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Special Vacuum Tube Voltmeter
Model No. 210 AR Square Wave Generator
Model No. 200 DR Audio Oscillator

Most all -hp- instruments are available for
standard relay rack mounting. Thus several units may
be assembled into a special cabinet to make an ideal
combination for production line stations or for equip-
ping a small laboratory. The single unit shown at left
combines the three standard -hp- instruments shown

The complete combination in cabinet measuring 21 x24x 14 - 1 X g
occupies minimum space on the bench. Note lack of great above. With this combination you can measure volts,

numbers of kriobs and dials which is significant of

ly square wave to measure the r mpli-
the simplicity and speed of operation. BPpayex € response ofa P

fiers and networks ... make distortion measurements
on audio amplifiers, make accurate bridge measurements and all the valuable tests and measurements
possible with -hp- resistance tuned audio oscillators. Complete technical data sheets are available on
these three units which you may obtain without obligation. * Just drop a post card in the mail. Also
ask for your copy of the 24 page -hp- catalog which gives much valuable information about electronic
test and measuring equipment in addition to data on the -hp- instruments.

HEWLETT-PACKARD COMPANY

P. 0. Box 783D, Station A, Palo Alto, California
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WRITE FOR !
LITERATURE  «i®" g2 7. xx\\ed“

Smaller Type ‘38: 300, 500 and 600 v.
D.C.W.. .001 to .01 mid.; and 800 v., .001
to .005 mtd.

Larger Type '89: 400 v., .015 to .5 mid.:
600 v., .015 to .25 mtd.; 1000 v., .006 jo .1
mid.; and 2000 v., .006 to .05 mid,

Unless otherwise specified, units are sup-
plied with Aerovox Hyvol oil impregnant
and fill. Available also with mineral oil.
Type ‘38 tolerances up to but not includ-
ing .01 mid., minus 20% plus 50%: .01
mid.. minus 10% plus 40%.

Type ‘89 tolerances up to .009 mfd., In.
clusive. minus 20% plus 50%: .01 to .09
mid., minus 10% plus 40%: higher than
.09 mfd., minus 10% plus 20%.

/4

AEROVOX CORPORATION, NEW BEOFORD, MASS., U.S.A. 4 SALES OFFICES IN ALL PRINCIPAL CITIES
Export: 13 E. 40 ST., NEw York 16, N. Y. - Cable: ARLAB' - In Canada: AEROVOX CANADA LTD., HAM(LTON, ONT.
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gl @ Uniform voltage stress
; ® Low max. voltage gradient
T s ® Contacts SOLDERED to foil
e WAL ‘ — internal arcs avoided
] -’"A \'A i E 3
[ . _ pRAGU 4 Working closely with leading
o S g e welding equipment manufac.
‘ o et turers in the rapid development
g of Capacitor-Discharge units,
e Sprague has produced a line of
specially-designed capacitors that
z have proved eminently successful
g g SE in this exacting application. The
M dielectric of these Sprague Weld-
™ ' ing Capacitors is a high-quality
o paper impregnated with an oil specially processed to
assure a more nearly uniform stress throughout the
units and a lower maximum voltage gradient. Longer
life is the natural result. A special construction feature
wherein contacts are painstakingly soldered to the foil
minimizes danger of internal arcs with consequent
gaseous discharges_that might eventually ruig the
capacitors.
\ . ' For the latest developments in this field—whether
1 g for original capacitor-discharge welding equipment
\ or replacement purposes—write Sprague.
= s— A SPRAGUE ELECTRIC CO., North Adams, Mass.
I 5 =y {Formerly Sprague Specialties Co.)
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g “BODY (400)
- 4‘ N ) nt
43 }ln almost, en&le;’g var;e{y 5 c01l forms (up to 5 inches in diam-
,' oo _ Bf }‘;pifocessed to your specifications within rea-
b, 7 G e sona'ble tolerances We are also able to furnish pressed pieces
(ne T s qr /o T o approxxmately 6 inches square, * The facilities of Centralab’s
r‘k r“j‘ engineering and laboratory experience are at your disposal.

Y \ 2 Write for Bulletin 720

% Centradite is especially in-
dicated where Low Thermal
Expansion, High Resistance to
Heat Shock, Low Porosity and
Low Loss Factor are requisites.

Division of GLOBE-UNION INC., Milwaukee

PRODUCERS OF VARIABLE RESISTORS © SELECTOR SWITCHES ¢ CERAMIC CAPACITORS, FIXED AND VARIABLE ® STEATITE INSULATORS
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JOHN F. IRELAND, technician in charge of
the Barnstable (Mass.) County Police Rodio
System, deserves much credit for the
remarkable life of this pair of HK-54 tubes.

FINAL AMPLIFIER of the main station (WRAQ) ot the Barnstable County Jail and House of Correction
showing the pair of Gammatrons still on the job after opproximately 38,000 hours of operation.

WRAQ REPORTS GAMMATRONS STILL
IN CONSTANT OPERATION AFTER 57 MONTHS

Strong proof of the extraordinary
life of Gammatron tubes is con-
tained in the following report from
the service files of WRAQ as pre-
pared by Technician John F.Ireland:

"Our main station is on the air 24
hours daily, operating on a fre-
quency of 39,900 kcs. The final
amplifier of this transmitter uses a
pair of HK-54 tubes with 1100 volts
on their plates.

“These HK-54s (Serial Nos. 2270
and 2271) were installed in the
transmitter on August 3, 1939. Ex-
cept for shut-downs of short dura-
tion for minor repairs and the
checking of other tubes, these 54s
have been in continuous use since
installation, and are still on the job
after approximately 38,000 hours.

6A

“To further the life of these tubes
the filament voltage, during standby,
is dropped from 5.0 volts to slightly
under 4.5 volts, a relay shorting the
dropping resistor when plate volt-
age is applied.

“The present modulator tubes,
also HK-54s, were installed in the
later part of 1939, and from all in-
dications still have a long way to go

before being retired. Filament volt-
age of these has the same treatment
as the above."”

Every Gammatron is built of the
same materials, is exhausted in the
same severe manner, and passes the

same rigid tests as those in opera-
tion at WRAQ.

BUY AN EXTRA WAR BOND

HEINTZ ano KAUFMAN .i70.

SOUTH SAN FRANCISCO CALIFORNIA

Army-Navy Production Award bestowed Sfor second time on
January 15, 1944

Wamn Tebes

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



Sweed Qutput

OF ELECTRONIC EQUIPMENT WITH

AMERTRAN

__HIGH VOLTAGE RECTIF

N

o e

Muny manufacturers of naval, aircraft and land
communications equipment know that they have
better assurance of meeting exacting delivery
schedules when the High Voltage Rectifiers are
made by AmerTran. Acceptance is also assured
through our familiarity with special applications,
including navigating and locating devices.

AmerTran Rectifiers can be made to conform in
general appearance with other apparatus with
which they may be associated.

Delivery is assured by our access to stable mate-

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

Proceedings of the I.R.E. Tuns, 1944
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rial sources, plus a proved, fast production sys-
tem that employs certain recently developed
techniques..

In spite of the pressure of war production,
AmerTran Rectifiers are built to the same quality
standards that have characterized AmerTran
products for forty-three years. Quotations will
be forwarded promptly upon receipt of your
specifications.

AMERICAN TRANSFORMER CO.,178 Emmet St., Newark 5,N.).




TYPE 508 TRANSMITTER

(Illustrated at right). Type 508 Transmitter as designed
by AAC for Army Airways Communications Service.
Power output 450 watts each channel. Types of emission

Al, A2, A3 and FM teletype. Five channels can be oper-

ated simultaneously. Single or dual modulator can be
supplied.

PRECISION RADIO



Serving the AIR TRANSPORT COMMAND
Along Vital World-Wide Routes

f I \HE Air Transport Command has become the greatest air transporta-
tion system in the world . . . delivering planes, materials and personnel

to the Allied forces everywhere! £
As ATC pilots fly the seven seas and girdle the earth they are served ”

by communications systems of which Aircraft Accessories T ransmitters

are an important part. These 508 units” are an outstanding example of

the engineering skill and production tempo of Aircraft Accessories. De-

signed specifically to performance requirements of Army Airways Com-

munications Service (AACS), which sets up and operates radio facilities

for the ATC, this equipment is now in operation at many of the wide-

spread world outposts maintained by AACS.

This type of AAC equipment can be readily adapted to immediate
use by other airlines. Deliveries can be made in remarkably short time,
if adequate priority ratings are available.

ELECTRONICS DIVISION "*iaNsas ™

|
|
A 4

; o

/
\

A CCESSORIES /ORPORATION

and ELECTRONICS ¢ ENGINEERED POWER CONTROLS

o Wenc Naoaw Yark N VY Crhla Addracc: AACPROD



QUARTZ
CRYSTALS

ANY TYPE, ANY SIZE,
ANY QUANTITY

OUR PRODUCTION IS GEARED TO MEET
YOUR DELIVERY SCHEDULES AN D
SPECIFICATIONS.

WE ARE MAKING THOUSANDS FOR
THE SERVICES. CAN WE HELP YOU?
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ofﬁ{._j" AVIATION RADIO \EQUIPMENT
CRYSTAL Tagg

F REX BASSETT

INCORPORATED
FORT LAUDERDALE, FLORIDA
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When Long Distance Says—

“Please limit your call

to 5 minutes”

That’s a good suggestion to follow.
It means the lines to war-busy
centers are crowded. It’s a friendly,
thoughtful act that helps the other
fellow —and then some day turns

right around and helps you.




o

Three attitudes that hamper war production
F‘—: W’*"*‘I“fxi}fﬂu * 3 'l‘“ : - 5 Vg A ,

KEEPING LABOR ON
LABOR'S SIDE OF THE FENCE

Ignoring successful examples of many
progressive planfs, some executives still choose

to utilize the craftsmanship but not the
wholehearted cooperation of labor.

labor appears to be non-essential
around the conference table.

ONE EYE SHUT TO WORKING CONDITIONS

{

!

}

!

A healthy and contented worker is a f

good worker — but, unfortunately, some men §
close one eye to this well-established i

fact. Provisions for maintaining

general comfort and morale on the
production line are shrugged aside, and then
there's wonderment if output lags.

“I'M BETTER THAN HE IS”

While boys of different colors and
races and religions fight and die side-by-side,
here at home there are those
who practice an un-American form of
discrimination. Overlooked is the actuality
that harmonious relationships of all peoples
can, and must, be achieved.

THERE IS NO PLACE IN THIS COUNTRY FOR SUCH ATTITUDES

At ECA, even as in your plant, we have questioned these three attitudes . . . experimented . . . eliminated them.
Carrying the fundamental principles of the American dream into our organization, management and labor function
as a single democratic unit. Periodic meetings have been established . . . ideas of benefit to both groups are
exchanged. Here we gather suggestions for economy and efficiency. Here originate recreational facilities, group
insurance and medicine plans, our extensive home front activities. Here developments are born whose value to
the country have been effectively demonstrated. Here our policy of assigning jobs on the basis of me:it rather than
heritage is reafirmed. Hos our plon worked? Effclency steadily Increases and production, for example, today is aix
times greater than it was twelve months ago. This record glves added support to our proposition that, regardless
of color or creed, to advance is the common birthright of all men ... and that mutval cooperation between the
man-in-the-front-ofice and the man-who-puts-things-together is not only highly desirable byt highly essential.

CZZ

ELECTRONIC CORP. OF AMERICA
45 WEST 18th STREET « NEW YORK iI, N.Y. WATKINS 9-1870

REPRINTS OPF THID AOVERTISEMENT AVAILABLE AHAPPE-WILKES INC.

24 Proceedings of the IL.R.E. Tune, 1944



Westinghouse Electronic Tubes . . . doing a job on every front, in every battle, in every war industry

¥ These Westinghouse
b e ‘ ‘ € Tubes Now Available
a

P in Limited Quantities
‘.-

[
s ‘ e WL-195. . . . . Pliotron
ha® e pes

. KU-610. Thyratron

To help meet the sky-rocketing KU-627. Thyratron

g 5 tyratron

i i KU-629. Thyratron

demand for Westinghouse Electronic ol ot

3 3 H 3 i ime- WL-651/656 Ignitron

Tubes, Westinghouse has devised a simple but ingenious time W '6525057 Iorimen

saver. When welding certain filaments, instead of inserting a piece %{,232/ 658 Tlff:‘::::g::

5 3 e 3 J Tl

of steel into the filament coil to keep it in alignment, we use a lé/lfi((’,;(; Th Y ratron
. . .. WL-681/686 nit

strip of spaghetti. The spaghetti is then burned out and the whole WL-7|0( Balladi Tube

. D 5 5 L WL-788 Ballast Tube

job completed in 114 minutes instead of 5. This is but one WL-857B . Phanotron

. WL-892 Pliotron

example of how Westinghouse resourcefulness has enabled us to WL-895 Pliotron

WL-896., . . Ballast Tube

increase production 30 times. Today, we’re not only meeting time
P y v g

and quality “musts” on Government contracts—we’re also con-
tinuing to supply the heavy demands of war industry. Your nearest

Westinghouse Office or Distributor will be glad to receive your
inquiries for Westinghouse Tubes.

Westinghouse Electric & Manufactur-

ing Company, Bloomfield, N. J.

Westinghouse

PLANTS IN 2 (13 OFFICES EVER HENE

Quality Controlled ELECTRONIC TUBES

Proceedings of the LR.E. Tune, 1944 13a




soldiers in mufti

0nc of the most iniportant men on the production Raytheon engineers are continnally devising new elec.
front is the electronic engineer. Working long and tronic produets which contribute to the immeasurably
hard hours, his time is spent devising and planning important role that advanced electronic equipment is
clectronic equipment that will give the Allied forces playing in winning the war. Raytheon electronic tubes
overwhelming superiority on the battlefront. He was and equipment are built to nore than meet severe
““drafied” carly in the war and has devoted his special wartime requirements. The “Plus-Exira™ quality,
skills unstintingly to the successful prosecution of the dependability and stamina of Raytheon products have
war effort, The electronic engineer is truly a soldier estublished Raytheon as one of the leading manufac-
on the homefront. turers in the electronic field.

ARMY-NAVY *‘E'* WITH STARS
Awarded All Four Divisions aof Raythean
for Continued Excellence in Production

: FA " b §)
: ¢ .~,,". d Newton _,:‘.i- 1 ,A‘.; 2
DEVOTED TO RESEARCH AND THE MANUFACTURE OF TUBES AND EQUIPMENT FOR THE NEW ERA OF ELECTRONICS

ok Proceedings of the 1 R.E June, 1944



CIR Series Sockets
Any Type List $ .45
Type CIR Sockets feature low-loss isolantite

or steatite insulation, a contact that grips the
tube prong for its entire length

ring for six position m
supplied with two met

GS-4A|

Cylindrt
standoff
plated :AI\

GSJ
A oocial A
op throadd o P\L
:ifm:hur zf;\l NA“ON

a GS-4A.

GS-5, 174" List, each $ .40
GS-6, 2 List, each $ .70
GS-1, - List, each $1.25
GS-10, 34", package of 10
Lists .12
These cone type stendoff
insulators are of low-loss

steaute. They have a tapped
hole at each end for mounting.

GS-8, withterminal List $ .90
GS-9, with Jack List $1.925

These low-loss steatite stand-
off insulators are also useful as
lead-through bushings.

>

NATIONAL LOW-LOSS SOCKETS AND INSULATORS

AA-3 List § .60
A low-loss steastite spreader

'O r i

ne spacing
ohms impedance with No. 12

List$ .50
neatite  aircrah-

List$ .90

e strain in-
s steatite.

t, each $: .20
te bushmg

List$ 1.20
XS-2, (14" Hole) List $ 1.35
Prices listed are per peir, in-

ton steatite

XS-3, (934" Hole) List $ 6.00
XS-4, (334’ Hole) List$ 7.25

meta 3
steatite bowls are ideal for
lead-in purposes at high voit
ages

XS-S, Without Fittings
List, each $ 8.25

XS-SF, With Fittings

List, per pair $17.Q0

These big low-loss bowls have

sn extremely long leskage

th and a S5V4" fange for

E:k:ng in place. Insulation
steastite.

Proccedings of the I.R.E. June, 1944
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These Elastic Stap Nuts are halding the driving
flonge. Even with frequent starts and stops, and
the steady vse the wheols of an express truck ges,
these nuts hald fost.

N the road, trucks earn their
keep. In the shop they eat their
heads off.

The Railway Express Agency
knows that well. And they learned
one of the answers to keeping
trucks on the go way back in 1927.

They use Elastic Stop Nuts — use
them on a great many of their
15,000 trucks.

The reasons? These nuts increase
safety and cut down mishaps. They
reduce maintenance time aund up-
keep costs.

Elastic Stop Nuts go on like ordi-
nary nuts. They need no auxiliary
locking devices. They can be taken
off and put back on time and time
again and still lock. Nothing — even
severe vibration — shakes them
loose.

It’s the elastic collar in the top
that does the trick. It hugs the bolt
threads tight. It cushions vibration.
The nut can’t shiver loose and turn.

Today billions of these nuts with

16A

Roilwoy Express truck bodles are campletely
fostened with Elostic Stop Nuts. Where other
fastenings give with the swoy and twist of the
truck, these nuts hald tight.

the ESNA red collar are being used
on our aircraft. A bomber takes as
many as 50,000 in a single ship.

In the days to come there will be
countless fastening problems on all
kinds of products. Perhaps you have
one now.

1f so0, we'd like to talk about it. Our
engineers are at your service ready
to recommend the right Elastic Stop
Nut to provide a safer, surer,
trouble-free fastening.

iy

Throughout the chassis, Elostic Stap Nuts are
vied wherever ordinory nuts loosen in service.
Here they are fastening the hand-broke drum an
the propeller shaft,

Major spots where Elastic

Stop Nuts are at work on Rail-

way Express Agency Trucks

Steering post — fasten bracket to cowl ® Steering
post — hold bracket to chassis * Drive shoft and
universols * Moster-brake cylinder to bracket ®
Hand-brake drum to shaft * Gas tank straps ©
Propeller shaft center corrier * Clutch and
broke pedal brackets ® Rear wheel hubs * Motor
supports on cross member * Shockle bolt lock
pin * Front bumper brockets * Cab bolts *
Body hinges ® Truck bodies — approximately
375 avts,

TRAGE Mmaax oOF

ELASTIC STOP NUT CORPORATION -
OF AMERICA

" ELASTIC STOP NUTS

Lock fast to make things last

UNION, NEW JERSEY AND
LINCOLN, NEBRASKA

]

N

Proceedings of the I.R ES Tune, 1944



W. A. PATTERSON, President of United Air Lines

* _.YOU SAY VIBRATOR POWER SUPPLIES CAN

INCREASE SAFETY AND COMFORT IN PLA

MR. W. A. PATTERSON, President of United Air Lines, recently said —

“It is our belief that the war has advanced public acceptance of the airplane
is a mode of transportation by 20 years. The airlines, like every other service
that caters to the public, must anticipate their passengers’ expectations of new
facilities for greater comfort and safety. United will put in service new, huge
44-50 passenger Mainliners offering comforts, convemiences and thoughtful
appointments surpassing anything heretofore known and flying from coast to
coust in 11 hours with new devices to assure safe flight

E.L is ready right now with Vibrator Power Supplies to bring passengers the greater
comfort of fluorescent lighting as well as the convenience and safety of radio and
radio-telephone. E-L Black Light equipment is available as a safety device for
instrument panel illumination at night to eliminate blinding interior glare and to
provide clear, sharply defined instrument calibration. Engineered to specific space
and voltage requirements, Electronic Laboratories products are used wherever cur-
rent must be changed in voltage, frequency or type. E-L engineers invite inquiries.

‘/%%/ = WA=
%M LABORATORIES INC.

VIBRATOR POWER SUPPLIES FOR LIGHTING, COMMUNICATIONS, AND ELECTRIC MOTOR OPERATION

AT TR,

P LU o SRR

B ST TR e

E-L STANDARD POWER SUPPLY
MODEL 307

For the operation of standard 110 volt AC equip

ment. such as radios and small motors, froma 6
volt battery. Characteristics: Input voltage, 6 v

DC: Output voltage, 115 v. AC; Output power,
100 watts: Output frequency, 60 cycles

Lt il .
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TAY

Amateurs today are welding their
experience and skill into one of the
strongest forces in all history. Taylor
Tubes have helped to bdck them all
along the way by produ¢ing a mighty
flow of the world's finest transmitting
tubes. When the Amafeur comes
home, he will again find a complete
line of Taylor Tubes designed espe-
cially for his particular requirements
—tubes incorporating all of the newer
developments that have helped him

to carry on so nobly in time of war,

\
]

DUTY

12-18 WABANSIA AVE

/ More WAR BONDS
For Victory!

)
04 %%

., CHICAGO, ILLINOIS |
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One of a series
showing
Amperex
tubes in the
making

Je%s easy L4 [ hiood ... mo
aseches. no palns, il after elfeels.
See wour loeal Red Cross.

AMPEREX ELECTRONIC PRODUCTS

79 WASHINGTON STREET - BROOKLYN 1, N. Y.
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MAKERS OF THE FINEST

Official U. S. Navy photograph showsng
Rear Admiral Alan C. Kirk directing
Naval phases of landing operations on
Sicily, aided by his staff. Under the
arrow is the famous TBY landing set
built by Colonial Radjo, using Rola
Transformers. -

"Design for Invasion”

MONTHS ahead of landing operations

the military plans are laid, and often
- . . months ahead of that . . . new equipment
to serve some new and vital purpose has to
be designed and built.

We’re now in the invasion phase of the war
and with so much staked on the availability

and dependability of Communications, the
makers of this equipment have been asked
again to increase their output.

The Electronic Industry has done a good
job. Now, it must do a better one and Rola
will contribute to the full extent of its
facilities, its knowledge and its abilirty.

THE ROLA COMPANY, INC., 2530 SUPERIOR AVENUE, CLEVELAND 14, OHIO

Let's do more m in forty-four!

IN SOUND REPRODUCING AND ELECTRONIC EQUIPMENT
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”Rigbt On The Button’
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PERCENT OF TUBES 765760

MUTUAL CONDUCTANCE
OISTRIBUTION CURVE = TRANSCONOUCTANCE

Conscientious electronic equipment
manufacturers avoid special selection of
tubes. When a battlefront tube replace-
ment is made, they want ‘‘on the button”
performance. They allow for possible addi-
tive eftects of tolerances for other compo-
nents — and for the many minor differ-
ences of equipment assembly, wiring, and
adjustment. Also they realize it is imprac-
ticable to manufacture all electronic tubes
of a given type exactly alike. Yet they
demand and deserve close observance of
their tolerances for each tube charac-
teristic. (See A and C on the distribution
curve.) Hytron insists on still tighter fac-

tory specifications. (Compare A’ and C’)

Hytron goes still further. Based on past
experience — its own and others’ — when-
ever practicable a ‘“bogie”, or desired
goal, for each characteristic is set. (Com-
pare B.) Controlled design and production
aim at producing the majority of tubes with
this preferred value, which is not necessar-
ily and arbitrarily midway between toler-
ances. It is rather the ideal for peak per-
formance —dictated by experience and at-
tainable if exact duplication were possible.

Specify Hytron for tighter specifications
—for ‘“‘bogie’’-controlled production —
for uniform performance.

BUY

ANOTHER
WAR BOND

Proceedings of the 1.R.E.
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The destructive moisture of New Guinea
jungles or a London fog is duplicated in
this high humidity chamber in the Utah
laboratory.

This “sweat"" treatment is giving Utah
parts being tested the chance to prove
that they can take anything that exces-
sive humidity can give them.

Asaresult, there will be no breakdowns
or a lack of efficiency when these parts

o
vy -’-.“'f‘"r'. g b
wb‘r_g’ors,'wlreous ena
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-
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.

mel resistors, wire wound controls,
o

ucts Company, 818 Orleans Street,

hundreds of hours in the sweat box

encounter actual conditions in the field,

Utah's complere testing laboratory is an
important aid to Utah engineers in
adapting new, war-created radio and elec.
tronic developments to military needs
today and in making them available for
commercial requirements tomorrow.

L 4
Every Product Mode for the Trade, by
U’oh,ls'l'horoughly'l'es’ed ond Approved

= S v o o
plugs, jacks, switches ’é“;{a'smol/l,unlecmc motors.

Chicago 10, Iilinois
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CHALLENGE!

As you look through the ads in this magazine...

FIND THE GLASS PARTS NOT MADE AT CORNING

IT’S really not much of a gamble on our part. The
truth is that most of the electronic glass equip-
ment built today comes from Corning Glass Works.

