep in mind 
when making post-war plans. If you have electronic 
tube problems—count on National Union. 

NATIONAL UNION RADIO CORPORATION, NEWARK, N. J. 
Factories. Newark and Maplewood, N.J., Lansdale and Robesonia, Pa. 

NATIONAL tUNION 
RADIO AND ELECTRONIC TUBES 
Transmitting, Cathode Ray, Receiving, Special Purpose Tubes • Condensers • Volume Controls • Photo Electric Cells • Panel Lamps • Flashlight Bulbs 
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LOCKED ON 

THE BOLT BY 

THE ACTION OF 

THE GRIPPING 

RED COLLAR. 

One feature that has played an im-
portant part in the success of the 
Sikorsky helicopter is the develop-
ment of "cyclic pitch control." 

The mechanism that operates this 
control passes through the main rotor 
hub. 

a 

THE COLLAR 

IS ELASTIC, 

THE NUT CAN BE 

USED TIME AND 

TIME  AGAIN. 

MADE IN ALL SIZES AND TYPES — WITH 

THREADS TO FIT ANY STANDARD 

TYPES OF BOLTS. 

It is the heart of the helicopter. 

And you will find this heart fastened 
safely and securely with Elastic Stop 
Nuts. 

These are the nuts with the red elastic 
collar — the nuts which have revolu-
tionized aircraft construction. 

That red collar hugs the bolt and grips 
tight. It does not loosen under vibra-
tion or shock. It locks fast—anywhere 
on the bolt. 

Nevertheless, you can take Elastic Stop 
Nuts off, and put them back on, time 
and time again, and they still retain 
their locking effectiveness. 

Elastic Stop Nuts are going to prove 
godsends in countless postwar fasten-
ing problems. They will make prod-
ucts safer, better and longer lasting. 

Any time you wish, our engineers will 
be glad to help with whatever fasten-
ing job you might have. They will 
recommend the correct Elastic Stop 
Nut to meet the situation. 

ESNA 
TRADS M ARK OF 

ELASTIC STOP NUT CORPORATION OF AMERICA 

UNION. NEW JERSEY AND LINCOLN, NEBRASKA 

0 
FIASTIC STOP NITS 

lock. fast to m ake Ming: fast 
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"Anybody Got a Stick of Gum?" 
T HAT last bump was it. The waist gunner picked 

himself up from the floor and clung to his gun as 

the huge ship was brought back into control. He took 

a quick look out, whistled softly and spoke through 

the Intercom to the rest of the crew. 

"Somebody better hurry up with a stick of chewing 

gum before our left wing leaves us!" 

*  *  * 

The ability of our flying men .. . and our flying equip-

ment . . . to "take it" is one of the major marvels of 

the war, and playing its full share in the success of 

our aerial forces is the Communications System. No 

place here for equipment that's merely good. It must 

be the best, for failure in Communication may be more 

serious than the failure of an engine or a landing gear. 

It is to these superlative standards that Rola builds 

equipment for the Army-Navy Air Forces . . . highly 

specialized transformers and coils, supersensitive 

headphones, and other electronic parts having to do 

with Communications. And it is to these same stand-

ards that Rola will build its after-the-war products, 

whatever they may be. The ROLA COMPANY, Inc., 

2530 Superior Avenue, Cleveland 14, Ohio. 

ROLA 
Let's do more 

M A KERS  OF  THE  FI NEST  IN  SOU ND 

IRA 

in forty-four! 

REPR O D UCI N G  AN D  ELECTR O NIC  EQUIP ME NT 
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SEND FOR THESE NE W BOOKLETS TODAY! 

4 N E W 7 Z il.re G UI DE S 

FOR DESIGNE S OF CO M  UNICATIONS EQUIP MENT 

13.0 CAP AC.110115  ond describes 
o complete ronge ot capacitors tor 
d-c applications from 400 to 250,000 

volts. Booklet 3300. 
?BEST t't  1145 0.100R 
GOOE--Blueprintsot SOL-
DER-SEALED bustling os-
senstAies, terminal bowels 
on a many other items 
ouoilobte for communica-

tions eaulPriA00. Booklet 3244. 

HIGH VOLT.AGE \\' 
CAPACITORS .. D.C-  '. 

• \)\ 
, 

l'itEASSEtA2 00 VIWEItS11. 
CORES-Aists sises ono 
applications of new 2- 
piece , thin-lamination , 

cores for Vligh-frequena 
equipment. Booklet 3223-A. 

Whether it's a problem of stepping up d-c power... 
reducing core assembly time ...locating the right high-
frequency insulators or high-voltage d-c capacitors in 
a hurry, you'll find the answer in these new Westing-
house publications. Complete listings of sizes, weights 
and dimensions, together with application guides 
make these booklets an invaluable aid in designing 
and ordering. 

These are only four examples of the help that 
Westinghouse can offer in the design and manufacture 
of communications equipment 

Westingho 
PLANTS IN 25 CITIES...  OFFv.ES 

itSE 
0 0040- - aec olp-

v401 as _ 10 oi d,00 -
W 31° ,4 ovio-

liost • ..,-Aobie "" 
,no tera11 0 - cw.nuniC03242. 

,on 401  c° Bookie' 

Other helpful publications are available on 

• Micarta insulating parts  • Instruments 
and materials  • Rectox rectifiers 

• Thermostats  • Relays 
• Contactors 

Whatever your problem, Westinghouse Communi-
cations Equipment and Communications Specialists 
can help you find a quick solution. Call on Westing-
house for help. Ask for the booklets you want from 
your Westinghouse representative, or write Westing-
house Electric as Mfg. Co., East Pittsburgh, Pa., 
Dept 7-N.  3-94613 

Azz 
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CONTINUOUS COVERAGE-100 KC. TO 120 MC. • ALL FREOUENCIES FUNDAMENTALS 

A complete wide-range Signal Generator in keeping with the 
broader requirements of today's testing. Model 1632 offers accu-
racy and stability, beyond anything heretofore demanded in the 
test field, plus the new high frequencies for frequency modulated 
and television receivers, required for post-war servicing. Top-
quality engineering and construction throughout in keeping with 

the pledge of satisfaction represented by the familiar Triplett 
trademark. 

Of course today's production of this and other models go for 
war needs, but you will find the complete Triplett line the answer 
to your problems when you add to your post-war equipment. 

TA_ lett 
ELECTRICAL 
BLUFFTON 

INSTRUMENT CO. 
OHIO * ** 

• Triple shielding throughout. Steel 
outer cast, steel inner case. plus 
copper plating. 

• All coils permeability tuned. Litz 

wire wound impregnated against 
humidity with "high-Q'' cement. 

• Note sectionsindis idually shielded 
with pure copper. Entire unit en-
cased in aluminum shield. 

20A 
Proceedings of the  February, 2944 



25,000 REASONS WHY YOU MIGHT 

WANT TO KNOW US BETTER 

1JORNING 
—means--

Iiarrh in Glass 

IT takes a lot of research to make American glass the best in the world. At Corning, 
for example, more than 250 engineers and 
laboratory men are working steadily on 
new forms of glass and new uses for this 
amazing material. More than 25,000 for-
mulae for glass have been developed! 

Today, out of this vast experience, has 
emerged an amazingly versatile group of 
glasses in daily production under the Army-
Navy "E" pennant at Corning. Glasses with 
an expansion coefficient practically equal 
to that of fused quartz; glasses that have 
high electrical insulating qualities; glasses 
that are extremely resistant to mechanical 
shock; glasses that can be made into in-
tricate shapes formerly considered impos-
sible. More than that, many of these de-
velopments have meant money saved to the 
customer and faster deliveries. 

For example, steady progress has been made 
in methods of connecting glass to metal. 
First, we used Antimony Lead Alloy as a 
coupling medium; then metal coats were 
sprayed on glass. Today, a Hermetic Met-
allizing process has been developed which 
is a vast improvement over former tech-
niques. And Corning's laboratory is already 
working on further improvements to make 
glass-to-metal seals better and cheaper. 

If you are a manufacturer of electronic 
equipment, Corning's "know-how" in glass 
is at your service. We shall be glad to work 
with you at any time on any problem in-
volving the possible use of glass. In the 
meantime, you may be interested in a de-
tailed study "Glassware in the Electrical 
Industry." Simply write to the Electronic 
Sales Dept. P-2 Bulb and Tubing Division, 
Corning Glass Works, Corning, N. Y. 

Electronic alassware 
.05.itja 

grY1111111f1 
=?4, pxt. e;t• 

' 

1.111Y 
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TYPE 5CP 
CATHODE-RAY 

TUBE 

CHARACTERISTICS 
5" electrostatic deflection and focus 
tube. Intensifier feature for maximum 
deflection sensitivity and brilliance. 

Choice of four fluorescent screens: 
Green Medium (5CP1); Green Long 
(5CP2); White Medium (5CP4): Blue 

Short (5CP5). 
Bulged envelope for greater mechafl. 

teal strength. Tube base design pro-
vide' adequate insulation between 
electrode leads for high-altitude in-

stallations. 
Heater Voltage 6.3. Intensifier Elec-

trode Potential 4400 V. max. Focusing 
Electrode Potential 1100 V. max. Ac-
celerating Electrode Potential 2200 v. 

max. 
Deflection Factor: 131D2, 36.5 d.e. 

volts/k" inch, plus-minus 20 %; D3D4. 
32.0 d.c. volts/k• inch, plus-minus 

20 %. 
Spot is to be positioned within a 

25 mm. square, with E132.--2000 v., under 
BMA standard test conditions. 

Type 5CP is a mighty popular cathode-ray tube in the present 
'r war effort. It is required in large numbers for oscillographic and 
special indicating purposes. And DuMont is indeed proud to be 

producing its full share of 5CP's as still another contribution to 

victory, on the all-important electronic front. 

Here again the specialized skill of DuMont engineers and crafts-

men is in evidence. While adhering rigidly to standard specifica-

tions governing this popular type, DuMont has introduced its own 

refinements, improvements and double-check inspection for more 
rugged, longer-lasting cathode-ray tubes. 

Always remember, when it bears the DuMont seal it is a product 
of the pioneer in the commercialized cathode-ray tube field. 

10 Be sure you have a copy of the new DuMont manual and 
catalog in your working library. Contains invaluable data 
on cathode-ray technique together with listings of DuMont 
tubes, oscillographs and allied equipment. Write on busi-
ness stationery for your registered copy. 

0111 
ALLEN B. DU MONT 
LABORATORIES, Inc. 
Passaic • New Jersey 

Coble Address  Wespexl, Nev. York 
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One of a series showing ,I MPEREX tubes in the making 

PtMPIFRIEY 
W ATER AND AIR CO OLED 

TRANSMITTING AND RECTIFYING TUBES 

Original Amperex design and construction refinements result in trouble-free perform-

ance of Amperex tubes . . . effecting natural economies in the operation of trans-

mitting equipment. With replacements difficult to obtain, the extra hours of life inherent 

in Amperex tubes are often "priceless." To engineers, everywhere, this "Amperextro" I' 

factor of longevity is the major consideration. 

HASTEN THE PEACE...BUY ANOTHER WAR BOND TODAY 

AMPEREX ELECTRONIC PRODUCTS 
79 WASHINGTON STREET  • BROOKLYN 1, N. Y. 

11,6 high per fonbe.  to 
H F•300 00'1' r  '&4 • 

rr   f t hr I I? F.  Feorruarr, 1941 
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MORE PRECIOUS 

THAN GOLD 

Tantalum is one of the earth's rare and 

unique metals. Rare because it is mined 

in only a few spots in the world. Unique 

because it is the only metal that readily 

absorbs gases. 

This ability of tantalum to soak up and 

retain gases—even while being sub-

jected to intense heat—makes tantalum 

priceless in the manufacture of electron 

tubes. 

Up until the time Heintz and Kaufman 

engineers built the first vacuum tubes 

with tantalum plates and grids, the elec-

tronics industry had to rely on chemical 

TANTALUM 
(ATOMIC WEIGHT: 180.88) 

IN MINERAL AND POWDERED FORM 

getters" to absorb gases. These chemi-

cals are not stable—the heat from an 

overloaded plate causes them to release 

gas suddenly, and the tube goes dead. 

One of the reasons you will find so many 

Gammatrons in use where dependa-

bility is essential, is that all Gammatrons 

have tantalum plates and grids. They 

can and do take heavy overloads safely 

—punishment which would cause any 

other type of tube to cease functioning. 

HEINTZ AND KAUFMAN LTD. 
SOUTH SAN FRANCISCO • CALIFORNIA. U.S.A. 

7cele4 
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wherever a tube is used... 

A beam of light is reflected 
across the point of operc-
tion, then into o photo-tube 
in this safety application. 

4 BY GUARDIAN' 
Where makeshift mechanical devices rudely thrust your workers' 

hands and fingers away from punching and forming dies, the electron 

tube in combination with a relay offers definite advantages for safer 

power press operations. 

Instantly responsive, dependable and simple —a beam of light, if 
broken or modulated, actuates the electron tube; the relay breaks the 
circuit and locks the controls in the "off" position until the full light 

beam is restored. Typical of relays which may be used in conjunction 

with such a photo-tube safety application, is the Series 5 D.C. Relay by 

Guardian.  In hundreds of other ways —especially in your postwar 

developments —wherever a tube is used there's usually a job for Relays 

by Guardian. 
* Not limited to tube applications but used wherever automatic control is desired for making, 
breaking, or changing the characteristics of electri «ircuits. 

THERE'S A JOB  FOR 

Series 5 D.C. Relay. Maximum switch capacity 
two normally open—two normally closed—or 
DPDT Contacts. Resistance range .01 up to 
15,000 ohms. Send for bulletin 14. 

GUARDIAN  ELECTRIC 
I 628-R W . W ALNUT  STREET  CHICAGO  12, ILLINOIS 

A COMPLET(  LIN(  Of  RELAYS  SINNING  AIIIRICAN  WAR  INDUSTRY 

Proceedings of the  February, 1944 
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A NE W RESO URCE 

HAS BEE N DEVELOPED 

THE WEALTH of America has been 

wrought from her natural resources 

of fertile lands, wide forests and 

rich mineral deposits by the brains 
and muscles of her people. 

But another resource is now 

available. A new source of wealth 

and well-being has been develop-

ing gradually and almost unnoticed 

which is tremendously important 

today and of still greater impor-
tance for tomorrow. 

This new resource is the research 
laboratory. 

Today, in hundreds of industrial 
and college laboratories, trained 

minds are expanding the world's 

knowledge, and applying the results 

of research to industry and to war. 

In the Bell System, research has 

always been a fundamental activity. 

The telephone was invented in a 
research laboratory. And for years 

Bell Telephone Laboratories has 

been the largest industrial labora-
tory in the world. 

Underlying modern research is 

the realization of vast latent values 

in nature. Although the lone genius 
does from time to time bring to 

light some part of these hidden 
values, only organized scientific 
research can assure the thorough 

exploration that will render the full 

measure of use for human welfare. 

Research means imagining and 

experimenting. It means the search-
ing out and bringing together of 

facts. It means clear statements 

of problems, precise measurements 

and keen analysis. It means tena-

cious following along unexpected 
paths. 

These are the procedures of 

research. Its consummation is the 

grasping by subtle minds of rela-

tionships in nature no one has 

previously known. And on the basis 

of the broader knowledge so es-

tablished are built new materials, 
new methods and new structures 

to serve the people of America. 

The Bell Telephone Laboratories 
has now concentrated its efforts on 

communication systems and equip-

ment for the armed forces. When 

the war is over its researches 

in communication will again be 

applied to an ever-improving 
telephone service in America. 

BELL TELEPHONE SYSTE M 



HALLICRAFTERS WAS READY! 
Under the abnormal climatic and operating conditions of war, the 

Signal Corps SCR-299 communications truck, built by Hallicrafters, 
is providing peak performance for the Allied armed forces, fighting 
throughout the world. 

Hallicraf tars peacetime communications equipment is meeting 
the wartime qualifications and demands of the Military! 

Just ZIJ Hallicrafters Communications receivers are meeting the 
demands of war Today —they shall again deliver outstanding recep-
tion for the Peace —Tomorrow! 

Who-afters BUY MORE BONDS 

World's largess exclusive manufacturer of 
short wave radio communication! equipment...First exclusive 

radio manufacturer to win the Army•Islavy Production Award for she third time. 

27A 
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• Never before in history has a war 
been fought with cathode ray tubes, transmit ting tubes, 
quartz crystals, tungsten wire, X-ray equipment and 
other electronic devices. 
But these weapons are convincing the enemies of peace 

that the days of reckless war-making are over. On the 
battlefronts, on the oceans, and in the skies all over the 
world, these new weapons are saving lives and winning 
battles for the United Nations, and bringing confusion, 
consternation and defeat to the enemy. 
We who make NORELCO electronic products are 

doubly proud of these new weapons because, in addition 
to helping to win the war today, they are among the 
devices that will build a new and better world tomorrow. 
For our Armed Forces we make Quartz Oscillator Plates; 

Amplifier, Transmitting, Rectifier and Cathode Ray Tubes 
for land, sea and air-borne communications equipment. 
For our war industries we make Searchray (X-ray) 

apparatus for industrial and research applications; 
X-ray Diffraction Apparatus; Electronic Temperature 

28A 

Indicators; Direct Reading Frequency Meters; High 
Frequency Heating Equipment; Tungsten and Molyb-
denum in powder, rod, wire and sheet form; Tungsten 
Alloys; Fine Wire of practically all drawable metals and 
alloys: bare, plated and enameled; Diamond Dies. 
And/or Victory we say: Buy More War Bonds. 

ordco 
ELECTRONIC PRODUCTS by 

NORTH AMERICAN PHILIPS COMPANY, INC. 
Executive Office,: 100 East 42nd Street, New York 17, New York 

Factories in Dobbs Ferry, New York; Mount Vernon, New York 

(Metalix Division); Lewinton, Maine (F.Imet Division) 
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A MERTR AN HERMETICALLY SEALED TRANSFORMERS FOR 400 CYCLE OPERATION 

ok 

P‘otNeet MotOkactWers 
Ivooskoxtoevs, ikeedovs 

and ite Aerskox 

iNedcot O coa 

?oviec Icctos 00o 

Anyone familiar with AmerTran test methods will understand why 
the worst conditions of warfare only serve to bring out the best in 
AmerTran Hermetically Sealed Transformers. Random units from 
the production line are constantly subjected to immersion, impact 
and vibration tests often exceeding in severity those prescribed by 
the government.  Thus, we speak conservatively when we say 
AmerTran Hermetically Scaled Transformers conform to today's 

rigid requirements. 
Used as transformers, Wave Filters and Reactors in the latest 400 
cycle apparatus, these magnetic components may be specified with 
absolute assurance of dimensional conformance and uniformity. 
The enclosing cases and terminal boards are die made, meeting close 
tolerances.  In all, AmerTran Hermetically Sealed Transformers 
are worthy products of a company that has specialized in trans-
former manufacture for more than forty years. 

AMERICAN  TRANSF OR MER  CO MPANY 
1' 8  E M M E T  ST R E E T  N E W A R K  5,  N E W  JE R SE Y 

AM IERTRAN 
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at,24.tica.  -ir.odzi a ted/tOnie-d-

POSTS • SPREADERS 
ALL SHAPES AND SIZES 

Round, conical, square, rectangular, 
spooled, etc. Small or large. Ends 
tapped as required. Glazed or unglazed. 
With or without metal hardware. 

Many stock items. Others made 
promptly to specifications. '.for great 

achievement" 

frP 

BUY 
WAR BONDS 

STUPAKOFF CERAMIC AND MANUFACTURING CO., LATROBE, PA. 
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SWITCHES 
LINE • SLIDE 

ROTARY-ACTION 

What do you need In 
MOLDED CARBONS, 
GRAPHITES, METALS 
& COMPOSITIONS? 

Electrical Brushes and 
Contacts 

Bearings — Anodes 
Electrodes 

Powder Metallurgy 
Components 

Welding Rods — Pipe 
Brazing Blocks 

Packing, Piston, and Seal 
Rings 

Rheostat Plates and Discs 
Carbon Discs Jor 
Regulators, etc. 

...cheap...dependable...adaptable 
From radio equipment to toys (post war, of course), from instruments to all sorts of 

electrical appliances, Stackpole Switches afford a broad engineering selection. Units are 

compact, dependable, low in price, and are subject to countless adaptations to meet the 

specific requirements of quantity users. 

Standard types include line, slide, and rotary-action styles; 3-position types; and 1-, 

2-, 3-, and 4-pole switches with or without spring return, detent, covers, and other 

optional features. Nine or more possible uses for Stackpole Switches on a single table 

model radio offer convincing evidence of the scope and 

versatility of the line. Write for catalog. 

New! Electronic Components Catalog on Request 
In addition to complete details on Stackpole Switches, Fixed and 
Variable Resistors, and Iron Cores, this new 36-page catalog contains 
much helpful data for purchasing agents, engineers, and production 
managers. Write for your copy today. 

STACKPOLE CARBON CO., ST. MARYS, PA. 

MOLDED METAL POWDER AND CARBON PRODUCTS 
Proceedings 41 the 1.R.E. February, 1944 
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TWO VOLUMES-6 SECT!ONS 
(approximately 1,500 pages) 

GENERAL INFORMATION 

RECEIVING TUBES 

TRANSMITTING TUBES 
(Power and Allied Types) 

CATHODE-RAY TUBES 
(Television & Oscillograph 
Types) 

PHOTOTUBES 

MISCELLANEOUS TUBES 
(Special Types) 

Each binder is serially numbered and is 
registered under the subscriber's name. 
Data sheets tor each tube type in-

clude: (a) intended uses; (b) maximum 
ratings; (c) characteristics; (d) typical 
operating condi tions; (e) physical dimen-
sions; (f) terminal connections; and (g) 
the most commonly used curves plotted 
to easily readable scales and large 
enough for solving design problems. 

Convenient loose-leaf form  •  Kept up-to-date  • Comprehensive data 

Tabbed separators for quick reference 

.r• 
/k -4  

frf  Ir • :NA. 
•, 

% 
.  0.110,..1.1 6t, 014 

ATTITH the RCA TUBE HANDBOOK on your 
TY desk, you have available at all times, and in 
concise, handy form, the most up-to-date technical 
data for each tube in RCA's comprehensive tube 
line...plus a wealth of detailed information such 
as the Army-Navy Preferred Tube list; definitions 
of general terms; tube ratings and their significance; 
types of cathodes and their use; outline-, base-, and 
cap-drawings; classification charts of receiving, power, 
and cathode-ray tubes; resistance-coupled amplifier 
chart; list prices; etc. 

The 86.00subscription price* brings you not only 
the two 73.-6' x 55 binders finished in black fabricoid 
and imprinted in gold, complete with data sheets, 
but also additional sheets containing new and/or 
revised data as issued during the year! Annual 
service fee thereafter, $1.50. 

Fill out (or copy) Subscription Order Form 
shown below, and mail it with your check today. 
This is the only way for you to make sure of 
having the same completely up-to-the-minute and 
authoritative information about RCA tubes . . . 
exactly when and where you want it...that thou-
sands of other electronics engineers are using every 
day. RADIO CORPORATION OF AMERICA, Commercial 
Engineering Section, Harrison, New Jersey. 

•This price applies only in the United States and its pouessions. 
For other countries, subscription price ..ill be furnished on request. 
Orders will be accepted subject to M Y ability to make deliveries. 

* * *  BUY M ORE WAR BONDS  * * * 

r ..1 SUBSCRIPTION ORDER FORM1 
(Domestic Order Only) 

ICo mmercial Engineering Section  Da tk'   
Radio Corporation of America 
577 South Fifth Street 
Harrison, N. J. 

Gentle men: 

Enclosed is my re mittance of $  for which please enter my 
subscription to: (nu mber of copies)  of the 

RCA TUBE H ANDBOOK —ALL TYPES HB-3 61 $6. POSTPAID 
(including service for one year) 

Na me   

Address   

City   
State   



Yesterday—Today—Tomorrow 
RALPH A. HACKBUSCH 

Vice-President, I.R.E. 

Since the turn of the century and the birth of the radio art, much progress has 

been recorded. 
Prior to the war great strides had been made in the radio art by the pioneers 

of wireless and radio communication, including of course broadcasting and such 
allied services as frequency modulation and television. 
The advances have been made possible by the combined efforts of the research 

workers, scientists, and physicists in the field of pure science, and the engineers 
who, in the field of applied science, have been responsible for the application and 
the large-scale production of radio equipment for the benefit of mankind. 
The radio industry can be justly proud that many of the developments and 

the production of radio communication and electronic equipment play an im-
portant role, if not a deciding factor, in the ultimate success of the United Na-

tions war effort. 
The physicists and the engineers whose joint efforts have made possible the 

use of radio-and-electronic equipment for war purposes must in the postwar 
period use their knowledge and skill to create a better world by making available 
radio-and-electronic devices to serve the peoples of the world in the fields of 

safety, public service, education, and entertainment. 
To achieve these hoped-for results there must be complete co-operation be-

tween the various groups representing Government, the industry, and the 

public. 
The members of The Institute of Radio Engineers have played an important 

part in the development of the radio art. It is their duty and responsibility to 
take an active role in shaping the world of tomorrow by becoming more active in 
the work of the Institute, in the general advancement of the engineering profes-
sion, in business management, as well as in the fields of government and political 
influence which affect or control the art, profession, or industry in which we are 

so vitally interested. 
The value of engineering services in managerial and industrial positions is be-

coming more widely recognized. Engineers in the past have not taken a suffi-
ciently vocal part in public affairs and therefore the qualities of leadership 
residing within the profession have definitely been neglected. 
Let us plan for the future with confidence realizing that we have a duty and 

a responsibility in assuring full postwar employment and the wider distribution 
of modern, well-designed, high-quality products. 

4 
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Ralph A. Hackbusch 
1944 Vice-President, I.R.E. 

Ralph A. Hackbusch was born in Hamilton, Ontario, 
Canada, on September 18, 1900. He was educated at 
Hamilton Collegiate Institute and later specialized in 
electrical engineering. For thirteen years Mr. Hack-
busch was with the Canadian Westinghouse Company, 
Ltd., before becoming affiliated with the Canadian 
Brandes Company (Kolster Radio). In 1930 he became 
Chief Engineer and Factory Manager of the Stromberg-
Carlson Telephone Manufacturing Company at Toronto 
and in 1940 he became its Vice-President and General 
Manager. That same year he was requisitioned by the 
Canadian Government and placed in charge of the Ra-
dio Division of the government-controlled Research En-
terprises, Ltd., at Toronto, later being elected its Vice-
President in Charge of Radio and Director of the Radio 
Division. He has since resigned this post and has re-
turned to Stromberg-Carlson at Toronto as its Manag-
ing Director. 
Mr. Hackbusch was a member of the Canadian Elec-

trical Code Committee, the main committee of the 
Canadian Engineering Standards Association, the Radio 

Manufacturers Association General Standards Commit-
tee, chairman of the Toronto Section of the Institute of 

Radio Engineers in 1933, a member of the Sections 
Committee in 1936, Board of Directors in 1940. He was 
Director of Engineering for the RMA of Canada for 
ten years and guest member of the Joint Coordination 
Committee of the Edison Electric Institute, the Na-
tional Electrical Manufacturers Association, and the 
Radio Manufacturers Association. He has for many 
years been a guest member of the General Standards 
Committee of the Radio Manufacturers Association of 
the United States. 

Ralph Hackbusch is a registered Professional Engi-
neer in the Province of Ontario and serves as the official 
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Electronic Tin Fusion* 
H. C. HUMPILREYt, ASSOCIATE, I.R.E. 

Summary —Application of electronic methods to the fusion of 

electrolytic tin plate is an important recent technological advance in 

the steel industry. It has played a prominent part in the conservation 
of tin, whereby tin plate is now produced using considerably less tin 

than heretofore. Handling operations have been greatly reduced, and 

the rate of production of tin plate speeded up to 500 feet per minute 
with some installations being made in anticipation that in the near 

future these tin lines may be operated at 1000 feet per minute. One 

tin mill alone has 3730 kilowatts installed capacity of electronic high-

frequency generators operating at 200 kilocycles, which is compar-
able to the total installed power of all the broadcast stations in the 

United States. This pioneering example of high-frequency electronic 
equipment of substantial power-handling capacity at work in industry 
undoubtedly is the forerunner of many processes where high-

frequency heating has as yet been unthought of but where, if applied, 

would produce a superior product, speed up operation, and effect 

operating economies. 

p
RIOR to December 7, 1941, steel strip was being 
tin-plated for the canning and food packing in-
dustries by the well-known "hot-dip" process. 

Thickness of this tin coating was such that about 1i 
pounds of tin were required for each 100 pounds of tin 
plate. The tin plate was processed as individual sheets 
rather than as a continuous strip. Steel mills were con-
sidering a new electrolytic process which would permit 
thinner tin coatings at greatly increased speed of pro-
duction as well as producing the tin plate as a continu-
ous strip. However, electrolytically deposited tin has to 
be heated to its melting temperature and "flowed" to 
obtain improved corrosion resistance and a satisfactory 
method for accomplishing this at high strip speeds did 
not exist. After Pearl Harbor, need to conserve tin and 
to increase production of tin plate for the canning in-
dustry so accelerated investigation of suitable methods 
for flowing electrolytic tin that research work which 
would normally require two years was accomplished in 
less than six months with the result that today con-
tinuous electrolytic tinning lines in several steel mills 
are in production using between one third and two 
thirds of the amount of tin which would have been re-
quired by the old hot-dip method, and the tin is 
"flowed" with power from electronic-type generators of 
200-kilowatt output capacity. 
To understand the contribution made by the elec-

tronic flowing process, it will be of interest first to 
consider briefly the electrolytic-plating process itself. 
A typical tinning and tin-fusion line is shown schemat-
ically in Fig. 1. The steel strip to be tinned as delivered 
to the entry end of the tinning line is 28 to 36 inches 
wide, 0.010 inch thick, about three miles long, and 
wound in a tight coil. This coil is placed on an uncoiler, 
threaded through a welder, and enters the first pinch 

• Decimal classification: R590. Original manuscript received by 
the Institute, May 6, 1943. Presented, Winter Technical Meeting, 
New York, N. Y., January 28, 1944. 

t Radio Division, Westinghouse Electric and Manufacturing 
Company, Baltimore, Maryland. 

roll. The welder is used to attach the end of one coil to 
the beginning of the succeeding coil, and the pinch roll 
maintains tension against the drag of the uncoiler. Be-
yond the pinch roll is a looping pit for the purpose of 
accumulating a length of strip which is taken up when 
the strip is stopped at the welder to attach the end of a 
coil to the beginning of a fresh coil. Considering the 
speed of the line and the length of time needed to weld 
the beginning of a new roll of strip to the end of the old, 
it is not practicable to accumulate enough length of 
strip in the looping pit to enable the speed of the line to 
be maintained during the welding operation. The line 
has to be slowed down and automatic controls are pro-
vided for both the tinning and flowing apparatus so that 
thickness of the tin coating and reflow temperature are 
maintained essentially constant with variations in line 
speed. After passing through a drag unit the strip enters 
the plating tanks where it is coated with tin one side at 
a time. Desired thickness of coating is obtained by ad-
justment of the plating current which is of the order of 
60,000 amperes at 12 volts direct current. The strip 
passes from the plating tank to a rinse (not shown on 
Fig. 1) which removes any plating solution still adhering 
to the strip. This completes the plating operation and 
the tinned strip next enters the inductor-heating coil 
where it is heated to a temperature corresponding to the 
melting point of tin and the tin flows to produce the 
mirrorlike finish expected of tin plate. The strip is then 
immediately quenched to preserve this surface. 
Following this, the strip either may be coiled or con-

tinued directly to a shearing unit to be cut into appro-
priate sizes to meet the requirements of the canning 
industry. A shearing line does not operate faster than 
about 700 feet per minute without danger of excessive 
buckling of the sheets so that provision is made for coil-
ing the finished strip and later shearing it into sheets as 
a separate operation. To shear accurate lengths of strip 
it is essential there be no tension in the strip as it enters 
the shear which might cause slippage of the strip on the 
feed rolls, and for this reason the strip enters the shear 
from a loop. Just before the strip enters the shear it is 
usually passed through a pinhole detector and a flying 
micrometer (not shown on Fig. 1). A suitable memory 
device operates a gate in a classifier to shunt out rejects. 
For a half-pound coating of tin per 100 pounds of strip 

the coating on each side of the steel strip is only 30 
millionths of an inch, or less than 1/100 the diameter 
of a human hair. This unflowed surface has a dull matte 
appearance which under a microscope is seen as a suc-
cession of steep pinnacles and deep valleys and tests 
show that such a tinned surface does not have a satis-
factory corrosion resistance. Upon heating the tin to 
its melting point the hills and valleys level off and a 
superior corrosion resistance obtained. Various methods 
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Fig. 1—Typical tinning and fusing line. 
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for heating the tin strip were considered but high-
frequency induction heating using vacuum-tube oscil-
lators as the source of high-frequency energy was chosen 
by some operators for the following reasons: 

(a) No physical contact is needed between the moving 
strip and the electrical circuit. 

(b) Work may be kept at ground potential. 
(c) Lends itself to rapid changes in speed of the tin 
line such as occur when the line is slowed down 
while the end of one piece of work is welded to 
the next following. 

(d) Provides uniform heating of the tin strip avoiding 
overheated spots or areas insufficiently heated to 
flow the tin. 

(e) Permits rapid rate of heating and eliminates diffi-
culties attendant on those heating processes which 
depend upon heating the tin strip by passing it 
through a furnace which tends to store a large 
quantity of heat. 

(f) Makes it possible to combine the plating and 
fusion lines, eliminating the handling, delay, and 
expense where the fusion process is such that its 
speed cannot be matched to the plating line and 
it is necessary to conduct the two operations 
separately. 

A sburncel threction of Current 
m 6trol Jtrip 
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Fig. 2—Arrangement of inductor coil with respect to tin strip. 

To flow the tin it must be heated to about 450 degrees 
Fahrenheit. To accomplish this the strip is threaded 
through a solenoidal coil carrying high-frequency cur-
rent and the energy in the electromagnetic field sur-
rounding this electrical circuit is transferred into the 
moving strip where it is converted into heat. The energy 
required for a given strip and line speed is determined 
from the well-known expression for the quantity of heat 

which must be added to M pounds of a substance of 
given specific heat to increase its temperature AT 
degrees. For steel strip, values of 0.13 may be assigned 
for specific heat and 7.82 grams per cubic centimeter for 
density and the following expression obtained for the 
power required to heat tin strip to 450 degrees Fahren-
heit. 

KW =3 XS Xb Xt.  (1) 

K W =kilowatts power required. 
S = speed of line in feet per minute 
b= width of steel strip in inches 
t= thickness of steel strip in inches. 

For speeds of 500 and 1000 feet per minute energy has 
to be transferred at quite a rapid rate and considerations 
of first importance are to establish whether a practical 

inductor-coil design is possible and to select an appro-
priate frequency which will produce the desired rate of 
heating. 

The arrangement of the strip with respect to the in-
ductor coil is shown in Fig. 2. It is convenient to assume 
the steel strip as a single-turn conductive sheet linking 
with the flux from the inductor coil. The reasonableness 
of this assumption is evident, since at the high fre-
quencies involved, skin effect will concentrate any 
current flowing around the strip in a thin surface layer, 
and for all practical purposes, the main part of the steel 
strip will behave as an electrical nonconductor. Accord-
ing to Faraday's law of induction, the voltage around a 
circuit through which magnetic lines of force vary is 
equal to the time rate of change of this flux; i.e., the volt-
age induced in the steel strip will be proportional to 
(a) the frequency of variation; and (b) the total flux 
linking the strip with the inductor coil. It is evident that 
if the total flux through the work were to remain con-
stant, an increase in frequency would always produce 
more voltage around the strip and, hence, more heating 
current. However, for a given magnetizing force in the 
inductor coil, because of skin effect, the alternating flux 
density at the center of the strip becomes less and less 
with increase of frequency, and the higher the frequency 
the more pronounced this effect, until at very high 
frequencies there is alternating flux only within a skin 
layer at the surface of the strip. As frequency is in-
creased, this restriction of flux results in a decreasing 
number of flux linkages between the strip and inductor 
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coil, and this tends to offset the advantage otherwise 
gained by increasing frequency. Exact mathematical 
expressions for the effect of frequency on rate of heating 
are availableI-2 but the difficulty of assigning appro-
priate values to sonic of the variables makes it seem 
preferable to use an approximate relationship given by 
Rosenberg' for eddy-current loss. 

P = 2 X NipfNsB X 10-4 . (2) 

P =eddy-current loss in iron mass-watts per square 
centimeter of surface 

p = resistivity ohm-centimeters 
f= frequency—cycles 
N= root-mean-square ampere turns per centimeter--

magnetizing force at surface of the iron mass 
= saturation flux density for the iron mass- - 

gausses 

This expression is applicable for any cross section if (a) 
the thickness of the conducting skin layer is small com-
pared to the total thickness of the iron mass; (b) in this 
depth the magnetic-flux density is. substantially uni-
form; (c) the current density in the conducting skin 

Fig. 3—Block schematic for a high-frequency induction-heating 
equipment for electrolytic tinning lines. 

layer varies linearly from a maximum at the outside 
surface to zero at a depth corresponding to the thickness 
of the conducting skin layer. For tin flowing, these con-
ditions can be approximated if (a) frequency is made 
sufficiently high that skin depth of current flow is small 
compared to thickness of the tin strip; (b) the magnetiz-
ing force at the surface of the tin strip is well in excess 
of that necessary to produce saturation flux density. 
Current density will vary in the conducting skin layer 
according to the usual exponential expression but for 
practical purposes a sufficiently close approximation is 
obtained by assuming that current varies in a straight-
line relationship from a maximum at the outside surface 
to zero at the inside boundary of the conducting skin 
layer. 
For practical purposes it is desirable to know the rate 

C. R. Burch and N. Ryland Davis, "Theory of Eddy Current 
Heating," Ernest Benn, Ltd., London, England. 

3 A. G. Warren, "Mathematics Applied to Electrical Engineering," 
D. Van Nostrand Co., New York. N.Y., 1940, pp. 243-264. 
s E. Rosenberg, "Eddy currents in iron masses," The Eketeician, 

August 24, 1923. 

of heating per unit volume of tin strip and by assigning 
a value of 18,000 gausses as saturation flux density for 
the steel strip, converting centimeters to inches, and 
assuming a resistivity of 15 X10-6 ohm-centimeter. The 
rate of heating for tin strip to its flowing temperature 
of 450 degrees Fahrenheit is 

W = 3.307 X 1/I X %/IN" x 10-4 (3) 

11' = rate of heating tin strip in the temperature range 
between room temperature and 450 degrees 
Fahrenheit--watts per cubic inch 

= thickness of tin strip in inches 
N= root-mean-square ampere turns per inch inagne-

tizing force at surface of tin strip 
f= frequency—cycles per second 

It is seen that the rate of heating of the tin strip 
within the temperature range under consideration for 
tin flowing is inversely proportional to thickness of the 
tin strip, proportional to square root of frequency, and 
to the three-halves power of the ampere turns per inch 
in the inductor coil through which the strip passes. It is 
interesting to note that for a given frequency, if the 
root-mean-square current in the inductor coil is held 
constant, the rate of heating per unit volume for a given 
thickness of tin strip is independent of the strip width. 
The product of the volume of strip within the in-

ductor coil and the rate of heating per Lnit volume 
must equal the total power required as determined from 
(1), and for heating tin strip to flowing temperature the 
length of the inductor coil will therefore be 

/ = 3 X S/W X 103 (4) 

I= length of inductor coil in inches 
S= speed of strip in feet per minute 
IV= rate of heating in watts per cubic inch 

Fig. 3 shows the block schematic for a high-frequency 
induction-heating equipment for electrolytic-tinning 

lines. It comprises the following major units: 

Rectifier 
Oscillators 
Tuning units 
Vacuum tubes and rectifier 
tubes 

Transmission lines 
Inductor coils 

Metal-clad switchgear 
Induction regulator 
Plate-power transformer 
Control and metering unit 
Cooling water heat ex-
changer and water pumps 
Electronic regulator 

Fig. 4 is a much simplified schematic diagram omit-
ing metering, control, and protective and interlock 
circuits. The circuit is a self-excited push-pull oscillator 
with a three-phase full-wave rectifier. The equipment 
operates from the steel mill's service bus; 6900 volts, 
3-phase, 60 cycles being typical. In steel mills, because 
of the capacity of the feeder circuits to which the 
induction heating equipment is connected, the circuit 
breaker which provides alternating-current protection 



64 Proceedings of the I.R.E. February 

for the high-frequency electronic equipment usually 
has an interrupting capacity of about 250,000 kilovolt-
amperes. An air circuit breaker is used in preference to 
an oil breaker because unlike usual circuit-breaker in-
stallations the main breaker for tin-line oscillators is 
expected to be opened and closed repeatedly at frequent 
intervals as it must open or close the plate-power circuit 
for every "on-off" operation at the flow-line operator's 
control desk. 

It is beyond the scope of this paper to discuss the con-
trol and interlock circuits in detail but the more im-
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sistance short-circuiting contactor must be rugged 
enough and of sufficient interrupting capacity to open 
in the event of a short circuit beyond it. 
Power output from the oscillator and rate of heating 

is adjusted by varying the alternating voltage to the 
rectifier. A 100 per cent buck or boost motor-driven 
remote-controlled induction regulator is used so that 
for full power twice the service-bus voltage is applied 
to the primary of the plate-power transformer and when 
the induction regulator is in its 100 per cent buck posi-
tion, it bucks out the primary line voltage so that there 
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Fig. 4—Simplified schematic industrial electronic-type high-fre-
quency generator, 200 to 600 kilowatts. 

portant features provided will be mentioned. The main 
plate-power breaker is equipped with an automatic 
recloser circuit so that if a fault occurs which is only 
temporary in nature, such as a tube flashover, the 
breaker will immediately reclose automatically. If the 
fault persists the breaker will trip out after one reclosure 
and remain locked out. In case of an interlock circuit 
opening up such as might happen if a cubicle door is 
opened, water does not flow properly to the tube water 
jackets, cooling water temperature becomes dangerously 
high or tube filament circuits are open, the plate-power 
circuit breaker will open and remain locked out and 
automatic reclosing does not occur when the breaker is 
tripped from any one of these causes. To extend tube 
life, time-delay relays automatically insure that there 
is the necessary time interval after starting the tube 
filaments and before applying plate voltage to the 
oscillator tubes. 
To avoid current surges into the plate-power trans-

former, step-start resistors together with a short-cir-
cuiting contactor are inserted between the main plate-
power breaker and the induction regulator in the plate-
power circuit. The short-circuiting contactor acts to 
short out the starting resistances within a few cycles 
after the plate-power circuit is closed. Considering the 
large kilovolt-ampere ratings of the circuit to which the 
plate-power equipment is connected, the starting re-
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is zero voltage on the primary of the plate-power trans-
former. Control circuits are so arranged that whenever 
the main breaker is tripped open the induction regulator 
starts toward its 100 per cent buck position so that 
when the main breaker is closed after having been open 
for any appreciable time interval an initially low or zero 
voltage will be applied to the rectifier. Upon closing of 
the main plate-power breaker, if automatic control of 
power output is in use, the induction regulator will 
automatically adjust itself to give the required power 
output. When manual control of power output is in use 
the induction regulator will remain in the position it 
had assumed just prior to closing of the main breaker. 
The rectifier, assembled on a steel chassis and cubicle 

construction (Fig. 5), is a conventional 3-phase, full-

wave type using 12 WL-857-B mercury-vapor rectifier 
tubes. It delivers a maximum of 1020 kilowatts at 
17,000 volts direct current which is sufficient to supply 
the needs of three 200-kilowatt oscillator units. Each 
oscillator unit (Fig. 6) comprises two water-cooled type 
WL-895 vacuum tubes and in conjunction with the asso-
ciated tuning cubicle (Fig. 7) is capable of continuously 
supplying 200 kilowatts of power output at a frequency 
of 200,000 cycles. The tuning-unit cubicle houses the 
tank inductance, and capacitors which, in combination 
with the inductor coil, determine operating frequency. 
The tank-circuit inductance is water-cooled to help 
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carry away the heat produced by coil losses and to 
minimize the resistance of the tank circuit inductance. 
Shielded transmission lines connect each 200-kilowatt 

-;• 
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Fig. 5-1020-kilowatt 5-1020-kilowatt rectifier (tubes and cover removed) is a 
conventional 3-phrase, full-wave type. 

oscillator-tank circuit to its inductor coil at the tin-
flow line. 
Since the oscillator tubes are water-cooled, the usual 

distilled-water closed circulating system with pumps 
and distilled-water storage tank forms a part of each in-
stallation. All piping and tanks in the distilled-water 
system including the pumps are of noncorrosive metal 
to prevent contamination of the water, minimize scale 
deposit on the tube plates, and maintain the noncon-
ducting properties of the distilled water. Heat dis-
sipated in the tubes, tank inductances, and inductor 
coils and carried away in the cooling water is trans-
ferred through a water-to-water heat-exchanger, and 
eventually carried away by the steel mills raw-water 

system. 
Construction of the inductor coils is shown in Fig. 8. 

