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MULTI-CHANNEL
LTERS BY...

®

300 500 1000 2000 3000
FREQUENCY

Multi-Channel Filters lend themselves to remote control apparatus employing frequency selection. The unit
illustrated is a five channel band pass filter of the interstage type with the inputs in parallel and 5 sep-
arate output channels designed to feed into open grids. This circuit arrangement provides a 2:1 stepup
ratio, with a band pass attenuation of approximately 30 DB per half octave. The dimensions of this unit
in its hermetically sealed case are 2Y:" x 3" x 6“. Filters of this type can be supplied for any group

of band pass frequencies from 200 to 7000 cycles.

May we cooperate with you on design savings for your application . . . war or

150 VARICK STREET NEW YORK 13, N.v.
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A In ratings from 1000 volts to 10,000 volts test ...

*? MICA CAPACITORS

R

PRSRVFLY

@ The 1650 Series is the most rugged
of the heavy-duty molded-in-bake-
lite mica capacitors of the extensive
Aerovox line. These high-voltage
units are intended for the most crit-

Standard units with tapped holes
take 6/32 screws which serve for
terminals. Also available with clear-
ance holes through which screws or
rods may be slipped, so that two or
ical service of low-powered trans- more units can be stack-mounted.
mitting circuits, buffer stages, , - Low-loss ceramic mounting insula-
power amplifiers, laboratory equip- ~eg g tors are available for mounting on
ment, efc. Also recommended for metal surfaces. Standard units mold-
use in ultra-high-frequency circuits, ed in brown bakelite. Also available

and accordingly their r.f. current in low-loss (yellow) XM bakelite.
ratings are given in the Aerovox Capacitor Catalog. In 1000, 2500, 5000, 7500 and 10,000 volts D.C. test.

The extra-generous use of high-grade . dielectric Capacitance ratings from .00005 mi{d. to .06 mfd. in
material provides that greater factor of safety for Type 1650 at 1000 v. D.C. test; .00005 mfd. to .00]
longer service under severest operating conditions. mid. in Type 1654L at 10,000 v. D.C, test.

® Literature on request . . .

INDIVIDUALLY TESTED

AEROVOX CORPORATION, NEW BEOFORO, MASS., U.S. A. . SALES OFFICES IN ALL PRINGIPAL CITIES
Export: 13 E. 40 ST. New York 16, N. Y. - Cable: "ARLAB' - In Canada: AEROVOX CANADA LTD., HAMILTON, ONT.
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THANKS FOR THE PLUG, ROMMEL

o
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NATIONAL COMPANY, INC

MALDEN kullss, U. S. A.

THROUGHOUT THE WORLD

NATIONAL RECEIVERS ARE I N SERVICE
3a
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Front Line
Telephone Post

Camouflaged Communications Center of American Command Post during heavy tighting

TELEPHONE lines are life-
lines wherever our men fight.
The lines lengthen with every
mile of advance.

Bell System manufacturing
facilities have had to be de-
voted almost exclusively to
keeping the armed forces sup-
plied with communication and
electronic equipment. As a

BELL TELEPHONE SYSTEM

OUR SOLDIERS TELEPHONE OYER HERE, TOO. .

result, we are short of tele-
phones, switchboards and
other equipment needed to
meet civilian requirements.

We’re sorry if you’ve had to
wait for home telephone ser-
vice. But you can be sure that
every effort is being made to
take care of your needs just as
soon as the war allows.

. Whenever you can, please give the service men

and women first chance at Long Distance between 7 and 10 each night. They'll appreciate it a lot.



WESTINGHOUSE ELECTRONIC TURES . .. DOING A JORB ON
i, IN EVERY WAR INDUSTRY

EVERY FRONT, IN EVERY BATTL

The Army came to Westinghouse for a very complex,
completely new type of electronic tube. Qur engineers
didn’t say it couldn’t be made, but they thought just
that. However, when the Army asks for it, you do the
impossible. Our engineers sweated it out. They designed, built,
tested and shipped the new tube. Then word came back: “It
won't work.” Instead of making the tube over, we got

permission to redesign the apparatus in which the tube was to
be used. Result: tube 100%, perfect in new apparatus which

the Army agreed did a better job than the original—and an order

for 2000 tubes exactly as supplied!

The engineering resourcefulness and production expansion which made this possible have enabled
Westinghouse to multiply tube output 30 times . . . so that 10day we’re not only meeting time and
quality “musts” on all Government contracts, but we’re also continuing to meet the heavy
needs of war industry. Your nearest Westinghouse office or Westinghouse Electronic Tube

Distributor will be glad to receive your inquiries. Westinghouse Electric &

Manufacturing Company, Bloomfield, N. J.

VVestinghouse

Looking aliead to continued development of electronic
equipment in industry, postwar, we now have a plan to
make Westinghouse Electronic Tubes quickly and easily
available. Stocks of the most widely used tubes are now
available through Westinghouse Electronic Tube Dis-

EliTimii fouter a? ok

QUICK LOCAL SERVICE ON INDUSTRIAL ELECTRONIC TUBES

tributors and Westinghouse District Warehouses. As
rapidly as possible additional types will be added to
local stocks to make a complete line of Quality Con-
trolled Westinghouse Electronic Tubes available to
everyone.

Westinghonune Presents—John Charles Thomas, Sunday 2:30E.W.T., NBC. Ted Malone, Monday, Wedneaday, Friday 10:15 P.M.,E.W.T., Blue Notwork

——

Proceedings of the I.R.E. October, 1944
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MONITOR with

PROORAMIC

®

|See a wide band- all at once
In the typical monitoring station—up to the present time—each received signal has
required the octive attendance of an operator and a receiver—the operator turning
the dials ceaselessly and recording the signals on the air. With the aid of PANO.
RAMIC RECEPTION, however, just one piece of equipment can do the work of
many. Because PANORAMIC RECEPTION SHOWS ALL SIGNALS ON A GIVEN
BAND OF THE RADIO FREQUENCY SPECTRUM SIMULTANEOQUSLY, one operator
can cover wider bands of the spectrum with more accuracy and less operator fatigue.
Without dial manipulation, he can see immediately open channels and intermittent
signals. Moreover, the patterns on the screen tell him the frequencies of the stations;
their stability; their signal strength as they reach him; whether the station is AM, FM,
or CW; and the type and extent of interference.

In monitoring, as in direction finding, navigation, production, and laboratory pro-
cedure, PANORAMIC RECEPTION is becoming an indispensable timesaver. lts
unique capabilities will offer new solutions to your industrial and laboratory problems.
Allow one of our engineers to explain how PANORAMIC RECEPTION may be used

to your best advantage.
New and interesting booklet “From One Ham to Another.” Available on request.
Fully illustrated.

T

<1

<JxIX]

>
»

PANUHAMI , RDIO CORPORATION

242-250 WEST S5™ ST. i Yok /&,/Vy
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Foreign matter within an Electronic Tube was always
a hazard. Now, with the tendency toward miniature
tubes and smaller parts with less distances between
them, even a tiny thread of lint free in the glass
enclosure can prove very damaging.

The TUNG-SOL regular procedure of washing and
baking all mounts and glass enclosures just before
sealing has proven a more than worth while precaution.
It not only removes all dirc and dust and lint from
component parts but at the same umec removes any
deposit of harmful salts that might poison the emission

EVERY DAY lS WASH DAY. ..

A continuous flow of hot
water is introduced through
the bottom of the washing
tank and is discharged out
the top floating the lint and
foreign matter out with it.
This prevents contamination
of water. After washing,
both mounts and enclosures
travel through a high tem-
perature oven, thoroughly
clean and ready for exhaust.

INSIDE ELECTRONIC TUBES
CAN CAUSE TROUBLE TOO

of electrons from the filament.

This final cleaning is just one
of the innumerable practices
instituted by TUNG-SOL re-
search and development engineers, wbo have given
TUNG-SOL Electronic Tubes their ruggedness, long
life, efficiency and uniformity. These characteristcs
are important to both manufacturers and users of elec-
tronic devices. These engineers are available to you to
assist in the designing of circuits and in the selection of
the tubes that will do your job most efficiently.

TUNG SOI.

ElECTRONIC TUBES

ALSO MANUFACTURERS OF MINIATURE INCANDESCENT LAMPS, ALL-GLASS SEALED BEAM HEADUGHT LAMPS AND CURRENT INTERMITTORS

Proceedings of the I.R.E.

October, 1944
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ECTRICAL INDICATING
INSTRUMENTS

QR oV NEW Yoy

W LRy
a ,;y%\\.\\““‘“ Iy, 4

{/
: .6 "I/
2 &

ot

-

e o

Magne) Movomont ond
Bracke! llustrated are tho
$-210 0-1 Milliampore Basic
Design — Accuracy of Plys
or Minus 295,

® Moulded Phenolic Base Opens in Front for
Easy Access To Movement

® Anodized Coil Frame

® Motched Torque to Minimize Temperoture
Effect

® All Brass Scole Plote

@ Stotic Grounding Brush

® Scole Plate Lacquers Are Fumeproof

® Strong, Moulded Phenolic Case

All DeJur Electrical Indicating Instruments are manufactured in strict
conformance with American Standards Association specifications.
Additional technical information will be supplied vpon request.

De JurAmsco (orporation

GENERAL OFFICE: NORTHERN BLVD. AT 45th ST., LONG ISLAND CITY 1N Y.

Keep Buying War Bonds

8a Proceedings of the 1 R.E October, 1944



ALLEN H. GARDNER, President The pubiic knows only part of the splendid job electronic engineers bhave done during the war, and of

the marvelows accomplishments that have been made in radio communications, because of the extremely

Colonial Radie Corp. ...

ecret nature of most of the developments. One of the results which can be mentioned now is the...

A - B -

\ »

Naapw -

“TREMENDOUS INCREASE IN NEW USES FOR MODERN,
VERSATILE VIBRATOR POWER SUPPLIES”

Yes, Mr. Gardner, many fields, after the war, will find E-L Vibrator
Power Supplies the key to a host of new improvements in their prod

ts and services. The transit industry, radio, aviation, railroad, marine, E-L STANDARD POWER SUPPLY
clectrical and electronic are just a few of the fields in which E-L equip- MODEL 619
ent will do many important jobs . .. The most significant new E-L }This is a typical u le or portable applications

Jevelopment is the perfection of an electrical current division circuit witt - Tigs
2 Model 619 allows you to operate from regular 115 volt
etween vibrator contacts. This has made possible an enormous in \C Bower ]

AC power line and the casily DC
crease in output capacity, to as much as 1500 watts at present: bavery. Ci volis 6O
For the transit field, Electronic Laboratories offer four patented cur cvcle AC and 6 valis DC; Ou T Ouco
rent conversion systems for fluorescent lighting in all types of vehicle ts max
These systems will operate any type or size fluorescent lamp, either hot Dimensions inche ght
. or cold cathode, as well as any number of lamps.
E-L is ready now to bring you the benefits of its tremendous war o
time experience for two-way radio in planes, trains transcontinental e i
busses, boats and other fields Multiple input and output units are e R
; vailable. Vibrator Power Supplies may be designed to supply any power  supply
ceded wave form. They are efficient and long-lived and economy i ifferent in.
assured with the minimum of maintenance I. design engineerirg ;’;lf,;”;o"r‘d

ervice will design 2 Vibrator Power Supply to meet specific require
ments in size, weight and voltage

wid
u.

2O LABORATORIES INC.

INDIANAPOLLS
DRATOR POWER SUPPLIES FOR LIGHTING, COMMUNICATIONS, AND ELECTRIC MOTOR OPERATION  ELECTRIC, ELECTROMIC AND OTHER EQUIPMENT




AMATEUR RADIO

&

America’s ""Hams"’ of yesterday are today her key Communication

Officers, Radio Engineers and Radar Specialists . . . they are the men who design, build

and operate the equipment. Their achievements are contributing heavily to the great

viclories we are winning on the battlefields, in the air and on the oceans. Their

superiority in numbers, plus their wide basic knowledge ond experience, is one of the

most voluable oids toword total Victory.

Toylor Tubes is proud of its close ond lengthy association with the odvancement of
Amoteur Radio. The inception of our business was based on the idea of moking ""More
Watts per Dollar” tubes for Amateurs. When Frank Hojek morketed the Taylor 866 of
$1.65, the competitive price wos $7.50. In the years following, Taylor Tubes carried on

with its program of ""More Wotts per Dollor” tubes and in doing so made it possible
for thousands of Amateurs to build better Rigs.

When Victory is ochieved, Amateur Radio will ogain be the Proving Ground of Radio

Communications and Taylor Tubes will continue its leadership in Tube Volue.

““More Watts Per Dollar’’

NEW 1944-45 TAYLOR TUBE MANUAL!

Don't deloy — get your copy NOW! A new edition of this fomous
monuol hos just been published. Ask your TAYLOR TUBE DISTRIBUTOR
for one FREE —or send 25¢ in coin or stomps to Toylor Tubes, Inc

Rex L. Munger, Soles Mgr.
W9ECA w9CPD woLIP

/

TAYLOR TUBES INC., 2312-18 WABANSIA AVE., CHICAGO 47, ILL.




AMERTRAN

HIGH VOLTAGE TEST SETS

Retain Calibration

Reduce Manual
and
Visual Errors

’mproved reliability of AmerTran High Voltage Test Sets is readily
apparent under operating conditions. Recalibrating intervals are
vsually lengthened—a substantial time saving that results from com-
bining precision and sturdiness to an unusual degree. This sustained
accuracy wins operator confidence, as do the positive acting, easily
manipulated controls and quickly read dials. Built-in safeguards pro-
tect both operator and equipment. An important advantage is their
versatility—multiple secondaries allow quick output range adjust-
ments within which Transtat Regulators provide close control in small
voltage increments,

Comprising many models, AmerTran High Voltage Test Sets have
ample facilities for all kinds of dielectric and general testing involving
voltage application of any required duration. Into each unit goes
the same croftsmanship that has made AmerTran the standard for

electrical testing in leading industries, utilities and universities since THE AMERICAN TRANSFORMER COMPANY

1901. Write for.complete details. 178 EMMET STREET NEWARK 5, N. J.

Pioneer Manufacturers
of Transformers, Reactors
and Rectifiers for Electronics
and Power Transmission

Proceedings of the I.R.E. October, 1941 oA
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The electronic engineer has more than a testing and
research job. His is a creative job, too. From his fer-
tile mind come the great new ideas for the electronic
equipment which is helping to defeat the enemy and
which will mean a glorious peacetime era when peace
is assured. Most all industries will benefit from the
highly specialized technical and scientific knowledge
of the electronic engineer and the discoveries he has
made.

Raytheon is proud of its part in the immeasurably

important role that advanced electronic equipment

ARMY-NAVY ““E’* WITH STARS
Awarded All Four Divisions of Raytheon
for Continved Excellence in Production

is playing in winning the war. When peace comes,

Raytheon’s research and wartime production knowl-
edge will be used to doubly protect the electronic
equipment requirements of post-war radio and
industrial products manufacturers, and 1o assure

Raytheon’s continued leadership in the electronic era.

=¥ pAYTHEoN

Raytheon Manufacturing Company

ELECTRICAL EQUIPMENT DIVISION

Waltham and Newtan, Massachusetts

DEVOTED TO RESEARCH AND THE MANUFACTURE OF TUBES AND EQUIPMENT FOR THE NEW ERA OF ELECTRONICS

104

Proceedings of the I.R.E. October, 1944



CENTRALAB'S
CERAMIC
TRIMMERS

are easily ad-
justed by
means of a

screw: driver.

Producers of Variable Re-
sistors ¢ Selector Switches
e Ceramic Capacitors,
Fixed and Variable *
Steatite Insulators.

Division of GLOBE-UNION INC., Milwauvkee

Proceedings of the LR.E. October, 1944 1ia
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TODAY, the skill and ex-
perience of the AAC Elec-

A,
tronics and Hydraulic Di- o BUENOS!

e AIRES
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 mect postwar needs.

(Right) Type 500 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, -———H

w 5 UM&M PRESIDENT

v+ 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 democratic war efforts.

CIRCRAFT

Manufacturers of PR ECISION

Burban




CTRANS ML TE

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 ohe of the
country’s large producers of radio transmitting and receiving equipment. One
outstanding example of AAC communications engincering 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 purposecs. 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.

" CCESSORIES |/ ORPORATION

AIRCRAFT EQUIPMENT c HYDRAULICS « ELECTRONICS
City, Kans. New York, N. Y. Cable Address: AACPRO



TRANSMITTING TUBES
VACUUM CONDENSERS

ORIGINATORS AND EXCLUSIVE
PRODUCERS OF

NEWHIGH VACUUM

VC 50 10 250

JENNINGS CONDENSERS

TROPICALIZE

your Equipment with these
Modern Electronic Units

Jennings Radio recently announced these new and revolu-
tionary HIGH CAPACITY CONDENSERS. Industry was
quick to realize the advantage of these remarkable units.

Jennings Vacuum Condensers and Transmitting Tubes will
increase the effectiveness of your newly designed Trans-
mitting and Electronic Heating Equipment.

Today our plant is in large scale production on all of
these units, meeting the demands of the newly designed
Signal Corps Transmitters and Heating Equipment.

Tropicalize Your Equipment with Jennings Units
OUR NEW CATALOG WILL BE SENT ON REQUEST
JENNINGS RADIO MFG. CO., 1098 E. WILLIAM ST.
Dept. P., SAN JOSE, CALIFORNIA

Actual photograph of Jennings Vacuum Condensers in Induction Heating Unit.

* Preveals corrosion ond deteriorotion,




el

a X 2.5/ 167, lberglas wind i
7 Weighs less than 8 OUnceg

Cable Iength, Sh, Pane Mountin

able in fyo Mmode/s. Mode

SWitch lock,

ck; avail. 4
and 2055 with ' /
If Your Presens /ilm'lec/ quonh'fy Need Can pe fillegt Y any o ou, tandary /
Modley /croplrone:, with o Withoyg Mino, modilicolion:, S8 cony, < your
Nearesy E/edro- Voice di:fribulor. i
. g
o
' o

g:: ﬁ\ a%zommkopuoms

A
INDIAN
ND 24’ b
UTH BE R
Ee SO Cablas
AVENU . S. A.
239 SOUTH Bf:',? LN
ORPORATION :: Street, Now
ICE C East 40
A 0-VO : 13
ELECTR Division
: Export

15A
1944
October,
of the I.R.E.
ings
Proceeding




SIGNAL CORPS EQUIPMENT

Four bhasic controls

All helping to *‘get the message through’’. . .

all precision proved in the tradition of

BLILEY CRYSTALS

CRYSTALS

Do more than before .. ..

buy extra War Bonds

BLILEY ELECTRIC COMPANY . unioN STATION BUILDING

16a

* ERIE, PENNSYLVANIA
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Casting the 1 nternational Meter Rods
in Paris 1874. The degree of accu-
racy attained 1/1 0,000,000 of a quad-
rant of a terrestrial meridian.

A

\
) \

B\

TRANSMITTING
TUBES

Proceedings of the 1.R.E. October, 1931

N every art or craft, the work of some acknowledged master

sets the standard.

Since 1934 UNITED has won recognition by specializing
exclusively in the engincering, design and building of trans-
mitting tubes which are unchallenged for excellence. UNITED
tubes excel in every clectronic application . . . including radio
communication, physiotherapy, industrial control and electronic
heating. In these and other applications, tubes by UNITED con-
tinue to win top honors for uniformly dependable performance.

In communication equipment for airlines, commercial broad-
casting, police radio stations and other vital civilian services,
UNITED transmitting tubes set the standard. Accept nothing
less than UNITED quality tubes for your requirements.

Order direct or from your electronic purlts jobber.

UNITED ELECTRONICS COMPANY

NEWARK, 2 New Jorsoy

Transmitting Tubes EXCLUSIVELY Since 1934
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306-A

10 Cycles to 50,000 Cycles

A BASIC INSTRUMENT IN LAB-

ORATORY AND |NDUSTR|A[ WORK ® Checks calibration of beat frequency oscillators or

other generators.

® Indicates beat note frequency produced by a standard high
frequency oscillator and a radio transmitter.

® Used extensively with recorders in crystal labora. receiver for checking transmitters at distant points.
tories for checking crystal characteristics. ® Used with special generator as a highly accurate

® Used with an accurate crystal oscillator and radio tachometer for indicating or recordingrotationalspeeds.

DESIGN AND OPERATING ADVANTAGES:

Quick, accurate, direct reading. Has six-inch indicating meter with ten scales respectively calibrated for 50, 100
200, 500, 1,000, 2,000, 5,000, 10,000, 20,000, and 50,000 cycles.

Limiting circuit makes readings independent of input voltage over a range of several hundred 1o one.

Self-contained regulated power supply compensates for changes in line voltage. Operated
from 110 volts, 50 10 60 cvcles.

Wave form errors practically eliminated by unique circuit.

Operates recording meter directly— with no additional amplifier.

Accurate to within 2% of ful) scale.

Please Note Deliveries are suby.
Jject to the regulations of WPB

BUY
Limitation Order No. 265.

MORE
WAR
BONDS

WRITE FOR BULLETIN

containing complete description and speci- R ADIO c
Sfications. Address Engineering Equipment 0 F A M E R ' c A
Department, Radio Corporation of America,

Camden, New.lersey. RCA VviCcToRr DivisioN

* CAMDEN, N. J.

T Ty
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measuring mighty muscles

of midget motors

® The might of this midget motor is no
secret to this special dynamometer used
in the Utah laboratory. It accurately
measures the horsepower; actually pre-
determines the successful performance
of this Utah motor in its many vital
functions in actual use

Heaah's complete testing service is

pla\mg an 1mpor(ant part n thc war
effort today, and is scheduled for an
equally important role tomorrow in
adapting war-born electronic and radio
developments to commercial and con-

r ds
sumer nee N

Every Praoduct Made far the Trode, by
Utoh, Is Thoraughly Tested ond Appraved

Keyed to “tomorrow’s” demonds: Utoh tronsformers,

speakers, vibrators, vitreous enomel resistors, wirewound controls,

plugs, 'iacks, switches and smoll electric motors.