Bulbs, flares, insulators, transformer bushings, tub-
ing, resistor tubes, coil forms, are just a few of the
hundreds of electronic glassware products produced
under our Army-Navy “E” flag. Here you will find
glasses with high electrical insulating qualities; glasses
with an expansion coefficient practically equal to that
of fused quartz; glasses extremely resistant to mechan-
ical shock; glasses that can now be made into intri-
cate shapes formerly considered impossible. And be-

CUHNING

means
Research i Glass

hind them all, 75 years of pioneering in glass research
and experience gained in the development of more
than 25,000 glass formulae.

We hope this doesn’t scare you. All it means is this:
If you have a problem you think glass might be help-
ful in solving, feel free to call on Corning! Everything
we know about glass is at your service. Just to get
started we'd like to send you a copy of an informative
new booklet,*“There Will Be More Glass Parts In Post-
war Electrical Products.” If interested, write Electronic
Sales Dept. P-6, Bulb and Tubing Division, Corning
GlassWorks, Corning, New York.

“PYREX” and “CORNING” are registered trade-marks of Corning Glass Works

Proceedings of the 1.R.E. June, 1944
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When building their own
testing equipment. . .

Most delicately attuned of all equipment is that
used by @ manufacturer in testing his products.
Many fine names insist upon Delur precision instry-
ments when building such equipment. For example,

the oscilloscope used in the laboratories of the | .
DEINUSA
Electronic Corporation of America incorporates one v _ & /

of the various meters bearing the DeJur trademark. ' /f”

~
¢

That Delur instruments are “preferred stock” may
be traced to Dejur accuracy, dependability and
long life. Refinements in design and construction,
growing out of 25 years of distinguished service
in the electrical field, give our meters certain defi-
nite advantages which become immediately appar-
ent upon application. A Dejyr engineer will be glad

to assist you . . . whether for your wartime or peace-
time program, !

it

lloscope in which a Delur
s an integral component,
e P N I

2

A T
”J -

Help Shorten the
War ... Buy More MANUFACTURERS: OF DeJUR METERS, RHEOSTATS, POTENTIOMETERS AND OTHER PRECIS)ON ELECTRONIC COMPONENTS

War Bonds SHELTON, CONNECTICUT
NEw YORK PI.ANT: 99 Hudson Street, New York 13, N.Y, ® (ANA DIAN SAI.ES OFFICE: 560 King Street West, Toronto
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Balancing a

Maetta Lambert knows why each armature that
goes into the Altair* dynamotors must be
patiently balanced. Miss Lambert has two
brothers in the service.

Altair* dynamotor armatures are balanced both
statically and dynamically as but one of many
tests and inspections of this precision product
before it is installed in the vital electrical,
communication and radio equipment manu-
factured by Pacific Division.

With a 28-volt input, Model 3971 Alcair*
Dynamotor has an overall efficiency in excess of
50%. Maintenance has been simplified by the
use of interchangeable end-bells and by coding
all major components for easy assembly. Service
is necessary”only each 1000 hours of operation.
Write for complete specifications and data.
Pacific Division, Bendix Aviation Corpora-
tion, North Hollywood, Calif. Sales engineer-
ing offices in St. Louis, Dayton and New York.

* The new trade name of Pacific Division, Bendix Aviation Corporation.

Typical of the use¢ being
made of Altair dynamotors
is the compacr inscallation
being made in locer-
phone Amplifier equip-
ment which the Pacific
Division suppliesfor many
fightiag planes

“Pacitic Diﬂ'sion

NORTN NOLLYWOOD, CALIF.

AND MANUFACTURERS OF RADIO AND HYDRAULIC EQUIPMENT — OUR PART OF THE INVISIBLE CREW
© 1944, Pacific Division. Bendix Aviallon Corp,




TESTING TOMORROW’S RADIO TUBES

e Early in the war, Sylvania engineers stepped up
experiment to perfect more rugged and more sensi-
tive radio tubes for vital military communications.

Engincers added to a great array of precision check-
ing instruments. They designed and built special
new instruments to detect variations in radio tube
characteristics never charted before.

24A

This intensive research program has developed im-
proved radio tubes. Many are now military secrets.
But they promise to make postwar radio reception
a revelation of clarity and fidelity.

After the war, as in the past, it will pay you to
sell Sylvania.

Quality That Serves the Wayr Shall Serve the Peace

RADIO DIVISION EMPORIUM, PENNSYLVANIA

" SYLVANIA

ELECTRIC PRODUCTS INC.

RADIO TUBES, CATHODE RAY TUBES, ELEC-
TRONIC DEVICES, INCANDESCENT LAMPS, FLUO-
RESCENT LAMPS, FIXTURES AND ACCESSORIES
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/@d/ %/”M M IN MTURE!

N

RIR INDUCTORS o VARIABLE CONDENSERS o ELECTRONIC EQUIPMENT ASSEMBLIES

Inc., 10 Rockefeller Plazo,

26A
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Exclusive Export Represeniatives: Lindeteves,

.9’)_,*

Now, for the first time, you can get
B & W Air-Wound Coils in very small
sizes from Y2 to 1% " diameter, in V4"
steps, and in winding pitches from 44
to 4 turns or less per inch. Almost any
type of mounting can be supplied.

Applications for these tiny coils in-
clude: coil switching turret assemblies;
intermediate frequency transformers;
high-frequency r-f stages (low-powered
transmitter or receiver); all types of
test equipment involving tuned r-f cir-
cvits; high-frequency r-f chokes, and
numerous others.

&W MIDGET

WOUND INDUCTORS

The coils have q high Q, due to the
almost total absence of insulating
material in the electricol field. They are
exceptionally light in weight and ex-
tremely rigid. Normally wound with
tinned copper wire in sizes from #28
to #14, they con also be supplied with
coin silver, coin silver jacketed, bare
copper, or phosphor bronze wire, All
types may be equipped with either
fixed or variable internal or external
coupling links, or other non-standard
features, Samples on request to quan-
tity users. Send ys your specifications!

BARKER & WILLIAMSON

235 FAIRFIELD AVENUE

New York, N. ., U. S, A,

UPPER DARBY, PA,
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*"Rembrandt in his siudio’*
by Dou. Gerard 1613-75

The Master Hand

Inspired genius guided the minds and hands of

great artists and craftsmen of early days. One com-
parable, modern day masterpiece of far-reaching elec-
tronic influence is the RAULAND High Powered Cathode
Ray Tube, heart and brain of Television . . . perfected
to project scenes as they occur on full size theatre screens!
Other noted results of RAULAND Llectroneering® ate Frequency Standards,

Precision Tuning Condensers, Two-Way Radio, Intercommunicating and

Sound Control Units, all custom-engincered for specific requirements.

%Electroneering...the RAULAND term embracing engineering vision, design and precision manufacture.

S

RADIO * RADAR » SOUND » . COMMUNICATIONS o mtvmoﬂ

Electroneering is our business
THE RAULAND CORPORATION * CHICAGO 41, IL“NOIS

Buy War Bonds and Stamps! Rauland employces are still investing 10% of their salaries in War Bonds

Proceedings of the I.R.E. June, 1944 27A




RESISTANCE
WIRE

UNIVERSAL PIVOTED
METAL - GRAPHITE
CONTACT

TEMPERED STEEL
CONTACT ARM

CERAMIC Hus

COMPRESSION

SLIP RING

SPRING
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OHMITE Design Makes the Difference

Everywhere ... on every bartle front. .. and in

the tools of Industry. .. you find Ohmite Rheo-
stats doing critical control jobs.

Permanently smooth, close control is built-

1n...to withstand shock, vibration, heat and
humidity. Construction is compact

. all
ceramic and metal. There is nothing to shrink,

shift or deteriorate.

Illustrated in the cutaway above are many
of the features which contribute to the con-

sistent dependability of Ohmite Rheostats.

Be Righr Werk QHIMITIE Rheostats » Resistors «Tap Switches

VITREOUS
ENAMEL

CERAMIC CORE
AND BASE

SHUNT PIGTAIL

NON-TURN
_«— PROJECTION

LARGE

L '“°°"'i\'*"6§e‘C_o‘.-‘!f“|§;'f?

i
W

Widest range of sizes—ten models from 25
to 1000 watts, from 1%;”

to 12" diameter—in
straight or tapered winding, in single or
tandem assemblies—to meet every control
need in the most advanced elect

ronic devices.

Write on company letterbead
96-page guide in the selection an

Jor complete, helpful
stats, Resistors, Tap Switches,

d application of Rbeo-
Chokes and Attenuators.

OHMITE MANUFACTURING COMPANY
4862 W. FLOURNOY STREET, CHICAGO 44,1LLINOIS
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| OUT OF TODAY'S RESEARCH...
TOMORROW IS ENGINEERED

.RECORD BREAKING HEAT WAVE

INDUCT!ON HEATING through powerful high-frequency radio waves is CHARACTERISTICS OF

breaking records in speeding up production of bonded plywoods, tin,

plating and in other industrial applications. ALS'MAG INSU LATORS

, Of prime importance to the efficiency and stability of such high-

frequency circuits is insulation whose composition and strength is master High Mechanical Strength
of both power and heat.

Permanent in their hardness, strength and rigidity, ALS1Mac Ceramic
Insulators are not spbject to distortion, warping or shrinking.

ALSIMAG bodies, each with its particular charactenistics, are available Low-Loss Fagtor
to meet all insulating requirements. Qur engineering and research people Will Not Absorb Moisture
will gladly cooperate in today’s design—tomorrow’s production. Chemically Inert

AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE

Permanent Rigidity
High Dielectric Strength

Atmy.Navy “L

Fiesy Awarded July 27, 1842

Secosd Award: “Sur” Februaty
13. 1302

Taird Award: “Star” September
25 3342




Sbtnolice DIFFERENTIALMICROPHONE
Model T-45 is its U.S. ARMY DESIGNATION

Developed by Electro-Voice engineers in collaboration with the Fort
Monmouth Signol Loboratory, this Differential “Lip Mike" carries the
volce cleorly and distinctly above the roar of battle. Ambient sounds
and reverberation are reduced to negligible levels.

Frequency response substantially flat from 200-4000 cps.

Low harmonic distortion

Cancellation of ambient noise, but normal response fo user’s voice
Self-supporting, to free both hands of the operator

Uniform response in all positions

Usable when gas mask, dust respirator or oxygen mask is required
Unaffected by temperature cycles from ~40° F. 1o -+185° F

Ability to withstand complete immersion in water

Physical strength to withstand 10,000 drops

Weight, including harness, cord and plug, less than 2 ounces.

%abw %we MICQODHONES

Our full line includes Carbon, Dynamic and Yelocity models .

at popular prices . . . for public address, industrial |ound.
sound recording and speech transmission applications.
Consult your local radic parts [obber.,

L A 4 4 4 4 4 4 2 2 4

ELECTRO-VOICE MANUFACTURING CO., INC. - 1239 SOUTH BEND AVENUE - SOUTH BEND 24, INDIANA
Export Division : 13 Eost 40th Street, New York 16, N. Y — U. S. A. Cables: ARLASB
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ST@PAK@WF

UNDED I N 138

Unlimited Styles and Sizes . ..

PREC'S'ON MADE INSULATORS of Steatite and other materials —

glazed or unglazed—to your exacting specifications.

Years of experience——wide technical and engineering

“fOR GREAT
oy Nkl knowledge—modern manufacturing facilities enable
8

] P—UL;) i\ f’( 65 (( STUPAKOFF to produce every type of ceramic for
7 o . . the electronic industry.

[[[Tj, VIS Ulm ORSH Let's All Back The Attack— Buy EXTRA War Bonde

| STUPAKOFF CERAMIC AND MANUFACTURING CO., LATROBE, PA. |

Proceedings of the L.R.E. June, 1944
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]In the interests of those concerned with
the design and manufacture of

Army or Navy equipment, RCA reprints this latest
- ARMY-NAVY PREFERRED LIST

OF RADIO ELECTRON TUBES

*

T T
| 1 f
[ EAMENT | ponge
VOLTAGH | '
LR
14 143 I
8.0 ‘
= 4
63 6ALS
6H6*®
559
9006
‘ |
|
[ 126 | 12me
| 29 and
.
t 3
l TRIODES.
2C26 801A
‘2C44 809
6c2) (3
15E 826
VTI2ZA 833A
3278 ; 838
434A 1626
527 ‘ 8003
330 8014A
8023

1. The above Arm
group of unclassifie
and the Buresu of Shipa,

TETRODES

3021
7158
807
813
814
1625

Y

15 FEBRUARY 1944

RECEIVING MISCELLANEOUS .'
y . ' g .
Twiooss | _TWIN —PENTODES COn-s | LOwER | INDICA- | RECTI | CATHODE |  CRYSTALS |
> TRIODES | pemovE | sHamp | VERTERS | OUTPUT TORS HERS RAY | ‘
1 # -
nn 345 1Te 1L4 nes 344 2AP1 1N218
wWninmm 1LNS IRS 3D6/1299 3BP1 IN23 |
185 354 IoP1 IN27
+ + 3FP7 e
5U40 5CP) PHOTOTUBES
5Y3GT scp7
SFP7 918 |
2C22 | 6J6 6567° 6ACT* 6SA7" 6G6G 6E3 6X3GT/G 5JP1 927
6Cs 65L7GT 65K7* 64GS5 6L6GA 1003 78P7
6J4 6SN7GT 9003 6AG7* 6N7GT/G 120P7 VOLTAGE
645° | 6AKS 6V6GT/G 12GP7 REGULATORS
7E5/1201 6SH7* 6Y6G
446A 6547° 0B3/VR-90
9002 TW7 0C3/VR.109 |
9001 0D3/VR-150 !
124567 taswzer | 12507 125H7* 125A7° 12A6° 1629 l
L _12N7GTY | 128K7° 125J7° ;
25L6GT/G 991 2326067/G
2807
__TRANSMITTING MISCELLANEOUS *Where direct inter.
[ RECTIRER'S changecbility Is as-
W | ) CLIPPER GAS sured "GT** and "1°°
TETRODES VACUUM - GAS GRID CONTROL TUBES | SWITCHING
Wik 1B - = & | counterparts of the
3E29 2E22 ! 2x2 | aB2s 3c23 73 1B32/332A | preferred motal tubos
{ 813 803 3824 83 car/cie 719a 471A | oL
8298 837 SRAGY | 866A/866 cs8 532 ovaneoeent
832A 3718 872A /872 884
:gSA 2050 Miniature tubes
| 16?6 (shown in Italics)
f 8016 shall be vied only
i 8020 |
when essential to

Service requirements,

NOTE: THIS PREFERRED LIST SUPERSEDES THE ARMY-NAVY PREFERRED LIST OF VACUUM TUBES, DATED MARCH 1, 1943,

general

he purpose of

reduction in the variety of tubes used in Service equipment.
2. IT IS MANDATORY THAT ALL UNCLASSIFIED TUBES TO BE USED IN ALL
FUTURE DESIGNS OF NEW EQUIPMENTS UNDER THE JURISDICTION OF THi
SIGNAL CORPS LABORATORIES OR THE RADIO DIVISION OF THE BUREAU
OF SHIPS BE CHOSEN FROM THIS LIST. EXCEPTIONS TO THIS RULE ARR
HEREINAFTER NOTED. ¢

3. The term *‘new equipments,’ as mentioned in Paragraph 2 above, is taken

to include:

-Navy Preferred List of Radio Electron Tubes sets up a
urpose tubes sclected jointly by the Signal Corpa
Is list in'to eflect an eventual

a. Equipments basically new in electrical design, with no,similar prototypes.
b. Equipments having a similar prototype but completely redesigned as to

electrical characteristics.
e. New test equipment for operational field use.

4. The term *‘hew equipments,” as mentioned in Paragraph 2 above, does nof

include:

a. Equipments either basically new or redesigned, that are likely to be
manufactured in very small quantity, such as laboratory measuring
instruments. _ -,

b. Equipmenta that are solely mechanical redesigns of existing prototypes.

¢. Equipments that are reorders without change of existing models.

32A

‘ RADIO

d. Equipmenta in the design stage before th i i

th?u PR okbe g g! ore the effective date of adoption of
Note: The foregoing statements in Paragraphs 8 and

in nature and are not intended to be :u-xpuc:um‘:e. i ::pianato'y

5. Intheevent thatitis believed that a tube other than one of those inclu

in this Preferred List should be used in the design of new equipments for eigleedr
the Signal Corps or Navy, sgecnﬁc_approvnl of the Service concerned must be
obtained. Such approval, when Signal Corps equipment is concerned, is to
be requested from the Slg‘nn_l Corps Laboratory concerned with such equi
ment; the said Laboratory will then make known its recommendations in t| e
matter to the Signal Corps Standards Agency where the final decislon will be
made and returned to the laboratory for transmittal to the party requesting
the exception. When Nav?r equnf)ment is concerned, the request for exception
;;m" E:mndziti-mwd to the Radio Division, Bureau of Ships, Code 930-A, Navy

epartmen

6. The publication of this list is
development work in the field of
applications.

7. This list is to take effect immedlately.
The Chief of the Bureau of Ships

Navy Department

in ho way intended to hamper or restrict
radio electron tubes or radio electron tube

Office of the Chief Signal Officer
Headquarters, Army Service Forces,
War Department

CORPORATIOCN OF AMERICA

RCA VICTOR DIVISION - CAMDEN, N. J.
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June, 1944 Proceedings of the I.R.E.

The experiences and viewpoints of those who have contributed substantially
to the upbuilding of the radio-and-electronic industry are expressed in a series
of guest editorials presented to the readers of the PROCEEDINGS OF THE 1.RE.

in the form in which they are received from their writers. Engineers may be able '
better to appraise their opportunities and problems by consideration of such
editorials.

There is commended to the attention of our readers the following statement
from the President of the Galvin Manufacturing Corporation, who holds as
well the high post of President of the Radio Manufacturers Association.

The Editor

Foundations for Industrial Success
PAUL V. GALVIN

Members of the radio industry, and particularly its planners, are bound to face the questions:
What makes for the continued success of a business? What factors must be considered in or-
ganizing and conducting a company? What is their relative importance?

Some years ago, confronted with these questions, | answered them to a prominent financial
man to the effect that the necessary elements in business organization and operation were
capital, management, and engincering These were presented in the usual order in which they
are acquired in a new business.

But, | added, capital is not a serious problem under normal circumstances for a going concern
which already commands the confidence of its financial backers. Management problems also
failed to trouble me, for methods of sound management and prudent yet broad planning are
well understood. Engineering, however, is of major importance and not readily obtainable at
highest levels. Accordingly I felt it necessary first and foremost to arrange for a sound engineer-
ing organization.

If the engineer is as vital an element in a successful business as I believe him to be, it is doubly
important that he shall be understood by the management end of industry and that, in turn,
he shall understand management and its problems, appreciate its obligations to its industry,
and operate closely in accord with the major needs and policies of the group. There is a mutual-
benefit relationship here for, just as management depends on the ingenuity and application of the
engineer for its new products and manufacturing methods, so the engineer depends for his
livelihood on the commercial success which grows from the salesmanship and executive ability
of management.

I for one believe in a great future of our industry. Its manufacturers are the members of its
vigorous Radio Manufacturers Association and its engineers are banded together in the lead-
ing radio engineering society, The Institute of Radio Engineers. Working for a common pur-
pose, these organizations and their members cannot fail to accomplish great results.




Ray Lee Jackson

Charles Byron Jolliffe

Board of Directors, 1944

Charles Byron Jolliffe was born in Mannington, West Virginia,
on November 13, 1894. He received the B.S. degree from \Vest Vir-
ginia University in 1915 and the degree of M.S. from the same Uni-
versity in 1920; the degree of Ph.D. from Cornell University in 1922,
and the Honorary Degree of LL.D. from West \ irginia University in
1942,

From 1917 to 1918 and from 1919 to 1920 he was an instructor in
physics at West Virginia University and from 1920 to 1922 at Cornell
University. From 1922 to 1930 he was a physicist in the radio section
of the National Bureau of Standards and assistant chief of the section.
His research was on radio wave propagation and development and
maintenance of standards of frequency. This work resulted in several
scientific publications. During his connection with the Burcau of
Standards he served as representative of that organization on several
commniittees of the Interdepartment Radio Advisory Comniittee and
on many occasions was called into consultation by the Department of
Commerce and the Federal Radio Commission.

In 1930, Dr. Jolliffe was appointed chief engineer of the Federal
Radio Commission and continued in that capacity when that organ-
ization was changed to the Federal Communications Commiission in
1934. During this time he had full responsibility for the Commission’s
engineering work. This involved much of the pioneering work in allo-
cation of frequencies to services and development of service standards
for the various types of radio communications which were licensed by
the Commission. During this time the first regulations concerning
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radio were formulated by the engineering department of the Com-
mission and many new services were undertaken by private corpora-
tions under allocations made to those services by the Commission
The. present regulations of the Commission with respect to broad-
casting and all typesof radio communication are the result of pioneer-
Ing work done by the first engineering department of the Federal
Radio Commission, many of which have been changed only in detail.
. ‘On November 12, 1935 he resigned from the FCC to accept a po-
sition with the Radio Corporation of America, as engineer-in-charge
of.thc RCA Frequency Bureau Since then he has held other positions
with RCA, as chief engineer of RCA Laboratories, and assistant to
the president. At bresent he is chief engincer of the RCA Victor
Division.

Dr. Jolliffe has atrended many international and other radio con
!’erences as a delegate of the United States or as an expert adviser
including the conferences held in Washington, 1927. The Hague
1929; Copenhagen, 1931; Madrid 1932; Mexico City, 1933; Paris'
1936; Bucharest, 1937 Havana, 1937; and Cairo, 1938: , ‘

He joined the Institute as a Member in 1928 and transferred to
the grade of Fellow in 1930. He has served as member of several

;omnlittecS, and in January, 1944, was clected a member of the
oard.
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Engineering Work of the Federal
Communications Commission

I. General Introduction®

E. K. JETTY, FELLOW, I.R.E.

members of the Federal Communications Commis-
sion will present to you certain aspects of our work
and some of the technical problems that lie ahcad.

Following me on this program, you will hear from
three of the seven Division Chiefs of the Engineering
Department, who will cover broadcasting, maritime,
aviation, police, point-to-point, and allocation matters.
Those who are not represented are Mr. George S.
Turner, Chief of the Field Division, who recently suc-
ceeded Mr. W. D. Terrell; Mr. George E. Sterling, Chief
of the Radio Intelligence Division; Mr. M. K. Toeppen,
Chief of the Common Carrier Wire Services; and Dr.
L. P. Wheeler, Chief of the Technical Information
Division. Had it not been for the fact that Dr. Wheeler
is occupied in turning over the presidency of the Insti-
tute to Professor Turner, we would have asked him to
participate and tell us about the work of his Division.
However, since his activities are closely co-ordinated
with all of the Divisions, it is possible for us to cover
some of the ground that he would have handled. Weshall
also endeavor to cover some field activities.

As many of you know, the Commission is required to
classify radio stations and prescribe the nature of the
service to be rendered by each class of licensed station.
The Communications Act further provides that the
Commission shall assign bands of frequencies to the
various classes of stations, and assign frequencies for
each individual station and determine the power which
each station shall use and the time during which it may
operate; determine the location of classes of stations or
individual stations; regulate the kind of apparatus to be
used with respect to its external effects and the purity
and sharpness of the emissions from each station; make
regulations not inconsistent with law as it may deem
necessary to prevent interference between stations;
study new uses for radio and provide for experimental
uses of frequencies, and generally encourage the larger
and more effective use of radio in the public interest;
establish areas or zones to be served by any:station; and,
for the purpose of obtaining maximum effectiveness
from the usc of radio in connection with safety of life
and property, investigate and study all phases of the
problem and the best methods of obtaining the co-
operation and co-ordination of these systems.

I[N THIS symposium group of papers, our engineering

* Decimal classification: R007. Original manuscript received by
the Institute, April 5, 1944. Presented, Winter Technical Mecting,
New York, N. Y., January 29, 1944
_ t Formerly, Chief Engineer, Federal Communications Commis-
sion; now, Commissioner, FCC, Washington, D. C.
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The President assigns frequencies to stations “be-
longing to and operated by the United States.” The as-
signment of frequencies for such stations in normal
times is done by the President upon the advice of the
Interdepartnrent Radio Advisory Committee. However,
when the President created the Defense Communica-
tions Board (now known as the Board of War Com-
munications), he directed that IRAC should act as a
Committee of the Board, but only in an advisory ca-
pacity. While so acting, all of the reports, recommenda-
tions, and communications normally prepared for
submission to the President are instead submitted to the
Board for consideration from the standpoint of national
defense and for disposition. The Board has specifically
charged this Committee with the responsibility of
“making special studies and recommendations regarding
frequency allocations, with the requirements of national
defense as a primary consideration, but giving due con-
sideration to the needs of governmental agencies, of in-
dustry, and of other civilian activities.”