The important factors influencing choice of the particu-
lar construction used were maximum freedom from tin-
dust accumulation, suitable shielding, provision for use 
of controlled atmosphere, accessibility for maintenance, 
ability to substitute different-sized inductor coils in the 
shortest possible time (the inductor coils are water-
cooled), and guarding against possibility of bowed or 

warped strip accidentally making contact with turns of 

the inductor coil. 
Excepting such few instruments as are mounted with 

the metal-clad switchgear all meters, controls, timing 
relays, small contactors, etc., are mounted in a separate 
control cubicle and on an operator's control desk. This 
permits flexibility of control arrangement without sacri-
ficing advantage of quantity production of a standard-
ized 200-kilowatt electronic-type generator design. In 
this control cabinet and on the operator's control desk 
are such meters, relays, and contactors, as alternating 
voltage at rectifier, inductor-coil current, oscillator, tube 
plate and grid currents, filament voltages, oscillator 
direct-plate-current overload relays, grid overcurrent 
relays, relays for over- and undervoltage of filament 
supply, water-pump overload relays, thermal overload 
relays for induction-regulator driving motor and water-
pump motor, contactors for induction-regular driving 

Fig. 6-200-kilowatt oscillator (tubes and cover removed). 

motor, oscillator and rectifier filaments, water pump, 
and blower motors. 
Probability of considerable fluctuation in the steel-

mill's service-bus voltage and the importance of main-
taining constant-filament voltage on the oscillator and 
rectifier tubes is provided for by connecting filaments 
and miscellaneous control circuits to the service bus 
through an auxiliary transformer and small automatic 
line-voltage induction-type regulator. This auxiliary 
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circuit is connected to the service bus ahead of the main 
plate-power circuit breaker so that the filament and 
auxiliary power circuit are independent of operation of 
the main plate-power circuit breaker. The auxiliary cir-
cuit is protected by its own current-limiting disconnect 
fuses. 

All cubicles are of steel construction as are the induc-
tor-coil shields, and precaution has been taken to guard 
against losses due to the strong electromagnetic fields 
which are present particularly in the tuning-unit cubi-

Fig. 7-200-kilowatt tuning unit. 

cies and at the inductor coils. Where possible, construc-
tion is made to avoid the steel framework constituting 
a continuous short-circuiting turn in the field of the 
tank inductance or inductor coil; and the inside of the 
cubicles is given a thin highly conducting coating of 

copper. This layer although relatively thin is effective 
in minimizing losses because the high-frequency cur-
rents by reason of skin effect will flow mostly only on 
the surface of the sheet-steel cubicles and shields, and 
only on the side adjacent to the inductor coils or tank 

Fig. 8-600-kilowatt inductor-coil assembly. 

inductances. The high-frequency electronic equipment, 
transmission lines, and inductor coils are shielded as a 
precaution against interference to radio services. Con-
trols or switches manipulated during operation are of 
the dead-front or low-voltage type. Interlocks are pro-
vided on doors to all compartments in which dangerous 
voltages are present. 

Although these steel-mill applications pioneer in the 
industrial use of high-frequency high-power electronic 
equipment, they are but a variation of high-power 
vacuum-tube equipment as developed for communica-
tion applications and therefore already developed to a 
high state of dependability. They are consistent in per-
formance, stable in operation, capable of remote con-
trol, rapid adjustment of power output, and automat-
ically protected against overload or damage to equip-
ment from improper operation. 

Correction 

C. A. Hultberg, whose paper "Neutralization of 
Screen-Grid Tubes to Improve the Stability of Inter-
mediate-Amplifiers" appeared in the December, 1943, 
issue of the PROCEEDINGS on pages 663 to 666, has 
brought to the attention of the editors an error in the 

last sentence on page 665. The sentence should read 
if. . . again provide sufficient reaction to make the appli-
cation of Hazeltine's principles advantageous" instead 
of ". . . again provide insufficient reaction to make the 
application of Hazeltine's principles advantageous." 



Flexibility in the Design of Military Radio Apparatus* 
J. J. FARRELLt, ASSOCIATE, I.R.E. 

A PROPOSAL TO INCREASE MILITARY RADIO PRODUCTION 

Summary —Numerous factors limited the production of mili-
tary radio and electronic apparatus at the inauguration of the 
Defense Program. Corrective action was taken to eliminate them 
as progress was made on the Defense, and later, the War Pro-
gram. With their elimination, new factors became limiting. The 
major factor which establishes the current industry production 
ceiling is the supply of critical materials and components. The 
application of alternates for both has materially reduced the 
effects of the present limitations. Much more can be accom-
plished by concentration on the problems and this paper de-
scribes measures which have been taken and suggests proce-
dures for future action. 

EARLY LIMITATIONS ON PRODUCTION 

S
I NCE the inauguration of the Defense Program 
there have been numerous factors which limited 
the production of military radio equipment to 

something less than a desirable maximum. As progress 
was made, corrective action modified these factors and 
those which limit us today are quite different from those 
of 1939. In the beginning, the greatest limitation was the 
lack of buildings and facilities—factories. It was not 
material then, nor manpower. It was not engineering 
since a standardized design for almost every kind of 
military communication service was available and 
promptly frozen. Through, and since, the last World 
War a few companies had maintained organizations for 
the design and production of military radio apparatus. 
In co-operation with the Government radio laboratories 
they had produced the apparatus which filled the require-
ments of the Military over the intervening years. It was 
a small business, perhaps 15 million dollars a year in a 
highly competitive market, and at times a discouraging 
business because of the wrong guesses fostered by the 
overconfidence of young people to meet the increasingly 
difficult requirements of the Military Services. At all 
times, however, it was a period of progress. The job was 
mainly one of engineering with the engineering cost a 
disproportionate share of the total as measured by stand-
ards for other types of electrical apparatus. Consequent-
ly, the factory area per cost dollar was small by com-
parison with the same standards. 
When the Army and Navy were given the green light, 

both were "ready to go" in radio communication equip-
ment. The immediate requirements were greater than 
the capacity of available facilities and the first bottleneck 
was created. The Government and industry co-operated 
to provide facilities for the prime contractors and their 

* Decimal classification: R560. Original manuscript received 
by the Institute, January 5, 1943. I'resented, War Radio Confer-
ence of the Radio Manufacturers Association, November 9, 1942, 
Rochester, N.Y. 
t Designing Engineer, Transmitter Division, General Electric 

Company, Schenectady, New York.  • 

suppliers, and in a short time a number of new plants 
and buildings were under construction. Then, with the 
freezing of home-receiver and other commercial radio 
activities, additional facilities were made available, and 
this limitation became progressively less important. 
There were periods when the most limiting item varied 

between machine tools, jigs and fixtures, steatite parts, 
aluminum, and engineering talent. These things, how-
ever, are of historical interest, and the matter of greatest 
present interest is: What are the limitations today and 

what can we do about them? 

FACTORS THAT LIMIT PRODUCTION TODAY 

Today, opinion may vary in the industry as to what 
the most important single factor is, but concurrence 
would be quite general on what the important factors 
are. Manpower is one, and a cause for concern by some, 
but it seems doubtful that this is of first importance. A 
military transmitter or receiver may be considered as a 
structure rather than a machine, because in general there 
is no relative motion between component members other 
than that due to the elasticity of the materials of con-
struction. Each structure may and often does contain 
several examples of machines, such as relays, meters, 
gears, and levers, but a major share of the structure can 
be fabricated by the semiskilled. If a basic force of 
skilled workers can be retained to provide the tools and 
fixtures for the unskilled and make the few precision 
parts which seem to be beyond the capabilities of those 
without Jong experience, it should not be too difficult to 
take care of the rest of the job even if it must be done 
100 per cent by unskilled workers, predominantly fe-
males. 
Another factor to be considered is standardization. 

The lack of it will be classed by some as a most serious 
handicap. Granted that standardization is of importance 
and that any improvement is desiiable, just how vital is 
it? There is more than one radio set which is used by 
both the Army and Navy. There is another which is used 
in airplanes, in ground stations, and in tanks. For years 
there have been Government standards on various com-
ponents. Therefore, we do have standardization; not 
enough perhaps, but if we could improve it greatly over-
night it is probable that an increased output of the indus-
try would be noticeable only after a considerable period 
of time. 
Some would class the need for design simplification 

as the major need. This objective is worthy, as always, 
but how much can be accomplished ? The radio engineers 
who have been at this job for 20 years in a highly com-
petitive market have not been using two vacuum tubes 
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where one would suffice, and the Government labora-
tories, with the problem of wartime maintenance and 
service in mind, have permitted few complexities which 
could be avoided. It would be ridiculous to maintain that 
no simplifications can be effected, but it is doubtful, 
unless the service requirements are changed, that their 
magnitude would be substantially reflected in increased 
production. 

Production methods are a factor which rate consid-
eration. The job of ordering, routing, planning, making 

the utmost of available facilities, can account for weeks 
saved or lost. The expansion of the organization, which 
bridges the gap between the completed drawing and the 
delivery of the finished article to test, has been one of 
the greatest problems. The job requires specialists trained 
in the system of their particular company, and the ab-
sence of draft deferments for this type of man has not 
made the job any easier. A good production man may 
be worth more to the war effort than two good toolmak-
ers, but not in the opinion of most draft boards. Con-
sidering the handicaps, production organizations gener-
ally, if not beyond criticism, are doing a good job. 
To determine the importance of the factors mentioned 

let us group them. Let us suppose that we could further 
simplify and standardize our designs and hand them over 
to an ideal production organization which had adequate 
manpower at its disposal. By imagination we have elim-
inated four of the handicaps to production which are 
regarded as substantial obstacles to greater output. As a 
consequence we have a right to expect a prompt reflec-
tion of the action in increased shipments. If we could 
perform this magic today, would we guarantee more 
production ? Would we even guarantee a continuation of 
the present going rate? In today's situation, insofar as 
the prime contractors and major subcontractors are con-
cerned, the answer is "no". 

MATERIALS THE REAL BOTTLENECK 
Current production is limited chiefly by the supply 

status of critical materials, and the quantity of apparatus 
delivered is governed by the allocation of these materials 
and certain components. It is not always evident whether 
the shortage is basic—raw material, or is due to insuffi-
cient facilities—rollink mills, etc., but the reason is un-
important because, in a large measure, the situation is 
beyond the control of the radio industry. 
There are about 23 materials in group I of the critical 

metals list. About 14 of these are used in radio apparatus, 
but the requirements for 2 or 3 of them are almost 
insignificant. For the remaining 11 or 12, it is impracti-
cable to obtain an authoritative listing of the materials 
in the order of scarcity. If this were feasible it is prob-
able that the list would be subject to frequent revisions 
due to unpredictable conditions. The knowledge of what 
materials cannot be obtained in sufficient quantities, all 
too often comes by the hard way—the notification that 
the requirements for a given period cannot be filled. The 
problem to be solved by industry, if output is to increase 
or hold its own, is the material problem. 

SUBSTITUTE MATERIALS CAN RELIEVE SHORTAGES 

The obvious way to relieve the critical-material situa-
tion is by a program of substitution. However, because 
of the uncertainty of forecasts it should not be a pro-
gram of outright substitution. Rather it should be the 
provision of alternates or the establishment of flexibility 
to the greatest feasible extent. In lieu of drawing changes 
the designer should provide an alternate list and allow 
his production and planning departments a free choice, 
dependent upon their current knowledge of material 
availability. They can use the optional material, go back 
to the original if conditions change, or use both. 

FACTS THE DESIGNER MUST KEEP IN MIND 

In considering alternate materials the designer must 
keep a few fundamentals in mind. The apparatus must 
be reliable and perform satisfactorily under severe con-
ditions. The requirements written into the specifications 
on temperature range, altitude, humidity, etc., can be 
checked any day in the newspapers. The vital necessity 
of reliable equipment for fighting a war is self-evident. 
Much is heard about "20 to 40 hours combat life" but 
who has seen a directive or specification change to this 
effect? Every departure from past practice which is 
authorized by a military agency is with the reservation 
that it must not cause any degradation in performance 
or reliability. Authorizations for alternate materials or 
components cannot be given lightly. Thorough engineer-
ing consideration, and perhaps a trial run or lot, must 
first provide the assurance that reliability and perform-
ance will be maintained. 

In selecting alternate materials the obvious thing to 
do is apply group III and group II materials if possible. 
Of some eight metals in group III we find only two, 
gold and lead, with possibilities. Among 17 in group II 
we find cast iron, platinum, silver, and paradoxically— 
because copper is in group I—we find beryllium copper. 
Three of the seven mentioned possibilities in groups II 
and III—cast iron, lead, and silver—are finding increas-
ing applications. It does not require great consideration, 
however, to determine that much relief cannot be ob-
tained from the less critical groups. Likewise there is 
some, but inadequate, relief in the less critical miscel-
laneous materials such as: some plastics, glass, ceramics, 
plywood, etc. Unfortunately the best substitutes for crit-
ical materials are other critical materials and the indi-
cated action is to allow, insofar as feasible, a free choice 
dependent upon conditions at any given time. 

EXAMPLES OF FLEXIBILITY IN DESIGN AND MATERIALS 

Considering the group I critical list it appears, from 
current procurement experience, that zinc is more plen-
tiful than nickel or cadmium, common steel can be ob-
tained more readily than the alloy steels or aluminum, 
and aluminum sheet is more readily obtainable than 
aluminum bar, rod, or extruded stock. Although we do 
not have any guarantee that the situation will be the 
same several months from now, the course of action for 
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the present is clear. The included photographs serve to 
illustrate flexibility of design. 

STEEL INSTEAD OF ALUMINUM 

Figs. 1, 2, and 3 show components of a high-produc-
tion aircraft transmitter as made of aluminum and steel. 
The steel parts are completely interchangeable with their 
aluminum counterparts and weigh no more, thus com-
plying with the basic requirement on alternates for air-
craft applications. The use of steel in these components, 
plus two others not shown, conserves 2,088,000 pounds 
of aluminum on current orders. 
Many more photographs could have been provided to 

illustrate alternate designs involving other metals than 

Fig. 1—Transmitter tuning unit cases for aircraft radio trans-
mitting equipment. View showing aluminum-alloy construc-
tion (at left) and alternate steel construction (at right). 

steel and aluminum. These would show parts made of 
beryllium copper, spring steel, and phosphor bronze; 
aluminum, zinc and plastics; copper and copper-weld; 
brass and steel; and others. Likewise many photographs 
of aluminum parts made from extrusions and sheet, 
from rod and sheet, and from rod and by die casting 
could be provided. In all cases tools are provided for 
the alternates and the selection of the material is by the 
production and planning groups. 
To be fully effective, the plan for flexibility must 

include certain manufactured components. It is well 
known that the supply of some components is so inade-
quate as to subject them to allocation. In these cases the 
difficulty may be due to raw materials or insufficient 
facilities. Let us consider two of these: steatite and mica 
capacitors. 

SUBSTITUTES FOR STEATITE 

Although the supply of steatite has been greatly in-
creased during the past months, there are still numerous 
instances where insulators of this material are a definite 
bottleneck. While the major increase in the steatite out-
put was due to new facilities, the generous application 
of alternates has helped considerably. Plastics, mycalex, 
porcelain, and glass have been applied where feasible. 

(See Figs. 4 and 5.) In most instances the application 
of these materials involved some loss, inasmuch as none 
of them is equivalent to steatite, but it was a loss which 
could be tolerated. The most satisfactory answer to the 
steatite problem is more steatite. If this answer requires 
more facilities than now operated by the ten or more 

Fig. 2—Transmitter mounting bases for aircraft radio transmit-
ter equipment. View showing aluminum-alloy construction (at 
left) and alternate steel construction (at right). 

Fig. 3—Antenna tuning unit and dynamotor unit mounting bases 
for aircraft radio transmitting equipment. View showing 
aluminum-alloy construction (top row) and alternate steel 
construction (bottom row). 

suppliers of the material the outlook would not be en-
couraging, because it is probable that the Army, Navy, 
and War Production Board would not support further 
expansion. What is needed is an equivalent material 
which can be produced without new facilities, and a body 
which meets these requirements will be available soon. 
By talc content it is a steatite. Its electrical and physi-
cal properties are slightly better than average of the 
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materials in use. Its shrinkage is the same as one steatite 
in general use, satisfactory parts having been pressed in 
the same molds. However, this body contains no feld-
spar. The frit is a synthetic compound which is subject 
to precise control and is, therefore, uniform. The most 

Fig. 4—Components for aircraft radio transmitting equipment. 
View showing porcelain, plastics, glass, and mycalex alter-
nates for steatite. 

important characteristic of the body is that it matures 
at cone 10, the porcelain firing temperature. This opens 
up possibilities for the use of porcelain facilities, par-

ticularly the tunnel kilns, few of which are being used 

Fig. 5—Antenna tuning inductor for aircraft radio transmitting 
equipment. View showing (at right) plastics, mycalex, and 
glass alternates for similar steatite parts (at left). 

at present to full capacity. Tools—molds and dies— 
must be provided for porcelain makers but the facilities 
and technique are available. At this time the material is 
in the proving grounds. A production run has been made 
and the parts are in various stages of subassembly, final 
assembly, and test. If this double and triple checking 
bears out the results obtained with test specimens, steatite 
will be definitely on the way out of the highly critical 
list of components. 

ALTERNATES FOR MICA CAPACITORS 

Probably the current number 1 item in the list of 
critical components is the mica capacitor. The need for 
developing alternates for this item is evident to the Gov-

crnment and to industry as well. A WPB-sponsored 
program on the application of oil-impregnated, hermeti-
cally sealed, paper capacitors is well under way. This 
undoubtedly will provide some relief, but the limitations 
of the paper capacitors of the types now being manu-
factured will greatly restrict their application. A better 
answer is needed and, in particular, one which meets the 

requirements for flexibility by providing a capacitor 
which is strictly interchangeable, mechanically and elec-
trically, with its mica counterpart. Fig. 6 shows a casing 
9, American War Standard CM56, 400-micromicro-
farad, 2500-volt capacitor. Twelve of this type and rating 
are used in one Army equipment for which unfilled 
orders require about 800,000 units. There is also shown 

Fig. 6—Components for aircraft radio transmitting equipment. 
View showing typical mica capacitor (second from left) and 
alternate interchangeable capacitors. 

another capacitor of identical dimensions and capacity. 
In temperature rating, leakage resistance, and operation 
in high humidity, it equals or excels the mica capacitor 
and yet it contains no mica. Its temperature coefficient 
(+0.05 per cent per degree centigrade) is greater and 
its power factor at low voltage (0.5 per cent to 1.5 per 
cent) is poorer, but for blocking and by-pass, where the 
twelve capacitors per equipment are used, these values 
can be tolerated. The dielectric used is a material which, 
as far as we know, has not been used heretofore for 
such a purpose. It is this material which provides the 
characteristics which compare so favorably with mica, 
and an adequate supply of it appears to be available. If 

proving runs and Government laboratory tests are suc-
cessful, as preliminary tests indicate, there will be an 
alternate for CM56 micas which will help the general 
situation materially. 

Fig. 6 also shows another alternate for the mica ca-
pacitor. It is made of a rutile body, titanium-dioxide 
with sufficient plastic materials to make feasible its 
pressing in thin intricate sections. It is fired at porcelain 
temperatures and silvered as necessary to provide the 

electrodes. Two plates of this size will make a capacitor 
of 400 micromicrofarads, 2500 volts rating. For blocking 
and by-pass applications the temperature coefficient will 
not degrade the transmitter performance materially. The 
plate has the same mounting dimensions as the CM56 
mentioned heretofore and two of them together have the 
same over-all dimensions as the CM56. The 400-micro-
tnicrofarad assembly is, therefore, readily interchange-
able and meets the requirements of complete flexibility. 
It is anticipated that production quantity tests will be 
complete and Government approval available in a short 
time. This ceramic capacitor, being a product of the 



"F 

1944 Farrell: Flexibility in the Design of Military Radio Apparatus 71 

porcelain plant, will impose no additional burden on the 
steatite maker and has possibilities for materially reduc-
ing the mica-capacitor requirements. Directly inter-
changeable ceramic capacitors for alternate use in fre-
quency-determining circuits are not impracticable. These 
will be made of a magnesium orthotitanate body with 
its lower power factor, better than mica, and negligible 
temperature coefficient. This will take more time but 
undoubtedly such capacitors will come into use in the 

future. 

AN ALTERNATE FOR THE PORCELAIN-TUBE RESISTOR 

The two units shown by Fig. 7, while not by any 
means an answer to the wire-wound resistor problem, 

Fig. 7—Components for aircraft radio transmitting equipment. 
View showing (at bottom) alternate for conventional por-
celain-tube-type resistor (top). 

show substantial relief in an isolated case. One unit is a 
1Y2-ohm tapped resistor, of conventional design, for the 
filament circuit of a transmitter. The alternate unit util-
izes nichrome ribbon, welded to phosphor-bronze wires 
which serve as taps and supports. It has proved satis-
factory on vibration and salt-spray tests. An incidental 
advantage is the substantial weight reduction. Several 
thousand of these resistors are required for one type of 
transmitter. 
The provision of alternate materials and components 

is more feasible in frozen designs which are in produc-
tion. Therefore, their greatest application so far has been 
on communication apparatus. Any alternate components 
which are available should, of course, be applied, but the 
provision of new alternates should not be allowed to deter 
the release of manufacturing information on the basic 
design. This task can be taken care of after engineering 
instructions are complete. 

A PROPOSAL FOR INCREASING PRODUCTION 

The photographs illustrate the plan of giving a manu-
facturing and production group wide latitude in the 
utilization of critical materials and components. They 
are a representative few, selected to demonstrate an idea, 
and many more which achieve the same end could have 
been provided. If it had not been for these accomplish-
ments by the General Electric Company, their output of 
military radio apparatus to date would have been consid-
erably less and future schedules would predict lower 

quantities than at present. Undoubtedly this statement 
with respect to one company can be applied to the in-
dustry as a whole. Other companies have had to pro-
duce alternatives and substitutes to cope with the diffi-
culties of the material situation. However, the total 

Fig. 8—Component for aircraft radio transmitting equipment. 
View showing (at left) tube socket of steatite and aluminum-
alloy construction and alternate mycalex and steel construc-
tion (at right). 

achievements of the industry are probably only a small 
percentage of what can be done, and the most important 
task ahead of us today is to finish the job. The output 
of military radio apparatus, while many times greater 

Fig. 9—Components for aircraft radio transmitting equipment. 
Samples of steatite which mature at porcelain firing tempera-
ture. 

than in peacetime, has not been good enough. The output 
in the months to come will not be good enough, and it 
will be far less satisfactory if we stand by and let alloca-
tion take its course. There is not enough of the most 
desirable materials and components to carry the mini-
mum schedules, and through ingenuity and resourceful-
ness we must compensate for this fact. The material 

situation is the major obstacle to increased production 
and, as such, it rates preferred attention from the engi-
neers of the industry. 
While this paper was not begun with the idea of advo-

cating a program of joint action, such a conclusion ap-
pears logical upon its completion. It seems definite that 
the most good can be accomplished in the shortest time 
by a co-ordinated plan, between industry and the Gov-
ernment laboratories, which will provide for a free inter-
change of ideas and avoid duplication of effort. It would 
be well if such a plan were adopted promptly and fol-
lowed aggressively because, if we do not make the most 
strategic use of critical materials and components, one 
war which will not be won is the War of Radio Produc-
tion. 



Acoustical Design and Treatment for 
Speech Broadcast Studios* 
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Summary—Three small speech studios have recently been com-
pleted by WOR in New York City. The factors taken into considera-
tion are: (1) the reverberation time, (2) the shape of the reverbera-
tion-time-versus-frequency curve, and (3) the reduction of the 
standing sound waves in the studio. This paper describes how a 
studio designed for good music conditions will not give the best con-
ditions for speech; particularly speech of the news broadcast type. By 
lowering the reverberation time at the low frequencies and allowing 
it to rise at the high frequencies, the effect is achieved of making the 
speaker in the studio sound as though he were actually in the home 
where he is being heard. 

The types of materials used in correcting broadcast studios are 
described. Graphs of the calculated time-frequency curves and as 
determined with a high-speed level recorder are shown. This paper 
explains the method of testing with the high-speed level recorder 
and also the discrepancies which occur between the caclulated and 
actual graphs. It explains the method by which the standing waves in 
the room are broken up to such an extent as not to be objectionable. 

THE object of this article is to illus trate  why ideal  
studio acoustical characteristics for music are not 
satisfactory for the transmission of speech. Potwin 

and Maxfield' have stated that there is still considerable 
question as to the desirable frequency characteristic of 
the time of reverberation in rooms especially for speech. 
In fact, it is doubtful if it is possible to arrange adjusta-
ble acoustical panels so as to provide a sufficient amount 
of change in acoustical characteristics to provide opti-
mum conditions for both music and speech. 
In the early days of broadcasting, it was realized that 

some kind of acoustical treatment was necessary for 
studios as broadcasts originating in untreated rooms 
sounded as though they were being given from a large 
barn. It was found that by hanging drapes, the reverber-
ation of the studios could be decreased. There was still 
something wrong, so more drapes were put up. This did 
reduce the reverberation time at the middle and higher 
frequencies but, to such an extent however, that many 
of the upper harmonics in music were lost. 
It was about this time that acoustical engineers 

realized that the curve of reverberation time versus 
frequency of a studio should have a definite shape. Ma-
terials were then tested and new materials developed 
which would permit the acoustical engineers and con-
structors to predetermine the shape of this curve as 
well as to control the amount of reverberation. 
This was not enough, however, as opposing parallel 
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surfaces caused standing waves and interference pat-
terns in the studios to such an extent that it was difficult, 
if at all possible, to find good locations for the micro-
phones where these interferences did not cause serious 
distortion to the sound pickup. Because of this, engi-

neers then began to find effective means to break up 
these standing waves. This breakup of standing waves 
has been accomplished so effectively that, today, there 
are practically no bad spots in studios which have been 
properly treated and microphone placement has been 
greatly simplified. 

It can be seen then that the governing factors for good 
acoustics are: 

1. The reverberation time. This is the amount of 
reverberation and is measured in the time required for a 
sound, when suddenly interrupted, to die away or di-
minish to a value 60 decibels lower than the original 
sound. 

2. The shape of the reverberation-time-versus-fre-
quency curve. This curve shows the reverberation time 
for different frequencies in the studio spectrum. 
3. The standing sound waves in a room. The standing 

sound waves in a room are caused by resonant condi-
tions in the room. These resonant conditions, due to op-
posing parallel surfaces such as ceiling and floor, and op-
posing parallel walls, cause serious peaks in the reverber-
ation-time-versus-frequency curve. These peaks cannot 
be eliminated by the use of acoustically absorbent ma-
terials. Therefore, some other method must be used to 
eliminate this condition. 

The reverberation time can be controlled by the 
amount of sound-absorbing materials used. The greater 
amount of material, the shorter will be the reverberation 
time. These materials are applied to, pr built into the 
walls and ceilings of the room which is being treated. 
The people in the studios must be taken into considera-
tion, as each person represents a fairly definite amount 
of sound absorption. The shape of the reverberation-
time-frequency curve can be controlled by selecting the 
proper amounts of the different available sound-absorb-
ing materials and to a certain extent by the method in 
which some of these materials are used. Manufacturers 
of the materials available maintain testing laboratories 
and their products are tested at periodic intervals. This 
assures the constructor that his calculations and esti-
mated results will be reasonably accurate. 
The standing waves can be effectively reduced and 

practically eliminated by the use of sutfaces placed at 
slight angles from the walls in such a manner as to 
eliminate large-area reflecting surfaces. This eliminates 
the large-order reflections by breaking them into a 
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larger number of smaller reflections. The absorbent ma-
terial also should be applied in a large number of smaller 
sections rather than in a small number of large sections. 
If these angled surfaces and sections of acoustical treat-
ment are placed in such positions that the reflected 
sound waves strike the absorbent sections more often, 
the large-order reflections will be more effectively bro-
ken up. This is achieved empirically and only through 
the use of knowledge gained from practical experience. 

Optimum Reverberation Time 

The optimum or most desirable reverberation time of 
a broadcast studio varies 1. with the size of the studio 
and 2. the uses of the studio, such as music, speech, etc. 
The optimum reverberation time for music studios 

has been fairly well determined by Potwin.2 (See Fig. 1.) 
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Fig. 1—Optimum reverberation time, in seconds, for various uses 
and for structures of various sizes. 

It will be noticed that the reverberation time at 512 
cycles, varies from 0.7 second for broadcast studios of 
5000 cubic feet to 1.5 seconds for studios of 1,000,000 

cubic feet. 

Shape of Optimum Reverberation Curves 

The optimum reverberation curves, for music and 
speech, in auditoriums have been published by Mac-
Nair.3 These curves are shown in Fig. 2 and are based 
on the threshold of hearing for average ears. With 
reverberation in accordance with these curves the musi-
cal and speech sounds in an auditorium all die away, in 
the human ear, at the same instant. The reverberation 
time at low frequencies is about 60 per cent higher than 
at 512 cycles; the reverberation time at 1000 to 2000 
cycles is shortest as this is the region of greatest sensi-
tivity of the ear. The time at 8000 cycles rises again to a 
point 8 tp 10 per cent greater than that at 512 cycles. 
Remember these are optimum reverberation curves for a 
large auditorium or legitimate theater. Orchestral music 
sounds best under these acoustical conditions. 

2 C. C. Potwin "Architectural accoustic design," Arch. Forum, 
September, 1939. 

3 W. A. MacNair, "Optimum reverberation time for audi-
toriums," Jour. Acous. Soc. Amer., vol. 1, p. 242; 1930, 

Broadcasting, however, presents an entirely different 
problem as both music, from orchestras, large or small 
and from individual instruments, and speech must be 
reproduced by the loudspeakers of the radio receivers 

in the listeners' homes. 
At this point let us stop and consider, basically, what 

is to be achieved. Nothing can be done about treating 
the home acoustically, but the studio for music can be 
treated to provide the same characteristics as for the 
auditorium and effectively transfer the auditorium 
acoustical characteristics into the home by means of 
the loudspeaker. Under these conditions the music will 
be reproduced under the best conditions, as the rever-
beration time in the home is so short that the musical 
characteristics will not be materially affected. 
For speech, however, these characteristics are not de-

sired, as the speech, when reproduced in the home, should 
not sound as though the person speaking is in an audi-
torium or large hall. What effect then, is desired? The 
speaker's voice, in the home, should sound as though 
the person speaking were actually in that home. Only in 
this manner can the "intimacy," so desired by producers 
be achieved; that is, without the breath and lip sounds 
which are heard when a person speaks directly into a 
microphone from a distance of three or four inches. 
This can be accomplished by treating a speech studio 

in such a manner that the acoustical characteristics of 
the room neither add nor detract anything from the 
tones of the speakers' voice. The optimum cnaracteristic 
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Fig. 2—Optimum ratio of reverberation time at any frequency to 
that at 512 cycles per second, in per cent, for auditoriums. 

for a speech studio then, is one having a very low re-
verberation time which is fairly uniform throughout the 
lower and middle audio frequencies. The reverberation 
time at the high frequencies may be allowed to be 20 to 
25 per cent greater than at 512 cycles. This rise at the 
higher frequencies provides greater intelligibility and 
also allows for the presence of one or two extra persons 

in the studio without materially affecting the reverbera-
tion-time—frequency curve. 
Harvey Fletcher, in his articles on high-fidelity trans-

mission, has demonstrated that the intelligibility of 
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speech sounds is translated through the higher tones, 
those above 500 or 1000 cycles, while the apparent in 
tensity or volume of speech sounds is provided by the 
tones having frequencies lower than these values. 
A preponderance of low bass reverberation tends to 

make the voice sound "homily," and impairs the intel 
ligibility of speech, rather than to improve the quality 
of reproduction. 

Three such speech studios have been built at station 
ll'OR. These vary in volume from 1000 to 1600 cubic 
feet. The calculated reverberation time at frequencies 
from 128 to 2048 cycles yaries from 0.4 to 0.5 second and 
at 4096 cycles is approximately 0.6 second. The low bass 
resonance so frequently heard on speech broadcasts is 
entirely lacking in broadcasts from these studios. 
As stated previously, the principal objective in the 

design of these studios was expressed: "Should sound 
as though the person speaking in the studio were actu-
ally in the room in the home." This result has been at-
tained by adjusting the studio characteristics so that 
they do not change the quality of the speaker's voice 
materially. The remarkable fact is that proper acousti-
cal characteristics of the studio improve the reception 
by all types and grades of radio receivers, regardless of 
their frequency characteristics. This paper will en-
deavor to show how, through the use and arrangement of 
acoustical materials, this objective was accomplished. 
About six years ago the Johns-Manville research de-

partment, at their acoustical laboratory, started work 
on the development of special sound-absorbing treat-
ments to be used primarily in broadcast studios, audition 
rooms, and similar spaces. This research resulted in the 
development of three types of acoustical treatments 
known as high-frequency, low-frequency, and triple-
tuned elements. These three treatments are all composed 
of rock wool of different densities and thicknesses, used 
in conjunction with diaphragms of various densities and 
weights, and all in turn covered with perforated Trans-
ite. The Transite is used as a protective covering mate-
rial, presenting a hard finished surface, readily capable 
of maintenance, decoration and repair. Perforated 
Transite also has the acoustical property of proportion-
ately greater reflection of sound for the frequencies 
above 2000 cycles, as compared to the frequencies below 
2000 cycles. The actual laboratory sound-absorbing 
values of these three treatments as determined at the 
Johns-Manville acoustical laboratory at Manville, New 
Jersey, are given in Table I. 
A better comprehension of the sound-absorbing 

values of these materials can probably be shown by 
means of graphs. 
Fig. 3 shows graphically the sound-absorbing char-

acteristics of these three materials. The low-frequency 
element has a sharply descending curve as the frequency 
rises, the high-frequency element has a sharply ascend-
ing curve as the frequency rises, and the triple-tuned ele-
ment has, for a commercial acoustical material a curve 
which has a fairly uniform or flat characteristic over the 

frequency range. It might be considered as the product 
obtained by combining the other two treatments. 

TABLE I 

Frequency in:Cycles Per Second 

High-frequency element 
Low-frequency element 
Triple-tuned element 

128  I 256  I 512  I 1024  I 2048  I 4096 

Percentage —Sound Absorption 

20 
I 66 
I 66 

46 
60 
61 

SS 
SO 
so 

66 
50 
74 

79 
35 
79 

75 
20 
75 

By adjusting the amounts of these three materials on 
the interior surfaces of any studio, it is readily seen that 
the contour of any time-frequency curve can be con-
trolled or adjusted to any desired condition. 

11. 

FREQUENCY (C PS) 

Fig. 3—Sound-absorption coefficients, in per cent, of: 
T.T.—J-M triple-tuned element 
L.F. —J-M low-frequency element 
H.F.—J-M high-frequency element 

The studios referred to are WOR studios 8, 9, 10, 
and 11, on the 24th floor of the building at Broadway 
and 40th Street, New York, N. Y. In estimating the 
desirable time-frequency curve, it was originally be-
lieved that the studio should have fairly flat absorption 
characteristics up to about the 1000- to 2000-cycle range 
with a rise in reverberation above that range not to 
exceed about 25 per cent of the actual reverberation 
time. It was believed that a small drop in the time at the 
low-frequency end would be permissible and might, in 
fact, even be desirable. It was afterwards found that 
this was very desirable and it is believed that it is due 
to the extremely low reverberation time below the 500-
cycle range that the studio gets away from the "boomi-
ness" of the male voice which is so evident in most 
speakers' studios. 

All calculations for reverberation were made using 
the Eyring formula which is a modification of the origi-
nal Sabine reverberation formula. Sabine showed "the 
general applicability of the hyperbolic law of inverse 
proportionality" between reverberation time and ab-
sorbing power as given by the relation: T = KV/a where 
T is the duration of the residual sound, V is the volume 

' Wallace C. Sabine, "Collected papers on Acoustics," Harvard 
University Press, 1900. 
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of the room, and a is the absorbing power of the sur-
faces. Standardizing reverberation time as the time re-
quired for the intensity of sound to drop one millionth 
of its original intensity, Sabine determined the constant 
K and obtained in English units the equation: T =0.051" 
/Sa. where S is the surface of the room and a0 is the 
average coefficient of absorption. 
Eyrings showed that the Sabine formula did not 

hold in extremely dead rooms where the average sound 
absorption coefficient exceeded 0.05. He developed the 
formula: T=KV/—S log. (1 —a.) in which the symbols 
are the same as noted above. 
The absorption coefficients for surfaces, people, and 

furnishings were taken from the tables given by Knud-
sen. The tables in his book were from data published 
by Knudsen, Sabine, F. R. Watson, Bureau of Stand-
ards and other recognized laboratories. 
A short description of the studios being discussed will 

now be given in order to explain more clearly the actual 
construction and layout. 

Fig. 4—WOR studio 8 showing sizes and placement of 
sound-absorbent panels. 

Fig. 4 is a photograph of WOR studio 8. This studio 
is approximately 14 X 15 X8 feet, 6 inches high. As it is 
placed in the corner of an irregularly shaped building, 
it is fortunate in not having any two parallel walls of 
any size. Furthermore, the ceiling is quite broken up 
to conceal ventilating ducts. The volume of studio 8 is 
approximately 1600 cubic feet. 
All studios discussed are finished with plaster walls 

and ceilings, linoleum floor, speaker's table, two micro-
phones, and two chairs. Studio 8 had, in addition at the 
time the tests were made, a studio grand piano. 
Fig. 5 shows the calculated time-frequency curve and 

the actual time-frequency curves which were obtained 
by tests with a high-speed level recorder. 
Curve C-C is the calculated design curve. Curves A 1 

6 Carl F. Eyring, Jour. Acous. Soc. Amer., vol. 1, p. 217; 1930. 
Vern 0. Knudsen, "Architectural Acoustics," John Wiley and 

Sons, New York, N. Y., 1932. 

and A2 are the conditions as determined by two test 
runs made with the high-speed level recorder. Curve A I 
was obtained when the microphone was placed directly 
in front of the speaker source, face to face, and about 
two feet away from it, both near the center of the room. 
Curve A2 was obtained when the microphone and 
speaker were placed back to back about two feet apart 
and facing opposing walls. 

• 
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Al   
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Fig. 5—C--calculated reverberation-time—frequency curve for 
studio 8. Al and A2—curve of measured reverberation time, at 
various frequencies, of studio 8. 

The test procedure for making the reverberation time 
runs was made in the following manner: Decay-time 
records were obtained with a high-speed level recorder 
manufactured by Georg Neumann and Company, Ber-
lin, Germany, Type Pz-No. 62. This instrument is as-
sembled for a 50-decibel range with attenuator box 
Type PS. No. 40. The sound sources were Bell Tele-
phone Laboratories records BTL 108, BTL 175. These 
are warble records over the following six ranges, in 
cycles per second: 160 to 250, 260 to 500, 500 to 1000, 
1000 to 2000, 2000 to 3000, and 3100 to 5400. The war-
ble was rapid, approximately seven warbling cycles per 
second. Regular studio loudspeakers and pickup micro-
phones were used, with their associated amplifiers. The 
signal was broken by quickly pulling out a lead plug in 
the loudspeaker circuit. Three decays were taken at each 
frequency range and averaged for the data given. 
The values shown are reverberation times, that is, 

time in seconds for the sound-pressure level to drop 60 
decibels from its initial steady-state condition. A straight-
line slope was drawn on the record, using the first 40 
decibels of the decay. The tape speed was 50 millimeters 
per second. From these the reverberation times were 

computed. 
The microphone-speaker-position relation was chosen 

and a record taken over the frequency range. Another 
microphone-speaker-position relation was then taken, 
and a second record was run. Except in studio 8, these 
relations were so chosen as to avoid directing the speaker 
into the microphone, in order that the record would give 
random sound energy. 
Studios 9 and 11 are twins but not quite duplicates. 

They are twins as far as their size goes, each being 8 feet, 
4 inches X15 feet, 9 inches X 8 feet, 3 inches high and, 
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having a volume of approximately 1050 cubic feet. They 
are not duplicates because one is right hand and the 
other reversed. Building considerations made the ar-
rangements of acoustical materials, doors, etc. some-
what different, but the amounts of acoustical treatment 
and the furnishings of both studios are the same. Fig. 6 is 
a photograph of studio 11 and Fig. 7 is the calculated 
and actual time-frequency curves for studio 11. 

Fig. 6—View of studio 11. 

Through the middle range, the actual and calculated 
time-frequency curves came fairly close together, but at 
the low frequencies the actual time-frequency curve was 
considerably less than the calculated. Fig. 8 shows the 
calculated and actual results in studio 9. 

tJJ 
dj 

6.6 

A 

FREQUENCY ic P .5 ) 

Fig. 7—C--calculated reverberation-time—frequency curve of Stu-
dio 11. A—curve of measured reverberation of studio 11. 

Here again the actual and calculated time-frequency 
curves came reasonably close in the middle range, but 
again the actual time-frequency curve was much lower 
than the calculated time-frequency curve for frequen-
cies below 2000 cycles. 

As noted before, in the calculated results the coeffi-
cients of the sound-absorbing materials used were taken 

FREQUENCY (C P5 ) 

Fig. 8—C'—calculated reverberation time and A—measured rever-
beration time of studio 9. 

from laboratory values. It is generally recognized that 
all acoustical measurements made electrically with high-
speed recording devices usually indicate reverberation 
times considerably below the calculated results. We 
believe this is largely due to the method used in making 
the laboratory tests on the sound-absorbing values of 
the acoustical materials. In the laboratory, tests are 
made on one solid unit or panel of the material to be 
tested, placed on one surface of the cubical proportioned 
room. The equivalent amount of sound-absorbing ma-
terial broken up in small segments and distributed on 
the various surfaces of the room does undoubtedly give 
higher unit sound-absorbing values. This has been 

Li 

4.1 

a 

A 
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FREQUENCY  (CPS) 

Fig. 9—Calculated and measured reverberation time of studio 10 as 
previously treated. The acoustical treatment of this studio now 
is similar to studios 8, 9, and 11. 

proved by Parkinson.7 As the material used in all these 
studios was predominantly low-frequency sound-ab-
sorbing elements, the studios undoubtedly had consid-
erably more low-frequency sound-absorbing value than 
had been calculated. However, as was mentioned before, 
the very low reverberation time at the low frequencies 
certainly gives a much better tonal quality to the studio 
when used for the male voice. 

7 John S. Parkinson, "Area and pattern effects in the measure-
ment of sound absorption," Jour. Acous. Soc. Amer., vol. 2, p. 112; 
1930. 