Utah Radio Products Company, 8l Orleans Street, Chicago 10, Il

October, 1944
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How the HT-4
took it at ,
134° in the ¢

Z ‘ The following is quoted from a letter marked “Somewhere in Libya”
' / \ signed by an officer in an AACS Group, USAAF: “The writer just

spent a year in Persia. Most of the time along the Persian Gulf
where it really gets HOT! We operated one of your HT-4-B
Transmitters near a place called Abadan. The transmitter performed

very satisfactorily under the most unfavorable conditions. I doubt
that your engineers ever dreamed that one of your rigs would be
called upon to perform in a place where for 5 days and nights the
temperature never dropped below 117 degrees and in fact jt got up
to 134 degrees during the daytime, that is “in the shade” tempera-
ture, the humidity was high and the air salty. Actually the transmitter
got much hotter than that as it was installed in a brick building and
no air conditioning, not even an exhaust fan. The HT-4-B was used
on voice and gave very little trouble. One day the piece of bakelite
under the phone /cw switch caught on fire but this was easily repaired.
During the so called winter season, the temperature actually got as low
as 36 degrees one day, we had a little trouble with mice crawling under
the rig, which was set up on two 4 x 4 wooden sleepers. It seems
the iice liked the heat and they would crawl up under the transmitter
and get lodged in between the rectifier sockets and the frame when the
operator switched on the transmitter the mice would fry, usually a fuse
would blow but no other damage was done. We never did figure why
the mice liked the Hallicrafters best. There were several other trans-
mitters in the room but they always seemed to pick the HT-4.B; guess
they were pretty smart mice!”

Just one of bundreds of real life experiences of Hallicrafrers equi pment.
Out of thisvaluable ex periencewill come your peacetime short wave radio.

T~

ABUY A WAR BOND TODAY!

Km hallicrafters grapjo

THE HALLICRAFTERS COMPANY - MANUFACTURERS OF RADIO AND ELECTRONIC EQUIRPMENT CHICAGO 16, U, S. A,
~
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r[‘Hl' enviable engincering tradition on which the
foundation of the North American Philips Com-
pany, Inc.. rests. is reflected in the superior quality and
performance of electronic tubes bearing the NOR ELCO
stamp. Contributing to the long life and uniform
characteristics of these tubes are many exclusive manu-
facturing techniques and inspection methods developed
over a long period.

Among the types we now manufacture —some of
which areillustrated — are a numnber of special-purpose,
cathode-ray and transmitting tubes for Ligh and ultra-
high frequency applications, r-f and a-f power amplifier
tubes, and low- and high-power rectifiers. Although
all the tubes we produce now go to the armed forces,
we invite inquiries from prospective users. A list of
the tube types we are especiallly equipped to produce
will be sent on request.

In the North American Philips Company, there i3

— OF WIDE APPLICATION

gathered together a team of outstanding electronic
engineers, captained by one of America’s leading
physicists, and coached by a group with world-wide
experience resulting from fifty years of research and
development in the electrical field. This new combi-
nation of technical talent has at its command many
exclusive processes that insure electronic devices of
the highest precision and quality. Today, North
American Phifips works for a l(jnited Nations Victory;
tomorrow, its aim will be to serve industry.

A A A

NORELCO PRODUCTS: In addition to the electronic
tubes mentioned above we make Quartz Oscillator Plates;
Searchray (X-ray) Apparatus, N-ray Diffraction Apparatus;
Medical \-ray Equipment, Tubes and Accessories; Elec-
1ronic \Ieasuring?nslrumenls; Direct Reading Frequency
Meters: High Frequency Heating Equipment; Tungsten
and Molyhdenum products; Fine Wirc; Diamond Dies.

Il hen in New York, be sure to visit our Industrial
Liectronics Showroom:.

O['€ICO ELecTRONIC PRODUCTS by

eg. U. S. Pat, Off,

NORTH AMERICAN PHILIPS GOMPANY, INC.

Dept. F-10, 100 East 42nd Street, New York 17, N.Y.

Factoties in Dobbs Ferry, N.Y.; Mount Vernon, N.Y. {Metalix Div.); Lewiston, Maine (Eimet Div.)

October, 1944
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The ECA STORY

KFor almost o quarter of a century, most of the principals
and personnel of ECA have had the opportunity to grow
and expand with electronics. We've had experience pro-

ducing many different types of highly specialized appa-
ratus —including sound systems, test equipment and

other electronic devices,

A

|

ECA engineers, designers and technicians are all accustomed
to working to exacting laboratory standards. Rich in the funda-
mentals of radio and electronics, we can approach any prob-

lem with full confidence that the ultimate result will prove
% eminently satisfactory.
o -

Nafuro"y, during these crucial war years, our
entire production is devoted to materials needed
by the Armed Forces. Much of this equipment
is of an extremely delicate and precise nature.
All require maximum attention to design and
construction to meet the standards of ECA
% as well as the government.

While devoting our working time 100% to war
production, we have not forgotten home front activities. The
Electronic Corporation of America is proud that each suc-
ceeding war bond drive has been over-subscribed, and we're
equally proud of the blood donor award given to us by
the American Red Cross,

Yo

Regulorly at ECA, representatives of management meet
with representatives of labor to 'discuss company
policy, to fix production quotas, and to look aofter the
needs of the individual worker. We have found that
harmonious labor-management relations stimulate the
output, efficiency and progress of our organization.

y
”! Under these splendid conditions will future ECA products be
i manufactured. Modern production techniques, ‘trained person-
nel and precision laboratory and plant facilities will be vtilized
to produce superior ECA radios cnd electronic devices for
home, industry and medical science. This, in effect, is the

ECA story.

Wedaﬂ&mwm%mmmﬂum..

What are the prospects for the future? How can America's vast industrial set-up be put to
most effective use for a prasperous ond abundant economy? What are the joint responsi-
bilities: of monogement ond labar? Can small business survive? How can Americon business
ond industry achieve odditional morkets worth ot least 25 billian dollars? Is the attainment
of full scale employment o wishful dreom or an octual possibility? The answers to these, and
other vital questions, are supplied in "A Plan for America ot Peace.” Werite for your copy

. we'll gladly send it o you without charge or obligation.

o
ELECTRONIC CORP. OF AMERICA

45 WEST 18th STREET « NEW YORK II. N.Y WATKINS 9-1870

\\

Listen in] UNCENSORED Commentories on the News: — Johannes Steel, WMCA, New York, every Monday, Wednesday, Friday
William S. Goilmor, WHN, New York, Manday through Friday, at 9 P.M. = sponsored by the Electronic Corporotion of Americo.

at 7:30 PM. =

ECA will offer o new plan of distribution af the Electronic Parts and Equipment Industry Conference in Chicogo. Be sure o tolk to us ebout if,

2 Proceedings of the I.RE, October, 1944



Stoatite ﬂmldou jox

COAXIAL TRANSMISSION LINE

|
]
: N M ) Stupakoff stcatite spacers separate the conductors of coaxial cables, as
i i shown in the cutaway illustration. Precision fit of these insulators, so necessary
O in installations of this type, is guaranteed by the exacting manufacturing process
i employed by Stupakoft.
l These insulators, available for prompt delivery in many styles and sizes, offer

the ultimate in mechanical strength and low power loss characteristics.
Stupakoff, backed by two generations of engineering and manufacturing

¥ R experience, produces a complete line of ceramic insulators made of steatite and
\ gw other materials.

Write today for dependable assistance in developing correct insulation for
.FoR cREAT your electronic apparatus. Problems involving insulators—whether specialized or
| standard—will be given prompt attention by our Technical Staff.

‘,A‘Jv
-

Do More Than Before—Buy EXTRA War Bonds

‘ STUPAKOFF CERAMIC AND MANUFACTURING CO., LATROBE, PA.
Cerameica fo‘v the World of cg'&chmu'ca.

Proceedings of the I.R.E. October, 1944 23a




MAKERS OF THE

244

An Army that Travels on its Ears

ERTAINLY, today’s armies have Stomachs,
but they have something Napoleon’s armies

did not have . . . Ears. Ears that can hear, not for
just a few feet, but over any distance on Land, in
the Air and on the Sea. Electronic ears that link
every unit of our fighting forces in instant and
complete Communication . that spell the

difference between success and failure.

As a pioneer designer and manufacturer of

THE ROLA COMPANY, INC. o

2530 SUPERIOR AVENUE o

Sound Reproducing Equipment, it is only natural
that Rola should be in the forefront of the effort
to supply our Military with the delicate, depend-
able components for Communications Systems . . .
Headsets, Transformers, Coils and other Elec-
tronic parts. Knowing the power of Communica.
tion on the Home Front, it is only natural that
Rola suggests, "“Consider everything you SAY;
ckeck the source of everything you HEAR.”

CLEVELAND 14, OHIO

ROLA

Let's do more

FINEST IN SOUND

REPRODUCING AND

in forty-fourl

ELECTRONIC

Procecdings of the I.R.E

EQUIPMENT

October, 1944



Fan” Radio «d Y TRON

PAST....

Tlll". radio amateur trained himself during peace
to be invaluable to the Nation during war. Special-
izing on tubes exclusively designed for ham radio,
Hytron when war began was prepared for immediate
and direct conversion to war production. llytron
transmitting and special purpose tubes proy ed by the
ham were ideally suited—with little or no changes—
to military applications. Years of practical experi-
ence made Army and Navy specialists of radio
amateurs overnight. Peacetime tools of these same
hams, Hytron tubes joined immediately this new
fighting team.

}I AMS with the Services in all parts of the workd
know the war job Hytron is doing. High-speed
receiving tube techniques plus know-how derived
from special purpose engineering of tubes for the
amateur, make possible a flood of dependable
Hytron radar and radio tubes to these fighting ex-
hams and potential hams. Proud of winning the
Army-Navy “E” for its performance on a huge
production job, Hytron is also proud of its ham
friends who are transforming innocent-appearing
Hytron tubes into deadly weapons.

FUTURE....

THERE should be no concern about adequate
post-war amateur frequencics. Excellent wartime
performance on far-flung battle fronts has made for
ham radio many enthusiastic and influential friends.
The ARRL reports that it looks forward with abso-
lute confidence to the opening of new frontiers in
expanded frequency ranges to be made available
to the post-war amateur. Hosts of hams will return
to their old friend, Hytron. For the more familiar
lower frequency bands—the very high frequencies—
or the new superhigh=—their choice will be Hytron.

WING TUE'

RT,

UrRYPO

sAlLE BUY ANOTHER WAR BOND

Proceedings of the LLR.E. October, 1944




[,\ /
...craftsmanship accuracy

The RAULAND Tuning Capacitor, shown here, is an excellent example
of high accuracy in performance. Its sturdy, rugged construction is blended
with a precision-accuracy which insures minutely controlled variations and
a fine degree of tuning. RAULAND engincers and craftsmen take justifiable
pride in their records for design and precision production of electroneered *
communications equipment. .. advances which foreshadow wide application
in the post-war world.

*Electroneering — the RAULAND term embracing engineering vision, design and precision craftsmanship.

{_ ~R4010 ® RADAR » SOUND » _: -M(OMMUNI(AIIONS . f[l[VISIOII]

Electronee’riug is our business
THE RAULAND CORPORATION o CHICAGO 41, ILLINOIS

Buy War Bonds and Stamps! Rauland employees are still investing 109
26A

of their salaries in War Bonds

Proceedings of the I.R.E, October, 1944




In vacuum tubes many complicated

shapes, large and small, must be

made within very close tolerances.

Eimac’sknow-how of handling glass

is just one reason why electronic

engineers throughout the world . ;

submit their special problems to Forming xpeg’al quartz part at 1800° Centigrade

Eimac with complete confidence in

Eimac’s ability to do a superior job.

The use of R. F. heat in making glass to metal seals
simplifies and speeds many such sealing operations

- > ¥

There are four complicated glass to metal seals
in this vacuum tube part

iii‘s'.?;, f

Electronic Telesis —a
sixty-four page, com-
pletely illustrated
handbook has been
designed especially to
assist you in explain-
ing the fundamentals
of Electronics to lay-
men. Send for your
copy today.

Making very large glass seals requires expert han-

dling. Two 17" gl lind being joined
e a0 L 7 R R P S R Heavy glass tubing is accurately and rapidly

sealed with a Radio Frequency Arc
Follow the leaders to

weeu s-mo EITEL-McCULLOUGH, INC., 872 San Mateo Avenue, SAN BRUNO, CALIFORNIA

/ru't’ Plants lacated at: San Bruna, % Califarnia and Salt Lake City, Utah
#

Export Agenis: Frazar & Hansen, San Francisco 11, California, U.S. A.
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THE BROWNING FREQUENCY METER, used
by police and other emergency radio facxlxtxes
for the past five years, is still the best meter for
such services — because it was specifically de-
signed for them. The design, which permits de-
termination of any five frequencies from 1.5 to
120 Mc., makes for simplicity of operation
which requires less than one minute to check
one frequency. All Browning development work
aims at specific, rather than broad, uses. Thus,
all Browning equipment is best for its particular
job. Furthermore, Browning Laboratory facili-
ties are available for study and solution of your
own, specific electronic engineering problems.

Write for data.

..

LABORATORIES, IIOORPORATED L) . )
WINCHESTER, ~MASSACHUSETTS

Proceedings of the 1.R.E
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Electronic tubes are as senst-

tive to lint, dust and minute
particles of foreign matter, as a hay fever suf-
ferer is to pollen. Unless the most stringent pre-
cautions are taken to keep tube parts free from
impurities, trouble is sure to follow. Trouble—
such as noisy receivers . . . discoloration or
spots on the screen in cathode-ray tubes . . .
power failure in transmitting tubes.

That is why National Union engineers go
the limit to assure absolute cleanliness all along
the production line. As an example, the model
N. U. cathode spray room, pictured above, is
not only clean—it’s hospital clean. No fuzzy

October, 1944

NO SWEATER GIRLS,

sweaters or lint-shedding dresses are worn here.
There is no dust, no dirt, because it’s air-con-
ditioned. Humidity and temperature are pre-
cisely controlled. The whole room is washed
from ceiling to floor once a week. Then, to
make sure, the individual parts are sterilized
—some in boiling water —others in special
solvents—still others by hydrogen firing.

Even should other factors be equal, the cleaner
tube is the better tube. Remember this—and
count on National Union.

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




FIXED RESISTORS

& ...for today’s needs
...for post-war planning

USE this new 1944 Stackpole Electronic Com-
ponents catalog as your guide to up-to-the-minute Fixed
or Variable Resistors; Iron Cores; and inexpensive line,
slide, or rotary-action Switches. In addition to complete
information and dimension diagrams on the components,
you'll find data pages and charts that will prove mighty
handy in your daily work. Please ask for Catalog RC6.

STACKPOLE CARBON COMPANY, ST. MARYS, PA.

STACKPOLE

BRUSHES FOR ALL ELECTRICAL ROTATING EQUIPMENT * CONTACTS
WELDING RODS, ELECTRODES, AND PLATES = CARBON PIPE « BRAZING BLOCKS « RHEOSTAT PLATES & DISCS
CARBON REGULATOR DISCS  PACKING, PISTON, & SEAL RINGS + SINTERED IRON COMPONENTS, ETC.

Proceedings of the I.R.E. October, 1944
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The new HK-257B
éczmmcahaw provides

235 watts output with

ZERO DRIVING POWER

OPERATING DATA
As an RF Power Amplifier, Class C, Unmodulated

Maximum Typical
Rating Operation

Power Qutput . . . . . . . . . 235 Watts
DrivingPawer- . . . . . . . . . .OWatts
DC Plate Volts . . . . . . . 3000 Volts
'DC Plate Cutrent . . . . . . JOOM. A.
DC Suppressor Voltage . . . . . . .60 Volts
DC Suppressor Current . . . . . . . 3 M. A,
DC Screen Voltage . . 750 . . . 750 Volts
DC Screen'Current . . 30 . . . . BM. A
DC Control Grid Voltage 500 . . . 200 Voltis
DC Control Grid Current 25 . . . . OMA
Peak RF Control Voltage . . . . . 170 Volts
Plate Dissipation . . . 75 . . . 65 Watts
WRITE TODAY FOR COMPLETE DATA

HK:-257B

et s we ’ =
o M RE PO acy eed .
bvlets.‘on ofzas watts of‘l 0 ‘50 meg m.‘ts h“gh Sc(:we‘ «8iag HK-257B £
Ptod o5 heff\c’\eﬂCY K.?.Y’B Pet\\ow high P Py o L Ko
. Z re.
aces 80 aation L of MO o in W07 mmatron histd, § 3 seveers
A o nev jal d€ 1npgss W ple G2 ols, . i y
The spevo cage 2 e.g dth.‘stemat am(\'\“g co:;tnne\ Because grid current s zero in the
cad P13\ ero drv 4 arou® few £ cant € above circuit, the HK-257B is being
aoutp\lt with et design® mb of Sglg bles ‘nee ed. has operated at zero driving power. Some
) A nsov! ini ?men 3‘:‘. “S‘me(_\t 15 :chanica\w’ and power is being f?d int‘o ‘the circuit d.e-
:eq““es driver 1izatl n ad) ce t'\g‘d ba ment wury- veloping the grid driving voltage in
ai ¢ no O 25']3 \ ment '° « ¢ 10y order to supply normal loss. Thisloss in
witchits % ved "}K' aga“nsi g i' et\oad\ﬂg the resonant grid circuitis on the ordet
T o otecuo“omen o of 1.0 watts in most practical circuits.

‘W= """ HEINTZ ano KAUFMAN vrp.

BUY WAR SOUTH SAN FRANCISCO ¢ CALIFORNIA

Ranos Gammaitren [ubes
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Proved in Peace and War, the Preferred-Type
Idea Makes Sense for You and for Your Dealers

WHEN you design a set around RCA Preferred-Type Tubes,
you're sure of better tube performance. You also simplify
tube ordering, warehousing and stocking...for yourself and for
your dealers.

For RCA’s Preferred-Type Tube Program aims at concentrating
a larger demand and production on fewer tube types. Short manu-
facturing runs on too many types are highly inefficient...longer
runs mean greater uniformity, better tube performance, and lower
cost. And concentrating on fewer types reduces the number of
tube types you, your distributors and dealers have to carry in stock.

That's why, when introduced in 1940, RCA’s Preferred-Type
Tube Program *clicked” almost overnight.

The value of the “preferred type” idea was quickly recognized
not only by radio manufacturers and dealers, but also by our
Armed Forces. Months before Pearl Harbor, the Joint Army.
Navy Committee on Vacuum Tubes adopted an Army-Navy Pre.
ferred List of Tubes, and military equipment was designed around
these tubes almost exclusively. This forward-looking policy simpli-
fies military tube stocks, and insures speedy replacements of high
performance tubes wherever our fighting men need them.

After Victory, RCA’s Preferred-Type Program will continue to
mean better tubes...simpler stocks...lower costs. So it will pay you
to base your postwar designs on RCA Preferred-Type Tubes.
If you already have specific tube complements in mind and would
like to know if the tubes you need will be on the preferred list
after the war, let us know what they are. Write to RAp1o CorRroRA-
TION OF AMERICA, Commercial Engineering Section, Dept. 62-11P,
Harrison, New Jersey.

The Magic Brain of all electronic equipment is a Tube...and
the fountain-head of modern Tube development is RCA!

328

BUY MORE WAR BONDS

RADIO CORPORATION

OF AMERICA

RCA VICTOR DIVISION . CAMDEN, N. J.
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Expressions of the viewpoints of leaders and pioneers in the radio-and-
| electronic industry will naturally be of interest and assistance to the active
| engineers in that field. Accordingly there is here presented in the form in which
it was received from the President of The Blue Network Company an analysis

of the role of the radio engineers in broadcasting. ;

The Editor '

Broadcast-Engineering Prospects
MARK WOODS

Although the technical aspects of the engineer’s work in many cases are as confusing to me as they are to the average
layman (I get a clear picture of millivolts and watts only when I see how much money is involved), as president of one
one of the major radio networks 1 am more keenly aware than most people of the basic changes in our civilization
for which engineers are responsible.

If 1 consider the entertainment field alone, 'am amazed at the effect of technical developments on our fundamental
social habits. Few people realize that from the dawn of civilization there was no major change in entertainment until
approximately 40 years ago when the engineer developed the talking machine, and presented man with the first medium
of mechanical entertainment in the home. For the first time, the talent of professional artists was made available outside
the theatre and the concert hall.

The small cities and villages were the chief beneficiaries of the next development, the silent motion picture, which
gave their inhabitants the opportunity to see at frequent intervals the actors and actresses who seldom, if ever, graced the
local Town Hall. An artist might appear in person only once a year but the nickleodeon presented him in “reasonable
facsimile” at much more frequent intervals.

Going back to the home again, radio wrought a really revolutionary change in entertainment habits in that it brought
the actual voice of the artist within hearing distance of our armchairs. Drama, discussion, last-minute news, and the
give and take of the audience participation show added zest to the entertainment fare in the home, formerly consisting
of musical recordings. The “fluffs” of the radio actor, the stuttering of the amateur in the audience, the obvious nervous-
ness of the announcer with an extra moment to fill—all these, instead of evoking comparisons with the smoothness of
recorded performances, merely emphasized the “live” quality of the entertainment.

The engineer again changed the pattern of mass entertainment when he combined both sight and sound in the talking
motion picture.

Now, immediately on the horizon is television with the added asset of a medium which not only combines sight and
sound but can be offered in the home at the same time the televised event is taking place. One of the infinite possibilities
of television which the layman sometimes forgets is its use as a medium of education. As the silent motion picture brought
the artist to the smallest village in the country, so television can take the outstanding educators of our time, completely
equipped with the charts and pictures that illustrate their points, to the smallest school.

Starting with the psychological premise that we are all born lazy, it is not inconceivable that television will bring
about radical changes in our social habits. Since it is easier to stay home than to go out, the young people of the next 15
years, discovering that television offers them the same quality of entertainment that they can find on the outside, might
very well lose the mob instinct of their elders, the urge to mingle with large groups of people.

We may expect to see these changes in the near future because of the technical advances which are always madein
wartime when economy is ruled out and money is spent freely on research. When the many accomplishments of the
engineer, now veiled in secrecy, are made available to civilians, people may not be aware of their importance but they will
inevitably feel their effect in every phase of their lives.

October, 1944 Proceedings of the I.R.E. 579




Proved in Peace and War, the Preferred-Type
Idea Makes Sense for You and for Your Dealers

HEN you design a set around RCA Preferred-Type Tubes,
Wyou're sure of better tube performance. You also simplify
tube ordering, warehousing and stocking...for yourself and for
your dealers.