It is clear from the foregoing that the important job
of allocating frequencies to specific services and for par-
ticular purposes must be closely co-ordinated between
the Commission and the Interdepartment Radio Ad-
visory Committee. The Commission is represented on
this committee by Commissioner Craven who also
serves as Chairman, and by Mr. Siling who is Secretary
of the Committee. Mr. Siling also serves as Chairman of
the Engineering Department’s committee on frequency
allocation and, in this way, the two engineering groups,
namely, the IRAC and the Engineering Department, are
able to co-ordinate their work closely.

We heard some very interesting reports at the
January 28, 1944, sessions regarding the work of the
Radio Technical Planning Board. In this connection, |
desire to take this opportunity to commend The Insti-
tute of Radio Engineers and the Radio Manufacturers
Association for their leadership in organizing the RTPB.
In my opinion, it would not have been possible for IRAC
and the Commission alone to plan for the needs of in-
dustry and other civilian activities in the postwar
period. We are, therefore, very fortunate in having the
expert advice and assistance of the RTPB and 1 am
confident that it will discharge its responsibilities in a
manner which will satisfy all of the services that use
radio.

Many of you know that the Commission invited the
Roard of War Communications, the Interdepartinent
Radio Advisory Committee, and the Radio Technical
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Planning Board to meet informally with the Commission
on November 17 for the purpose of discussing organiza-
tion and procedural Matters with respect to plans for
the technical future of radio. The Commission stated
that it was too early to adopt a policy concerning fre-
quency allocations and systems standardization ; there-
fore, the initial meeting was called with a view to formu-
lating a co-ordinated plan of action between government
and industry with the understanding that policy de-
cisions would be deferred until specific recommendations
are received from the Board. It was made clear that for
security reasons we should not expect the release of
certain military information at this time. There is
reason to believe, however, that a way will be found
whereby certain key persons, both in industry and
government, may obtain limited clearance on matters
which may have an important bearing upon the design
of equipment for use immediately following the war. In
any event, it is hoped that we may obtain the latest
information with respect to the following matters:

1. I'ery-hz'gh-frequency, u/lra-ln’gh-frequency, and super-
high-frequency radio-wazve-propagalion data.

(a) Ground-wave distance ranges versus frequency,
power, antenna heights, and polarization.

(b) Tropospheric effects versus frequency, polariza-
tion and weather conditions; diurnal and annual
variations.

(c) Burst phenomena versus frequency,
annual variations.

(d) Reflections from structures and natural objects
at various frequencies.

The information on propagation may not be in the
forms specified but any data on received field
strength, distance ranges, etc., where frequency,
polarization, power, antenna characteristics, and
other transmission conditions are known, will be
helpful in compiling our own information on these
subjects.

diurnal and

2. Very-high-frequency, ultra-high-frequency, and super-
high-frequency transmitters.

(a) Power (especially maximum steady continuous-
wave power output).

(b) Frequency stability.

(c) Modulation methods and bandwidths.

Although the details of these transmitters may be

desirable for purpose of information, they are not

necessary to postwar planning of frequency alloca-

tion, so long as the essential transmitter characteris-

tics are known. The same comment applies to the

receivers and antennas below.

3. Veran'gk-frequency, u/lra-high-frequency, and super-
high-frequency receivers.
(a) Sensitivity.
(b) Selectivity.
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(c) Frequency stability—fixed frequency versus
tunable receivers.
(d) First-circuit and ambient-noise levels.

(e) Radiation levels.

4. Very-high-frequency, ultra-high-frequency, and super-
high-frequency antennas.
(a) Nondirectional.
(b) Directional.
(c) Wide-frequency band.

There are a few outstanding facts which I believe to
be of interest to engineers who have occasion to do
business with the Commission. First, it is apparent
from the applications we receive that many engineers
are not too familiar with the exact nature of the Com-
mission’s engineering work and the provisions of its
rules, regulations, and technical standards. The Com-
mission’s engineers are respopsible for reporting to the
Commission upon all engineering features of each ap-
plication filed for construction permit, license, special
authorization, or modification of any of the foregoing.
These reports primarily are concerned with questions of
frequency allocations, possible interference between
stations, power, types of emission, points of com-
munication, types of equipment, hours of operation,
nature of service, possible duplication of service, and
many other factors of a miscellaneous nature. Many of
these applications are co-ordinated by telephone, by
conference, by correspondence, or by study with the
policies and objectives of the Commission and of other
Government departments and agencies. In addition,
many applications and associated regulatory problems
are precedent cases and require engineering studies and
reports, looking to the establishment of new policies or
regulations. A large proportion of the applications must
be reviewed in relation to existing international agree-
ments to which the United States s signatory. When
formal hearings before the Commission are conducted.
the Commission’'s engineers must he prepared to provide
factual engineering testimonv. Rules and regulations
pertaining to technical matters frequently are drafted
in preliminary form by Federal Communications Com
mission engineers in consultation with industry, govern-
ment, and licensee representatives for subsequent con-
sideration by the Commission. As 3 part of the war
effort this work has been extended to include matters
coming before the Boar of War Communications. In
addition, the engineering Department is called upon at
times to prepare or supervise the preparation of tech-
nical reports, data, or recommendations for the benefit
of other departments or agencies of the government,
which from time to time request factual information to
assist them in carrying on their functions.

It is important that commercial radio engineers and
consultants who have business with the Commission have
adequate knowledge of the limitations and conditions
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imposed by related regulations and by the broader
provisions of statute and treaty. We realize, of course,
that many scientifically minded and practical engineers
have a natural dislike for such administrative details
and, accordingly, the Engineering Department has al-
ways endeavored to give them as much guidance and
assistance as possible in procedural matters and in
directing attention to pertinent regulations. In turn,
commercial engineers consistently have been of service
in keeping the FCC engineers advised of current engi-
neering developments, practical problems encountered
in the field, and the engineering treatment of those
problems. Since by the very nature of duties performed
by the FCC it must devote a majority of its time to desk
work, it is necessary that engineers of the Commission
depend to a large extent upon continuing liaison with
industry and Government agencies using radio ap-
paratus and with the professional consultants for keep-
ing abreast of the latest contributions to the art.

It is our belief that this collaborative exchange of in-
formation must continue in the future if we are to
achieve a well-rounded engineering development of the
various radio services and obtain the maximum use of
all available radio frequencies. In this respect, I urge
those of you who have responsibility in connection with
the filing of applications for radio station authorizations
to examine very carefully the Commission's regulations
and Standards of Good Engineering Practice. This
procedure will eliminate unnecessary paper work for
yourself, for your employers, and for us.

Another impression I have obtained is that many ap-
plicants for radio authorizations, especially newcomers in
this field of activity, often will ask that their applications
be acted upon by the Commission within a few hours or
a few days from the time that they are filed. In a real
emergency, the Commission can and has acted upon
applications very soon after receipt. The vast majority
of applications, however, are not connected with im-
mediate emergency and we prefer to consider them in
their respective order and to give appropriate attention
to each item in each application.

Applications for radio and wire authorizations were
acted upon prior to Pearl Harbor without having to
consider the availability of manpower, materials, and
manufacturing facilities. The companies, liowever, were
beginning to realize that materials were becoming scarce
and that priorities were needed in order to maintain or
complete construction of their facilities. The subsequent
picture is well known. Almost from the beginning of the
war it has been necessary to limit new construction to
facilities which would serve a vital public need or an es-
sential military need. Today, however, the principal dif-
ficulty is lack of manpower and manufacturing plant
facilities. In checking with Mr. Frank H. Mclntosh,
Chief of the Domestic and Foreign Branch of the Radio
and Radar Division of the War Production Board, just
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before I left Washington, he assured me that the situa-
tion today is not very different than in 1943. He empha-
sized that the neced for conservation of manpower and
manufacturing facilities of radio equipment and main-
tenance supplies still exists. He also authorized me to
say that present indications are that despite the tre-
mendous expansion of radio production that has taken
place in the last two years, the requirements of the
armed forces in 1944 are half again as large as in 1943.
Generally speaking, this large burden on industry will
not allow production of equipment for new stations or
the expansion of existing facilities unless such facilities
are required for war purposes. However, the WPB has
always been, and always will be, glad to review any case
presented to it and if special circumstances justify un-
usual action, the WPB will be governed by the circum-
stances of the case. In view of this information, there is
no immediate possibility of the Commission canceling
its “freeze” policies. On the other hand, WPB is main-
taining day-to-day liaison with the Commission and will
keep us advised of current developments so that no time
will be lost in relaxing equipment-freeze policies when-
ever it may be possible to do so.

In some respects, it is fortunate that we cannot pro-
ceed with normal licensing at this particular time. For
example, there is great interest on the part of the general
public in the future of broadcasting, including televi-
sion, facsimile, and frequency-modulation broadcast-
ing. All of these services are recognized under the Com-
mission’s regulations on a commercial basis and were it
not for the “freeze” on materials the Commission would
be called upon to consider many applications for the
construction of new stations. This would require that
applications be filed in accordance with engineering
standards and allocations which were adopted prior to
the war.

Fortunately, we have a limited amount of time to con-
sider and adopt desirable changes and thereby permit
industry to offer some worth-while improvements in al-
most every branch of communications in the immediate
postwar era. Let us not be fooled, however, in believing
that the manufacturers will hold up production while
the Government and engineering profession are consid-
ering such changes. For the present and until materials
and manpower become available, the manufacturers will
be occupied with other tasks. That is why I say we are
fortunate in having a temporary respite to do the neces-
sary planning for the technical future of radio.

But you may ask, will there be room enough in the
ether for all rival services? Any engineer will be glad to
tell you that there is plenty of room in the ether for his
particular service—and there is. But when you add up
all these rival claimants, the picture is not nearly so
clear.

It is true, of course, that after the war we shall havea
much larger usable spectrum than we had before the
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war. And engineers, by pointing to new frequencies
above 300 megacycles can make a very plausible case
for the view that there will hereafter be more than
enough frequencies to g0 around. But that apparent
roominess ceases to look so encouraging when we con-
sider the vast number of channels that will be required
for half a million airplanes by 1950, a four-ocean Navy,
a huge Army communications system, police radio,
harbor radio, frequency modulation, facsimile, etc. And
when you consider also the demands of television, which
requires a channel at least 6000 kilocycles wide, or wide
enough for 100 or more standard-width communication
channels, the picture becomes more discouraging. In
view of these vast new demands, how can we be sure
that when all the claims are added up, there will be
channels enough to satisfy everybody?

For these reasons, I shall not g0 sofar as to say that in
the postwar world there will be more than enough fre-
quencies to go around. But | shall goso far as to say that,
if we do a reasonably good planning job now, there will
be room for at least the minimum frequency require-
ments of all legitimate radio services,

As I have said before, many problems of a technical
nature must be solved before we shall be in a position to
adopt new standards. In television the allocation prob-
lem is foremost in our minds because, in addition to in-
terference problems resulting from multiple transmis-
sion paths, we know that the present 18 channels and
the standards governing this service are inadequate for
an efficient nation-wide competitive system of television
broadcasting. In my opinion, we should have at least
twice this number of channels, The same is true of fre-
quency-modulation broadcasting in the band from 42 to
50 megacycles, which is sufficient for only 5 noncom-
mercial educational broadcast channels and 35 com-
mercial channels. Considering the problem of adjacent
channel interference and the geographical separation
required for cochannel operation, it is not unreasonable
to ask for at least twice the number of channels for these
services.

In considering these postwar broadcasting services we
must also plan the necessary relay channels for network
programs. It is my understanding that considerable ad-
vancement has been made since Pearl Harbor in devel-
oping frequencies above 300 megacycles for the distribu-
tion of such programs; also, the same networks may just
as easily carry telegraph and telephone messages and
compete with the services now furnished by the wire
carriers. This will involve major questions of policy and
may require amendments to the Communications Act.
We know, for example, that these relay stations will he
installed on towers which will be spaced from 30 to 50
miles apart. The transmitter for each channel of com-
munication will be of very low power, perhaps only a
fraction of 1 watt. Interference will be minimized and
efficiency increased through the use of directional beams
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with the result that the same frequency may be utilized
in many sections of the country. There is no reason why
this nationwide network should not also carry network
programs for standard broadcasting, frequency modula-
tion, facsimile, and private telegraph and telephone cir-
cuits for the press, stockbrokers, and agencies that
usually lease private-wire facilities. Who should be
granted the privilege of operating this system? Should
it be competitive with the telephone and telegraph serv-
ices which now operate as monopolies in their respective
fields? Should there be competitive radio networks,
thereby necessitating a forest of towers along the same
route? Should the company or companies operating the
radio network also be permitted to operate terminal fa-
cilities at the subscribers’ offices? Should the chain
broadcasting companies be permitted to own and oper-
ate their own networks? These are but a few of the ques-
tions which will confront the Commission when, as, and
if materials and manpower again become available for
the production of civilian equipment.

It has been predicted that these radio networks will
be extended internationally to carry television and aural
programs and message trafic all over the world. Al
though we may be fairly certain that such networks will
not be extended beyond the Western Hemisphere or even
to South America for some time to come, the technical
considerations should not be overlooked when planning
our own domestic services. There is much to be gained
by allocating the same frequency bands to television
service on an international basis, and also in adopting
international standards for both program broadcasting
and network relay svstems. If these things are not done,
it may be impossible to set aside common bands of fre-
quencies for maritime and ajr navigational aids. Fur-
thermore, if different bands and technical standards are
used in different regions of the world, the sale of appara-
tus and the exchange of international programs will be
greatly retarded.

But I have already digressed too far. The details of
these and other problems will be discussed by Messrs.
Adair, Krebs, and Siling who follow me on this pro-
gram. However, I do wish to call attention to the recent
hearings which were conducted by the Senate Interstate
Commerce Committee on the Wheeler-White Bill, that
is, S-814. The transcript of these hearings contains many
interesting papers regarding the technical future of radio
which were presented by radio engineers and officials
who are well known in the industry. If vou have not al-
ready done so | recommend that you obtain this record
as it contains much valuable information.

In closing, I wish again to thank the Institute for in-
viting the Engincering Department to participate in
these meetings. If there is anything that we can do to
help solve vour individual problems or the problems of
any group you need only write, or better still —come to
Washington and we shall be glad to talk things over.
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II. Timely Broadcast Matters™

GEORGE ADAIRT,

EFORE going to controversial matters, may 1
B take this opportunity to express my appreciation

of being permitted to appear before you today
representing the Broadcast Division of the Engineering
Department of the Federal Communications Commis-
sion. In this division we handle all engineering matters
relating to radio broadcast stations including standard,
frequency-modulation, television, facsimile, interna-
tional, relay, noncommercial educational, developmental
and studio-transmitter-link stations, and experimental
operation concerning any of the above classes. We ad-
vise the Commission on all technical matters pertaining
to broadcasting, examine from a technical standpoint
all applications concerning broadcast stations, prepare
engineering reports on all such applications and prepare
and present expert testimony at hearings. In addition,
we prepare technical Rules and Regulations and Stand-
ards of Engineering Practice Governing Broadcast
Facilities and make studies and reports in regard to
propagation conditions and other technical phases look-
ing toward improved application of broadcast technique
in the service of the public. We also handle complaints,
violations, and other technical matters concerning
broadcast stations.

\We handle all war-effort engineering matters relating
to radio broadcast stations and services, including spe-
cial studies for the Armed Forces, co-operation with the
Fighter Command, the Office of War Information, and
the War Production Board, expansion and improvement
of international broadcast facilities, and conservation of
broadcast equipment including the issuance and main-
tenance of the Surplus and Salvageable Equipment Cat-
alogue with which many of you are familiar and which 1
hope has been of some use to you.

In order to carry out these duties, this division is
divided into seven sections, namely, the Office of the
Chief of the Division, the Administrative Section, the
Standard Broadcast Application Section, the Nonstand-
ard Broadecast Application Section, the Hearing Section,
the Allocation Section, and the Monitoring and Equip-
ment Section.

While our duties are divided as indicated above and
the personnel is assigned to specific sections, it has be-
come more and more necessary that each individual
have two or more hats, wearing the hat for the section
where the most urgent or greater volume of, work at the
moment is involved. This is necessary because of the
greatly reduced and changing personnel and the rapidly
changing nature of the work load during war times. Al-

* Decimal classification: R550. Original manuscript received by
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though it is true that due to the so-called “Freeze Or-
der” the volume of applications has been greatly re-
duced, the problems of consideration of those remaining
have been greatly increased by the scarcity of material
and other considerations. It was hoped that the “freez-
ing” of broadcasting would permit the Commission to
complete broadcast engineering work which had long
been outstanding. However, additional duties arising
out of the war effort have almost completely prevented
this. Some of the problems which seemed extremely
urgent in normal times became of no particular conse-
quence during the war. However, as the postwar period
approaches, these problems again arise, accompanied by
new and larger problems. For example, prior to Pearl
Harbor the Broadcast Division was actively engaged in
revising Chapter I of the Standards of Good Engineer-
ing Practice with respect to the method of determina-
tion of the interference between stations, particularly
the combined interference to a desired station from sev-
eral undesired stations. Under the present standards this
is usually referred to as the root-sum-square limitation.
This work was abandoned for two recasons. First, ur-
gency of other work in the Commission and second, the
fact that it was considered that the Commission should
have the advice and counsel of the consulting engineers
and other engineering talent in the broadcast industry
before promulgating new standards. As much of the
enginecring talent was engaged in war work, it was con-
sidered wise to abandon this project until more deliber-
ate and full consideration could be given to it.

In the postwar planning, it again becomes necessary
to consider the revision of the method of determining
interference, together with the developments arising out
of the war, necessitating study and possible reallocation
of all services which give rise to many new problems of
allocation in the standard broadcast band as well as in
the other broadcast services.

What variation of the root-sum-square method
should be made and what allowance should be made for
other factors? As I mentioned before, we conducted
considerable studies and experimentation on this sub-
ject before the war and have now resumed this work.
We hope to have some helpful information in this regard
for consicdleration by the industry as well as the Com-
mission in the near future.

A study we made in 1938 showed that during day-
time 38.5 per cent of the land area of the United States,
in which resided 9,998,747 people or 8.1 per cent of the
total population of the United States, was without pri-
mary service from even one broadcast station. Further
analysis showed that 8,569,788 people or 15.9 per cent
of the rural population lived in this area compared to
1.418,959 people or 2.1 per cent of the urban population.
The same study showed that during nighttime 56.9 per
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cent of the land area of the United States, jn which re-
sided 21,308,453 people or 17.4 per cent of the total
population of the United States, was without primary
service from even one broadcast station. In this area
17,428,585 people or 32.4 per cent of the rural popula-
tion and 3,879,368 people or 5.6 per cent of the urban
population resided.

Another study made in 1942 showed that the arcas
not receiving service had been reduced only 3 to 6 per
cent and no study was made of the populations, but it
is reasonable to assurhe the ratios were approximately
the same.

During the period from May, 1938, to May, 1942, the
number of broadcast stations increased from 730 to 924
and in addition the power of many stations had been in-
creased. These studies indicate that there is a greater
need to extend primary service to rural listeners than to
urban listeners and that changes in facilities in recent
years have to a large extent been additional service to
areas already receiving service. The nighttime picture is
not quite so bhad as it appears since secondary, that is,
clear-channel sky-wave service is available to every por-
tion of the United States where the noise level is suffi-
ciently low,

How may primary service be extended to areas not
now receiving such service, particularly to remote rural
areas? There are a number of methods of extending
service to these areas, one of which is by the use of so-
called superpower, However, this as well as some of the
other methods involves social and economic questions.
It will be remembered that following the 1938 hearing
the experimental license of the only station operating
with power in excess of 50 kilowatts was not renewed
and that at that time the Senate adopted a resolution
against the use of power in excess of 50 kilowatts. Al-
though a number of applications for higher power have
been filed, these have all been dismissed as a result of
the Commission’s Memorandum Opinion of April 27,

1942, with respect to the use of materials.

Another method for improving rural service would be
by the more efficient geographical distribution of sta-
tions. However, this again involves economic questions
since it is apparent that under the competitive system
of broadcasting which has grown up stations are located
near urban areas in order that they may serve the maxi-
mum number of people possible consistent with the fa-
cilities available. In most of the areas where no service
is available at this time, the density of population is
such that a station would be forced to operate at a loss.

The use of very low frequencies has often been sug-
gested for rendering service to wide areas, Here again,
while there are distinctive advantages, there are also
disadvantages and that again involves serious social and
economic questions. In the first place these frequencies
are also valuable for other services which are presently
occupying them and, furthermore, in order to obtain
efficient operation, antennas of heights which involve
distinct hazards to air navigation would be required.
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The number of receivers in use which would be able to
receive such stations is also very limited and would re
quire new receivers or the use of an attachment which
would render the desirability of the operation on these
frequencies questionable. 1t should also be noted that
since the competition between services for these lower
frequencies is so great that at best only a limited number
of channels, if any, could be made available. Assuming
that even one or two could be so allocated there immedi
ately arises numerous other questions. For example
What classes of stations should be permitted to use
them? Who should be the licensees? How can they be
allocated so as to provide service in the areas now in
adequately served, particularly in those areas where
there is inadequate economic support? What treaty dif-
ficulties will arise?

Would extension of the standard broadcast band up-
ward be of material aid in expanding the service? As-
suming for the moment that' such were possible, this
question immediately arises: “Are there adequate re
ceivers covering these frequencies in use?” Except for
some of the more populous areas where no other assign
ment of any nature is available, frequencies between
1500 and 1600 kilocycles in general have been given the
cold shoulder and undoubtedly frequencies above 1600
kilocycles'would be less popular. This is, of course, due
to the poorer ground-wave propagation characteristics
as well as the receiver situation. It will be noted, how-
ever, that several stations operating in the upper portion
of the band are providing not only good primary service
but excellent secondary service which builds up earlicr
in the evening and continues longer in the morning than
on lower frequencies. These frequencies also have some
advantage with respect to atmospheric-static noise.
Even if it were determined that these frequencies are
needed for broadcast purposes, there are other services
now occupying them and their removal would involve
Mmany complications. Undoubtedly both the industry
and the government will give most careful consideration
to the comparative needs of each service, and to the
possibility of removing as many services from the mor
congested portions of the spectrum to the less congested
and in many cases to a more desirable portion for the
particular service.

Should consideration be given to ditferences in aver
age static levels in various parts of the country and on
different frequencies in determining the normally pro-
tected contours of broadcast stations? The Commission
has made and is still making recordings of average noise
levels in sevéral areas. Lack of personnel and the press of
other duties have prevented a full analyzation of these
recordings. However, preliminary studies indicate that
in certain areas the signal strength of (he order of 0.2 of
a millivolt will render a service equivalent to 1 or 2 milli-
volts in another area. It must be decided whether the
additional service rendered in the areas of low noise
level is sufficient to warrant this added complication to
national and international allocation and administrarion
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of broadcast facilities. A related problem is what signal
strengths are required for satisfactory service to busi-
ness, industrial, residential, and rural areas? This prob-
lem resolves itself considerably on the question as to
whether facilities are going to be allocated on the basis
of receivers being equipped with buiit-in antennas or no
appreciable antenna or whether with the expectation
that listeners will install a reasonable antenna system,
or will so locate their receivers in their homes as to be
able to obtain satisfactory reception with less signal
strength. This question is particularly pertinent with
respect to those stations operating in the upper portions
of the standard broadcast band as well as to those op-
erating in the frequency-modulation and television bands.

Are the present nighttime propagation curves of the
Commission satisfactory or should these be modified,
and furthermore, what consideration should be given to
F-layer or multiple E reflections in determining sky-
wave interference? The Commission has for a number
of years engaged in a recording program which it is
hoped when analyzed will give a satisfactory answer to
these questions. We are proceeding as rapidly as possible
to analyze these recordings and it is hoped that before
too many months this information may be made availa-
ble for the consideration of the industry when making
its recommendations to the Commission with respect to
allocation. We have also prepared a tentative amend-
ment to the standards in this regard which will be
placed before the industry for its comments at the same
time. One question which has been batted about a great
deal lately is “What effect will frequency-modulation
broadcasting have on amplitude-modulation?” If you
attended the FMBI meetings you undoubtedly found
that many felt it would have a great effect. In my
opinion to determine the effect and how soon it will oc-
cur one would have to have what might be termed a
superdeluxe diamond-studded crystal ball. T don’t be-
lieve the anticipator attachment to the type II B Re-
gretter would be adequate in this case.