As a comparison with the three studios described 
above, reference is made to studio 10 which is one of this 
same group of studios. This studio was built long before 
the other three studios; in fact, it antedates Pearl Har-
bor and the demand for small speaker studios was not 
so urgent at that time. Studio 10 has approximately the 
same proportions, dimensions, and furnishings as 9 and 
11. It was originally designed to follow the standard 
practice for a speakers' studio, using the accepted curve 
for music or speaking and bringing the reverberation 
time down to adjust it to the volume. It is interesting to 
compare, in Fig. 9, the actual and calculated time-fre-
quency curves of this studio with the three studios pre-
viously discussed. 
The actual reverberation times, as shown by the high-

speed level recorder, are considerably less than the cal-
culated times over the entire range. The contour of the 
graph of the actual times is entirely different from that 
of the other three studios. It shows high reverberation 
times at the low frequencies and after vacillating 
around the middle range, drops down at the high fre-
quencies. The quality of speech from this studio is dis-
tinctly inferior to that of the other three studios, and 
the only possible cause for this is the difference in 
acoustical adjustment. These comments on this studio 
have been borne out by various commentators who have 
used all of the studios. They uniformly are loud in their 
praises of the first three studios, and all prefer any one of 
the three studios to studio 10 for their work. Since this 
paper was written the acoustical material and arrange-
ment of this studio have been made to conform to the 

other three. 
It will be noticed from observing the photographs 

that the acoustical treatment is broken up into small 
panels and these panels are distributed in irregular ar-

rangement on walls and ceilings. This tends to break up 
the large-order reflections. In addition to this, the sur-
face of nearly all the acoustical panels are sloped. This 
degree of slope varies in the different panels, being be-
tween 5 and 10 degrees. This slope tends to break up the 
standing sound waves in the room, and in this manner 
minimize the serious peaks that often occur in the time-
frequency reverberation curve. Then, too, there was ab-
solutely no symmetry about the arrangement, size, or 
slope within the limits mentioned for the acoustical 
panels. The sloping of the panels and degree of slope 
were studied from a common-sense point of view, care 
being taken that the slopes on opposing parallel surfaces 
were placed in different planes so as to obtain as much 
as possible three-dimensional dispersion of the surface-
reflected sound. This has been accomplished very well 
as the decay-time curves from the high-speed level re-
corder show a very straight drop for the first 40 decibels 
with no large pronounced peaks or valleys. The last 10-
decibel drop was slightly wavy but this was probably 
due to extraneous sounds picked up by the microphone, 
and probably not due to decay of sound in the room. 
The three studios have received nothing but favorable 

commendation from all speakers who have used them. 
When a person speaks in one of these studios, the natu-
ral tonal quality of the voice is very noticeable. Several 
news commentators have remarked at the ease of speak-
ing in these studios, as their voices in these studios have 
a natural ring and not the blanketed effect that comes 
from a predominance of high-frequency sound-absorb-
ing material. The net result to the auditor in his home 
with a fairly good commercial receiving set and speaker 
seems to be very similar to the effect of a person talking 
in the room without any appreciable loss due to trans-
mission and reproduction facilities. 

Polydirectional Microphone* 
HARRY F. OLSONt, ASSOCIATE, I.R.E. 

Summary—This paper describes a polydirectional microphone 
consisting of a single ribbon, the back of which is coupled to a 
damped folded pipe and an inertance in the form of an aperture. A 
single infinity of directional characteristics, ranging from bidirec-
tional, through all variations of unidirectional to nondirectional, may 
be obtained by simply varying the size of the aperture. 

INTRODUCTION 11ROM the inception of sound reproduction it was 
4   apparent to those associated with the problems 
of sound pickup that some form of directivity was 

desirable in the sound-collecting system to improve the 

• Decimal classification: R385.5. Original manuscript received by 
the Institute, May 18, 1943; revised manuscript received, July 26, 
1943. The development work on this microphone was completed 
several years ago. This paper was written on September 21, 1941, 
but it was not published in 1942 as was then contemplated. Presented, 
Winter Conference, New York, N. Y., January 28, 1943. 
f RCA Laboratories, Princeton, New Jersey. 

ratio of direct to reflected sounds and thereby improve 
the reverberation characteristics and otherwise discrimi-
nate against undesirable sounds. Horns and reflectors 
were used for the early directional sound-collecting 
systems. As the fidelity of reproducing systems was 
improved, it became apparent that considerable distor-
tion in the form of frequency discrimination in both the 
direct and reflected sounds was introduced because the 
directional characteristics of the horn and reflector 
systems varied with frequency. About ten years ago the 
velocity directional microphone' was developed which 
exhibited uniform directional characteristics over the 
entire audible spectrum. This microphone established 

H. F. Olson, "Mass controlled electrodynamic microphone: The 
ribbon microphone," Jour. Acous. Soc. Amer., vol. 3, pp. 56-68; 
July, 1931. 
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the usefulness and superiority of a sound-collecting 
system with uniform directional characteristics. 
The conventional velocity microphone consists of a 

single mass-controlled ribbon with both sides freely 
accessible to the medium. The many desirable per-
formance characteristics exhibited by this microphone 
may be attributed to the obvious simplicity of the 
vibrating system. The constants of the system may be 
chosen so that response and directional characteristics 
will be uniform over the entire audible frequency range. 
The nonlinear distortion for the intensity range of the 
human ear is a small•fraction of a per cent. The light-
mass-controlled system insures good transient response. 
The polar directional characteristic of the velocity 

microphone is bidirectional. For certain sound pickup 
problems, unidirectional characteristics are more desir-

POLE PIECE 

RIBBON 

MAGNET 

APERTURE 

CONNECTOR 

TO DAMPED 
I PIPE OR 
t LABYRINTH 

Fig. 1—The elements of a single-ribbon po ydirectional microphone. 

able. Accordingly, shortly after the development of the 
velocity microphone, a unidirectional microphone.' 
with uniform directional and frequency response over a 
wide frequency range was developed. The conventional 
unidirectional microphone consists of the combination 
of a pressure element and a velocity element. The origi-
nal unidirectional microphone employed ribbon ele-
ments for both the velocity and pressure elements. Em-
ploying ribbon elements makes it possible to maintain 
uniform phase relations between the velocity and pres-
sure elements without resorting to correcting networks. 
The acoustic fidelity of the unidirectional microphone 
is essentially the same as that of the velocity micro-
phone. 

2 H. F. Olson, "A uni-directional ribbon microphone," Jour. 
Acous. Soc. Amer., vol. 3, p. 315; January, 1932. 

3 H. F. Olson and J. Weinberger, U. S. Patent, Reissue. 19115. 
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Fig. 2—Front view and cross-sectional view of a polydir, tional microphone 
and the acoustic circuit of the acoustic sy,tcm. 

In view of the importance of directional microphones 
and the high fidelity of ribbon transducers, work has 
been continued on these systems with the object of 
increasing the scope and simplifying the vibrating 
system. As a result of this work a polydirectional micro-
phone, known as the Varacoustic microphone, has been 
developed consisting of a single ribbon, in which it is 
possible to obtain any type of limacon4.5 directional 
characteristic. It is the purpose of this paper to describe 
a single-ribbon polydirectional microphone. 

DESCRIPTION 

The single element unidirectional  microphone is 
shown in Fig. 1. The ribbon is located in the air gap 
formed by the pole pieces. A permanent magnet sup-
plies the flux to the air gap. The entire one side of the 
ribbon is covered by the labyrinth connector. The con-
nector, in turn, is coupled to a damped pipe or labyrinth. 
The type of directional characteristic is governed by the 
size of the aperture in the labyrinth connector. 
The action of this microphone can be obtained from 

Fig. 2 which shows the schematic view of the micro-
phone and the acoustic circuit. The sound pressure 
acting on the open side of the ribbon may be written 

P1  
where poi =amplitude of the pressure 

= 27rf 
f = frequency 
t= time, and 
01 = phase angle with respect to a reference 

point. 
The sound pressure acting on the aperture in the 
labyrinth connector may be written 

P2 =  P02e i("1+4°3)  

where po2 =amplitude of the pressure, and 
4)2 =phase angle with respect to a reference 

point. 

A limacon is a curve defined by e = a ±b cos 0. When a =0, e= b 
cos 0, a bidirectional characteristic. When b =0, e = a, a nondirectional 
characteristic. When a = b, e=a+a cos 0, a bardioid characteristic. 
For other values of a and b any type of characteristic of this family 
may be obtained. 

See H. F. Olson, "Elements of Acoustical Engineering," D. Van 
Nostrand Co., New York, N. Y., 1940. 
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The reference point for the phase may be changed so 

that 

and 
pi = poiego"  (3) 

p2 =  (4) 
The phase angle Os is a function of the angle of the 

incident sound as follows: 
CP 3 =  COS 0  (5) 

where 0 =angle between the normal to the surface of 
the ribbon and the direction of the incident 

sound, and 
4.= constant phase angle. 

M I  ZAI  TA, 
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Fig. 3 —The acoustic syste m, the acoustic circuit, and the directional 
characteristics for various values of the aperture 1112, re,. 

The volume current of the ribbon due to the pressure 
pi is 

where 

x 1 = 
Pi(zA2  zAa) 

ZAIZA2  ZA1ZA3 

ZA1 =  rAA ± iCO M A 

TAN  102 rAfillf RCAR-fiC a 8 — ..74.1 3M N M RCA R 

1- 0.)2CAR( MR ± Ms) -1-jcarAs CAR 

(6) 

ZA 2 = TA 2 + j(.8 312 

ZA3 = 7,13 

ZA 2ZA 3 

rAA  =acoustic resistance of the air load on the 
ribbon 

MA =inertance of the air load on the ribbon 
rAs  = acoustic resistance of the slit between the 

ribbon and the pole pieces 
M N = inertance of the slit between the ribbon and 

the pole pieces 
MR = inertance of the ribbon 
CAN =  acoustic capacitance of the ribbon 
rA2 =acoustic resistance of the aperture 
M2 = inertance of the aperture, and 
rA3 =acoustic resistance of the damped pipe. 

Since the acoustic impedance due to the inertance and 
resistance of the slit between the ribbon and pole pieces 
is very large compared to the acoustic impedance of the 
ribbon, these two elements may be neglected. Further, 
since the resonance of the ribbon is placed below the 
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Fig. 4— The ratio of the energy response of the polydirectional micro-

phone having a directional pattern defined by e.--a-1-1) cos 0 as 
co mpared to a nondirectional microphone as a function of the ratio 

a ÷b. END, energy response of a nondirectional microphone. ED, 
energy response of the polydirectional microphone. 

audible range, the acoustic impedance due to the 
acoustic capacitance of the ribbon may be neglected for 
the audible frequency range. Then, 

ZA1 = rAA + iCO M A+ ja) M R = rA1 -1- ja)Mi. 

The volume current of the ribbon due to the pressure 
P2 is 

k2 —  p2(zA3)   
ZA1ZA 2 +  ZA 1ZA 3  ZA 2ZA 3 

The resultant volume current )Xa of the ribbon is the 
difference between (6) and (7). 

=  —  (8) 

The value of the phase angle cl) can be determined from 
the geometry of the microphone. The values of the 
impedance can be determined from the mass and dimen-
sions of the ribbon, the area of the damped pipe or 
labyrinth, and the diameter of the aperture in the 

labyrinth connector. 
The directional characteristics of the microphone are 

controlled by varying the area of the aperture in the 
labyrinth connector. The effect of varying the aperture 
can be obtained from the schematic view and the 
equivalent circuit. See Fig. 3. 
In Fig. 3A the aperture is so large that the back of the 

ribbon is effectively open to the atmosphere. In this 

(7) 
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Fig. 5—Theoretical response-frequencv characteristics of the polydirectional microphone for aperture 
setting to yield: A, bidirectional; h, nondirectional; C, cardioid; and D, limacon of maximum dis-
crimination. 
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2a=36 

6a=b  4a=b  3a=b 

a=2b 
a=0 

a=3b 

2a=b 

the polydirectional microphone. 
Fig. 7—A few of the single infinity of directional characteristics obtainable with 

case the acoustic impedance zA2 is zero. Therefore, the 
resistance rA2 of the labyrinth is effectively short-
circuited. The action then is exactly the same as that 
of the velocity microphone. From (6), (7), and (8) the 

volume current of the ribbon is 

.7eR = — = 
(pi - p2)  

ZA 

If the amplitudes of pi and p2 are equal, then 

oi — Pole id''8 
.ku = 

ZA I 

If the angle ck is small 
Poi(/'  Ap cos 0 

R = —  cos 0 -   

ZA 1  ZA 

where Ap=poick the difference in pressure between the 
• 

two sides of the ribbon. 
Equation (11) will be recognized as that of the 

velocity microphone. The directional characteristic is 

bidirectional. 
In Fig. 3E the aperture is closed. In this case the 

acoustic impedance zA2 is infinite. Under these condi-
tions the pressure p2 is ineffective. From (6), (7), and 
(8) the volume current of the ribbon is given by 

PI  
=  —  =  =  ( 1 2) 

ZA 1  ZA 3 

Equation (12) will be recognized as that of the pressure 
ribbon microphone. The directional characteristic is 
nondirectional 
Using an aperture which may be varied, it is possible 

to obtain any limacon characteristic between the 
cosine bidirectional Fig. 3A and the nondirectional 
characteristic Fig. 3E, as depicted by Fig. 3, parts 
B, C, and D. The directional characteristic of Fig. 3C 

is given by 

3a=2b a=b 

e = a ± a cos 0.  (13) 

This is a cardioid characteristic which is obtained in the 
two-element unidirectional microphone by making the 
output of the bidirectional element equal to the non-

Fig. 8—Varacoustic-microphone. 

directional unit. The directional characteristic of Fig. 

3B is given by 
e = aI2 + 3a/2 cos 0.  (14) 

For a wider directional pickup angle the characteristic 
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of Fig. 31) may be more desirable. This characteristic 
is given by 

e  84/7  60/7 cos B.  (15) 

The energy response to random sounds as compared to 
that of a [unidirectional microphone is j for the bi-
directional characteristic, Fig. 3A, and the cardioid 
characteristic, Fig. 33'. The energy response for the 
characteristic of Fig. 313 is  This is the maximum 
value of discrimination obtainable in this microphone. 
That is, the energy response varies from I to I and back 
again to  in going from the bidirectional characteristic, 
Fig. 3A, to the cardioid characteristic of Fig. 3('. The 
energy response of the characteristic of Fig. 31) given 
by (15) is 0.39. The energy response varies from 1 to 1 
in going from the cardioid characteristic of Fig. 3(: to 
the nondirectional characteristic of Fig. 3E. The general 
expression for the directional characteristics obtainable 
with this microphone is 

e  a + b cos 0.  (16) 

The ratio of the energy response" of this microphone 
as compared to a nondirectional microphone for any 
ratio of a to b is shown in Fig. 4. 

As mentioned in the early part of this paper, an im-
portant requirement of a sound-collecting system is a 
directional characteristic which is independent of the 
frequency. Small deviations from a uniform directional 

characteristic, particularly in the angular range of high 
attenuation, are not serious because this region is used 
for discrimination and not pickup. The theoretical 
response-frequency characteristics of the polydirec-
tional microphone for aperture settings to yield the 
following characteristics; bidirectional, nondirectoinal, 
cardioid, and limacon of maximum discrimination char-
acteristics, are shown in Fig. 5. The experimentally 
determined characteristics for the same aperture setting 
are shown in Fig. 6. As in the case of the conventional 
velocity microphone, the directional characteristics for 

the bidirectional setting are independent of the fre-
quency, Fig. 6A. For the nondirectional position, see 

Fig. 68, the pickup is independent of frequency up to 
3000 cycles. m e maximum deviation of 10 decibels 
occurs between 0 and 180 degrees. However, from 0 to 

45 degrees the maximum deviation in lens than 3 deci-
bels. In the case of the cardioid, Jig. 6C, the shape of 
the response characteristks in the front hemisphere is 

practn ally independent of the angle of the incident 
sound. The disctiminat ion for 180 degrees in more than 
30 decibels in the important range of 100 to 4000 cycles. 
From 40 to 100 cycles the average attenuation is more 

than 25 decibels. I. loin 4000 to 14,000 the average 

.it  is more than 20 decibels. In the case of the 
limacon, a/2 + 3u/2 cos 0, the shape of the response char-
acteristics in the front hemisphere is practically inde-

pendent of the angle of the incident sound. The at 
for 110 degrees is more than 30 decibels over the 

range from 40 to 4000 cycles. This attenuation is some-

what greater than that of the cardioid. It has been found 
that for the change from the bidirectional character-

istic to the cardioid charactqristic, the attenuation is 
progressively greater in the zone of minimum reception 

as the characteristic recedes from the cardioid form and 

advances toward the bidirectional characteristic form. 
However, the attenuation for the angle of 180 degrees 
in the cardioid position is greater than can be usefully 
employed in practice. An important factor is uniform 
response in the useful angular pickup zone. This pre 
dudes discrimination in the direct sound. Another im-
portant factor is uniform response to random sounds. 
In all the types of directional characteristics obtainable 

this microphone the energy response is practically 
independent of the frequency. This precludes discrimi-
nation in the reverberant or generally reflected sound. 

A few of the single infinity of directional character-
istics obtainable with this type of microphone are shown 
in Fig. 7. 

A photograph of the commercial design of the poly-
directional microphone known as the Varacoustic micro-
phone is shown in Fig. 8. This design was developed by 
L. J. Anderson. 



Representation of Impedance Functions in 
Terms of Resonant Frequencies* 

S. A. SCHELKUNOFFt, ASSOCIATE, I.R.E. 

Summary—The conventional extension of Foster's reactance 
theorem to electric circuits with an infinite number of degrees of 
freedom (sections of transmission lines and cavity resonators) leads 
to series which converge so slowly that often seemingly natural ap-
proximations make the series actually divergent. There exist, how-
ever, modified expansions which are suitable for numerical calcula-
tions and which admit of an attractive physical interpretation.Similar 
expansions can also be obtained for the transfer impedance. The 
method of approach is function-theoretic and is based on the as-
sumption that the driving-point impedance and the transfer imped-
ance are analytic functions of the oscillation constant. When these 
functions are single-valued, they may be represented as certain 
series of partial fractions or series of functions analogous to partial 
fractions. In the case of pure reactances each term of these series 
corresponds to a resonant circuit coupled to the input element or a 
resonant transducer. The results are approximately true for slightly 

dissipative systems. 

I. INTRODUCTION 

I
T HAS been shown by Foster' that the input im-
pedance (or the "driving-point" impedance) of a 
network composed of a finite number of self-induct-

ances, mutual inductances, and capacitances is equal 
to the impedances of properly constructed networks of 
types shown in Figs. 1 and 2. The number of parallel 
circuits in Fig. 1 is equal to the number of natural fre-
quencies of the given network when the input terminals 
are open. The number of series combinations in Fig. 2 
is equal to the number of natural frequencies of the net-
work when its input terminals are short-circuited. 
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Fig. 1—Representation of a reactive network. 
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Fig. 2—Representation of a reactive network. 

In principle there is no difficulty in extending Foster's 
theorem to include systems with an infinite number of 
natural frequencies either by representing certain solu-
tions of Maxwell's equations in terms of appropriate 

• Decimal classification: R140. Original manuscript received by 
the Institute, June 7, 1943; revised manuscript received, August 9, 
1943. 
t Bell Telephone Laboratories, Inc., New York 14, N. Y. 
1 Ronald M. Foster, "A reactance theorem," Bell Sys. Tech. Jour., 

vol. 3, pp. 259-267; April, 1924. 

orthogonal functions' or by function-theoretic methods.' 
The only question is that of convergence of correspond-
ing analytic expansions. In some instances (in the case of 
transmission lines, for example), the series are known to 
converge. Perhaps they always converge if the coeffi-
cients are given their exact values; but it is also true that 
these series often fail to converge if certain seemingly 
natural approximations in the values of the coefficients 
are made. Even the expansions which are known to be 
convergent, converge slowly. In this paper we obtain 
modified expansions which converge more rapidly and 
in which reasonable approximations can be made with-
out introducing serious errors. It turns out that these 
new expansions possess an attractive physical interpre-
tation. Finally, we obtain similar expressions for the 
transfer impedance. 
In view of the practical importance of these analytic 

representations of impedance and admittance functions, 
we shall consider the entire problem anew, starting with 
simple systems but in a way which permits desired gen-
eralizations and modifications. In order to avoid approx-
imations that would tend to obscure certain facts which 
we are anxious to bring out, we shall start with nondis-
sipative systems; then we shall extend the results to 

dissipative systems. 

II. THE ADMITTANCE OF A SIMPLE 
SERIES CIRCUIT 

Consider a circuit consisting of an inductance L and 
a capacitance C connected in series as shown in Fig. 3. 

a 0. --/01(31 

C   

A 0   

Fig. 3—Parallel-resonant circuit. 

Its impedance and admittance across the input termi-

nals A, B are 
Z = i(cd, — 1/wC),  Y = 1/Z = io.C/ (1 — OLC),  (1) 

where (A) is the frequency in radians per second. The im-
pedance vanishes and the admittance becomes infinite 
when 

w ± &  = 1/N/LC;  (2) 

6) is the natural frequency of the circuit with its input 
terminals short-circuited as in Fig. 4. Expressing the 

2 E. U. Condon, "Forced oscillations in cavity resonators," Jour. 
A ppl. Phys., vol. 12, pp. 129-132; February, 1941. 
A derivation similar to Condon's is given also in an unpublished 

report by J. C. Slater. 
3 S. A. Schelkunoff, "Electromagnetic Waves," D. Van Nostrand 

Company, Inc., New York, N. Y., 1943. 
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admittance in terms of a, we have 
y = iwp2cy(a,2 _ w2) = iw/L(62 _ (.0 2) . 

The energy content of the circuit at resonance is 

E = U P, 
where I is the amplitude of the current; therefore 

L = 

(3) 

(4) 

(5) 

where e is the energy stored in the circuit at resonance 
when the input terminals are short-circuited and the ampli-
tude of the current passing through them is unity. The ad-
mittance may then be expressed as 

= iw/2-e(62 — (02).  (6) 

A 

'00 0 

T 
Fig. 4—Series-resonant circuit. 

III. THE IMPEDANCE OF A SIMPLE 
PARALLEL CIRCUIT 

Consider now a parallel combination of an inductance 
and a capacitance as shown in Fig. 5. Across the termi-

Fig. 5—Series connection of an inductance and a capacitance. 

nals A,B the admittance and impedance of the circuit 
are 

Y = i(wC — 1/ wL),  Z =  (1 — w2LC).  (7) 

The admittance vanishes and the impedance becomes 
infinite when 

(LI =  ±  Cr) =  1,V EC:  (8) 

Cu is the natural frequency of the circuit when the input 
terminals are left open. Expressing the impedance in 
terms of (.7J, we have 

Z = iw/C(J.,2 — w2).  (9) 

The energy of the circuit at resonance is 

= ICV2,  (10) 

where V is the voltage amplitude across the terminals; 
therefore 

and 

C = 2e, 
Z = iw/2E(0 — w2), 

(11) 

(12) 

where E is the energy stored in the circuit at resonance 
when the input terminals are open and the amplitude of the 
voltage across them is unity. 

IV. CONSTRUCTION OF IMPEDANCE AND ADMIT-
TANCE FUNCTIONS HAVING PRESCRIBED SIMPLE 
POLES AND GIVEN RESIDUES AT THESE POLES 

For a number of parallel circuits connected in series 
as shown in Fig. 6 the impedance function is simply the 

co 
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Fig. 6—Impedance with prescribed poles. 

sum of impedance functions of the type (9) or (12); 
thus 

= E iw  - o) = E 28„(2 - w2), (13) 
where  (;)o = 0, + c-01, + (-02, • • • r  C;)rn •  (14) 

are the given simple poles and 

1, iCo = 112180., + 1 2iCi = + 1 4i8-1, • • • , 

1„2iCm = +  (15) 

are the residues. The isolated capacitor is a "parallel 
circuit" with an infinite inductance. The point 0.) =  X  is 
a zero of Z. 
Now it is well known in the theory of functions of a 

complex variable that any single-valued function which 
has the same poles and residues as Z can differ from Z 
only by an entire function. It is easy to prove that the 
impedance of a finite network varies ultimately as iwL, 
where L may be zero. Thus any other impedance func-
tion which has the same singularities in the finite part 
of the plane as Z can differ from it only by6 iwL. Hence 
if we add a series inductance to the network in Fig. 6, we 
can say that it has the same impedance as any other 
network having the same poles and residues. 
The coefficient L is twice the maximum energy 

stored in the circuit at infinite frequency when the 
amplitude of the current through the input terminals is 
unity. Hence our general impedance function having a 
finite number of simple poles may be expressed as 

Z = 2iwe + E iw  - o).  (16) 
A positive reactive network can have only simple 

poles and zeros and these must be on the real frequency 
axis. For if some (;)„ has an imaginary part, the ampli-
tude of the corresponding natural oscillation will either 
increase or decrease indefinitely; this cannot happen 
unless there is either a concealed source of energy in the 
network or a resistance. And if any zero or pole is of the 
order higher than unity, then the impedance z(p), where 
p=t+ico, will be negative at some points in the right 

' A function such as a polynomial or an exponential function 
which has no singularities in the finite part of the plane. 

6 A constant term is ruled out because the impedance of a purely 
reactive network is an odd function of co. 
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half of the p plane and this also would require concealed 
sources of power. Thus, for systems with a finite number 
of degrees of freedom, (16) and the representation in 
Fig. 1 are quite general. 
The poles of Z are the zeros of Y and it is easy to show 

from (16) that 

r 1/4 0) = iBi(C00), Bi(c-00)=4E„, if n  0,  (17) 

and  Y'(0) = iV(0),  B'(0) = 2-80.  (18) 

Thus most of the coefficients in (16) are related to the 
slopes of the susceptance at its zeros. The first coefficient 
is related to the ultimate slope of the reactance function. 
What we have said about the impedance function of 

networks in Figs. 1 and 6 can be repeated for admit-
tance functions of the networks shown in Figs. 2 and 7. 

0 

,29 9 
C2— r   

Fig. 7—Impedance with prescribed zeros. 

Thus we write 

= ic0C  E iw/Ln(an2 — .2) 

= 2iwE  E iw/2-8-„(6.2 — (19) 

=  X'(6„) = 48-„, if n  0, 
(20) 

Z'(0) = iX'(0),  X'(0) = 280. 

V. A SIMPLE ILLUSTRATION 

As a simple illustration of how the foregoing expan-
sions can be used let us obtain the input impedance of 
the network shown in Fig. 8. If the input terminals are 

L. 

Fig. 8—Inductance coupled to a resonant circuit. 

open, the network has only one natural frequency and 
this is unaffected by the coupling; thus 

=  (21) 

Next we compute the energy of the system on the as-
sumption that the voltage between A and B is unity. To 
begin with we express the energy in terms of the cur-
rent amplitude I; thus 

28- = L/2.  (22) 

The voltage across AB is c7)Lml and if this voltage is to 
be unity, I must equal 1/‘;,Lm; hence 

L/j,2Lm2. (23) 

Next we calculate the maximum energy E of the cir-
cuit at infinite frequency on the assumption that the 

terminals A, B are short-circuited and the amplitude of 
the current through them is unity. At infinite frequency 
the impedance of the capacitor is zero, the impedance of 
the secondary circuit is icoL, the impedance coupled into 
the primary circuit is.coLm2/iL, the effective inductance 
of the primary circuit is L1—Lm2/L, and 

= L1 — Lm2/L.  (24) 

Substituting (23) and (24) in (16), we have 

Z = ico(Li — (Lm2/L)  ii-o2Lm2co/L(c7.)2 — co2). (25) 

For future reference let us note that this equation may 

be written in the following form: 

Z = UZI +   (26) 
L2 Lm  2  iC0 

L L 2 _ (.0 2  (.7.)2 

that as the frequency approaches zero the contribution 
from the last terms becomes negligible as compared to 
that of the first term, and that consequently 

Z  (27) 

VI. IMPEDANCE AND ADMITTANCE FUNCTIONS OF 
SYSTEMS WITH AN INFINITE NUMBER OF 

NATURAL FREQUENCIES 

If the oscillating system has an infinite number of 
natural frequencies we have no a priori assurance that 
expansions (16) and (19) will converge. The convergence 
of these series has nothing to do with the actual exist-
ence of functions Z and Y but depends on their analytic 

properties. 
Mittag-Leffier's theorem in the theory of functions 

of a complex variable states that it is always possible to 
construct a function which is analytic in the finite part 
of the plane except at given simple poles and that any 
other function having the same poles and the same resi-
dues at these poles differs from the original function by 
an additive entire function. Consider an infinite se-
quence of poles arranged in the order of increasing mag-
nitude 

(;)11 C-0 2, C-03, ' • ' (28) 

and assume that we found an integer p such that the 
series 

a*  1 

Enjhs2P  

converges. Next we consider the following expansion 
1  1  co2  

 =  . (30) 
(.0 2  (7.4, 2  E0n4  (:"0n.  ("2 p 

It can then be shown that the series 

Zi= 
1 [  ico  icoa 

2 en  Con 2  (0 2  (.7,,n2  (70n 4 

is convergent if  
We believe that in the case of impedance functions 

encountered in practice the series corresponding to p = 2 

Z1 = E _ 
- [  iw  iw 
2E„ 2 — (0 2  (.;,n2 

will be convergent; but naturally the proof must be 

i(0 2 p-3 

(29) 

(31) 
(1,n2(p-i) 

(32) 
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supplied in each case when the information regarding 
the sequence of poles and residues is available. 
Since (32) may be written in the form 

z, = 
00  1.103 

n E...1  2 E ( 2 w 2) 
(33) 

it is evident that 

Zdico  0 as w —) 0,  (34) 

provided of course that (32) converges. Hence if at 
vanishingly small frequencies the system has an in-
ductance L, then the complete impedance function is 

iw 
Z = iwL  E 

2.81(0,,2 — CO2 

Similarly for the admittance function, 
00  [ iw 

= + E 2e„6.2 - 

it.) -I 

we have 

iwl 

(35) 

(36) 

Here C is the capacitance at vanishingly small frequen-
cies or a measure of the electric energy stored in the cir-
cuit when the input terminals are open and the voltage 
across them is unity. 
Compare now (35) with (26) which was obtained for 

the circuit shown in Fig. 8. As we should have expected 
expansions (16) and (35) are the same if both are con-
vergent. Furthermore, if we write the impedance of the 
circuit directly in terms of the impedance of the pri-
mary and the impedance coupled from the secondary, 
we have 

Z = iwLi w2Lm2/i(wL — 1/wC) 

= UAL' ± ity'Lm2/L(c7.,2 — w2). 

Comparing this equation with (33), we have 

Lm2/L = 1/28-c-02. 

Hence we may rewrite (35) as follows 
[  iw 5„.2Lm  ,n  2 

Z = iwL  E   L. 02 - w2) 

= iwL  E   
— 0,2) 

iwLm ,n 2 1 

L„ 

A 

Of course, in the immediate vicinity of any natural fre-
quency one particular term is so much larger than the 
rest that it does not matter whether Z is written in the 
form (39) or (39'); but off resonance, particularly in the 
lower-frequency range the situation is quite different. 
For instance, consider two resonant circuits for which 

LI = L2 = L  Ci = C,  C2 = 0.01C 

COI = w= 1R/E-C:  (02 = 

and let the self-inductances of the coupling coils and the 
mutual inductances be equal to Land Lm, respectively; 
then by (39) we have 

Z = 2iwi,  iwaLm2/L(2 _  i(4,3Lm 1/ k1001.7.12 — C42). 

LI LI 
0  0  

Fig. 9—Representation of a reactive network. 

If co= 2c-o, the last term contributes an inductance equal 
to 0.04L312/L. This represents a very small effect and 
our formula is in agreement with our physical intuition 
which tells us that we are so far below the higher reso-
nant frequency that the effect of the second resonant cir-
cuit should be small. On the other hand if we write Z in 
the form (39'), then we have 

Z = iw(22 — 2Lm2/L)  ii..)2coLm2/L(c-02 — 0)2) 
(37)  100ic;)2(.0Lm2/L(100i02 — (02). 

In this case when co = 2c;) the contribution of the last 
term exceeds the contribution of the second term. 

(38) 

(39) 

and interpret it as the input impedance of the network 
shown in Fig. 9. Here L is the inductance of the pri-
mary circuit which consists of a loop coupled to a suc-
cession of independent simple circuits; L„ is the induct-
ance of a typical secondary circuit and Lm, is the mu-
tual inductance between it and the primary circuit. 
If the series formed by the first terms in the brackets 

of (39) is convergent, then (39) may be rewritten as an 
expansion of the type (16); thus 

00  jun.;).2Liif  ,n2 
Z = iw(L — L')  E   

L 0( c 0 2 

1,11,2 
L' = E 

L„ 

(39') 

VI I. A SIMPLE EXAMPLE OF AN OSCILLATING 
SYSTEM WITH AN INFINITE NUMBER 

OF NATURAL FREQUENCIES 

Before passing to applications of the foregoing results 
to cavity resonators, it will be instructive to consider a 
case of an oscillating system with an infinite number of 

Fig. 10—Section of a transmission lines short-circuited at the far end. 

natural frequencies in which the expansion given by (16) 
indubitably converges. Even in this case the expansion 
given by (35) is preferable on account of its more rapid 
convergence. Let us take an ordinary transmission line 
of length land let it be short-circuited at one end, Fig. 
10. If x is the distance from the open end, then the volt-
age for a typical oscillation mode is 

V(x) = cos ((2n  1)7rx/ 21), n = 0, 1, 2, 3, • • • . (40) 
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The amplitude has already been adjusted so that 
V(0) =1. The corresponding natural frequencies and 

wavelengths are 

= (2n -I- 1)212/N at,  X„ = 411(2n  1),  (41) 

where 1,-C are, respectively, the inductance and capaci-
tance per unit length. The energy associated with a 

typical mode is 

2E„ = fo [17(x)]2dx =  (42) 

Therefore by (16) we have 

(43) 
.-0 C/(io„2 — 0,2) 

The direct-current inductance of the line is Li; hence 
by (35) we have 

2ico 

x 2  ito 
Z =  E _ n_o c/Ln2 _ 0,2 j, n2 

81142 
= i(oLi  E   i)2,2(a,n2 _ 0,2) 

It  (2n + 

Since (43) and (44) are convergent, we must have 

Li = E _2fl O   (45) 
C/c;),,2 

This is actually the case. 
Let us now obtain (44) directly from (39) in accord-

ance with which we interpret the transmission line as a 
simple loop having inductance L=L1 and which is 
coupled to its own oscillation modes. If the maximum 
current amplitude is unity, the current distribution in 
the line for a typical oscillation mode is 

/„(x) = sin ((2n  1)rx/2/).  (46) 

The inductance for this mode is then 

L„ = 26. =  f  n(x)12d x = Li.  (47) 

The mutual inductance is equal to the flux coupled with 
the loop; hence 

• 2L1 
Lm, =  f In(x)dx =   (48) 

(2n + 1)7r 

Substituting from the above equations in (39) we obtain 

(44). 
Similarly we can obtain the following formulas for 

the admittance function of the transmission line shown 
in Fig. 10 

1  2iw 
=  _ + E _  , =  — ; (49) 
icoL/  1,1(6n2 — (42) 

x 2 [ 3    iw  ico — iwC1  _ E _  1 
1 _  1 

icoLl  „_.1 LI G.)„2 — ca2  
fecon 

= — itoC/ 3  E   i _ taLl  „_i n272(6.2  (02) 

It is noteworthy that the first two terms of this equation 
represent an excellent low-frequency approximation to 
the admittance of a short-circuited transmission line. 

(44) 

1 _ 
(50) 

VIII. THE INPUT IMPEDANCE ACROSS THE TERMINALS 
OF A LOOP IN A CAVITY RESONATOR 

Let us now consider a cavity resonator with a per-
fectly conducting boundary and a perfectly conducting 
loop ACB, Fig. 11. In practical calculations it is difficult 
to avoid approximations; but before making them let 
us consider an exact mathematical problem so that later 
we could appraise the nature of our approximations. In 
order to make the problem definite we assume that the 
electric charge is transferred from B to A and back by 
applied forces concentrated in a tubular region which in 
Fig. 11 is indicated by dotted lines. The impedance of 
the loop is then the ratio of the applied electromotive 
force whose positive direction is from B to A, let us say, 
to the current at A flowing into the loop. The applied 
electromotive force is equal to the electromotive force 
of the field taken from A to B along the boundary of the 

"electric generator." 

Fig. 11—Loop inside a cavity resonator. 

In accordance with the preceding section this im-
pedance may be expressed in the form (35) where (.7.)„ is a 
typical natural frequency of the system obtained on the 
assumption that the terminals of the loop are electrically 

open, E„ is the corresponding energy content when the 
voltage from A to B along the boundary of the electric 

generator is unity, and L is the "direct-current induct-
ance" of the loop as affected by the cavity resonator. In 
computing the latter the generator is to be short-cir-
cuited; in the present case this means that on the bound-
ary of the generator we must suppose a perfectly con-
ducting sheet. The terminals of our generator are 
"electrically open" if there is no current flowing inside 
the tube occupied by the generator and that conse-
quently the generator is surrounded by a sheet of infinite 
impedance° so that the magnetic intensity tangential to 
it vanishes. Thus we have a complete set of boundary 
conditions for obtaining the natural frequencies of the 

system : 
1. The tangential electric intensity vanishes on the 

boundaries of the cavity resonator and the loop, 
2. The tangential magnetic intensity vanishes on the 

boundary of the "generator region." 
For obtaining L the secondary boundary condition is 

replaced by: The tangential electric intensity vanishes 
on the boundary of the generator region and the par-
ticular solution we are interested in corresponds to co = 0. 

I Zero conductivity and infinite permeability. 
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A variant method of expressing the impedance of the 
loop in a cavity resonator is based on (39). The bound-
ary value problem to be solved is the same as in the pre-
ceding method. 

The lowest natural frequencies of the complete system 
may be divided roughly into two groups: 1) the natural 
frequencies of the cavity as affected by the presence of 
the loop and 2) the natural frequencies of the loop as af-
fected by the cavity. Naturally such separation is im-
possible when a natural frequency of the loop is nearly 
equal to a natural frequency of the cavity. For higher-
oscillation modes such proximity is unavoidable and 
then we can speak only of the natural frequencies of the 
entire system. 

If now the loop is small, the lowest natural frequen-
cies of the cavity are affected but little by the loop and 
the effect of the natural frequencies on the impedance of 
the loop is small. This is certainly the case when the 
length of the loop is so small that the current in it is 
distributed substantially uniformly. Under these condi-
tions the input impedance of the loop is given by (39) 
where 

L„ = jiff /1„• „*dv, 

Lm , = 1.1  11„„dS. (51) 

The volume integral is extended over the entire cavity 
and the surface integral over a surface subtended by the 
loop; H. is the magnetic intensity for the ni" oscillation 
mode, Ih,* is the conjugate of it and H„,„ is the normal 
component of H. 

On account of rapid convergence of (39) a good ap-
proximation for the input impedance of the loop for fre-
quencies not exceeding the second natural frequency is 

Z  icuL  L„aLm .12 /11(,7)12 _ 0,2) 

ico3L3r.22/L2(c022 — w2)• (52) 

In the vicinity of the first natural frequency only the 
first two terms will usually suffice. 

IX. THE INPUT IMPEDANCE OF A SLIGHTLY 
DISSIPATIVE SYSTEM 

The foregoing method of expressing impedance func-
tions in terms of the natural frequencies of the system is 
exact when the system is nondissipative. If the system is 
slightly dissipative, then we obtain an approximate ex-
pression based on retaining the physical picture cor-
responding to (39); thus we have 

= R  icaL  E  , (53) 
.-1 L.(j).2 — (02 + i(5.6.co) 

ite)3L2if n 2 

where 6„is the relative bandwidth for the n'" oscillation 
mode or the reciprocal of the Q 

b„ = ..1w/  = 1 /Q„.  (54) 

0 2 0  

X. THE TRANSFER IMPEDANCE ACROSS A 
CAVITY TRANSDUCER 

The foregoing results can readily be extended to cav-
ity transducers, Fig. 12, which may be represented dia-
grammatically as shown in Fig. 13 with the understand-

Fig. 12—Two loops inside a cavity resonator. 

000  

1 o   

Fig. 13—Representation of two loops inside a cavity resonator. 

ing that the number of simple resonant circuits is infi-
nite. Thus the transfer impedance is 

iw3Li„L2„   z12 =  + E  , (55) 
L.(j).2 — (02 ± ancivo) 

where L12° is the low-frequency mutual inductance 
between the loops in the cavity, LI. is the mutual in-
ductance between the first loop and the cavity, and L2 is 
the mutual inductance between the second loop and the 
cavity. If we are interested in frequencies which are of 
the order of magnitude of the first resonant frequency or 
higher, then L12° is .computed for frequencies which are 
small compared with the first resonant frequency and 
yet are sufficiently large to make the cavity a good 
shield. The field is then confined to the interior of the 
cavity. At really low frequencies L12° is affected by the 
field spreading outside the cavity. 
The ratio Lir ,./L„ is the inductance coupled into the 

primary from the nth mode at frequencies very much 
higher than the corresponding resonant frequency and 
may be referred to as high-frequency coupled induc-
tance. Similarly the ratio LI. L2./L. is the high-fre-
quency transfer inductance. 

XI. EXAMPLES 

Consider a parallelepipedal cavity the dimensions of 
which are a, b, h, and let h be small. Let the inner con-
ductor of a coaxial pair extend into the cavity as shown 
in Fig. 14. At frequencies for which h is substantially 
smaller than a quarter wavelength the current in the 



1944  Schelkunoff: Impedance-Function Representation 89 

wire is practically uniform and hence in the direction 
parallel to h the field is substantially uniform. Hence we 
need to consider only those oscillation modes for which 
the electric intensity parallel to his 

E. = sin (mrx/ a) sin (nry/b).  (56) 

When referred to a unit maximum E., the energy con-
tent e of the cavity for a typical oscillation mode is 

2e = teabh = L„,,ns.  (57) 

The amplitude of the voltage induced in the wire is 

m,„L„,,„m = h sin (mr/2) sin (nry/b),  (58) 

where 9 is the distance between the axis of the coupling 
wire and the nearest cavity wall. The natural frequen-

cies are 

Wm. . = Tv o n2/a2 n2/b2, 

where v is the velocity of light. 

a 

0 

(59) 

Fig. 14—Top and side views of a parallelepipedal cavity resonator. 

From the above equations we have 
nir  nry 

[com,nLm,."]2/Lm,ns = 4h sin2 — sin2—  alb.  (60) 
2 

Using (16) or the equivalent equation' (39'), we obtain 

mr 
4 hiw sin2— sin' 

2 
Z = E E   (61) 

r  fab(co„,,„2 — co2 ibm,nWm,110,0 n,71 

If a =b, then with respect to convergence this series be-
haves as 

E E 1/(.2 4_ n2)  (62) 

which is evidently divergent. It is quite likely that using 
the exact values for co„,,„ and L„,,„m obtained by replac-
ing the conducting wire with a wire of infinite impedance 
we should obtain a convergent expansion; but this is not 
practicable. 
On the other hand from (39) we have 

mr  wry 
4hico3 sin' — sin2 

2 
Z= iwL+ EE   ( 6 3) 

m  ( m,,,2 (42 + lbws .ntOm .0)) 

Including, however, the effect of dissipation. 

where L is the direct-current inductance of the wire (of 

radius r) and is approximately' 

L = (uh/4r) cosh-1 (2(921,2) — 1).  (64) 

The series is now convergent and is not sensitive to small 
changes in the coefficients of higher modes. 
In the case of a cylindrical cavity (Fig. 15) of radius 

a and height h, small compared with a, the fields of the 
lowest oscillation modes are given by 

Ez = J.(k„, —) cos no,  J„(k ,) = 0.  (65) 
a 

Fig. 15—Top view of a cylindrical cavity resonator. 