For RCA’s Preferred-Type Tube Program aims at concentrating
a larger demand and production on fewer tube types. Short manu-
facturing runs on too many types are highly inefficient...longer
runs mean greater uniformity, better tube performance, and lower
cost. And concentrating on fewer types reduces the number of
tube types you, your distributors and dealers have to carry in stock.

That’s why, when introduced in 1940, RCA’s Preferred-Type
Tube Program “clicked” almost overnight.

The value of the “preferred type” idea was quickly recognized
not only by radio manufacturers and dealers, but also by our
Armed Forces. Months before Pearl Harbor, the Joint Army.
Navy Committee on Vacuum Tubes adopted an Army-Navy Pre.

ferred List of Tubes, and military equipment was designed around

these tubes almost exclusively. This forward-looking policy simpli-
fies military tube stocks, and insures speedy replacements of high
performance tubes wherever our fighting men need them.,

After Victory, RCA’s Preferred-Type Program will continue to
mean better tubes...simpler stocks...lower costs. So it will pay you
to base your postwar designs on RCA Preferred-Type Tubes.
If you already have specific tube complements in mind and would
like to know if the tubes you need will be on the preferred list
after the war, let us know what they are. Write to Rap10 CorpoRa-
TION OF AMERICA, Commercial Engineering Section, Dept. 62-11P,
Harrison, New Jersey.

The Magic Brain of all electronic equipment is a Tube...and
the fountain-head of modern Tube development is RCA!
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BUY MORE WAR BONDS

RADIO CORPORATION

OF AMERICA

RCA VICTOR DIVISION . CAMDEN, N. J.
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Expressions of the viewpoints of leaders and pioneers in the radio-and-
electronic industry will naturally be of interest and assistance to the active
engineers in that field. Accordingly there is here presented in the form in which
it was received from the President of The Blue Network Company an analysis
of the role of the radio engineers in broadcasting.

The Editor

Broadcast-Engineering Prospects
MARK WOODS

Although the technical aspects of the engineer's work in many cases are as confusing to me as they are to the average
layman (I get a clear picture of millivolts and watts only when I see how much money is involved), as president of one
one of the major radio networks I am more keenly aware than most people of the basic changes in our civilization
for which engineers are responsible.

If T consider the entertainment field alone, I'am amazed at the effect of technical developments on our fundamental
social habits. Few people realize that from the dawn of civilization there was no major change in entertainment until
approximately 40 years ago when the engineer developed the talking machine, and presented man with the first medium
of mechanical entertainment in the home. For the first time, the talent of professional artists was made available outside
the theatre and the concert hall.

The small cities and villages were the chief beneficiaries of the next development, the silent motion picture, which
gave their inhabitants the opportunity to see at frequent intervals the actors and actresses who seldom, if ever, graced the
local Town Hall. An artist might appear in person only once a year but the nickleodeon presented him in “reasonable
facsimile” at much more frequent intervals.

Going back to the home again, radio wrought a rezlly revolutionary change in entertainment habits in that it brought
the actual voice of the artist within hearing distance of our armchairs. Drama, discussion, last-minute news, and the
give and take of the audience participation show added zest to the entertainment fare in the home, formerly consisting
of musical recordings. The “fuffs” of the radio actor, the stuttering of the amateur in the audience, the obvious nervous-
ness of the announcer with an extra moment to fill—all these, instead of evoking comparisons with the smoothness of
recorded performances, merely emphasized the “live” quality of the entertainment.

The engineer again changed the pattern of mass entertainment when he combined both sight and sound in the talking
motion picture.

Now, immediately on the horizon is television with the added asset of a medium which not only combines sight and
sound but can be offered in the home at the same time the televised event is taking place. One of the infinite possibilities
of television which the layman sometimes forgets is its use as a medium of education. As the silent motion picture brought
the artist to the smallest village in the country, so television can take the outstanding educators of our time, completely
equipped with the charts and pictures that illustrate their points, to the smallest school.

Starting with the psychological premise that we are all born lazy, it is not inconceivable that television will bring
about radical changes in our social habits. Since it is easier to stay home than to go out, the young people of the next 15
years, discovering that television offers them the same quality of entertainment that they can find on the outside, might
very well lose the mob instinct of their elders, the urge to mingle with large groups of people.

We may expect to see these changes in the near future because of the technical advances which are always madein
wartime when economy is ruled out and money is spent freely on research. When the many accomplishments of the
engineer, now veiled in secrecy, are made available to civilians, people may not be aware of their importance but they will
inevitably feel their effect in every phase of their lives.
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facturing Company of Galion, Ohio, from 1922 to 1924,
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of the “Standard Handbook for Electrical Engineers.”
He is the editor of a text on “Fundamentals of Radio.”
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Xi and Eta Kappa Nu
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stitute of Radio Engineers in 1925, a Member in 1929,
and a Fellow in 1938.
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Engineering Education”

Suggested Topics for Discussion

FOREWORD

In a recent article! it was proposed that the individual
sect ons discuss the design of engineering curricula with
the same basic approach they would apply to the design
of other engincering products. A number of the sections
have agreed to devote a meeting to this subject.

The Education Committee hopes these discussions
will consider the fundamental problems to the fullest
extent possible. It should be remembered that the pri-
mary purpose of the college is not to disseminate in-
formation but to frain minds. Information may become
obsolete but the ability to analyze and synthesize is
never lost. .

To stimulate discussion, the Committee proposes here
certain fundamental questions. Partial answers are
given where they are necessary to develop subsequent
questions, or suggest a line of thought. These partial
answers should be considered as purely tentative. As
new answers are developed, they will suggest additional
questions.

The first four questions are raised to give direction to
the discussion. At the end, questions on certain specific
courses such as mathematics and electronics are sug-
gested as examples, since actual planning of curricula
must finallv end in determination of the details of spe-
cific cases.

Before proceeding with a discussion of the design of
engineering curricula, question 1 should be answ ered:

Question 1. What are the successive steps in the design
and production of an engincering product?

Tentative Answer:

1. A need presents itself and is recognized.

2. A decision is made on the general practical char-
acteristics of the product.

3. The designer surveys the situation, determines
what has been done before, what needs have not been
met, and what changes should be made from previous
practice.

4. One or more plans are outlined to accomplish the
desired results.

5. The materials and labor required for each plan
are ascertained and the plans compared on the basis of
the relative cost and the results to be expected.

6. Engineering judgment is applied to determine
which one of the plans is most feasible and whether any
of them will produce sufficient improvement over old
products to expect public acceptance.

* Decimal classification: Original manuscript received by the
Institute, September 5, 1944. This report was prepared by the Edu-
cation Committee of the I.R.E.

_ ' W.L.Everitt, “The Phoenix—A challenge to engineering educa-
tion,” Proc. I.R.E., vol. 32, pp. 509-513; September, 1944.
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7. The management of a manufacturing concern
must be persuaded to produce the proposed product.
8. The design is put into production.
9. The product is marketed.
10. Experience in public use is reflected back into
plans for periodic improvement.

Question 2. Which of these successive steps should be
considered in the design of enginecring curricula?

Question 3. Assuming there is a need for engineering
education, which of the steps in its design are best
suited for an evening's discussion?

Tentative A nswer:

1. Decision on attributes desired in the product (the
engineering graduate).

2. Determination of needs which should be met by a
curriculum.

3. Discussion of plans for meeting needs.

4. Discussion of problems of cost of proposed plan in
student time, teaching requirements, and laboratory fa-
cilities.

5. Discussion of how to put the plan into production.

Question 4. What should be the characteristics of an en-
gineering graduate on leaving college? (Do not expect
the impossible, remember he is still young and his
cducation is not completed.)

Tentative Answer:

1. A love for the profession.
2. Moral integrity.
3. Breadth of background.
a. Technical knowledge.
b. Knowledge of human relations.
4. Ability and desire to acquire knowledge and im-
prove himself. Possible sources of knowledge.
a. People c. Apparatus
b. Books d. Original thinking
5. Common sense or judgment.
6. Originality.
7. Clarity of expression, the ability to present ideas
persuasively.
8. An cngaging personality, the ability to make
friends, inspire confidence, and work in a team.
9. The ability to enjoy life.

Question 5. How can a love for and loyalty to the engi-
neering profession be developed?

Partial Answer:

1. Instruction in the history, objectives, and accom-
plishments of engineering.
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2. Lectures by, and interviews with, practicing engi-
neers.

3. Better instruction in what engineering is and what
an engineer does.

4. Instruction in the responsibilities of the engineer.

Question 6. What can the college do to develop moral
integrity?

Answer should be determined by discussion. This may
include the responsibilities of an engineer, the influence
of an honor system, the need for Institute formulation
of codes of ethics, faculty-student relations, etc.

Question 7. What fields of technical knowledge are neces-
sary for the electrical engineer who expects to practice
in the fields of communications and electronics?

Partial Answer:

1. The nature of the physical world (physics and
chemistry).

2. The quantitative description of physical phenom-
ena and the methods to be used in prediction of results
from causes (mathematics).

3. Materials and their processing.

4. Specific electrical subject matter.

a. The principles of conduction currents (circuits).

b. The principles of convection currents (elec-
tronics). )

c. The principles of displacement currents (elec-
tromagnetic fields).

d. The principles of energy conversion (coupling
between electrical, mechanical and other sys-
tems).

e. Practical applications combining a, b, ¢, and d.

f. Experimental techniques.

5. Engineering economics (the computation of costs).

6. Sources of information.

Question' 8. What fields of knowledge of human relations
are necessary for engineers?

Partial Answer:

1. History 5. Government
2. Literature 6. Geography

3. Psychology 7. Law

4. Economics 8. Labor relations

9. Administration

Question 9. How can so many fields of human knowledge,
usually taught in separate departments, be introduced
in an engineering education so their interrelationship
is appreciated? Should the essentials of several co-
ordinated fields be combined in one or more courses?
Should this instruction precede or follow technical in-
struction or should it run concurrently throughout the
whole curricula as an integrating influence?

Question 10. What should be the relative distribution of
time between technical and humanistic studies?

Quesiton i1. How should courses be taught to fit the
future engineer for actual applications and so the stu-
dent is stimulated to continue to acquire knowledge
after his college career is ended?

Question 12. How can a student, with his limited back-
ground, be taught engincering judgment?

Question 13. How can personality be developed in col-
lege, and how can positive or negative progress be
indicated to the student? What attributes of personal-
ity should be stressed, such as consideration for
others (sometimes called etiquette), tact, likeability,
teamwork, dependability, punctuality, poise, get-
along ability?

Question 14. Is the heavy work load, common to most
engineering curricula, conducive to the well-rounded
development of personality or should the load be re-
duced?

Question 15. How can clarity of expression be developed?

Tentative Answer:
By training in
1. English composition
2. Pictorial expression
a. Free-hand
b. Mechanical

3. Report Writing
4. Oral Expression
5. Dictation

Question 16. How can originality or the ability to per-
form enginecring synthesis be developed?

Partial Answer:

1. By courses in design.

2. By senior projects or theses.

3. By increased latitude in laboratory work.

4. By temporary assignments as laboratory foreman
or assistant instructor.

5. By co-operative courses or summer work in industry.

Question 17. How can the engineer be taught the way to
enjoy life as an educated man and a member of his
community? )

This should be discussed thoroughly. Little has been
done formally in the colleges. The influence of extracur-
ricular activities, electives in the arts, the development
of hobbies, and the ability to mix well in society are
possible approaches.

Question 18. What alternative programs should be pro-
vided for engineers? Should the program for men ex-
pecting to enter research and development differ from
that for men expecting to enter production, operation,
and sales? If such a differentiation is made, at what
point in the curricula should it be introduced? Should
graduate work be normally expected for research and
development?

Question 19. What are the primary purposes of labora-
tory work, and how should it be conducted ?




Question 20. What is the ideal preparation for, and char-
acteristics of, an engineering teacher? In your experi-
ence, did your teachers meet these requirements?

Question 21. What are the practical limits in time for an
engineering education?

Question 22. What topics in mathematics should be
taught? How should its relation to the analysis of
physical systems (the end result desired by engineers)
be developed?

Question 23. What are the important topics in electronics
and electric fields, not taught previous to the war,
which should be added to the curricula, assuming

1. a four-year course
2. a graduate year beyond the bachelor’s degree.

Question 24. What should be the contents of a course
such as the “Philosophy and Methods of Engineering”
to acquaint students in other fields with engineering?

Question 25. What needs in radio education will not be
met by redesign of college curricula and how may
they be met? (For example, technician training and
instruction of practicing engineers.) This may develop
material for discussions at subsequent meetings.

Question 26. Should further meetings be devoted to dis-
cussions of educational problems?

Combination of Amplitude and Frequency Modulation
for Communication in Seismograph Exploration

for Petroleum Reservoirs

EARLEY M. SHOOK{*, ASSOCIATE, LR.E., ROBERT W. OLSON{** NONMEMBER, L.R.E.,
AND ROBERT B. KERR{*** NONMEMBER, L.R.E.

Summary—The reflection seismograph method of exploring
and contouring various subsurface geological beds suitable for
petroleum deposits is_reviewed briefly. Instrumentation techniques
are passed over briefly with the exception of equipment as described
which is devised to transmit and receive by frequency modulation
certain electrical impulses generated coincident with the detonation
of the dynamite charge and with the arrival of the seismic impulse
at the earth’s surface immediately above the explosive charge. Am-
plitude modulation of voice signals was devised for tramsmission
and reception over the same radio channel. The combination of the
two schemes of modulation provided suitable voice reception without
interfering with the frequency-modulation system to record the time
break and uphole geophone electrical impulses free of static and
accurate to 1/1000 of a second. The apparatus provides also for
transmission of these impulses and voice signals by wire transmis-
sion with the same magnitude, clarity, and precision by means of
simple switching arrangements. The 10-watt input amplitude-
modulation—frequency-modulation transmitter devised is ample
for the purpose up to 1 mile which is sufficient for reflection seismo-
graph exploration.

I. INTRODUCTION

EOPHYSICAL exploration for locating subsur-
G face petroleum reservoirs by the seismic method
presents many problems, some of which can be

solved satisfactorily by techniques familiar to the radio
and electronic scientists. The specific problems of the
communication of speech and certain generated electri-
cal impulses in the presence of severe static and sound
* Decimal classification: R414XR536. Original manuscript re-

ceived by the Institute, March 14, 1944; revised manuscript received,
June 26, 1944.

t All on leave from the Geophysical Laboratory, Magnolia
Petroleum Company, Dallas, Texas; * Lieutenant Commander,
United States Navy, ** Naval Ordnance Laboratory, *** Lieutenant
(ig), United States Navy. In the absence of these men, the present
article was prepared from their work by Dr. J. P. Minton, associate
director, field research department, Magnolia Petroleum Company.
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interferences may prove of sufficient interest to the radio
engineers as to merit a discussion of them in the Pro-
CEEDINGS.

The specific problems to be discussed in this paper
arose in connection with seismic exploration for the de-
lineation of subsurface geological structures favorable
to the accumulation of oil and gas deposits. This method
of exploration requires, among others, a shooting and
recording truck, generally spaced apart from 1000 to
3000 feet. The former is equipped with various parapher-
nalia for loading and detonating the dynamite in addi-
tion to certain parts of the communication apparatus.
The recording truck contains the multiple-channel seis-
mic amplifiers, oscillograph, photographic and the re-
maining parts of the communication equipment. A
number of seismic geophones or detectors for the most
part are buried at the surface of the ground and ap-
propriately spaced. There are usually from 8 to 24 multi-
ple channels, and one or more detectors are connected
with cables to each channel. This array of detectors is
known as the “spread” and usually is placed linearly
between the recording and shooting trucks.

Speech communication between members of the re-
cording and shooting trucks is necessary in order that the
different functions of the two groups may be co-ordinated
and synchronized. Also, it is necessary to record photo-
graphically the exact instant of time at which the dyna-
mite is detonated. An electrical impulse, known as the
“time break,” is produced at this instant of detonation.

It is generally customary to place a seismic detector
at the surface of the ground adjacent to the hole in
which is placed the charge of dynamite. This detector
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Fig. 2—Block diagram of amplitude- and frequency-modulated seismograph 10-watt transmitter.
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Fig. 3—Circuit diagram of amplitude- and frequency-modulated seismograph transmitter.

A—Push-push gas triodes for time break.

B—Small time-break condenser.

C—Time-break amplifier stage.

D—Crystal for oscillator control and frequency modulation of time
break and uphole geophone break.

IV. TRANSMITTER AND ASSOCIATED EQUIPMENT

A block diagram of the transmitter with the associated
equipment for speech and time-instant impulses is
shown in Fig. 2. The circuit diagram of the transmitter
is shown in Fig. 3, and a photograph of the assembled
unit is shown in Fig. 4. 3

As indicated in Fig. 2, the associated equipment in-

E—oscillator.

F, C—Two-stage amplifier for uphole geophone
G—Gas triode tube for squelching circ’izlit.p ‘
H, I—Two-stage voice amplifier.

cludes the power pack, blasting circuit, uphole geo-
phone, and voice microphone. The latter three devices
are connected into the appropriate receptacles, indicated
in Fig. 3, lower left-hand corner. The blasting circuit, in
addition to containing the generator and associated
equipment for detonating the blasting cap, has incorpo-

rated an electrical derivating circuit in order to insure an
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clectrical impulse sufficiently sharp to permit the de-
termination of the time instant of the explosion to within
1 /1000 second.

Time-Break Circusl

The time-break impulse from the blaster is applied to
two gas triodes in push-push arrangement, as shown in
Fig. 3, at A. The first swing (regardless of its direction)
of this impulse will “trip” one or the other of these gas
triodes. The resulting plate current flows through a
small condenser B, is amplified by one stage C, is used
to frequency-modulate at D, the crystal-controlled oscil-
lator E; again amplified and finally radiated by the 10-
watt transmitter. The circuit and block diagrams permit
the reader to follow the operation without difhculty.

The purpose of the small condenser B is to remove
effectively the plate voltage from both these gas triodes
so that one and only one of them will be tripped by the
time-break impulse. This is accomplished by the flow of
the plate current which quickly charges this condenser
to absorb the plate voltage. The sharpness and distinct-
ness of such a break is indicated in Fig. 1, at 4.

Uphole Geophone-Break Circuit

T'he uphole geophone break is amplified by two stages
as shown in Fig. 3, at F and C. It is then used to fre-
quency-modulate the oscillator, amplified and radiated
over the same channel used for the time break. Thus, the
amplifier stage C, ahead of the frequency-modulating
device, and the remaining part of the transmitter are
common to both the uphole and time breaks. The dis-
tinctness of the uphole geophone break is apparent, as
indicated in Fig. 1, at B.

These two breaks are close together, often only a few
thousandths of a second apart. The use of the gas triodes
A for the time break and the small condenser B associ-
ated with them permit the attainment of a time break
of short duration, as is essential when it is followed so
closely by the uphole geophone break.

Fig. 4—Photograph of the assembled 10-watt transmitter.

Squelch Circuit

After these impulses are transmitted it is desired to
squelch their circuits completely so as to enable the same
recording channel to be used for one of the traces of the
record. For this purpose, the gas-triode grid of the
squelching tube G is connected to the output of the first
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stage F of the uphole geophone amplifier in such a
manner that its grid is made more negative by the first
leg of the uphole geophone impulse. This half of the
uphole geophone impulse is transmitted unmodified, as
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Fig. S—Frequency-modulated  crystal-modulator  characteristics.
Frequency swing plotted against variation of air gap in fre-
quency-modulated madulater D.

desired. The second leg drives this squelch tube G grid

sufficiently toward zero as to cause it to lose control, and

the titbe is tripped. The plate current of this tube then
biases to cut off the grid of the second tube C of the up-
hole geophone amplifier, thus preventing the transmis-
sion of any later impulses from this geophone. This
effect takes place practically instantaneously.
Vosce-Signal Circust
The voice-signal circuit can be traced readily, in Figs.
2 and 3, from the microphone through the initial two
stages H and 7 of amplification, then used for amplitude
modulation at the final stage and radiated. The first
stage H of the voice amplifier shows sections of a 627G
in parallel and has its grids connected to the squelch
circuit. Thus, when the gas-triode squelch tube G is
tripped by the uphole geophone the grids of the first
tube H of the voice amplifier are biased instantly to cut
off. In this manner no electrical disturbance at the
microphone can be transmitted to interfere with the
response of the photographic trace to the desired seismic
signals. The second stage I of the voice amplifier is like-
wise a 627G in class B. In order to prevent severe over-
load to the vibrapack when modulating by voice, a large

80- rhicrofarad 450-volt dry electrolytic condenser is con-

nected to supply the peak demands of class B modulation.

Frequency- Modulating Device

As shown in Fig. 3, the frequency-modulating device
D is a modified magnetic type of earphone. This modi-
fication had to be accomplished with precision in the
construction of the air-gap and crystal assembly of
the oscillator circuit. In Fig. 5 is shown the curve of the
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frequency change in cycles plotted as a function of the
air gap length in thousandths of an inch.

It is believed that the block diagram contains suf-
ficient other information to complete the essential de-
scription of the transmitter.

Proceedings of the I.R.E.

October

intermediate frequency. By means of a one-turn link
circuit, Fig. 7, to increase the coupling between the
intermediate-frequency primaries and secondaries, it
was possible to broaden the response of the intermediate-
frequency transformers to provide bandwidths of ap-
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Fig. 6—Block diagram of amplitude-modulation—frequency-modulation seismograph receiver.
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Fig. 7—Circuit diagram of amplitude-modulation—frequency-modulation seismograph receiver.
A—DMicroammeter for testing and adjustments.
B—Switching arrangements for checking.

.

V. RECEIVER

The block and circuit diagrams of the receiver are
shown in Figs. 6 and 7, respectively.

As indicated in Fig. 6, the fundamental frequency of
the oscillator is 3756.5 kilocycles and is fixed-crystal-
controlled. The ninth harmonic is used to give a fre-
quency of 33,808.5 kilocycles. This frequency beats with
the incoming 35,460 kilocycles to give a 1652-kilocycle

proximately 30 kilocycles.