There are hundreds of such problems, many of which
are contingent on one or more of the others in such fash-
ion that, at times, it would seem almost impossible of
resolution and in many cases it may be necessary to
make arbitrary decisions or educated guesses due to the
inability to foresee the future. In addition to these allo-
cation problems, there are many other problems of ad-
ministration, including methods of making proofs of
performances, equipment requirements, monitoring, etc.

With respect to frequency-modulation, noncommer-
cial educational, television, and facsimile stations, there
are several mutual problems. Included among these are:
How many channels should be provided for each service
and in what frequency band should these be allocated?

Following the hearing in 1940 on allocation of fre-
quencies above 30 megacycles, frequency-modulation
and noncommercial educational broadcast stations were
allocated to the band 42 to 50 megacycles. In view of the
interest shown in these services, there is, considerable
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déubt as to whether the band provided is adequate for
the needs of these services and, in addition, operation of
stations in these bands indicate that some difficulties
may be anticipated from propagation phenomena in-
cluding sporadic E-layer reflection and what has been
termed “bursts.” These bursts of signal, which may be
from a fraction of a second to several seconds in dura-
tion, are such that, while during normal operation the
signal from a distant station is generally of too low an
order to interfere with reception of a local station, it may
cause interruption to reception of the program, or the
program of the undesired station may be heard instead
of that of the desired station.

At this time it is not possible to predict the seriousness
of this phenomena, its cause, or what may be done to
counteract it. The Commission, however, has since last
January been engaged in a recording program looking
towards a determination of the seriousness of the prob-
lem and, if possible, a solution to it. In view of the
urgency of reaching a determination in this regard at an
early date, the program has been greatly expanded and
the Commission is now making recordings at Laurel,
Md., Allegan, Mich., Grand Island, Neb., Portland,
Ore., and Atlanta, Ga. In addition, several broadcasters
are co-operating with the Commission making these
studies. Recordings are now being made in the 40- to
50-, 60-, and 70-megacycle bands. It is anticipated that
recordjngs in the 117-megacycle band will be inaugu-
rated within a few days. It is hoped that recordings may
be extended to the 140-megacycle band before too long.
In addition, every effort is being made to obtain all
available data from the industry as well as other gov-
ernment organizations. Ilowever, much of this is clothed
in military secrecy and may not be released at this time.
Tests made in co-operation with Major Armstrong indi-
cate that path differences ranging up to 900 miles occur
in transmissions from Alpine, N. J., to Laurel, Md., a
distance of only 200 miles. While there may be some
question as to the absolute exactness of the determina-
tion of the differences in path length there is no doubt
that the difference may be very great, indicating retlec-
tion is from a very high reflecting medium or is from far
to one side of the great-circle path between the trans-
mitter and receiver.

In addition to the recording program we have been
endeavoring to determine the actual effect on reception
of a local station by bursts of various intensities and
duration. Due to the same troubles you have been ex-
periencing, that is, the shortage of personnel, which
was not helped by the recent influenza epidemic and
transportation difficulties between Washington, D. C.,
and our Laurel, Md., monitoring station, this work has
not progressed as rapidly as desired. The seriousness of
sporadic E transmission must also be determined.

There are, of course, many detailed problems in these
services including the question of whether trade areas
are satisfactory or other means of allocation should be
establishéd; what standards of operation should be
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adopted; what provisions should he made now for color
television; should the aural transmitter of a television
station be operated only when the video transmitter is
operated, or should it be permitted to operate alone as
an aural broadcast station at times; should multiplexing
be permitted on frequency-modulation broadcasting,
particularly facsimile, or should a separate facsimile
scrvice be provided? What and how should relay systems
or other means of providing a network of frequency-
modulation and television service be established? In
what frequency band should these be established?

The solution of these broadcast problems and the
many other related problems will require the closest
co-operation and much hard work on both the part of
the industry and the government. Even after this coun-
try is satisfied that the best solutions obtainable have
been found, the agreement of other countries must be
obtained in order to provide not only the most effective
national use of radio facilities but 2lso international use.
The present North American Broadcasting Agreement
expires March 29, 1946, which will again throw open
the question of international allocation.

At this point I should like to emphasize the need for
continued conservation of men and materials and to ex-
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press our appreciation of the whole-hearted co-operation
we have received. | am assurell by the War Production
Board that except for the conservation efforts extending
the life of equipment, particularly tulies, some stations
would not now be operating or would be operating with
greatly reduced power. Incidentally, the reduction in
power by one decibel under the Commission’s Order 107
has, as was anticipated, been unnoticed by listeners. The
Commission has not received a single complaint in this
regard in spite of the fears of some. Prior to placing this
order into effect, through co-operation of the engineers
of the six stations in Washington, these stations were
operated alternately with full and reduced powers for
several days. Even those who knew the tests were in
progress were unable to tell the difference. In fact, at
least one observer in indicating his opinion as to when
full or reduced power was used, reported full power at
times when actually the powgr was reduced by approxi
mately 2% decibels.

In closing, may 1 again express my appreciation of
this opportunity of appearing before this body and also
the opportunity of working with the industry and ob
taining its assistance in solving some of these perplexing
problems.

IT1. Police, Aviation, and Maritime Services™

W. N. KREBSt,

OLICE, aviation, and maritime services involve
very large numbers of radio stations, with the mo-
bile services predominating over point-to-point
communication, and with mobile stations or mobile
units in the majority. While the scope of police service is
mostly domestic, the predominant phases of the aviation
and maritime services are international in the fullest
sense of the word. The latter two services concern the
operation of mobile stations over widespread geographi-
cal areas, in fact, world-wide operation. This fact in
turn restricts such stations to operation in accordance
with the limitations and requirements of international
agreements, and while in foreign territory they are
further governed by the local regulations of the respec-
tive foreign governments having jurisdiction. The inter-
national phase of the situation requires the establish-
ment of designated frequencies common to stations of al}
countries for calling, for the exchange of message traffic,
and for aids to navigation. Language problems are en-
countered which are not conducive to the cfficient use of
racliotelephony. In the international safety services, it is
generally conceded that radiotelegraphy, with the aid of
standard international signals and symbols, is more
practicable and more reliable. In addition, there must be
available to mobile stations in foreign territory or the
open sea all necessary documents and information per-
* Decimal classification: R510XR520 % R538. Original manu-
script received by the Institute, April 5, 1944, Presented, Winter
Technical Meeting, New York, N. Y., January 29, 1944,
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taining to particulars of operation of foreign stations
with which they may communicate.

The aviation and maritime services require the shar-
ing of a relatively limited number of frequencies by a
large number of radio stations, mostly mobile stations.
It is only by providing for the most extensive possible
duplication of assignments that any attempt can be
made to accommodate the requirements for frequency
bands for the mobile services. This duplication of assign
ments is made possible by the fact that mobile units do
not use their transmitters constantly and because many
of the mobile service frequencies are in bands below 4000
k.ilocycles, and above 30,000 kilocycles where duplica-
tion 1s possible. It has heen necessary, however, that a
rather elaborate set of international regulations be es-
tablished to avoid intolerable interference and to govern
all stations in the international service, to set up the
priority of message traffic, to establjsh international dis-
tress signals and procedures, to qualify radio operators
on standard operating procedures and communication
practices, and to accommodate many other situations
characteristic of such operations. In fact, the saving of
life or property may depend upon adherence to an indi-
vidual regulation at a particular time,

There are certain equipment considerations which
predominate when groups of frequencies in designated
bands are shared by large numbers of land and mobile
stations, some of which are in close proximity to each
other. Perhaps the most important of these from the
point of view of interference are the selectivity of
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receivers and their radiation properties, the frequency
stability and the power of transmitters, the reduc-
tion of spurious emissions, and to a certain extent
standardization in design.

The police, aviation, and maritime services require
large numbers of licensed radio operators, involving
matters of citizenship, examination, licensing, and ex-
tent of qualifications necessary. Basic requirements in
these services are established by international regula-
tions and these represent the absolute minimum re-
quirements which must be imposed by the Commission.
It is well to remember that the relative skill of the radio
operator in understanding telegraph or telephone com-
munications received through interference, and in con-
tinuing to carry on his functions under difficult or
hazardous conditions, is a very important factor in the
successful operation of a radio circuit in these safety
services.

Since the inception of the police service in 1929, there
has been a steady growth in the number of stations
licensed. In that year there were only 14 police licensees,
with 3 frequencies allocated for emergency police serv-
ice. At the present time, however, there are more than
1700 municipal licensees and 43 state licensees, with the
number of licensed transmitters around 18,000. The
number of police radio stations and police message
traffic in some of the metropolitan areas has increased
to such an extent that mutual interference between sta-
tions operating on the same or adjacent frequencies is
becoming a very serious problem. Since it is rather un-
likely that a large number of additional frequencies be-
low 100 megacycles will become available for the police
service, the Engineering Department of the Commission
is very much interested in the technical characteristics
and performance of the frequencies above 100 mega-
cycles which might be allocated to the police. One of the
most important questions confronting us, then is “Are
these frequencies suitable to provide a satisfactory
grade of mobile service for municipal and state police
systems using frequency modulation and the most ef-
fective antenna systems?”

In regard to aviation radio service, radio engineers
associated with government and industry in this field of
activity are indeed confronted with some knotty prob-
lems which are a challenge to their profession. Those of
us who face some of these problems as Commission en-
gineers realize the importaunce of establishing the correct
basic engincering requirements and allocations of fre-
quencies to insure adequate and reliable radio com-
munications and aids to navigation upon which is
dependent in considerable degree the safety of com-
mercial and private flying.

Most of the present rules and regulations of the Fed-
eral Communications Commission governing aviation
radio service are based upon regulatory action of its
predecessor, the Federal Radio Commission. In addition
to aircraft, aeronautical, and aeronautical point-to-point
stations, certain other classes of stations have been rec-
ognized and regularly licensed. These are airport controf
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stations, flying school stations, radio marker stations,
and flight test stations. Although provision is made for
public-service aircraft and aeronautical stations, there
have been no stations licensed for this type of message
traffic. To date all stations in the aviation service are
authorized to communicate only for maintaining safety
of life and property in the air, and for the safe naviga-
tion and other flight requirements of aircraft.

There are now eight recognized chain systems govern-
ing the existing allocation of frequencies to aeronautical
and aircraft stations, including the Hawaiian chain and
the intercontinental chain. The latter, which is inter-
national in scope, is subdivided on the basis of interna-
tional agreement into the following routes: Inter-
American, Trans-Pacific, Europe-North America, and
Europe-Arctic.

Some idea of the scope of aviation radio facilities serv-
ing international and overseas routes, at the present
time without regard to future requirements, may be ob-
tained from the following brief analysis. Excluding
strictly military and naval facilities, the one commercial
airline system which is licensed to operate ground radio
stations for communication with aircraft flying interna-
tional routes has a total of 21 aeronautical stations in
the United States, including Alaska, Puerto Rico, and
Hawaii. The number of frequencies authorized for use
by this commercial system total 109. In addition, the
Federal Government, excluding the War and Navy De-
partments, maintains and operates 14 ground stations in
the United States and possessions for communication
with all types of aircraft flying international routes.
These stations employ 20 aeronautical frequencies not
shared with commercial stations, 17 aeronautical fre-
quencies on a shared basis, and 42 frequencies for point-
to-point communication not shared with commercial
stations. In addition these stations regularly guard §
frequencies established for calling and general safety
purposes, and furnish a variety of services, including
notices to airmen, weather data, aircraft movements,
trafic control, and administrative dispatches. A con-
siderable volume of point-to-point radiotelegraph traffic
is handled relative to aircraft movement and exchange
of weather information. On these international routes,
radiotelegraphy is used for all long-distance communica-
tion, and telephony is employed for the exchange of
messages directly between the pilot and the airport
control towers in connection with the arrivals and de-
partures of aircraft. Numerous radio beacons, instru-
ment landing facilities, radio markers, radio ranges, and
direction-finding stations, utilizing additional radio
channels, also are operated by the Federal Government.
In consequence of these existing facilities and extensive
use of frequencies solely by stations of the United
States, it is evident that the postwar aviation service on
a world-wide basis will demand the use of a large share
of the radio spectrum.

It is conceivable that the necessity for air-traffic
control can be a serious obstacle to the postwar develop-
ment of civil aviation unless provision is made for




326

adequate facilities, including radio-frequency allocations
required for communication, radio ranges, anticollision
devices, automatic position reporters, and ground-sta-
tion aircraft detectors. The Radio Technical Commis-
sion for Aeronautics, a group of communication engi-
neers representing both government and com mercial
aviation interests, has these matters under study in co-
ordination with Panel II of the Radio Technical Plan-
ning Board, and in due time will submit appropriate re-
ports and recommendations pertaining to the most ef-
fective utilization of ‘radio frequencies and apparatus
for the benefit of safe air navigation.

Considering now the maritime service, we immedi-
ately recall that radio communication to and from ships
at sea is the oldest of established radio services and its
fundamental aspccts are fairly well known. It is well to
keep in mind, however, the basic elements of this service
which necessarily are reflected in the design of ship sta-
tion equipment for ocean-going vessels.

First, we must remember that radio facilities are in-
stalled aboard ocean vessels for the safety of shipping in
general, in addition to embracing safety for the indi-
vidual ship thus equipped. It is the law of the sea that
there is an obligation upon every ship to assist, and be
prepared to assist, another vessel in trouble. It may be
appropriate today to include aircraft-at-sea also within
the maritime service for this purpose. Every ship at sea
is a potential lifeboat and, therefore, it should possess the
means of intercepting distress calls and be capable of
exchanging necessary distress messages. The object of
related treaties and statutes, therefore, is to require the
installation and use of radio for safety purposes on the
largest number of ships as is practicable.

Before the war there were more than 15,000 ships
throughout the world fitted with radio installations. In
conjunction with coastal stations and connecting point-
to-point-systems, these stations are part of a world-wide
communication net open to general public message traf-
fic. Hence we have the elements of common-carrier
operation, standard international operating procedures,
and distribution to each station of the necessary infor-
mation regarding the technical facilities, hours of opera-
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tion, rates, and classes of service of other stations. While
this phase of the maritime service is secondary to safety,
it nevertheless presents many administrative and regu
latory problems.

Coastal stations licensed by the Commission are
voluntarily established by commercial inrerests, and
sometimes by municipalities, to provide communication
with ships of any nationality or of any licensee. Al
though concerned primarily with their responsibilities
and earnings as common carriers for hire, they are re
quired 1o answer distress calls and to carry on such
communication for the safety of navigation as is neces-
sary in the public interest. In the latter respect, the com
mercial coast stations have rendered very effective serv-
ices to many vessels, and their value for safety purposes
has uniformly been recognized.

Our most troublesome maritime allocation problem
to date, which we share, to some extent, with Canada. is
how to provide enough telephone channels for the large
number of stations on small craft and coastwise vessels
which communicate with coastal-harbor stations and
also carry on considerable ship-to-ship telephone com
munication. This situation is most acute In regions of
concentrated ship trafhc, such as the Great Lakes, the
Pacific Northwest, Alaska, and the intracoastal canals
along the Gulf of Mexico. To date there has been prac-
tically no use of very high frequencies in thijs service
although it would seem that much short-distance com
munication could be transferred from medium frequen-
cies to these frequencics, which, under the Commission’s
rules, have been available for some time. Engineers who
have an interest in this service are urged to give more
attention to the practical application of frequencies
above 30 megacycles for short-distance telephony in the
maritime services.

Certain special radio services of importance are for-
estry, amateur, experimental, geophysical, relay press,
mobile press, war-emergency radio service, and inter-
mittent service including provisional stations and mo
tion-picture stations. Within the limitations of this
paper, however, it is not possible to mention the many
Interesting aspects of these ficlds of activity.,

IV. International Point-to-Point and Allocation Problems*

P. F. SILINGt, senior MEMBER, I.R.E.

HILE I plan to lay particular stress on interna-
tional point-to-point and frequency-allocation
problems, it seems to me that for background
information, you might be interested in a brief outline of
what the International Division of the Engineering
Department does. I assure you that I am not going to

* Decimal classification: R007.9. Original manuscript received by
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bore vou with a long résumé of functions with which
most of you are probably familiar, As the name implies,
the International Division deals primarily with inter-

tion treaties, agreements, and other arrangements, as
well as the administra(jve regulation of these treaties.
This means that we must have close liaison with the
Department of State and also with industry in order to
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insure that the proposals which the United States sub-
mits to international conferences represent the ideas and
the best interests of the country as a whole. We also, of
course, are constantly in touch, through the Depart-
ment of State, with foreign countries in an effort to re-
duce international interference to a minimum and to
discuss the best practical methods of providing a well-
knit international communications system from an en-
gineering basis. At present, as you all doubtless are
aware, the major treaties in force affecting communica-
tions are: Safety of Life at Sea Convention, London,
1929 International Telecommunications Convention,
Madrid, 1932; General Radio Regulations, Cairo, 1938;
Inter-American Radio Convention, Havana, 1937;
North American Regional Broadcasting Agreement,
Havana, 1937; and Inter-American Arrangement, San-
tiago, 1940. In addition to this list, of course, there are
many bilateral agreements which have been effected
through an exchange of notes and which bear on certain
phases of the telecommunications problems.

As a result of the Inter-American convention, Ha-
vana, 1937, there was set up in Cuba an Inter-American
Radio Office to centralize and facilitate the interchange
and circulation of information relative to radio com-
munications between all the countries in the Western
Hemisphere and specifically to act as a central bureau
to which all countries, parties to the North American
Regional Broadcasting Agreement, notify the frequen-
cies assigned by them to all standard broadcast stations.
Therefore, of course, we notify, that Office of all stand-
ard broadcast assignments or changes in assignments of
stations in the United States and also any objections
that we may have to proposed stations in our neighbor-
ing countries which would cause interference to our sta-
tions in violation of the NARBA.

In the Global Field, as distinguished from the Inter-
American, there is also a bureau, the Bureau of the
International Telecommunications Union at Berne,
Switzerland, to which all frequency assignments are
notified and the records of which serve as a basis for
determining international priority.

We, of course, are deeply interested, at this time, in
the provision of the best possible international broad-
cast service to all parts of the world consistent with the
limited number of transmitters and frequencies availa-
ble. With this in mind, we co-operate with the Office of
War Information and the Co-ordinator of Inter-Ameri-
can Affairs providing them such technical assistance as
they require to provide world-wide coverage of their
programs. While all international broadcast frequencies
are available for assignment to any International
Broadcast Station, depending upon the hours of use and
the areas which it is expected to cover, from a practical
standpoint every effort is made to reduce the number of
frequencies that may be assigned to any given station to
a minimum. In order to use the limited number of fre-
quencies available to the maximum possible extent, we

Engineering Work of the FCC

327

maintain a complete record of the schedules of each of
the International Broadcast Stations and make such
shifts in these schedules, frequencies used, and the an-
tennas employed as are required by the Office of War
Information and the Co-ordinator of Inter-American
Affairs to provide the service they need at any particular
moment. In other words, from a practical standpoint,
we are making the best possible use of these frequencies
on a shared-time basis.

Our international point-to-point problems are partic-
ularly interesting at this time, in that we are having
constantly changing conditions as communications to
new points are opened up because of their importance as
a result of war operations. In the majority of cases, of
course, these new direct communications circuits are es-
tablished with the foreign telecommunications compa-
nies which are already equipped to handle traffic to us
by indirect routes. Many such new direct circuits have
been established within the last two years. such as
Sydney, Melbourne, Wellington, and British Guiana. In
other cases, it has been necessary to obtain equipment
from the United States for the foreign administration, as
in the case of India, for example. It is hoped that as a
result of the provision of this equipment a direct
circuit to this highly important country will be estab-
lished within the next two months. Then there is also a
third case, such as Algiers, where one of our operating
communications companies operates the foreign ter-
minal with its own equipment and personnel.

The policies in respect to the establishment of new
radio circuits are now determined primarily by the
Board of War Communications and the Joint Chiefs of
Staff. Usually, these policies dictate that only one com-
pany be authorized to establish a circuit to any single
point, particularly if that point is in a military area. The
Commission, therefore, is faced with the problem of se-
lecting one company from among three applicants. Al-
though the Commission tries to make the best decision
possible from the facts presented to it, it is judged to be
wrong twice as often as right, since when one company
is authorized, two companies must be denied.

From the above brief outline, you can see that it is
essential that accurate records be kept of frequency use
and the amount of traffic transmitted, and also that the
relationship between submarine cables and radio be con-
stantly studied in order to make sure that adequate fa-
cilities are available to any given point, that the system
as a whole is secure and also flexible, permitting re-
routing of traffic when necessary.

In the International Division, we keep the master fre-
quency records of the Commission, consisting of an ac-
curate record of allocated, assigned, and received fre-
quencies, both government and nongovernment, and in
so far as possible an up-to-date record of the use of all
frequencies by all countries of the world. Therefore, in
connection with any new frequency assignment made
by the Commission, or by the Government Departments
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using radio, we are consulted in order to make sure that
the best possible assignment is made. This is by no
means an easy job, at this time, for the heavy military
demand for radio facilities must, of course, be met. You
will readily appreciate that there are no longer any holes
in the ether for new services or new assignments except
for postwar development of ultra- or superhigh frequen-
cies. Consequently, when there is a request from either
commercial companies or the Government Departments
for a new assignment to meet an essential war need, or
for a vital public or safety service, existing assignments
must be juggled either by eliminating a less important
service or by making arrangements for a shared-use of
certain frequency assignments.

For example, we recently had a request for a fre-
quency in the low 3-megacycle band for an essential war
service for point-to-point operations in the early morn-
ing hours. Both the Commission and the Interdepart-
ment Radio Advisory Committee, which as Mr. Jett
said, is the Committee appointed to advise the Board of
War Communications and the President in regard to the
assignment of frequencies to Government stations and
classes of stations, studied that portion of the spectrum
with particular care to sec if some shared-time arrange-
ment could be made whereby one frequency could be
cleared for this essential service at a particular time each
day. After considering many possible solutions, con-
sulting many Government Departments and operating
companies, always running into a blind alley, arrange-
ments were finally made for the sharing of one frequency
for this purpose. Although we eliminated all red tape by
using the telephone for all negotiations in order to ex-
pedite the approval of this service, it still took us about
three or four days to clear just one frequency for use
during a small portion of the day. This example is not
unusual and is cited merely to indicate the difficulties
involved in obtaining new frequency assignments at the
present time.

Also, of course, we must conduct a continuous study
of the uses of frequencies by the various services to in-
sure maximum efficiency in the use of the spectrum and
to ascertain whether or not any frequencies can be em-
ployed by two or more services on a shared-time basis.

Naturally the Commission is at the present time,
thinking and looking forward to how the radio spec-
trum should look after the next International Tele-
communications Conference. Doubtless you are all
generally familiar with the development of the radio
spectrum up to the present time from the first allocation
made by the Federal Radio Commission in 1929, when
channels were allocated for continuous-wave transmis-
sion on a basis of approximately 2/10th of 1 per cent.

Radio-frequency channeling, on a percentage basis,
developed in the early days of radio because the trans-
mitter and receiver frequency stability and the receiver
selectivity determined the width of a useful channel and
both of these quantities could be roughly evaluated on
the percentage basis. In 1931, the Commission adopted
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a 1/10th of 1 per cent channeling system and for voice
combined two telegraph channels in the lower frequen-
cies, assigning the mid-frequency as the carrier fre-
quency for the voice circuit. Since those days, at every
international conference, the United States has come
out strongly for better equipment, more rigid tolerances,
and a reduction of the bandwidth of emissions. Today,
more than ever, we are interested in these subjects in
order that we may make far greater use of the radio
spectrum.

The past system of channeling, on a percentage basis,
now may be outmoded. This is due primarily to im-
provements in methods of transmission and reception
such as the development of the superheterodyne re-
ceiver wherein the selectivity is practically independent
of the frequency being received and means whereby re-
ceivers may be automatically tuned to the carrier fre-
quency, thereby eliminating one source of instability.
Also, in the lower part of the frequency spectrum, the
carrier frequency may be maintained with such accu-
racy that the remaining frequency deviation does not
contribute materially to the total bandwidth for the
emissions employed. In the fixed and certain other
services, the assigned frequency is more or less a book-
keeping convenience and our primary concern is in the
over-ail stability and bandwidth of emission. Recogniz-
ing this, the Commission has been investigating means
of licensing and monitoring bandwidths of emission
with the thought that in the future, it might be possible
to assign for particular purposes a channel whose width
would be determined by the requirements of the circuit
and adjacent assignments. Such a system would require
that the carrier, plus all side frequencies generated, re-
main within the assigned channel. This arrangement has
an obvious advantage in that it would permit the plac-
ing of the carrier frequency at one edge of the assigned
channel and with the technique of single-sideband or
vestigial-sideband transmission, multichannel tele
graph, facsimile, or other communication means may
be used.