For the natural wavelengths and frequencies we have 

= 2ra/ k„,„  = 6r X 108/X„ „, (66) 

where 

k0,1 = 2.40, 

= 3.83, 

k2,1 = 5.14, 

k3,1 = 6.38, 

The energy associated with each mode is 

2e = ireha2./12(ko..),  if n = 0, 

= lreha2[J,;(k,,,,,,)]2, if n  0; 

and the voltage induced in the coupling wire is 

V = 12/,,(knooda),  (69) 

where pi is the distance between the axes of the wire and 
the cavity. Hence the high-frequency coupled induct-

ance is 
( Ln ,mM ) 2 h X0 .M2 r  Jo(ko,,,, pi/ a) 12 
L„,ms = 4r3a2 L Ji(ko,m) 
ultX„,„,2 [J„(k„, pi/a) 12 T  

k0,2 = 5.52, 

k1,2 = 7.02, 

k2,2 = 8.42, 

k0,3 = 8.65, • • • 

= 10.17, • • • 

k2,3 = 11.62, • • • 

k3,2 = 9.76,  k3,3 = 13.02, • • • 

(67) 

2r3a2 J„i(k„,m) 

if 

(68) 

n -= 0, 

if n 0 0.  (70) 

The direct-current inductance of the coupling wire is 

L = (µh/27r) cosh-' [(a2 — pi2 r2)/2ar].  (71) 

If si =a—pi is small compared with a, then approxi-

mately 
L„,, = phsiVira2,  n = 0, 

= 2Aihsi2/ra2,  n 0 0.  (72) 

Ignoring the effect of the far walls of the cavity. 



90  Proceedings of the I.R.E. 

A typical high-frequency transfer inductance is 

pliXo,„,2./0(ko,„, pi/a) Jo (koo. p2/a) 

470a2[Ji(ko )]2 

phX„,„,2J.(k..., Pi/a) J„ (k , p2/ a) cos n4, 

220 a2[J.(k...)12 

For low-frequency transfer inductance we obtain 

= —Ph log (Pip2/a)2 - 2pip2 cos 4,  02 

4r  pi2 - 2pip2 cos 4,  a2 

191 , if n= 0, 

(73) 

, if n00. 

= — (icop1/27)Ko(ii3p') 

= cold [— .10034 + iNo(1341, 
= 27/X = co/v, 

where p' is the distance from the axis of the wire. This 
function can be expressed in terms of p and 41,, where p is 
the distance from the axis of the cavity and 4, is the an-
gle measured from the plane passing through the axes of 
the cavity and the wire; thus we have (for p> p1) 

20 

(77) 

(74)  E,.= :(A1A/ E en./„(OP,)[ - J.(PP) -FiNn(i9P)] cos n4),  (78) 

There exists also a transfer resistance associated with 
each oscillation mode; this resistance is negligible how-
ever in its effect on coupling between the coupling ele-
ments. 

At resonance the principal terms in the expansions 
(53) and (55) are 

Hence the total field is 

where 
eo = 1, en = 2 if n  0.  (79) 

For cavities with perfectly conducting walls, the re-
flected intensity is obtained from the condition that the 
total intensity should vanish on the boundary p=a; 
thus we have 

Er =  E fn-in(pi)1— J(9a)  i X .(3a)] j n(4)  
nn-0  J.(tia) 

E, = litopi[N003p') — E E. 
ft-o 

Pr(Z) = jinIn/On = junQnIni 

Pr(Z12) = (7.4,Q.int• 

There exists also the following relationship between 

(75) 

Z =  No(r) 
no0 
En 

N.(0a)f.(13P1)  

J(a) 

Thus we have the following expressions for the input 
impedance as seen from the wire at (pi, 0) and the trans-
fer impedance between this wire and another wire at 
(P2, 0) 

cos n4,.  (80) 

.1(p) cos nod. 

J  1 „(fla) ' 

Z12  ° =  No(i3P12)  E en V • n(130.1.(13POJn(13P2)  J( cos no]. 

„13a)  

high-frequency inductances coupled into two coupling 
elements and high-frequency transfer inductance 

=  

The quantities jno oc.no ,  0 T are measurable. -  n-n 

(76) 

XII. CAVITY RESONATORS AS SECTIONS OF 
WAVE GUIDES 

Cavities considered in the preceding section may be 
regarded as sections of wave guides. For example, a 
coupling wire in a cylindrical cavity of radius a, Fig.16, 
sends outward a cylindrical wave which impinges on the 
lateral wall of the cavity and is reflected from it. For the 

• 
Fig. 16—Side view of a cylindrical cavity resonator. 

purposes of computing the reflected wave it is conven-
ient to regard the incident wave as emerging from a vir-
tual source along the axis of the cavity. Thus assuming 
again that the current distribution in the wire is uni-
form, we have 

(81) 

( 82) 

We note that while the expressions in the preceding 
section are double series, the present ones are simple 
series. If we were to take into account the nonuniformity 
of current distribution in the wire or to consider small 
coupling loops, we should arrive at the results expressed 
as double series by the method of this section and as 
triple series by the method of the preceding section. 
In the above expressions the effeet of dissipation has 

been excluded and the formulas are applicable to actual 
cavities only sufficiently off resonance. Equation (82) 
could be generalized but there is no practical need for it 
because near a resonance only one term in the expansions' 
of the type (53) and (55) is needed; it is only off reso-
nance that we may be interested in expansions (82). 
In computing (82) it should be remembered that for 

large n we have approximately 

- N„(13a)./.,(13p1)J,.(13P2)/./„(fia) (83) (1/rn)(PiP2/ 60) n• 

Furthermore 

E — cos = — log (1 - 2x cos o!) + x2) 
pp,  n 

to-. m-1 
— E — x" cos n4).  (84) 
n o. 1 n 



The Dependence of Interelectrode 
Capacitance on Shielding* 
LEONARD T. POCKMANt, NONMEMBER I.R.E. 

Summary—Although it has been known for many years that the 
interelectrode capacitances of a vacuum tube with a glass envelope 
depend upon the shielding of the tube, no quantitative information 
on the extent and character of this dependence has been published. 
In the present work the general theory is developed with the help of 
Maxwell's coefficients of capacity and induction. A simple mathe-
matical transformation shows why these cofficients may be used for 

practical measurements in which all potentials are measured with 
respect to the earth rather than infinity. The relation between the 
Maxwell coefficients and the interelectrode and electrode-to-earth 
capacitances is also developed. The effect of changes in shielding is 
not necessarily small. The experiments reported show that Cu for 
the particular triode studied can be made to vary from 0.16 micro-
microfarad to 0.41 micromicrofarad by changes in the geometry of 
the external environment. Furthermore, ungrounding the shield 
with which CO was 0.16 micromicrofarad made the "effective' Co 

1 40 micromicrofarad. 

A
LTHOUGH in 1929 Loughren and Parker' pointed 
out that reproducible results could be obtained 
in the measurement of interelectrode capaci-

tances only by the use of a standardizable fixture or 
shield, they did not report any measurements to show 
how changes in the environment of the tube were cor-
related with the changes in interelectrode capacitances, 
nor did they point out the theoretical reasons for the 
dependence of the interelectrode capacitances on the ex-

ternal environment. 
Since that time, no further work has been published on 

this aspect of the subject of interelectrode capacitance. 
The IRE Standards on Electronics, 1938, point out 

on page 39 that "For most precise results, it is necessary 
to mount the vacuum tube in a specified way as regards 
shielding." This statement, though quite correct, never-
theless gives the impression that the effect of changes in 
shielding on interelectrode capacitance is a small one. 
Nor, does this statement and the accompanying discus-
sion emphasize the fact that these "most precise results" 
are not precise in an absolute sense, but only precise for 
precisely the kind of environment seen by the tube dur-
ing the measurements. More recently,2 Barco has 
touched upon the subject of standardization in the 
mechanical construction of tube adapters, but gives no 
qua:ntitative data. The question of the standardization 
of the total environment of the tube is not discussed. 
The lack of quantitative information on the depend-

ence of interelectrode capacitance on the total environ-
ment of the tube electrodes, has resulted in considerable 

• Decimal classification: R139XR262.6. Original manuscript re-
ceived by the Institute, January 13, 1943; revised manuscript re-
ceived, August 9, 1943. Presented, San Francisco Section, December 
4, 1942; Portland Section, February 2. 1943. 
t Heintz and Kaufman Ltd., South San Francisco, California. 
1 A. V. Loughren and H. W. Parker, "The measurement of direct 

interelectrode capacitance of vacuum tubes," PROC. I.R.E., vol. 17, 
pp. 957-965; June, 1929. 

2 Allen A. Barco, "An improved interelectrode capacitance me-
ter," RCA Rev., vol. 6, pp. 434-442; April, 1942. 

confusion on the subject of interelectrode capacitance 
measurement among practising radio engineers, and is 
also reflected in the Government specifications on the 

subject. 
The measurements to be reported here have all been 

carried out on one particular triode. It is not the inten-
tion of the writer to give the impression that the large 
variations found with this triode are necessarily typical 
of all triodes with glass envelopes, but rather to present 
the measurements as a striking example of how strongly 
the interelectrode capacitances of a particular tube may 
depend upon the external tube environment. The ap-
proximate physical dimensions of the tube and the cir-
cuit layout will be given later, and from a comparison of 
these with those of any other tube and with the help of 
the general theory to be presented, an estimate can be 
made of the relative magnitudes of the variations to be 

expected. 
On the theoretical side, it is illuminating to analyze 

the problem with the help of the NIaxwel12.4 coefficients 
of capacity and induction. If this is done, the analysis 
is simple and straightforward from a mathematical 
point of view and brings out sharply the physical as-
pects of the problem. And this approach, through its 
emphasis on the actual geometrical system involved, 
avoids the blurring of important physical details. On 
the other hand, an electrically equivalent network, 
unless applied with full knowledge of its limitations is 
apt to give the false impression that the interelectrode 
capacitances are independent of the capacitances to 

earth. 
The results of this analysis may then be easily trans-

formed into a mathematically equivalent network of six 
2-plate condensers' (for a triode) which are needed for 
the application of the results in circuit analysis. The 
correlation of the equivalent network of condensers and 
the Maxwell coefficients also will make it possible to 
take advantage of a theorem about the coefficients which 
has been proved by Maxwell, and which turns out to be 
of singular importance for the present problem. 
Unfortunately, as usually presented, these coefficient 

are treated much more abstractly than need be, by 
talking about "n" conducting bodies isolated in free 
space with their potentials all measured with respect 
to infinity. Thus the impression that these coefficients 
are of little earthly use is easily obtained. Or, if an 

'James Clerk Maxwell, 'Electricity and Magnetism," vol. I, 
Clarendon Press, Oxford, England, 1892, chapter 3. 

4 L. Page and N. Adams, "Principles of Electricity,' D. Van 
Nostrand Company, New York, N. Y., 1931, p. 63. 

6 E. T. Hoch, "A bridge method for the measurement of inter-
electrode admittance in vacuum tubes," PROC. I.R.E., vol. 16, pp. 
487-493; April, 1928. 
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application of the coefficients is made, the potential of 
the earth is quite arbitrarily taken to be zero. In order 
to get rid of both the abstract and arbitrary aspects of 
these coefficients, it is only necessary to measure the 
difference between the potentials of the "n" bodies 
under consideration and the potential of the earth (let 
the earth be the (n+1) st body) and to forget about the 
absolute charge on the n+ 1 bodies and think only about 
the change in the charge on each body corresponding to 
the changes of potential of the "n" bodies with respect 
to the potential of the earth. In actual experiments, of 
course, these changes in charge and differences of po-
tential are what are actually measured. 
In order to understand this use of the coefficients with 

potentials measured with respect to the earth and 
charges measured as the difference between the charges 
on the bodies when earthed and the charges on the same 
bodies at potentials different from earth potential, it is 
first necessary to understand how they are used when 
potentials are measured with respect to infinity and the 
charges are the absolute or net charges on each body. 
The main ideas can be introduced without loss of 

generality by considering the system of four conducting 
bodies formed by the elements of a triode and the earth. 
The charge on each of the four conducting bodies can 
be written as a linear function of the potentials of each 
body with respect to infinity. If the cathode, grid, plate, 
and earth are denoted respectively by the subscripts 1, 
2, 3, and e, the sytem is described by the following equa-
tions: 

Q1 = Cl1V1  C12V2  Cl3V3  CleV di 

Q2 = C21V1  C22V 2 4- C.23V3  C2eV 

Q3 = C31V1  CS2V2  C33V  C3eVe 
(1) 

Q.  CaVi +C.2V2-1-CaV3-1-C.„V„ 

where Qi =net charge on body 1; Q2= net charge on body 
2; etc. 
Vi= potential of body 1 with respect to infinity; 

V2 = potential of body 2 with respect to infinity; etc. 
The coefficients having identical subscripts are called 

"coefficients of capacity" and those having two differ-
ing subscripts, "coefficients of induction." Both kinds of 
coefficients are constants independent of charges and 
potentials and depend only on the geometry of the 
system and the dielectric constant of the medium. 
The physical meaning of the coefficients may be seen 

by supposing, for example, that the system is charged 
in such a way that all potentials are zero except V1 
which is greater than zero. Lines of force will then start 
from body 1, with some going to infinity and the re-
maining going to the other three bodies. Since lines of 
force start on positive charge and terminate on negative 
charge, this means that (21 is positive and Q2, Qa, and Q. 
are negative. 
From these considerations it follows that 

CIA= QV VI with V2= V3= Le =O. 
Or in words, G is equal to the charge on body 1 di-

vided by the potential of body 1 when the other bodies 
of the system are at zero potential. Since Qi >0 and V1 >0, 
Cu >O. Similarly, C21=422/ V1 with 172 = V3= V.=0. Or in 
words C21 is equal to the charge on body 2 divided by the 
potential on body 1 when the potentials of all bodies in 
the system are zero except that of body 1. Since Q2 <0 if 
V1>0, then C21 <0. 
Thus, it can be shown quite generally that all coeffi-

cients of capacity (Cds) are greater than zero and that 
all coefficients of induction (Cii's) are equal to° or less 
than zero. It can also be proved quite generally that 
C15 = Co. 
Maxwell has shown that for a general "n" body sys-

tem the coefficient of capacity of any given body is 
larger than or equal to the sum of the absolute values of 
the coefficients of induction of this body with respect to 
the other n — 1 bodies of the system. Thus, in the case of 
C11 in the above four-body system, this means that 
Cu  1 C121 + 1 Cid + 1 Clel • 
By inspection of (1), it can. be seen that, physically, 

this inequality means that if the system is charged in 
such a way that 171 >0 and V2= V3= Ve = 0 then, 

— (Q2-1-Q3-1-Q.), i.e., in all but special cases some of 
the lines which start from Q1 fail to terminate on 
(Q2 + Q3+ Q.) and go off to a negative charge at infinity. 
In all practical problems bodies 1, 2, and 3 are very 

small compared to the earth and are located at a distance 
from the earth's surface which is also small compared 
to the radius of the earth. Because of this fact, C11 is 
very nearly equal to 1 C121 +1 C13I +I C1.I. In fact by a 
simple application of the theory of electrostatic images 
it can be shown that Cu, C22, or G is larger than 
1 Ci21 +1 Ci31  C2.1 , 1 C211 + 1 C231 +1 C2.1,  or  1 Cul 
+ I C321 + I Cad , respectively, by a factor of the order of 
magnitude (R-FL)/R where R = radius of earth and 
L= means distance of body from surface of earth. 
This means that the following equalities obtain with 

a far higher accuracy than that of the best possible 
capacitance measurements: 

Cu = 1 C121 + 1 C13 I 1 Cl • 1 
C22 = I C21 I 1 C23 I ±  C2.I  (2) 

C33 = I C31 1 ± I C32 I +!C3•I. 

For practical problems the exact magnitude of C.., 
the coefficient of capacity of the earth, is of no impor-
tance and unlike the three other coefficients of capacity 
is tremendously larger than the sum of the absolute 
values of its three coefficients of induction. 
If the filament, grid, and plate are all earthed so that 
= 172 = V3= Ve, no lines of force join the four bodies, 

but all of them send lines to infinity. These lines cor-
respond to the fact that the net charge of the earth is not 
zero. 

Although the net charge on the earth is certainly of 
no significance as far as ordinary capacitance measure-
ments are concerned, this does not mean that these 

6 The coefficient of induction between any two bodies is obviously 
zero if a third conducting body completely surrounds one of them. 
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Maxwell equations must be discarded as of merely aca-
demic interest. They can be brought down to earth very 
simply. The equation for Qi can be rewritten as follows: 

Qi = Cii(VI — V.) ± Ci2(V2 — V.) + Ci3(V3 — V.) 
-1-C1.(V. — V.) 

CuV • ± Ci•V .1. 

This equation is identically the same as the original 
equation for G. Because it may be safely assumed that 
V. is not sensibly altered7 by the slight redistribution of 
charge corresponding to the changing of filament, grid, 
and plate from earth potential to potentials differing 
from that of the earth by (V1— V.), (Vs—V.), and 
(V3— V.), the terms in the square brackets are evidently 
equal to the charge on the filament when filament, grid, 
and plate are earthed. If this charge be denoted by Q1,, 
the equation can then be written 

Q1 — Qi. = Cii(Vi — V.) -I- C12(V2 — 
C13(V3 — V.). 

Now if qi is taken to denote the change in the charge on 
body 1 caused by changing bodies 1, 2, and 3 from earth 
potential by amounts V1 112, V2— Ve, and V3— Ve re-
spectively and vi, v2, and v3, are taken to denote these 
differences in potential, the equation may be written 

and similarly: 

Q1 = C11V1  Cl2V2  C13V3 

Q2 = C21V1  C22V2  C23V3 
Q3 = C31V1  C32V2  C33V3 
q. =  C.2v2  C.3v3. 

It should be noted that this transformation does not 
require that the potential of the earth be known or that 
it be arbitrarily taken as zero. Furthermore, the coeffi-
cients of capacity and induction retain all of the proper-
ties which they enjoy when the potentials are measured 
with respect to infinity and the charges are taken to be 
the absolute or net charges. Likewise the charges qi and 
the voltages vi, though not absolute, are precisely what 
are measured in all practical circuit problems. 
A case of particular importance for practical measure-

ments of interelectrode capacitance can be nicely 
treated with the aid of the Maxwell equations as re-
formulated above. It is the case in which the earth 
completely surrounds the other three bodies; i.e. the 
case in which an earthed conducting shield completely 
surrounds the tube and that portion of the tube lead 
wires lying within the main body of the shield. In this 
very important special case it can be seen with the help 
of Faraday's ice-pail experiment* that qi, q2, and q3 are 
not only the change of charge on bodies 1, 2, and 3 re-
spectively caused by the changes in potential of v1, vs, 
and v3, but are also the absolute or net charges on each 

1 With the help of the theory of electrostatic images, it can be 
shown that if a charge is transferred from the earth (of radius R) to 
another conducting sphere (of radius r) with its center at a distance 
L from the earth's surface, then 

change in V.  rL change in  i.e. for all practical purposes, V. does not change. 
V, RI   

4 Loc. cit., pp. 7 and 8. 

(3) 

°lithe three bodies. Likewise q., while not the absolute 
or net charge on the earth is the absolute or net charge 
on the "inside surface of the earth." Also, for this special 
system, the relations between the coefficients of capacity 
and the coefficients of induction, given by (2), hold 
exactly, because no lines of force can travel from any of 
the enclosed bodies to infinity. Furthermore, the earth 
seen by the tube in this case is ideal in the sense that it 
is conducting and therefore equipotential. Also, the 
geometry of the system as a whole is entirely insensitive 
to disturbances on the outside of the shield and this is 
of particular moment for purposes of standardization 
as will be illustrated by the experiments to be reported. 
With the aid of the foregoing, the relation between 

the Maxwell coefficients and the six two-plate capaci-
tances of the equivalent capacitance network shown in 
Fig. 1 can now readily be obtained. Suppose that bodies 

Fig. 1—Equivalent six-condenser network of a triode. 

1, 2, and 3 are charged to potentials v1, v2, and v3 with 
respect to earth. Then, in terms of the equivalent net-

work, 
qi = viCf. + (VI — v2)Cf. + (vi — v3)Cfp 
q2 = v2Cg. + (2)2 — vi)Cf, + (2)2 — v3)C„ 

q3 =  (v3 — vi)Cfp + (v3 —  
—q•= viCf  V2Cg • + V3Cpa• 

Taking (3) for the q's and substituting for the C's 
in terms of the Cas with the aid of (2), gives the follow-
ing set of equations for the q's in terms of the Maxwell 

coefficients: 

qi=vi(—C10+(vi—v2)(—C12)+(vi— v3)( —C12) 
q2 v2(—C2.)+(v2 - 2q)( —C21)+(v2—v2)( — C22) 

q3-= v3( —Ca + (V3  V1)( - C 13) + (V3 -  V 2) ( — C32) 
—q.=v1(—Ci.)4-2(v - C21) +V3( - C34)• 

By comparing this set of equations for the q's with 
the preceding set of equations, it can be seen that the 
coefficient of induction between two conducting bodies is 
equal to the negative of the equivalent capacitance be-
tween the bodies.* Thus, for the case of a triode and 

earth, 

This relation was first pointed out by G. A. Campbell in his 
classic paper on "Direct capacity measurement," Bell Tech. Jour., 
vol. 1, p. 18; July, 1922. 

(4) 

(5) 
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C23 = C12 =  Cd1 =  CI* =  Cf. 
Cal = C13 =  C.2 = C24  Cgs 
C32 = C23 =  Cpy  C*3 = Cs. =  Cps 

and, although Cle, Cs., and C3. cannot be measured 
directly by any feasible experiment, they can be ob-
tained in terms of measured coefficients with the help 
of (2). Consequently, 

(6) 

CI. = C1I + C12 + C13 
Co. = C22  C2I  C23  (7) 
Cp. = C33 +  Cai +  C32. 

Combining these relations with those above gives the 
following relations between the coefficients of capacity 
and the equivalent capacitances of the six-condenser 
network: 

C11 = Cf. —I— Cfp  Cfp 

C22 = Ce  Cpl  Cpp 

C33 = Cp. ±  Cp.(  C,0. 

The foregoing relationships between the inter-
electrode and electrode to earth capacitances and the 
coefficients of capacity and the coefficients of induction 
make it possible to take advantage of a theorem proved 
by Maxwell' which is of singular importance for the 
understanding of the variations of interelectrode capaci-
tance found in the measurements to be reported. The 
theorem states that the addition of a new conducting 
body to a system of conducting bodies increases all of 
the coefficients of capacity of the original system and de-
creases all of the coefficients of induction. The proof is 
not only general and rigorous, but is beautifully simple. 
In order to follow the argument, however, it is necessary 
to recall that the coefficient of capacity of a body is 
equal to the charge on the body divided by its potential 
when the potentials of the other bodies are all zero. It is 
therefore numerically equal to its charge when its poten-
tial is unity and the potentials of all the other bodies are 
zero. Similarly, the coefficients of induction between the 
bodies at zero potential and the body at unit potential 
are numerically equal to and have the same sign as their 
respective charges. Maxwell's theorem follows: 
"Let us suppose that A (any body in original system) 

is at potential unity and all the rest at potential zero. 
Since the charge of the new conductor is negative, it 
will induce a positive charge on every other conductor, 
and will therefore increase the positive charge of A, and 
diminish the negative charge of each of the other con-
ductors." 
Since placing a shield around a tube is equivalent to 

adding a new body to the original system, it follows, 
therefore, that the interelectrode capacitances of a 
shielded tube are smaller than those of the same tube 
unshielded. Likewise, decreasing the size of the shield 
which surrounds the tube is equivalent to keeping the 
old shield and adding a new body (the smaller shield) 
between the original shield and the tube. Consequently, 
if one shield, which completely surrounds the tube, is 

3 Loc. cit., p. 118. 

(8) 

replaced by another shield, which completely surrounds 
the tube and whose inner surface lies everywhere within 
the inner surface of the original shield (or in part 
coincides with it), the interelectrode capacitances will 
be smaller with the smaller shield. And since C11, 
for example, will be increased and as shown above 
Cu = Cf.+ Cfp+Ch, it follows that the increase in the 
capacitance of the filament to earth more than offsets 
the sum of the decreases in the interelectrode capaci-
tance between the filament and grid and plate, re-
spectively. The corresponding statement may also be 
made about the increase in C9. and C,„. 
The foregoing considerations are quite general in the 

sense that they apply to the measurement of inter-
electrode capacitance irrespective of the particular cir-
cuit that happens to be used. 
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Fig. 2—Scale drawing of tube and shielding used in first series of 
measurements. 

The present measurements of capacitance have been 
made on one and the same triode surrounded with 
various kinds of shielding. The method of measurement 
was first used in this laboratory by P. A. Ekstrand9 for 
the determination of interelectrode capacitance and for 
the simultaneous determination of tile capacitance of 
each electrode to earth. This method of measurement is 
a substitution method in which a radio-frequency oscil-
lator, adjusted to a particular frequency with the tube 
out, is brought back to the initial frequency with the 
tube in, by reducing the capacitance of a variable stand-
ard condenser. The return to the initial frequency is de-
termined by listening to the beat frequency between this 
oscillator and another oscillator loosely coupled to it. In 
Fig. 2 the circuit diagram is shown. Six measurements 
are required for the calculation of the six constants of 
the system. From the same set of measurements, the 
Maxwell coefficients can also be determined. As a 
method for the determination of the three interelectrode 
capacitances only, it is considerably more tedious than 

*Now with the Navy Department. 
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any of the methods described in the IRE Standards," 
but it makes possible the determination of the six Max-
well coefficients or of the equivalent network by a mini-
mum number of measurements. 
A seventh measurement serves as an internal check on 

the readings and the computations. 
The shield and the triode are both drawn to the scale 

indicated in Fig. 2. The shield shown is one of the 
shields used in the measurements to be reported—a 
standard five-gallon gasoline can, cut so that the top is 

removable. 
When the oscillator was adjusted to zero beat with 

the tube out, the portion of the lead wires within the 
can and, of course, their coaxial shields, were placed so 
as to be in the same position with respect to each other 
and the main body of the shield, i.e., the inner surface of 

the can, as they would be when connected to the tube. 
The three single-pole double-throw switches facilitate 
the seven distinct connections used for the seven meas-
urements. As pointed out in the theoretical discussion, 
the shielding or lack of shielding of these switches and 
lead wires lying outside of the grounded equipotential 
surface which surrounds the tube, have no influence on 
the coefficients of induction and of capacity of this 
closed system. These coefficients and hence the inter-
electrode capacitances and the earth-electrode capaci-
tances are completely determined by the geometry and 
the dielectric constant of the closed system. The 
grounded equipotential surface which surrounds the 
tube in Fig. 2 is evidently that surface formed by the 
inside of the five-gallon can and the outside of that por-
tion of the lead-wire shields lying within the can. 
It should be noted, however, that if the circuit wires 

lying outside of the tube shield are not shielded by 
grounded conductors, the operator must be careful that 
the frequency is not altered by the motion of his body. 
Care was always taken to see that this was the case. 
For routine work, of course, such shielding of external 
leads is a necessary convenience. 
If the seven directly measured capacitances are de-

noted by C1, C2, • • • C7 the connections corresponding 
to each can be obtained from Table I. 

TABLE I 

Elements above 
Ground Potential 

Elements 
Grounded 

C. 
C. 

C. 
C. 

C. I 
D. 
C. P 

Seven simultaneous equations, of which any six are 
independent, may be set up by equating the C's to the 
appropriate combination of Maxwell coefficients or of 
the six equivalent capacitances. 

i• IRE Standards on Electronics, 1938, pp. 38-44. 

When set up in terms of the Maxwell coefficients, the 
equations assume an extremely simple form and may be 
solved by inspection of the last six equations: the first 
equation then provides an over-all check. 
Thus, for example, the first equation is obtained by 

noting that C1= (D-Fq2±q3)/v. 
Substituting for the q's with the help of (3), and not-

ing that in the measurement of C1, v1= v2 = v3 = v, leads to 

Cl = C11 + C22 + C33  2C12  2C13  2 C23. 

Similarly, 

C2 = C33 
C3 = C22 
Ce = C u 

C6 = C22 + C33 + 2C23 
Ce = Gll + C22 ± 2C12 
C7 = C33 + C11  2C13. 

(9) 

Solving for the six coefficients in terms of the meas-
ured capacitances and making use of the relations be-
tween the coefficients of induction and the interelectrode 
capacitances given in (6) leads to the following equations 
for the coefficients of induction and the interelectrode 
capacitances in terms of the measured capacitances: 

C6 — (Ca ± C3) 

2 
Ce — (Ca ± Ca) 

2 
C7 — (C2 + Ca) 

C23 = — C„ = 

C21 =  Cgf 

C31 = - c„, = 
2 

Similarly, the following expressions for the three 
capacitances to earth are obtained by combining (7), 

(9), and (10): 

(10) 

Cje — 

Cgs = 

C, + c7 - (c2 + 
2 

C6 + C6 — (C2 + C4) 

2 
C5 + C7 — (C4 ± C4) 

C9.=   • 
2 

As mentioned earlier, the measurements reported in 
Table II have all been carried out on one and the 
same triode by the method described above. In the 
table, each row of data was obtained from measure-
ments made on this triode surrounded by the particular 
physical environment described in the first column. The 
tube and its physical environment in the first series of 
measurements are shown to scale in Fig. 2. The second 
series was made with the same orientation of lead wires 
as on the interior of the can in Fig. 2, but with a one-
gallon benzene can (4)05,X9} inches) instead of the 
five-gallon gasoline can. The tube was also located at the 
same distance from the bottom of the can and on the 
central axis of the can. The bakelite adaptor was used 
for the filament prongs. In one of the series oi measure-
ments it was possible to eliminate completely all of the 

11) 
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TABLE 11 
CAPACITANCE MEASURE/46E1S ON ONE AND THE SAME TRIODE: TUBE COMPLETELY SURROUNDED BY A GROUNDED METAL SHIELD 

"Earth • seen by triode 

1. Inside surface of five-gallon can plus those 
parts of lead wire shields on interior of can 
(see Fig. 2) 

2. Same as •1* but with a one-gallon can (see 
text) 

Cl' CIS CH  I  Ch C5. C,. C/,  

5.34 6.84 4.52  1.29 0.70 1.61 2.50 3.64 

Cw  -Cis 

0.41 

Cal/C,' 

8.9 

5.54 6.91 4.80 1.61 0.87 2.01  2.45 3.59 0.34 

3. Mainly the inside surface of a close fitting 
shield (see Fig. .3) 

7.15 7.78 5.93  3.67  2.29 3.60  2.17 3.32 0.16 

10.6 

20.7 

'EFFECTIVE' CAPACITANCE MEASUREMENTS ON SAME TRIODE: TUBB ENVIRONMENT HETEROGENEOUS 

4. Exactly as in '3' but with shield electrically 
floating 

5.98 7.31 4.91 0.48 0.35 0.65 2.86 4.10 1.40 

0.44 

- 

- S. Grounded metal plate (7 X9 inches) about 1 
inch below glass envelope plus grounded 
lead-wire shields, plus general environment 
of laboratory 

5.33 6.80 

6.68 

4.42 1.23 0.61 1.45 2.53 3.66 

6. Same as '5.• but with lead-wire shields con- 
nected to respective lead wires 

5.18 3.69 0.71 0.01 0.37 2.76 3.91 0.56 - 

bakelite without otherwise changing the system. A 
direct comparison of measurements made with and 
without the bakelite revealed no difference greater than 
0.01 micromicrofarad, the approximate limit of error in 
all the measurements. 
The third series of measurements was made with a 

close-fitting grounded shield essentially like that shown 
in Fig. 3. Since the tube had to be put into and removed 

TO SW2 

SCALE 

Fig. 3-Tube with close-fitting shield used in third and fourth 
series of measurement. 

from the shield, the actual shield was made up of several 
parts which could be separated and reassembled quickly. 
The details of the tube construction are also shown to 
scale in this figure. The stem shield was of course elec-
trically connected to one of the filament leads. 
These first three measurements are grouped together 

under one main heading because only for these three 

cases can it be said that the measurements determine 
the coefficients of capacity and induction as defined 
above. For these three cases the geometry and the 
dielectric constant of the system enclosed within the 
shields completely determine tapacitative constants of 
the system. 
In the fourth case, with the close-fitting shield elec-

trically floating, the six measurements do determine a 
set of six possibly useful capacitative constants for 
describing this particular system with a floating shield 
but no longer are these constants determined solely by 
the geometry and dielectric constant of the internal 
system but are determined also by the geometry and 
dielectric constant of the external environment as well 
as by whether or not the conducting bodies in this ex-
ternal environment are grounded or floating, and by 
whether or not the lead wires are shielded or unshielded. 
For purposes of standardization it would be possible 

in principle to specify so completely both the precise 
internal and external environment of the shield that re-
producible measurements of these "effective" capacita-
tive constants determined with the shield floating could 
be obtained, but clearly it is far simpler for purposes 
of standardization to obtain reproducible results by 
grounding the shield. This also retains the original simple 
definitions of the Maxwell coefficients and their related 
capacitances. 

Furthermore, there is a very practical reason for 
using a tube with all of its shields (including any metal-
base shell) grounded and not floating. Thus, with the 
help of the Maxwell coefficients it is easy to show quite 
generally that a floating conductor in the neighborhood 
of the tube will always give "effective" interelectrode 
capacitances larger than the interelectrode capacitance 
measured with these bodies or shields grounded." 
Similarly, it can also be shown that the "effective" 

capacitances of the electrodes to earth will be decreased 

n Measurements made at Heintz and Kaufman on the feedback 
capacitance of the HK-257.B by E. L. Ung show that the feedback 
capacitance with base shell floating is nearly twice as large as with 
the base shell grounded, the geometry being the same in the two 
cases. 
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by ungrounding a near-by body. This, however, is an 
advantage for which an unduly high price is paid in 
terms of the corresponding increase in the interelectrode 
capacitance. This is forcefully illustrated by a compari-
son of the third and fourth series of measurements. 
In the fifth series of measurements, the tube was 

mounted above the center of a grounded metal plate ap-
proximately 8 inches square. The same bakelite socket 
was used for the filament prongs as that shown in Figs. 
2 and 3. The three lead wires were arranged in such a 
way that their geometry with respect to each other and 
with respect to the tube was approximately the same in 
the near neighborhood of the tube as the corresponding 
geometry of the lead wires on the inside of the five-
gallon can. From the axis of the tube to the nearest part 
of the set of three single-pole double-throw switches (see 
Fig. 2) the shortest distance was 12 inches. The grounded 
shields of the lead wires extended all the way to these 
switches. That the presence of these unshielded switches 
at this distance caused no important change in the 
measurements was established by running a series of 
measurements with the set up exactly as in this fifth 
series except that the switches and high-voltage lead 
wires were surrounded by some grounded metal screens. 
No significant change was caused in the interelectrode 
capacitances and the capacitances to earth were in-
creased by only a few per cent. 
Furthermore, the various and sundry floating bodies 

in the general environment of the laboratory are at such 
large distances from the tube compared to the dimen-
sions of the electrodes that the "effective" constants 
determined by this series of measurements differ by a 
probably negligible amount from measurements which 
could be made with a shield two or three times as large 
as the five-gallon shield. This view is supported by the 
small differences between the results of the first series 
of measurements and this fifth series. Also these differ-
ences are in such a direction as to support this view 
further; i.e., the interelectrode capacitances in the fifth 
series are all slightly larger and the capacitances to earth 
somewhat smaller than in the first series. 
A comparison of the fifth and sixth series shows that 

the "effective" interelectrode capacitances measured 
with grounded lead-wire shields are all significantly 
smaller and the "effective" capacitances to earth all 
significantly larger than the corresponding capacitances 
measured with lead-wire shields connected to their re-
spective lead wires. A detailed analysis made with the 
help of the hIaxwell coefficients shows that the "effec-
tive" interelectrode capacitance, such as that between 
grid and plate, determined from measurements made 
with shields connected to lead wires is related in the 
following way to the corresponding capacitance meas-
ured with the lead-wire shields grounded: 

C„ (shields connected to lead wires) = 

C„ (shields grounded) -I- Cr.,  Ce„  (12)  12  See discussion following equation (8) for details. 

where 

p'  plate lead shield 

g'  grid lead shield 

= C„,.. (tube in) — C„.,,. (tube out). 

Since C„.„. is greater with the tube out, AC„.,,. is less 
than zero. But as the measurements show this is more 
than offset by the positive sum of C,,,„ and C„.„, so that 
the "effective" C„ is greater with the shields connected 
to the leads than with the shields grounded. 
Similar analysis of the capacitance of grid to earth 

shows that: 

C,,. (shields connected to leads) 

= C„. (shields grounded) —  +  C,,p) 
(13) 

And neglecting the relatively small term AC... this 
means that with the shields grounded the shields form 
part of the 'earth" whereas when connected to the lead 
wires, they do not. And because the mean distance of 
the lead-wire shields from the tube is small compared to 
the mean distance of the rest of "earth," this explains 
why the "effective" capacitances to earth are so very 
much smaller in the sixth series than in the fifth series of 

measurements. 
It might be supposed that the large influence of the 

unshielded leads can be mainly attributed to the large 
diameter of the leads in the sixth series of measurements. 
But that this is not so was proved by substituting No. 25 
wire, unshielded, and in the same relative position, for 
the large lead wires. The results werre intermediate be-
tween those of the fifth and sixth series, but consider-
ably closer to those of the sixth 
The results of the first three series of measurements 

strikingly verify Maxwell's theoretical prediction" about 
the variation o the coefficients of capacity and the co-
efficients of induct* on with the shielding of the system. 
They, of course, also show the corresponding dependence 
of the interelectrode capacitances and the electrode-
earth capacitances on shielding. Clearly the variations 
are significantly large, the change from the five-gallon 
shield to the close-fitting shield, to take the extreme 
case, causing a two and a half fold change in Cpl. 
Furthermore, it becomes quite clear that it is meaning-
less to speak of one set of interelectrode capacitances as 
being more nearly the "true" set than any of the others. 
And this means that the wide variations in the reported 
interelectrode capacitances of a given tube can only be 
avoided by strict standardization of the type of shielding 
to be used in the measurements. If this is done concord-
ant results will be obtained by different workers, re-
gardless of which of the many adequate methods of 
measurement happens to be used. 
The column showing the ratio of Ce to Cpf is of pecul-

iar interest if the ratios and the trend of these ratios is 



compared with the measured p of the triode, which is 
28.5. Thus Chaffee," following van der BijI and using 
the Maxwell coefficients, shows that 

µ = Co/Cp (14) 

or, in the notation used here, 

= C,2/C,3.  (15) 

Hence, using the relations established earlier between 
the Maxwell coefficients and the interelectrode capaci-
tances, this leads to 

= C,/C,,,.  (16) 

Of course, this is trim only for the idealized case in 
which all of the lines of force corresponding to Ca and 
C of terminate on the active portion of the filament. In 
the case of the triode measured here this ideal condition 
is never realized because some of the lines terminate on 
the nonactive filament lead wires and the stem shield. 
Nevertheless this ideal condition is more closely realized 
the smaller the shield. This can be seen qualitatively by 

12  E. Leon Chaffee, "Theory of Thermionic Vacuum Tubes," 
McGraw-Hill Book Co., New York, N. Y., 1933, p. 146. 

inspection of the geometry of the system and noting 
that as the grounded shield approaches the tube it will 
have a much more pronounced effect in reducing the 
number of stray lines of force from plate or grid (for 
a given potential) to the inactive parts of the filament, 
than in reducing the number of lines to the helix, which 
is much better screened from the influence of the shield 
than are the inactive parts of the filament. Also, of 
course, the percentage decrease in C pf  will be much 
greater than in C gf because these strays form a much 
larger portion of Cpf than of C gf. This accounts for the 
rapid rise of the ratio toward the p of the tube. 
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Equivalent Circuits for Discontinuities in 
Transmission Lines* 

J. R. WHINNERYt, ASSOCIATE, I.R.E., AND H. W. JAMIESONt, ASSOCIATE, I.R.E. 

Summary—Exact equivalent circuits for several types of discon-
tinuities in parallel-plane transmission lines are obtained by Hahn's 
method of matching electromagnetic-wave solutions. Values of 
lumped elements to be used in these are given in curve form, with 
rules for using results in the corresponding coaxial-line problems. 
Experimental checks are reported, which verify results of the calcu-
lations and stress the importance of the discontinuity capacitances 
appearing in the equivalent circuits. 

I. INTRODUCTION 

I- N 1941, Hahn' presented a description of a new ap-
proach toward matching of electromagnetic-wave 
solutions across discontinuities, with application to 

the problem of cavity resonators as an example. In 
much unpublished work, Hahn has shown that the 
method when applied to transmission systems with dis-
continuities leads to simple equivalent circuits with 
lumped-circuit constants representing the effect of these 
discontinuities. The equivalent circuits are simple, ex-
act, and very useful for engineering thinking or calcula-
tion. It is our purpose in this paper to present this point 
of view with the following goals in mind: 
1. To show the exact equivalent circuits for several 
representative transmission-line discontinuities. 

. Decimal classification: R116. Original manuscript received by 
the Institute, April 26, 1943. Presented, Winter Technical Meeting, 
New York, N. Y., January 28, 1944. 
t Electronics Laboratory, General Electric Company, Schenec-

tady, New York. 
1 W. C. Hahn, "A new method for the calculation of cavity 

resonators," Jour. Apia. Phys., vol. 12, pp. 62-68; January, 1941. 

2. To present curves showing numerical values to be 
used in these equivalent circuits. 

3. To discuss the physical pictures inherent in the 
method and results, and the application to practi-
cal problems. 

4. To show, in enough detail to be readily followed, 
the mathematical steps for one simple example. 

It should be pointed out at the outset that the point 
of view in the equivalent circuits is identical with that 
used by Schelkunoff2 in radiation problems, in which he 
has shown that the "complementary' end-effect waves 
of an antenna may be included in a principal wave 
equivalent circuit as a lumped admittance at the end of 
the antenna. Similarly, we find equivalent circuits to be 
used with the principal wave on a transmission system, ' 
the effect of local waves at a discontinuity being in-
cluded in lumped admittances. 
In this paper, numerical values are given only for 

parallel-plane transmission lines. Although it is planned 
to present corresponding results for coaxial lines in a 
succeeding paper, instructions are given in Part III for 
application of present parallel-plane results to coaxial 
lines. The experimental checks described were made on 
coaxial lines. These not only check the calculations, but 
emphasize the importance of knowing values for the dis-
continuity capacitances at high frequencies. 

2 S. A. Schelkunoff, "Theory of antennas of arbitrary size and 
shape," PROC. I. R. E., vol. 29, pp. 493-521; September, 1941. 