The 1652-kilocycle wave trap shown in Fig. 6 was
provided to avoid interference between the 1652-kilo-
cycle amplitude-modulation transmitter in the recording
truck, adjacent to the amplitude-modulation—fre-
quency-modulation receiver. This situation arose from
the fact that the 'regular amplitude-modulation trans-
mitters were assigned to the 1652-kilocycle band.
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Comparison of Amplitude- Modulation with Single and
Double Limiters in Frequency Modulation

As has been stated, noise interference superimposed
on the photographic trace on which are recorded the
time-break and uphole geophone, causes indefinite
identification of these two time instants. This is illus-
trated in Fig. 8, which is a sketch of actual photographic
traces. The top trace represents an unsuccessful attempt
to transmit by amplitude modulation the time and up-
hole geophone breaks in the midst of severe static inter-
ference. The second trace shows where the two time-
instant impulses occur, as recorded by frequency modu-
lation with a double or cascade limiter, presently to be
described. This type of limiter, together with frequency-
modulation transmission, was successful in providing a
clear definition of the time break (first break in the
trace) and of the later uphole geophone break. Both of
these breaks could be distinguished even if they had
been close together. Frequency-modulation transmis-
sion with one limiter failed to permit successful identifi-
cation of the time-instant impulses. This is evident in
the bottom trace for a single-limiter stage.

Even though frequency modulation with a single-
stage limiter is superior to amplitude modulation,
nevertheless, the former is quite unsatisfactory for the
purpose desired.

Limiter

With respect to the limiter, the traces shown in Fig.
8 indicate that a tolerant attitude cannot be taken with
respect to any static interference for the reason that this
disturbance is so similar in character to the impulses
which are to be transmitted, recorded, and identified.
The requirement perhaps is more stringent than en-
countered in the use of frequency modulation for signal
transmission for broadcast purposes.

The limiter circuits tried initially were of the single-
stage type and were found inadequate in that enough
static still got through to prevent their successful ap-
plication to the problem at hand. A successful reduction
to practice was achieved when a two-stage limiter was
devised as shown in Figs. 6 and 7. At the time these
experiments were under way, double limiters had not
generally been described in the literature, and this work
went forward without the benefit which would have
otherwise accrued. Therefore, the description of the
circuit which follows may vary somewhat from present
practices, yet the results obtained were quite satis-
factory for seismograph work.

In this device both limiter stages were driven hard to
accomplish sufficient noise elimination. It was found
that a signal of sufficient amplitude to cause a minimum
current of 75 microamperes in the grid circuit of the
first limiter was necessary to produce proper limiting.
This current produces a 73-volt drop across the 100,000-
ohm grid resistor which in addition to the normal 73-volt
battery bias gave a total of 15 volts bias on the first
limiter. For all values of signal causing grid current in
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the first limiter of 75 microamperes, or greater, the
second-limiter grid current was 150 microamperes.
Under this condition both limiter tubes were biased
beyond plate-current cutoff. This meant that the
limiter tubes repeated only portions of the positive half
cycles. The tank circuits supplied the remaining por-
tions of each cycle.

This method of limiting proved to be satisfactory in
the presence of severe static interference as indicated
by the second trace in Fig. 8. This was found to be true
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Fig. 8—Tracing of record of time break and uphole geophone.

Upper Trace—Unsuccessful attempt to transmit time instants by
amplitude modulation with severe static.

Middle Trace—Successful transmission by frequency modulation
with two-stage limiter.

Lower Trace—Unsuccessful transmission by frequency modulation
with one-stage limiter.

for the receiver as constructed and illustrated in Figs.
6 and 7 up to the maximum range of approximately 1
mile as required in reflection seismograph exploration.

Discriminator

The discriminator circuit, as shown in Fig. 7, made
use of the amplification of the 6N7 tube and also pro-
vided for a faked center tap on the discriminator trans-
former secondary. This circuit was improvised because
no standard discriminator transformer was on hand at
the time. The operation of this discriminator is basically
the same as those described in literature. The perform-
ance curve for this discriminator is shown in Fig. 9 and
need not be discussed.

Voice-Signal Circuit

In the present system the voice and “breaks” are re-
ceived over the same radio channel. The time-break im-
pulse is made use of to trip a gas triode whose plate is
connected to a circuit to control the amplification of the
seismograph amplifiers as a function of time during the
recording of the seismic signals. This time-break im-
pulse would have to be of large magnitude relative to
the voice signals, if frequency modulation were used for
the latter, otherwise these voice signals would trip the
volume-control gas triode, a thing to be avoided. Also,
extraneous noise signals from the shooting-truck
microphone would be received and interfere with the
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interpretation of the seismic record. For these reasons,
the voice signals were transmitted and received by am-
plitude rather than by frequency modulation. Thus, the
radio system is a combination of amplitude and fre-
quency modulation, the latter being employed for a few
hundredths of a second only; while transmitting the
time-break and uphole impulses.
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Fig. 9—Performance of discriminator.

In the receiver the voice-amplitude-modulated signals
are taken off the intermediate-frequency system just
ahead of the first-limiter tube. These signals are detected,
amplified, and fed to the loudspeaker as is readily per-
ceived by referring to Figs. 6 and 7.

The voice-amplitude-modulated signals are elimi-
nated by the limiter for the volume levels used. Addi-
tionally, the transmitter squelch circuit functions to
bias the transmitter voice amplifier to cutoff, as previ-
ously explained, as an added precaution. With such an
arrangement, the operator does not have to perform any
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switching operations when the dynamite is being det-
onated and the scismogram recorded.

Adjustment

In the operation of the receiver (Fig. 7), one 0 to 500
microammeter A is used for all the measurements and
adjustments. Switching arrangements B enable the
meter to be inserted in all the circuits which require
adjustments. For example, in No. 1 position the meter
will indicate the average rectified direct current in the
grid circuit of the third intermediate-frequency stage.
Tuning of this third intermediate-frequency grid circuit,
as well as tuning all the tuned circuits ahead of this
point, including the mixer, is indicated by the meter
when switched to this position. Additionally, with all
such circuits tuned properly, the meter in this position
serves as a signal-level indicator. In No. 2 position the
meter is switched to the grid circuits of the second
limiter to tune the plate circuit of the first limiter and
the grid circuit of the second limiter. One might prefer,
however, to have the meter in this second position and
arrange to indicate all the tuning up to the grid of the
second limiter and use the first position for signal-level
indication only. The discriminator tuning is indicated
by a No. 3 position for the meter.

When the meter is switched to this third position, the
two grid circuits, which are metered in positions 1 and
2, are closed. The same operation inserts a 100,000-ohm
resistor in each half of the primary of the output trans-
former. There is inserted a 100,000-ohm resistor in series
with the meter by this same operation, converting the
meter into a voltmeter. This voltmeter is connected
across the two 100,000-ohm resistors in series—one in
each half of the primary of the output transformer.

If a constant frequency is now applied to the dis-
criminator and if this frequency is different from that
for which the secondary is tuned, an unbalance of the
plate voltage results across these two resistors. When
the secondary is properly tuned, no unbalance exists in
the plate circuits and the voltage thus indicated across
the two resistors in series is zero. Tuning of the discrimi-
nator is accomplished in this third position as follows:

With the correct or resting frequency applied, the
secondary is detuned until a suitable indication is ob-
tained on the meter. With the secon dary so detuned, the
primary is adjusted for maximum meter reading. Then
the sccondary is tuned properly by adjusting its tuning
condenser for zero reading of the meter. After tuning
has been completed, the meter may be switched back to

the first position and used, as stated, for the signal-
strength indicator.

Correction

It has been brought to the attention of the editors

that an error appeared in “Vacuum Capacitors,” by

G. H. Floyd, which appeared on pages 463 to 470 of the

August, 1944, issue of the PROCEEDINGS. In formula 3
on page 466, the figure 1 (one) should be replaced by a
capital I so that the formula reads V=1I/2nfC.




Some Notes on Superregeneration with Particular

Emphasis on Its Possibilities for Frequency Modulation
HENRY P. KALMUS{, ASSOCIATE LR.E.

Summary—The effect of voltage on an oscillatory circuit loaded
by a negative resistance is shown and a method for measuring very
small voltages is described.!

The superregenerative detector for amplitude modulation pos-
sesses limiting action and tends to reject ignition noise. The impor-
tance of the shape and frequency of the quench voltage is considered.
Selectivity conditions are studied. Selectivity is low for broadcast
and high for short-wave frequencies compared with a nonregenera-
tive circuit.

Superregenerative circuits are more susceptible to shot noise
than conventional circuits, and this becomes important if preampli-
fiers are used. Because of back modulation, reradiation can be pres-
ent even with mixer tubes in front of the superregenerative stage.

An analysis of the frequency spectrum produced by a super-
regenerative oscillator, when a frequency-modulated signal is ap-
plied, is presented. It is shown that the oscillator output consists of a
band of frequencies each component of which is deviated in the same
amount and direction as the incoming signal. The use of two slope-
tuned superregenerative stages in push-pull as a balanced frequency
demodulator is described and explained. The superregenerative
stage represents a very efficient amplifier for frequency modulation
signals.

Two frequency-modulation receivers are described in which the
superregnerative tube is used as an amplifier.

1. PrincIPLES OF OPERATION
"OF SUPERREGENERATION

F WE consider an oscillatory circuit with a time
]:[ constant & = R/2L, a resonant frequency f (w=2xf),
a series resistance R (positive or negative), and an
initial voltage e, the voltage across the circuit will
change according to the equation
e = e sin wt. (1)
This means that the amplitude of the oscillations in-
creases exponentially if R is negative. This is the case
if the circuit is regenerated. The equation holds as long
as we work in the linear range of the tube; i.e., the whole
procedure can be represented by linear differential
equations.

The characteristics of the tube are linear if we work
with very small amplitudes and negative bias (no grid
current). If the amplitudes increase, an end value is
soon reached, determined by the voltage or current
limitations within the tube.

It is the nature of an exponential function that a
given amplitude is reached sooner if the initial voltage
e, is higher. In an actual tube oscillator, even though
no externally applied voltage e is present, the oscilla-
tions reach their final amplitude in a finite time. We
must, therefore, draw the conclusion that in the ab-

* Decimal classification: R163. Original manuscript received by
tge lgﬁitute, September 10, 1943; revised manuscript received, May
It RadionCorpovatia, Chicagn; Shinois.

1 Heinrich Barkhausen, “Lehrbuch der Elektronen-Rochren”,
vol. 3, S. Hirzel, Leipzig, Germany, 1935.
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sence of an externally applied signal a noise voltage is
present which determines the rate of build-up of the
oscillations.

In Fig. 1 the regeneration is applied at time 0. The
voltage change from zero up to an arbitrary value of
+E lies in the linear working range of the tube, so
that the curves up to +E may be considered as pure
exponential functions.

Now let us assume that an initial voltage of e, volts
exists at the time zero. In this case the voltage E is rep-
resented by the equation E=e,e%. If the initial volt-
age is e volts, the equation is E =ee =" If es, €, and ¢,
are known (from observation in an oscilloscope), £ can
be easily computed from the relation

log. (ea/€r) = — alt where Al =l — la. (2)

Equation (2) can be used to determine any small
initial voltage by means of two other known voltages.
Two voltages are required because it is impossible to
determine ¢, or /» on the oscilloscope screen. However, it
is easy to measure Al =1, —la.

Let us assume e, is 1 volt; the voltage E is reached
after an unknown time t,. However, it is found that
when e,=1/10 volt, voltage E is reached 10~* second
later. Now we apply as e the unknown voltage and find
that E is reached 5X 10~ second later. We apply equa-
tion (2):

log. 1/(1/10) = — «-1072 }log‘ 1/x
log. 1/x = — «-5-107%) log. 10 '
loge x = — 5 log. 10; log, x = log, 1073,

=

The initial voltage is, therefore, 10~# volt or 10 micro-
volts. From the three curves drawn for 1 volt, 0.1 volt,
and 10 microvolts, we can see that they are shifted more
and more to the left as the initial voltage becomes
greater.

If we start and stop the oscillations periodically by
applying and removing the regeneration without, how-
ever, inserting an initial voltage, we observe Fig. 2 on
the oscilloscope. The time intervals At, between the
starting points of the oscillations are equal and deter-
mined by the switching-on time of the regeneration.
The initial voltage itself is determined by the shot noise
in the tube, if the whole arrangement is carefully
shielded. The time intervals Af, are not equal and de-
pend on the momentary noise voltages at the time the
regeneration starts.

When the regeneration stops, the oscillation decays.
The shape of the curve is determined by e=Ee =" sin
wl. o is again the time constant of the circuit. o’ = R'/2L

10~ volt. |
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and R’ is now a positive resistance. The amplitude
reaches zero, theoretically, after an infinite time. If the
interval between two succeeding wave trains is so long
that the oscillations have time to decay below the noise
level, we obtain a picture of fluctuating wave trains on
the oscilloscope, the wave trains starting with random

+@
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tions against a continuous wave. In the incoherent case
we do not obtain a regular beat note but an irregular
noise. The reason is that the oscillations start with a dif-
ferent phase in each regeneration period. A group of
wave trains of the same frequency but with random
phasing cannot be resolved into a carrier and discrete

9%10 2 sEC.

Fig. 12—Build-up of radio-frequency oscillations as a function of the
magnitude of the initiating voltage.

phase and reaching full amplitude at random intervals,
determined by the noise.

If the interval between two regeneration periods is
shorter and the oscillations have not sufficient time to
decay, a residual voltage will exist at the time when the
regeneration starts again. In this case we obtain Fig. 3
on the screen of the oscilloscope. The individual groups
reach their maximum now within regular intervals,
At;=Aty’. We obtain a standing picture on the screen.

REGEN.

START STOP

jo—— Aty ——ep— At, — J

side frequencies, so that there is no component present
which would give a sinusoidal beat note.

In the coherent case the phase of all wave trains is the
same. A carrier and discrete side frequencies are present
and a sinusoidal beat note can be obtained.

Superregenerative Detection and Impulse Noise Suppres-
sion

So far we have seen that it is possible to control the

Fig. 2—Incoherent state of superregeneration.

This condition is called coherent, while the condition
described in Fig. 2 is called incoherent.

There is a pronounced difference between the two
conditions if we observe the beat note of these oscilla-

2 Gee footnote ref. 1, Fig. 85, p. 164. Copyright vested in the Alien
Property Custodian, 1944, pursuant to law.. Thjs figure is reprinted
by permission of the Alien Property Custodian in the public interest
under license number A-720.

duration of individual wave trains by the amplitude of
a small initial voltage of a few microvolts.

Fig. 4 shows a circuit of a simple superregenerative
detector. A triode of the 9002 type is connected as
generator to an i.nput circuit, which in turn is coupled
to an antenna primary. Any small signal in the antenna
provides the initial voltage for the circuit, and oscilla-
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tions are built up until the 50-micromicrofarad con-
denser C is charged to such a value that the oscillations
are stopped. After the condenser has discharged through
the 10-megohm resistor R, the oscillations start again.
If, therefore, the time constant of C and R is chosen
correctly, we get an incoherent condition according to
Fig. 3. The amount of regeneration can be controlled
by changing the plate voltage with potentiometer -

+e‘
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At = c log. e,/es, ¢ is a constant. (2a)
When these wave trains of constant peak amplitude,
but variable length, are applied to a rectifier, the aver-
age rectified current varies with the length of the wave
trains. Since the length of the wave trains follows the
amplitude modulation of the original signal the rectified
current in the detector reproduces the amplitude modu-
lation. Fig. 5(c) shows the audio output of the rectifier.

Fig. 3—Coherent state of superregeneration.

Now, if an unmodulated wave is received by the an-
tenna, it will serve to start each individual wave train.
The phase of all wave trains, therefore, is controlled by
the incoming signal, and we can resolve the groups of
oscillations into a carrier and side frequencies. The
quench frequency, that is, the frequency at which the
oscillations are started and stopped, is determined by
the time constant CR and by the degree of feedback.

The position and amplitudes of these side frequencies
will be described later when the behavior for a frequency-
modulated signal is considered.

] 9002

10 MEG.

The tube in Fig. 4 works simultaneously as a rectifier,
and the plate current therefore contains the modulation
of the incoming signal. This audio output is independent
of the average signal amplitude, and depends only on
the relative change of the signal; i.e., on the percentage
modulation. If e, denotes the maximum and e, the mini-
mum value of a modulated carrier, At=c log. e./es. If
the signal is increased & times, we obtain At=c log.
ke./ke,, which is the same as for the original signal. We
obtain, therefore, an ideal automatic-volume-control
action.
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Fig. 4—Circuit of a simple superregenerative detector.

In the event that the incoming signal is amplitude-
modulated, the building-up curves will shift from right
to left if the signal amplitude increases. Fig. 5(a) shows
the incoming modulated wave, and Fig. 5(b) the oscil-
lations after the superregenerative stage. It is clearly
seen that the building-up curves a, b, ¢, and d are lo-
cated farther to the left when the signal at the switch-
ing-on time of the regeneration is larger, and farther to
the right if the signal is smaller. This shift in the wave
follows (2). In another form, this equation is

Equation (2a) explains, furthermore, the fact that a
superregeneration receiver is much less susceptible to
ignition noise than an ordinary receiver. Assuming that
a pulse ten times larger than the incoming signal arrives
just before the regeneration is switched on, we have the
relation At=c log. 10=¢X2.3. The rectified noise volt-
age after the superregenerative stage is only 2.3 times
as large as the signal, instead of ten times as in an ordi-
nary receiver. If the ratio is 100, the improvement is
even more pronounced: At=c log. 100 =¢ X 4.6,
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An additional muting effect for ignition noise is based
on its statistical distribution. Pulses reaching the circuit
while it is oscillating with maximum amplitude have no
effect on the circuit.

Sensitivity and Selectivity

A simple superregeneration receiver, as in Fig. 4, with
a single audio stage, has a sensitivity of 2 microvolts
antenna voltage. The sensitivity at the grid of the tube
is smaller (about 10 microvolts), and the step-up ratio

Fig. S—Incoming amplitude-modulated radio-freguency wave, re-
sultant oscillations in the superregenerative detector, and de-
modulated output.

of the antenna transformer makes up for the difference.
The term sensitivity should be understood as noise-
muting sensitivity.

Any small initial voltage across the superregenerative
circuit is capable of driving the superregenerative tube
into maximum oscillation. This explains the high gain;
but it is also the reason why the shot-noise pulses pro-
duce maximum audio output when the antenna signal
is smaller than 2 microvolts. If the antenna signal is
increased, it “takes over” and controls the phase of the
individual wave trains, and the noise gradually disap-
pears. An input signal of 5 microvolts suppresses the
noise entirely.

The audio output contains the quench frequency,
which therefore has to be beyond the audible range. In
order to obtain good sensitivity, a certain ratio between
signal and quench frequency should be maintained. Ap-
parently, with too high a quench frequency, the oscilla-
tion is not given enough time to build up to maximum
amplitude.

The circuit in Fig. 4 produces its own quench voltage.
It is, of course, possible to employ a separate tube and
to quench the superregenerative stage externally and
we can choose any shape of quench envelope, sinusoidal,
triangular, or rectangular. Experiments have shown that
a certain form of trapezoidal envelope is most efficient,
and this is just the shape we obtain in a self-quenched
circuit. Furthermore, it is necessary to maintain a cer-
tain ratio between regeneration and quenching voltage,
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and this ratio adjusts itself automatically to its optimum
value if self-quenching is employed.

The optimum quench frequency for a signal of 45
megacycles is 100 kilocycles; for 75 megacycles, abc?ut
200 kilocycles. We can see now that superregeneration
can be used with greatest advantage at high frequencies,
because for medium frequencies the optimum quench
frequency would have to be in the audible range.

If we study the selectivity of a simple superregenera-
tion receiver (Fig. 4), we have to consider the conditions
in the circuit not only in the regencration period, but in
the “dead” interval as well. The incoming signal pro-
duces a certain amplitude across the circuit during the
dead period, and this amplitude represents the initial
voltage for the regeneration interval. The Q of the cir-
cuit in the dead period determines the selectivity during
this interval. Let this be called Q4.

Although the circuit will not respond to the incoming
signal throughout most of the regeneration period Q,,
the Q in the regenerative interval has a certain influence
on the selectivity. The more sbowly the oscillations are
able to build up in the beginning of the regeneration
period, the greater will be the influence of the signal on
the circuit. Q. is negative (regenerative), and the larger
its numerical value, the higher the selectivity.

Let us consider a circuit to which we gradually apply
more and more regeneration. First, it has a definite Q,
determined by L, C, and R. 0 =+/L/C/R. If we increase
the regeneration, the Q goes up and becomes positively
infinite at a certain time. Now, the Q jumps from posi-
tive to negative infinity and remains negative during
the build-up period. Slow build-up corresponds to high
numerical values of this negative Q. Fig. 6 shows these
conditions. As the amplitude grows, the signal soon
loses its influence on the circuit.

loQ 'l + o0
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Fig. 6—Variation in Q prior to and following initiation of self-oscilla-
tion. At the inception of oscillation the value of Q is+infinity.

The resultant over-all selectivity of the circuit can
be represented by a hypothetical value Q) which would
be the Q of a simple nonregenerative circuit with the
same selectivity.

In order to determine the amount by which Q, and
Q. contribute to Q» we have to consider the time interval
over which tltey are active during each quench cycle.
Assuming a given quench frequency, more cycles of
the oscillator are present for a higher carrier frequency.
For the broadcast range, if we want to keep the quench
frequency superaudible, the dead interval as well as
the starting period contains only a few cycles. Q; must
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be low to keep the oscillations incoherent; and regenera-
tion must be high to effect a fast start, corresponding to
a low numerical value of Q. as mentioned before. The
period during which Q, passes through infinity is ex-
tremely short, so that a low value of Q» should reasona-
bly be expected.

If the carrier frequency is in the short-wave range, the
dead interval as well as the starting period may con-
tain many more cycles. A much smaller frequency de-
viation of the incoming signal will throw it out of phase,
so that the effective selectivity should be much higher.
This is equivalent to stating that Q. and Q are higher,
resulting in a higher Qx.

Experience shows indeed that Q increases with fre-
quency; in comparison with a simple nonregenerative
circuit Q becomes smaller in the broadcast range, but is
increased (up to 1000 for 60 megacycles) for high fre-
quencies. A receiver, as shown in Fig. 4 is, therefore,
not only much more sensitive, but rmuch more selective
as well, compared with a single-circuit receiver without
superregeneration for high frequencies.

I1. SiIGNAL-TO-NOISE RATIO CONSIDERATIONS
IN SUPERREGENERATIVE CIRCUITS

The receiver of Fig. 4 has two pronounced disad-
vantages: reradiation into the antenna, and frequency
instability due to the fact that any detuning of the an-
tenna detunes the superregenerative circuit. It is obvi-
ous that a radio-frequency stage can be used between
the antenna and the superregenerative circuit to over-
come these drawbacks. However, although a radio-fre-
quency stage removes the above difficulties, it intro-
duces a new disadvantage. In any radio-frequency stage
the plate current produces a random-shot-noise spec-
trum. The incoming carrier heterodynes the noise bands
on both sides and makes the noise much more audible
than if the carrier were not present. If there is only one
carrier, the noise is proportional to the pass band of the
receiver.