From a cursory examination of the spectrum, it
would appear that in order to accommodate some of the
expanding needs of the aeronautical services, as well as
the continuing needs of certain other mobile services, we’
shall have to look to portions of the bands now assigned
to the fixed and other services. Therefore, we must ex-
plore still further methods of utilizing space as effi-
qiently as possible inasmuch as it is also expected that the
h.\'c_(! services will handle an ever-increasing amount of
trafhic. Obviously, we shall find methods of employing
multiplex systems together with single-sideband trans-
mission in the fixed service. There are indications that
t!\e t\w{o-tone or frequency-modulation type of telegraph
signaling, while occupying a greater bandwidth than the
usual continuous-wave telegraph system, has certain in-
herent advantages in radio communication and may
wgll play a pz‘lrt in our future considerations. Even with
this system, it appears that a bandwidth of 500 cycles
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is capable of containing telegraphic intelligence at
speeds of 100 words per minute, and, therefore, that a
band 5 kilocycles wide could readily accommodate 9-10
500-cycle telegraph channels with a total communica-
tions speed of approximately 900 words per minute.

Some of our present confusion unquestionably is
caused by the sharing of certain portions of the spec-
trum by several services and the mixing of various types
of emissions. It is reasonable to expect a great improve-
ment in this regard if these present shared bands would
be discontinued and exclusive bands set aside interna-
tionally for each service with the further possibility that
portions of bands may be limited to certain types of
emissions. Where a type of service, such as fixed, em-
ploys a number of different bandwidths, depending upon
the communication involved, international carriers
should be assigned blocks of frequencies in order to pro-
vide for the greatest flexibility in bandwidth and type of
emission.

Our present hopes that we can find space for every
essential service in the radio spectrum are based upon
moving out of the high portion of the spectrum those
services which can be effectively handled in the very
high or ultra-high portion of the spectrum, and simi-
larly those from the very high portion of the spectrum
that may be handled effectively and perhaps more ef-
ficiently in the ultra-high portion of the spectrum.

Among the difficulties encountered in long-distance
radio communication are the effects of ionospheric dis-
turbances which are particularly prevalent in or near
the auroral zones. It has long been known that radio
paths north and south are much better than those which
go east or west. The investigations of propagation con-
ditions throughout the world lead to the conclusion that
since we must establish east-west circuits, they will op-
erate with the best propagation characteristics in the
equatorial regions. Carrying this thought still further,
we might possibly visualize a wide-band multichannel
communication system developed between appropriate
points around the world at approximately 20 degrees
north latitude. This transmission belt could be used as a
trunkline system with north-south circuits leading to
appropriate terminal points, thence east or west to
another terminal and north or south to destination. By
this means, an international communications system
could be developed utilizing the manual and automatic
devices employed in domestic telephone and telegraph
systems. Besides providing the greatest possible freedom

from interruptions due to poor radio conditions, a long_

step would be taken in the direction of an economical
use of the radio spectrum. At least two of our large com-
munications companies are even now considering an
adaptation of this idea by providing for establishment
of an automatic relay station at a point in the Western
Hemisphere near the equator to handle traffic from New
York to European points.

It is interesting to note that even as late as 1938 the
international-frequency-allocation table, developed at
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Cairo in the International General Radio Regulations,
prescribed the bands of services only up to 30 megacycles
except for the 56- to 60-megacycle amateur band. Above
30 megacycles, there was included a table which indi-
cated a distribution which would be used on the Ameri-
can continents as a basis for future research and experi-
ments. However, this table did not even visualize any-
thing above 300 megacycles. Now, of course, we are
thinking of the possibility of an allocation table up to
30,000 megacycles. We realize that there will be a tre-
mendous demand for frequencies for new services de-
veloped as a result of experience in the War, such as
anticollision services and to provide for expansion in the
aeronautical and maritime services, and, further, that
sufficient channels must be made available for television
and frequency-modulation broadcasting and to insure
methods whereby television and frequency-modulation
programs can be distributed throughout the country and
possibly even internationally.

It is interesting to note that one of our foremost radio
engineers, in 1928, recommended the allocation of 100-
kilocycle bands for television as being clearly the mini-
mum bandwidth for true television. Of course, this was
based on the status of the then-known art of purely
mechanical scanning. If I remember correctly, the Com-
mission did allocate four television channels, 100 kilo-
cycles wide as a result of this testimony. Now we are
somewhat dubious as to whether or not with the state
of the art as we can possibly foresee it, a band of 6 mega-
cycles is sufficient for postwar commercial television
service employing black-and-white pictures; and if we
should provide for color television, the bandwidth
necessarily will have to be greater for the same number
of lines. Indeed there is some question whether the 525-
line framte is sufficient for large screens or theater use.

Therefore, the problems now confronting us include
the allocation of frequencies with the least possible waste
to services whose bandwidth of emission can be meas-
ured in cycles, and also to provide space for services
which, even under the most optimistic predictions, ap-
pear to require a bandwidth of emission of several mega-
cycles. Certainly, it becomes obvious that if we are going
to talk about television in terms of providing double the
present number of channels, each with a bandwidth of
10 megacycles or more, that service must look beyond
the very high portion of the spectrum into the ultra-
high. This concerns us deeply because I have heard it
said, for example, that the frequencies above 500 or 600
megacycles are not satisfactory for broadcast or other
high-powered services and should be used more or less
exclusively for highly directional beamed services where
lower power can be employed. We must admit that we
have very little information about the actual character-
istics of frequencies in the ultra-high and super-high
portion of the spectrum. Therefore, since we do not know
these answers, we particularly welcome the formulation
of the Radio Technical Planning Board and the co-ordi-
nated study which is beginning to evolve between the




Board, the Commission, and the Interdepartment Radio
Advisory Committce.

I think that the problems facing radio engineers today
are greater and their correct solutions will have more
far-reaching effects than in any previous time in the lus-
tory of radio. With the opening up of the ultra-high
and super-high portions of the spectrum to commercial
services, you must make certain that any service is not
frozen by the manufacture of large amounts of equip-
ment in a portion of the spectrum not suitable for that
service. In addition, you should be sure that every pos-
sible means of efficient spectrum utilization is employed.
Some of the problems that face the RTPB and radio
engineers today, in addition to the obvious ones (in
what portion of the spectrum shall various services be
placed and how many channels should be provided for
these services), are general equipment and operating
problems, such as:

1. Is the use of single-sideband or vestigial-sideband
transmission practicable for the mobile services?

2. How about the use of vestigial-sideband transmission
for high-speed telegraphy?

3. How can we improve the characteristics of receivers
now employed in various services, with particular
emphasis placed on stability and discrimination
against adjacent-channel interference?

4. What are the lowest practicable tolerances which
may be met by equipment manufactured for each
service after the war?

5. What means can be employed to reduce radiation
outside of the required band of emission?

6. Considering the international communications sys-
tem as a whole, what practical methods can be found
for utilizing to a maximum multiplex systems with
single-sideband transmission?

I have not attempted in this paper to outline in detail
the problems of frequency allocation which now face us.
I could not in the allotted time even if I knew them all.
But these are some of the thoughts that are running
through our minds so that the final “compromise” that
Dr. Baker and Dr. Goldsmith talked about yesterday
will provide for as great and efficient use of the spectrum
as possible.

Bioelectric-Research Apparatus’
HAROLD GOLDBERG?, MEMBER, I.r.E.

Summary—This paper describes a complete amplifying and cath-
ode-ray-tube system suitable for certain bioelectric-research appli-
cations. Three independent amplifying channels, working into a
three-trace cathode-ray tube allow the recording of three, independ-
ent, simultaneous phenomerna. The three traces may be partially or
wholly superimposed as desired. Each amplifying channel consists
of a battery-operated, three-stage, direct-current amplifier coupled
to a power-line-operated, direct-current output stage. All channels
operate from a common battery and power-line supply. Cathode-ray-
tube sweep circuits are direct-current-coupled and entirely power-
line-operated. Individual control of centering and sweep speed for
eachtraceis provided. An associated stimulating circuit, synchronized
with the sweep, provides stimuli for biologic specimens under study.

The amplifier input is either single-ended or differential as de-
sired. Response is flat within 1 decibel from 0 to 7000 cycles per sec-
ond with a maximum voltage gain of 131 decibels. A maximum
voltage gain of 125 decibels may be attained with a response flat
within 1 decibel from 0 to 14,000 cycles per second. The sweep am-
plifiers provide an undistorted output of approximately 500 volts,
sufficient for full-scale deflection of the Western Electric 330C
cathode-ray tube operating at 3 kilovolts accelerating voltage. Sweep
frequencies range from 1 per minute to 20,000 per second.

INTRODUCTION

VHE FIELD of bioelectric phenomena is largely
unknown to the communication engineer. Never-
theless, the thermionic vacuum tube and cathode-

ray tube, devices developed in the communications field,

* Decimal classification: 537.87X621.375.1. Original manuscript
received by the Institute, December 1, 1941; revised manuscript re-
ceived, January 26, 1944, Presented, Winter Convention, New York,
N. Y., January 12,1942, The equipment for this apparatus was built

at the University of Wisconsin in 1940.
t Stromberg-Carlson Company, Rochester, New York.
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have enabled researchers in the bioelectric field to ad

vance their knowledge of these interesting processes.
Some have perhaps had direct contact with one use of
this knowledge, the electrocardiogram. But even those
who have had this contact have not, perhaps, under-
stood that the electrocardiogram was a record of poten

tial variations with time, between two contacts on the
body, and that these potential variations were the result
of periodic electromotive forces gencrated by the heart
as it beats. In fact, all muscle and nerve tissue, not only
in man, but in the entire animal and insect kingdoms,
generate these electromotive forces when active. Other
tissues also exhibit electrical phenomena. Plant mem

branes show characteristic potential changes during cer-
tain processes; the processes of metabolism produce
electrical phenomena;in fact, probably all the metabolie
and katabolic processes of living organic matter produce
electrical phenomena.

The apparatus to be described in this paper was de-
signed for the study of action potentials, those electro-
motive forces which accompany the activity of nerve in
conducting pulses, and the activity of muscle in the
process of contraction and relaxation. The potential dif-
ferences set up vary with time. The duration depends on
the tissue. A complete cycle of contraction in smooth
muscle may take a minute. A nerve impulse may last 1
millisecond. The potential differences led from the heart
may have a peak value of 70 or 80 millivolts; cortical
potentials led from the brain only 10 or 20 microvolts.

June, 1944
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Slowly varying action potentials require instruments of
the direct-current type; nerve potentials may require
fairly high-frequency response. All require considerable
amplification if the record of the variation is to be taken
from a cathode-ray tube. Because the seat of these po-
tential differences cannot be directly considered, only
potential differences set up in the conducting tissue due
to currents flowing as a result of the potential differences
set up by the activity may be recorded. The tissues of
the body, while conducting, are electrolytic conductors
of high resistivity. For that reason, recording instru-
ments must have higher input resistances than those
found between the contacts on the tissue. When dealing
with isolated muscle or nerve, which is not self-acti-
vated, the further problem of stimulating them to
activity arises. Electrical stimulation is not the only
form of stimulation, but it is the most easily handled
and controlled, and therefore, is used.
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put resistance should be at least 1 megohm and at the
same time, the inherent noise voltage referred to the in-
put should be less than 1 microvolt. The direct-current
amplification should be achieved with negligible drift.
Bioelectric research imposes a requirement on ampli-
fier performance peculiar to itself. Voltages used to
stimulate muscle or nerve tissue may have peak values
10¢ times the peak value of the action potential to be
recorded. The action potential may follow the stimulat-
ing peak within 0.1 millisecond. Consequently, some
means for rejecting the stimulus voltage and preventing
amplifier paralysis must be found. In addition, it must
be possible to record action potentials between sets of
points on the tissue not common to each other, without
obtaining amplifier outputs representing a mixture of
the several action potentials led off from the tissue. The
last requirement demands that the amplifier act as a
differential amplifier. The first requirement can also be
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The size of the specimen to be studied varies. A very
small section of nerve may be studied; the dog heart in
situ - or the human electrocardiogram. The high resistiv-
ity of the subject, and the low magnitude of the poten-
tial differences to be amplified immediately involves the
researcher in the problem of pickup of stray electrical
disturbances from power lines and all of the multitude
of man-made disturbances present everywhere today.
Shielding the specimen is rather impracticable in most
cases and work is therefore carried on in shielded roonts
with precautions taken to keep all stray disturbances
outside the working space. All power-line-operated
equipment is kept outside including lighting as well.
With this introduction to the problem, the matter of
amplifier requirements will now be discussed.

AMPLIFIER REQUIREMENTS

A suitable amplifier for bioelectric research on muscle
and nerve must satisfy a variety of requirements. It
should be capable of a voltage gain of at least 120
decibels. The response should be flat from 0 to at least
10,000 cycles per second and preferably higher. The in-
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Fig. 1—Circuit of direct-current amplifier.

partly satisfied by the use of a differential amplifier
by properly applying the stimulus to the tissue. A differ-
ential amplifier is one with two input terminals, each at
high impedance to ground, whose output voltage is pro-
portional to the algebraic terminal-to-terminal voltage
only. This means that identical voltages applied to both
terminals from ground should produce zero output. This
differential action must be maintained for the largest
input voltages encountered. The circuits to be described
represent a fair solution to the somewhat conflicting re-
quirements already outlined.

DEsCRIPTION OF DIRECT-CURRENT AMPLIFIERS

The principles of operation of these amplifiers have
been previously discussed' and will not be redescribed.
Each of the three channels consists of a three-stage,
push-pull, battery-operated preamplifier working into a
power-line-operate(l push-pull output stage. The three
battery-operated preamplifiers are operated on common
batteries and are located in the shielded workroom. The

1 Harold Goldberg, “A high gain d-c amplifier for bio-electric
recording,” Trans. A.I.E.E. (Elec. Eng., January, 1940), vol. 59, pp.
60-64; January, 1940.
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three output stages operate from a common power sup-
ply and are located with the cathode-ray-tube equip-
ment in a position external to the shielded room.

Fig. 1 shows the circuit for a single channel. The input
impedance is 2.5 megohms for normal operation. When
desirable, the input may be made single-ended simply
by feeding the amplifier between ground and one input
lead. The circuit is inherently phase-inverting and con-
verts the single-ended input to push-pull. Small unbal-
ances in the first stage may be compensated by means
of the 0.25-megohm potentiometers in the input-grid
circuits. A calibrating circuit employing cathode injec-
tion provides from 2 to 5000 microvolts. The methods of
stabilization, balancing, and differential action used in
this circuit and described in the previous paper are
carried further in this amplifier. A large effective com-
mon-cathode resistance is attained by the use of a
6G6G pentode as a common-cathode resistor. The util-
ization of the high plate resistance of the pentode for
this purpose provides a high effective resistance without
a correspondingly high IR drop. The variable resistance
in the cathode of this pentode provides a means for
adjusting the operating voltages of the first stage and
further increases the effective plate resistance of the
6G6G. Type 38 tubes are used as amplifiers with very
low plate and screen voltages. When properly balanced,
the rejection ratio of the amplifier to in-phase dnput
voltages as compared with out-of-phase voltages is
100,000 to 1. \When reduced gain is satisfactory, means
is provided for shunting a 25,000-ohm resistor from
plate to plate of the first stage. This reduces the gain
and the effect of first-stage drift on the output of the
channel. Matched tubes are not required for operating
balance. Large differences in emission may be balanced
by dropping the heater voltage on the tube having the
greater emission. A S-ohm variable resistor is provided
for this purpose. Small differences may be balanced by
means of the 3000-ohm potentiometer in the plate cir-
cuit. Balance is measured by comparing the output of
the channel with and without plate-to-plate output in
the second stage. Since a reduction in bandwidth is
sometimes necessary for certain experiments, capaci-
tance may be shunted from plate to plate for this purpose
as shown in Fig. 1.

The second stage is similar to the first except that the
operating voltages are higher so that larger signal volt-
ages may be handled. The master gain control of the
channel is located in this stage and consists of a 1-
megohm variable resistor in series with a 25,000-ohm
variable resistor shunted from plate to plate. The two
controls provide coarse and fine control of gain, respec-
tively. A circuit providing plate injection of push-pull
voltage of either sign and variable amplitude is used in
the second stage as a centering control for the output
of the channel as applied to the cathode-ray tube.

The third stage does not employ a pentode as a com-
mon-cathode resistor since sufficient in-phase degenera-
tion is obtained in the first two stages. Type 1231 tubes
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arc used as amplifiers. Emission differences may be bal-
anced in this stage by control of heater voltage. Emis-
sion balance is not employed in the second stage since
operating differences due to this cause may be taken care
of by slight unbalancing of the operating output voltage
of stage 1. At the loss of some gain, the bandwidth of the
amplifier may be increased by the use of the degenera-
tive equalizer in the cathodes of the tubes of this stage.

The final stage is power-line-operated and also em-
ploys type 1231 tubes. The output of either side is
brought out to a switch for synchronizing purposes.

Adjustment of operating voltages requires a high-
resistance voltmeter and is done progressively starting
with stage 1 and proceeding towards the output. The
adjustable range is limited to that nceded to accom-
modate tube variations. The average operating condi-
tions are necessarily designed into the amplifier. The
output stage is designed so its operating average plate
voltage to ground is equal to that of the sweep amplifiers
in the cathode-ray-tube display circuits. The second
anode of the cathode-ray tube is also operated at this
voltage and defocusing due to voltage differences be
tween deflecting plates and/or second anode is mini-
mized.

The maximum voltage gain of the amplifier is 131
decibels flat within 1 decibe! from 0 to 7 kilocycles.
With equalization, the gain is 125 decibels flat within 1
decibel from 0 to 14 kilocycles. The inherent noise re-
ferred to the input is 8 microvolts at the maximum
bandwidth of the amplifier. The high-frequency com-
ponents of the noise may be removed by narrowing the
response but a flicker component at very low frequencies
remains. The limiting factor in the operation of this
amplifier is not drift but noise. While there is appreci-
able drift at maximum gain, it is not such as to mask ac
tion potentials. The noise, howey er, places a lower limit
on the magnitude of action potentials that may be satis-
factorily amplified. :

Because of the stability of the amplifiers, they are
operated on a common set of batteries and a common
power-line supply for the output stages. Four standard-
size, 45-volt batteries supply the first three stages of all
three amplifiers. Separate storage batteries are used for
the heaters, and separate 22.5-volt C batteries are used
for the centering circuits of the three preamplifiers. A
power-line-operated supply giving 450 volts is connected
in series with the battery supply. Heaters of the output
stage are alternating-current-opcrated. The undistorted
output voltage available from the amplifiers is 500 volts,
peak to peak.

Construction is of the rack-and-panel type. All bat-
tery-operated equipment is located in the shielded work-
room. All alternating-currcnt-opcrated equipment is
placed just on the other side of the wire-screen wall of
the shielded room with controls brought through the
wall on extension shafts. Chassis for the high-gain, di-
rect-current, preamplifiers are spring-mounted from the
panel. The period of the mounting is made long. Flexible




To Stimvulator

Reloy
Y

Fig. 2—Sweep generator, synchronizer, and cathode-ray-tube power supply.

Panel
s500mMm
A ¥
—— »
M T Lin Los. l
6
Itiey L . N Sweep Spesif Coarse 4 f3s
6F 884 ' , 9 4 - =-
Mein Switch L O3 7 B KD ED M| 1 3
°o o'y S '\'K ]7 o wor
—J »
~ l i 6C83 $ .0
“ i i e fs Sweep Ampl.
bo ° 20 350 100M _ : -
: = =+ ; a-20
} i - s
7 soM ’ ‘
. 1251 2 Trigger j TR
Oy 4 2 Clrcvit r
= " ' =2 2 Soom
HY. Switch ﬁpﬂo? VR 150 o ] L \‘_,.‘ - S :
] _——_T e — g":ﬂ’
Therd. 40M > ey I ] doutpur
Ti7&M 3 i ) X e
b 4 4 ; P :
o S 4 Sweap Caniering P SR
kLI 4 -3 - R
[ 8 1: 4 1 ) [ eNTG =
3 Pviamre— 2o 2\ | Fsoom
——— e 0 > VWA~ VA L A 3
Twordarson ~ . [vRis0 VRISO 'O" L\ - L
2- Ta3ce2 \ -~ AN~ ._.*cs;w:c 1
E CRT Heoter ,\ ';OZ"M
e T = ‘
Therd \ 879
]
i A | f 3-250n 4 CRT Modvletion 6NTG a
Tx - r e Grids :
imd. Z soom™
F j L .f‘“ 3 3 33sm 28%0™ :S'“
~ CRT Cothode e Q.'pr
879 H
s 3’ by soom
1 L\mu_anL oThe. 579 T o 'Y y
CRT Accal. CRT F“vmn’
Fo«.us | 5KV.| slIV" A'\Od‘ A".‘.
‘Neon Sign
Lfv—"lur 1} Type
=== | H.V. Control

244114

sniDADdd Y Y24DISTY I3423[208¢ : 343qP10DH

£ee



334

leads are used for connections. With the exception of
heater supplies, all batteries mount in the chassis. The
three output stages and their power supply make up a
single unit. With the high-voltage supply for the cath-
ode-ray tube, sweep circuits, and timing flasher, these
make up the allcrnaling-current-opcrated unit kept out-
side the shielded room. All alternating-current power is
brought in through conduit (o a shielded box containing
a high-frequency wave trap. This is necessary to reduce
the inteference coming from diathermy equipment lg-
cated on the floor above the work room.

Once adjusted, the amplifiers will work for long peri-
ods of time without further attention. When changing
batteries or tubes, it is desirable to check the operating
voltages and readjust if necessary.

CATHODE-RAY-TUBE EQUIPMENT aND
Swegr Cikcuits

The requirements on sweep circuits for this work are
somewhat severe. The circuits must be capable of single-
sweep operation without long-time-constant transients
in the amplifiers. In bioelectric work, the stimulys is
synchronized with the sweep so that each sweep is ac-
companied by a synchronized action potential. Stand-
ing-wave patterns produced by rapid repetition of sweep
and stimulus are undesirable because rapidly repeated
stimuli give rise to a response different from that elicited
by a single stimulus in muscle, and tend to fatigue the
tissue in a short time. If the writing speed is such that a
single sweep produces insufficient exposure of the sensi-
tive recording material, it is necessary that another ey-
posure, made by repeating the sweep and stimulus be
made to occur at the same position on the cathode-ray
screen as the original. Sweeps are not used, however, in
work with automatic tissue such as the heart, which con-
tracts rhythmically without stimulation. In such work,
the time axis is supplied by moving the photosensitive
recording material at a constant velocity. Work with
nonautomatic tissue, however, clearly calls for sweep
generators and amplifiers of the direct-current type.

The prototype of the present system has been de-
scribed recently.? The present system represents a con-
siderably refined and elaborated development of the
earlier circuits. Voltage supplies for sweep and stimy-
lator circuits are independent of supplies of the high-
gain amplifiers. Stimulator circuits are more flexible and
positive in operation.

A low power supply, stabilized by a VR-150 tube,
with the positive side grounded, supplies the sweep
generator tubes 6J7G and 884 and provides part of the
voltage needed by the sweep amplifiers, 6N7G tubes.
Sweep voltage is derived from a condenser which
charges negatively relative to ground. Logarithmic
sweep is obtained by charging the condenser through a
resistor; linear sweep, by charging the condenser
through a 6J7G pentode. Coarse control of sweep speed

? Harold Goldberg, “Synchronized voltages for bioelectric re-
search,” Electronics, vol, 14, p. 30; August, 1941,
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is obtained by switching charging capacitors. Fine con-
trol is obtained by the 3-megohm, variable-charging re-
sistance in the logarithmic sweep, and by the 10,000-
ohm variable bias control on the charging tube in the
linear sweep. Normally, the charging condenser js
short-circuited by a switch. When sweep is desired, this
switch is opened and the condenser charges 1o the sup-
ply voltage. Closing the switch returns the sweep (o its
original position. Periodic sweep is obtained by shunting
the charging condenser with]the_,.884:gas triode. With the
gas triode in the circuit and the short-circuiting switch
open, the circuit produces relaxation oscillations which
cease when the switch is closed. In this way, both single
sweeps and periodic sweeps ranging from 1 per minute (o
20,000 per second may be obtained.

The remainder of the power supply provides 500 volts
positive to ground with three VR-150 tubes in a net-
work providing stabilized voltages for various purposes,

Since it is desirable, for other circuits in the system,
to have a sweep voltage that rises positively relative to
ground, i.e., the inverse of that provided by the gener-
ator, a 6K6G as a triode is used in a direct-current
phase-inverter circuit. The load for the tube is split be-
tween cathode and plate, the cathode load going to
— 150 volts, and the plate load going 1o +150 volts rela
tive to ground.