98 Proceedings of the I.R.E. February, 1944 



Whinnery and Jamieson: Transmission-Line Discontinuities  99 

II. THE RESULTS 

In Figs. 1 to 13, inclusive, several typical discontinui-
ties that may arise in parallel-plane transmission lines 
are sketched, together with the exact equivalent circuits 
derived in Part VI and the Appendixes. 
The equivalent circuits may be used with any ter-

mination or excitation, subject only to certain cautions 
listed in Part III. The terminating conditions are sim-
ply placed at the corresponding z co-ordinate of the 
equivalent circuit. Electromagnetic behavior between 
the exciting source and the termination is then calcu-
lated by means of ordinary transmission-line equations 
for the transmission-line sections with known character-
istic impedances Zo. The shunt admittances included 
at the junction points between lines account for the local 
fields of the discontinuities and may consequently be 
called "discontinuity" admittances. 
Engineering values for the lumped discontinuity 

capacitances appearing in the equivalent circuits may 
be found from a single curve for all cases, Figs. 1 to 9. 
This curve, Fig. 14, is the exact discontinuity capaci-
tance for the single-step discontinuity, Fig. 1. It is ap-
plied to the other cases, Figs. 2 to 9, by combining in a 
straightforward manner the lumped capacitances for the 
corresponding simple steps. 
It might be expected that field distortions from the 

combinations of steps would be great enough to make 
the combination of simple-step results a poor approxi-
mation, but accurate curves of the discontinuity capac-
itances for several of these complex cases are plotted in 
the appendixes (Fig. 23 to 25), justifying this approxi-
mation. In the double-step discontinuities of Figs. 2 to 
9, discontinuity fields from the separate steps are in 
each case fairly well shielded from one another, as con-
trasted to those of Figs. 10 and 11, where fields from one 
step are definitely influenced by the other. Fig. 15 must 
then be used in combination with Fig. 14 to give the dis-
continuity capacitances for the two cases of Figs. 10 and 
11, as these capacitances are definite functions of dla. 
If transverse dimensions are comparable to a half 

wavelength, it is necessary to correct the values of 
capacitance taken from Fig. 14. Correction curves 
showing the proper value of susceptance to place at the 
discontinuity as a ratio to that calculated from the 
capacity of Fig. 14, are plotted in Fig. 16 versus (largest 
transverse dimension/wavelength). These are calcu-
lated for the single-step discontinuity, but may be ap-
plied approximately to the cases of Figs. 2 to 9. 
The discontinuity, Fig. 12, is represented by the three 

transmission lines in series with a shunting capacitance 
placed across each line at the junction. Values for these 
capacitances are obtained approximately from Fig. 17. 
Fig. 13 is a special case of Fig. 12, with one line short-
circuited so that it represents an inductance of given 
value. The lumped capacitances may be appreciably af-
fected in this case by the proximity of the short-circuit-
ing end if  is less than 0.5. Discontinuity capacitances 

should then be multiplied by a proximity factor given in 

Fig. 18. 

III. APPLICATION TO PRACTICAL PROBLEMS 

It is not our purpose to list all applications to practi-
cal problems, since many such applications will be evi-
dent to engineers once the validity of the equivalent 
circuits is recognized. However, the systems used for ex-
perimental checks will serve as example. A few general 
instructions and cautions are also in order. 

A. Coaxial-Line Discontinuities 

The parallel-plane transmission lines analyzed here 
may be considered as coaxial lines with ro/T,-01. 
(ro =outer radius; ri = inner radius). The total lumped 
capacitance at a discontinuity is then 

Ca = 2irrC di  (1) 

where Cd' is discontinuity capacitance per unit width 
obtained from the corresponding parallel-plane case of 
Figs. 1 to 13 and r is a representative radius (which is 
easy to select since ri is close to ro). 
The present results can also be used for approximate, 

though very good, results for coaxial lines of any ratio 

ro/ri with the following rules: 
(a) For a discontinuity in the outer line, as in Fig. 

19 (a), use r1 in (1). 
(b) For a discontinuity in the inner line, as in Fig. 

19 (b), use is in (1). 
(c) For a discontinuity in both inner and outer con-

ductors, as in Fig. 19 (c), add capacitances from 
the two types of discontinuities. 

Cd = 2irr2Cd'(a/b)  27r3C a' (a/c).  (2) 

Justification for these rules will be given in the paper 
on coaxial lines, where it is shown that such approximate 
results do not differ from the exact by more than about 
10 per cent for values of ro/ri up to 5. 

B. Cavity Resonators 

Application of the equivalent circuits to many reso-
nant-cavity types with discontinuities is at once evident. 
It is only necessary to place short circuits corresponding 
to the closed ends at the corresponding points on the 
equivalent circuit, and calculate resonance by simple 
circuit equations. However, we must recognize that this 
requires that the local field of the discontinuity be 
negligible at the point where the short-circuiting ends 
are placed, so that these are truly short-circuiting the 
transmission-line wave, and affecting only slightly the 
local waves. This is not true in many resonators, and if 
accurate results are required in such cases, one must in-
clude the complete dimensions of the cavity in the 
matching operation, as in Hahn's original paper. 

C. High-Frequency Filters 

The configuration of Fig. 12 appears in certain high-
frequency filter combinations and may be used for 
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Discontinuities in parallel-plane transmission (Figs. 1 to 13) lines with equivalent circuits. 

analysis of these with the cautions mentioned elsewhere 
in this part of the paper. 

D. Cautions 

We have mentioned previously these cautions: 
(1) Proper radii must be used in applying results to co-

axial lines of large ratio ro/r,. 
(2) Results must be corrected if terminations are close 

to the discontinuity (an axial distance comparable 
to the transverse dimension between conductors be-
ing used as a criterion of closeness at low frequen-
cies). 
Present results are limited to cases with largest (3) 

transverse dimension not greater than a half wave-
length. 

(4) Caution must be used if multiple discontinuities 
closely affect one another, as in the cases of Figs. 10 
and 11. 

We should also caution against interpreting results for 
taper sections from these cases which apply to abrupt 
discontinuities. It may at first appear that the major 
difference is in the magnitude of the lumped capacitance 
but this is only part of the story. For example, if the 
problem is one of the mismatch between the lines A and 
B of Fig. 1, much of this mismatch comes from the dif-
ference between Z u and Z013, and in most cases a smaller 
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amount from the lumped capacitance Cal. Tapering de-
creases the mismatch in going from Z04 to Z0B, as is 
evident from nonuniform line theory or the appropriate 
field solutions.3 

IV. EXPERIMENTAL VERIFICATION 

To check the validity of the theory by experiment, 
two sets of tests were performed. In the first, the reso-
nant wavelength of the coaxial line system in Fig. 20 (a) 
(which maintains constant-characteristic impedance 
across the step, and would resonate at X =41 except for 

DISCONTINUITY
 

MICROMICRO FA
RADS 

.25, 

0  \ .....%.".............."...- ".j2  4  .6  1.0 

15 - 

10   

05- 

a 
Fig. 14—Exact discontinuity capacitance for Fig. 1. Curve is used 
also for approximate results in Figs. 2 to 9. Results given for air 
dielectric; for other dielectrics multiply by dielectric constant. 

the discontinuity capacitance) was measured and com-
pared with the value calculated from the equivalent cir-
cuit, using previous curves and the rules of Part III, A, 
to find the value of discontinuity capacitance. In the 
second, standing waves were measured in (b) of Fig. 20 
(b) at a frequency corresponding to /=X/2 and with the 
line C terminated in its characteristic impedance. Under 
these conditions, the generator should see Zoc paralleled 
with 2 Ca, the discontinuity capacitance calculated from 
the rules of Part III, A, and would be matched perfectly 
if it were not for C. Measured standing-wave ratio was 
compared with that calculated from ordinary transmis-
sion-line theory assuming the line terminated in an 
admittance Yoc -1-j2w Cd. The two sets of tests will be out-
lined in more detail to serve as actual numerical exam-
ples and to indicate the order of magnitude of the dis-
continuity capacitance encountered in ordinary circuits 
and of the resulting effects on the electrical properties 
of a given system. 

$ See, for example, J. C. Slater, "Microwave Transmission," 
McGraw-Hill Book Co., New York 18, N. Y., 1942, sections 6 and 25. 

Case A: Calculation of resonant X for line of Fig. 
20 (a). Physical dimensions of the resonator in inches 

are 
r1= 0.217  c=0.283 
r2=0.400  a = 0.100 
r3= 0.500  b=0.520 
r4 = 0.920 

a/c = 0.353  alb = 0 . 192 
21 = 1.969 inches = 10 centimeters. 

The resonance requirements are Y4+ YB=  iC0 Cd 
where Ca is the appropriate discontinuity capacitance. 
Then 

2  27(3 X 1019 
— caCa = C.  (3) 

Zo tan #51 

Equation (2) used with Fig. 14 gives Ca for this type of 
discontinuity 

27r2Cd'(a/b) = 0.469 micromicrofarad 
2 irr3CI (a/c) = 0.311 micromicrofarad 

Ca = 0.780 micromicrofarad 

Using this value of Cd in (3) and solving graphically for 
X, it is found that X =12.27 centimeters (calculated). By 
a resonance measurement, accurate to about ± 0.005 
centimeter, X =12.34 centimeters (measured). 
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Fig. 15—Proximity effect for Figs. 

2.0 

10 and II. 

Case B: Calculation of reflection coefficient for line of 
Fig. 20(b). Three such discontinuities were checked hav-
ing (a/b) = 0.25, 0.5, 0.75. The one with a/b = 0.5 will 
be chosen as a typical example. 

Dimensions 

ri = 0.125 inch  a = 0.156 inch  / = X/2 = 1.930 inch 
r2 = 0.281 inch a/b = 0.50  ZoB = 75 ohm 
r3 = 0.437 inch  b = 0.312 inch 

From transmission-line theory the reflection coefficient 
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is given in terms of the characteristic admittance and 

terminating admittance as 

R = 
Yo — YR 

YO + YR 

— jZoo.Cd 

1 + jZocoCd 
(4) 

Now from the curve of Fig. 14, Cd'(1/2) = 0.024 micro-
microfarad per centimeter and Cd =21173Ca ' = 0.167 
micromicrofarad. Solving (4) for R using this value 
of Ca, we find R =23.45 per cent (calculated). The value 
found by measurement of standing waves was R =23.5 

per cent (measured). 
The results of calculations and measurements (with 

probable accuracy as noted) on the three discontinuities 
may be summarized here 

Ca micro-
microfarads 

0 . 105 
0.334 
.815 

(alb) 

0.75 
0.5 
0.25 

Realculsted  Rmeasured 

per cent 

7.55 
23.45 
50.8 

per cent 

7.4+0.5 
23.5 +0.5 
58  +2.0 

The results in these two cases verify the use of the 
parallel-plane equations, and corresponding rules for 
selection of radii in coaxial-line calculations. Remember-
ing that the rules given in III, A, give only an approxima-
tion to the exact results for coaxial systems, the accu-
racy of the calculations is certainly within the limits 
expected. The importance of the discontinuity capaci-
tance is emphasized by noting that in the case of the 
resonant line, 41=10 centimeters, the resonant wave-
length is changed from that of a smooth line by 2.3 
centimeters (23 per cent) and reflection coefficients of as 
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Fig. 16 —Effect of dimensions comparable to wavelength; 
Sd=discontinuity susceptance. 

high as 50 per cent are present in lines that by ordinary 
transmission-line treatment, neglecting Ca, would be as-
sumed perfectly matched. 

V. TIIE PHYSICAL PICTURES AND INTERPRETATIONS 

A. The Concept of Higher-Order Waves 

In the modern use of wave guides, it has come forcibly 
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Fig. 17 —Approximate discontinuity capacitance for Figs. 12 and 13. 
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to the attention of engineers that any guiding system for 
electromagnetic-energy transmission is capable of sup-
porting not one but many wave types (actually an in-
finite number). An equivalent circuit showing a given 
inductance, capacitance, series resistance, and shunt 
conductance per unit length, and resulting in a given 
characteristic impedance and propagation constant, can 
be drawn only for a given wave type of the transmission 

3.0 

2.0 

1.0 

i 

, 

----COTH illa FOR COMPARISON 

I 

.5 
.14 

Fig. I8—Proximity factor for Fig. 13. (Multiply values from Fig. 17 
by P to obtain C.',  C,' for Fig. 13.) 

LO 

system and not for the transmission system itself. For-
tunately, the simple equivalent circuit arrived at by cir-
cuit reasoning which considers differential elements in 
classical transmission-line theory has been shown by 
rigorous field theory to represent the single-wave type 
which is most important in such transmission lines, the 
transverse electromagnetic wave, principal wave, or 
transmission-line wave, as it is variously called. This 
representation is exact for a uniform line of zero series 
resistance (although conductance need not be zero) and 
is an exceedingly good approximation for lines with 
finite series resistance, provided that this is not so great 
as to make the transmission line inefficient for energy 
transfer.4,5 
Now it is known that practically any physical means 

of exciting a wave on a transmission line excites not one 
but many of the possible wave types. Mathematically, 
we state this by noting that we must add a series of the 
wave solutions, not one alone, to match the boundary 

4 John R. Carson, "The guided and radiated energy in wire trans-
mission," Jour. A. I. E. E., vol. 43, pp. 906-913; October, 1924. 

6 S. A. Schelkunoff, "The electromagnetic theory of coaxial trans-
mission lines and cylindrical shields," Bell Sys. Tech. Jour., vol. 8, 
pp. 532-579; October, 1934. 

conditions imposed by the exciting source. There is, 
however, no need to worry about the equivalent Circuit 
not accounting for these in most practical cases, since 
a study of these "higher-order" or "complementary" 
wave types shows that they attenuate exponentially at 
an extremely rapid rate unless the transverse dimen-
sions of the transmission line are appreciable compared 
to wavelength. As a rough rule we may think of these 
waves disappearing in a longitudinal distance compara-
ble to the transverse dimensions of the line, since they 
merely add to represent the fringing field predicted by 
static-field considerations if transverse dimensions are 
truly small compared to wavelength. The name "local 
waves" is thus excellent to describe the waves when be-
low cutoff. The attenuation of the local waves is not a 
dissipative attenuation however, but is a reactive at-
tenuation as in conventional filters in the cutoff region, 
and mainly adds a certain reactive component to the 
driving source. Thus it is usually sufficient to note that 
there is a slight end effect, but over the main body of the 
uniform line there is only the 'single transmission-line 
wave which may be represented by the transmission-
line equations. 
Similarly, any discontinuity in the transmission line 

will excite certain of the higher-order waves. Mathe-
matically, again, we say that the matching conditions 
at the boundary require a series of waves, not one wave 
alone. This requirement is particularly clear in the sim-
ple problem of the step which we use as the mathemati-
cal example later. (Fig. 21(a).) The transmission-line 
wave between parallel planes has only field components 
E, and H., and these do not vary in the y direction. 
Consider such a wave progressing down the line in the 
z direction to the right, confronting the step discontinu-
ity at z =O. The conducting portion from y=o to y=b 
requires that E, be zero over this region (assuming per-
fect conductivity in the first approximation). Thus if 
there were only this single-wave type, E, would have to 
be zero everywhere at the plane z= 0, since there are no 
field variations with y for this wave type. The simple 
step would then act like a complete shqrt circuit reflect-
ing all energy (since no energy could pass if E, and hence 
the Poynting vector were zero everywhere across the 
plane). This is ridiculous, physically, and the trouble 
is cleared up at once when we allow other higher-order 
waves to be added so that E, in the transmission-line 
wave need not be zero; total E9, summing up the con-
tribution from all waves, will be zero from y =a to 
y=b but not from y=0 to y = a. These higher-order 
waves again attenuate in a distance comparable to the 
transverse dimensions if these are small compared to 
wavelength and contribute to a fringing field such as 
could be drawn from a static field map, Fig. 21(b). We 
would, of course, never make the mistake described 
above, but as a first-order approximation would draw 
the equivalent circuit of Fig. 21(c) connecting the 
line of characteristic impedance ZOB directly to the 
line of characteristic impedance ZOA, using ordinary 
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Fig. 19—Discontinuities in coaxial lines for which approximate discontinuity capacitances are obtainable from Fig. 14. 
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transmission-line equations, with the assumption of con-
tinuous voltage and continuous current in the transmis-
sion-line wave across the discontinuity. We recognize 
that the picture is incomplete since it nowhere accounts 
for the presence of the higher-order waves in the equiva-
lent circuit which applies only to the transmission-line 
wave; we only hope, if we draw such a circuit, that ef-
fects from these local waves will be small. 

B. Local E Waves Represent Electric Energy, Local H 
Waves, Magnetic 

Of the many possible ways of classifying the higher-
order-wave types, one of the most convenient divides 
waves into two classes: (1) E waves or transverse mag-
netic having electric field in the direction of propaga-
tion, magnetic field confined to the transverse plane, 
(2) H or transverse electric waves with magnetic field in 
the direction of propagation, electric field confined to 
the transverse plane. This is a convenient separation for 
our purposes since often only one of these classes will 
be excited by a given discontinuity. For example, be-
tween parallel planes uniform in the x direction, the E 
waves contain components E,, H., and E, only, the H 
waves contain H,, E., and H. A study of the picture 
Fig. 21(b), shows that the former will certainly be re-
quired in the local field, but no reason for any of the 
components of the latter can be detected. This type of 
discontinuity thus excites E waves but not H waves. 
The field equations will show that the energy stored 

in E waves below cutoff is a net energy in electric 
fields;' in H waves it is a net energy in magnetic fields. 
Thus we should expect local E waves to enter in reflec-
tion effects as a capacitive reactance, and local H waves 
should enter somehow as an inductive reactance. 

C. Voltage in Transmission-Line Wave is Continuous at 
Discontinuities, Current is Not 

The first approximate equivalent circuit for the step 
discontinuity (Fig. 21(c)) was written from the belief 
that voltage and current must be continuous across the 
discontinuity. This is true if we are talking of total volt-
age and current, but in the equivalent circuit we are 
not; we are only talking of voltage and current in the 
transmission-line wave, to which must be added those in 
the local waves near the discontinuity. In Schelkunoff's 

1 In the sense of net electric energy for a series L-C circuit below 
resonarce, where net reactance is capacitive. 

notation2 V(z) = Vo(z)+V(z) and /(z)= /o(z) +7(z). 
V(z) and /(z) represent total voltage and current as 

functions of z, Vo and /0 represent those in the trans-
mission line wave, 'V and 7 those in the local waves. 
If voltage is defined as the line integral of electric 

field between planes in the equiphase X Y plane, we can 
check from the distribution of all higher-order waves 
that these have just as much negative as positive elec-
tric field components, so that their net contribution to 
the voltage integral is zero. V(z) =0 or V(z) = Vo(z). 
That is, total voltage when defined in this fashion, is 
exactly that in the transmission-line wave; since total 
voltage must be continuous across the discontinuity, so 
must that in the transmission-line wave. Say for a dis-
continuity between A and B regions at z 

VoA(zi) = Vo (zi).  (5) 

Since contribution to current from the higher-order 
waves 7(z) is not zero, the complete expression for total 
current /(z) must be used. Continuity of this total cur-
rent at z =zi, /0A (zi) +74(zi) =/0/3(zi)+7B(zi) allows a 
discontinuity in transmission-line wave currents 

/oA(zi) — /0/3(zi) = 7/3(z1) — 74(51).  (6) 

D. Effect of Local Waves at a Discontinuity May Be 
Represented by Lumped Admittance Exactly at Discon-

tinuity 

It follows at once that a continuity of voltage but dis-
continuity of current at z = zi may be taken care of in 
the transmission-line equivalent circuit by lumping an 
admittance' across the lines at this discontinuity, of 
magnitude 

/0B(z1) — /oA(zi) — 7B(zi)  ?A(Z1)  
Y  (7) 

Vo(zi)  Vo(zi) 

It is not obvious at once that this admittance will be as 
generally useful as we would wish, since it might con-
ceivably turn out to be a function of the impedance 
termination of the line and its method of excitation. 
Fortunately, it turns out to be independent of these, at 
least if the exciting means and the terminations are re-
moved far enough from the discontinuity so that the 
local fields of these are not mutually linked to the local 
fields of the discontinuity. We will assume this in most 

of our analyses. 

1 Loc. cit., p. 499. 
7 It is also proper, and sometimes helpful, to think of this discon-

tinuity admittance as an infinite number of admittances in parallel, 
one for each of the local waves. 
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Fig. 20—Coaxial-line discontinuities used for experimental checks, with equivalent circuits. 

There may at first be a feeling that the placing of this 
lumped susceptance is a little arbitrary. We have agreed 
from our reasoning of Part V, C, that the local waves 
should enter as a reactive effect in some manner, but this 
effect is clearly spread over a certain finite region, not 
concentrated exactly at z=z1. This objection is an-
swered by the separation between total quantities and 
those of the transmission-line wave to which the equiva-
lent circuit applies. In the latter, we ask only about dis-
continuity in current in this single wave, and a review 
of the above steps shows that, for the equivalent circuit, 
it is correct to take care of this discontinuity exactly at 
z =zi. Physically, the local waves do add to this current 
over a finite region to insure continuity of total cur-
rent, as sketched qualitatively in Fig. 21(e). 

E. Lateral Dimensions Approaching Half Wavelength 

The curves, Fig. 16, show that as the dimension b of 
the stepped transmission line approaches a half wave, 
the capacitive susceptance shunted across the discon-
tinuity approaches infinity. This simply means that the 
lowest-order local wave (one which has half-sine varia-
tions of fields in the y direction) is approaching cutoff. 
For b=X/2, it is exactly at cutoff, which is another way 
of saying that it is exactly at resonance for propagation 
of the energy of this wave in a completely transverse 
direction between planes. We would then expect some 
resonance phenomenon to appear, and it does, corre-
sponding to a series resonance in the shunting circuit at 
the discontinuity. The cutoff factor for the lowest order 
local wave is 1/N/1— (2b/X)8. This is plotted in Fig. 16, 
and is a fair approximation to SZ/wCd' for all except 
values of a/b approaching unity. Such an approximation 
assumes that all the frequency change is occurring in the 
capacity associated with the first-order local wave. 

F. Reduction to the Static-Field Problem at Low Fre-
quencies 

If frequency is low enough so that wavelength is huge 
compared to transverse dimensions of the line, it is 
evident that the local disturbance of fields extends only 

R• 20c  • Zog 

over a region comparable to the transverse spacing, and 
therefore over a region negligibly small compared to 
wavelength. The equivalent circuit derived in this re-
port would then be arrived at  physical reasoning, the 
discontinuity capacitance being the difference between 
total capacitance of a section which includes all appreci-
able effects of the discontinuity, and capacity of the cor-
responding section calculated on the basis of field lines 
passing straight across (that is, capacitance from the 
simple parallel-plane formula). One would not worry 
about the exact placing of this extra capacitance in such 
reasoning, since 27rz/X is the variable of transmission-
line equations, and for this reasoning we are postulating 
that z/X varies by a negligible amount over the region 
of the discontinuity. (Such general reasoning should not 
mask the result from the mathematical analysis that 
the placing of the capacitance exactly at the discontinu-
ity is rigorous.) 
The excess discontinuity capacitance in the static 

case may be found by matching of series solutions to 
Laplace's equation in a manner similar to that described 
in Part VI for the series-wave solution. We have carried 
through such solutions, and results of course agree with 
those calculated from the wave solutions with (2b/X)2 
negligible compared to unity. 
Results for the static case might also be obtained from 

a carefully made flux plot, and the discontinuity of Fig. 
1 may also be analyzed by a Schwarz-Christoffel trans-
formation. Utilizing results of such analyses,8 we find 
the discontinuity capacitance, Cd1(a) to be expressible 
in closed form 

e 7 01 2 +1  1 ± a 2  4a 
Ci(a)=—    cosh-'   2 in — )  (8) 

7  a  1 — a2 a 2 

a = a/b for the step of Fig. 1. 

Although the curve of Cd'(a) of Fig. 14 was calculated 
from the series result, (16), the above equation checks 
these values to the degree of accuracy of the calculations. 

g The problem is worked, for example, in Miles Walker "Conju-
gate Functions for Engineers," Oxford University Press, London, 
England, 1933, pp. 53 to 65. 
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Although the closed form may seem to have advantages, 
we believe that the series-wave picture is superior, 
particularly for analysis of the more complicated dis-
continuities, and for information on the effects of 
frequency. 

VI. EXAMPLE OF STEP IN PARALLEL-PLANE 
TRANSMISSION LINE 

To demonstrate the method of obtaining the equiva-
lent circuits presented in Part II, as well as to illustrate 
the general technique in the use of Hahn's functions for 
wave-matching problems, consider the simple case of a 
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Fig. 21—Illustrations of field distributions, equivalent circuits, and 
current components for step discontinuity in a parallel-plane 
transmission line. 

single step in a parallel-plane transmission line, located 
at z = O. The line may be terminated at any point far 
removed from the step, on either the A or B side, and 
will be assumed to be excited in some manner with a 

transmission-line wave. 
The general attack of the problem will be as follows. 

(1) Write expressions for the total field components in 
region B as an infinite sum of wave types with arbitrary 
constant coefficients. (2) Write similar expressions for 
region A. (3) To fulfill the required conditions of con-
tinuity of tangential electric- and magnetic-field com-
ponents across the boundary, match E, components in 
B region to A region over the range 0 <y <a, E,=0 in 
B region for a <y <b. (4) Match H.,' to H1B for 0 <y <a. 
(5) Eliminate between the equations resulting from (3) 
and (4), to evaluate the arbitrary constants. (6) Finally, 
obtain the equivalent admittance to represent the dis-
continuity in the transmission-line wave current at the 
discontinuity. 

A. Wave Solutions and Matching 

Having assumed the line excited from either end with 
a transverse electromagnetic wave, we shall represent 
the total amplitude of this wave in region A as A., and 
in region B as Bo at z = 0. At the discontinuity, there 
must arise components of E in the z direction to account 
for the fringing field, while no z components of II are 

tequired. Thus the E (or transverse magnetic) waves 
will originate at the discontinuity. These waves will be 
distributed in such a manner as to satisfy Maxwell's 
equations in the space bounded by the perfectly con-
ducting infinite planes. Assuming uniformity in the x 
direction, the distribution equations in rational m.k.s. 
units for an nth-order wave area 

E,,, = sin (nry/b)[B„e-7, "  Bn'e7-2]  (9) 
E, = (7„b/nr) cos (nry/b)[— B.e--"no  Bo'e?"'](10) 
,,„ = j(web/nr) cos (nry/b)[Boe-7 .2 Boie7,.2] (11) 

where .yo = v(072/b2)  _ op, = ovr io vi  _ (2b/nX)2. 

The equations for the A space are similar to these. Now 
define a wave admittance Y. for a positive exponential 
term. 

= Y„ = j(web/nrK.) = j(cae/7.)  (12) 

where  K. = V1 — (f/ f) 2 =  — (2b/nX)2.  (13) 

For a negative exponential term, the sign of -y,, is oppo-
site. Expressions for total E and II in regions A and B 
may now be written as the sums of the principal and 
higher-order wave components. Since we shall equate 
E, components at z = 0 and similarly equate H. com-
ponents, we shall confine our attention to these and 

write 

and 

Miry 

EvAls  = AO+ EA. cos  (14) 
tra  a 

mry 
" LAI  =  044 0 4" E yA„,A cos  (15) 

a TFI 

=  j(wea/mrK„,) 

for the A region. Similarly, the expressions for E, and 

H. for the B region are 

Eve! .-0 = Bo ± E Bo cos niry  (16) 
n-1 

nry 
II  = Y NB°  E YB„B„ cos   (17a) 

and  YD„ = j(weho) = j(web/nrKn).  (17b) 

We have here assumed that terminations are far enough 
removed from the discontinuity so that only positive 
exponentials for the local waves are required in region 

8 

a 

t 
A 

o 
Fig. 22—Step discontinuity in parallel-plane transmission line, 

showing co-ordinate system. 

B(z <0) and negative exponentials in region A (z > 0). 
Hence the opposite signs for the Y's in the two regions. 
The Yo's are the transmission-line wave admittances 
whose values depend upon the line terminations. 
The coefficients are now to be related through the 

boundary conditions at z = 0. 

s See for example Slater, loc. cit., where these waves are given in 
slightly different notation by his equation 14.13. 
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Eols—o = EvAi g-2 
vB  0 

//,A ,...o = 

0 < y < a  (18a) 
a < y < b 
0 < y < a.  (18b) 

Consider for a moment the expression (16) for 
E„B1,-0. It is evident that this equation may be con-
sidered as a Fourier expansion for Evil over the region 
0 <y <b. Further, we recognize from the boundary con-
ditions (18a) that EnB is defined as a function of y over 
the region 0 <y <b. From y = 0 to y =a, it is given as the 
series function of (14), and is zero from y=o to y= b. 
The Bo and B„ coefficients are then obtained from the 
usual equations for determining Fourier coefficients 

1 f  b 
Bo = —  EvBi m.mOdY 

b o 
1 

= — f (  M Ay iio + E A., cos —)dy 
b 0 .  a 

a   

130 = (a/b)A 0. 

Similarly, 

2 f  b  mry  
-i- 0 EnBI sco cos  dy 

b 

= 2 i ° ( 
b .1 0 Ao + E ntry A„, cos 

) 
cos 

a   

Ba = 

2A,) nra 
B„ = — sin 

n a2 
+ 2 — — sin 

r b2 

nry 

nra  A„,(- 1)." 

b 1-1  m ,n2{(n2a2/m2b2) _ 11 

(19) 

dy 

meaning of the "average value" terms obtained. If we 
define voltage between conducting planes as 

v = - f  -(17 

then for the A space 
a  a 

=  f  Aody - 10 

= - aA 0. 

Similarly, for the B space 

VBI.-0 =  — 10 Body - fb 

miry E A. cos —  dy. 
„.  a 

nry E B„ cos —  dy. 

= - bBo. 

Note now that by equation (19) VA = VB. By the above, 
it is also evident that the total voltage at any point is 
that in the principal wave, since TE•d/ for the higher-
order waves will always be zero. This is consistent with 
the boundary conditions, and establishes the continuity 
of voltage at z = 0. Further, note that the current in the 
top conductor due to the principal wave .1, is given by 
-FH,, and so current in the principal waves for the two 
spaces, 

J 041  = 174.110 
and  amperes per meter width. 

JoBI a-0 = YB,Bo 

However, (21) indicates that .10AI zO JOB' sOp but 
(20)  differs by a factor as follows: 

We may also obtain an expression for A,,, as a function 
of B, from the boundary condition (18b), equating 
tangential components of H. Equations (15) and (17a) 
combine to give 

tnry 
Y.4,10  E 1;4mA. cos — .  a 

nry 
= YBoBo  E v.„B„ cos   

In the usual manner the average value, or 
found from 

a 

YA 0-10 =   ( 
a 0 

11,0B0 

YA.A. = YBoB0 + E 

0 < y < a. 

1744 Ao, is 

E i-E„B,, cos  b )dy ?try 

I)  nra 
  Iii„B„ sin  (21) 
nra  b 

The YA„,44,„ coefficients are evaluated from 

2 a /WY \ 
YAntAns =  f  YBOB0 + E YB„Bn cos 

b a 
mry 

• cos — dy 
a 

2  na2 (-1)m sin (nra/b) 
YA „Ant =  YB„B„ 

a „  m2rb 

B. The Equivalent Circuit 

(n202/m2b2) — 

JOA 
two 

= JOB  E — YB„B„ sin 
n nra 

This discontinuity of current may be represented by a 
lumped admittance at z = O. Rewrite the foregoing 
equation as J0A = Joe-jwCd' V where V is voltage at 
z = 0, or VI ,-o = -aA o= -bBo. Then jwC0' is 

nra 
iwC di - E   vp.B. sin  (23) 

a nra2A0 

This capacitance Ca' will be useful if we can show that 
it is independent of both termination and voltage, for 
we may then represent the effect of the discontinuity by 
a lumped admittance at this point, having an exact 
equivalent circuit for all conditions of line termination. 
We must then show that neither YBn nor B„/A 0 are 
functions of the voltage or the principal wave admit-
tances, the Yo's. If the termination is not so close to the 
discontinuity as to require both positive and negative 
exponential solutions for the higher-order waves, then 
(12) holds and shows that YB„ at least is not a function of 
termination or of voltage, that is, of Y40, 17 BO, A o, or Bo. 
Then substituting for YB„ from (17b) and B,, from (20) 

(  2e r  —  sin2nr(a/b) 
22)  Ci =   

n  Ka„n3(a2/b2) 
sin' nr(a/b) 

Before considering the evaluation of the B„ and A„, 
coefficients from (20) and (22), let us inquire into the 

+ E   Ka.n  (— INA ./A   
7,„21(n2a2/m2b2)  _  . (24) 

Let us define two of the summations 
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sin2 nra 
Toga) = E   (25) 

T,,,B(a) = E   (26) K.Bn  (n2avin2 _ 1)1 

By comparison with the Hahn functions given in the 
Appendix E, we see that the above may be written 

Toe(a) = So(a)  E — — sin2 3n ar2a 1 

▪  Kng 

KnB n3a2 
sin2 nra 

1   T „,B(a) =  E (— — t)  sin2 2 (28) 
„  K B  n1 (n2a2 /m ) — 1 

This separation is made since the latter series converge 
very rapidly, and values for the S functions are avail-
able; values of T's may then be calculated readily from 
(27) and (28). In fact, if transverse dimensions are small 
compared to wavelength, K„-S-_'-1 (equation (13)) and 
the T functions reduce to the S functions, values of 
which are given in the Appendix E. 
Reversing the order of summation in the last term of 

(24), this equation may now be written 

2€  (— 1)̂'A „,/ 0 
Ca' = —[Tog(a/b)+ 2_,  T„,B(alb)].  (29) 

(27) 

/27ra 

ni2 r3 

Thus the first term in this expression is not a function 
of A 0, Bo, YAM Yu. We shall show later that it is the 
most important term, and approximate values of C 
may be calculated using only this term. However, we 
may also show that the ratio Am/ A0 may be evaluated, 
so that the entire expression fulfills requirements for a 

useful equivalent circuit. 

C. Determination of Wave Amplitudes. 

To evaluate the ratio Am/ A0, consider for the moment 
(22). Let us confine attention to some particular A. 
term, say the pth term to avoid confusion in the sum-
mation. Then 

2a( — 1)"  nYB„B„ sin (nra/b) 
A,A p 

p2rb  1 (n2a2 /p2b2) — 11 

Substitute YIN from (17b) and B„ from (20), 

4a( — 1) PjamA o 
'VA pA p 

sin2 (nra/b) 

p273  nK,,B(n2a2/ p2b2) _ 

[1  —  

a2n2 

b2 m21 (na 2/m b) _ 1} 

The first summation of the foregoing equation is recog-
nized as the T ,B(a lb) series from (26 ). Consider the 
second term separately, reversing the order of summa-

tion. 
(— 1)m(A  A 0) 

m2 
sn 

• E .13 1(n2a21p2b2) _  { (n2avm2b2) _ 1} 

(— 1)'n A .1 A 0 

2  22  
. (30) 

n2(a2/b2) sin2 (nra/b) 
(31) 

Through a partial fraction expansion, the following 
identity is obtained: 

n2(a/b)2 

(n2a2/p2b2) _ 1} I (n2a2/m2b2) _ 1} 
(32) 

p2m2  1  1 

p2—m2 [ (n2a2/p2b2) _ 1 1 / (n2a2/m2b2) _ 1  pnt. 

Then (31) may be written 

(— 1)'"(A./Ao)P2 sin2 (na/b) 

p2 — m2 [  r „ nK„B1(n2a2/p2b2) — 11 
mop 

sin2 (nra/b) 
— E   

nK„B1(n2a2 /m2b2) — 11] 
(— 1)PAp  n(a2/b2) sin2 (nra/b) 

.1 0 p2K0B 1(n2a2/p2b2) _ 1} 2 (33) 

The last term in which m is set equal to p in (31) must 
be included since the partial fraction expansion does not 
hold for m  Two of the series are of the form (26). 
For the last, define 

na2 sin2 nra 
V pi:1(a) = E   (34) p2K.B (n20,2 / p2)  1 1 2 

This is related to Hahn's U function, (82) of Appendix 
E. 

1  na2 sin2 nra 
V pB(a) = p(a)-1- E —  1   (35) 

n KnB  p2 (n2 a2 /p2)  1 1 2 

Thus with the double summation written in the form 
(33), and the definitions (26) and (34), (30) becomes 

Vo(a/b) ] A  1 
(-1)P[ p K  p2  A0 = p2 To(a/b) 

( — 1) Ps (A  A 0) 
4- E  [Tpga/b)— T.B(a/b) (p2_ m2) 

(36) 

The above equation represents an infinite number of 
simultaneous equations, one for each value of p, in the 
infinite number of A„.'s. In matrix form, 

[g pm ][A mid 4 0] = [1 p]  ( 37) 

where 

gp„, = [( — 1)",/(p2 — m2)] ET„B(a/b) — T,„B(a/b)] 
m PIP 

[V 03(a / b)  r2 1 
(38) hp  =  1)P   

p2  ▪ 4K ]J,A 
hp = — (1/ p2)T pB(a/ b). 

Formally, the ratios 44„,/A 0 are completely determined 
by (37) in terms of the ratios a / b and b/X, and are not 
functions of the Y's, proving our earlier statement. 
Practically, we may solve for a finite number of these 
by retaining that number of simultaneous equations. 
We shall demonstrate this by a numerical example. 

D. Numerical Example 

Let us consider the case of a/ b = 1/2 at low frequencies 
(b<a) so that the T functions reduce directly to Hahn's 
S functions. Using values of these from Appendix E, 
the coefficients (38), retaining four of the equations (37), 
are 
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[-4.695 +0.110 

+0.0663 

—F0.045 

—0.110 

+2.403 

—0.045 

—0.029 

+0.066 

+0.04 

—1.61 

+0.021 

—0.0453] r /401 [1.00 

—0.0292  A,M0 0.333 

—0.021  As/A o 0.170 

+1.212  4/A0 0.105 

A method of successive approximations, using first the 
main diagonal terms only, and successively correcting 
by resubstituting first approximations for other than 
the main diagonal terms in the equations, leads to 
values of A„,/A 0 very quickly, and is applicable to any 
number of equations. For the above, 

m=1 • m=2 m=3 m=4 

-0.219 0.151 -0.1192 0.1003 

Substituting in (29) 

C Z = (2e/70) [4.21 -0.219-0.050- 0.020- 0.011]. 

It is seen that four A „, terms in the summation were 
sufficient. 

C Z = 0 . 253e. 

For air or space, e =1/362-X10-9 farad per meter= 
0.0885 micromicrofarad per centimeter so Ca' =0.0224 
micromicrofarad per centimeter. 
Although they are not required for the equivalent 

circuit, it is interesting to note the wave coefficients in 
the B space, calculated from (20). 

B,,-
B. 

n=1 
1.16 

n=2 n=3 n=4 n=5 1 Is... 6 n=7 n=8 
—0.220 —0.532 0.152 0.344 —0.119 —0.200 +0.100 

E. Approximate Expressions 

The above numerical example is typical, demonstrat-
ing that the major part of the capacitance arises from 
the first term in (29). For a first approximation to 
capacitance, we should then not need to calculate the 
coefficients Am/A0 from the matrix (37), 

Ca'  (2e/ r3)T oe(a/b) = (2e/73)50(a/b), (b/X) << 1. (39) 

Values of So(a/b) are tabulated over a wide range in 
Appendix E. For small values of a/b, the approximate 
value of the So function may be used. The resulting 
equation, including the effect of the coefficients A,,,/ A 0, 
is then 

C I  [(2/r) in (bla) - 0.26 4  (40) 

Equation (40) differs from (29) by less than 10 per cent 
if a/b is less than 0.3. 
For values of capacitance when transverse dimensions 

approach a half wavelength, the K's depart from the 
value of unity and some correction terms in (27), (28), 
and (35) must be calculated. To the extent that only 
one correction term is required, (meaning that the ap-
proach of the n=1 E wave to cutoff is of the most im-
portance) the ratio of susceptance to that calculated 
from the low-frequency value of C Z iS 

S  1 

— (2b/X)2 
(41) 

This approximate relation has been compared with com-
plete calculations for Sd'AoCd' in the range of b from 0 to 
t/2 in Fig. 16. 
It is interesting to note that the approximate result 

(39) could be obtained by the first step in a converging 
step-by-step method sometimes used in the analysis of 
discontinuities. In this method the principal wave only 
is considered in the region A, then the first approxima-
tion to E-wave components in B is obtained by expand-
ing these in Fourier series, then the E-wave components 
in region A are obtained approximately by the discon-
tinuity in E,, etc. The method followed in this report 
has included simultaneously all of these steps. 

APPENDIX A 

ANALYSIS FOR DISCONTINUITIES FIGS. 2 TO 8 

(1) It is apparent that Fig. 7 is the general case cover-
ing all cases, Figs. to 1 to 8. Following the analysis for 
the step given in Part VI, we may write 

EyBlitan0 =  BO+ E  "7 Bn COS   

nry 
.-o= 1', 0B0+ E vB„Bn cos 

EzCl s— d = C 0+ E c, cos '1" 

Hid s—d =  Ycoco+ E vc,c, cos 

E„A = [21 oe-i"-I-A o' eiks] 

+ E 1,1, 4- 1̂ 1i - A e'r,•s] cos "7  
a 

(42) 

qry  (43) 

- 1/n [21 oe- ' - A 0' elks] 

+ E vA„, [A me-,̂0— A m'emz] cos 

jweb 
VB. —  

nrKB,, 

mry 

a 

jwec  jwea 
Cq =    VA -   

q7rKc0 ,,  mrKA„, 

KB.= N/1 - (2b/nX) 2 

ICA m =  (2a/mX) 2. 

The matching operations, as explained in detail in 
Part VI, follow these steps 
(a) Obtain equations of B's in terms of A's from con-

tinuity condition Eiddl  = EvAl  0 <y <a; 
EVBI z...0 = 0, a <y <b. 

(b) Obtain equations of C's in terms of A's from con-
dition E„cli-a=--E.,A1.-d, 0 <y<o; Eocl.-a=0, 
a <y <c. 

(c) Obtain equations of A's in terms of B's from con-
dition H zAl 2-4 =  s-0. 0 < y <a. 

(d) Obtain equations of A's in terms of C's from con-
dition HzAl t.4 =  IisCI z—d, 0 < y <a. 

If we define F„,= A „,- A „,'  = A„,-

G„, = Amemi ± A  G„,' = 21„,e-7" - Amiens. (46) 

(44) 

Kc0= N./ 1.= (2c/qX) 
(45) 
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The resulting equations are 

aFo=bBo 
aGo= cCo 
F 

-  =  

Go' 
-  = Yc.00+ 

2F0 

flT 

2G0 
C,=  sin 

qr 
2a( —1) 

•  = 

sin 

YB B„b  nra 

„  nra 
17c,C,c 

sin 
q 
1+ — E  (-1)-F0„0  

b2 m21(n2a2 /m2b2) —1  (51)1 
qra [i± a2q2 E 

  (52) 

Similarly, 

(47) 
1,21—   

..141( — aGO 
2€1  ( — 1) m  ni/G 

C2,1'   TOC(a/C)± 2a   T,,,c(a/c)]. (56) m2 

(48) 

ra 
a2n2 

sin 

qra 

C2  In2 (q202/m2c2) _ 1 

,,V.. R. sin (nra/b) 

(49) 

(50) 

m2rb  {(0,22/m2b2) _1  (53)1 

- qYc,C, sin (filmic) 
•  —     •  (54) •  (q2a2/m2c2) 

The above equations (47) and (48) again show that 
voltage 'is continuous in the principal wave, but (49) 
and (50) show that current for the principal wave is 

.12 I 
, 
% 

_  .  

\ 

\ 

\1 
_ _ _ 

-  -  

Cibm I 

' 1/4  

\,  FROM 

Ak, 
FIG 14 

.. . 
••,....z. 

The expressions (55) and (56) show that at least to 
the extent that the summation terms represent the 
usual order of correction to Toc, the lumped capacitances 
to place at the two discontinuities are those for the cor-
responding steps, 

Cid' Cd'(a/b) and C21  C1(a/c)  (57) 

where Cd'(a) is defined by (29 ), and plotted in Fig. 14 . 
We should, of course, expect this result if d is large com-

pared to a, but not necessarily when dla is small. We 
may check the conclusion on two special cases. 
(2) Special Case of d=0 (Fig. 2). 
If d= 0, it follows from (46) that  =G,..'. 