As explained in Section I, a superregenerative stage
splits up the incoming signal into a number of bands
spaced by the quench frequency. All these bands are
modulated by the respective noise bands. Therefore,
the noise is proportional to the audio pass band of the
receiver multiplied by the number of bands produced by
the quench frequency.

It will be noted that ignition noise has been treated
differently from random shot noise. Previously, we
treated the superregenerative oscillations as wave trains.
Now we look at them as many continuous-wave bands.
There is a distinct difference between ignition and ran-
dom shot noise which justifies the different treatment
of the two problems. The ignition pulses follow each
other with rather long time intervals, and their ampli-
tudes exceed the signal voltage considerably. Random
shot noise is comparable in amplitude with the signal
and is present continuously. Therefore, while shot noise
can be treated as a continuous spectrum of carriers, the
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influence of an ignition pulse does not extend into the
following quench period. It is therefore reasonable to
consider its influence on a single wave train only.

If we employ a radio-frequency stage in front of the
superregenerative circuit, the muting sensitivity, that
is the signal required to suppress fluctuation noise,
measured at the grid circuit of the radio-frequency tube
is not higher than the sensitivity of the superregenera-
tive stage itself. As there are about ten bands within the
response envelope of the superregenerative stage, a large
amount of shot noise is introduced, which accounts for
the drop in muting sensitivity.

In order to investigate experimentally the effect of the
plate current on the sensitivity, curves were taken which
represent the gain of a radio-frequency tube (7V7 type)
followed by an ordinary (curve G) and superregenera-
tive (curve S) detector as shown in Fig. 7. As has been

%

100 - e omoeae

~ ¢

® -

6 4

e

Fig. 7—-Comparison of muting sensitivities of receivers equipped
with radio-frequency amplifier, with and without superregenera-
tive detector.

stated before, sensitivity in connection with superre-
generation means noise-muting sensitivity. Comparing
the two curves, we see that we reach maximum sensi-
tivity after a superregenerative stage with a plate cur-
rent of only 0.5 milliampere, whereas after an ordinary
stage that sensitivity rises until the plate current is 8
milliamperes. The curves do not show absolute values
and indicate only percentage of maximum noise-muting
sensitivity versus plate current. The gain of screen-grid
tubes is gm X@L X Q; gn rises with the plate current and
we can, therefore, see that the higher gain of the tube is
canceled by the increase of random shot noise if the
tube is used before a superregenerative stage.

It is, therefore, of no use to employ a high-current,
high-gain preamplifier tube ahead of a superregenera-
tive stage if the input impedance for the signal fre-
quency is low. A tube of the 9001, 9003, or 6AKS type
is better since the higher input impedance permits a
higher antenna gain and hence a better signal-to-noise
ratio, the tube noise being the main noise component.
The importance of antenna gain is well known for any
conventional receiver and is not confined to a super-
regenerative type; it is however of greater importance
with a superregenerative stage because of the greater
susceptibility to fluctuation noise. The input impedance
of the 9001 and 9003 tubes was measured at 45 mega-
cycles. It is about 50,000 ohms, and an antenna gain of
6 can easily be obtained.
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In a superregeneration receiver with a radio-fre-
quency tube reradiation and detuning are avoided only
if the superregenerative stage is entirely shielded. If we
wish to avoid the shielding, we have to use a mixer and
local oscillator instead of a simple radio-frequency
stage.

In Fig. 8, a high-frequency pentode tube is used as a
mixer tube. The signal frequency is 45 megacycles. The
oscillator frequency, produced by a triode, is 25 mega-
cycles. The intermediate and superregenerative fre-
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Hence, the oscillator tube mixes 20 megacycles with 25
megacycles, and we again obtain 45 megacycles which
is reradiated by the antenna.

In order to prevent this “back modulation,” it is nec-
essary to avoid any coupling between the superregener-
ative circuit and the input circuits. Furthermore, it is
necessary to employ a mixer tube with extremely low
plate-grid capacitance. If the requirements are very
strict, neutralization of the plate-grid capacitance may
be employed.
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Fig. 8—Receiver with mixer input stage followed by superregenerative
detector operating at the difference frequency.

quency is 20 megacycles. Offhand we should think that
no reradiation can be present with this circuit. However,
if no special precautions are taken, we still observe re-
radiation at 45 megacycles. The superregenerative stage
produces very high amplitudes of about 15 volts at 20
megacycles. These 20-megacycle voltages appear at the
plate of the mixer tube.

Assuming that the grid-plate capacitance of the mixer
tube is 1/100 micromicrofarad and the tuning capacity
of the input circuit is 50 micromicrofarads, we have a
voltage divider (Fig. 9). If the inductance is so chosen
that it tunes to 45 megacycles with 50 micromicrofarads,

e &
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Fig. 9—Circuit showing how oscillations of the superregenerative
detector may be coupled back to the mixer input circuit.
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the impedance of the grid circuit for 20 megacycles will
be 40 ohms, while the plate-grid capacitance of 1/100 mi-
cromicrofarad represents 800,000 ohms at this frequency.
The voltage ratio is, therefore, 20,000:1, and with a
plate voltage of 15 volts we obtain 750 microvolts at
the grid. This voltage is coupled into the oscillator cir-
cuit, and we obtain mixing action in the oscillator tube.

ITI. APPLICATION OF SUPERREGENERATION TO
FrREQUENCY MoDULATION

A further analysis of the frequency spectrum pro-
duced by a superregenerative oscillator is necessary for
an understanding of its behavior when a frequency-
modulated signal is applied.

Let us look first at the frequency spectrum produced
by a completely quenched, or incoherent oscillator in the
absence of an incoming signal. Referring to Fig. 2, we
may write for the oscillation during a regeneration
period

W = A1) sin [2xf.2 4 ¢(1)] 3)
where f, is the frequency of the oscillator, A4(t) is the
amplitude function corresponding to the oscillation
envelope, and ¢(¢) is a phase angle which must be added
to 2xfyt in order to obtain the actual phase of the wave
train W. For a completely quenched oscillation, ¢(1) is
a nonperiodic function of time since it is determined only
by the random-noise pulses existing at the start of the
oscillation. Its frequency spectrum is continuous, and
contains no discrete-frequency components. Hence the
frequency spectrum of the oscillator output, since it is
phase modulated by ¢(1), is also continuous, and con-
tains no discrete components.

If A(¢) does not go to zero at any time in the quench
cycle, the oscillation is coherent, and ¢(¢) disappears.
The expression then becomes that of a carrier of fre-
quency fi, amplitude-modulated by A(f), which is pe-
riodic with the quench frequency F. The spectrum of W
then contains a number of discrete components at the
frequencies f,, f, + F, Si+2F, etc,
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The same situation prevails if the oscillator is com-
pletely quenched, but with its initial phase determined
by an injected signal at the frequency fi. Again ¢(t) is
zero, and the output spectrum is the same as that just
described for the coherent state. i

Now let us suppose that the injected signal has a fre-
quency fy different from fy. If the oscillator is incoherent
the phase angle of the oscillator voltage changes during
cach active period at the rate 2xf,, where f; is the natural
frequency of the oscillator. The initial phase angle at
the beginning of each active period however is the same
as that of the incoming wave at the frequency fy at that
moment. Now, if we try to represent this sequence of
wave trains in the form of (3), we shall ind (Appendix)
that in the general case, where fi — /218 incommensurable
with F, ¢(f) is not periodic. However, if we choose f; as
the carrier frequency instead of f,, so that (3) becomes

W = A@) sin [2=fat + 00D ], 6)
the new function (1) is periodic with the quench fre-
quency. The form of this function must be such that
it is zero at the start of cach wave train and that it
changes the instantancous frequency from f; to fi
throughout the wave-train duration. Fig. 10(a) shows
a serics of wave trains with the natural frequency f; in
which, for simplicity, the amplitude modulation is taken
as a square wave with equal live and dead periods (Fig.
10(b)). The form of the phasc-modulation function
6(1), if the wave-trains are controlled by a carrier fre-
quency fi, is shown in Fig. 10(c); 6(t) changes lincarly
with time within cach wave-train period from zero to
WU: -f:) F.

This recurring phase change and the amplitude modu-
lation due to the quench action are both periodic with
the quench frequency and hence produce side frequen-
cies separated from the carrier by the quench frequency
and its multiples. Since the carrier frequency is fs, the
output spectrum consists of discrete components at
fa fa2 F, f212F, etc. Although the instantaneous fre-
quency of the output during any regeneration period is
still f,, this frequency has disappeared from the spec-
trum because of the periodic synchronization of the
phase with that of the incoming frequency.

When the incoming frequency is varied each compo-
nent of the oscillator-output spectrum is shifted in the
same direction and amount so that the change in the
incoming frequency is found also in each component of
the oscillator spectrum. This apparent synchronization
of a superregenerative oscillator by an incoming signal
has been mentioned by other workers, and has been
treated as though it were similar to the synchronization
of an unquenched osaitlator. The above treatment, how-
ever, indicates an entirely different mechanism. When
an unquenched oscillator is synchronized by an external
voltage, the phase velocity of the oscillation vector is
varied during a part of each oscillation cycle, so that
the average phase velocity over the entire cycle agrees
with that of the external voltage. In the case of a
quenched oscillator, as we have seen, the oscillator fre-
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quency is not controlled except at the start of oscilla-
tion, when the small amplitude of oscillation makes it
possible for a very small external voltage to force syn-
chronization for a few cycles. There is a great difference
in sensitivity in the two cases; an unquenched oscillation
with an amplitude of a volt may require an external
synchronizing voltage of a tenth of a volt for synchroni-
zation over a given frequency range, while a quenched
oscillator with the same amplitude may require only 10
microvolts.
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Fig. 10—Simplified representation (a) of the output of the sug‘rre-
generative ogcillator asa modulated carrier wave, showing (b) the
amplitude modulation due to the quench action, and (c) lﬁc phase
modulation if the incoming frequency differs from the natural
frequency.
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While the amplitudes of the individual side frequen-
cies can be found by lengthy series expansions, an ex-
perimental determination is the only practical method.
Measurements of the side-frequency amplitudes for a
typical superregenerative oscillator have shown that
the shape of the amplitudc-frcqucncy-distribution curve
is independent of the frequency of the incoming signal.
That is, the largest amplitudes are always found near
the center of the resonance curve of the oscillator tank
circuit (Fig. 11). All that happens when the signal is de-

-
po—— INCOMING SIGNAL

b)/\
111 ‘tafd’

Fig. 11—Amplitude-response characteristic of superregenerative de-
tector (a) tuned to carrier as for amplitude-modulation detection
and (b) tuned to one side of the carrier as for frequency-modula-
tion detection.

tuned from the center of the resonance curve is that the
amplitudes of all the side frequencies are reduced pro-
portionately, while the shape of the amplitude-fre-
quency curve remains the same.

In Fig. 11(a) the incoming signal has the same fre-
quency as the resonant frequency of the superregenera-
tive circuit. In Fig. 11(b) the incoming signal is detuned
by Af.

The above conclusions were verified by measurement
of the side frequencies and their amplitude distribution
in a circuit similar to that shown in Fig. 8.
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Superregenerative Stage as Frequency- Modulation
Demodulator

A circuit as described in Figs. 4 and 8 can be used to
detect frequency-modulated signals. The superregencra-
tive circuit is detuned from the incoming frequency, and
conversion of frequency modulation into amplitude
modulation is obtained along the slope of the resonance
envelope of the superregenerative stage. However, by
doing this, no complete limiting action is obtaiped be-
cause, as mentioned before, a superregenerative stage
demodulates an amplitude-modulated signal. This is the
reason why slope detection, although it gives good
demodulation, is not advisable. If used, it is necessary
to employ two superregenerative stages in push-pull.
The two stages can be used slightly detuned, but inter-
action between the circuits makes elaborate shielding
and a special preamplifier tube necessary.

Another way to avoid interaction is by heterodyning
the carrier. For instance, if the incoming frequency is
45 megacycles, the fixed oscillator works at 10 mega-
cycles. We obtain two intermediate frequencies, one at
35 megacycles and the other at 55 megacycles. If both
are fed into slope-tuned superregenerative stages and
the audio output is combined in a push-pull circuit,
noise-free frequency-modulation reception may be ob-
tained. The tuning of the oscillator and both superre-
generative stages has to be extremely stable and this
arrangement does not seem to be practicable.

Superregenerative Stage as Frequency-Modulation
Amplifier

The superregenerative stage has generally been used
as a detector. However, by using it as an amplifier a
very efficient frequency-modulation receiver can be de-
signed. As shown before, an input voltage of 10 micro-
volts on the grid of the superregenerative tube is strong
enough to synchronize the oscillator. As the incoming
frequency varies, each component of the oscillator spec-
trum varies by the same amount.
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Fig. 12—Side-frequency distribution of the wave shown in
Fig. 10, if fi=/».

There are two ways to obtain frequency-modulation

detection: .
1. The total spectrum is transposed by a mixer tube

to lower frequencies, centered say, at 8.3 megacycles.
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If the quench frequency is 100 kilocycles, we obtain
frequencies at 8, 8.1, 8.2, 8.3, 8.4, 8.5, etc., megacycles.
The mixer tube works into a rather narrow band-pass
filter, which responds to one of the bands only, but is
broad enough ‘to cover the maximum frequency-modula-
tion deviation. This single band is fed through a limiter
stage into any kind of frequency discriminator.

To find out whether, and how, we can obtain dis-
tortion-free demodulation we have to consider again the
amplitude-frequency distribution of the spectrum. If we
assume f1=f;, that is, carrier and oscillator frequency
equal, we can neglect side frequencies produced by
phase modulation. For a square wave as shown in Fig.
10, where the “working” and “dead” intervals are equal,
we obtain a frequency spectrum as shown in Fig. 12.
Components differing from f; by even multiples of F do
not exist in the spectrum.

Under more general conditions all possible side fre-
quencies will exist. Fig. 13 illustrates this case. In the
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Fig. 13—Discriminator applied to one of the side
frequencies of Fig. 12.

lower part of the picture a discriminator characteristic
is shown. Now, if the side frequency (f-2F), after being
transposed to a lower frequency, is fed into a discrimi-
nator we obtain demodulation. This demodulation is
distortion-free only if no other band enters the dis-
criminator range. The quench frequency, therefore, has
to be higher than the maximum frequency-modulation
deviation.

2. Another interesting possibility for frequency de-
modulation is to use a multiresponse frequency-modu-
lation discriminator, which responds to all side frequen-
cies at once. A multiresonant frequency-modulation dis-
criminator might be designed by the use of a line,
resonant at the quench frequency. Such a line shows
resonant points separated by the quench frequency and
it will therefore operate with a number of side frequen-
cies in the same way a single-tuned circuit operates

with one component. Two lines can be used in push-pull”

to form a balanced discriminator.

IV. RECEIVER DEsIGN

Fig. 14 shows a frequency-modulation receiver using
a superregenerative stage as an amplifier. The 45-mega-
cycle signal passes an antenna circuit, a radio-frequency
tube, and is impressed on a superregenerative stage. The

——— ——— . . # " . st
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Fig. 15—Frequency-modulation receiver for wider band frequency modulation using a superregenerative amplifier stage.

superregenerative tube is self-quenched and splits the
signal into a number of side frequencies. The whole fre-
quency group is transposed to a spectrum in the 8.3-
megacycle range. One of the frequencies is then selected
by the double-tuned intermediate-frequency trans-
former and controls a space-charge discriminator.?

This discriminator supplies enough audio power for a
headset. Only one additional audio tube is necessary to
control a speaker. The receiver is extremely free from
ignition noise because of cascade limiting in three suc-
ceeding stages: The superregenerative stage works as a
limiter due to its logarithmic characteristic. The signal
produced by the superregenerative tube has an ampli-
tude of about 3 volts (for one band) and is clipped by
the mixer tube. The space-charge disciminator works
simultaneously as a third limiter. The noise-muting
sensitivity is 2 microvolts; the selectivity is rather poor,
being determined by the antenna and superregenerative
circuits. It is sufficient to separate the three Chicago
frequency-modulation stations, working at 45.1, 45.9,
and 46.7 megacycles.

As stated above, the quench frequency has to be
higher than the maximum deviation in order to obtain
distortion-free demodulation. Now, it evidently becomes

3 United States Patent, No. 2,233,706.

easier to produce a high quench frequency as the fre-
quency in the superregenerative stage is increased.
Tests have shown that, with a 9002 tube, it is barely
possible to obtain the quench frequency of 150-200 kilo-
cycles required for 150-kilocycle deviation at a signal
frequency of 45 kilocycles.

If the superregenerative tube works at 75 megacycles
instead of 45 megacycles, a quench frequency of 200
kilocycles can easily be produced. Fig. 15 shows the
circuit diagram of a receiver employing 75-megacycle
superregeneration. The incoming signal (45 megacycles)
passes the input transformer and enters the first mixer
tube (9001). The oscillator works at 30 megacycles. The
resultant first intermediate frequency (75 megacycles)
passes a band-pass filter and is impressed on the super-
regenerative stage.

The superregenerative tube again produces a band
spectrum which is heterodyned in the second mixer and
transposed to an 8.3-megacycle spectrum. One single
band is selected. As it passes a combined amplifier limiter
it is demodulated in a double-diode discriminator. (A
space-charge discriminator can also be employed.)

In an ordinary frequency-modulation receiver the
space-charge discriminator has the disadvantage that
it is not balanced. A double-diode discriminator does




not respond to amplitude modulation if the incoming
signal is at mid-frequency. A space-charge discrimina-
tor, although working simultaneously as an additional
limiter, responds in a certain degree to amplitude
modulation. In a receiver with a superregenerative stage
as amplifier, however, a space-charge discriminator
works remarkably well owing to the good limiting action
of the superregenerative stage, which removes most of
the impulse noise.
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APPENDIX

Assuming that the first live period starts with the
time zero and that the phases of the natural and the
controlling waves at that time are the same, ¢(¢) in (3)
must increase by 2w (fz—f1)T, where T=1/F, for each
quench period. During the nth quench period after
t=0, equation (3) becomes

W = A(t) sin (2nfit + 2n(fo — fi)(n — DT].  (4)
The function ¢(¢) is the “staircase” function shown in
Fig. 16. It is not periodic unless (f2—f1), and F are com-
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Fig. 16—The ¢ and 0 functions plotted against
time as described.

mensurable in which case (fa—fi)(n—1)T assumes an
integral value for some value of 7, and the function re-
peats for further values of 7.

However, we may rearrange (4) by adding and sub-
tracting 27fsf to the argument of the sine function, and
obtain W=A() sin {2nfat+2r[fi—fo][t—(n—-1)T]}.
The last term in the argument of the sine function is a
new function 0(¢) =2r [fi —f2][t— (n—1)T] which is pe-
riodic with T, as we can see, if we combine the slope
function represented by the term which is linear with
t with the “staircase” function represented by the
(n—1)T term, thereby arriving at a saw-tooth function
as shown in Figs. 16 and 10.

A Broadcast-Studio Control Console’
R. H. DELANY?, NONMEMBER, LR.E.

Summary—This paper gives a brief description of a studio con-
sole which has some unique features. The design is esthetic in
appearance, is made for the comfort and convenience of the operator,
and last but not least the equipment Las complete accessibility for
maintenance and repair. The vertical mixers increase the ease,
accuracy, and speed of operation making it possible to handle as
many as six mixers simultaneously.

<Y ARLY in 1941, the United Broadcasting Com-
— pany decided to modernize its studio control
equipment. From five of its studios programs are
fed to the Mutual Broadcasting System in addition to
the continuous program service furnished to the WHK
and WCLE transmitters. The old equipment had been
in continuous service for over 10 years so it was time to
modernize with new equipment.

Engineers, operators, and announcers co-operated in
offering opinions and suggestions with regard to the
facilities to be embodied in the new equipment necessary
for present-day program-production requirements. After
analyzing all the suggestions furnished, a general plan

* Decimal classification: R612.1. Original manuscript received by
the Institute, February 24, 1943; revised manuscript received, June

1944. ’
& 1 Chief Engineer, WHK, United Broadcasting Company, Cleve-

land, Ohio.
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was evolved. Circuits were developed to incorporate the
practical ideas. A plywood mockup was made of the
proposed console cabinet. The studio operators gave
their constructive criticisms of the physical dimensions.
After a few alterations the mockup sample was ready
to be used as a model for the fabrication of the consoles.
The framework and sides of the consoles are made of
steel. To prevent wear and corrosion the footrest is
made of stainless steel. The top of the table and console
is made of masonite to give warmth to the touch. Each
cabinet is finished differently by welding onto the con-
sole inlaid lacquer finishes. This, of course, was done
arbitrarily but with pleasing color schemes. For example
one combination consisted of green alligator table and
console tops, reddish teakwood sides, and a green
marble pedestal. .
Fig. 1 shows the general appearance and location of
all operating controls. First consideration was given to
locating them for convenience and accessibility and
second, to maintain as great a degree of symmetry as
practicable. There is a seven-channel mixer and master
volume control mounted on the panel directly in front
of the operator. There are volume controls for six
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microphones flanked on the left end by a line control and
on the right end by the master gain control. A second line
from master control can be patched into any one of the
six studio mixer positions. This could, for example, be
used to supply the studio with the second network pro-
gram and thus make it possible to use the studio control
room as an emergency master control room for one of the
stations.

The VU meter and clock are self-illuminated and
located in the center immediately below the operator’s
line of sight into the studio. To the right of the clock is a
bank of seven keys mechanically interlocked for select-
ing monitor channels. Four of these keys are active with
two spares as shown in the functional diagram of Fig. 2.
To the left of the VU meter, the utility and monitor
volume controls are mounted with room for a public-
address volume control between. The larger studios
require the sound reinforcement for an audience. A key
located to the left of the VU meter should be used to
connect this meter to the outgoing program line through
jacks and, at the same time, light the lamps inside the
meter case.

Just to the left of the mixer panel is a tube-checking
and signaling panel. The condition of the tubes is
checked by a multicontact selector switch which con-
nects the meter across a small resistor in the cathode
circuit of any tube uscd in the air channel. The two
keys control signaling lamps on the master control
console for WHK-and WCLE, respectively.