The output of the inverter is fed to two cathode fol
lowers, 6F8G. One of these, its load returned to ground,
1s used to drive a trigger circuit 6C8G, whose output
provides synchronized pulses for the final stimulator cir-
cuit. The first stage is always nonconducting or fully
conducting, depending on whether the grid is below or
above a certain critical voltage relative to ground. The
second stage will be in a state which is the inverse of
that of the first stage. If the grid of the first stage is
driven by the sweep voltage, a square pulse may be
taken from the plate of the second stage. The start of
this pulse occurs as the input sweep voltage passes the
critical voltage; the finish occurs on the sweep re-
turn. By varying the amplitude of “the Input sweep
voltage, the time of the start of the pulse relative to the
sweep may be varied from close to the beginning of the
sweep, to the end of the sweep. The square pulse is led
to an adjustable resistance-capacitance differentiating
circuit. The result is a positive pulse of voltage as the
sweep input passes the critical voltage, and a negative
pulse when the Sweep returns. The stimulator circuijt 1s
triggered by the positive pulse in various ways for stimu-
lus and rejects the negative pulse.

The second cathode follower, 2-6F8G, has a load made
up of four 200,000-0hm Potentiometers in parallel. The
load is returned to +22 volts, regulated. The outputs
of three of these 80 lo one grid each, of three direct-
current, phase-inverling, push-pull sweep amplifiers,
6N7G tubes. These give individua) control of sweep
amplitude for each of the three traces. Where single
control of all three is desired, al] three grids are switched
to the output of the fourth 200,000-0hm potentiometer,
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The remaining three grids of the sweep amplifiersgotoa
network which allows them to be varied either individu-
ally or in multiple from ground to some 50 volts positive
relative to ground. These 25,000-ohm controls provide
centering for the sweeps.

The combined controls allow accurate control of both
the speed, amplitude, and starting positions of the
sweeps on all three traces. If these are made identical,
all simultaneous events will lie on a line perpendicular
to the sweep traces. By stabilizing the voltages, the
adjustment remains stable for long periods of time.

The Western Electric 330C tube is supplied with ad-
justments for focusing, accelerating voltage, and indi-
vidual control of beam currents. The power-supply cir-
cuits are so arranged that the accelerating voltage may
be changed without altering the focusing once the focus-
ing has been done for one accelerating voltage. While the
supply will deliver 3 kilovolts, 3 kilovolts js a practical
upper limit if long tube life is desired. The sweep am-
plifiers will deliver sufficient undistorted output for
edge to edge deflection and 3-kilovolt operation. A
time-delay circuit is incorporated in the high-voltage
circuit to keep the high voltage from the tube until the
cathode is at operating temperature.

STIMULATING CIRCUIT

The pulses derived from the trigger circuit are fed
into a battery-operated stimulator panel. For single
stimuli, the pulses are applied to a triode biased beyond
cutoff, 1-6C8G. This eliminates the undesired negative
pulse and clips the tail of the positive pulse. By driving
the grid positive, the tip of the positive puise may also
be clipped if desired. Adjustable bias is provided. The
output of the tube is fed to the specimen through a
potentiometer and shielded transformer GR-578A.

It is sometimes desirable to use a burst of repetitive
pulses for a stimulus rather than a single pulse. The
length of the burst, amplitude of the pulses, and repeti-
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Fig. 3—Stimulator circuits.

tion rate, should be variable. To accomplish this, the
condenser pulses are led to a triode acting as a cathode
follower, 3-6C8G. The output is fed to the grid of an
884 gas triode arranged to act as a relaxation oscillator
except that it is normally overbiased. A positive pulse
to the grid sufficient to bring the tube to the firing state
will cause it to go into oscillation for the duration of the
pulse. A negative pulse will have no effect. Thus a burst
of repetitive pulses will be obtained during the positive
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input pulse. The burst length depends on the pulse
length, and the frequency, on the constants of the relax-
ation circuit. The output is fed through an amplitude
control and shielded transformer, GR-578A.

TiMING FLASHER

In applications such as heart research where no sweep
is used and the recording material is moved at a con-
stant velocity to provide a time axis, some device that

E}HE} Discharge Lome
m rﬁ'\'—/ — 1100 60~

“mln’ Flashar

Fig. 4—Timing flasher.
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will put accurate timing marks on the record is desirable.
The system used is based on the power-line frequency,
a primary standard sufficiently accurate for this pur-
pose. The flashing unit itself is a mercury-helium, dis-
charge lamp shaped in the form of a U and made of
small-bore tubing. At about 3 kilovolts, and maximum
allowable current, it gives a brilliant, highly actinic
light. All of the tube is opaqued except a small window
about 3/32 of an inch square at the bend of the U. The
tube is placed alongside the cathode-ray tube with the
window flush with the screen.

The circuit illustrated applies pulses of voltage to the
discharge tube every nth cycle of power-line frequency,
where n=1, 2, 3, etc. The value of 7 is determined by
the time constant of the RC network in the cathode of
the gas triode. The operation is simple. If the conderiser
is initially discharged, the tube will fire and charge the
condenser at the first positive half cycle. The charge on
the condenser prevents further firing of the tube until jt

—

Fig. 5—Record of action potentials from turtle heart.

has leaked off sufficiently for the tube to fire again; an
event which will occur at the first positive half cycle fol-
lowing the reestablishment of conditions favorable for
firing. Thus the tube can fire only on positive half cycles
and will fire only at those half cycles that find the con-
denser sufficiently discharged to allow the tube to fire.
It is evident that by adjusting the time constant of the
discharge, the number of cycles intervening between
firing half cycles can be chosen. l'he system is quite




stable for n up to 6. For larger values of #, as would be
expected, a random element appears and the firing may
occur every nth cycle on the average but may deviate
by plus or minus 1 or more cycles.

The apparatus described is the result of a gradual de-
velopment program aimed at the needs of general elec-
trophysiological research. The equipment is versatile
and may be applied to practically any field of biophysics.
With auxiliary apparatus it may be applied, for in-
stance, to the hydrodynamics of the heart, or to the
dynamics of muscle. The sensitivity, frequency re-
sponse, and stability are such that it is applicable to all
but a very few phenomena. The versatility of the sweep
and stimulating circuits makes possible a great variety of
experimental procedures. The ability to take three si-

multaneous, independent, records is of great advantage
since instantaneous time relations among various
phenomena are of great interest and importance in this
field. While it is possible to get the time relations be-
tween any number of events by recording them in pairs,
such procedures require that all events be reproducible.
This is only approximately true in biological phenomena
and it is, therefore, desirable to take as many simultane-
ous records as there are events to be compared. Physical
limitations, however, set three simultaneous records as
a fair upper limit at the present time. By using auxiliary
equipment developed in conjunction with the apparatus,
combinations of electrical variations, pressure varia-
tions, contraction, physical volume, sound, and gross
motion have been recorded simultancously.

Application of the “Memnoscope” to Rectifier Study’
W. E. PAKALAYT, NONMEMBER, LR.E., AND VICTOR WOUK, NONMEMBER, I.R.E.

Summary—The “memnoscope” is a device employing rotating
condensers for studying randomly occurring electrical phenomena.
This paper describes some records obtained with the “memnoscope”
when studying arcbacks in shielded mercury-arc rectifiers. It has
been found that arcbacks may occur on the shield, without a cathode
spot forming on the anode and without resultant disturbances in the
external electrical circuits.

HE “memnoscope” is a device for obtaining oscil-

lograms of randomly occurring electrical phenom-

ena, and events immediately preceding and fol-
lowing, by “memorizing” the wave forms for a period of
time long enough in which to open a camera shutter.
Such a device is of particular value in the study of arc-
backs in mercury-arc rectifiers, where the arcbacks are
known to occur at random.!

The “memnoscope” and associated apparatus for re-
cording the oscillogram, are illustrated in Fig. 1. The
“memnoscope” consists of a group of condensers
mounted in the slots of a rotor of a direct-current
motor, in place of the coils. One end of each condenser
is connected to a commutator bar, and the other end to
a common connection. Three brushes bear on the com-
mutator, an input, output, and short-circuiting brush.
The rotor is turned in the direction shown, during oper-
ation of the device.

The voltage under consideration charges up the con-
densers through the input brush. The condensers retain
this charge for almost a full revolution of the rotor; and
then give it up to the recording circuit connected to the
output brush. During the time that the condensers
move from the input to the output brush, a camera
shutter may be tripped by the randomly occurring

* Decimal classification: 621.313.7 X R337. Original manuscript
received by the Institute, October 28, 1943.

t Westinghouse Electric and Manufacturing Company, East

Pittsburgh, Pa.
! J. Slepian and R. Ludwig, Trans. A.I.LE.E. (Elec. Eng., October,

1931), pp. 793-796; October, 1931.
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phenomenon, and thus a picture can be taken of events
happening a bit before, and as long after the random oc-
currence, as desired.

In Fig. 1, the phenomenon under study is the voltage
wave across the anode and cathode of an Ignitron
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Fig. 1—Memnoscope: A device for obtaining oscillograms
of random events,

rectifier during arcback. An archack s accompanied by
reverse current in the cathode lead; this reverse current,
which exists only when the random arcback occurs,
tripsa Thyratron, which in turn opens the shutter of a
camera by means of a suitable relay.

It is obvious that the amount of delay, or “memory
time,” the number of points recorded on each cycle,
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i.e., the “resolving power” of the “memnoscope,” the
amount of distortion, etc., all are dependent on the
number of condensers used, and the speed of the rotor.
These effects, and construction details, are discussed
thoroughly in a previous paper.?

\'OLTAGES ON THE GRID OF A SHIELDED RECTIFIER

Tests were made to determine the behavior of the
voltages on the shield in a large Ignitron rectifier during
arcback. For this purpose, not one, but six rotors with
condensers were driven by a motor, and a magnetic os-
cillograph was used instead of a cathode-ray oscillo-
scope. This necessitated amplifiers in the output circuits
of the memnoscopes, since the condensers used, of 0.01
microfarad capacitance, were not powerful enough to
actuate a magnetic oscillograph element.

Fig. 2 is a block diagram of the connections necessary
to obtain an oscillographic record of the current, anode-
cathode voltage, anode-shield voltage, and shield-
cathode voltage immediately preceding and for a few
cycles following an arcback.

Fig. 3 is a typical oscillographic record obtained with
this setup. It records an arcback that cleared up before
the circuit breaker had a chance to open.

A motor load, with a counter electromotive force of
350 volts, drawing 300 amperes direct current, was run
by means of the rectifier. The alternating-current volt-
age of the supply transformer was 600 volts. This means
that the peak inverse voltage applied to the tube was
600X\ 24350 =1198 volts. Load control was effected
by the phasing of the ignitor firing pulse. In the record
illustrated, the tube was fired with about 75 degrees de-
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Fig. 2—Connection for obtaining several simultaneous oscillograms
of Ignitron voltages.

lay at 60 cycles. The shield was excited by means of a
resistance potentiometer connected between the anode
and cathode, as shown in Fig. 2.

Analyzing the record in detail, a very interesting
course of events is discovered. From the start of the
oscillogram at the left, to the point C, there is indicated
a cycle of rectification prior to an arcback. During the
zero-current portion of the cycle, it is seen that negative
voltage is borne by the anode-shield and shield-cathode
spaces; the anode-cathode voltage, which is the sum of
these two, is normal. Previous to firing, it is seen that
positive voltage is borne by all parts of the tube. At 4,
the ignitor is fired, as is evidenced by the appearance of

2 W. E. Pakala, “A memory attachment for oscilloscopes,” Trans.
A.1.E.E. (Elec. Eng., 1938), vol. 57, pp. 682-684; 1938.
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load current, and the fall of all the voltages. At B, con-
duction ceases, and the various spaces start to bear their
normal inverse voltage, during the negative portion of
the cycle.

At C, an arcback occurs; i.e., a cathode spot forms on
the anode, and an arc is struck between what is normally
the anode and the mercury pool. This is indicated by
the appearance of reverse current, and by the drop of the
three inverse voltages. The reverse current seems to rise
to a peak value only twice that of the forward current.
In reality, the current rises to a value several times
greater than this; the distortion of the amplifier ac-
counts for the reduction of the back-current peak.
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Fig. 3—Oscillogram showing arcback and shield-cathode space
collapse without subsequent arcback.

Following the arcback, the tube forward fired, as is
seen at D. That is, a cathode spot appeared on the
mercury pool before the ignitor fired, and the forward
voltage peak, evident at 4, is not evident at D.

At the next inverse-voltage period E, a very curious
thing is seen to have occurred. A cathode spot appeared
on the shield, resulting in a collapse of the voltage be-
tween the shield and cathode. However, no cathode spot
appeared on the anode. Therefore the full anode-cathode
voltage was borne by the anode-shield space, and the
large overvoltage is seen on the oscillogram. It is to be
noticed that the over-all voltage, the anode-cathode
voltage, is normal, and there is no reverse current. The
component voltages, though, are not normal.

At F, a similar thing happened in the forward direc-
tion. The cathode-shield space failed to hold forward
voltage, and the shield-anode space sustained an over-
voltage in the forward direction. This resulted in a for-
ward fire a few degrees later, as is evidenced by the fact
that the forward current is a little bit larger than nor-
mal. After this, though, normal operation of the rectifier
was resumed.

(The oscillations in the anode-shield voltage trace
are due mainly to poor brush contact in the “memno-
scope.” The rotors used in these tests held 147 conden-
sers, of which 142 were used to give the “memory” time.
The rotor was run at 1500 revolutions per minute, which




meant that in the 60-cycle wave, there was one con-
denser point for every 5.9 degrees of the cycle.)

The “memnoscope” has been used extensively to de-
termine the phase occurrence of archacks.? Other meth-
ods of recording random phenomena with long-persist-

. *W. E. Pakala and W. B. Batten, “Phase occurrence of archacks
nlng‘;gctnﬁcrs," Trans. A.I.E.E. (Elec. Eng., 1940), vol. 59, pp. 345347

ence cathode-ray tubes are used.! For studying more
than two or three wave forms simultaneously, and if
detail not better than 2 or 3 degrees of a 60-cycle wave
is desired, the “memnoscope” is an excellent device for

the purpose.

¢ AL\, Hull, “An oscillograph with a memory,” Gen. Elec. Rev.,
January, 1936.

High-Potential Vacuum-Tube Voltmeter*
PAUL B. WEISZt, ASSOCIATE, 1.R.E.

Summary—A vacuum-tube volttmeter for the measurement of
high voltages, with a range of 0 to 2000 volts is described. It utilizes
the principle of the inverted vacuum tube; thus the high input im-
pedance of the normal vacuum-tube voltmeter is combined with the
ability of measuring high voltages.

N A great number of applications it is desirable to

have available a voltmeter which will measure po-

tentials of the order of one or several kilovolts with-
out drawing an appreciable current. The electrostatic-
type of voltmeter often used for this purpose is a rather
impractical laboratory instrument because it is me-
chanically too delicate. Mechanical voltmeters of the
ordinary type will draw at least a few tenths of milli-
amperes, usually more.

The principle of the inverted vacuum tube! can be
successfully applied to constructing a vacuum-tube
voltmeter for high potentials and having large input im-
pedance. Normal receiving tubes are usually capable of
handling potentials up to more than 2000 volts between
electrodes. For example, the 6C6 and similar types have
been used in voltage regulator circuits for such high
potentials, even in pentode connection.?

Fig. 1 shows the circuit diagram of a voltmeter for the
range 0 to 2000 volts, using a 57-type tube, and cali-
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Fig. 1—Complete circuit diagram of vacuum-tube voltmeter for a

range of about 0 to 2000 volts.

brating the 0 to 10-milliampere grid-current meter in
terms of the unknown voltage which is applied between
the cathode and plate with the negative terminal on
the plate. Stabilization of the grid potential and fila-

* Decimal classification: R243.1. Original manuscript received
by the Institute, August 16, 1943.

t Bartol Research Foundation of the Franklin Institute, Swarth-
more, Pennsylvania.

V' F. E. Terman, “The inverted vacuum tube, a voltage-reducing
power amplifier,” Proc. [.R.E., vol. 16, pp. 447462; April, 1928.

* H. V. Neher and W. H. Pickering, “Two voltage regulators,”
Rev. Sci. Imstr., vol. 10, pp. 53-56; February, 1939.
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ment current makes the instrument independent of
reasonable line-voltage variations. Fig. 2 shows the
calibration of the instrument, and the error incurred by
a line-voliage change.

The ncon-discharge tube in the plate circuit is pro
vided in order to indicate application of the unknown

200 %o €00 $o0 D0’ 200 Heo 1400 /§e0"3
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Fig. 2—Calibration curve for high-voltage vacuum-tube voltmeter.
and error correction for variation in line voltage.

potential with the polarities reversed, in which case the
tube will glow due to the small plate current which will
then flow. The latter is limited, however, and conditions
are such that the grid current will not increase above the
normal rest value (no voltage applied to plate).

It is to be noted that the positive polarity of the un-

known potential is applied to the cathode system of the
instrument. Therefore we shall derive the full benefit of

6ES
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Fig. 3—Variation of the circuit shown in Fig. 1 using a 6ES indicatar

tube instead of mi'lliampcre meter. The remainder of the circuit
not drawn is identical with the circuit shown in Fig. 1.

this principle of tube operation only when the positive
terminal of the unknown potential is grounded (if any
ground is applied). The impedance of the meter will be

June




lower in case the negative terminal is connected to
ground, in which case the impedance will be determined
by the insulating properties of the transformer windings
against ground, and all other elements of insulation
between the cathode side of the circuit and ground.

With the positive terminal of the unknown voltage
grounded, or neither one grounded, the impedance of
the instrument was measured to be 5X10° ohms, with

the negative terminal to ground it was 1.5X10° ohms.

Fig. 3 shows how the original circuit may be modified
for the use of a 6ES indicator tube instead of a milli-
ampere meter in the grid-current circuit, The accuracy
of reading in this case, however, is naturally very poor,
but the method may be used for rapidly checking for
the presence of high voltages where accuracy is not re-
quired.

Steady-State Testing with Saw-Tooth Waves’

D. L. WAIDELICHT, ASSOCIATE, I.R.E.

Summary—The saw-tooth voitage wave has two main advantages
over the square voltage wave in the testing of electrical networks.
These are (1) the saw-tooth wave tests the response of the network
not only to odd harmonic voltages but to even harmonics as well
and (2) from the response to the saw-tooth voltage wave, the re-
sponse to any other voltage of the same period may be obtained
without the use of Fourier series. The square wave is also shown to
be a special case of the saw-tooth wave. The response curves of sev-
eral circuits to the saw-tooth wave are also obtained, and several
experimental results are included.

INTRODUCTION

1QUARE-WAVE testing has become one of the ac-
cepted methods of testing components such as
amplifiers and filters and systems of these compo-
nents. The criterion used mainly in these tests has been a
qualitative one in that the output wave shape was
judged good if it very nearly resembled the input square-
wave shape. Any adjustments made on the apparatus
were made in an effort to give an output wave as nearly
“square” as possible. The square wave has also been use-
ful in determining the high-frequency response of video
amplifiers in television work. In this type of amplifier
the square wave was used as a way to obtain readily the
response of the amplifier to the fore part of a suddenly
applied “unit” or step voltage.

When the response of a network to the square wave is
known and the response of the amplifier to any other
steady-state wave of the same fundamental frequency is
desired, it is necessary to make a tedious Fourier analy-
sis of the output square wave of the amplifier and then a
Fourier synthesis of the required output wave. This be-
comes quite unsatisfactory if the wave has any discon-
tinuity in it. Furthermore, since a square wave con-
tains only odd harmonics of the fundamental frequency,
the responsc of the amplifier to the even harmonics is
not known. This is particularly harmful in devices
which have resonant circuits incorporated in them, for
if the device is resonant at or near an even harmonic of
the fundamental frequency, the square-wave response
may not indicate this at all. One method of overcoming

~* Decimal classification: R201.7 X R263. Original manuscript re-
ceived by the Institute, August 30, 1943; revised manuscript received,

February 14, 1944.
t University of Missouri, Columbia, Mo.
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this is to use unsymmetrical square waves for testing
since these contain both odd and even harmonics.!

This paper will show that if the response of an ampli-
fier to a saw-tooth wave is known, the response to any
other steady-state wave of the same fundamental fre-
quency may be obtained from the saw-tooth response
without resorting to a Fourier analysis and synthesis.
Furthermore, it is possible to show that in steady-state
work the response to a saw-tooth wave has the same
significance as the response to the unit function (indicial
admittance) has in transient work. The saw-tooth wave
has all of the harmonics, both odd and even, present in
it, and hence in testing, the response to a saw-tooth
wave will give all of the information necessary. The
response of the square wave will be shown to be a spe-
cial case of the response to a saw-tooth wave. If the im-
pressed steady-state voltage has no even harmonics,
either the saw-tooth or the square-wave response may be
used in obtaining the output wave. If, however, the im-
pressed voltage has some even-harmonic components,
the saw-tooth wave must be used. A few typical exam-
ples of the response of the simple circuits to the saw-
tooth wave are also included. When the period of the
saw-tooth wave becomes very large, the wave ap-
proaches a unit-step function and hence may be used to
simulate a repeated unit function just as has already
been done in testing video amplifiers? by the use of
square waves for the determination of the high-fre-
quency response. In most television work, only odd
harmonics are encountered, and hence the square wave
is nearly always adequate. It appears then that the saw-
tooth wave will find its greater usefulness in lower-fre-
quency amplifiers, especially those in which waves with
even harmonics are encountered. Saw-tooth-wave gen-
erators are easily constructed, and it is possible to use,
for example, the sweep circuit of an oscilloscope as a
source, if necessary.

The square wave is composed of odd harmonics whose

1 E. H. B. Bartelink, “A wide-band square-wave generator,”
Trans. A.I.E.E. (Elec. Eng., June, 1941), vol. 60, pp. 371-376; June,
1941,

3'A. V. Bedford and G. L. Fredendall, “Transient response of
multistage video-frequency amplifiers,” Proc. [.R.E., vol. 27, pp.
277-284; April, 1939.
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amplitudes vary inversely as the order of the harmonic.
The saw-tooth wave on the other hand contains both
even and odd harmonics whose amplitudes vary in-
versely as the order of the harmonic. The saw-tooth is
the more general wave in that it includes both odd and
even harmonics, and also the response of a circuit to
the saw-tooth wave will include twice as much informa-
tion as the response of the same circuit to the square
wave. In some cases as stated above this additional in-
formation is not needed.

In the following analysis of the output voltage of an
amplifier for a given input voltage, the first step is to
obtain the Laplacian transform of the input voltage.
The input-voltage transform is then multiplied by the
operational gain of the amplifier, and the product of the
two is the Laplacian transform of the amplifier output
voltage. The steady-state output voltage is calculated
from its transform, and the result is an integral which

N
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Fig. 1
(a) The saw-tooth voltage.
%b) The straight-line voltage
¢) The unit-step voltage which is the sum of the saw-tooth and
the straight-line voltage.

has to be evaluated. It is then shown that the integrand
of this integral is the product of the input voltage to the
amplifier and the steady-state response of the amplifier
to the step voltage of Fig. 1 (c). Since this step voltage
is difficult to generate and the response of the amplifier
to it is difficult to observe, the step voltage may be
separated into three voltages, the saw-tooth voltage of
Fig. 1 (a), the straight-line voltage of Fig. 1 (b), and a
3 unit of direct voltage. The last-named voltage con-
tributes nothing to the output-voltage integral, while
the straight-line voltage yields the direct-current part of
the output voltage. Since the value of the direct-current
part of the output voltage, if there is any, does not affect
the wave form, the wave form is determined by the saw-
tooth voitage wave alone. If the response of an amplifier
to a saw-tooth wave is known, the response of the
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amplifier to any other wave of the same period may he
determined by evaluating the output voltage integral.
As a corollary it immediately follows that if the saw

tooth wave is passed without distortion, any other wave
of the same frequency will Le passed likewise without
distortion. The amount of distortion present in the re-
sponse of the amplifier to a saw-tooth wave is a measure
then of the distortion that will Le present in the re-
sponse of the amplifier to any input wave of the same
frequency. Simple circuits will be investigated to deter-
mine what types of distortion each produce and to indi

cate what might be done to lessen the distortion.

It is also shown that if the input wave has no even
harmonics, the output wave may be determined from an
integral whose integrand is the product of the input volt-
age to the amplifier and the response of the amplifier to
the square wave of Fig. 2(a). The response of the ampli-
fier to a square wave is then a measure of the amount of
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(a) The square-wave voltage.