Then (53) and (54) may be equated, with B,, substituted 

12 

Ui 
a. 
cc) 
z 
0 .0 
'c'r 4 
U. 

cr 
o 

I 

\ 

1 

—  —  9 r 1 b 
=314 

, 

FROM FIG 14 
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Fig. 23 —Discontinuity capacitances for Fig. 2 and comparison with Fig. 14. 

discontinuous by the factor of the summation. This dis-
continuity in current can be written in terms of lumped 
capacitances. For a unit width, 

[JOB   Yn" bB. 
1,1,1 —  - E   

aF 0)  „ jcenra2F0 

Substitute Yen from (45), B„ from (51) 

2e sins (nalb) 
= --or [ E  r 

+ E 

r. n a 
sin   

Kn„n2(a/b) 2 
sin2 (nralb) E  (- 1)-(Fm/F0 
K B„n  „, m21(n2(;21m2b2) — 11 

By the definitions (25) and (26) 
2t  ( —1)'407,./F0) 

CI d' = — [ Ton(alb)+ E  T„,0(a/b)]. (55) 
m2 

10 

from (51), C. from (52). The reversal of summation, 
breaking into partial fractions, and identification of the 
Hahn functions leads to an infinite matrix of equations 
as demonstrated in detail for the corresponding step in 
Part VI, leading to (38) 

[g„„j [F„,/Fol = [41  (58) 
where g„„, = 1(— 1) -/(p2 — m2)1 [Tn(a1b)  Tvc(a/c) 
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the first approximation to  and Cu'. The curves of 
Fig. 23 show such values, assuming b<<X, for several 
values of b/c. It is seen that the approximate results 
(57) are in excellent agreement with the more accurately 
determined curves, for all values of b/c. 
(3) Special case of b=c, dO O. 
This represents another special case in which the 

matrix equation may be readily obtained and solved, 
at least for low frequencies. Results for the corrected 
capacitances Cu' = C21 = CI' are plotted versus alb for 
several el/a ratios in Fig. 24. Comparing with Cd'(a/b), 
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0 
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I 

dia.  r 

FALL 
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I 
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, Itir , 2/717  
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cvb 

Fig. 24—Discontinuity capacitances for Fig. 3 
and comparison with Fig. 14. 

1.0 

it is seen that the latter is a good approximation to the 
actual C,I1 for all values of d/a. 

APPENDIX B 

ANALYSIS FOR DISCONTINUITY OF FIG. 9 

For this problem, we employ a small A region of 
infinitesimal length between the B and C regions, ex-
tending from y=0 to y =a. At z = 0, series forms for 
E. and H. in the B and A regions may then be written 
as in equations (14), (15), (16), (17). For the region C 
at z=0, 

pry' 
E.c1.0 = Co + E c, cos —  

(59) 
' 

hid z_o  = YcoC0-1- E Yc,C, cos Try 

where y' -= y-F (c —a) 

= Uweb/nrKBJ  YC0 = — (jaw/ arK co)• 

The matching operations are these: (1) Obtain B's in 
terms of A's by matching EB =EA, 0 <y <a; E,B=0, 
a<y<b. Results are the same as (19) and (20). (2) 
Obtain C's in terms of A's by matching E5c=0, 
0<y' < (c —a) ; E.c=E.A, (c —a) <y' <c. 

cCo = aA 0  (60) 

2A 0(— 1) 

q2a2 

c2 

(3) Obtain A's in terms of B's by matching 1114 =H:11 , 
0 <y<a. Results are the same as equations (21) and 
(22). (4) Obtain A's in terms of C's by matching 
H1,4 =H1c, c —a <y' <c. 

rc Y „C,(— 1) 9 q a 
Y AA° = YcoCo  — E  sin  (62) 

ra  q 

7r q a 
sin   

YA A „, — 

Am/A 0 

m m 2 / (q2a 2/m 2C2) — 1 (61) 

2a  (— 1).117a,Csq sin (qra/c) 

tn2TC  q  (q2a2/m2c2)  11 (63) 

Note that in carrying through steps (2) and (4) it is 
convenient to use a substitution, y' = a—y= c—y'. 
Study of the zero-order terms reveals the usual con-

tinuity of voltage but discontinuity of zero-order current 
YnoBo— YcoCo which may be accounted for by a capaci-
tance 

= 
b2e [ , B„  ICsin  (nra/b) 

r2a2 n' B„Ao 

± 
c2 (— 1)9C, sin (gra/ c)] . 
— E   
b2 0 qucc,A 0 

Substituting the results for B„ and C, from (20) and 

(61), and identifying the functions defined by (25) and 
(26), 

2e 
Cd'= —  [ Ton(a/b)-1- 2.7  m.4.,/ A 0 T„,B(a/b)] 

no 7r3 

-1-[Toc(a/c)-F E A,,,/A0Tmc(a/c)  . (64) 
,n2 

Again, subject to more accurate evaluation of the sum-
mation, we may write 

Cd'(a/b)  Cd'(a/c).  (65) 

To obtain the more accurate values, we must find the 
matrix for A/Ao. Equate results for YA„,24„, from (22) 
and (63), substitute (20) and (61), and separate in the 
manner detailed in Part VI. The matriil is 

= [hpI  (66) 
gps,= {1/ (p2  — m2)1 {(— 1)P+m[T,B(a/b) — TB(a/b)] 
m p 

+ [7' pc(a/ c) — T c(a/ e)]} 
gp, = (1/ p2){V „B(a/ b) ± V „c(a/ c)] 

h„ = — (1/p2)[(— 1),T,B(a/b)  Tpc(a/c)]. 
In Fig. 25 values from the complete equation are plot-
ted versus alb for the case a/c= 1/2, and compared 
with results from the approximate equation (65). Agree-
ment is again good. 

APPENDIX C 

ANALYSIS FOR DISCONTINUITY OF FIG. 12 

In Fig. 12 we may write solutions for the components 
and H. in the three regions A, B, and C in the forms 
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Fig. 25 —Comparison of discontinuity capacitance 
for one case of Fig. 9 with values from Fig. 14. 

of (14), (15), (16), (17), and (59), where y'=y—f and 
f=b+d. 

VA.  (jcow/nit • K A.)  V8,, = (jweb/ttrKB„) 
(67) 

110,, = (joJeckirKc,). 

The matching operations follow in this manner: (1) 
Obtain A's in terms of B's and C's by matching EA 
= Eva , 0<y <b; E4 = 0, b <y <1; EA =Evc, f <y <a. 
(2) Obtain B's in terms of A's by matching Hifi= HoA, 
0 <y <b. (3) Obtain C's in terms of A's by matching 
I-1,c =  f <y <a. Resulting equations are 

aA  bBo+ cCo  (68) 

1+ — 
2B0 marb [  nt2b2   ( — 1)"B„ 

M 7r  a'  n'Bot(m2b2/n2a2) —11] 
„,= — sin -   

2 Co rz7rf[   C, + 1 m 2C2 „--, 
sin   2, ] (69) 

Mr  a a 2  q q 2C0 { (m 2c2/q 2a 2) _ 11 

a ir,...., Y4 /lm A„,  mb 
Y' u„Bo=Y Aoil 0+ — 2,  sin  (70) 

wb .  m  a 
a x_., 17,,,,,A ,  mwf 

Ye,,Co=YA,Ao —  2  sin  (71) 
IC m  tn  a 

Ye,,B„.   
2b( -1)" ,2,  mYA„,A „, sin (mirb/a)  (72) 
n2,ra .  1 (nobvn2a2) _ 11  

2c x_, mYA.A . sin (mwf I a) 
YefiC,= - - 2„   Ora ..  I (m2 c2 / q2 a2) — 1 I 

Equation (68) shows that voltage across lines B and C 
must equal that across line A, suggesting a series con-
nection. However, equations (70) and (71) show that 
zero-order current is not continuous, requiring addi-
tional shunting elements at the junction. If (67) and (69) 
are substituted in (70) and (71), these may be written 

Jon =-* JOA + i0C /it V OH + :7W CA I V OA 

Or =  OA+  ci V 0C+ jWC Ai VOA 

where 
sin (mwb1 a) sin (mwf I a) 

C A. 

(73) 

(74) 

Cc' = 

CS 
I (75) 

a 2  9 q 2Co l (m2c2/q2a2) —1 

2a2e  sin' (mwb/ a) 
2-4   

trOKA. 

[1+ —E  (-1)nB„   
m2b2 

n'Bc,l(m262/n2a2) — 1 } 
2a2e  sin2 (mrf / a) 

3 2 maKAmc  

C A (76) 

[ M 2C2 1+ —E  Ca   CA. (77) 
a 2  a 2C0 (m 262/q2a2) _ 

Equations (74), combined with (68), lead to the 
equivalent circuit given in Fig. 12, with values of ca-
pacitance at the junction defined by (75), (76), and 
(77). To complete the problem, we should show that 
Cg/Co and B./Bo are independent of the terminations 
so that (75) to (77) give values of capacitance inde-
pendent of terminations. The matrix equation is ob-
tained conveniently only for the case d = 0, and the 
proof for that case is complete. The proof seems more 
difficult for the general case of d 0, but a few numerical 
checks support our belief that the major part of the con-
tributions to capacitance arise from the first summa-
tions in (75) to (77), which are independent of B./Bo 
and C5/Co, as we have found in previous examples. 

Curves of Fig. 17 were calculated on the basis of this 
assumption, showing CA', Ca', and Cc' as functions of 
b/(a—d) for different values of dla. 
Note from the curves that (75) gives a negative value 

for C4 1. Detailed study of certain special cases shows 
that Ca should be negative if the equivalent circuit is 
correct. Two of these cases are: 
1. The case of either line B or line C short-circuited 

at z = 0; the sum of the remaining two discontinuity 
capacitances should then equal that for the correspond-

ing step. 
2. The case of d = 0, lines B and C perfectly termi-

nated, and a wave traveling to the left from line A; the 
three capacitances should then combine so that there is 

no reflection. 

APPENDIX D 

THE DISCONTINUITY OF FIG. 13 

Fig. 13 is obviously a special case of Fig. 12, with the 
A line terminated by a short circuit at z = /. If this ter-
mination is close to z = 0, it will be necessary to include 
positive as well as negative exponentials in the A space. 
The resulting combination of positive and negative ex-
ponentials, with E, = 0 at z =1 for all waves, gives the 

following value for Y Am 
YArn =  (joma/mwKA„,) coth (mwKA„,1)/ a.  (78) 

By using this value in equations (68) to (73), the ap-
propriate values of CA', CB', and Cc' may be calculated. 
In particular, for the case of d = 0, a<<X, it was found 
that all previous values of CA 1, CBI, and Cc' may be 
multiplied by a factor which is only a function of 1/a, and 
is plotted in Fig. 18. This factor may be approximated 
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by coth rl/a to the degree shown in the Fig. 18. Note 
that until 1/a is less than 0.5, the correction is less 
than 10 per cent; at 1/a=1 it is practically negligible. 
These results may be used as a guide, showing approxi-
mately when any termination is electrically close to the 
discontinuity. 
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Fig. 26--The Hahn functions Sp(a). 

P.O 

Note that since we have taken a<<X, this case will also 
infer that 1<<X. The short-circuited line A then looks 
like an inductance L=1.41a/w. For air or space, 12=47r 
X10-7 henry per meter so 

L = 47r X 10-7 (/a/w) henry (dimensions meters) 
= 4ir X 10-9(1a/w) henry (dimensions centimeters) (79) 

is width of the line. 

APPENDIX E 

THE HAIIN FUNCTIONS 

Hahn has defined and calculated values for the fol-
lowing summations 

(80) 5. 4)(a) = 
n-1 

s9(a) = E 
„... 

sin' nira 

a2n3 
2 sin nra 

n1 (n 2,2/p2)  1 
(81) 

of the I.R.E. 

no/2 sin2 nra 
Up(a) = E   (82) 

n- 1 p2  (n 2a 2/p2)  1 2 

For small values of a, 

So(a)  7r2[In (1/a) - 0.338].  (83) 

Hahn' has given a quite complete table of values for 
S„(a). (Note that all values in his table should be nega-
tive.) Curves taken from this table are plotted in Fig. 
26. 
For values of U(a) it is possible to neglect variation 

of these functions with a in their first approximation 
(and since they enter only in the second-order term for 
capacitance, this is good enough for our purposes). 
Then 

2. 23 ;  U2  4 . 69 ;  U3  7.12; 
U4  9. 54 ;  U  O. 97(pr2/4). 

For a very complete table of the So summation, we in-
clude results calculated by the Mathematical Tables 
Project of the Works Projects Administration under the 
direction of Dr. Arnold N. Lowan. 

TABLE I 

a  S.(a)  I  a  S.(a)  a  S.(a)  a  

0.01  42.117  0.26  10.14  1 0.51  .041  0.76  1.0877 
0.02  35.276  0.27  9.787  0.52  .880  0.77  1.0095 
0.03  31.276  0.28  9.443  0.53  .722  0.78  0.93403 
0.04  28.439  0.29  9.113  0.54  .569  0.79  0.86125 
0.05  26.924  0.30  8.795  0.55  .421  0.80  0.79116 
0.06  24.442  0.31  8.488  0.56  .276  0.81  0.72377 
0.07  22.924  0.32  8.192  0.57  .135  0.82  0.65907 
0.08  21.611  0.33  7.906  0.58  .997  0.83  0.59706 
0.09  20.453  0.34  7.630  0.59  .864  0.84  0.53775 
0.10  19.418  0.35  7.364  0.60  .734  0.85  0.48115 
0.11  18.483  0.36  7.105  0.61  .607  0.86  0.42728 
0.12  17.630  0.37  6.856  0.62  .484  0.87  0.37616 
0.13  16.847  0.38  6.613  0.63  .365  0.88  0.32784 
0.14  16.123  0.39  6.379  0.64  .248  0.89  0.28234 
0.15  15.450  0.40  6.151  0.65  .135  0.90  0.23973 
0.16  14.822  0.41  5.930  0.66  .025  0.91  0.20006 
0.17  14.232  0.42  5.716  0.67  .918  0.92  0.16341 
0.18  13.678  0.41  5.508  0.68  .814  0.93  0.12988 
0.19  13.154  0.44  5.306  0.69  .713  0.94  0.099584 
0.20  12.659  0.45  5.110  0.70  .615  0.95  0.072684 
0.21  12.188  0.46  4.919  0.71  1.520  0.96  0.049373 
0.22  11.741  0.47  4.733  0.72  1.428  0.97  0.029917 
0.23  11.315  0.48  4.553  0.73  1.339  0.98  0.014692 
0.24  10.907  0.49  4.378  0.74  1.252  0.99  0.0042972 
0.25  10.518  0.50  4.207  0.75  1.169  1.00  0 
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A Dummy Dipole Network* 
HANS SALINGERt, ASSOCIATE, I.R.E. 

Summary—Design data are presented for a network which 
closely simulates the impedance of a dipole antenna in the range 
from one half to twice its series resonance frequency. 

ADIO transmitters are generally designed for use 
with a specified aerial, and in the majority of 
cases they have to operate with the same an-

tenna over a certain range of frequencies. It then is 
necessary to ascertain whether they deliver sufficient 
power to the antenna all over this range. As it is incon-
venient to perform this test on an actual antenna, a 
"dummy antenna" is customarily used, i.e., a network 
the impedance of which approximates that of the actual 
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Fig. 1—The network and its design curves. 
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antenna. In this note, design data will be presented of a 
simple network to be used as a dummy for a -pt dipole, 
the characteristics of which it simulates over a range 
from about one half to twice the series resonant fre-
quency. 
The design is based on data recently supplied by King 

and Blake' which evidently are very reliable. Their 
curves contain the parameter a/X, where a stands for.the 
conductor radius. As in our problem X is variable 
whereas h (half the dipole length) remains constant, the 
curves had to be redrawn for the parameter a/h; the 

Decimal classification: R320. Original manuscript received by 
the Institute, June I, 1943. 
t Farnsworth Television and Radio Corporation, Fort Wayne, 

Indiana. 
a R. King and F. G. Blake, "The self-impedance of a symmetrical 

antenna," PROC. 1.R.E., vol. 30, pp. 335-349; July, 1942. 

results appear in Table I, for three values of a/h, viz., 
4 X 10-5 , 4 X 10-4 , and 4 X 10-3 . For self-supporting short-
wave antennas higher values of a/h occur, and it would 
be desirable to extend the curves of King and Blake 
correspondingly. But the approximations used by their' 
seem to become invalid in the extended range; therefore, 
the present investigation has been restricted to the 
range covered by their curves. 

TABLE 1 

COMPARISON OF DIPOLE AND NETWORK IMPEDANCE 

a/h fife Z (dipole) Z (network) 

4 X10-,  1/w =0.318 
2/w =0.637 
3/r =0.955 
1 
4/r =1.273 
5/r =1.591 
6/r =1.910 
2 

5 —j  2050  4.04-3  1938 
22 —j  750  19.3 —j  728 
61 —j  47  59.4 —j  81.8 
69 +1  36  69.2 +1  2.2 
157 +j  540  182.3 +1  591  
550+1  1650  778.5 +3  1792 
7040-1-3  2160  6740  -I-1  1302 
5720 —j  3800  6180  —1  2790 

4X10 1/r =0.318 
2/r =0.637 
3/r =0.955 
1 
4/2. =1.273 
5/r =1.591 
6/r =1.910 
2 

5 —j  1550  4.08 —j  1509 
22 —j  540  18.9 —j  532 
60 —j  28  58.4 —j  42.2 
68-14  34  68.1 4-1  22.1 
155 +i  440  180.7 +j  465 
54044  1250  757.5 +3  1340 
4740+1  660  4410  +j  273 
3450 —j  2400  3860  —j  1791 

4 X10-3  1/r =0.318 
2/r =0.637 
3/r =0.955 
1 
4/r =1.273 
5/r =1.591 
6/r =1.910 
2 

5 —j  1050  3.81 —j  988 
22 —j  350  18.1 —j  327 
58-3  12  56.7 4-1  17.4 
66 4-j  32  66.0 -Lj  62.8 
149 +1  340  175  +j  380 
5204-j  800  215  +1  944 
2600 —j  200  2600  —j  241 
1900 —j  1350  2180  —,  1129 

A simple r mesh as shown in the lower part of Fig. 1 
was found to simulate the dipole rather closely. The ele-
ments R, L, C1, and C2 were calculated to give the best 
fit, and these values may be taken from Fig. 1; the re-
actances XL, X01, and X c2 mean 27rfoL, etc., fo being the 
frequency at which 4h =X (this is not exactly the fre-
quency where the dipole reactance vanishes, as can be 
seen from the insert of Fig. 2). 
Table I compares the dipole and network impedances 

for different values of flfo and a/h. For the lowest and 
highest of the a/h values, curves have been drawn; 
Fig. 3 shows the resistance, Fig. 2 the reactance be-
havior. Some parts of the curves have been drawn sepa-
rately on a larger scale. 

DISCUSSION 

From Table I, it would seem that the reactances do 
not fit too well at certain frequencies. But the drawings 
show that this is only due to a horizontal shift of the 
curves, which means that the network does not tune 
exactly at the same frequency as the dipole. This is con-
sidered as insignificant, inasmuch as the dipole itself is 
slightly detuned from the X/4 value. It is possible to de-
sign the elements so that network and dipole tune at the 
same point, but then the resistance match will not be as 
good, and it seemed to be more important to match the 
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resistances, in order to make the network useful as a 
dummy load for power measurements. With the present 
values, the resistances fit reasonably well in the whole 
frequency range, except that the dipole resistance 
curves show a sag near filo = 1.6 which it was not possi-
ble to simulate without impairing the fit at other fre-
quencies. 
The network recommends itself by its simplicity. It is 

to be noted that it contains only one resistor; thus one 
meter placed in series with it will suffice to read the 
power absorbed by the network. 
As mentioned above; the series-resonance points of 

dipole and dummy do not coincide. This defect could be 
removed by placing a small reactance in series with the 
network,41without giving up the advantage that the 
power can be read with one meter. 
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Fig. 2—Reactance of dipole and dummy. 

CORRECTIONS 

The R values shown in Fig. 1 are rather high, and 
therefore the capacitance of R might cause trouble at 
frequencies above a few megacycles. Fortunately, R is 
shunted by the much smaller XL. If the combined capa-
citance of R and L is called K, its reactance (at fo) X K (we 
take XK as positive, as we did with Xcl and X02), then 
its effect can be taken into account by correcting XL 
to XL' = XL/(1-1-XL/XK). This will hold as long as 
Xx>>XL, and may materially extend the use of our net-
work into the short-wave region. 
Also, the loss of L has not yet been considered. Since 

the Q of the combination R,L(Q=R/XL) is always less 

than 15, no trouble is anticipated if a coil of reasonably 
high QL is used; we only have to correct R to R', where 
R' =QLR/(QL—R/XL'),  subject  to  the  condition 
QL>>R/XL. If we then want to determine the power P, 
from the current I flowing in R', we have to put P = 
Reffl2, where Reff is in first approximation given by 
Ref( = R(1-1-(2R/QLX Li)) = R'(1+ (R' /QLX L'))•  Reff 1S 
different from R' because part of the power is dissipated 
in the XL branch, and it differs also from R because the 
current in XL is not the same as in R'. 
It should, however, be understood that these correc-

tions have been computed only for the frequencyfo. The 
presence of K and the coil loss will also affect the im-
pedance curves of Fig. 2 and 3 to a certain extent. But 
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Fig. 3—Resistance of dipole and dummy. 

this cannot be worked out quantitatively unless definite 
assumptions are made on the dependence of the coil 
losses on frequency. 

EXAM PLE 

Take fo =10 megacycles, a/h=10-3, which means a 
conductor diameter of 1.5 centimeters. From Fig. 1, we 
find R=6700, XL = 650, Xci =1800, X2 = 607 ohms, or 
L=10.35 microhenries, C1=88.6, C2 = 26.3 micromicro-
farads. Assume QL =150, and a coil capacitance of 1 
micromicrofarad.  Then we should have XL/XK 
=0.0408, and therefore XL' = 623.5 ohms or L=9.94 
microhenries. Similarly, R has to be replaced by R' 
=7180 ohms, while Ref( = 7650 ohms. 



THE INSTITUTE OF RADIO ENGINEERS 
INCORPORATED 

SECTION MEETINGS 

ATLANTA  . CHICAGO  CLEVELAND  DETROIT  LOS ANGELES 

February 18  February 18  February 24  February 18  February 21 

NEW YORK  PHILADELPHIA  PITTSBURGH  PORTLAND  WASHINGTON 

March 1  March 2  March 13  March 13  March 13 

SECTIONS 

ATLANTA —Chairman, C. F. Daugherty; Secretary, Ivan Miles, 554-14 St., N. W., Atlanta, Ga. 

BALTIMORE —Chairman, G. J. Gross; Secretary, A. D. Williams, Bendix Radio Corp., E. Joppa Rd., Towson, Md. 

BOSTON —Chairman, R. F. Field; Secretary, Corwin Crosby, 16 Chauncy St., Cambridge, Mass. 

BUENOS AIRES —Chairman, G. J. Andrews; Secretary, W. Klappenbach, La Nacion, Florida 347, Buenos Aires, 
Argentina. 

BUFFALO-NIAGARA —Chairman, Leroy Fiedler; Secretary, H. G. Korts, 432 Potomac Ave., Buffalo, N. Y. 

CHICAGO—Chairman, A. B. Bronwell; Secretary, W. 0. Swinyard, Hazeltine Electronics Corp., 325 W. Huron St., Chi-

cago, Ill. 

CINCINNATI —Chairman, Howard Lepple; Secretary, J. L. Hollis, 6511 Betts Ave., North College Hill, Cincinnati, 
Ohio. 

CLEVELAND —Chairman, A. S. Nace; Secretary, Lester L. Stoffel, 1095 Kenneth Dr., Lakewood, Ohio 

CONNECTICUT VALLEY —Chairman, W. M. Smith; Secretary, R. F. Shea, General Electric Co., Bridgeport, Conn. 

DALLAS-FORT WORTH —Chairman, D. J. Tucker; Secretary, P. C. Barnes, WFAA-WBAP, Grapevine, Texas. 

DETROIT —Chairman, R. A. Powers; Secretary, R. R. Barnes, 1411 Harvard Ave., Berkley, Mich. 

EMPORIUM —Chairman, H. D. Johnson; Secretary, A. Dolnick, Sylvania Electric Products, Inc.. Emporium, Pa. 

INDIANAPOLIS —Chairman, A. N. Curtiss; Secretary, E. E. Alden, WIRE, Indianapolis, Ind. 

KANSAS CITY —Chairman, A. P. Stuhrman; Secretary, R. N. White, 4800 Jefferson St., Kansas City, Mo. 

LOS ANGELES —Chairman, L. W. Howard; Secretary, Frederick Ireland, 1000 N. Seward St., Hollywood, 38, Calif. 

MONTREAL—Chairman, L. T. Bird; Secretary, J. C. R. Punchard, Northern Electric Co., 1261 Shearer St. 
Montreal, Que., Canada. 

NEW YORK —Chairman, Lloyd Espenschied; Secretary, J. E. Shepherd, Ill Courtenay Rd., Hempstead, L. I., N. Y. 

PHILADELPHIA —Chairman, V. P. West; Secretary, S. Gubin, RCA Victor Division, Radio Corporation of America 
Bldg. 8-10, Camden, N. J. 

PITTSBURGH —Chairman, B. R. Teare; Secretary, R. K. Crooks, Box, 2038, Pittsburgh, 30, Pa. 

PORTLAND —Chairman, B. R. Paul; Secretary, W. A. Cutting, c/o U. S. Civil Aeronautics, Box 1807, Portland, Ore. 

ROCHESTER —Chairman, 0. L. Angevine, Jr.; Secretary, G. R. Town, Stromberg-Carlson Co., Rochester, N. Y. 

ST. LOUIS —Chairman, N. J. Zehr; Vice Chairman, C. F. Meyer, KFUO, 801 DeMun Ave., St. Louis, Mo. 

SAN FRANCISCO —Chairman, Karl Spangenberg; Secretary, David Packard, Hewlett-Packard Co., Palto Alto, Calif. 

SEATTLE —Chairman, L. B. Cochran; Secretary, H. E. Renfro, 4311 Thackeray Pl., Seattle, Wash. 

TORONTO —Chairman, T. S. Farley; Secretary, J. T. Pfeiffer, Erie Resistor of Canada, Ltd., Terminal Warehouse 
Bldg., Toronto, Ont., Canada. 

TWIN CITIES —Chairman, E. S. Heiser; Secretary, B. R. Hilker, KSTP, St. Paul Hotel, St. Paul, Minn. 

WASHINGTON —Chairman, J. D. Wallace; Secretary, F. W. Albertson, c/o Dow and Lohnes, E Street between 13th 
and 14th Sts., Washington, D. C. 
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Board of Directors 

At the regular meeting of the Board of 
Directors, which took place on December 1, 
1943, the following were present: L. P. 
Wheeler, president; H. M. Turner, presi-
dent-elect; F. S. Barton, vice-president; 
R. A. Hackbusch, vice-president-elect; S. L. 
Bailey, E. F. Carter, I. S. Coggeshall, W. L. 
Everitt, Alfred N. Goldsmith, editor; R. A. 
Heising, treasurer; F. B. Llewellyn, Haraden 
Pratt, secretary; B. J. Thompson, H. A. 
Wheeler, and W. B. Cowilich, assistant sec-
retary. 
The actions of the Executive Committee, 

taken at its meeting on November 2, 1943, 
were ratified. 
The subject of submitting quarterly fi-

nancial statements to the members of the 
Board of Directors was discussed. 
These applications for membership were 

approved: for transfer to Senior Member 
grade, G. C. Bruck, A. F. Pomeroy, and 
F. H. Speir; for admission to Senior Member 
grade, J. E. Clegg; for transfer to Mem-
ber grade, H. S. Benowitz, A. 0. Bliss, J. G. 
Ruckelshaus, and R. D. Stewart; for admis-
sion to Me:nber grade, A. C. Davis, M. D. 
Fagen, H. A. Finke, Edward Iannelli, C. J. 
Mullin, Ricardo Muniz, Ivar Nelson, A. N. 
Stanton, and W. E. Whiting; Associate 
grade, 127; and, Student grade, 103. 
The following amended and additional 

Bylaws were adopted: 
SECTION 45: Add "Investment Commit-

tee" to the list of Committees, and add "ex-
cept as provided in these Bylaws" at the end 
of the last sentence in the Section. 
NEW SECTION: "The Investment Com-

mittee shall consist of the Treasurer as 
Chairman, the President, the Secretary, 
with such additional members as the Board 
may wish to appoint. 
"The Investment Committee is author-

ized to carry out recommendations received 
from an Investment Advisor, or Advisors, 
duly named by the Board to sell or buy se-
curities in the name of the Institute within 
the limits of the Institute investments, plus 
any balance of moneys in an Investment 
Account established by the Board. Such 
selling or buying of securities shall be by 
means of an order upon the Custodian of 
Institute Securities, signed by two members 
of the Investment Committee authorized to 
do so by the Board of Directors, directing 
the Custodian to sell named securities and 
deposit the proceeds in the Investment Ac-
count, or ordering the Custodian to buy 
named securities and charge the cost to the 
Investment Account, such account to be 
maintained in the Custodian's institution! 
Interest and dividends received from securi-
ties shall be deposited in the Investment 
Account. The moneys in the Investment 
Account is to be subject to withdrawal by 
the Board through its regularly constituted 
officers. The identity of special funds shall 
be maintained when changes in securities 
are made. A report on sales and purchases of 
securities shall be made to the Board by the 

Investment Committee at the Board's first 
meeting after each transaction is consum-
mated." 
Following the report of Treasurer Heis-

ing, as Chairman of the Investment Com-
mittee responsible for making amendments 
to the Institute Certificate of Incorporation, 
the resolution below was adopted: 
"Resolved: That, the notice for a special 

meeting of the Institute on January 28, 
1944, at 11:00 A.M., at the Hotel Commo-
dore, New York City, to amend the charter, 
be adopted as approved by Mr. Zeamans 
and as submitted by the Chairman of the 
Investment Committee, and that the Presi-
dent be instructed to sign the notice, and 
that copies of the notice be mailed to all 
members of the Institute between Decem-
ber 9, 1943 and January 18, 1944." 
Following the report by Mr. H. A. 

Wheeler, Chairman of the Institute Com-
mittee on Professional Representation, the 
following resolution was passed: 
"Resolved: That, the Board does not 

favor the formation by the Institute, or 
otherwise encouraging the formation, of col-
lective bargaining agencies for radio engi-
neers and, therefore, the Board requests the 
Institute Committee on Professional Repre-
sentation to report on the practicability of 
national action, preferably in co-operation 
with other technical societies, to protect and 
enhance the professional interests of engi-
neers." 
The report on Institute investments, 

given by Treasurer Heising as chairman of 
the Investment Committee, was discussed 
and resulted in a revised definition of invest-
ment policy. 
Treasurer Heising, as chairman of the 

Office-Quarters Committee, stated that on 
the basis of estimates obtained it was found 
that the rental for a 4000-square-foot area 
would approximate the cost of operating a 
small building with considerably larger 
space. Following a discussion of the situa-
tion, approval was given to taking immedi-
ate steps toward locating a suitable building 
or buildings for purchase. 
A report was given by Mr. H. A. Wheeler 

on the progress of the plans for the Winter 
Technical Meeting, to be held on January 28 
and 29, 1944. 
The subject of a budget for 1944 was dis-

cussed at length. 
The report of the Awards Committee, 

presented by Mr. H. A. Wheeler, chairman 
of the committee, was received and the fol-
lowing were named for the indicated awards: 
Medal of Honor for 1944: Haraden 

Pratt; Morris Liebmann Memorial Prize for 
1943: W. L. Barrow; Fellowships: S. L. 
Bailey, C. R. Burrows, M. G. Crosby, Harry 
Diamond, C. B. Feldman, Keith Henney, 
D. Or North, K. A. Norton, S. W. Seeley, 
D. B. Sinclair, and Leo Young. 
President-elect Turner was appointed to 

serve as Institute representative on the 
United States National Committee of the 
International Electrotechnical Commission. 
Dr. J. H. Dellinger was reappointed Insti-
tute representative to serve with the Ameri-

can  Documentation  Institute  for  the 
three-year term, 1944-1946. The appoint-
ments of Captain L. D. Prehn and Mr. W. L. 
Roc to the Facsimile Committee were ap-
proved. 
Secretary Pratt, as Institute representa-

tive on the Radio Technical Planning Board, 
reported on recent activities of the named 
agency. It was announced that Editor Gold-
smith was recently elected vice chairman of 
the RTPB. 
The resignation of Mr. B. J. Thompson, 

Institute's alternate on RTPB, was reported 
by President Wheeler and accepted with re-
gret and an expression of appreciation of 
services rendered to RTPB. Dr. Barrow was 
appointed to the indicated office. 
A proposed amendment of the "RTPB 

Organization and Procedure" was approved. 
President Wheeler called attention to the 

registered attendance of 524 at the Roches-
ter Fall Meetitig, held on November 8 and 9, 
1943, included in the report to the Institute 
by Mr. L. C. F. Horle. 
Secretary Pratt gave a report on the re-

cent developments concerning the Consulta-
tive  Committee on  Engineering,  War 
Manpower Commission, on which commit-
tee he is the Institute representative. 
An Institute Committee on Education, 

proposed by Dr. Everitt, was given consid-
eration. 

Executive Committee 
The Executive Committee meeting, held 

on November 30, 1943, was attended by 
L. P. Wheeler, president; H. M. Turner, 
president-elect; Alfred N. Goldsmith, edi-
tor; R. A. Heising, treasurer; F. B. Llewel-
lyn, Haraden Pratt, secretary; H. A. 
Wheeler, and W. B. Cowilich, assistant sec-
retary. 
The following applications for member-

ship were approved for confirming action by 
the Board of Directors: transfer to Senior 
Member grade, G. C. Bruck, A. F. Pomeroy, 
and F. H. Speir; admiksion to Senior Mem-
ber grade, J. E. Clegg; transfer to Member 
grade, H. S. Benowitz, A. 0. Bliss, J. G. 
Ruckelshaus, and R. D. Stewart; admission 
to Member grade, A. C. Davis, M. D. Fagen, 
H. A. Finke, Edward Iannelli, C. J. Mullin, 
Ricardo Muniz, Ivan Nelson, A. N. Stanton, 
and W. E. Whiting; Associate grade, 127; 
and, Student grade, 103. 
Assistant Secretary Cowilich reported on 

several office matters, including steps being 
taken to obtain additional personnel and the 
extent of overtime work during the month of 
November. 
Consideration was given to a new job 

classification and to a pension plan for office 
employees. 
The statement of accounts for 1943, giv-

ing the comparison of disbursements and re-
ceipts for 1943 with the budget for the same 
period, was presented by Secretary Pratt 
and discussed at length. Arrangements were 
made to have the budget for 1944 made 
available at the next meeting. 
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Treasurer Heising, as chairman of the 
Office-Quarters Committee, presented an 
analysis of costs of leasing and owning larger 
office quarters, which are urgently needed, 
and a list of quarters available on a rental 
basis and of small buildings for sale. It was 
indicated that the cost to the Institute of 
renting an area of 4000 square feet, the 
minimum required, would approximate the 
expense of operating a small building with 
considerably more space to allow for expan-
sion. Approval was granted to a recommen-
dation to the Board of Directors relative to 
the location and possible purchase of a suit-
able building in New-York. 
A discussion was held on the report con-

cerning the Institute investment policy, 
presented by Treasurer Heising, chairman 
of the Investment Committee. 
The proposed revision of Bylaws Section 

45 and a new section of the Bylaws, relating 
to organization and duties of the Investment 
Committee, were reviewed by Treasurer 
Heising, Chairman of the Constitution and 
Laws Committee. 
Attention was called by Treasurer Heis-

ing to the Special Meeting, to be held at 
11:00 A.M. on January 28, 1944 at the Hotel 
Commodore, New York, for the purpose of 
amending the Institute's Certificate of In-
corporation, and to the draft of the meeting 
notice being submitted to the Board of Di-
rectors for approval. 
Editor Goldsmith stated that the Tem-

porary Facsimile Test Standards and an-
other special publication, were in the process 
of printing and would be distributed to the 
membership at an early date. 
Editor Goldsmith reported that the ap-

peal to the War Production Board for 1944 
paper supply for the PROCEEDINGS was being 
prepared and would be submitted promptly. 
Consideration was given to correspond-

ence relating to the list of Institute's Charter 
Members. 
Decisions were made on certain matters 

concerning the arrangemeut for handling 
PROCEEDINGS advertising, reported by Mr. 
H. A. Wheeler. 
The program and the budget for the 1944 

Winter Technical Meeting, scheduled for 
January 28 and 29, 1944 at the Hotel Com-
modore, New York, were presented by Mr. 
H. A. Wheeler and given approval. 
An appropriate light blue was selected as 

the official emblem color for the new Mem-
ber grade. 
Recommendations were made to the 

Board of Directors, concerning the Insti-
tute's representation on the United States 
National Committee of the International 
Electrotechnical Commission and the Amer-
ican Documentation Institute. 
President Wheeler introduced the topic 

of holding regional meetings of the Institute, 
and it was decided to include the named ac-
tivities on the agenda of the annual Sections 
Committee meeting, to take place on Janu-
ary 27, 1944. 
Treasurer Heising, as chairman of the 

Sections Committee, reported on the forth-
coming meeting of the particular committee 
and indicated topics that would be dis-
cussed. 
Consideration was given to a letter from 

the New York Section, concerning the rate 
of rebates to Sections. 

Correspondence 

POSTWAR CIVILIAN-AIRCRAFT-
RADIO FIELD 

It is the purpose of this communication 
to call to the Institute's attention certain 
aspects of the postwar civilian-aircraft-
radio field. The favorable development of 
this field, it is felt, may be materially influ-
enced by the focusing upon it of the atten-
tion of the radio engineering fraternity. 
Reference is made to what appears to be the 
practically certain tremendous increase in 
civilian aircraft in use in the United States 
to be anticipated beginning immediately 
after V day. The vital importance of radio 
communication to safety of life in the air is 
believed to be apparent. 
That such an expansion in civilian air-

craft may be taken as certain to occur seems 
to be beyond cavil. There are many reasons 
why this must be true. Neglecting entirely 
the popularity of aircraft and flying, the 
significant part air power is playing in the 
war, the complete catching of popular fancy, 
the interest of demobilized military flyers, 
the strong appeal to American youth, there 
seem to the writer to be two paramount 
reasons for anticipating such expansion— 
and a concomitant opening up on significant 
scale of a major new field for radio equip-
ment engineering, production, and sale. 
The first, and possibly most immediately 

compelling reason, is that aircraft produc-
tion is today America's No. 1 industry. This 
is as it should be during the war. But, with 
probable rapidly dwindling demand for mili-
tary aircraft after cessation of hostilities a 
few years hence, what does America's No. 1 
industry then do to utilize its productive 
plant fully? What does it do to contribute 
to national welfare through continuing its 
employment of the large number of employ-
able Americans today engaged in aircraft 
production? A glance at aircraft figures as of 
Pearl Harbor, December 7, 1941, is sugges-
tive. Inquiry has revealed that, as of Decem-
ber 31, 1941, there were but approximately 
486 commercial air transports and 26,500 
civilian, itinerant, or other nonmilitary air-
craft in the United States. Believed to be 
correct, these figures provide food for 
thought. They suggest, what with govern-
ment "borrowing" of significant numbers of 
commercial aircraft to aid the war effort, 
that the first postwar demand upon the air-
craft industry will be for commercial trans-
port and cargo planes. 
Offsetting the possible production which 

this initial demand might create are ap-
proximately 15,000 transport or like aircraft 
now utilized by the government. Should 
these be released to commercial users in an 
orderly manner, their number would go far 
to satisfy initial demand. Released in a dis-
orderly manner, their number could be 
demoralizing to the industry, could create 
an "Army-Navy surplus store" situation of 
distasteful and damaging character. Con-
version of these aircraft to a form suitable 
for commercial use could create a new and 
temporary business in competition with the 
original producers, who would seem better 
advised to devote some of their productive 
capacity initially to such conversion. 

Even without the threat represented by 
15,000 government-held transport craft, 
such demand alone cannot preserve current 
activity rate in the aircraft industry after 
V Day. The initial, and continuing, com-
mercial demand may be heavy, but in char-
acter it is unsuited to support plants 
specializing in smaller types of aircraft 
which may find it not feasible to convert 
rapidly to production of large transport or 
cargo aircraft. In any event it is reasonably 
certain that the demand, domestic and ex-
port, for large aircraft cannot keep the entire 
industry operating indefinitely at anywhere 
near its present rate in terms of the number 
of aircraft produced and number of workers 
employed. Survival alone of the many plants 
producing smaller aircraft will force inten-
sive cultivation of the civilian market. 
Popular fancy is ready for such cultivation 
in terms of conventional aircraft and seems 
to await anxiously the practical helicopter; 
and industry need can find long-time relief 
only in civilian volume-sale possibilities. 
It is not proposed to guess or estimate 

what the total number of aircraft in use at 
any future date may be. It is believed, how-
ever, to have been pointed out that with 
aircraft production capacity what it is today 
the continuance of prosperity in, and pros-
perity from, the aircraft industry makes 
mandatory the intensive development of the 
civilian aircraft market by the industry it-
self. 
Should, for unfavorable reasons of cost 

and convenience which may be envisaged, 
the private-plane market be unable over 
time to support the expanded industry, the 
second reason comes to its aid. This reason 
is a combination of probably much heavier 
annual military-aircraft procurement than 
before the war, and the opportunity inherent 
in developing government-sponsored "flying 
clubs." The romance of flying is so great 
that American youth will dream of being 
able to fly for years to come—a dream in 
most cases not to be satisfied for economic 
reasons. The government will require trained 
pilots in anticipation of some future conflict, 
the pilot material is ready and waiting for 
training. The capacity to produce small 
trainer planes may, at some future date, 
even be begging for business. What more 
obvious than the formation of "flying clubs" 
all over the country by the government? In 
purchasing the required planes it supports 
an industry which it must preserve against 
future need, preliminarily trains at nominal 
cost to them the pilots it must also have in 
reserve, and simultaneously provides an out-
let for the air enthusiasm of its youth. 
The allocation of radio frequencies to 

amateur investigation and employment has 
twice stood Uncle Sam in good stead, when 
as a result the government has found ready 
and waiting a substantial body of techni-
cally skilled radio amateurs in its hours of 
need-1917-1918 and 1941-1. Are not the 
multiple benefits of government "flying 
clubs" potentially as—or maybe even more 
—valuable? 
Consideration of the foregoing will indi-

cate conclusively the inseparability of air-
craft and radio in all the aspects of the for-
mer after V Day. With a steadily increasing 
number of aircraft going into service, com-
munication, which may satisfactorily be 
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only by radio to an aircraft in flight, becomes 
even more essential to safety of life in the 
air—yes, on the ground too—than is the 
motor of an aircraft. A glider out of control-
contact can indeed be a lethal weapon in a 
crowded air. 
The following proposition is, therefore, 

respectfully propounded; viz., in civilian 
aircraft, radio communication equipment is 
the first and primary requisite. This may 
appear to be a bold statement, but a little 
contemplation of confusion possible at a 
major airport on a Sunday afternoon with 
but one aircraft bereft of contact with the 
control tower makes it almost inescapable. 
In the supposition that It has been dem-

onstrated that civilian aircraft expansion 
after V Day will be on a major scale, and 
that the need of radio communication equip-
ment in operative condition is the essential 
prerequisite to civilian flight, it may be con-
cluded that the radio industry is in the posi-
tion of being given a new and sizable outlet 
for its skill and products, literally upon a 
"golden platter." 
What the industry, and the government, 

does with this opportunity is the writer's 
acute concern as a radio engineer, for in this 
expanded field life itself is the price of inade-
quate radio equipment. Here the primary 
justification for radio communication is 
neither pleasure nor convenience, but the 
preservation of life. Quality may therefore 
never be allowed to fall, engineering or 
productionwise, into the classification of 
broadcast receivers. Yet aircraft radio 
equipment is logically to be produced by the 
makers of broadcast receivers, in terms of 
the probable considerable output which will 
be required. The steadily diminishing selling 
price of broadcast receivers throughout the 
past fifteen years may be regarded as a sad 
foretaste of what unregulated aircraft radio 
equipment production might bring. 
Fortunately there is something of a limit 

upon the sales expansion possible for air-
craft radio receivers, transmitters, direction 
finders, positioning equipment, and the like. 
The reward for reduced selling price brings, 
as price reduction seems almost invariably 
to do, an inacceptable deterioration of qual-
ity and reduced sales. Two limits exist: one, 
that few more aircraft radio equipments can 
be profitably sold than there are aircraft 
made to use them; second, that the equip-
ment must be of such quality that it is in 
operative condition when, properly inevit-
ably, government inspection of aircraft and 
accessories takes place at frequent periodic 
intervals. 
But, lest the shortsighted radio manufac-

turer—and who will gainsay that there have 
been a few—even be tempted to seek a 
larger percentage of total possible sales 
through the inducement of reduced price 

with its almost certain derogation of qual-
ity, is it not better to erect at least a partial 
barrier to such deleterious effort? 
Engineering refinement, increased pro-

duction, skill, diminished distribution costs, 
these would seem to be the only proper de-
vices to be employed to reduce selling price. 
If these alone are given free reign, will not 
the essential of preservation of human life 
in the air be served better? Will not the so 
enforced maintenance of fair and reasonable 
quality standards at one and the same time 
operate to maintain the air-borne radio-
equipment business upon a more profitable 
basis than would cutthroat price competi-
tion? 
The writer, for himself, answers these 

questions in the affirmative. Having done so, 
he has considered ways and means to their 
practical realization, and found the basic 
instrumentalities requisite therefor to exist. 
He proposes government regulation now, 
(rather than later and after abuses have 
made it inescapable and punitive in possible 
effect) to insure maintenance in all air-borne 
radio equipment of a minimum standard of 
quality and serviceability. This may be ac-
complished through modification of the 
present Civil Aeronautics Administration 
"Approved Type Certificate" plan. Under 
this plan the manufacturer may submit his 
product to C.A.A. for test and when and if 
it is found suitable for air-borne use, an 
Approved Type Certificate is issued indicat-
ing its suitability for use by commercial air 
lines—and civilians, should they be inter-
ested. 
If it may be made mandatory by Federal 

law that no aircraft, powered or glider, may 
take off without radio equipment in opera-
tive condition, and that such equipment 
must have previously measured up to ra-
tional minimum standards of technical ex-
cellence, then would not a significant service 
have been rendered to the American people 
and the radio industry? Should the radio 
industry itself, through The Institute of Ra-
dio Engineers, aid in effecting the enactment 
of such a Federal law or regulation, would it 
not have rendered a meritorious service to 
the country? 
A seemingly logical corollary thought 

would be the establishment of an aircraft 
radio advisory committee, drawing upon 
Institute membership for engineering and 
production skill, to collaborate with the re-
sponsible government agency in the formu-
lation and  interpretation of technical 
standards best calculated to serve the flying 
public, and through it, the radio industry 
itself. 