To the right of the mixer panel there is the inter-
communicating panel containing a microphone, speaker,
and two keys. One of the keys permits the operator to
speak into the studio when the audition monitor selector
key has been operated. The other key allows the opera-
tor to talk to master control at any time. The master-
control operator has similar facilities for communicating
through the speaker in this panel to the studio-control
operator. This intercommunication feature speeds up
the operating procedure and frees the telephone facilities
needed for other purposes.

All equipment is connected through double jacks
allowing for complete flexibility. This makes it easy to
substitute for faulty equipment. The low-level pre-
amplifiers and the line amplifier are located on the right-
hand side; and power supplies, communication, trans-
scription cue, monitor, and public-address amplifiers are
located on the left-hand side.

Particular attention was given to both the electrical
and mechanical features of the mixer design. Electrically
these mixers are bridged-T attenuators with a constant
characteristic resistance of 600 ohms. They are pro-
vided with 30 steps of 1.5 decibels per step-up to near
cutoff where the taper is rapid to approach infinite at-
tenuation at cutoff. The only difference between the
mixers and the master gain control is that the latter has
a detent plate. The mixers and master gain control are
matched to each of their respective 600-ohm lines by
similar circuits from a common point. Hence, for exam-
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ple, if the master gain control becomes noisy or other-
wise defective, the input to one of the other mixers can
be patched to the input of the line amplifier to continue
with the program. Above each mixer is an on-off key
which connects a matching resistance into the mixer
when the preamplifier is disconnected.

Fig. 1—Front view of console.

Mechanically the mixers are made for long life and
hard wear. The contact studs are made of silver alloy to
give long wear at a low noise level. They are completely
enclosed to minimize the collection of dust. If a mixer
should become noisy it can be readily cleaned from the
front by removing the escutcheon plate w hich is held in
position by two small thumbscrews.

Vertical mixers have been used in WHK'’s studios as
standard equipment since 1930. They have proved to
be far superior to the rotary type. A survey of all the
operators, including those accustomed to rotary-type
mixers, revealed a decided preference for the vertical
mixer providing they have the equivalent electrical
characteristics and mechanical sturdiness. These feat-
ures have been incorporated in the present design. This
type of mixer also gives a more easily seen picture of the
gain-setting of the controls. This lever-type control
provides positive and quick action when it is necessary
to change or cut off a microphone in a hurry. With a
little training an operator can manipulate three mixers
with each hand.

The accessibility of all the equipment is seen in Fig. 3.
The four large double-hinged doors allow for immediate
access to all tubes and wiring. These doors are hinged in
the middle with a snap-fastening feature that permits
only half the door to open at first. If a larger opening is
needed the second half of the door is opened or the com-
plete door can be quickly unhinged and laid aside. All
wiring connections are visible through the outer doors,
while tube replacements are effected by way of the inner
doors.

The top of the console is readily removable and the
mixer panel is hinged so it can be tipped forward onto
the shelf. These features give complete freedom for
maintenance and repair. The clock can be set from the
front of the panel.
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Fig. 3 also shows the power switches and fuses behind
the two doors on the left front surface of the console,
while the supply of patch cords is kept behind the
single door on the right-hand side. The upper door on
the left-hand side gives access to 115-volt facilities.
Here is found the master alternating-current power-line
switch, air-channel power switch, auxiliary equipment
power switches, and three convenience power outlets.
When the lower door is opened access is given to the
transfer key which permits the sclection of one of two
power supplies, either of which is capable of furnishing
filament and plate voltages to the six preamplifiers and
one program amplifier. The filament and plate circuits
of all air-channel amplifiers have fuse protection here.
Also, the main alternating-current line, the clock, and
auxiliary switches are separately fused. A drawer is
provided below the table for storing earphones, spare
fuses, program schedules, ctc.

The functional diagram of the ‘studio facilities 1S
shown in Fig. 2. The announcers, who run ail recording
and transcription equipment, are provided with an car-
phone monitor which can be switched to the output of
any cquipment. This enables the announcer to monitor
recordings and cue the start of announcements to get a
better production of such programs. A standard audio
level of +8 VU is maintained in all circuits between
master control and the studios to minimize crosstalk.

Most of the equipment used is standard produced by a
nationally known manufacturer. The design of the con-
sole, construction of the auxiliary equipment, along with
the assembly, wiring, and installation of the completed
consoles was accomplished by members of the engineer-
ing department of the United Broadcasting Company.

It is hoped that some of the ideas presented in this
article will be helpful to others confronted with similar
problems.

Fig. 3—View of console with open access doors.

ACKNOWLEDGMENT

The writer wishes to acknowledge the individual and
co-operative efforts of the United Broadcasting Com-
pany personnel who have made this project a success
and especially to Carl E. Smith, development and design
engineer, now on leave with the United States Army
Signal Corps, who directed the project through the carly
stages.

L.oop Antennas with Uniform Current

DONALD FOSTERY{, NONMEMBER, I.R.E.

Summary—The properties of a circular loop carrying uniform
current are calculated for loops of any size relative to the wave-
length. The radiation resistance and the greatest directivity pass
through a series of maxima and minima as the frequency is increased.
At frequencies below that for which one wavelength is contained in
the circumference, the directivity graph is nearly independent of
frequency. As the frequency is increased, additional lobes appear,
the principal lobe tending to point more nearly in the direction normal
to the loop. The paper includes a note on other loops, and a mathe-
matical appendix dealing with certain integrals involving Bessel func-
tions.

INTRODUCTION

OOP antennas having substantially uniform current
and dimensions comparable with or larger than the
wavelength were first described in a paper which

was presented by the author before a joint meeting of
* Decimal classification: R125.3. Original manuscript received by

tll;unstitute, April 17, 1939; revised manuscript received August 14,

t Stevens Institute of Technology, Hoboken, N. J. Now on leave
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the I.R.E. and U.R.S.I. in April, 1937. In that paper,
the method of driving such loops in segments so as to
achieve uniformity of current was described, and expres-
sions for the directivity and radiation resistance were
derived. The original paper was submitted for publica-
tion in the PROCEEDINGs of the Institute of Radio En-
gineers in 1939. Publication has been delayed, due to
previous inability of the author to satisfy editorial
requests for compression of the analysis. As here pre-
sented, the results and scope of the paper are unchanged;
but the mathematics is shorter. An application of these
ideas to commercial purposes was described by Alford
and Kandoian! in 1940.

There are various ways of obtaining a current dis-
tribution which is nearly uniform in magnitude and
phase, even when the wavelength is small compared

1 A. Alford and A. G. Kandoian, “Ultra-high-frequency loop an-

tennas,” Trans. A.I.E.E. (Elec. Eng., December, 1940), vol. 59, pp.
843-848; December, 1940.
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with the distance around the loop. These methods de-
pend on exciting the periphery in segments which are
short in comparison with the wavelength, and arrang-
ing the lines which feed the segments so that, due to
proximity of equal and opposite currents, the radial
lines will not radiate. In one simple arrangement the
loop consists of sectors of a circle or polygon driven in
parallel by means of radial transmission lines.

Because of its simplicity and general resemblance to
regular polygonal loops, the theory of the circle is given
in detail.

EQuivALENT CURRENT MOMENT OF Ao CIRCULAR Loor

From the symmetry of the circle it is apparent that
the field at any point, P, whose spherical polar co-or-
dinates are (7, 0, ¢) is independent of the longitude. (See
Fig. 1.) We may therefore, without any loss of general-
ity, suppose that the line OP always lies in the plane
¢ =0. Consider two equal infinitesimal segments of the

°

Fig. 1—Co-ordinate system for a circular loop.

circle, 4 and B, at the ends of a diameter. If we call the
radius of the circle g, the co-ordinates of this pair of seg-
ments are A(a, /2, ¢) and B(s, 7/2, ¢+r). The
moments of the currents of these elements, both meas-
ured in the direction of the tangent to the circle at 4,
are Iad¢ and Iae"d¢. The difference of phase of their
signals at a remote point P is 7 plus 27 times the num-
ber of wavelengths in the projection of the diameter on
the line OP. In symbols this difference of phase is
e=m+2m(2a sin 6 cos ¢)/\. We may replace the pair of
elements with a single element the amplitude of whose
moment is the sum of the amplitudes of the individual
sources multiplied by cos (¢/2) and whose phase is the
average of the individual phases. Thus each pair of di-
ametrically opposite elements may be replaced by one
at the center, pointing in the (r/2, ¢+7/2) direction,
whose moment is
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dF = 2ila sin (Ba sin 0 cos ¢)d¢; (B = 2m/)\).
This vector makes an angle ¢ with the normal to the |
plane, ¢ =0. Hence, as observed at any remote point |
P the loop is equivalent to a directive point source at
the center whose current moment 1s

F=r,= [ 2ila sin (Ba sin § cos ¢) - cos ¢-d¢
<0

= 2nilaJ(Ba sin 0) |
where Ji(Ba sin 0) is the Bessel function of order unity.

Tue FIELD INTENSITIES, DIRECTIVITY, AND RA-
DIATION RESISTANCE OF A CIRCULAR Loor

From this we can write down the following expressions
for various quantities in the remote field: The magnetic
vector potential is A =A,=e* F/4nr which is in
the direction of increasing ¢. There is no # component.
The magnetic intensity,

H=1Hy=—04,/3r=i84 4= —I(Bae—*/2r)J\(Ba sin 6),
is wholly in the direction of increasing 6. For the electric
intensity we have

E =E;, = — 12001, = (e /r) - 60x1B8aJ(Ba sin 6)
which is wholly in the ¢ direction. The average Poyn-
ting flux is

s = (157/r2\?)| F|?
= (157/r*)(Ba)I2J,2(Ba sin 6).
The power radiated per unit solid angle is
1571,*(Ba)*J,*(Ba sin 8)
and the total power radiated is the integral of this with
respect to solid angle for all directions—

T 2r
P = f ddQ = f f 15714*(Ba)*J 2(Ba sin 6) - sin 6d8deé
0 0

b = r =

30#2102(60)2f J1*(Ba sin 6) sin 646
0

28a
307%1y*Ba Ja(y)dy.
1]

The directivity is

N L] ]
B ® average a ;/;
28a -1
= 222ga sino) - ((1/s0) [ 10)y)
[}
The radiation resistance is \f
28a

= 607*Ba J2(y)dy.
1]

a1
The definite integral

1 2z
) = — f Ldy;  (x = ga)

which appears in the expressions for power, directivity,
and radiation resistance, is not a tabulated function;
but it may be expressed in terms of tabulated functions.
For values of x between x=0 and x=35 the integral
J5*To(t)dtis given at intervals of 0.01 in a table published
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by Lowan and Abramowitz,’ in 1943. The relation
 between f(x) and the tabulated integral is

_1_ f 02‘ SR _i[ f ohjo(y)dy s 2]1(2x)].

The values of Ji(2x) are available in many tables.? For
' values of x above the upper limit of the table of Lowan
. and Abramowitz the following asymptotic development
' is satisfactory:
f(x) ~ 1/x[1 — (1/1rx)”2{sin (2x — 7/4)
+ (11/16%) cos (2x — =/4)}].
At x =5, comparison with the tables shows a difference
of 0.1 per cent, and the error diminishes as x increases.
For small values of x, the use of tables may be
avoided by using the series
(%) = (x7/3) [1 —22/5+x*/56 — 25/ 1080+ 23/31680— - - - ].
Four terms of this series result in an error of about 1.8
per cent at x=2; and one term is sufficient for this ac-
curacy at x=0.3. The series is obtained by integrating
the ascending series for the Bessel function of order 2.

f(x) =

SIMPLE APPROXIMATIONS VALID AT LOW AND
HicH FREQUENCIES

At low frequencies such that the length of the circle
is a third of a wavelength or less, we have with good
accuracy

f(Ba) = (Ba)*/3;
so that ’

d = (3/2) sin28; R = 20r%(Ba)* ohms; (Ba < 1).

Approximation formulas valid at high frequencies
may be obtained by using only the first term (1/Ba),
of the asymptotic series for f(Ba). This is equivalent to
saying that

J1%(Ba sin §) = ((Ba)? sin? 0)/4

[ :'Jz(y)dy = [Croy =1

The relative error in this approximation oscillates about
the value zero as long as x is greater than 1.8. The
amplitude of the oscillation diminishes slowly with in-
creasing x. The resulting approximate expressions for
d and R are
d = 2BaJ,*(Ba sin 0); R = 60rBa; (Ba = 5).

If 2B¢ happens to lie halfway between any adjacent
roots of J, after the first, these expressions are nearly
exact. The largest errors occur when 28a is a root of
J»=0. These expressions show that, as the frequency is
increased, d(max) increases without limit and that the
relation between radiation resistance and frequency
tends to become linear.

GrapHs OF NUMERICAL DATA. CIRCULAR Loor

These results are shown graphically in Figs. 2 to 6.
Fig. 2 is the graph of Ji*(f). To use it as a universal

2 A. N. Lowan and M. Abramowitz, Jour. Math. and Phys., vol.
22, pp. 2-12; May, 1943. This is available from the United States
National Bureau of Standards as TM-20.

s British Association Mathematical Tables, vol. 6, part I, Cam-
bridge University Press, Cambridge, England, 1937.

Foster: Loop Antennas with Uniform Current

605

sketch of relative directivity as a function of 6 at any
frequency, divide the axis of ¢ between t=0 and t=pfa
as a scale of 6 from O to 90 degrees by means of the aux-
iliary quadrant as shown in the example, where Ba =6.
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Fig. 2—Universal relative directivity chart
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Fig. 3—Dependence of the greatest directivity on the number of

waves in a circumference.
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Fig. 4—Radiation resistance in ohms versus the number of
waves in a circumference.

The maximum directivity, the directivity for the
direction in which it is greatest for a given frequency, is
shown as a function of the number of waves in a circum-
ference by Fig. 3. For low frequencies such that Ba =1.84
the maximum directivity is in the direction of the plane
of the loop (8=90 degrees). For higher frequencies the
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direction for maximum directivity is such as to make
Ba sin 6=1.84.

The way in which radiation resistance depends on the
number of waves in a circumference is shown by Fig. 4.
The straight line in this figure represents the linear
approximation referred to in the previous section.
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Fig. 6—Typical high-frequency absolute-directivity graph. (8a =6r.)

Figs. 5 and 6 are typical polar-directivity curves for
various frequencies. For frequencies below that for
which the wavelength equals' the circumference, the
directivity graph is almost independent of frequency.
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The manner in which additional lobes appear at higher
frequencies is seen most easily with the aid of Fig. 2.

OtHER Looprs witTH UNIFORM CURRENT

It is a simple matter to write general formulas for the
6 and ¢ components of the equivalent current moment
of a polygonal loop. As is well known, the shape has no
effect on the properties of the antenna at low frequencies.
At high frequencies the properties of regular polygons
approach those of the circle when the number of sides
is increased.

As an example of a polygonal loop having a small
number of sides, let us consider the square. From sym-
metry it is clear that the electric vector is always in the
plane of the loop and the whole variation of the direc-
tivity pattern with ¢ (azimuth with respect to a side)
occurs in a range of m/4. In other words, lines joining
opposite vertices and the middles of opposite sides are
axes of symmetry of the directivity pattern. Comparing
the directivity patterns of the square and the circle in a
plane normal to the loop and parallel to a side, we find
that while the variation of directivity with 6 for the
circle is expressed by the factor

J1%(Ba sin 6); (¢ = half the diameter)
for the square the corresponding factor is
sin? (Ba sin 6); (a = half the side).

The first-order Bessel function resembles the sine
function in a general way, having about the same values
of the argument for its zeros and extremes; but the loops
of the @ directivity pattern of the square are all of the
same length, whereas in the case of the circle the length
of the loop diminishes with the order of interference.

APPENDIX
1. Proof that [; sin (k cos x) cos xdx = J,(k)

Starting with Bessel's definition of J,(k), we have
Ja(k)=(1/2m) 5" cos (n@—k sin 0)d6; and in particular,
Jo(k) =(1/27) [3™ cos (k sin 6)d0. Changing the variable
from 6 to (/2 —x), and bisecting the range of integra-
tion gives Jo(k) = (1/7) f5 cos (k cos x)dx. Differentiating
withrespecttokgives Jo' (k) = (1/7) [3(3/dk) cos (kcosx)dx
= —(1/m) [ sin (k cos x) - cos xdx. Substituting — J,' (k)
= Ji(k) we obtain

{'sin (kcos x)-cos xdx = nJ,(k)

Jo
2. Evaluation of the integral [37,%(Ba sin 6) sin 6d0 =f.(Ba)
Using the series* for J,%(z)
T = 3 T DTG/ Qm + 20 4+ 1)
meo m!T(m + 20+ 1) {T(m + n + 1)}2

which is valid when 27 is not a negative integer, we have

Sa(x) Ef Ja2(x sin 6) sin 6dg
0

* G. N. Watson, “A Treatise on the Theory of Bessel Functions,”
Cambridge University Press, Cambridge, Eng);and, 1922, p. 14|7ctn ;
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= _(— 1)”(x/2)2f"+2"1:(2nt + 2n 4+ 1)

= lT(m+ 20+ D[T(m+ n+ D}?
: f " (sin )21,
0

The integral under the summation sign is of the form
[ sin™ xdx. Starting with the integral definition of the
beta function and substituting x =sin? #, we have

1
B(a, b) = f a1 — x)"ldx
0

x/2
= Zf (sin u)%~1(cos )% 'du.
0

Putting 2b—1=0 and 2a —1=m, we obtain

m 1 1 /2 T
B( + - >= Zf sin™ udu =f sin™ udu.
2 7, 2 0 0
The relation between the beta and gamma functions is
I'(a) T(b > -
B(a,b) = - (l g ) R f sin™ udu
F(a + b) 0
72 T(m/2 + 1/2)
r(m/2 4+ 1)

It follows that
— 1)m(x/2)2*+2"T (2m + 22 + 1)
fal#) = m!T'(m + 2n + N{rim+n+ 1)}z
2T (m 4+ n 4+ 1)
I(m+ n+3/2)
> (= 1)m(x/2)2+T(2n + 2n + 1) -«!/?
= m!IT(m+2n+1) - T(m+n+1)- I‘(m+n+3/2)'
By the duplication formula of Legendre,
I(m+n+1)T(m+n+3/2)
= (1/2)m+2 1. 512 T (2m + 2n 4+ 2)
and by a characteristic property of the gamma function,
r2m+ 2n+2) = 2m + 2n + 1) T(2m + 2n 4+ 1).
o \'_)m2x2m+2n
Hence fa(x) = 2 —a g L
oo m!2m 4+ 2n 4+ 1) T(m + 2n + 1)
Comparing this with the ascending series® for J.(2x)

i (_ mx2m+2n
J2.(2%) = —— —
e oo M!T(m 4+ 20 4+ 1)

X

we see that
(d/dx) {(1/2)xf(x)} = J2n(2%).

Integrating from zero to x gives

| a0}

xfn(x) — 0-f(0)
= xfa(x) = foz 2J,.(2t)dt.
Substituting t=y/2, we have
o) = [ Ty

0
s See page 40 of footnote reference 4.
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or
nm=umf’mm@

In particular, fi(Ba) = (1/8a) [§*J2(y)dy.
3. Computation of the integral xf(x) = [ZJ.(y)dy

For values of x less than 1 or 2, the series which we
have found for f(x) is better than any tables. It is the
same ascending power series as would be obtained by
termwise integration of Ja; viz.,

o (_ x?‘\m
of(x) =S2ut I —— .
w0 m!(2m 4+ 3)(m + 2)!
The series converges for all values of x, but it is too slow
for large values of x.
By means of the recurrence formula

Tna(s) = 274'(2) = Jan(2)

we obtain

#w=j”h®®=szWU—Uﬂ@

which enables us to use the tables? of the integral of the
Bessel function of order zero, which cover the range
from 2x =0 to 2x =10.

The integral may easily be expressed in terms of sev-
eral convergent or asymptotic series of Bessel functions.
But, for computation, the most convenient expression is
obtained by integrating the asymptotic series®

Ta(x) ~ (2/72)M2{ Pa(x) cos (x — nw/2 — w/4)
— Qn(x)sin (x — n7/2 — w/4)}

- Bt o
RO S50 21(82)°
(4n? — 12)(4n? — 39)(4n* — 52)(4n? — 7?)
e
4n? — 12
0= { T
(4n? — 1?)(4n? — 3%)(4n® — 5?) \
A e I A N S A S ANt Y e
3183

Integrating by parts, we obtain

fuJ,.(x)dx = f”J,.(x)dx + f uJ,.(x)dx
~14 (2/-/ru)‘/2{si;1° (w — nw/2 — w/4)
+ ((4n* — 5)/8u) cos (u — nw/2 — w/4)}
+ etc.?
Hence

xf(x) = f Ja(y)dy ~ 1 — (1/7rx)‘/2{sin (2x — =/4)
+ (11/16x%) cos (2x — 7r/4)} 4o

¢ See page 195 of footnote reference 4. o

7 Compare N. W. McLachlan, “Bessel Functions for Engineers,
Oxford University Press, Oxford, England, 1941, p. xi. (The equation
given in this book is not correct due to a mistake in sign.)




Improved High-Frequency Compensation for
Wide-Band Amplifiers’

ALEXANDER B. BERESKIN{, ASSOCIATE, IR.E.

Summary—In order to obtain the best results from wide-band
amplifiers of the type employed in television video amplifier and
cathode-ray amplifier circuits, it is usually desirable to provide a
means for producing high-frequency-response compensation.

It is the purpose of this paper to show how, by proper design and
at no additional cost, a single compensating element can be made to
provide compensation equivalent to that obtainable in a circuit
using two compensating elements and to discuss the characteristics
of this type of compensation. The circuit under consideration will
provide uniform response to a frequency approximately half an
octave higher than that obtained with the single compensating ele-
ment circuit extensively used at the present time.

MPLIFIER circuits of the type shown in Fig. 1
(a) are extensively used when it is desired to

obtain a uniform voltage amplification over a
wide range of frequencies. It is well known that the
voltage amplification at medium and high frequencies,

AAN

inductance having a value of L=R./2w, is used in
series with R;. The equivalent impedance of this com-
bination and the corresponding voltage amplification
tends to rise slightly for frequencies below f; and to drop
rapidly for frequencies above fo,, being equal to the
middle-frequency value at f=f,. These relations are
shown on curve b and the corresponding phase shifts
on curve b’ of Fig. 2. Higher values of L will produce
overcompensation while lower values will produce
undercompensation.