(b) The output voltage when a square-wave voltage is applied to
the resistance-capacitance circuit

(c) The input voltage applied to the resistance-capacitance
circuit. ?

(d) The resulting output voltage.

distortion any input wave with the same frequency and
without even harmonics, will encounter as it passes
through the amplifier.

Saw-TootH \WavE

The first part of this baper will concern itself with
showing that once the response of a circuit to a saw-
tooth wave of a period T is known, it is possible to cal-
culate from this, without the use of a Fourier series, the
response of the same circuit to any periodic wave of the
same period T. This statement is true except for the
direct-current term which is usually zero.in practical
cases, but if it is not zero, it may almost always be neg-
lected since it does not affect the wave form. The input
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voltage e;(¢) to the circuit has a period T, and its Lapla-
cian transform is

E'(p) e pfa e—p'el‘("')dr = — g

1—er

fore_”'e.(r)dr. $))

If the operational impedance of the circuit is Z(p), the
input steady-state current ,(¢) is **

1 e?'E;
= - [ £, )
2rjJw  pZ(p)

where the curve of integration W is the same as the
curve C of the above reference.? Wis a path of integration
that includes within it all of the poles of E;(p)/p but ex-
cludes all of the poles of 1/Z(p). The function 1/Z(p)
also must not be an impulsive function and must not
have any poles equal to (jn2r/T) where 7 is a positive
or negative integer. Similarly if G(p) is the operational
gain of the amplifier or other device, i.e., the operational
ratio of the output voltage to the input voltage, the out-
put steady-state voltage eo(?) is

1 f'”E-(P)G(P)
27y fn P a ®

where W includes all of the poles of E;(p)/p but none of
G(p), and furthermore none of the poles of G(p) are the
same as those of E;(p)/p. The voltage eq(t) may be re-
written
pmSf L[ CEOGP)
dt \2rj J p?
*'G(p)

- :t t 2:—1‘ fw pro = [ fore n'e.('r)df] dﬁ}

d ([T 1 [ etnG(p)
. { e.(f)[ f = 4;;] d-r}. (@)
dt : 2rjJw p(1—e€"T)

If the part within the brackets is called Sr(t—r) in

which the subscript T is added to indicate that the func-

tion depends upon the length of the period T, then

1 e”'G(p)

[ e,
2rjJw p(1—er7)

2 emiG(jnw)

eo(t) =

~ 24\
(¢

1 t 1
= = + 2(;(0)-%- T(:(O)+ = G'(0) (5)
where the sum is taken over all integral values of 7 ex-
cept for n=0. This expression for f(f) was obtained by
evaluating the integral at the simple poles p=jnw
=jn(2r/T) where n is integral but not zero, and at the
double pole p =0.
From (5) the quantity
+n fnwt( (4
Sen(imm ) S (6)
e JnwT
may be recognized as the steady-state response of the
circuit with operational gain G(p) to the saw-tooth volt-
age of unit height and period T shown in Fig. 1(a). The
second term is the steady-state response to a 4 unit di-
rect voltage applied to the circuit. The last two terms of
equation (5), i.e.,
s S ]
Vo, Ap 'IW;?L}'V? VoL, 13, D T06-713; Noverber. 15q2 1 ork”

*S. Frankel, “Closed-form steady-state res e of ks,”
Communications, vol. 23, pp. 30-36; .Xpril, 1943!')0ns oF RERaRpe
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(¢/T)G(0) + (1/T)G'(0), (7
may be recognized as the steady-state response of the
same circuit to the straight-line voltage with a slope of
(1/T) shown in Fig. 1(b). Hence Sr(?) is the steacly-
state response of the circuit to the unit-step function of
Fig. 1(c) composed of the sum of the saw-tooth voltage
of Fig. 1(a), the  unit direct voltage, and the straight-
line voitage of Fig. 1(b). From (4) and (5)

d rT
eot) = - f ei(r)Sr(t — r)dr, (8)

and this equation checks with those of previous papers®*
as shown in Appendix I. These resuits may also be de-
rived directly from the Fourier-series expression for the
output voltage e(?). The step voltage of Fig. 1(c) has
the same significance in steady-state work that the unit
voltage of Heaviside has in transient work. The step
voltage is quite impracticable, however, as a means of
testing networks because it would be difficult to produce
and also the response of the network could not be ob-
served with facility.

The equation (8) for the output voitage of the net-
work may be manipulated into the form

d rT G(0 di
eot) = ;t_f edr)Sar(t — r)dr + A(T)f ei(r)dr (9)

0
where Sar(t) is the response of a network to the saw-
tooth voltage of Fig. 1(a). The last term on the right of
(9) is the steady-state response of the circuit to the
average or direct-current value of the applied voltage
e;(). In many cases this last term is zero because the
circuit is such as to pass no direct current, i.e., G(0) is
zero or the average value of the applied voltage is zero.
In any case the wave form is determined entirely by the
first term of (9). Almost all of the amplifiers of cathode-
ray oscillographs will eliminate the last term and only
the first term will be observable. In almost every case

then d rT
eo(l) =5 (” fo e.-(r)Sa1-(t — T)dT. (]0)

The last term of (9), which might be called the direct-
current term of the output wave, may be obtained if
needed by means of two simple measurements. The first
measurement is that of G(0) and is obtained as the ratio
of the steady-state output direct voltage to the input
direct voltage. The average value of the voltage e;(t)
may be measured by means of a suitable direct-current
voltmeter. Since both the input voltage e;(t) and the
steady-state circuit response to the saw-tooth wave of
Fig. 1(a), Sar(?), have the same period T, the limits of
the integral of (10) may be changed to any two numbers
whose difference is the period T. It is possible to show

also that d di
eo(t) = ”f ei(t — 1)Sar(r)dr (11)
( 0

where again the limits of the integral may be any two
values which differ by the period T If it is possible then
to neglect the direct-current term, the steady-state re-
sponse of a circuit to any input voltage wave form of

¢+ D. L. Waidelich, “The steady-state response of circuits,” Com-
munications, vol. 22, pp. 14-18; October, 1942.
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period 7" may be determined from the steady-state re-
sponse of the circuit to the saw-tooth voltage of Fig. 1(a)
with a period T

As an example, suppose that the saw-tooth wave of
I'ig. 1(a) is applied to a series circuit of resistance R and
capacitance C and that the resistance is equal to the re-
actance of the capacitance at the fundamental frequency
J=w/2r =1/T of the saw-tooth wave. The wave form
across the resistance is shown in Fig. 2(a) and has the
equation

Sar(t) = — 1/(2nv) + (e 7¢1/1 — ¢ &7 (12)
where v =1/wCR and ¢ is the time in seconds. In this
case v =1. Then if the input voltage ¢;(f) to the series

I\

Soyp()

—_—
(o]
t
(a)
e
[ =
[ i e 5
()]
eo(t)

B

Fig. 3
(a) The output voltage when a saw-tooth wave is applied to a
resistance-capacitance circuit.
th) The input voltage applied to the resistance-capacilance circuit.
(c) The resulting output voltage.

resistance-capacitance circuit is the sine loop voltage of
Fig. 3(b), by means of (11) and (12), the output voltage
eo(t) across the resistance R is for 0<t<T:

d f 4 . 1 Gk y
e(l) :le % f [E.. sin fw(t—r)]li—-21r7+]_‘€ e |97

r o R T
+j: [—E". sin iw(t—f)][—-z;;-f-]—e = dT'
oo wl wl  dve 7"”]
= in—-2y cos —— — | 13)
1+472[sm 2 T e (

The steady-state output voltage ey(f) is shown in Fig.
3(c) for the case of ¥ =1.

SQUARE WAVE

A further simplification occurs if the input voltage
e.(t) has no even harmonics present which is a very
common case in the waves met in radio engineering. It is
possible to show then that the even harmonics in the
saw-tooth wave of Fig. 1(a) used to determine the re-
sponse Sar(!) to this saw-tooth wave, are not needed
and may be made zero. The response Sar(t) to the saw-
tooth wave then becomes the response Sgr(t) to the
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square wave of Fig. 2(a) with the same period. If the in
put voltage e;(t) has no even harmonics, (9) becomes

. T GO T
eo(t) = dd’ / ei(7)Sqr(t — r)dr + (T)f ei(r)dr (14)

0

and (10) becomes

. T
eo() > j e.(r)Sqr(t — 7)dr. (15)
Similarly (11) becomes
d ? ‘
eolt) lf et — 7)8q¢:r(7)dr (16)
0

and in (14), (15), and (16) any interval T seconds long
may be used as the limits of integration.

The same series resistance-capacitance circuit will be
used as an example for the case in which the response to
a square-wave voltage is used to find the response to
another voltage of the same period which has, however,
no even harmonic components of voltage. If the square-
wave voltage of Fig. 2(a) were applied to the circuit, the
wave form across the resistance is shown in Fig. 2(b)
and has the equation for 0<t<7/2:

Sgr() = (1/2)(e /1 + e 7" (17a)
and for T/2<t<T:
Sqr(t) = — (1/(e 7= /1 + ), 17b

The input voltage e,(f) to the circuit is the pulse voltage
of Fig. 2(c) and has odd-harmonic components alone.
By the use of (16) and (17) the output voltage e,(r)
across the resistance R is for 0 </<a

0 d’f‘C)(] € T )d
€ m
anlJ, 2 14607
T2 1 € Tvr
+ [ ) ( )dr
v 14Ti2-a 2 14 "
+T/2 ] € y(wr—nx
+[ k., [" ]lr
Jor 2 14+ er

7 ] € y(uwr—=
+ [ () ,: —
g7 2

:Idr’
1~ e f

1 Y(wa—x
= [5,€ ! [ 2 :I (18)
146 ‘
and fora<t<1/2
d f % 1 € Twr
e(l) = f k. <
0= ] @, ]+6"),h
+T/2
] Yy(wr -»
S I e Pt
44 Ti2-a 2 14 e f

L =xévee
o I'.m( 7«:(( )
14+ e

The steady-state output voltage eo(r) is shown in Fig.
2(d) for thecase of y=1 and q = (T/10).

The square wave which has been used extensively in
testing work up till this time, may be regarded therefore
as a special case of the saw-tooth wave of Fig. 1(a) and
is obtained by making the even harmonics zero. It
might be suspected that if the odd harmonics including
the fundamental were made zero an cqually interesting
result would be obtained. Upon retlection, however, it

(19)
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will be seen that the only effect would be to halve the
period of the input voltage, and hence a saw-tooth volt-
age of half the original period would suffice for this test.
The saw-tooth wave then has two important advantages
compared to the square wave when used for the testing

of linear electrical networks such as amplifiers. These ad-
vantages are:

L]
)
3
]
3
.
1
]
]
1
[]

-

>

(

Fig. 4—The response of an amplifier to the saw-tooth wave.

1. It includes the response of the network not only
to the odd harmonics of the fundamental frequency

but also for the even harmonics.

From the response to the saw-tooth wave, the re-

sponse to any other nonsinusoidal wave of the

same fundamental frequency may be determined
by the use of (10) or (11).

When using (10) or (11), if the response to the saw-tooth
wave is obtained as a trace, say for example on the
screen of a cathode-ray oscilloscope, it is desirable to fit

an empirical equation to this trace. If the response is
known as an analytical expression, however, it may be

substituted directly into (10) or (11). In many cases an
empirical equation cannot be readily fitted to the ob-

Fig. 5—The input voltage to the amplifier.

served response Sar(t) of the amplifier under test. In
that case a numerical evaluation of equations (10) or
(11) may be made. An example of such a numerical
evaluation is given in Appendix II, and the results are
shown in Figs. 4-7. The response Sar(t) of an amplifier is
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given in Fig. 4, and the input voltage e:(t) is shown in
Fig. 5. The calculated output voltage eo(¢) is drawn in

Fig. 6, and the experimentally obtained output voltage
is shown in Fig, 7.

Fig. 7—The experimental output voltage.

SAaw-ToorH RESPONSE CURVES

To use the saw-tooth wave in testing, typical response

curves of various simple circuits should be available.
This has been done for a square wave® and will be done
here for the saw-tooth wave of Fig. 1(a). When the

_{C

7+ 1/wCR
(O]

\\\\ \ \\

el b ¥
7T

2100
(3]

Fig. 8—The response to the saw-tooth wave of resistance-capacitance

and resistance-inductance circuits as differentiators.

s L. B. Arguimbau, “Network testing with square waves,” Gen
Rad. Exp., vol. 14, pp. 1-6; December, 1939.




344

saw-tooth voltage wave e; is applied to the circuit of
Fig. 8(a) where y =1/wCR, or to the circuit of Fig. 8(b)
where v = R/wL, the output voltage €, is that of Fig.
8(c) for the three values of y equal to 0.1, 1, and 10. This
output voltage has the equation

eo(d) 1/(2rv) + (e 1et/1 — ¢ 277), 20)
These curves would be similar, for example, to those ob-
tained at the lower end of the pass band of a resistance
coupled or a transformer-coupled audio-frequency ampli-
fier. The curve for small values of v, i.e., for high fre-
quencies resembles the input voltage. The curve for
v =10, on the other hand, resembles quite closely the
curve for the derivative of e;() and thus when v =10 the
circuits act as differentiators. Experimental curves for
v=1 and v =10 are shown in Figs. 9 and 10. Similar

Fig. 9—Experimental curves similar to those of Fig. 8. v =1.

11
sans

bt

Fig. 10—Experimental curves similar to those of Fig. 8. v=10.

curves for the circuits of Figs. 11(a) and 11(b) are shown
in Fig. 11(c). The values of v are the same as in the
preceding case, and the equation of e is

eolt) = 1/2 — (wt/21) + (1/217) — (€71 — € 277). (21)
Again these curves would be similar to those obtained
at the higher end of the pass band of a resistance-
coupled audio amplifier. The curve for ¥ =10.0, i.c., for
low frequencies, resembles closely the input wave form.
When v is small (y <0.1) these circuits act as integrators
as is indicated by the curve for y=0.1. Experimental

Proceedings of the I. R.E.

June

curves are shown in Figs. 12, 13, and 14 for ¥y =0.1, 1

and 10.
When the saw-tooth wave is applied to the series in

ductance L and capacitance C circuit of Fig. 15(a), the
output voltage eo is

eo(?) 1/2)(sin B(wt — =) /sin Br) (22)
v .P' Vv '.'L': l —
. ¢ '.I]'_ % 9 R§ .,
| v
2 1/LCR ?°R/uL
(o )
N 7 N GEn \ £
\ % \ \\
\ / \ / \/
! \
v
2:0.10
N N\
\ N \\
\ N /! \
\ \
N N
2410

z
&
L

2°+10.0
©

Fig. 11—The response to the saw-l0oth wave of resistance-capaci

tance and resistance-inductance circuits as integrators.

Fig. 13—Experimental curves similar to those of Fig. 11, y=1.0.
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where 8=1/w\/LC. Resonance occurs when 8 =n where
n is any positive integer, and since this circuit contains
no resistance, these values must be avoided. When 8 is
small, the output wave form of Fig. 15(b) is very much
like the input wave form (see the curve for 8 =0.5). As 8

Fig. 14—Experimental curves similar to those of Fig. 11, v=10.0.
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pAe25
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Fig. 15—The response to the saw-tooth wave of an inductance-
capacitance circuit. The voltage shown is that across L.

Fig. 16—Experimental curves similar to those of Fig. 15. 8=0.5.
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increases, i.e., for lower frequencies, the wave form be-
comes sinusoidal, and the number 3 indicates the num-
ber of cycles that appear during one period of the ap-
plied saw-tooth wave. For example in Fig. 15(b) for
B =2.5, two and one-half cycles appear during each pe-
riod of the saw-tooth wave. The corresponding experi-
mentally obtained waves are shown in Figs. 16-19. The
wave for 8=0.5 in Figs. 16-19 shows some slight
irregularities at the the top caused by the distributed
capacitance of the inductor used. The waves for the
larger values of 8 show the effect of the resistance of the
inductor in that the amplitudes decrease exponentially.

Fig. 18—Experimental curves similar to those of Fig. 15. 8=2.5.

Fig. 19—Experimental curves similar to those of Fig. 15.
8=9.0, approximately
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The ouput voltage for the circuit of Fig. 20(a) has the
equation

eo(f) = 1/2 — (wt/2) + (1/2)(sin B(wl — )/sin Bx). (23)

The curves for various values of 8 appear in Fig. 20(b),
and the above remarks concerning the variation with
apply here as well. This case approaches that for the

AT

@ 1 /e Ve

AVAVAN

ﬁ /\
VW Wy

Fig. 20—The response to the saw-tooth wave of an LC circuit. The
voltage shown is that across C.

high-frequency end of the pass band of a transformer-
coupled audio amplifier and shows that for high fre-
quencies the response becomes almost a sine wave (see
the curve for §=0.5). The experimental wave forms are
shown in Figs. 21-23.

A test was made of a transformer-coupled amplifier
and the resuits are shown in Figs. 24-26. Fig. 24
shows the response at a frequency of approximately 40
cycles per second, and it is similar to that of Fig. 8(c)
for ¥y =1.0. This is the lower half-power frequency where
the response is down 3 decibels and the phase shift is
45 degrees. The response at 1000 cycles is given in Fig.
25, and it shows the eflect of distributed capacitance in
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the transformers. Fig. 26 was taken at 15,000 cycles and
indicates a wave shape somewhat similar to that of Fig.
20(b) for 8=0.5.. The trace was broad because of the
comparatively large ripple voltage present.

Fig. 22—Experimental curves similar to those of Fig. 20. 8=2.5

== - 3

Fig. 23—Experimental curves similar to those of Fig. 20
8=9.0, approximately.

It should be mentioned here that this saw-tooth wave
has a repeated unit step in it and hence may be used in
testing the high-frequency response of wide-band ampli-
fiers, such as video amplifiers, just as has the square
wave. However, it has no advantages over the square
wave in this particular case.

Fig. 21—Experimental curves similar to those of Fig. 20. 8=0.5.

Fig. 24—Amplifier test wave forms for various frequencies. 40 cycle
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Fig. 25—Amplifier test wave forms for various frequencies.
1000 cycles.

Fig. 26—Amplifier test wave forms for various frequencies.
15.000 cycles.

CoONCLUSIONS

1. It has been shown that if the steady-state response
Sar(t) of a network to a saw-tooth wave of a frequency
1/T is known, the steady-state response eo(t) of that
network to any other wave e;(?) of the same frequency f
may be determined by the use of the following equation:
T
eo(t) = g f e.(r)Sar(t — r)dr. (10)
dt

This equation has the same significance in steady-state
work that Duhamel’s theorem? has in transient studies.

2. The saw-tooth wave of Fig. 1(a) has then the same
importance in steady-state work that the unit function
has in transient work. Since this saw-tooth wave may be
easily produced and observed, it should be invaluable in
the testing of the steady-state response of electrical net-
works. The response of several typical networks to this
wave is shown.

3. The square wave now used for steady-state testing
is a special case of the saw-tooth wave in that it includes
only the response to the odd harmonics while the saw-
tooth wave includes the response for both odd and even
harmonics. The response to the square wave may be

V. Bush, “Og}:rational Circuit Analysis,” John Wiley and Sons,
Inc., New York, N. Y., 1937, p. 56.
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used in (15), which is similar to that of (10), if the input

voltage has no even harmonics.

APPENDIX |

Agreement with Previous Results
By the use of (5) it can be shown that

7 4 a+T
f e(r)Sr(t — r)dr = f e(r)Sr(t — 7)dr

+G(0) f Celdr (24)
where a is a real number. When a=¢t—T
fr e(r)Sr(t — r)dr = f ‘Te‘(r‘,ST t — 7)dr
) e
+G(0) f T enydr,  (29)
and from (8) and (25) '
eolt) = ddt f “Te.(r)Sr(t — dr +GOe(d.  (26)

From (5) the steady-state response to the step func-
tion Sr(f) may be expressed as

1 f e?'G(p) 7
2rjJw  p(1 — € ?7)

1 f eCRN+erT+ e+ -0 ) ip
N 2rjJw, ?

Sr(f) =

T _eaw
2rjJw, p(1 —e »T)

where W, and W; are paths of integration and are the
same as the paths Cyand G, respectively, of footnote
reference 3. When 0<! < T and if G(p) has no terms in-
volving €77

1 "G 1 »G(p)
Sa@ymm—=1f! - @) 4 - f b P;T; dp
rjJw, P 2rjJw, p(1 — €7
1 e?'G(p)
= G(0 f — d
0 + 2 dw, (= e P

1 PG (p) 1fe”‘G(1>) ]
- <ish L7 "
G(O)—*-|:27rjj‘wl ? ? 2rjJw P 2
PH'TG
+[ - f A A
2rjJw, 4

p(+T),
= i f y G(P) d,;]_{,.
2rjJw p

or Sr(f) = G(0) + [A() — G©)] + [t + T) —G(0)]

+ [A@+2T) — GO+ - - (27
where A (¢) is the indicial admittance of the circuit. The
expression (27) may be recognized as the response to the
step voltage of Fig. 1(c).

By the use of (26) and (27) the following expression
for the steady-state response ¢,(¢) to an applied voltage

ei(t) is obtained:
eolt) = A(0)es(t) + e(r)Sr'(t — 7)dr  (28)
T
where Sr'()=A')+ A" T)+A'+2D+ -+ . (29

These last two equations are exactly the same as

t




expressions obtained previously®$ for the steady-state
response of a circuit.

ArpENDIX 1]
The response of an amplifier to the saw-tooth wave is
shown in Fig. 4, and the arbitrary response values for

cach one tenth of the period T are tabulated as Sar(t)
in Table I. The input wave e.(!) is shown\in Fig. 5 and is

and from the diagonal of Table II extending from top

right to bottom left

f(0)=1/10[(—8.72/2)4+67.54+24.6—9.4—19.6—17.4
~13.1—6.3—2.64—0.68+(0/2) | = 1.867.

Similarly from the diagonal to the right of the one used
above:

TABLE |
[ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.9 1.0
Sa (1) 29 75 1.5 0.4 0.7 0.6 0.5 0.3 ~0.2 -0.1 0
ei(n) -0.3 6.8 13.2 21 26.2 29 28 23S 16.4 9 0.3
70 1.867 4.182 18.23 36.91 52.62 62.28 63.35 55.47 40 38 22.56 1.867

similarly tabulated in Table 1. The values of Sar(f) and
ei(t) are now tabulated at the left-hand side and the top
of Table II, and the rest of the table is filled in with the
respective products of Sar(!) and e(t). If

@) = f ei(t — 1)Sar(r)dr,

then by the use of the trapezoidal rule for integration

£(0.1)=1/10[(196.5/2) —2.254+13.5—6.56 — 16.44 — 16.8
—14.5-7.86—4.2—1.324(0/2)|=4.182

The values of f(¢) are tabulated in Tabie I. The output

voltage eq(!) is obtained by 'differentiating f(¢) and is

calculated numerically as follows:

€0(0.05) = [£(0.1) = £(0) ]/0.1) = (4.182— 1.867/0.1) = 23.15

The values of ey(t) are set down in Table III and are
plotted in Fig. 6.

TABLE II
a7
~0.3 6.8 13.2 21 26.2 29 28 23.5 16.4 9 0
29 -8.72 | 195 382 609 761 843 a3 | es2 “a1s 261 -8.72
7.5 -2.25 st | o9 157.6 196.5 217.6 210 176.3 122.8 67.5 -2.25
15 —0.45 10.18 19.78 3s 393 43’s a2 3525 246 13's —0.45
~0.4 | 4012 2.76 —5.24 84 ~10047 | —11.6 1.2 9.4 656 -3 +0 12
-0.7 +0.21 -4.76 I —9.23 —14.7 18.33 —-20.3 19.6 —16.44 11.47 —6.3 +0 .21
—0.6 4018 —4.08 -1.92 1206 1571 | —17.% 16.8 141 984 54 4018
~0.5 +0.15 -3.4 —6.6 —-10.5 -13 .1 -14.5 14.0 11.74 -8.2 -4.5 +0.15
-03 | Foloo ~2.04 ~3.96 6.3 ~7.86 87 8.4 —~7.05 4.92 23 Yo 09
02 40.06 V.36 -2.64 —42 524 -5.8 5.6 —47 328 18 +0.06
01 40 03 —0.68 —1.32 2.1 ~2.62 209 2.8 ~2.3s 1.64 0’9 40 03
0 0 0 0 0 0 0 0 0 0 0 0
TABLE 11
‘ 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 +0.85 0.95
0] 23.15 140.5 186.8 1571 96.6 10.75 78.9 150.9 —178.2 -206.9

A Coupled-Circuit Frequency Modulator

ELWIN J. O'BRIENY, ASSOCIATE, LR.E.