M C MURDO SILVER, 

Vice President, The Grenby 
Manufacturing Company 
Plainville, Connecticut 

Books 

Basic  Radio Principles,  by 
Maurice Grayle Suffern. 

Published by McGraw-Hill Book Com-
pany (1943), 330 West 42nd Street, New 
York 18, N. Y. 256 pages+15-page index+ 
x pages. 269 figures. 51X8* inches. Price, 
$3.00. 

This book is a direct result of the current 
need for a large number of workers trained 
in practical radio maintenance. Avoiding 
mathematics entirely and making no as-
sumptions of background beyond the sim-
plest principles of electricity, it presents an 
adequate development of radio principles 
for the training of technicians. The stated 
purpose is to give the student a knowledge 
of radio fundamentals, the ability to iden-
tify circuit components with their symbols, 
and to interpret diagrams, and an under-
standing of the principles of operation of 
radio equipment. This purpose should be 
achieved for the intended type of student. 
The development is conventional. Be-

ginning with a discussion of basic phenom-
ena, terms, and symbols, the author proceeds 
to outline the various functions performed in 
radio receivers and transmitters and the 
circuits used, ending with a brief description 
of antennas and test equipment. Each chap-
ter is necessarily much limited as to detail, 
with all nonessential topics omitted, but 
more could not be attempted in a brief and 
elementary text. While the initial chapters 
may seem repetitious to anyone with previ-
ous knowledge, once the basis of fundamen-
tals has been established the development is 
clear and concise. Occasionally, however, 
the desire for simplification leads to such 
unjustifiable statements as "A load resistor 
is an electrical device into which electrical 
energy is fed in order to produce electrical 
power" or "The human ear. ... cannot vi-
brate at a radio-frequency rate. That is why 
we have no awareness of the radio waves all 
around us." A lack of specificity in the use 
of some terms is another doubtful concession 
to the reader's limited background. 
The omission of frequency modulation 

and ultra-high-frequency material is in line 
with the elementary character of the book; 
these topics appear to be the only ones lack-
ing for up-to-date coverage. Sketches and 
circuit diagrams are numerous and generally 
informative, and each chapter ends with a • 
set of simple multiple-choice review ques-
tions. 

0. L. UPDIKE 
University of Illinois 

Urbana, Illinois 



Contributors 

1 

EDWARD J. CONTENT 

Edward J. Content (M'39-SM'43) served 
with the United States Signal Corps during 
World War I and was graduated from the 
radio course at the Signal Corps School at 
Fort Monmouth in 1921. He entered radio 
broadcasting in 1922 and for two years was 
with WEAF. He inaugurated and was chief 
engineer of WGBS until 1926 when he joined 
the staff of WOR where he has been assistant 
chief engineer of this station since that time. 
During his service in broadcasting, he has 
specialized in stuoio acoustical treatment, 
audio switching systems, and operational 
engineering management. 

John J. Farrell (A'43) was born at Wa-
tervliet, New York, in 1897. He entered the 
student training course of the General Elec-
tric Company at Schenectady, New York, 
upon graduation from high school in 1913. 
The years 1913 to 1918 were spent in the 
General Electric drafting department. From 
1918 to 1920, Mr. Farrell engaged in tool-
design work with the United States Arsenal, 
Department of Ordnance, at Watervliet, 

JOHN J. FARRELL 

New York; also with the Studebaker Cor-
poration at South Bend, Indiana; and with 
the Willys-Overland Company at Toledo, 
Ohio. 
In 1920, he rejoined the General Electric 

Company as a designing draftsman in the 
radio division. He was promoted to drafting 
supervisor of the transmitter division in 1921 
and entered the mechanical engineering sec-
tion in 1926. He became head of the section 
in 1934 and was appointed designing engi-
neer of the transmitter division in 1938. 
As installation engineer, Mr. Farrell was 

in charge of the placing in satisfactory serv-
ice of many high-power broadcast stations. 
Among these were the 50-kilowatt trans-
mitters at KOA, Denver; KPO, San Fran-
cisco; and KFI, Los Angeles; and the 
original 50-kilowatt transmitter at WEAF. 
Mr. Farrell was the General Electric project 
engineer on the installation of the 500-
kilowatt amplifier at WLW, Cincinnati. 

LONSDALE GREEN, JR. 

Lonsdale Green, Jr., was born at Annis-
ton, Alabama, on December 31, 1889. He 
received the B.S. degree in mechanical en-
gineering from the University of Illinois in 
1912. From 1915 to 1930 he was assistant 
manager of the general acoustical department 
of the Johns-Manville Corporation. Mr. 
Green was in the United States Army Air 
Service during 1917-1918. Since 1930 he 
has been president of the Acoustical Con-
struction Corporation in New York City. 
He is a Fellow and Charter Member of the 
Acoustical Society of America and since 
1941 has been its treasurer. 

Hartley C. Humphrey (A '29) is a native 
of Tiverton, Rhode Island. He received the 
B.S. degree in electrical engineering from 
Worcester Polytechnic Institute in 1917. He 
was in the traffic department of the Western 
Union Telegraph Company, 1917 to 1924; H. W. JAMIESON 

HARTLEY C. HUMPHREY 

radio broadcasting department, American 
Telephone and Telegraph Company, 1924 
to 1925; Bell Telephone Laboratories, 1925 
to 1926; assistant chief engineer Warner 
Brothers-Vitaphone Corporation, 1926 to 
1927; recording engineering manager and 
assistant director of engineering, Electrical 
Research Products, Inc., 1927 to 1936; and 
technical director, Western Electric Com-
pany, Ltd., London, England, 1936 to 1937. 
Since 1939 he has been in the research 
products department of the Westinghouse 
Electric and Manufacturing Company. 
Mr. Humphrey is an Associate of the 

American Institute of Electrical Engineers. 
Subsequent to his work with multiplex print-
ing telegraph systems in the traffic depart-
ment of Western Union and while with the 
Bell System he pioneered in the engineering 
development of sound on disk and film 
recording in Hollywood, New York, and 
later London, England. Most recently he 
has been closely identified with the planning 
and layout of high-power high-frequency 
industrial electronic equipment. 
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H. F. OLSON 

H. W. Jamieson (A'42) was born in 
Shreveport, Louisiana, on January 19, 1918. 
He was graduated from the University of 
California with a B.S. degree in electrical 
engineering in 1939. In January, 1940, he 
was employed by the General Electric Com-
pany where he was with the instrument 
transformer development section until July, 
1941; high-frequency development section 
of the Gereral Engineering Laboratory until 
August, 1942; and since with the electronics 
laboratory. He is now in the third year of 
the advanced course in engineering of the 
General Electric Company. 

H. F. Olson (A '37) was born at Mt. 
Pleasant, Iowa, on December 28, 1902. He 
received the B.S. degree in 1924, the M.S. 
degree in 1925, the Ph.D. degree in 1928, 
and the E.E. degree in 1932 from the Uni-
versity of Iowa. Dr. Olson was a research 
assistant at the University of Iowa from 
1925 to 1928. From 1928 to 1930 he was in 
the research department of the Radio Cor-
poration of America; from 1930 to 1932, in 
the engineering department of RCA Photo-
phone; from 1932 to 1934, in the research 
department of the RCA Manufacturing 

LEONARD T. POCKMAN 

Company; from 1934 to 1942, in charge of 
acoustic research,  RCA  Manufacturing 
Company, and since 1942, in charge of 
acoustic research at the RCA Laboratories, 
Princeton, New Jersey. He is a member of 
Tau Beta Pi, Sigma Xi, the American Phys-
ical Society and a Fellow of the Acoustical 
Society of America. 

Leonard T. Pockman was born on July 
26, 1911, in San Francisco, California. He 
received the A.B. degree in physics from 
Stanford University in 1933 and the Ph.D. 
degree in physics in 1938. In 1934 he was 
Charles Coffin, General Electric, Fellow at 
Stanford, and teaching assistant from 1935 
to 1937. During 1937-1938 he was an in-
structor in physics at the Massachusetts 
Institute of Technology, and from 1938 to 
1940, instructor in physics at Cornell Uni-
versity. He served as assistant physicist in 
the Aircraft Radio Laboratory at Wright 
Field during 1941. Since the start of 1942, 
he has been a physicist and engineer at 
Heintz and Kaufman Ltd. He is a member 
of the American Physical Society, Phi Beta 
Kappa, and Sigma Xi. 

HANS SAL1NGER 

Hans Salinger (A'37) was born in Berlin, 
Germany, on April 1, 1891. He received the 
Ph.D. degree from the University of Berlin 
in 1915. From 1919 to 1929 he was a research 
associate at the Reichpostzentralamt in 
Berlin and from 1929 to 1935, professor at 
the Polytechnical Institute and the Heinrich 
Hertz Institut fur Schwingungsforschung in 
Berlin. From 1936 to 1942 and again from 
July, 1943, to date Dr. Salinger has been 
with the Farnsworth Television and Radio 
Corporation. During 1942-1943 he was a 
consulting physicist and instructor at Indi-
ana Technical College in Fort Wayne. He is 
a member of the American Association for 
the Advancement of Science and an Alumni 
Member, University of Pennsylvania Chap-
ter of Sigma Xi. 

S. A. SCHELKUNOFF 

S. A. Schelkunoff (A'40) received the 
B.A. and M.A. degrees in mathematics 
from the State College of Washington in 
1923, and the Ph.D. degree in mathematics 
from Columllia University in 1928. He was 
in the engineering department of the West-
ern Electric Company from 1923 to 1925; 
the Bell Telephone Laboratories from 1925 
to 1926; the department of mathematics 
of the State College of Washington, 1926 
to 1929; and Bell Telephone Laboratories, 
1929 to date. Dr. Shelkunoff has been en-
gaged in mathematical research, especially 
in the field of electromagnetic theory. 

J. R. Whinnery (A'41) was born on July 
26, 1916, in Read, Colorado. He received 
the B.S. degree in electrical engineering from 
the University of California in 1937 and 
since that time has been with the General 
Electric Company in Schenectady, New 
York. In 1940 he was a graduate of the 
three-year program of the advanced course in 
engineering of the General Electric Com-
pany, and during the following two years 
supervised the high-frequency section of 
that program. Since 1942 he has been with 
the Electronics Laboratory of the Company. 

J. R. WRINNERY 



UNDER NTRYING CONDITION 

SPECIAL 

More Purchases of War Bonds 
Will Help Shorten The War 

Awarded for Esc*Hence in Pro-

duction and Oualay of Material 

261 

275 

Tropical heat, moisture, vibration, etc.... 
DeJur wire-wound potentiometers provide maxi-

mum service and efficiency. Rugged, durable and 

dependable ... engineered to meet rigid govern-

ment requirements. There's a type to fill your bill 

. .. or we'll build to special resistances. Technical 

data sent upon request. Our engineers will gladly 

assist you. 

Dant I_AL.ucorgpoisation 
SHELT O N, • CO N NECTICUT 

NEW YORK  PLANT: 99  Net% Ytirk (my  •  CANADIAN  SALES  OFFICE: sm)  Str,  st. 
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DRY AIR PU MP 

for Economical Dehydration of Air 
for filling Coaxial Cables 

This easily operated hand pump quickly and effi. 
ciently dehydrates air wherever dry air is required. 
One simple stroke of this pump gives an output of 

about 23 cubic inches. It dries about 170 cubic feet 
of free air (intermittent operation), reducing an 
average humidity of 60% to an average humidity of 
10%. The transparent main barrel comes fully 
equipped with one pound of air drying chemical. 
Inexpensive refills are available. 

The Andrew Dry Air Pump is ideal for maintaining 
moisture-free coaxial cables in addition to having a 
multitude of other applications. 

Catalog describing coaxial cables and accessories free 
on  request. II ciii. lor snlormation on ANTENNAS 
and TUNING and PHASING EQUIPAIENT. 

363 EAST 75th ST., CHICAGO 19, ILL. 
— 

BUFFALO-NIAGARA 

'Electronics from the Engineer's Point of View,' 
by C. J. Madsen, Westinghouse Electric and Manu-
facturing Company; November 18, 1943. 

CHICAGO 

'Designing Magnetic Fields,' by J. F. Calvert, 
Northwestern Technological Institute; November 
19, 1943. 

'Voice-Controlled Circuits,' by R.. H. Herrick, 
Automatic Electric Laboratories; November 19. 
1943. 
'The Psychology of Invention,' by H. F. Fruth, 

Galvin Manufacturing Corporation; December 17, 
1943. 

'Frequency Modulation and Its Postwar Fu-
ture." by J. E. Brown. Zenith Radio Corporation; 
December 17, 1943. 

CINCINNATI 

'Improving  Engineering  Department  Effi-
ciency,' by H. D. Sarkis, Crosley Corporation; 
November 23. 1943. 

'WKDU —Cincinnati's  Station.'  by  J.  L. 
Hearn, Bureau 'of Communications, City of Cin-
cinnati; December 14. 1943. 

CLEVELAND 

'The High-Speed Photoelectric Recorder,' by 

H. L. Clark. General Electric Company; December 
16, 1943. 

Election of Officers; December 16, 1943. 

CONNECTICUT VALLEY 

'Electronics in Industry.' by W. I. Bendz, 
Westinghouse Electric and Manufacturing Com-
pany; December 7, 1943. 

E MPORIUM 

'Considerations in Oscilloscope Design,' by 
F. L. Burroughs, Sylvania Electric Products, Inc.; 
November 30. 1943. 

'Forecasts of the Postwar Cathode-Ray Tube 
Market.' by W. L. ICrahl. Sylvania Electric Prod-
ucts, Inc.; December 17, 1943. 

'Problems in Quality Control and Standardiza-

tion.' by J. R. Steen, Sylvania Electric Products. 
Inc.; December 17, 1943. 

INDIANAPOLIS 

'Four-Terminal Network Design.' by R. P. 
Siskind, Purdue University; November 26. 1943. 

Los ANGELES 

'Principles of Radio-Frequency Induction and 

Dielectric Heating,' by F?ed Albin. RCA Victor 
Division; November 30, 1943. 

'Demonstration of RCA 15-Kilowatt Radio-

Frequency Heating Unit,' by Michael Rettinger, 
RCA Victor Division; November 30, 1943. 
Motion Picture.  'Radio-Frequency Heating 

Developments in RCA Princeton Laboratories,' 
November 30. 1943. 

PHILADELPHIA 

'Television Station WPTZ,' by F. J. BinaleY, 
Philco Radio and Television Corporation; Decem-
ber .3. 1943. 

ROCHESTER 

'Supersonics and Its Applications.' by H. S. 
Sack, Cornell University; December 2, 1943. 

'The Radio Industry Today,' by R. H. Man-
son. Stromberg-Carlson Company; December 7, 
1943. 

'A Perspective View of Applied Electronics.' 
by M. J. Larsen. Stromberg-Carlson Company; 
December 14.1943. 

"When December 25 Became Christmas.• by 
C. H. Moehlman, Colgate Rochester Divinity 
School; December 21, 1943. 

(Continued on page 364) 
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WHEN Faraday fiddled with bits of wire a century ago, 
he dreamed of a new electrical age. A skeptical politician 

asked him what good his electricity would produce and the sci-

entist answered tartly, "Some day you will be able to tax it." 

After the war the twentieth century results of electrical 

science, shaped and tested by miiitary needs, will transform 

the world. And at the core of this technical revolution will be 

the coordinator of electronic energy —the transformer. In the 

most literal sense, Stancor engineers are planning now to con-

tribute fundamentally to the transformation of the future. 

SP E CIFY ST,ANCO,R 
STANDARD  TRANSFORMER  CORPORATION 
1500 NORTH HALSTED STREET - CHICAGO 

Manufacturers of quality transformers, reactors. rectifiers. 
power packs and allied products for the electronic industries. 

(Continued from pope 344) 

SAN FRANCISCO 

'Properties of Radio-Frequency Transmission 
Lines and Stub-Matching Sections,  by Lester 
Reukema, University of California; September 29. 
1943. 
•Propertles of Lines with Inductively Coupled 

Sections.• by Alfred Towne, Associated Broad. 
casters, Inc.; September 29, 1943. 

•Colinear Antennas,' by F. R. Brace, Associated 
Broadcasters, Inc.; October 27, 1943. 
'Rhombic Antennas, by G. W. CatteII, Mare 

Island Navy Yard; October 27, 1943. 

ST. LOUIS 

'Training of Radiomen at Scott Feld,• by 
R. D. Gibson and Henry Spinner, Jr.. D..partment 
of Communications. Scott Field; November 26, 
1943. 

TWIN CITIES 

'Discussion of the Application of Electronics 
to Meteorology Through Radio Sonde," by Fred 
Melius, East High School, Minneapolis; Novem-
ber 17, 1943. 

WASHINGTON 

'Accelerated Heat Treatment of Metals and 
Dielectrics by Means of Radio-Frequency Cur-
rents,' by G. II. Brown, RCA Laboratories; Decem-
ber 13. 1943. 
Election of Officers, December 13, 1943. 

The following indicated admissions and 
transfers of membership have been ap-
proved by the Admissions Com mittee. Ob-
jections to any of these should reach the 
Institute office by not later than February 
29, 1944. 

Admission to Member 

Clarke, F. II., Naval Research Laboratory. Anacos-
tia Station, D. C. 

Mauritz, F. E., 6001 Dickens Ave., Chicago. III. 
Preist, D. II., Naval Research Laboratory. Anacos-

tia Station, D. C. 
Sorensen. E. G., 154 Roxbury Rd., Garden City. 

L. L. N. V. 

Transfer to Member 
Chapman, R. W., 2819 Myrtle Ave., N.E.. Wash-

ington, D. C. 
Goldberg, H., 215 Brett Rd.. Rochester, N. Y. 
O'Shea, J. G., 290 W. State St., Presque Isle. 

Maine. 
Spence. P. W., 463 West St.. New York, N. Y. 

Transfer to Senior Member 
Angevine. 0. L., Jr., 284 Brooklawn Dr., Rochester, 

N. Y . 

Dushman. S.. General Electric Co., Schenectady. 
N. Y. 

Lohnes, G. M., 4938 Wakefield Rd., Friendship 
P.O.. Washington, D. C. 

Shepherd, J. E., 111 Courtenay Rd., Hempstead. 
L. I., N. Y. 

Tholstrup. H. L., 135 Willowbend Rd., Rochester, 
N. Y. 

The following admissions and transfers 
were approved by the Board of Directors 
on January 5, 1944. 

Transfer to Member 
Alverson. J. G., 3438 Niolopua Dr., Honolulu, T. H. 
Ashton, J. 0., Hurl Towers Apts.. Greenwich, Conn. 
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Behind the veil of military secrecy 
are the wonder stories of Ken-Rad 

TRANS MITTIN G TUBES 

CATH ODE RAY  TUBES 

SPECIAL PURPOSE TUBES 

electronic tubes  /Nearly five thou-
sand of us are now making and send-
ing ,these tubes which are helping 
to shatter tyranny  And through 
Ken-Rad dependable tubes will be 
worked the constructive miracles of 
the great science of tomorrow 

KEN•RAD 
EX EC U TI V E  OFFI CES 

O W E N S B O R O • K E N T U C K Y 

EX P O R TS  115  BR OA D  ST R EE T  NE W  YO R K 

METAL AND VHF TUBES 

INCANDESCENT LA MPS 

FLU ORESCENT LA MPS 
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It is a self-evident fact that the prod-
ucts turned out by Thordarson must 
fill a real need and serve a real purPose. 
This is one more reason why 

Thordarson products are considered 
"standard" in so many varied fields. • • 
one more reason why people purchase 
whatever 'we make vvithout hesitation 
and with perfect confidence. Experi-

ence has made it so. 

• 

D 
INER TRARSFOrAER 
"13R SERIES 

Designed pimarily for 
r radio 

e ent but actually rplacem now 
used on everything from Planes  
to battleships. • •• 

•. • • • • • •" 

TRANSFORMER  DIVIsION 

THORDARSON ELECTRIC MFG. CO. 
SOO WEST HURON STREET, CHICAGO, ILL. 

• 
• 
• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 
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• 
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esTpe s slat ee 'WS 
. . ORIGINATORS OF TRU-FIDELITY AMPLIFIERS  • 

(Continued front page .164) 

Buckingham, E., 3006 Gough St., San Francisco, 
Calif. 

Harrison, C. W., Jr.. Cruft Laboratory, Harvard 
University, Cambridge, Mass. 

Hidy, J. H., 365 Stewart Ave., A-24, Garden City, 
L. I., N. Y. 



WHEN PEACE COMES 

The sturdy "MTC" —widely used in military equipment 

O VER three million Hammarlund variable condensers 

are on every'front fighting for the cause of Peace. There 

are hundreds of new designs which, when Peace comes, 

will find wide application in every branch of electronics 

and radio communications. 

QUA1/01 

460 West 34th Street, New York, N.Y. 

QHAMMARLUND 
O..  C1 

THE HAMMARLUND MANUFACTURING CO., INC. 
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PLUGS & 
CONNECTORS 

'1/4\ 

Signal Corps and 
Navy Specifications 

Types:  PL 
50.A 
$4 
55 
56 
58 
$9 
60 

61 
62 
63 
64 
65 
67 
68 

74 
76 
77 
104 
108 
109 
112 

114 
119 
120 
124 
12$ 
127 
149 

150 
159 
160 
354 

P P PL O  PLS 

56 
59 
60 
61 
62 
63 
64 

65 
67 
74 
76 
77 
104 

56 
59 
60 
61 
62 
63 
64 

6$ 
67 
74 
76 
77 
104 

56 
59 
60 
61 
62 
63 

64 
65 
74 
76 
77 
104 

N A F 
1136.1 No. 212938.1 

Other Designs to Order 

A corner of the deportment 
devoted to inspection of 
plugs and connectors. Signal 

Corps inspectors in constant 
attendance. 

SKILLED REMLER ENGINEERS and 

technicians, plus complete tool and die, 

plastic molding and screw mochine fa-

cilities permit complete follow through 

on prime or sub-contracts for the manu-

facture of components and complete 

communication equipment. Each step, 

from specified or original designs to fin-

ished job is rigidly supervised. Present 

contracts and schedules enable Remler 

to consider additional electronic assign-

ments. Extensive facilities and improved 

techniques frequently permit quotations 
at lower prices. 

Wire or telephone if we can be of assistance 

REMLER COMPANY, LTD. 

2101 Bryant St. • San Francisco, 10, California 

RE MLER 
SINCE 1918 

-a nnouncing &  C o m munication r pip ment 

(Continued from togs 38A) 

Cooper, H. D., 2048 Hood Ave., Chicago. III. 
Craig, J. F.. 176 Brighton Ave., Kearny, N. J. 
Dalasta, F., 415 Woodland Ave., Emporium, Pa. 
Dale, T. G. L., 41 Wellesley Rd., Strawberry Hill, 

Twickenham, Middlesex, England. 
Darrell, R. D., 61 W. IS St., New York, IL N. Y. 
Davies. R. C., 1290 National Press Building, Wash-

ington, 4, D. C. 
Day, W. J., 1945 Commonwealth Ave., Brighton, 

35, Mass. 
Denes, P., Electrotechnics Department, The Uni-

versity, Manchester, England. 
Dobbins. B. F., 1103 Krarneria Ave., Denver. 7, 

Colo. 
Drumeller, G. E., 1220 S. York, Denver, 10, Colo. 
Duerdoth, W. T., 52 Leaver Gdns., Greenford. 

Middlesex, England, 
Ekrem, T. C., 952 S. Josephine, Denver, Colo. 
Emanuel, B. J., 768 Colorado Blvd., Denver, 7, 

Colo. 
English, C. C., 1530-28 Place, S. E., Washington. 

20, D. C. 
Evans, J. B., 1709 Williams, Denver, 6, Colo. 
Farr, K. E., 4149 Morgan St., Little Neck, L. L. 

N. Y. 
Farrar, J. G., 410 N. Mill St., Santa Paula, Calif. 
Felber, J. E., 636 Buchanan St., Hillside, N. J. 

(transfer). 
Fernandez, 0. C., San Martin 379, Buenos Aires, 

Argentina. 
Finch, J. E., 3550 Benton St., Denver, 14, Colo. 
Ford, D., Meadow View, Crutchfield Lane, Walton-

on-Thames, Surrey. England. 
Garretson, D., 390 S. Quitman, Denver, 9, Colo. 
Gerber, B., 51 Essex St., Swamspcott, Mass. (trans-

fer). 
Goff. L. 0., 910 N. East St., Indianapols, Ind. 
Grasser, L. G., VHF Project Engineering Agency. 

Allenhurst, N. J. 
Gregory. J. J., 7010 Perry Ave., Chicago, Ill. (trans-

fer). 
Gunderson. M. F., 9018 S. Hoover St., Los Angeles, 

44, Calif. 

Haag, S. J., 3330 N. 16 St., Philadelphia, Pa. 
Hall, T. C., 2533 Yale Ave.. N., Seattle, Wash. 
Harding, R. W., 41 St. Mary's St.. Boston. 15, Mass. 
Hillier, M., 5 Metford Rd., Rediand. Bristol, 6, 

England, 
Hoagland, K. A., 32 Garden Ave., Belleville, 9, 

N. J. 

Hudspeth, T., 1025 Parkwood Blvd., Schenectady, 
N. Y. 

Inglis, P., Scotland Rd., Spring Valley, N. Y. 
Ireland, C. J., 225 Atlantic Ave., Apt. 8, Long 

Branch, N. J. 
Jacoby, J., 1935 Robinson Ave., San Diego. 4. Calif. 
James, G. L., 2815 W. 48 Ave., Denver. 11, Colo 
Janik, J. L., Barkadale Field, La, 
Jensen, A. M., 195 E. Bergen Pl., Red Bank, N. J. 
Jimenez, G. L., 455 Galiano St.. Havana, Cuba. 
Johnson. H. S.. 1908 Rosemary St., Denver, 7, Colo 
Johnson, P. B., 806 E. Main St., Belleville. Ill. 
Joos. E. M., 3651 Boudinot Ave., Cincinnati, 111, 

Ohio. 
Judge. H.. Route 7, Box 1105, Sacramento, Calif. 
Kalbfell, D. C., 941 Rosecrans, San Diego, Calif. 
Karnik, M. B., 178-A, Hindu Colony Dadar, Bom-

bay, India. 
Katz, L., 809 Alpine Blvd.. Pittsburgh, 21. Pa. 
Keen, A. W., 54 London Rd., Marlborough, Wilt-

shire, England. 
Kelk, G. F., 477 Bayview Ave., Toronto, Ont., Can-

ada. 
Knight, W. A., Box 161, Greenlawn, N. Y. 
Koppelon, R., 92 Vassar Ave., Newark, 8, 
Kyland, B. G., 140 Brookdale, San Francisco. Calif. 
Langberg. E. I.. 5814 N. 16 St., Philadelphia, 41. 

Pa. 

40A 
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A PLANET  x ri&-zr-
Ever notice how a meteor streaks across the heavens in a blaze of fiery splendor? 

It's a beautiful sight ... while it lasts. But most meteors burn themselves out long 

before striking the earth. Not so a planet ... though much less brilliant, it's there to 

stay. That's how we like to think of I. C. E. Here to stay. ... Born of the war ... yes, 

but acquitting itself well, and all the better to serve you in the post-war future. 

... the pro mise of great  things to  co me 

IN D US T RI AL  &  C O M M E R CI A L  ELE C T R O NI CS 
BEL M O NT, CALIF OR NI A 

Proceedings of the 1.R.E.  February, 1944 41 A 



••••  60.0 

everything 

that is best in 

performanc 

long life 

and f 
ability I 

,•••• 

ea. 

Filters and Transformers 
For Your Particular Problems 

Through years of exacting experience has come the 
built-in performance standard that has made ADC 
Filters and Transformers the choice of men who 
know "what's what" in this field. Dependability 

is the watchword of every Filter and Transformer 
bearing the ADC mark... high operating efficiency 
is the inevitable performance record. If you have a 
critical design or production problem ... something 
unusual ... something that calls for more than the 

ordinary, then pin your faith to ADC Products. They 
will never fail you because they are dependable— 
under all service conditions. 

In addition to Filters and Transformers, Audio De-
velopment Company manufactures an  extensive 
line of specialized communication components — 
reactors,  equalizers,  key  switches,  jacks, jack 
panels,  plugs  and  other  electronic  equipment. 

42a 
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Larkin, J. H., 16 MacMillan Ave., Sans Souci, 
N.S. W., Australia. 

Lilley, A. J., Radio Materiel School, Naval Re, 

search  Laboratory,  Anacostia Station-
D. C. 

Lockwood, N.. Michigan College of Mining and 

Technology, Houghton, Mich. 
Loudon, C. L., 128 Chestnut Dr., Packanack Lake, 

N. J. 

MacDowell, J. E., 7805 -19 Dr., Jackson Heights. 
L. L. N. Y. 

Mack. D. A., 1414 Massachusetts Ave., S. E., Wash-
ington. D. C. (transfer). 

Mahoney, J. J., Jr., Bell Telephone Laboratories, 
463 West St.. New York, N. V. 

Manchesian, J. T., Apt. 3, 110 S. W. Fourth Ave., 
Ft. Lauderdale. Fla. 

Marcum, J. I., 2353 Hollywood Dr., Wilkinsburg, 
Pa. 

Marsden, W. Y., 244 Heather Rd., Upper Darby, 
Pa. 

Mayoral, G. A., Aviation Division. Studebaker Cor-

poraticiti. South Bend. Ind. 
McConathy, W. J., 803 Hartsdale St.. Dallas, Texas 
McEwan, T. S., 1046 Dinsmore Rd., Winnetka, Ill. 
McGlochlin. B. B., Box 821, 905 N. 16 St., Boise. 

Idaho. 
Menet!. H.. Spruce Rd., Pines Lake, RD 1, Paterson, 

N. J. 

Merrill, H. B., Jr., 64 Brookside Rd., Springfield. 
Delaware Co.. Pa. 

Millman, A. J., 140 S. Dale Ct., Denver. 9, Colo. 
Nienaltowski, W., c/o Northern Electric Co., Spe-

cial Product Division, Box 369, Montreal 
Que., Canada. 

Oberle, E. J., Arpin Manufacturing Co.. Radio Divi-

sion, 422 Alden St., East Orange, N. J. 
00ress, E. C., 25 Park St., Montclair, N. J. 
Pverby, H., Box 532, Toronto, Ont.. Canada. 
kalmer. J. E., 3048 Stuart St., Denver, 12, Colo. 
Price, D. R. S.. 39 Nelson Rd., Boornemouth, Eng-

land. 

Parr, G.. 68 Compton Rd., London. N. 21, England. 
Perlman, W., 1630 Gilford Ave., New Hyde Park, 

L. I., N. Y. 

Peterson, G. W., 201 S. 17 West St., RFD 1, Box 
56A, Provo. Utah. 

Pierce, 0. B., 2645 Ivanhoe St., Denver, 7, Colo. 

Pinkerton, P. C., 1542 Gaylord St.. Denver, 6, Colo. 
Pinter, P. J., 2221 N. Fourth St., Philadelphia, 33. 

Pa. 

Ragsdale. W. H.. 4499 Forest Ave., RFD 9, Watkins 
Lake, Pontiac, 24ich. 

Provost, P., 3801 Lacombe Ave., Montreal, Que., 
Canada. 

Raleigh, J. H., Box 534, Oak Park, 
Reese, V. N., 16 S. Williams Ave., Dayton, Ohio. 

Rehberg, L. H., 43-06 -53 St.. Woodside. L. I.. 
N. Y. 

Reilly, J. A., 2165-C Ala Wai Blvd., Honolulu. 37. 
T. H. 

Rich. A. P., 2419 J Street, San Diego, Calif. 
Roberts. F., 94 Sunnymead Rd.. Kingsbury, Lon-

don, England. 
Rockafellow, S. C., 456 Leta Ave., Flint, Mich. 
Roganti, M. S., Paroissien 3906, Buenos Aires. Ar-

gentina. 

Rogers. R. T., 4110 N. Keystone Ave.. Chicago, UL 

Rogge, R. S.. 26 Belshaw Ave., Eatontown, N. J. 
Rohrer, J. H., 337 Eudora. Denver, 7, Colo. 

Rubel, J. H., General Electric Research LaboratorY, 
Schenectady, N. Y. 

Schatz, E. R., 624 Clyde St., Pittsburgh, Pa. 
Schick, F. L., 1171 Detroit, St., Denver, 6, Colo. 
Schulkin, M., 1620 E St.. N. E., Washington. 2, 

D. C. 

Schwartz, H. T., 60 Whalley Ave., New Haven 
Conn. 

Sharpe, W. J., 318 W. Iowa Ave., Denver, 10. Colo. 

(Continued on Page 444) 
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Portrait of exactness 

Rauland tuning condenser 

Just a small ordinary-looking gear in a RAULAND tuning condenser . . . but 
endowed with an exactness that contributes to high communications efficiency. 
Like this gear, all parts of RAULAND products, however tiny, are made with both 

precision and ruggedness to insure their dependable performance under even the most 
adverse operating conditions. Here, custom-engineering is not just a phrase . . . 

its a fart! Changing designs and applications are inevitable in the development of 
this new science of electronics. RAULAND electroneering* successfully meets these needs. 

*Eloctrowtoring—tho RAULAND form for engineering vision, design and precision manufacture 

11111111111111111p Ar 5 111 0NICATION LI,1 

Electroneering is our business 

THE RAULA ND CORP ORATI O N ... CHICAG O, ILLI N OIS 

Buy War Bonds and Stamps! Rauland employees are still investing 10% of their salaries in War Bonds 

Proceeding, of the I.R.E.  lebruary,1)11 43A 



Shallcross 
SELECTOR SWITCHES 

OTHER 

SHALLCR OSS 

PRECISI ON 

PR ODUCTS 

Ayrton Universal Shunts 

Ratio Boxes 

Wheatstone Bridges 

Kelvin-Wheatstone 
Bridges 

Low-Resistance 
Test Sets 

Milli-ohm-meters 

Decade Resistance 
Boxes 

Megohmmeters 

and many mors 

For quality selector switches—try Shallcross! 
Dozens of standard designs are available 

—and each of these is subject to many varia-
tions to suit individual requirements. 
Shallcross Selector Switches are the logical 

outgrowth of our own need for dependable, 
high-quality units for exacting Shallcross 
electrical measuring devices and other 
equipment. You'll find them unexcelled for 
use wherever the call is for switches of 
assured better performance. 

WRITE FOR CATALOG 

Although Shallcross Selector Switches are pro-
duced in an almost infinite number of types, 
you'll find our data sheets a worthwhile 
guide. Ask for Switch Bulletin C-1, and C-2. 

XHALLCROSS MFG. CO. 
EN GI NEERI N G • DESI G NI N G  • MA NUFACTURI N G 

Dept. IR-24  , Collingdale, Pa. 

(Continued from gage 41/1) 

Skrobisch, A., Eastern Air Devices, Inc.. 585 Dean 
St., Brooklyn, N. Y. 

Smale, K. E., 421 Wildwood, Jackson, Mich. 
Smedstad, H. M.. 7036-19 Ave., N. E., Seattle. 

Wash. 
Smith, R. M., 147-53 Sanford Ave., Flushing, L. I.. 

N. Y. 

Swanlund, F. A., 2058 S. High St., Denver, 10, Colo. 
Tepper, H. H., 42-01 -163 St., Flushing, L. I., 

N. Y. 
Thompson, R. C., 2316 Holly St., Denver, Colo. 
Thomson, J. R., 112 Tyndall Ave., Toronto, Ont., 

Canada. 
Toms, E. C., c/o Western Electric Co., Inc., 195 

Broadway, New York, N. Y. 
Troell, R. E., 34 N. Ferry St., Schenectady, 5, N. Y. 
Troup, A. B., APO 503, c/o Postmaster, San 

Francisco, Calif. 
Veritch, H. J., 333 Winthrop, Brooklyn, N. Y. 
Wagner, F. W., 2555 W. 61 St., Chicago, 29. III. 
Walker, D., Stranton, 10, Glebe Rd., Cheam, Sur-

rey, England. 
Walker, F. B., Lincoln, Kansas. 
Warner, W. H., 4544 Quitman St., Denver, Colo. 
Warshafsky, H., 1750 Davidson Ave., New York, 

53, N. Y. 

Weichardt, H. H., 455 W. 34 St., New York.l, N. Y. 
Wilson, T. M., 19 Nassau Ave., Schenectady, 4. 

N. Y. 
Wisenbaker, T. C., 451 Main St., Waltham, Mass. 
Wolf, H. A., 29-03 -148 St.. Flushing, L. I., N. Y. 
Yanowitch, M., 1144 E. 18 St., Brooklyn, N. Y. 
Yazell, G. W., 6-44B, Naval Research Laboratory, 

Anacostia Station, D. C. 

\11C1111-131ENsioNAL 
WIRE & RIBBON 
FOR VACUUM TUBES 

• 

• 

Complete range of sizes 
and alloys for Transmit-
ting, Receiving. Battery 
and Miniature Tubes.. 

Melted and worked to 
assured maximum uni-
formity and strength 

WIRES drawn to .0005" diameter 

RIBBON rolled to .0001" thick 

• SPECIAL ALLOYS made to 
meet individual specifica-
tions. Inquiries invited. 

Write for list of stock alloys 

SIGMUND COHN 
44 GOLD ST.  NE W YORK 

SINCE  19 01 

44A 
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FOR ---'S 444  

SAKE... 

GO EASY!" 

DON'T WORRY, SOLDIER, TUNG-SOL TUBES 
IN YOUR SET ARE "VIBRATION-TESTED" 

TUNG-SOL tubes are built for tough going. 
They're made to give dependable sen ice 
under severest conditions. 
For example the mount assembly must 

have rigid support in order to withstand 
vibration. TUNG-SOL uses a mica disc 
with sixteen points for contact on the glass 
envelope. This assures the necessary rigidity 
even though the glass be irregular. 
TUNG-SOL tubes are"Vibration-Tested." 

IMPROVED MICA DISC DESIGN 

16-point TUNG-SOL  Couventiosal type disc 
disc permits good sup-  gives good support on/) 
port under all conditions. when glass is perfect cir, . 

Typical tubes are put in a .ibrating machine 
which tries to shake them to destruction. 
The proven conditions means a lot to users 
and makers of electronic devices subject to 
wartime and to peacetime punishment. 
TUNG-SOL Vibration-Tested tubes are 
made for most every electronic application, 
and TUNG-SOL engineers will be glad 
to assist you in designing circuits and in 
selecting the right tubes. 

TUNG•SOL 
ELECTRONIC TUBES 

TUN G-SOL LA MP W ORKS INC., NE WARK 4, NE W JERSEY 

ALSO MANUFACTURERS OF MINIATURE INCANDESCENT LAMPS, ALL- GLASS SEALED BEAM HEADLIGHT LAMPS AND CURRENT INTERMITTORS 

Proceeding: of the I.R.E.  FP,rsaary, 9441 45A 
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DI VISI O N  OF  ESSE X  WI RE  CO R P OR ATI O N 

350 I WEST  ADDIS O N  STREET  •  CHICA G O, 18 

• - 

MEASURER 
QUANTITIES 
tvith greater 

sensitivity & rane 
g 

than ever before 

accomplished 

PATS. APP. FOR 

TECH LAB MICROH M METER 

. . . gives direct and instantaneous 
readings of resistance values down to 
5 microhms and up to 1,000,000 me-
gohms. Accuracy in all measurements to 
better than 2%. Output is sufficient to 
drive recorder. Entirely AC operated. 
Furnished in two models. Reasonably 
prompt deliveries. For complete data 
regarding other applications write for 
Bulletin No. 432. 

•• 4110 

f "'Wel  elec,.. er• 
• Or 8  e do, (onto  ',ice/ 
No.  ulle tin  °w rite Is' 

Ie)L A B OR AT ORIES & 

e' 

V2C2W 
9  LI NC OL N  STREET 
JERSEY  CITY  7,  N. J. 
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"Calling Car 29... Car 29" "OK - ON THE W AY!" 

Police radio installations have for some years de-

pended on the Browning Frequency Meter for 

help in determining the accuracy of fixed-frequency 

operations.  Police departments have found this 

unit economical to buy, casy to operate, and 

ruggedly built.  Other emergency services have 

also found this product of Browning Laboratory 

research to be an asset.  Full details arc avail-

able in literature sent upon request. 

Another product of Browning Laboratory research is the 
balance'd-capacitance Browning Signal System for plant 
protection without armed guard patrols.  Descriptive liter-
ature is available on request. 

BROWNING 
• LABORATORIES,  INCORPORATED 

WINCHESTER,  MASSACHUSETTS 

47A 
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CETRAII 
Rectifiers . . . Phototubes and 

Electronic Tubes 

are designed for . . . and deliver long life 
dependable service. 