InpROVED CIRCUIT
It has been shown previously by Wheeler,! dealing
with the subject from the filter-circuit-theory point of
view, that by the use of additional compensating ele-
ments the range of uniform frequency response can be

£
I

..,|“

o
+8

fa)

h)

Fig. 1—Amplifier circuits.

for such a circuit, may be expressed as 4 =g..Z, where
Z 1 is the magnitude of the equivalent load impedance
in the plate circuit of the tube. At medium frequencies
Zis for all practical purposes equal to Ry, the reactance
of C, being so high that it may be neglected completely.
The plate resistance of the tube and R, are usually so
large compared to R, that they can be neglected at all
frequencies. At the higher frequencies, however, when
the reactance of C, becomes of the same order of magni-
tude as R,, the value of Z. will decrease with increasing
frequencies and, therefore, the voltage amplification will
decrease in the same manner as the ratio Z./Rr shown
by the curve a of Fig. 2. In this figure f, is the value
of frequency at which Z, becomes 1/\/5 of its value in
the middle-frequency range. The phase shift for this
oase is shown in curve a’ of the same figure.

In the normal compensating circuit, Fig. 1 (b), an

* Decimal classification: R363.1. Original manuscript received by
the Institute February 28, 1944; revised manuscript received, June

17, 1944.
t University of Cincinnati, Cincinnati, Ohio.
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extended to an ideal maximum of f=2f,. The com-
pensation represented by the circuit of Fig. 1 (b),
however, is the only one that has received appreciable
popular approval in the simpler applications probably
because of the additional cost and the more involved
calculations required in the multielement circuits.

The particular circuit that this paper is concerned
with is the one indicated in Fig. 1 (¢) and it can be scen
that the additional circuit element Cis required. It will
be shown, however, that in practice this element can be
dispensed with if the inductance L is properly designed.

The analysis that follows was developed by the author
independently of the Wheeler article and is presented<
on the basis of ordinary circuit theory which in this
case is belteved to yield the required information on a
simpler basis than that obtainable with filter circuit
theory.

Examination of Fig. 2 @ and b shows that when

' Harold A. Wheeler, “Wide-hand i fision,”
Proc. L.LR.E., vol. 27; pp. 429:1;7; ?:l)', zlllgl‘g‘lﬁcrs ey

October, 1944
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no inductance L is used the impedance Z, decreases as f
approaches fo, while for L =R./2w, the impedance Z,
will rise slightly for values of f/f, less than 1.0. It is
probable that some smaller value of L would tend to
keep Z. constant in this region and the exact value

| required is determined in the following manner. (See

Fig. 1 (c)): Let wo be defined by Rr=1/wC, then
C,=1/woR.. Assume that the frequency is sufficiently
low so that the effect of C can be completely neglected,
yielding the circuit of Fig. 1 (b) from which:
o _ (Rut jul)(= j1/C) __L/C. = jRu/uC.

L= - - —_— = _——
Ry + j(wL — 1/wC.) Ry + j(wL — 1/uC,)
wolRy — jwoR L */w

B L cARd)
Let woL =R./n then L =R./nw, so that
RLZ/M % j((.do/(.u)Rl,2

If the magnitude of Z. is to remain constant then

(1/n)? + (wo/w)? = 1 + (w/wo)*(1/n)* — 2/n 4+ (wo/w)?
(a/n)?1 — (w/w))?] +2/n—1=0

and assuming that the frequencies are such that (w/wo)?
is much less than 1.0, then 7n*—2n—1=0 so that
n=2.415. Therefore, to keep Z, from rising above
its medium-frequency value at frequencies below fo,
the required value of compensating inductance is
L=R_./2.415w,. i

A mathematical analysis does not conveniently yield
the required information for values of f close to and
above f,, but this information can be obtained by in-
vestigating the effect of variations of fr/fo (Where fr
is the parallel resonant frequency of the LC combination
of Fig. 1 (¢) ) on the family of response characteristics.
A set of these curves was computed for the circuit of
Fig. 1 (c) using the value of L=R./2.415w, as deter-
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Fig. 2—Response characteristics for various amplifier
circuits (theoretical).
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mined above. The results of this investigation are shown
in the curves of Fig. 3. An especially interesting char-
acteristic of these curves is the tenacious manner in
which they tend to cling to the value of ZL/R.,=1.0 for
values of f/fo less than 1.0. It can also be seen that a
variety of characteristics can be obtained by varying
the value of C used thus varying fr/fo. The curves for
fr/fo=2.1 were taken from this set of curves and
transposed to Fig. 2 as curves ¢ and ¢’ where they
indicate very clearly the improved response obtained.
This improved response is obtained without any ap-
preciable deterioration of the phase shift characteristic.

The curves of Fig. 3 were computed on the assump-
tion that no losses existed in either the coil L or the
condenser C and it is naturally desirable to determine
what effect these losses would have on the practical

R *(1/n —j(wo/w)) )

Ry + j(@/en) Ri/n — (w/@)Rz)  Ru+ j((w/w)Ru/n - )
RS e
=R 4/ —mM8M ———————
; ‘/1 T (w/wo)(1/n)? — 2/n + (wo/w)?

= | tan—! won/w — tan~! (w/wor — wo/w).
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Fig. 3—Effect of f,/fo ratic on response characteristics for “improved-
compensation” circuit (theoretical).

application. For this reason the curves of Fig. 4 were
calculated for the fr/fo=2.1 case for several values of
Qo, as indicated on the graph, where Qo is the quality of
the inductance at the frequency fo and the condenser is
assumed to have no losses. It is obvious from these
curves that a value of Qo as low as 41.4 produces only a
slight deviation in the curves over that obtained for
Qo= . The curve for Qo=4.14, while showing a devia-
tion from the ideal curve, is still surprisingly close to it.

All of the previous discussion has related to the
theoretical determination of the response characteristics
and it is naturally desirable to test these theoretical
conclusions experimentally. With this view in mind, an
experimental wide-band amplifier, using the circuit
diagram of Fig. 1 (a) was set up and the response char-
acteristic shown in Fig. 5 ¢ was obtained. From this
characteristic it was computed that 196 microhenries
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coupled resistance can be obtained by multiplying the
values for quarter-wave antennas by the square of the
ratio of the cffective heights. Sinusoidal current distri-
bution in the antennas is assumed, and the earth's sur-
face is taken as a perfectly conducting plane.

The field strength in the horizontal plane obtained
with four antennas is compared to that produced by a
single antenna of identical height into which the same
total power is fed, and the ratio of the two field strengths
is plotted versus one half the diagonal spacing S, and
versus the ratio of coil and ground resistance to radia-
tion resistance (R./R,), respectively.

ROOT-MEAN-SQUARE FIELD STRENGTH OF HoRI-
ZONTAL FI1ELD PATTERN OF FOUur ANTENNAS

Calling the diagonal spacing (in angular measure) of
the antennas 25 and the length of the sides of the square
S\ 2 (Fig. 1), the equation for the relative field strength
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Fig. 1—Horizontal field strength versus antenna spacing. Antenna
currents equal and in phase. Root-mean-square value of field
strength taken in all directions of horizontal plane.

in the horizontal plane with in-phase unit current in
each antenna is

E = 2[cos (S cos 6) + cos (S sin 6)] (1)

where 6 is the azimuth angle measured from the diago-
nals.
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The root-mean-square ficld strength in the horizontal
plane is defined as

r 1/2
Evme = [1/(21r) f E2d0] ; (2)

Introducing (1) into (2) and integrating gives
Eroe = 2[1 4+ Jo(2S) + 2Jo(SV2)]V? 3)

where J, designates the Bessel function of the first kind,
of order zero. It will be observed that for very close
spacing Jo(2S) = Jo(SV2) =1, giving E,m =4. This, of
course, is the same result as obtained if we let $S=0 in
(1), and if 4 units of current are fed intoa single antenna.
As S is increased the pattern becomes constricted, and
for S=180 degrees/\ "2 =127.2 degrees, four directions
of zero field strength are obtained at 45 degrees off the
diagonals. Field strengths in the direction of the diago-
nals and the bisectors, and root-mean-square field
strengths, are shown in Fig. 1, plotted as a function of S.

IMPEDANCE OF EAcH OF FOUR PARALLEL
VERTICAL DIPOLES

The impedance Z, of a half-wave dipole in the pres-
ence of three other energized dipoles, all four carrying
equal currents in-phase, is

Zy=2Zu+2Zw+2Z; = R + jX, (4)

where Z,; =self-impedance of one dipole with the
other dipoles removed.
Zyz=mutual impedance between adjacent di-
poles.
Ziz=mutual impedance between diagonally
opposite dipoles.

The derivation of the self- and mutual-impedance
terms in (4) have been given.2 For convenience the equa-
tions for Zy,, Zy5, and Z,; are reproduced below.

Zyy = 30[y + log, (2r) — Ci (2r) + j Si (2r)] ohms (5)

v = 0.577 = Euler's constant
Zy = 173.2 + j42.5 ohms

2 Ci BSV'2 — j2 SiBSV2 "
Z(l;}; 3" — Ci B(V2ST+ NTE + M/2) + j Si B(V/2STF NJd 4+ 2/2)
L — CiB(V25 + \*/4 — \/2) + j Si B(V/25® + \?/4 — £/2) (6)
=2 Ci g8 — j2 Sip2S -
Z(l;h: 53)0 — Ci B(VAST+ N8 + N/2) + j Si B(VESTF NJT + 1/2)
L — Ci B(VAS* + X7/& — M/2) + j Si B(v/A5T + N/T — £/2) (7)
B = 2x/\ :

“ Ccos x . .
Ci(u) = fw dx = cosine integral and Si (x) = f

x

Y sin x

dx = sine integral.
o X

* . S. Carter, “Circuit relations in radiating systems and applications to antenna problems,” Proc. LLR.E., vol. 20, pp. 1004-1041:

June, 1032,

s = e ge———




1944

Self-resistance and coupled resistance for quarter-
wave antennas over a perfectly conducting. plane are
one half of the corresponding resistances of half-wave
antennas in free space. Referring to Fig. 2, resistance
and reactance obtained when looking into a quarter-
wave radiator at the current maximum in the presence
of three other energized quarter-wave radiators are
shown as a function of the antenna spacing computed by
(4) to (7), inclusive.

As the antennas are assumed to be perfect conductors,
this input resistance (1/2 R) is equal to the radiation
resistance of each antenna. The relation of R; to the self-
resistance and coupled resistance of each antenna is
Rl - R1|+2Ru+R13-
where R,,=radiation resistance of a half-wave dipole

Ry, =coupled resistance between adjacent dipoles
Ry = coupled resistance between diagona! dipoles

Similarly we may write for the reactanceterms
X1=Xn+2Xu+Xu. :

For comparison, input resistance and reactance of a
single quarter-wave radiator with the other radiators
removed are also shown in Fig. 2, viz.,

1/2Ry1 = 36.6 ohms 1/2X,; = 21.25 ohms.

It will be observed that for small spacings the coupled
resistance is positive and increases the radiation resist-
ance. For S=0, Ry=4 Rjyand X,=4 X1

For S=98, 231, and 390 degrees the coupled resist-
ance is zero, giving R;=Ry1. Between 98 and 231 de-
grees the coupled resistance is negative. The minimum
total resistance is found at S=150 degrees and is 6.3
ohms.

APPLICATION TO RADIATORS SHORTER THAN
ONE-QUARTER WAVELENGTH

The radiation resistance R, of a thin vertical wire of
effective height & whose lower end is near the surface of
a perfectly conducting horizontal plane is given by the
equations

R, = 1579(h/\)? = 40 tan? (xH /N)
= 10(B1I)? ohms. ®
This expression is accurate for antennas much shorter
than one-quarter wavelength. For antennas one-quarter
wave long the above formulas give a value of radiation
resistance 10 per cent too high. The effective height & is
h = N/(27) tan (xH /\) 9
where H = physical height of antenna.

For simplicity the coupled resistance of two identical
short antennas is assumed to vary as the square of the
effective height of the antennas based on the following
reasoning:

Ez o [)h
Vo = hE, « h2[1
Z;z = Vz/l) oC /12
where I, =root-mean-square value of maximum current
in antenna 1
E,=axial field strength at radiator 2 due to cur-
rent in radiator 1
V. =total induced voltage in antenna 2.
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While it is realized that the values of coupled resistance
computed on this basis are not accurate, it is believed
that they hold within a few per cent when applied to
radio ranges.
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Fig. 2—Input resistance (1/2 R;) and reactance (1/2 X,) of each of
four quarter-wave antennas above a perfectly conducting plane
carrying equal currents in phase versus S. 1/2 Ru and 1/2 Xy
are resistance and reactance of a single quarter-wave antenna.

In order to check the above procedure of calculating
coupled resistance for short antennas, the following ap-
proximate formula was derived for the antenna layout
in Fig. 1: (see Appendix)

Re/R.=2[J(S/V2) —I(S/VD)+TH(S)—J1*(S)  (10)

where Jo, J1 = Bessel functions of first kind of order 0

and 1

R.=resistance coupled into each antenna
by the other three

R, =radiation resistance of a single antenna
with the others removed.

The equation is based on four vertical doublet anten-
nas located in the corners of a square over a perfectly
condncting horizontal plane. The antennas are assumed
to have equal currents in phase, the currents increasing
linearly from zero at the top to the maximum value at
the ground plane, and the vertical field pattern of cach
antenna is assumed to vary with the cosinc of the angle
of elevation.

Table 1 gives a comparison of values of R./R, calcu-
lated by cosine integrals and Bessel functions, respec-

tively. -
VALUES OF Rc/Ry

R./R, Calculated by | Re/R, Calculated by
J(ke) s (é,os'ine Integrals ‘ j es'sel Functions
00 | 22 i 2.757 2.784
300 | 33 2.46 2.527
409 | 2.193

44 2.10

It will be observed that for small spacings the values
of R./R, agree within 1 per cent; for greater spacing,
they differ more. For S=360 degrees the difference is
about 10 per cent. It requires less time to compute
R./R, by (10) than using (6) and (7).

For small antenna spacings the coupled reactance for
half-wave dipoles is positive; between values of S of 28
and 164 degrees it is negative oscillating with decreasing
amplitude as S increases.

In the frequency band available for low-frequency
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radio ranges and with the given antenna height and
spacings, the total coupled reactance is small, always
less than 10 ohms. This compares with a measured self-
reactance for a single antenna of approximately 460
ohms at 400 kilocycles. For very small antenna spacings
the reactance coupled by each antenna into the refer-
ence antenna approaches its self-reactance. In this case
the inductance required to tune each antenna is approxi-
mately four times the inductance needed for tuning a

W SR
|
—— - £
3= i o I
- . 1 {
Z | * [T [
I

Eo/E, = Ratio of Freld Strengths

RifRe = Ratio of Loss fo Rediation Resisfance
Fig. 3—Calculated gain in field strength obtainable by feeding a
given power into four antennas instead of a single antenna versus

Ry/R, with S as parameter.
single antenna with the other antennas removed. As-
suming a constant Q factor for the antenna-tuning coils,
the power loss per antenna increases for very small an-
tenna spacings over that for large spacing. The analysis
presented here is restricted to such antenna spacings for
which the coil resistance can be considered constant,
1.e., to cases where the coupled reactance is small com-
pared to the self-reactance of a single antenna.

It can be readily shown that, for a given frequency,
input power, and antenna spacing, the field strength
produced is nearly independent of the antenna height,
provided the antenna height is smaller than one-quarter
wavelength, and if coil and ground resistance and an-
tenna (ohmic) resistance were negligible and impedance
matching perfect.

GAIN IN FIELD STRENGTH DUE TO FOUR RADIATORS
OVER THAT wiTH ONE RADIATOR FOR CON-
STANT ToTAL INPUT POWER

For a single antenna the field strength E; produced
with an input power P, is

E:, = K/Pi/(R, + Ry). (11)
For four antennas the root-mean-square field strength

Eds  p e KEm/DVPIRFRTR) (12)
where R, and R, are as defined for (10) and
R; =coil and ground resistance for a single antenna
K =constant
E.ms =root-mean-square value of field strength for
unit current in each antenna (by (3)).
The gain will then be the ratio of (11) and (12).

E(/E, = Euns/2V (R, + R1)/(R. + RL + R.)

= Ems/zv(l + 77)/(1 + n + Rc/Rr)
where n=R/R,.

(13)

Proceedings of the I.R.E.

October

Under the above assumption that the coupled resist-
ance R. and radiation resistance R, both be proportional
to k2, a plot of E,/E; versus n holds for any antenna
heights smaller than one-quarter wave. It must be re-
membered, however, that n varies with % in any practi-
cal case.

Equation (13) has been used to calculate the curves of
Fig. 3 showing the gain in field strength (E,/E,) versus
n=R./R, with one-half diagonal spacing S as param-
eter.

It is observed that for small spacings and a ratio
R, /R, of approximtely five or over, a considerable gain
in field strength can be obtained if the radio-frequency
power is fed into four antennas instead of a single an-
tenna. The power gain is proportional to the square of the
field-strength gain and can e made of the order of 3:1.

In Fig. 4 the gain in field strength calculated by (13)
is shown as a function of one-half diagonal antenna spac-
ing S for a number of values of 7. For values of S greater
than about 80 degrees little or no gain can be obtained
for any value of 5. For a spacing S=98 degrces all the
curves intersect. This is because at this spacing the
coupled resistance is zero and E, equals 1/2 E,.,. It is
apparent that the greatest gain in field strength is ob-
tained with highest coil and ground resistance and for
small spacings. Spacings S in excess of approximately 45
degrees should not be chosen if maximum gain in field
strength is desired. These conditions can readily be ful-
filled in the present low-frequency radio ranges, as will
be brought out below.
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Fig. 4—Calculated gain in field strength obtainable by feeding a

given power into four antennas instead of a single antenna versus
S with =R, /R, as parameter.

©

In order to check the deviation from the desired cir-
cular field pattern, calculated field patterns (equation
(1)) are shown in Table 11 for several spacings. Due to
symmetry the field patterns need only be calculated be-
tween 0 and 45 degrees.

TABLE 11
RELATIVE Hor1zONTAL FiELD STRENGTH

Degiees S 544 degrees S =85 degrees | § =135 degrees | S =270 degrees
0 [ 3.438 | 2.1 0.586 EX Gl
10 | 3438 | 2015 I 0.570 | 1.229
20 3.434 | 2.10 0.190 | —0.648
30 3.428 2.038 -0.139 | —2.589
40 3.426 2.00 -0.351 -=3.77
45 3.426 1.994 —-0.376 —-3.926
26.0 o l
16.9
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MEASUREMENTS

In October, 1934, measurements of field strengths ob-
tained by energizing one and four antennas, respec-
tively, were made by R. P. Battle at the Pittsburgh
Pennsylvania, radio range. Measurements were made
at 200 and 400 kilocycles at a location 0.82 mile north of
the range station, in the direction 3 degrees off the bi-
sector of the diagonals. The radio-frequency resistance
(radiation, coil, and ground resistance) of individual
towers was measured with the remaining three towers
grounded. Thus the effect of coupled resistance was not
present. The measured resistances for the four towers at
400 kilocycles were Rgg=6.45 ohms, Ryg=6.6 ohms,
Ryw = 5.95 ohms, and Rgw = 7.2 ohms. With the south-
east tower energized alone (the other towers grounded)
radio-frequency current was 7.0 amperes, giving a field
strength of 43,500 microvolts per meter.

Energizing all four towers simultaneously the cur-
rents were Isg =2.0 amperes, Iyg=2.0 amperes, Inw
=1.8 amperes, and Isw=1.2 amperes giving a field
strength of 41,250 microvolts per meter.

For diagonal tower spacing 25=600 feet, we obtain
at 400 kilocycles, S =44 degrees. The antennas are 125
feet high and have a radiation resistance of 1.04 ohms
at 400 kilocycles as calculated by (8).

In order to find the total input power with four tow-
ers energized, the individual measured currents squared
have to be multiplied by the sum of their measured and
coupled resistances. The coupled resistance R, is found
by multiplying the ratio (R./R,) (as calculated for quar-
ter-wave radiators) by the radiation resistance of one
125-foot tower. To save the work of evaluating the real
parts of (6) and (7), a curve of (R:/R;) versus S was
drawn through a few calculated points (Fig. §). From
the curve we find for S =44 degrees, R./R,=2.12.

The coupled resistance for each 125-foot tower is
R.=2.12%1.04=2.2 ohms under the assumption of
equal currents in all the towers.

The total input power into the four antennas is

watts
2.02(6.45+2.2)= 34.6
+1.82(5.95+2.2)= 26.4
+4+2.02(6.6 +2.2)= 35.2
+1.22(7.2 +2.2)= 13.54
109.74

The field strength for this condition was measured and
found to be 41,250 microvolts per meter at 0.82 mile.

The power input with the southeast tower energized
alone is 7.02X6.45 =316 watts. The field strength for
this condition was measured and found to be 43,500
microvolts per meter at 0.82 mile.

Adjusting the field strength with four towers ener-
gized to the same input power as with one tower en-
ergized gives 41,250 \/316/109.7 = 70,100 microvolts per
meter.

Measured gain =70,100/43,500=1.61.

The calculated gain is found by (13). For S = 44degrees,
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Bon 304D
6.45+6.6+595+7.2—4X1.04 Ry
il 4% 1.04 = P
7=25.3
R RS2
B 5,42 T
. 2 1+53+2.12

Calculated gain =1.48.
The same measurements were repeated at 200 kilo-

cycles.
S = 22 degrees R, = 0.256 ohm R./R, = 2.75
Rsg = 5.63 ohms Isg = 2.2 amperes

Rng = 6.07 ohms Ing = 2.1 amperes
Rnw = 5.97 ohms Inw = 2.2 amperes
Rsw = 5.7 ohms Isw = 2.0 amperes
9l——- —_— T T T T 1 T
|
3
|
| -
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Fig. 5—Ratio of coupled resistance R. to radiation
resistance R versus S.

One tower energized:

Isg = 7.05 amperes yielding E=21,150 microvolts per
meter
P;=280 watts
Four towers energized:
P,=118.4 watts yielding E=28,500 microvolts per
meter

Adjusting the field strength with four towers ener-
gized to same input power as with one tower energized
gives \/286/1—1§‘IX 28,500 = 43,800 microvolts per me-
ter.

Measured gain =43,800/21,150 =2.07.

The calculated gain is obtained as follows:

Em=3.85

n=Ry/R,=21.8

E, 3.85 22.8
— = - = 1.82.
Ej 2 22.8 4+ 2.75

Calculated gain =1.82.

It is observed that at 200 kilocycles the measured and
calculated gains differ by 12 per cent.

At 400 kilocycles the agreement is better, the differ-
ence being about 8 per cent. In view of the several as-
sumptions made in the analysis, the above agreements
between measured and calculated gain are considered
satisfactory.
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CONCLUSIONS

With four vertical antennas shorter than one-quarter
wavelength, located in the corners of a square, a con-
siderable gain in field strength can be obtained over that
produced by a similar single antenna into which the
same total radio-frequency power is fed.

The gain obtainable is higher the larger the loss resist-
ance (coil and ground resistance) and the smaller the
spacing as long as the coupled reactance remains small
relative to the self-reactance of a single antenna. No gain
will be realized when the loss resistance is zero.

The spacing between diagonal towers (25) must be
smaller than approximately 170 degrees to realize any
gain and to keep a substantially circular horizontal field
pattern.

The analysis confirms that with ultra-high frequencies
no gain is realized by feeding a given power in-phase into
several antennas located symmetrically on a circle, over
that of a single antenna. This is because the radiators
are one-half or one-quarter wavelength long, requiring
no loss resistance for tuning and grounding.

ACKNOWLEDGMENT
The writer is indebted to Mr. W. E. Jackson, Chief of
the Radio Development Section, Civil Aeronautics Ad-
ministration, for suggesting the problem and for valua-
ble discussions pertaining to it.

APPENDIX
Derivation of Expression for R./R, in Equation (10)
The idea used in this derivation is to set up equations
for the radiated power of two identical short antennas
in free space and of a single similar antenna by deter-
mining the root-mean-square field intensity in all direc-
tions of space in the two cases. Taking the ratio of the
radiated powers gives the desired ratio of coupled re-
sistance to radiation resistance for two antennas from
which R./R, for any number of similar antennas located
symmetrically on a circle may be obtained. It can read-
ily be shown that the above analysis holds also for short
antennas over a perfectly conducting ground plane with
the current increasing linearly from zero at the top to
the maximum value at the base. This last procedure is

straight forward and is not given here.
The radiation field intensity of two short antennas
spaced a distance 2S5 and carrying equal currents in

phase is
E = (120xI7/\r) cos ¢ cos (S sin 0 cos ¢)
= 2Enax €0s ¢ cos (S sin 8 cos ¢) (14)
where  h=effective height

r =distance to reference point in space

¢ =angle of elevation measured from equa-
torial plane

6 =azimuth angle measured from normal to
line connecting the two antennas going
through radiation center

Epux =maximum field intensity for a single an-

tenna (in equatorial plane).

The root-mean-square field intensity of the two anten-
nas taken along a circle of latitude ¢ is

1 o, 1/2
Erms hor = I:—f EZdG] (15)
2rJ

4F : e
- [ it cos%f cos? (S sin 0 cos ¢)d0:| (16)

2T
Evnabor =2 Emax cos ¢[1 4+ Jo(2S cos ¢) ]!/ (17)

To find the root-mean-square field intensity in all di-
rections in space (Erms tot) €quation (17) is integrated in
the meridian plane.

2 2 172

Erme tot= I: —_ f Ermszhord¢ ] (18)
™ 0
4 /2

1/2

Erms tot= [ — Emn12 f cos® ¢ [1 +J0(25 COs d’) ]d¢ ] 9 (19)
™ 0

Equation (19) is integrated in three parts S, Sz, and
S, using the relation cos? ¢ =% (1+4cos 2¢)

4 T/2

Sl= - Emn12 f cos? d)dd) i Emnx2 (20)
™ 0
2 2

Sz=—Emnxﬁf Jo(ZS COs ¢)d¢=Emnx2]oz(S) (21)
m 0

2 /2
S3=—Emnx2f Jo(2S cos ¢) cos 2¢dep
T 0

= _Emnxz-]lz(s) (22)
Erms tot= Emax [1+102(S) —.]12(5)]”2. (23)

For a single antenna we may write with the same no-
tation as above

E = E .x COs ¢
2 r/2 1/2 1
Ermn = .'Emnx2f cos? d)dd)] = —— E max. 24
|: ™ 0 \/E ( )
The total power radiated by two antennas is
P, = 2I*(R. + R.) (25)

with R, =radiation resistance of a single antenna
R. =coupled resistance
I =maximum current in each antenna.

For a single antenna with current I the radiated
power is
P, = I?R,. (26)

Taking the ratio of (25) and (26) and introducing (23)
and (24) we find
Prz/Prl o Ermsztot/Erms2= 2(1 +Rc/IRr) (27)
Rc/Rr= (1/2)(Ermazlot/Ermaz) > o 1 “‘JOZ(S) _JIZ(S) (28)

For four symmetrical antennas as used in radio ranges
we may, therefore, write

Re/R,=2[J(S/VD) =TS/ D +THS) =T1X(S)  (29)
which checks (10).

For the integrations in (21) and (22) the reader may
consult, for example, the work by G. N. Watson, “A

treatise on the theory of Bessel Functions,” Cambridge,
1922, page 32.




]unction Analysis in Vacuum-Tube Circuits’
JOHN W. MILESt, NONMEMBER, L.R.E.

Summary—The method of junction analysis, well known to
workers In circuit analysis, does not appear to be appreciated suf-
ficlently by students and others whose interests do not lie primarily
in electric-clrcuit theory. It is shown that considerable simplification
and saving of computation is often effected when this method is
used, as contrasted with the better known mesh analysis, especially
in multistage amplifiers employing feedback, etc. Moreover, simpler
representation of a vacuum tube is achleved.

I. INTRODUCTION
rJ'l‘! HE FACT that the analysis of a circuit may be

made in terms of its junctions as well as its meshes

has been expounded by a number of men in dif-
ferent fields:'—* nevertheless this approach does not ap-
pear to be sufficiently appreciated. It is the purpose of
this paper to present the fundaméntals and illustrate
the simplification effected by junction analysis in some
typical vacuum tube circuits. (This method of analysis
also proves advantageous in circuits arising from elec-
tromechanical analogies.)

11. JuxcTioN THEORY

It is assumed that the reader is familiar with the
ordinary mesh analysis of circuits.!** For a circuit of
n meshes the current in mesh K is given by

e 635G
1k E = (k=1,2,---.,m) ()
=1 A

where e; is the net voltage generated around mesh J,
A is the determinant formed by the self- and mutual
impedances of the » meshes, and Ca equal to (—1)'+
times the determinant obtained by climinating the jth
row and the kth column of A. (Keller* and Kron? ex-
press these results in the simpler notation of matrices.)

Assume now that our voltage generators are replaced
by current generators and it is desired to find the po-
tential at any point (junction) in the circuit. At any
junction p we may write Kirchhoff’s laws that the vector
sum of the currents flowing into a junction is zero as

Y (ep— €Y, = L, (2
q=1

where ¢, and ¢ are the voltages of the junctions p and ¢
with reference to some arbitrary junction (generally
this will be the ground bus), Y, is the admittance be-

* Decimal classification: R142. Original manuscript received by

tlJ;e Institute, August 2, 1943; revised manuscript received, May 23,
44.

t Electrical Engineering Department, California Institute of
Technology, Pasadena 4, California.

' E. A. Guillemin, “Communication Networks,” vol. 2, John
Wiley and Sons, Inc., New York, N. Y., 1935.

1 E. G. Keller, “Mathematics of Modern Engineering,” vol. 2,
John Wiley and Sons, Inc., New York, N. Y., 1942.

3 Gabriel Kron, “Tensor Analysis of Networks,” John Wiley and
Sons, Inc., New York, N. Y., 1939.

¢ Electrical Engineering Staff, Massachusetts Institute of Tech-
r'\\'olg;gy,l;Eéectric ircuits,” John Wiley and Sons, Inc., New York,
N Y., .
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tween junctions p and ¢, and 1, is the net current n-
jected at junction p by current generators at that junc-
tion. The term g=p in (2) is, of course, zero. Equation
(2) may be written for cach of the n junctions of a circuit
giving a set of n simultancous lincar equations in the »
unknown voltages. (The ground bus or reference junc-
tion is not one of the n junctions; its known potential
may be denoted by e, w hich is zero for a ground bus.)
In the pth equation the cocthcient of ¢, will be the self-
admittance Y,,,i .c., sum of all the admittances tied to
the pth junction, while the cocfficient of the eg's will
be the negative of the mutual admittance between junc-
tions p and ¢ (the dual of the mutual impedance be-
tween meshes). Very often the mutual admittance be-
tween (wo junctions is zero.

The solution of the simultancous equations repre-
sented by (2) gives

1.0 n

e,'-z 2 I R LR

) (3)

-1
where A is now the determinant of the self- and mutual-
admittances of the n junctions, and Cp is (— 17
rimes the determinant obtained by climinating the gth
row and the pth column of &. Note that (3) is completely
analogous to (1) where voltages are interchanged with
currents, impedances replace admittances, and junc-
tions replace meshes. A familiar case of a junction re
placing a mesh is the well-known star-delta transforma-
tion, and the general case is the covariant tensor trans-
formation.?

A valuable variation in junction analysis results in the
particular case of 1,=0; (2) may then be written as®
-
Z oV ¢p

=1

€pr = S
2 Ve
g=1

This theorem has been presented by Millman* and ap-
plied by him to threc-phase circuits and to vacuum-tube
circuits. It is particularly useful in unbalanced three-
phase circuits since the voltage between sending and
receiving neutrals is directly obtained ; however, as will
be made clear in the examples below, it is not so power-
ful as junction analysis in vacuum tube circuits. In the
application of (4) it is clearly no longer necessary to
convert voltage generators to current generators.

(4)

I11. APPLICATION TO VACUUM-TUBE ANALYSIS

The chief advantage of the junction method of circuit
analysis is the availability of a solution involving a

s The subscript 0 implies a common reference point for the
potential epo.

¢ Jacob Millman, “A useful network theorem,” Proc. .LR.E.,
vol. 28, 9, pp. 413-418; September, 1940.
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lower order determinant than mesh analysis might lead
to. Accordingly a circuit should always be investigated
to see whether it may be solved more simply in terms of
junction voltages or mesh currents. Once these voltages
or currents are found by determinant solution any other
current or voltage is found by direct application of

Ohm's law. A less important factor is whether the per-

formance of the circuit is specified in terms of voltages.

A circuit which has many impedance elements in parallel

is almost always better solved by the junction method,

for even though the loops formed by parallel imped-
ances are not necessarily treated as separate meshes,
it is far simpler to add parallel admittances than paraliel
impedances. A final, but all-important consideration is
whether the circuit is more easily represented with cur-
rent or voltage generators. The labor of converting an
ideal voltage generator having zero series impedance to

an ideal current generator having infinite shunt im-

pedance and vice versa by Thevenin’s theorem may be

greater than the saving gained by the use of one method
of analysis over the other.

In the case of the usual vacuum-tube circuit it may be
said:

(1) There are fewer junctions than meshes.

(2) The performance of the circuit is generally specified
in terms of voltage ratios.

(3) In the equivalent circuit many elements occur in
parallel; and in particular there are usually, more
capacitances than inductances, facilitating the use
of admittance.

(4) A vacuum tube may be represented equally well by
a current or a voltage generator.”

Obviously the first three points favor junction analysis,

while the fourth makes it simply applicable.

IV. ILLUSTRATIONS

(a) Consider the ordinary resistance coupled amplifier
of Fig. 1. This amplifier and its equivalent circuit are
given on page 175 of footnote reference (7) and is solved
in footnote reference (5) by the application of (4). If e,
is the input voltage, and ¢, is the output voltage, the
gain is given by the ratio of e, to e,. We compute this
gain first by the conventional mesh approach.

(21 + (2223222 + 23)) — pe,
~ (2223/22 + Z:i))_ 0
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co=¢6' — L 7
(Ya+Ys+Ye)
7
Tl S 60Y4+#eal_ 1 (8)
(Vi+V+Ys+Ya)
€o Y1Y4
e L. ()
(A (Y1+Y2+Y3+Y4)(Y4+1 5+Y6)_Y4
The application of the junction analysis gives
’ (Y1+Y.+Ys+Y) — gmes
- 0
= Y4- : - (10)
(Y1+Y+Ys+Ys) —V,
=¥ (Yi+Ys+VYe)
€o , ng4_ i 5 (11)
€ (Y1+Y2+Y3+Y4)(y4+yb+y6)_Y42

P
>

Fig. 1—An ordinary resistance-coupled amplifier.

Since uY1=¢g., (9) and (11) are identical; however the
solution leading to (11) is somewhat more direct.

(b) As a second illustration consider the two-stage
resistance-capacitance-coupled amptiifier incorporating

(2526/(25 + z6)

. 2526
e =t2\— ) =
25 + 26

I (o1 + (2a2o/2 + 2) — (mamslze +22)) | (5)

~ (2223/22 + 23) (2223/22 + 25 + 24 + (226/25 + 2¢)) |

€o

s

Here Zg is the impedance of Zs and Z, in parallel, etc.
Millman’ does away with the troublesome paralleled
impedances in (6) by applying (4). If we let Y1=1/z,
Y.=1/z, etc., then

7F. E. Terman, “Radio Engineering,” McGraw-Hill Book Com-
pany, New York, N. Y., 1938.

T @ ) @ 20 F sz

(6) -

feedback through R, as shown in Fig. 2. This particular
circuit is solved by Millman through the use of (4). It
requires 4 meshes or 3 junctions. For simplicity of il-
lustration interelectrode capacitances are neglected;
however, they do not add junctions to the circuit and
could be easily included. If the coupling condenser is
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large enough it too may be neglected, thus eliminating '
an extra junction or an extra mesh. In the usual ap-
proach to such a problem involving two stages it is not D add
possible to write the solution of the output voltage = L
directly since the grid-driving voltage of the second es bi s 2
stage must be found. It will now be shown that the find- 1 I

= .

©

ing of this intermediate voltage is not necessary when l i}
the junction method of analysis is used.
Consider the Kirchhoff equations for the circuit

YVies — Vises — YVizes = — gmy6s (12a)

V"' -qm o
4 | i 24
— Vaer+ Ve — Viges = 0 (12b) r Rp, gm.: Rop EEsz Rip
— Vaer — YVaes + Vazes = — gmyeo. (12c) e 4(~)-9m 8 [ %
Generally all admittances are passive and bilinear so l l

that V2= Va, etc. However if we rewrite (12c) as
— Yaer — (Vo = gmp)ez + Vases = 0 Fig. 2—A two-stage resistance-capacitance-coupled amplifier
s S Pl L et (12¢) incorporating feedback through R.

we see that the current generator of the second stage GRID PLATE

may be eliminated if only we define the mutual im- I 2 ) T
pedance from junction 3 to junction 2 (V3,) as the bi- Zgmes > Re
linear mutual impedance (Y2;) minus the transconduc-
tance of the amplifier tube whose control grid is at \
junction 2 and whose plate is at junction 3. The physical -
interpretation of this operation implies that a voltage Fig. 3—The representation of a vacuum tube as
at the grid of the tube produces a current in the plate et

circuit, but that a voltage at the plate produces no cur- R
rent in the grid circuit, this being a familiar and impor- i
tant property of the ordinary vacuum tube. Fig. 3
illustrates a possible representation of the tube where ¢t

Al
|
l
) ~ = e B e
—g. does not contribute to the self-admittance of the |
.
]
I
|
I

b
Al
AAA

e 1«) = e

7 y
b4

AA
W

=

plate junction. In general, however, there will be less
confusion if this representation is introduced in the cir-
cuit equations rather than in the circuit schematic. This OR $
principle can be extended to cover the transconductances i-g ©f 3°
between other elements of a tube in cases where these
elements have alternating-current potentials above . ) '_4 . B — ’
: Fig. 4—A circuit which requires eight meshes for solution

ground. If there is any advantage the first tube may be and only three nodes.
similarly treated.

Returning to the solution of Fig. 2 we find the gain circuit (taken from page 429 of footnote reference 4)

directly: which in principle would require eight mesh currents,
— jwC  (jwC + 1/Rg,)
- I/R = (— gmxev)
- =3 : (13)
| (1/Rp, + 1/Rei + 1/R + juC) — juC AL
— jwC (joC + 1/Rq,) 0
| ~ /R —gm (/R4 1/Re,+ 1/Ra)
€0 | (jwCgm, + jwC/R + 1/RR
== o | ‘_,LA /RRg,) ] (14)

If we had considered jwC to have a large admittance, whereas it may be solved with three node voltages.®

junction 2 would have been omitted, and we would This circuit, however, brings us to an important limita-

have had a second-order determinant solution rather tion of junction analysis, for if there is coupling between

than a third. Note that it is not practicable in this par- any of the coils shown there is no direct way of handling

ticular case to let jwC approach infinity in (13), al- the mutual impedance.

though of course this may be done. 8 Actually this circuit would be handled with three meshes, but
(c) The examples above have been simple in order to the paralleling of impedance elements motivated by such an analysis

: . ] £ Id still the treatment considerably more complex th
illustrate the method of solution. In Fig. 4 is shown a }ﬁ?,‘ét;of,‘gn;?;‘;’é_ 25 4 e S




Consider the transformer of Fig. 5(a). There are two

M
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Fig. S—A transformer and its T and = representations.

meshes and the mutual inductance between the coils is
treated as any other mutual impedance. If it is desired

to use junction analysis it is necessary to replace it by
its equivalent T (Fig. (5b)) or 7 (Fig. (5¢)) network. The
T equivalent is simply computed but possesses three
nodes, while the = equivalent has only two nodes but
more complex constants. The choice of 7 or T would
obviously be a matter of the circuit and the constants
of the transformer. Generally, however, .circuits con-
taining transformers are better handled with mesh
currents.
V. CONCLUSION

From the above illustrations it is seen that the repre-
sentation of a vacuum tube by a current generator in
parallel with the plate impedances and the solution of
the equivalent circuit in terms of its junction voltages
generally leads to a simpler solution than the conven-
tional mesh-current approach. The only important cases
where this may not be true are in transformer-coupled
amplifiers. A unique feature of the junction analysis
allows vacuum tubes to be represented as passive net-
works composed of a bilinear self impedance and a
unilinear mutual impedance.

The Calculation of the Mutual Inductance of Circular

Filaments in Any Desired Positions’
FREDERICK W. GROVER{, SENIOR MEMBER, LR.E.

Summary—The calculation of the mutual inductance of circular
coils whose cross-sectional dimensions are small, compared with
their distance apart, depends upon basic formulas for the calculation
of the mutual inductance of circular filaments.

The case of coaxial circular filaments has been quite thoroughly
treated and any desired accuracy is attainable. However, the avail-
able formulas for more general cases such as circles with parallel or
inclined axes are slowly convergent for considerable ranges of the
parameters and for such cases admit of only rough accuracy.

The present paper is concerned with providing formulas and
tables capable of giving a moderate accuracy, with a moderate
amount of labor, even in complicated cases. The tables apply to
calculations for equal circles with parallel axes, and to circles of
pearly equal radii having inclined axes which intersect at the center
of one of the circles. This latter case enters in the design of a variom-
eter composed of two coils of small cross sections; the former is
applicable to the calculation of a variometer with coils having ec-
centric axes.

A general formula is derived, which allows of a fairly simple
method of computation for any desired case, by the employment of
a chart of the flux distribution about a circular filament carrying
current. An accuracy of a few parts in a thousand is readily attain-
able.

lar coils whose cross-sectional dimensions are

small, compared with their distance apart, de-
pends upon basic formulas for the calculation of the
mutual inductance of circular filaments.

T HE calculation of the mutual inductance of circu-

* Decimal classification: R232. Original manuscript received by

the Institute, April 17, 1944,
t Electrical Engineering Department, Union College, Schenec-

tady, New York.
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The case of coaxial circular filaments!~% has been quite
thoroughly treated by a number of authors since the
time of Maxwell and an accuracy exceeding anything
required in practice is possible. Tables by Curtis and
Sparks? and by Grover? make routine calculations quite
simple and rapid. Calculations for more general cases
have, however, received relatively little attention and
only in special cases are satisfactory formulas available.

A formula for two circles whose axes intersect was
given by Maxwell.! Formulas for circles with parallel
axes have been given by Butterworth®® and Snow.!°
Snow has also treated!! the case of circles with inclined
axes with the center of one circle on the axis of the other.
Only in the case of Butterworth’s formulas have any nu-
merical data appeared. Unfortunately, existing formulas
are slowly convergent, are useful for rather limited

! Maxwell, “Electricity and Magnetism,” vol. 2, section 701.

2E. B. Rosa and F. W. Grover, Bull. Bur. Stand., vol. 8, pp.
1-237: January, 1912. Scientific Paper 169.

3 Butterworth, Phil. Mag., vol. 31, p. 276; 1916.

*F. W. Grover, Bur. of Stand. Scientific Paper 320, 1918.

:E W. Grc()jvesr, Blt(u'. gta[rltd.BJoursRes‘, vol. 1, pp. 487; 1928.

urtis an arks, Bull. Bur. Stand., vol. 19. Scienti

e p ol. 19. Scientific Paper
192; F. W. Grover, Bull. Bur. Stand., vol. 20. Scientific Paper 498;

1 Sce section 697 of footnote reference 1.

8 Butterworth, Phil. Mag., vol. 31, p. 443; 1916.

¢ Scientific Paper 320, Bur. of Stand. 1918.

10 Chester Snow, Bur. Stand. Jour. Res., vol. 3, p. 255; 1929,

1 Chester Snow, Bur. Stand. Jour. Res., vol. 1, p. 531; 1928
Especially formula (23a). g - .
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ranges of the parameters, and fail completely in other
cases. Furthermore, numerical computations are labori-
ous because of the nature of the calculations and the
number of terms which have to be calculated.

The present paper is concerned especially with the
problem of providing methods and material suitable for
routine calculations of an accuracy sufficient for practi-
cal purposes. Tables have been calculated for the more
important special cases and a general method is de-
veloped capable of giving results accurate to a few parts
in one thousand.

CIRCLES WITH PARALLEL AXES

Let the axes of the circles be a and 4 (Fig. 1) and the
distance between centers r. Butterworth’s formula®!®
for distant circles r>(a+A4) conv