Prompt Deliveries on Most Types 

Write for catalog. 

CONTINENTAL ELECTRIC COMPANY 
CHICAGO OFFICE  GENEVA, ILL. 

903 MERCHANDISE MART 

48A 

NEW YORK OFFICE 
265 W 14111 ST. 

I. R. E. People 
Mr. B. Ray Cummings (A'I8—M'20— 

SM'43), vice president in charge of engineer-
ing of the Farnsworth Television and Radio 
Corporation in Fort Wayne, Indiana, an-
nounced recently that Dr. H. Salinger 
(A'37), mathematical physicist, has returned 
to active duty in the Farnsworth Research 
Laboratories after a year's leave of absence, 
during which time he conducted specialized 
instructional work in physics and mathe-
matics at various institutions in Indiana. 
Dr. Salinger is noted for his work in the 

fields of telegraphy, telephone, and televi-
sion, in which sciences he has specialized in 
original research over a period of many 
years. 

' 

.0111.1. 

FRANCOIS C. HENROTEAU 

Coincidental with the return of Dr. 
Salinger, Mr. Cummings also announced the 
appointment of Dr. Francois C. Henroteau 
to a post on the Farnsworth research staff. 
Dr. Henroteau, who has a doctor of science 
degree from the University of Brussels, Bel-
gium, and who was chief of astrophysics di-
vision at the Dominion Observatory in Ot-
tawa, Canada, over a period of 14 years, has 
been an active contributor to the fields of 
astrophysics and television research in the 
major countries of Europe and America. At 
the Farnsworth Corporation he will special-
ize in the solution of optical problems as 
related to electronic television. 

Future of Television 
With thousands of engineers, technicians, 

mechanics, carpenters, and other skilled 
laborers required to build television stations 
and several times that number of people 
needed to manufacture receivers, there is 
every reason to believe that television in the 
post-war period will be a bigger industry 
than radio ever was, it was predicted by 
David B. Smith (A'35), director of research 
for Philco Corporation, in an address on 
"Electronics" before the Association of Cus-
tomers' Brokers in New York on December 
14, 1943. 

'In the postwar television set, the pic-
ture will be larger than most of those avail-
able today, and some receivers may provide 
a picture as large as the average road map,' 
Mr. Smith said. "You will probably have 
the television set in your living room, and 
you will turn the lights down, but not out, 

(Continued on gage 574) 

Proceedings of the I.R.R.  February, 1944 



A typical group of H. F. radio coils 
insulated with Q-Max A-27 Lacquer. ARE YOU IN A HURRY FOR A GOOD 

Q-MAX A-27 LACQUER 
HAS LOW LOSS FACTOR 

OVER A WIDE 
FREQUENCY RANGE 

The loss factor of Q-Max A-27 Lacquer 
is very nearly constant as the frequency 
increases from one megacycle, which 
is indicative of its excellent perform-
ance in the high frequency range. This 
feature, together with its low dielectric 
constant and other special character-
istics, makes Q-Max A-27 Lacquer an 
outstanding high frequency coating 
medium. 
Q-Max provides an excellent coat-

ing for R. F. solenoid windings and 
serves as an impregnant on multi-
layer or star coils. It is used as a tape 
saturant, a stiffening and strengthen-
ing medium, and a surfacer for wood 
or porous materials. Because of its 
low dielectric constant and excellent 
high frequency insulating character-
istics, Q-Max is used widely in treat-
ing radio frequency coils. 
New descriptive booklet sent on re-

quest. 
Other C. P. products available to 

the communications industry are: a 
radiation-free line of copper or alu-
minum Coaxial Transmission Line, 
Auto-Dryaire for dehydrating trans-
mission lines, new Sterling Switches, 
Antennas and Radiating Systems. 

PRODUCTS  COMPANY, INC. 

744 BROAD ST., NE WARK, N. J. 

Factory: 346 Bergen Ave., 

Jertey City, N. J. 

Communicitton Products Company. Inc 
744 Broad Street, 
Newark, New Jersey 

Send:CI ONaxit-171ANirerBooldet 

Data on   

Name   

Company   

Leiddreee   

Proceedings of the I.R.E.  February, 1944 

TEST INSTRUMENT? 

Use This Industrial Emergency Service On 

Radio ...cis, 
Maintaining a complete stock of Test Instruments has been 
one of the toughest jobs we've had. The demand has far 
exceeded the supply. Yet our Industrial Emergency Depart-
ments have procured them as if by magic ... saving many a 
victory-vital job from prolonged delays. Saving time and 
trouble getting vital Radio and Electronic Supplies is a 
highly specialized business with us. Whether you need one 
or one hundred different items, you'll get ALL of them from 
this ONE big reliable source faster than you ever thought 
possible  considering  wartime  scarcities.  Your  nearest 
Emergency Service Distributor listed below is specially pre-
pared to lend you every possible aid. Send along your orders 
or ask for big Reference Book & Buyer's Guide on company 
letterhead, please! 

WRITE OR PHONE YOUR NEAREST DISTRIBUTOR 

TERMINAL RADIO CORP. 
85 Cortlandt St., Phone WOrth 2-4416  NE W YORK 7 

W ALKER-JIMIESON,INC. 
311 S. Western Ave., Phone Canal 2525  CHICAGO 1 2 

RADIO SPECIALTIES CO. 
20th & Figueroa, Phone Prospect 7271 LOS ANGELES 7 

NATIONAL INDUSTRIAL EMERGENCY SERVICE 

49A 



WANTED 
for the 

PHILCO 
ENGINEERING 
STAFF 

• RADIO —ELECTRONICS—ELECTRICAL 
ENGINEERS 

Men with degrees in electrical 
engineering or comparable experi-
ence in radio an, I television. 

• MECHANICAL ENGINEERS 

Men with college degrees or com-
parable experience in the engineer-
ing aspects of electrical appliances, 
and in designing small machinery. 

• DESIGN ENGINEERS — DRAFTSMEN 
Men with experience in mechanical 
designing, especially of small metal 
parts and of the automatic ma-
chinery to mass-produce them. 

• PRODUCTION ENGINEERS 

Including electrical and mechani-
cal engineers familiar with any 
phase of radio, radio-phonograph 
and television production. 

• PHYSICISTS 

Must have science degree in 
physics. Some practical experience 
in radio is desirable. 

W E expect the men who qualify 
for these positions to become 

permanent members of our staff 
and take an important part in our 
post-war program. 

To maintain the Phileo tradition 
of progressive research and devel-
opment, is first and foremost in 
our minds. We provide the finest of 
technical equipment. But often, 
even more helpful is the inspira-
tion and personal assistance of 
working with men who have done 
so much for the advancement of 
Radio, Television, Refrigeration 
and Air-Conditioning. 

WRITE US TODAY 
Qualified men not now engaged in 
work requiring their full talents, are 
invited to write us in detail as to their 
experience, education, family and draft 
status, and salary. Letters will be 
treated in strict confidence. 
Employment subject to local W .C. rules. 

WRITE TO MR. GEORGE DALE 

PHILCO 
CORPORATION 

Philadelphia 34, Penna. 

The following positions of interest to I.R.E. 
members have been reported as open. Apply 
in writing, addrssing reply to company mentioned 
or to Box No.   

The Institute reserves the right to refuse any an-
nouncement without giving a reason for the refusal. 

PROCEEDINGS of the I.R.E. 

330 West 42nd Street, New York 18, N.Y. 

RADIO ENGINEERS 

Graduate engineers with laboratory experience 
needed for research and development work. Per-
manent employment with progressive corpora-
tion located in small city in central Pennsylvania. 
Persons now employed at essential activities at 
their highest skill cannot be considered without 
a statement of availability. Write for application 
form to Airplane & Marine Instruments, Inc., 
Clearfield, Pennsylvania. 

RADIO AND ELECTRONICS ENGINEERS 

We are seeking the services of one or two 
trained engineers who have had ample experi-
ence in transmitting-tube engineering. The men 
selected will not only be concerned with current 
war production, but should eventually fill good 
positions in postwar operation. 
Also, we are looking for a few young engineers 

with good schooling and background to be trained 
for transmitting-tube development and produc-
tion. 
This is an excellent opportunity for men who 

qualify to connect with a progressive, highly re. 
garded  manufacturer  of  transmitting  tubes. 
Many special benefits will be enjoyed in your 
association with this company. 
Please reply in writing, giving complete de-

tails, past experience, etc. Interviews will be 
promptly arranged. Persons in war work or es-
sential activity not considered without statement 
of availability. Address, Chief Engineer, United 
Electronics Company, 42 Spring Street, Newark 
2, New Jersey. 

ELECTRONIC OR AMPLIFIER 
ENGINEERS 

A well-known company is in need of engi-
neers experienced in the design and use of elec-
tronic equipment, particularly audio and con-
trol amplifiers. 
Also, laboratory assistants and junior engi-

neers, who are experienced in te,ting and labora-
tory work on electronic apparatus. 
Send complete details to Post Office Box 30, 

Bloomfield, New Jersey. 

ENGINEERS AND DRAFTSMEN 

EXECUTIVE ENGINEER: Graduate electri-
cal engineer with 15 years' experience in radio 
research and development, associated with the 
manufacturing of radio equipment. 
DESIGN DRAFTSMEN: Experience in ra-

dio communications equipment drafting, as as-
sistant, associate or draftsman. 
ENGINEERING ASSISTANTS: May be ra-

dio engineers with about five years' experience, 
preferably in the manufacturing of radio equip-
ment. 
Positions offer post-war opportunities. Salaries 

open. Location, Connecticut. Send full details 
to Box 312. 

RADIO ENGINEER 

Experienced in the manufacture and testing 
of ultra.bigh.frequency apparatus; must be cap-
able of taking complete charge of war projects. 
Splendid opportunity. War workers at highest 
skill need not apply. 
Inquiries will be kept confidential. Please 

state age, experience and salary expected. Write 
Box 288. 

ELECTRICAL AND RADIO DESIGN 
ENGINEERS 

Familiar with analysis and design of com-
plex circuits similar to those used in radio 
transmitter equipment. Should have five years 

(Continued on page nil) 

A 

Self-Defense 

Program 

that began in 1927 

For 17 years CREI has helped equip 
professional radiomen with the technical 
ability to advance to better positions—to 

earn more money. 

The success of our efforts during these 

17 years is proven by the accomplishments 

of our graduates. Hundreth. of unsolicited 

letters in our files testify to the fact that 
CREI technical training has been helpful 
in gaining secure positions at higher pay 

in a minimum of time. 

Few other educational institutions have 
so fully gained the respect and confidence 
of the men in the radio industry. CREI 

home study and residence courses have 
proven their worth—they are recognized 
by employees and employers alike as the 
finest possible instructions at the lowest 
possible cost. Ask any radio engineer! 

Alert Engineers are encouraging 
CREI training for their employees 
. . . for it means: 

• Step-op of Individual effidency 

• Increased personal worth to company 

• Additional technical ability 

The recommendation of our home study 

courses to your associates will increase 
the efficiency of your engineering staff. 
We will be glad to send our free booklet 
and complete details to you, or to any 

roan who you think would be inter-
ested. 

"Since 1927" 

CAPITOL RADIO 
ENGINEERING INSTITUTE 

Home Study Courses in Practical Radio-
Electronics Engineering for Professional 

Self -Improvement 

Dept. PR, 3224 -16th St., N.W. 

WASIIINGTON 10, D.C. 

Contractors to the U. S. Navy. U. S. Coast 
Guard and Canadian Broadcasting Corp. 

Producers of Well-trained Tech-
nical  Radiomen  for  Industry 

50A Proceedings of the I.R.E.  February, 2944 



Key to a world within a world 

To inspect metal, judge its inner worth with the aid 
of electronics, is to add a vital chapter to war industry's 

book of knowledge. More, it is to write a preface to the 

mightier book of the future. 

This same science of electronics, which finds the struc-

tural flaw in war metal, holds great possibilities whose 

commercial use awaits only the welcome day of peace. 

SYLVANIA ELECTRIC PROD 

Infinite additions to the knowledge, the safety, the 

comfort of modern man continuously reveal them-

selves in the quick flutter of the electronic tubes. 

This is an inspiring reason why at Sylvania, in our 

work with electronics, as in everything else we do to 

widen the range of the eye and the ear, we set for 

ourselves a single goal — the highest standard known. 

UCTS INC. formerly Hygrade Sylvania Corporation 
EXE C UTI VE OFFI CES , 30 0  FIF T H AVE N UE,  NE W Y O R K  N. Y. 

RADIO TUBES, CATHODE RAY TUBES, ELECTRONIC DEVICES, INCANDESCENT LAMPS, FLUORESCENT LAMPS, FIXTURES AND ACCESSORIES 

AIDING THI NOME FRONTS "KNO W-HO w"-..Sylvania Fluorescent Lamps and 

Fixtures give war workers the light they need to produce their armament 

miracles. Sylvania Radio Tubes bring the news of the world to the American 

family, keep our people mentally alert. Sylvania Incandescent Lamps 

economically protect the eyes of the American family. Indeed, the Sylvania 

name now, as always, means the ultimate in product performance. 
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one, 

250' 
EACH 

WE ARE 
LOOKING FOR 
A FEW MEN 

• 
There are only a few of the sort we want. 
They're engineers . . . men with a solid, 
expert background in electronic design 
. . . men who aren't hidebound in their 
thinking. 

We offer them an unlimited !were in 
a new scientific industry now working 
at full capacity on military devices. We 
want their expert talents to help us explor• 
even further the peacetime possibilities 
of this new science. 

It'. • big job. It needs big men. If you 
think we're talking to you, write us your 
whole story and enclose a photo. Please 
don't phone or call until an appointment 
has been set up for you. 

• 
Chairman, Opti-onics Development 

BELL AND HOWELL 
7101 McCORMICK ROAD 

CHICAGO 45, ILLINOIS 

N E WIALLIED'S Raft41e 
R-F RESONANCE 
& COIL WINDING 

CALCULATOR 

Dual-pur-
pose Calcula-

tor devised by Allied 
for fast, accurate determi-

nation of resonance factors and 
coil winding data. Easy to use. 
No. 37-955. Postpaid, only 25c 

Aleiedl Radio 
Data Handbook 

Formulas, stand-
ards, data, tables, 
charts —used in 

solution  of 
radio and elec-
tronic problems. 
No.37-754. Net 
postpaid . . 25c 

ALLIED RADI O CORP. 
833 W. Jackson, Dept C3-B-4, 

Chicago 7, IIIInols 

ALLIED RADIO 
Et,:79(46S9 Cif  'adc, CZ*Cee 

(Continued from page 50A) 

full-time commercial or research experience. 
Must have B.S. in E.E., or equivalent; thorough 
grounding in engineering electronics and fa-
miliarity with high-voltage rectifier systems. 
Apply in writing, to Personnel Office, Radia-
tion  Laboratory,  University  of  California, 
Berkeley. California. 

RADIO TECHNICIAN 

In Brooklyn war plant. Must be able to use 
test equipment, to set up and use laboratory test 
instruments and supervise production testing of 
radio parts and electronic equipment. Will con-
sider men with amateur radio experience. State 
age, education. exberience. Availability certifi-
cate required. Write to Box 308. 

ELECTRONIC TUBE DESIGN ENGINEER 
Experience in actual design and manufacture 

of large high-vacuum tubes, or electrical and 
mechanical design, as well as in process, test, 
and application techniques. Essential workers 
need release statement.  Write to Box 309, 
giving complete details including salary expected. 

ELECTRONIC DESIGN ENGINEERS 

One of the largest manufacturers of radio 
equipment, located in Eastern Massachusetts, 
has openings for several engineers. Work in-
volves design and development of electronic 
apparatus having a wide field of application 
both now and after the war. 
A Master's degree, or a B.S. degree in Elec-

trical Engineering with two years' experience 
in electronic work, would be desirable but not 
absolutely necessary. depending upon the indi-
vidual. Those now employed in an essential 
activity must be able to obtain release. Appli-
cants should submit their qualifications and 
salary expected to Box 307. 

RADIO ENGINEERS AND TECHNICIANS 
A progressive company with a sound back-

ground in radio and electronics needs, at once, 
several men with training and experience in any 
phase of the radio industry. The work open is 
vital to the war effort but offers a promising 
post-war future for the right men. College 
degree or equivalent experience necessary. Men 
now engaged at highest skill on war production 
should not apply. Write Box 294. 

ELECTRICAL OR CHEMICAL ENGINEER 

... thoroughly versed in the theory of liquid 
and solid dielectrics for the position of chief 
engineer. To direct the research, development 
and general laboratory on capacitors and capaci-
tor applications. This is an unusual opportunity 
for a capable engineer interested in his present 
and postwar future. Write to Industrial Con-
denser Corp., 1725 W. North Ave.. Chicago, Dl. 

RADIO ENGINEERS 
Transcontinental & Western Air, Inc. has 

openings at Kansas City for three Radio En-
gineers in the Communications Department. Ap-
plicants should have completed an electrical or 
radio engineering course. or should have had one 
to two years of practical experience. These open-
ings are permanent. 
For additional details and application forms 

write to Personnel Department, Transcontinentai 
& Western Air, Inc., Kansas City, Missouri. 

PATENT ATTORNEYS 

Patent attorneys, who are electronic physicists 
and electrical or radio engineering graduates 
who have maintained contact with the field of 
high-frequency electronics, radio manufacture, 
carrier-current telephony, and light-current cir-
cuit design and computing, can make a sub-
stantial contribution in research or development 
jobs with one of the National Defense Research 
Committee laboratories located in the East. The 
project is secret but is one of the most urgent 
of all research jobs now under way for the 
Government. 
An electrical engineering background in light 

currents is essential, and amateur radio experi-
ence, inventive ability and ingenuity in the 
design and layout of radio equipment would be 
of considerable help. 
Facilities for specialized refresher training 

(Continued on page 54A) 

RADIO 

ENGINEERS 

Radio Engineer for installa-

tion, maintenance and servic-

ing essential electronic equip-

ment in United States and 

abroad.  Electrical  back-

ground and practical radio 

experience required. Age 28-

40. Salary $3600 up plus liv-

ing expenses. Wire or write 

Radio Division, 2519 Wilkens 

Avenue, Baltimore 23, Mary-

land for appliccrtion forms. 

Westinghouse 

Electric & Manufacturing 

Company 

ELECTRONIC 

ENGINEER 

or Electrical Engineer 

with H. F. Experience 

preferably with some background 

in mechanical engineering. Posi-

tion with well established com-

pany of known reputation in the 

Middle-West with post-war pos-

sibilities in the manufacture of 

industrial electronic equipment. 

State education, experience, sal-

ary expected, marital and draft 

status. 

BOX 3 I 3 
Institute of Radio Engineers 

330 West 42nd St. 
New York 18, N.Y. 
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Here's a versatile unit with many electronic control 

applications...THE KOLLSMAN CIRCUTROL 

3 PHASE INPUT 

ACTUAL SIZE 

CIRCUTROL UNIT 

used as 
Thyratron Phase Control 

Typical of the many special applications for which 
design engineers have found the Kollsman Circutrol 
particularly suited, is phase control of Thyratron type 
units. In this application the unit offers accurate linear 
,control, as shown by the above graph. 
When used as a rotatable transformer, the Circutrol 

Unit produces a phase voltage which varies sinusoi-
,dally with the angular position of the 
rotor as shown in the graph at right. 
Another advantage of the unit as 

a rotatable transformer is that it is de-
signed to withstand continuous rota-
tion at speeds up to 1800 R.P.M., 
_although many applications require 

CONTROLLED 

LOAD 

LOAD CURRENT 
IMA) 

0
 

 

/ 7  

- 

40. RCP  120  16CP  200. 24CP  280. 321f  360. 

POSITION OF ROTOR 

nothing more than positioning of the rotor. 
Electrically, the Circutrols are motor-like precision 

units having high impedance two- or three-phase stator 
windings and single-phase rotors. Units are available 
which operate from 32, 115 and 220 volts, 60 cycles, 
and 110 volts, 400 cycles. 
These units may also be used as single or polyphase 

...St vOtTAGI •1  @O M. ANOt1 
60 

90 

40 

10 

10 
10101 AWOL! 

0 10 

. /0. 6ff 10. to ISO  IGO 110' 2,00' 27 

10 

-10 

40 

-SO 

40 

ELECTRICAL EQUIPMENT 

induction regulators, controllable volt-
age modulators, single or polyphase 
alternators or phase shifters. 
For complete information about the 

Kollsman Circutrol write to Kollsman 
Instrument Division of Square D 
Co., 80-04 45th Ave., Elmhurst, N. Y. 

•  HOUSMAN AIRCRAFT INSTRUMINTS 

SQURRE JJ COMPF1NY 
ELMHURST, NEW YORK •  GLENDALE, CALIFORNIA 
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SOUND OPPORTUNITY 
FOR TECHNICAL MEN 
Wurlitzer —established in 1856, the recognized leader 

in its field—offers these engineering positions: 

• 

Radio and Electronic Development Engineers 

Staff Engineers — 

Requirements: B.S. in Electrical Engineering or equiv-

alent; at least five years' experience in radio engineering 
and research; familiarity with all phases of circuit 
development; ability to design and develop engineering 
projects. 

Development Engineers — 

Requirements: Graduate engineer with a minimum of 
two years' practical experience in engineering or tech-
nical service; natural aptitude for design and develop-
ment work; ability to solve detailed engineering problems. 

Today—Wurlitzer is concentrating its full productive 
energies on fabrication of war materials, with which 
those men selected will be associated until Victory is 

won. But the long-range plans we are also making 
today, foreshadow a future bright with opportunity. 
The Wurlitzer technical and engineering staff has been 
hand-picked. To it we seek to add qualified men eager 
to affiliate with a closely knit, progressive organization 
resolved to maintain its top-rung industrial leadership. 

The men we choose —and who choose us—will be for. 
ward-looking, resourceful, earnest in their efforts to 
create, improve and perfect. These qualifications are 
basic. If you have them and are interested in learning 
more about the opportunities we offer, write—telling us 
about yourself. An interview can be quickly arranged. 
Employment subject to local W MC Regulations. 

54A 

Write Today to 

THE RUDOLPH WURLITZER COMPANY 

North Tonawanda, New York 

ATTENTION:  TECHNICAL PERSONNEL DEPT. 

WUR LIT2ER 
THE NAME THAT MEANS W 0,60 TO MILLIONS 

(Continued from page RA) 

and orientation in the particular field may be 
available. Anyone who possesses these qualifica-
tions and is interested in a vital wartime de-
velopment job for the duration may get further 
details on request. All inquiries will be held 
confidential. Address Box 299. 

ELECTRONIC ENGINEER 

Electronic engineer with M.A., Ph.D., or the 
equivalent in physics, for research and design in 
geophysics.  Experience in filter design and 
sound recording is desirable. Write to Inde-
pendent Exploration Company. 901 Esperson 
Building. Houston. Texas. 

ENGINEER 

AAA-1 eastern manufacturer, over 75 years 
operation and leader in growing industry, has 
immediate  permanent  position for chemical, 
electrical, electronic or chemical-metallurgical 
engineer to organize and increase efficiency of 
production activities. Send full details of ex-
perience to Box 301. 

RADIO OR ELECTRICAL ENGINEER 

Capacitor man dacturer located in New Bed-
ford, Mass., wants an electrical or radio en-
gineer—man or woman —for equipment- and cir-
cuit-development work. 
Permanent postwar future for right person. 

This firm has excellent laboratory facilities and 
is a leader in its field. 
Applicant should be college graduate with a 

degree —or equivalent experience—in radio en-
gineering or electrical engineering. 
Interview in Boston, New Bedford or New 

York can be arranged. Traveling expenses paid 
to place of interview. 
Write fully, giving age, education, experi-

ence. etc. Address reply to Box 302. 

PHYSICIST OR ELECTRICAL ENGINEER 
Leading manufacturer of industrial radio-

frequency equipment desires the services of a 
physicist or electrical engineer to direct de-
velopmental and applications laboratory. This 
field is expanding rapidly and offers excellent 
opportunities for advancement. Position of a 
permanent nature. Present activities devoted 
entirely to the war effort. Address replies to 
Box 306. 

SOUND AND PROJECTION ENGINEERS 

Openings exist for sound and projection en-
gineers. Several years experience in the installa-
tion and maintenance of 35 mm motion-picture 
equipment of all types required. Must be draft 
exempt or over draft age and free to travel any-
where in the United States. Basic starting salary 
83200. U. S. Army Motion Picture Service, En-
gineering and Maintenance Division. 3327-A 
Locust Street. St. Louis, Missouri. 

RADIO ENGINEERS 
Permanent  radio-engineering  position  in 
Southern California for men with creative and 
design aptitude, especially with UHF circuits. 
Starting salary and advancement depends epos 
the engineer's experience and ability. 
Applications are solicited from persons that 

are not using their highest skills in war work. 
Write complete qualifying educational train-

ing and experience to Chief Radio Engineer, 
Bendix Aviation, Ltd., in care of The Shaw 
Company, 816 \V. Sib Street, Los Angeles 13, 
California. 

ELECTRONIC ENGINEER 

or electrical engineer with high frequency ex-
perience, preferably with some background an 
mechanical engineering. Position with well es-
tablished company of known reputation in the 
Middle• West with post-war possibilities in the 
manufacture of industrial electronic equipment. 
State education, experience, salary expected, 
marital and draft status. ‘N'rite Box 313. 

The foregoing positions of interest to I.R.E. mem-
bers have been reported as open. Apply in writ-
ing, addressing reply to company mentioned ea 
to los No.   
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daz  
solid molded /le114 51 4 1119 a 

that makes the difference" 

Type JS Bradleyometer with a 
built-in switch. 

Brodlevometers may be used 
singly or assembled for dual 

— or triple construction to flt 
any control need. 

he resistor element in Allen-Bradley Type 1 Bradleyometers 

has substantial thickness (approximately 1 32-inch thick), and 

In this respect differs from the film, point, or spray type var-

iable resistors. The Allen-Bradley variable resistor is molded os a 
single unit with the insulation, terminals, face plate, and threaded 

bushing. This simple construction does away with rivets, welded 

or soldered connections, and unreliable conducting paints. The 

Allen-Bradley type of variable resistor will prove reliable under 

all extremes of service conditions. 

During manufacture, the resistor element may be varied through-

out the length of the element to provide practically any resistance-
rotation curve. Once the unit has been molded, its performance 

is not affected by heat, cold, moisture, or hard use. It not only is 

remarkably quiet when first manufactured but gets even better 

with age. 

Bradleyometers are the only continuously adjustable composi-
tion resistors having a two-watt rating with a good safety factor. 

The Allen-Bradley Bradleyometer is the only commercial type 

variable resistor that will consistently stand up under the Army-
Navy AN-QQ-S91 salt spray test. Write for specifications. 

Allen-Bradley Company, 114 W. Greenfield Ave. 

Milwaukee 4, Wisconsin 

ACTUAL 
DIAMETER 
1-1 16 INCH 

FI XED 
RESIST O RS 

ii 
ky WATT 

Bradleyunits ore 
molded, fixed re-
sistors with lead 

wires embedded 
in homogeneous 
resistor material. 

They will sustain 

on overload of 
ten times rating 

for a considerable 
periodoftimewith-
out failing.Nospo-
cial was impreg-
nation is necessary 
to pass the salt 

water immersion 
test. Available in 

standard AMA 
values from 10 

ohms to 10 meg-
ohms in both the 
insulated and non-
insulated types. 

1 WATT 

ELEMENT ACTUAL SIZE 

ALLE  B Rt*\, D LEY 
FIXED & VA MABLE RAD1b7 RESISTORS 
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W HEN REAL 
NEED ARISES... 

In 458 B. C., with Rome threatened 
by the Aequi, the people called the 
aged veteran Cincinnatus from the 
retirement of his farm to lead the armies of the re-
public. The value of experience was recognized when 
real need arose. 

The experience of the ER W OOD engineering organ-
ization will be available to you after this war is won. 

Place ER W OOD first on your list of postwar con-
sultants. 

THE EHINOOD COMPANY 
225 WEST ERIE STREET  111111r-160, ILLINOIS 

THE HARVEY 

"AM P11-STRIP" 

for IF and AUDIO 

AMPLIFICATION 
Here is "something new under the sun" 

—a compact, thoroughly dependable I-F 
and AUDIO Amplifier in convenient, 
practical form, all ready to use. 
The HARVEY AMPLI-STRIP is built 

to supply the electrical characteristics you 
want. Developed by Harvey engineers to 
meet the exacting performance standards, 

it offers a superb example of the creative 
and production resources of the Harvey 
organization. 
Whatever your needs in the way of radio 

or electronic instruments, components or 
assemblies, present or projected, you will 
find it to your advantage to get in touch 
with Harvey of Cambridge. 

OF CA MBRID GE 

HARVEY RADIO LABORATORIES, INC. 
447 CONCORD AVENUE  CAMBRIDGE 38, MASSACHUSETTS 

5() 

Every instrument is 

LABORATORY 
STANDARD 

Standard Signal 

Generators 

WaveWa ve 

Generators 

1 1"11 %J   Vacuum Tube 

Voltmeters 

t l). H. F. 
Noisemeters 

t  Pulse 
Generators 

Moisture 

frz t440  

MEASUREMENTS 
CORPORATION 

Boonton, New Jersey 

- 
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PLANE AND TANK INTERPHONE 

MACHINE CON TRAINER 

/peradio-built communication systems that 
forge the crews of bombers, of tanks, of righting 
ships, into combat teams have a significance to 
au Let our war-won electronic "know-how" 
s.-r% e you, whatever your business may be: 

oPERADio 
-.6efe,7;;:e3isve-

l/P1CRADIO MANUFACTURING COMPANY, ST. CA MAS. ILL 

Future of Television 
(Continued from page 43,4) 

when you look at it. In New York, Philadel-
phia, and other Atlantic seaboard cities, you 
may very well have your choice of several 
programs within a few years. You will see 
sporting events and scenes from Washing-
ton, perhaps the President delivering a fire-
side chat or sessions of Congress, or variety 
shows and drama from New York. New 
kinds of entertainment may be created as a 
result of television just as the movies 
changed vaudeville and the theatre." 
Rapid expansion of television as soon as 

the war is over will depend upon the crea-
tion of networks linking stations together, 
so that the best entertainment and news pro-
grams can be made available to the viewing 
audience, Mr. Smith pointed out. 
"Sound broadcasting entered its period of 

greatest growth and expansion when net-
work operation got underway, and the same 
principles will apply to television," he con-
tinued. "Ultra-high-frequency television re-
lay stations have already been developed by 
Philco Corporation and other research 
groups to link television transmitters to-
gether, and these are in successful operation 
today. Through these links most of the tele-
vision audience in the United States made 
history last night by viewing the official mo-
tion pictures of the Cairo and Teheran meet-
ings of President Roosevelt, Prime Minister 
Churchill, and Marshal Stalin that were put 
on the air in New York City and relayed to 
Philadelphia and Schenectady. In the post-
war years, through television, people in their 
own homes will be able to see these historic 
events as they occur." 

Peoceeditsps of the I.R.E.  Febcgary, /94 $ 

Saometlic "Aka'', aw  4-( 

E I C O R D Y N A M O T O R 

1. Frame 

2. Armature 

3. Thru Bolt 

4. Commutator 

5. End Bracket 

6. End Cover 

7. End Plate 

8. Gasket 

9. End Play Washer 

10. Ball Bearings 

11. Steel Insert 

12. Oil Thrower Washer 

13. Brush Holder Screw 

14. Dynamotor Leads 

15. Brush Holder 

16. Brush Holder Cap 

17. Brush and Spring 

18. Field Poles 

19. Field Pole Screw 

20. Field Coils 

EICOR produces a Dynamotor for every 
need—from the smallest in size to the lar-
gest in output. Our complete line of frame 
sizes makes possible the greatest available 
range of dynamotor output ratings, sizes 
and weights. 

W ALL  CH ART  AVAIL ABLE 

18' x 24' reproduction of this isometric cut-
a way, complete with dynamotor data on out-
puts, sizes and weights — available without 
charge to engineers and instructors. Suitable 
for nail hanging. Write for it on company or 
official letterhead. 

Encom Ilmo. 1501 W. Congress St, Chicago, U.S.A. 
DYNAMOTORS • D. C. MOTORS • PO WER PLANTS • CONVERTERS 

Ad Avrserno. 89 Broad St  New Yor4  U 5 A. Coble  N , 

SY. 57A 



SENSITIVITY 

DURABLY constructed . . . yet capable 
of extreme sensitivity . . . is one of the 
characteristic features of the new General 
Electric line of ELECTRONIC MEASURING 
INSTRUMENTS. Designed in the famous 
G-E electronics laboratories, this line 
offers a comprehensive selection of com-
pact apparatus for service, maintenance 
and research. 
For measuring electronic circuits and 

component parts, this line includes: G-E 
unirneters, capacitometers, audio oscilla-
tors, wide band oscilloscopes, square 
wave generators, signal generators, power 
supply units. 
G-E testing equipment is now in pro-

duction primarily for the Armed Forces. 
But these stable shock-resistant units 
may be purchased on a priority if you 
are engaged in war work. After victory, 
the full line will be available to everybody. 
Genera/ Electric, Schenectady, N. Y. 

• We invite your inquiry for G-E elec-
tronic measuring equipment made 
to meet your specific requirements. 

FREE 

CATALOG 

ELECTRONICS 
DEPARTMENT 
GENERAL ELECTRIC CO. 
Schenectady. N. Y. 
Please send, without obligation to me, 
the General Electric Testing Instru-
ment Catalog, P-2 (loose-leaf), for my 
information and files. 

Name   

Company   

Address   

GENERAL  ELECTRIC 
171 CZ 

Electronic Measuring instruments 

ea.defraed Pataeii 
1/e&t oj Swutice 

VERSATILITY and dependability were paramount when 
Alliance designed these efficient motors — Mu/turn in Parvo! 
. . . They are ideal for operating fans, movie projectors, light 
home appliances, toys, switches, motion displays, control systems 
and many other applications . . . providing 
economical condensed power for years of 
service. 

/Ulla-nee Await:ail 
Our long established standards of precision manu-
facturing from highest grade materials are strictly 
adhered to in these models to insure long life without 
breakdowns. 

EFFICIE NT 
Both the new Model K Motor and the Model "MS" 
are the shaded pole induction type — the last word in 
efficient small motor design. They can be produced 
in all standard voltages and frequencies with actual 
measured power outputs ranging upwards to 1/100 
H. P. . . Alliance motors also can be furnished, in 
quantity, with variations to adapt them to specific 
applications. 

DEPENDABLE 
Both these models uphold the Alliance reputation for all 
'round dependability. In the busy post-war period, 

there will be many "spots" 
where these Miniature Power 
Plants will fit requirements... 
Write now for further infor-
mation. 

Model "MS" — Ful aire 
Motor Measures 
U 4  x 2 x 3 Ye 

New Mode 1 "K"— Full Size 
Motor Measures 

2'i x 23," x 3111 

Remember Alliance! 
—YOUR ALLY IN WAR As IN PEACE 

SSA Preceelings of the 1.R.E.. February, .1944 



In Everything of Uncle 
Sam's that "flies, floats 

or shoots" 

NATIONAL 
V U  ciriC g 

l•THENOLITE - 
I 

,,,mated BARELITI. 

—because of their lightness in weight, 
high dielectric strength, ready machine. 
ability, exceptional wearing and other 
qualities—are playing o vital part. 

BACK  THE ATTACK" with WAR  BONDS 

NATIONAL VULCANIZED 
FIBRE CO. 

Offices in Principal Cities 
WILMINGTON, DELA WARE 

WIDE RANGE 
VACUU M TUBE 
VOLT METERS 

• High input impedance for both AC and 
DC measurements. 

• Convenient, low capacity "Probe" especial-
ly adapted to high frequency radio use -
100 megacycles and over. 

• Self-regulating operation from power line; 
no batteries. 

• Multiple  voltage  ranges — accurate  and 
stable. 

BULLETIN ON REQUEST 

ALFRED M. BARBER 
LABORATORIES 

34-G4 Francis Lewis Blvd.  Flushing, N.Y. 

1 
Fill 4 Impedance 

Requirements with 

ONE Turner 1194 

U-9-S is Ready for Any Job — 

without Duplicating Equipment 

Whether you need to work at 50 ohms on 
long lines — or want 200 to 500 ohms for that 
particular job — or find you must use bal-
anced line connections because of noise or 
circuit conditions — or if you want to work 
standard high impedance on regular shorter 
lines, ONE Microphone, the TURNER U9-S. 
can fill all your needs. A twist of the switch 

shown at back of Model U9-5 can give you 
your choice of impedances. Adjustable to 
semi or non-directional operation. Level 
—52DB at high impedance. Response is free 
from peaks and holes from 40 to 9,000 cycles. 
For sure-fire performance under any and 
all acoustic and climatic conditions, for 
rugged dependability without distortion, 
always specify Turner Microphones 

For complete information and prices on U9-5 
and other mikes pictured, Write TODAY. 

F-REE We've a copy of Turner's new Microphone 
Catalog for YOU. Write for yours NOW. 

Crystals Licensed Under Patents 

of the Brush Develop ment Co. 

The TURNER Company 
Pioneers in the Com munications Field - 

CEDAR RAPIDS, IO WA, U.S.A. 

Ti 
211 Dynamic 

99-999 

Dispatcher 

"'  • 

22X-D 

( 
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PERMANENT 
MAGNETS 
Lc Arnold Engineering Company is thor-

oughly experienced in the production of all ALNICO 

types of permanent magnets including ALNICO V. 

All magnets are completely manufactured in our 

own plant under close metallurgical, mechanical 

and magnetic control. 

"Q" 

Engineering assistance by consultation or 

correspondence is freely offered. 

THE ARNOLD ENGINEERING COMPANY 
147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS 

P,toducel 4 
"MERIT" 
'74te Racaor Pent4 
... PARTS manufactured ex-
actly to the most precise 
specifications. 

Long manufacturers of com-
ponent radio parts, MERIT 
entered the war program as 
a co mplete, co-ordinated 
manufacturing unit of skilled 
radio engineers, experienced 
precision work men and 
skilled operators with the 
most modern equipment. 

MERIT quickly established 
its ability  to  understand 
difficult requirements, quote 
intelligently and produce in 
quantity to the most exact-
ing specifications. 

Transformers—Coils—Re-
actors— Electrical  Windings 
of All Types for the Radio 
and Radar Trade and other 
Electronic Applications. 

c c 
Since 1924 

MERIT COIL & TRANSFORMER CORP. 
311 North Desplaines St.  •  CHICAGO 6, ILL. 
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A record for long life has been earned by Tobe Capacitors 
through an almost complete absence of "returns". Equally 
notable has been Tobe's ability to master difficult specifica-

tions. The "DP" Molded Paper Condenser shown below is 
an example. The new American War Standards "specs" are 

tough ones to meet—but we meet them. Ask us for samples 

and judge for yourself. 

SPECIFICATIONS "DP" MOLDED PAPER CONDENSERS 

EGYPTIAN OBELISK 
Central Park. New York. dates Iron: 
the 181b Dynasty (1600 BC) of King 

~ JOIN.  Thut-Mose, the Third. 

• Y 
- 

'0• 4 4 00,40 a v ed r e adi lili iii ili 

A SMALL PART IN VICTORY TODAY — A BIG PART IN INDUSTRY TO MORR O W 

LONG LIFE  ASSURED 

CAPACITANCE  001 to .04 MI D 
WORKING VOLTAGE  See chart below 

Flash test 3 times rated DC working voltage 
SHUNT RESISTANCE  At 185° F— 1000 megohms or greater 

At  72° F-50000 megohms or greater 
WORKING TEMPERATURE RANGE  Minus 50° F to plus 185 ° F 
OPERATING FREQUENCY RANGE  Upper limit 40 megacycles 

Q at one megacycle—average 20 
POWER FACTOR  At 1000 cycles .004 to .006 
DIMENSIONS   13 16' x 13/16" x 19/64' 

g 

1 6 

Capacity 
in MMFD. 

DC Working 

Voltage 

Rating 

TOBE & AMERICAN W AR 

STANDARDS DESIGNATIONS 

"A"  Characteristic  "B" 

1000 600-1500 CN35A102 CN35B102 

1500 600 -1500 CN35A152 CN35B152 

2000 600 -1500 CN35A202 CN35B202 

2500 600-1250 CN35A252 CN356252 

3000 600-1000 CN35A302 CN35B302 

4000 600-1000 CN35A402 CN358402 

5000 600— 800 CN35A502 CN35B502 

6000 600 — 800 CN35A602 CN358602 

7000 500— 700 CN35A702 CN35B702 

8000 500— 700 CN35A802 CN35B802 

10000 400— 600 CN35A103 CN35B103 

20000 200— 300 CN35A203 CN35B203 

30000 50— 150 CN35A303 CN35B303 

40000 50— 100 CN35A403 CN356403 

• 10Bte 0.,A. 
• An ASSP Og.  
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the amateur is still in radio... 
All through the development of radio communications you'll find the 
mark of the radio amateur. His desire to accomplish the seemingly im-
possible and the rough treatment he gave his "ham rig" helped create 
and develop better radio technique. Thus the radio amateur is directly 
responsible for much of the superior radio and electronic equipment 
being used by the military services today. Eimac rubes, created and de-
veloped in the great amateur testing ground are a good example. They 
had to possess superior performance capabilities in order to become 
first choice of the leading radio amateurs. 
Their ability to withstand momentary overloads of as much as 600% 

and their unconditional guarantee against premature failures due to 
gas released internally are two potent reasons why they are today first 
choice of the leading electronic engineers Follow the leaders to throughout the world. 
Today the radio amateur is off the air as an am-

ateur but he's still in radio as a professional. And 
wherever he is ... in the army, navy and marine 
corps ... in the great electronic laboratories and 
factories .. he's still using Eimac tubes. 

EITEL-McCULLOUGH, Inc., SAN BRUNO, CALIF. 
Plants at; Salt lok• City. Utah ond San &rune, California 

Erfr•ri Agesits: FRAZAR Er HANSEN. pi: [Jay Pryer. 
Saw Francisco. Coleforour, H. S. A. •4 



One of the great products to come from the world's 
oldest and largest capacitor manufacturer is the type 
IR mica capacitor—the now famous "Silver-Mike." At 
the other extreme of the scale from its big brothers, 
huge capacitors for power distribution systems, yet 
comparable to them in reliability of performance and 
in comparative life span, this tiny featherweight repre-
sents an achievement for which C-D engineers can well 
be proud. Type IR is fully described in our Catalog. 
Cornell-Dubilier Electric Corporation, So. Plainfield, N.J . 

IT'S C-D FOUR TO ONE: In an independent inquiry 
just completed, 2,000 electrical engineers were asked to 
list the first, second and third manufacturers coming to mind 
when thinking of capacitors. When all the returns were 
in. Cornell-Dubilier was far in the lead — receiving almost 
lour times as many "firsts" as the next named capacitor. 

TYPE llt SILVERED MICA CAPACITORS 

Suited for use in circuits where the LC 
product must be kept constant. Here are 
some of the C-D features that make IR 
outstanding among silvered mica capacitors: 

SILVER COATING THOROUGHLY BONDED TO 
MICA—Uniform and low capocity•temperature 
coefficient  (+.002%, per degree C.)—excellent 
retrace characteristics. 
EXTRA-HEAVY SILVER COATING — Practically 
no capacity drift with time. 
STANDARD UNITS MOULDED IN LOW-LOSS 
RED  BAKELITE — Protection against  physical 
damage and change of electrical characteristics 
—exceptionally high Q (3000 to 5000). 
TINNED BRASS WIRE LEADS—Prevent breokoge 
—nanny bent in any direction without affecting 
characteristics of unit. 
COMPLETELY  WAX IMPREGNATED — Assures 
excellent humidity characteristics. 

Cornell Duhilier 
ot more in use 

c a p a c itors today than any other make 
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