Summary—The circuit developed in this paper uses a condenser
microphone to vary the reactance of an oscillator tank circuit. Using
a coupled circuit and a tuning inductance across the condenser
microphone, a single-tube wide-band frequency modulator was con-
structed for use on 40 megacycles.

YHE capacitance variation in a condenser micro-
T[ phone, when connected in the tank circuit of an
oscillator will produce frequency modulation of an
oscillator. In fact, this method has been used to explain

* Decimal classification: R414. Original manuscript received by
the Institute, May 7, 1943; revised manuscript received, January 15,
1944,

1 Absent on leave from the University of North Dakota, Grand
Forks, North Dakota; now, Voice Communication Laboratory, Waco
Army Air Field, Waco, Texas.
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the theory of operation of a simple frequency modulator
However, since only a small frequency deviation is pos-
sible, the method is not practical. This paper shows that
by certain circuit modifications, wide-band frequency
modulation can be accomplished in a single-tube trans-
mitter, using a signal-operated condenser as a modula-
tor.

When the condenser microphone is employed as the
tuning condenser across the rank inductance, the car-
rier frequency is limited to medium frequencies, and
because of the high static capacitance the percentage
of frequency variation will be very small. The operat-
ing frequency of the oscillator may be increased by

of the I.R.E. June, 1944
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connecting the microphone in series with the tuning
condenser, but the effective capacitance change in such
an arrangement cecreases, and the resultant percentage
of frequency deviation also decreases.

Ordinary oscillator circuits will, therefore, not pro-
duce appreciable frequency change. However, the con-
denser microphone will, when used in a simple coupled
circuit, produce considerable frequency deviation, the
amount being limited by the circuit constants and the
operating frequency.

M

Le——

Lp Ls C

)

Fig. 1—The fundamental coupled circuit.

When the secondary resistance in the circuit shown
in Fig. 1 is assumed to be zero, the effective inductance
(L,) of the coupled circuit will be

L.=L,— (wM?*X) =L, — (wM*C/wLL — 1)

where

L,=primary inductance X, =secondary reactance
w =2 times frequency L, =secondary inductance
M = mutual inductance C =secondary capacitance

(1)

When the capacitance is varied the greatest change in
L. will occur with a large mutual inductance. This cir-
cuit was used as the inductive element in an oscillator
circuit by connecting a tuning condenser across the
primary and using this combination as an oscillator tank
circuit. When operating at a normal carrier frequency of
40 megacycles, a variation of the condenser produced a
frequency deviation of several kilocycles; a greater devi-
ation is possible at a still higher operating frequency,
providing the mutual inductance is a high value.

The frequency deviation may be greatly increased by
reducing or nullifying the static capacitance of the con-
denser. However, the large static capacitance of the
condenser microphone and the amount of L, required
make it impossible by series resonance for w?L,C—1 to
approach zero and still operate at the ultra-high fre-
quencies. If the condenser microphone is shunted with
an inductance and the combination made parallel
resonant at or near the normal operating frequency, the
greatest change in effective inductance L, of the coupled
circuit is obtained.

Fig. 2 shows a practical push-pull oscillator circuit
using the coupled circuit of Fig. 1 and the microphone
shunting inductance. This experimental oscillator cir-
cuit was built for an operating frequency of 40 mega-
cycles. The primary winding consisted of one-eighth-
inch copper tubing with the grid coil of celanese-covered
push-back wire inside of the copper tubing, thus provid-
ing unity coupling. The secondary was made of the
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same push-back wire wound small enough to skip inside
the plate winding. A 15-micromicrofarad variable tun-
ing condenser was employed to fix the normal operating
frequency. The condenser microphone employed was.a

e
k4o

B+

Fig. 2—The circuit for the wide-band frequency-
modulation transmitter.

type 394, and the inductance connected in shunt with
this microphone was only one-half turn of wire having a
total length of approximately 1} inches. When using a
type 19 tube as an oscillator at a carrier frequency of 40
megacycles, a frequency deviation of 15 kilocycles was
measured when driving the microphone with an audio-
frequency tone. For these measurements the circuit was
not adjusted for optimum conditions. Calculations indi-
cate that for the circuit constants given a sufficient
microphone capacitance variation can be obtained to
producg a frequency deviation of more than 80 kilo-
cycles.

In order to obtain further experimental data, another
transmitter was built with a 19 type tube as a push-pull
oscillator operating on 22 megacycles with a second 19
type tube as a push-push doubler to 44 megacycles. This
unit had a more stable carrier frequency since the an-
tenna was coupled to the doubler. As predicted by the-
ory a larger inductance was used across the condenser
microphone, and the frequency deviation was found to
be greater than for the single-tube transmitter. It was
not measured, but was equivalent to the depth of modu-
lation as received from several frequency-modulation
broadcast stations. In fact close talking in the micro-
phone produced considerably more percentage modula-
tion than commercial stations.

An analysis of the circuit shows that the impedance
at the terminals of the primary winding of the coupled
circuit including the secondary winding, microphone
condenser, and shunting inductance will always be in-
ductive in character, and this inductive reactance in
combination with the tuning condenser determines the
frequency of oscillation at any given instant. Variations
in the capacitance of the microphone causes a variation
in the effective inductive reactance of the primary wind-
ing and therefore varies the frequency of the oscillator.

It can be shown that the effective inductance at the
terminals of primary winding in Fig. 2 is represented by
the following equation:

L.=L, — (M(wl —1)/L(wLLC — 1) — Lo (2)
where L. is the inductance of the microphone tuning
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coil and the other factors are as indicated in Fig. 1.

If the microphone condenser is increased or decreased
by an increment C’, then the capacitance of the con-
denser will be represented by C+ C’, and by substitut-
ing this term for Cin (2) above, the effective inductance
is represented by

M2(wLC — 1 + wiLC'
Ly= L, ( gLy

L(wLC — 1+ w2LC') — L, ®)
For the condition of resonance of the microphone
condenser and the shunting inductance at the operating
frequency, w?L.C=1, and (3) above becomes
L.=1L,F (M C'/+ wiL,C' — 1). “)

The term w?L,C’ in (4) may be neglected since it
represents a distortion factor having a very small value,
and (4) then becomes

L.=1L,+ wMC. (3

Because the frequency is a variable, the w2 A?C’ term
will have a greater positive value than the negative
value. The percentage unbalance will be small if the
carrier frequency is large in comparison to the deviation
frequency.

The foregoing equations do not take into considera-
tion the resistance of the primary and secondary circuits
but in actual circuits there may be appreciable resist-
ance which will flatten the peak of the resonance curve.
Accordingly, it will be found that the maximum varia-
tion in the effective inductance will be obtained by tun-
ing the parallel combination involving the microphone
condenser and shunting inductance to a frequency some-
what displaced from the normal operating frequency of
the oscillator circuit; that is, the parallel combination
would be tuned to a point on the steepest portion of its
resonance curve at the operating frequency of the oscil-
lator.

The angular frequency for the tuned-plate oscillator
of Fig. 2 is

w =1+ Ry/ry/LLy (6)
where R, is the resistance of the tank circuit, 7, is the
plate resistance, and C, is the tank capacitance. This
equation indicates that the frequency of oscillation is
slightly higher than the resonance frequency of the
tuned circuit and with a lightly loaded oscillator the
approximate equation for the angular frequency

w=+\/1/LC, (7
can be used.
Inserting (5) in (7) gives the complete equation for the
angular frequency of the transmitter.
w=~1/C,L, + WMC.C. (8)
Using these formulas the data of Table I were calcu-
lated.
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With a carrier frequency of 40 megacycles and a de-
viation frequency of 100 kilocycles in the above equa-

TABLE !

J c’ | Per Cent ! C’ Per Cent
fn Mega- | In Micro- |Capacitance | In Mega- | In Micro- | Capacitance
cycles microfarads | Unbalance cycles microfarads | Unbalance

30 | 0.010836 0.874 40.01 0.001073 0.09
39.91 0.009743 0.787 40.02 0.002144 0.176
39.92 0.008653 | 0.698 40.03 0.003214 0.263
39.93 0.007565 0.612 40 .04 0.004281 0.343
39.94 0.006479 0.525 40.05 0.005347 0.438
39.95 0.005394 0.438 40.06 0.006411 0.525
39.96 ‘ 0.004311 0.343 40.07 0.007473 0.612
39.97 0.003231 0.263 40.08 0.008533 0.698
39.98 0.002152 0.176 40.09 0.009591 0.787
39.99 | 0.001075 0.09 40.10 0.010647 0.874

40.00 0.000000 0.00

tion, Table I shows the calculated total capacitance to
be 0.874 per cent above or below the expected value.

If the frequency term under the radical in (8) is con-
sidered constant, which is the equivalent condition for
the reactance type of modulator, the calculated capaci-
tance unbalance is 0.375 per cent for the 100-kilocycle
deviation. The frequency term in (5) can, therefore, gen-
erally be considered a constant.

Solving (8) results in:

w=V F(L,/2MC") +/(L,}/3IM*(C))?) + (1/M*C,C)).

Using the value of C’ from Table I for the 40.1-mega-
cycle frequency in the above equation resulted in the
calculated frequencies of 40.1 and 39.90172 megacycles,
showing nonlinear modulation. If we assume a perfect
modulating system and that the modulating frequency
contains a second harmonic with the positive maximum
in phase with the positive maximum of the fundamental,
the same type of nonlinear modulation will result.

The per cent second harmonic distortion may be writ-
ten as :

per cent second harmonic= 2Um“-'-fmin)O_—'fu""ie—r)( 100.

(fmnx -fmin)

Using these formulas the calculated second-harmonic
distortion for the 100-kilocycle deviation is 0.434 per
cent.

Therefore, high-fidelity frequency modulation is pos-
sible for the coupled-circuit modulator when the micro-
phone has a change in capacitance that is proportional
to the sound pressure and independent of the frequency
of the signal wave. This condition is met in the ideal
microphone and reasonably so for commercial micro-
phones.

While an oscillator of the push-pull type was used in
Fig. 2, a single tube can be used. Furthermore, the car-
rier frequency can be stabilized when necessary by cir-
cuits already developed for frequency-modulation trans-
mission.



The Stability Factor of Negative Feedback
in Amplifiers’

STEWART BECKERY?, SENIOR MEMBER, I.R.E.

Summary—This paper discusses the effect of negative feedback
on the gain and stability of an amplifier. A general set of equations
for use in designing negative-feedback amplifiers is developed and a
discussion of their use is given. With these equations the engineer
is able to design an amplifier of given gain and stability, to determine
the increase in stability caused by negative feedback when it is
known how much gain may be sacrificed, to determine the effect on
gain and stability of a given amount of negative feedback in an am-
plifier, and to determine how much gain must be sacrificed in an
amplifier to obtain a certain stability.

GENERAL DiscussioN

7T YHE FACT that negative feedback increases the
stability of an amplifier has been known for some
time and practical use of this type of amplifier is
rapidly increasing. There are many means of obtaining
negative feedback, and since these are adequately
covered in the literature,'? specific circuits will not be
given here. It is intended, rather, to develop a set of
equations which will enable the engineer to design nega-
tive-feedback amplifiers for various applications.

In brief, the principle employed in negative-feedback
amplifiers is as follows.*~® A fraction of the output volt-
age of an amplifier is fed back to the input in phase op-
position to the signal voltage. This decreases the voltage
applied to the first grid and so greater gain is required
to produce the same output voltage as before the nega-
tive feedback was introduced. The actual input voltage
of the amplifier is then the difference between the signal
voltage and the feedback voltage and, for great stability,
these two voltages are made almost equal, the feedback
voltage being the smaller. They should both be large
relative to the difference voltage which is applied to the
first grid. This feedback should be accomplished
through a circuit which is independent of tube con-
stants or supply voltage and thus independent of the
gain of the amplifier. If then the gain of the amplifier is
lowered because of changes in tube constants or supply
voltages, the output voltage of the amplifier is lowered

-

* Decimal classification: R363.2. Original manuscript received
by the Institute, March 29, 1943, revised manuscript received, Feb-
ruary 14, 1944.

{ Metron Instrument Co., Denver, Colorado.

1 “Radiotron Designer’s Handbook,” Third Edition, edited by
F. Langford Smith, published by RCA Manufacturing Company,
Harrison, N. J., 1942, pp. 34 45.

*F. E. Terman, “Radio Engineers Handbook,” First Edition,
McGraw-Hill Book Company, New York, N. Y., 1943, pp. 404 406.

* Pages 399-400 of footnote reference 2.

¢ H. S. Black, “Feedback amplifiers,” Bell Lab. Rec., vol. 12,
pp. 290~-296; June, 1934.

¢ H. W. Bode, “Relations between attenuation and phase in feed
back amplifier design,” Bell Sys. Tech. Jour., vol. 19, pp. 421-454;
July, 1940.

_® Everitt, “Communication Engineering,” pp. 463471, McGraw-
Hill Book Cempany, New York, N. Y., 1932,
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but the same percentage of it is fed back to the input as
before. The feedback voltage is then lowered in accord-
ance with the decrease in gain of the amplifier. Since the
signal voltage remains constant but the feedback volt-
age is lowered, the difference between these two voltages
becomes greater and the voltage applied to the grid of
the first tube becomes greater thus compensating for the
loss in gain of the amplifier.

3 AMPLFIER WITH €
& VOLTAGE GAIN = A °

A6

FEEDBACR CIRCUIT
WHICH FEEDS BACK
A FRACTION 4 OF €p

Fig. 1

A =voltage gain of the amplifier without feedback,3=0
A'=voltage gain of the amplifier combined with the
feedback circuit, 8 =some finite fraction

Eg=Eg—BE, since Es and BE, are out of phase

A=Ey/Eg
Al =E0/Es
Combining these three equations and solving for A,

4' = A4/(1 + 48). (1)
When the feedback fraction 8 becomes large, the term
AfB becomes much greater than unity and the above
equation becomes
4' = 1/8. (2)
An examination of (1) and (2) shows that as the feed-
back is increased, the effective amplification of the sys-
tem A! decreases, and when the feedback is very large,
as in (2), the effective amplification of the system is en-
tirely independent of the gain of the amplifier without
negative feedback and is, therefore, entirely independ-
ent of electrode voltages and tube constants. Such per-
formance is, of course, purely theoretical since infinite
reduction in gain is necessary for infinite stability and
so the engineer must content himself with something
less than infinite stability in order to have practical gain.
However, stability gains between A' and 4 in the order
of 100 to 1 are entirely practical as shown in Fig. 2. For
example, if a gain in stability of 100 to 1 is required
when 4 is lowered 20 per cent by changes in the tube
constants and supply voltages, A must be 12§ times A"

StABILITY FACTOR DEFINED

For the purposes of this article, stability factor is
defined as the number of times the stability of an ampli-
fier is increased by the addition of negative feedback.
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For example, if the gain of an amplifier is lowered 20 per
cent by a given change in electrode voltages and tube

=

Fig. 2—Variation in stability factor as the value of X varics.
SF=14+48X.

constants, and this change in gain is reduced to 2 per
cent by the introduction of negative feedback, the sta-
bility factor of the negative feedback is 20/2 or 10. The
stability of the amplifier is increased ten times by the
introduction of negative feedback.

DEeviELOPMENT OF StaBILITY-FACTOR EQUATIONS

If we could develop an equation expressing this
stability factor in terms of the gain of tlie amplifier and
the feedback factor, an amplifier could be designed
which would have a given number of times the stability
of an amplifier without negative feedback. For this
analysis, assume that 4 varies by some factor X, and it
stmplifies the analysis if it is assumed that X is a fraction
never greater than 1. That is, assuine that 4 is the high-
est gain which the amplifier without negative feedback
ever has when the electrode voltages and tube con-
stants vary over the entire operating range. Then let
the gain of the amplifier lower to a fraction X of this
highest value so that AX is the lowest gain which the
amplifier ever has when the electrode voltages and tube
constants vary over the entire operating range.

Thus by definition, we have

A =highest gain of the amplifier without negative feed-
back

'=highest gain of the amplifier with negative feed-
back

A1 =lowest gain of the amplifier without negative feed-
back when the electrode voltages and tube con-
stants vary over the operating range

Al =lowest gain of the amplifier with negative feedback
when the electrode voltages and tube constants
vary over the operating range

SF=stability factor of the negative feedback

SF=per cent change in 4 /per cent change in 4!

Substituting the following values of per cent change in
A and per cent change in 4! in the above equation,
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per cent change in A =4 —A,/A4 and per cent change in
A'=(A'—-A4)})/A"
SF = (A (A — A)/A(A — AY)). 3)
Since according to (1), A'=A4/(1 +AB) and by definition
Ai=AXand A} =A4X/(1+ABX). Therefore, substitut-
ing the above valucs in (3)
SF = 1 + ABX. (4)
An inspection of (4) shows that the stability factor de-
pends on Y and is greatest for a given amplifier when X
approaches its largest possible value which, by defini-
tion, is 1. This means that a negative-feedback amplifier
compensates a greater percentage for small variations in
gain than it does for large variations. Fig. 3 shows this

Fig. 3—Increase in gain required for desired increase in stability.

variation for six different amplifiers or rather six differ-
ent sets of amplifiers because cach curve represents a
family of amplifiers, cach family having a value of 48
equal to that shown on the curve regardless of the value
of A or 4.

It would be interesting to know the amount of feed-
back required to give a certain desired increase in
stability and this can be found by combining (1) and (4).

A4''=4/(1 + 48) (1)
or
4 =A42/(1 - 48 ()
SF =14 A8X. (€Y)
Substituting (5) in (4) and solving for 8
B =(SF - 1)/A'(SF — 1 + X). (6)

When SFis large compared with either 1 or X, the above
equation reduces to 8=1/4"' or A'= 1/8 which is (2).
An interesting fact is brought out by combining (5) and
(6). Substituting (6) in (5) and solving for 4 /4!

A/dY = (SF — 1 4+ X)/X. 0]
This is then the expression for the sacrifice in gain
which is required to obtain a desired stability and when
X approaches 1 and SF is large, this equation reduces to
A/A'=SF. Thus we see that for large values of SF,
the loss in gain is equal to the stability factor. Fig. 2
shows how many times the gain must be increased to
give a desired value of SF as X varies.
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In designing amplifiers for certain applications, it
would be convenient to know the feedback which is re-
quired for a certain sacrifice in gain and this can be
found by solving (1) for 8

B=(A—A4a4Y/1'4. (8)
In designing amplifiers for certain applications, it would
be convenient to know X in terms of SF, 4 and 8 and
this can be found by solving (4) for X.

SF =14+ A4X8 €))

X = (SF — 1)/48. 9

PRACTICAL APPLICATION

Equations have now been developed which enable
the engineer to design a negative-feedback amplifier
when any of the three following conditions are known:

1. A—the gain of the amplifier without negative feed-

back.

A'—the gain of the amplifier with negative feedback.

B—the feedback factor—a fraction of the output
voltage.

4. SF—The number of times the stability of the ampli-
fier is increased or is to be increased by the
addition of negative feedback.

5. X—the fraction of its maximum value which the
gain of the amplifier assumes when the elec-
trode voltages and tube constants are varied
over the operating range.

W

Case I. To design an amplifier of given gain and

stability.
Known: A', X, SF
Unknown :
= (SF — 1)/A'(SF — 1 + X) (6)
A= A4/ — A'B). (3)

The feedback circuit can now be designed from the
value of B and the amplifier itself can be designed from
the value of 4 and the combination should give the
value of A' which was originally chosen.

Case II. To determine the stability which will be
gained by a given feedback circuit when it is known how
much gain may be sacrificed.

For example, an amplifier has been designed with
more gain than is necessary for a certain application:
how much stability can be gained by using negative
feedback to lower the gain. Or, how much stability can
be gained by adding an additional tube to an amplifier
and using negative feedback to lower the gain to the
value without the additional tube.

Known: A, A, and X.

Unknown : B=(4—AY)/AA" (8)

SF =1+ ABX. (4)
A modification of this case is when SF is known instead
of X and it is wished to determine for what value of X
this SF is true.

Known: A, A, and SF

Unknown :
B=(4—-A4n/4a (8
X = (SF — 1)/48. 9)
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In this case, if SF is chosen too large for the gain
which can be sacrificed, the solution of (9) will give an
answer greater than 1 which means that the variation
in A as electrode voltages and tube constants are varied
must be less than zero which is obviously impossible.
So to give a real solution, either the ratio 4/A" must be
increased or SF must be lowered.

Case I11. To determine the effect on gain and stability
of a given amount of negative feedback.

Knoun: A, 3, and X

Unknown :
A= A/(1+ 48) (1)
SF =14 A8X @
as in Case I, the following modification exists:
Known: A, 3, and SF
Unknown :
Al = A/(1+ 48) (1)
X = (SF — 1)/48. %)

Case IV. How much gain must be sacrificed in an
amplifier to obtain a certain stability?

Known: A, SF,and X
Unknown :
AJA' = (SF — 1 4+ X)/X. @)
This shows how much gain must be sacrificed and from
this value, A! can be calculated. Then knowing AL B
can be calculated from (6).
B = (SF — 1)/A\SF — 1 + X). (6)
Note: This article treats only considerations of gain
and stability of negative-feedback amplifiers. Other ad-
vantages are gained by the introduction of negative
feedback into an amplifier, namely: reduction in noise
and thus an increase in the signal-to-noise ratio;”-® and
reduction in amplitude and phase distortion.”'® By
giving a feedback circuit the proper frequency charac-
teristic, the amplifier can be given any desired frequency
characteristic and the phase shift in the amplifier can
be controiled.

Data Uskp 1IN PLoTTING FIG. 2 DATA Usep IN Protting FiG. 3

A SF—1+X
SF =14+A8X i ~

+A48 ” P
x | SF | a b'e SF | A/AY X | SF A/A
1 101 100 1.0 100 100 | 0.5 50.5 100
0 1 100 1.0 0 00,5 0 0

1 81 80

0.9 90.1 100 | 0.4 40.6 100
0 i 80 0.9 0 0]0.4 0 V]

61 7 60 0.8 80.2 100 | 0.3 30.7 100
] 1 00 0.8 ] 0o 03 V] 0
1 41 40 0.7 703|100 0.2]20.8 100

0 1 40 0.7 0 010.2 0 0

i 21 20 0.6 60.4 100 |0 10.9 | 100

0 1 20 0.6 0 001 0 0

7 Pages 395-396 of footnote reference 2.

s ff. J. Reich, “Theory and Applications of Electron Tubes,’
First kdition, McGraw-Hill Book Company, New York, N. Y., 1939.
pp. 223-225.

* Pages 400-402 of footnote referente 2.

10 Page 222 of footnote reference 8.



A Note on Impedance

Measurements at High

Frequencies with Special Reference to
Impedance Matching’

P. J. KIBLERY, ASSOCIATE, LR.L.

Summary—A graphical solution has been developed for the value
of the unknown impedance measured by the “three-voltmeter
method” of radio-frequency-impedance measurement. The graph is
reproduced herewith, together with formulas for computing its coun-
terpart for any desired range of values.

HERE has been developed! a method of measur-
ing impedance at radio frequencies in which the
unknown impedance Z, is connected to the output
terminals of a transmission line. Voltages or currents are
then measured at three points on the line. From these
readings the resistive and reactive components of Z,
may be determined from the ratios of the readings and
the characteristic impedance of the line. The three
points are usually selected 4 wavelength distance apart,

f—t—t—4

Fig. 1—Schematic diagram of measuring circuit.

measured from the output terminals. In Fig. 1, E maybe
supplied in any convenient manner. If 17 is the load
voltage, V, is the voltage at a distance of A/8 from the
load, and Vj is the voltage at a distance of A/4 from the
load, then?
R.=[A,A,—A,41)—1/4(4,—1)2]¥2.Z, and
X.=[4:-1/2(4,+1)] -2,
where A,={V,/V,|%; A= ! Vz/VsIZ;

Zy characteristic impedance of the transmission line.

A, and 4, equal the squares of the absolute magni-
tudes of the indicated voltage ratios.

The present method is an extension of that previously
described by Barrow. At high frequencies, of course, an
actual transmission line is used rather than a network
simulating a line.

The previous results can be put into somewhat more
convenientform asfollows: First,hold 4,constant ;thatis,

A1=K=|V,/Vs|®. Then
R2=[Ay(K—As+1)—1/4(K—1)2].2Z,?
X.2=[A:—1/2(K+1)]2-Z¢?
R4 X,2= [KA;— A+ As—1/4(K*— 2K+ 1)+ A ,?
+1/4(K*+2K+1)— KA3—A.) - Zo*= KZ 2.

* Decimal classification: R241. Original manuscript received by
the Institute, November 1, 1943.

t Farnsworth Television and Radio Corporation, Fort Wayne,
Indiana.

1\W. L. Barrow, “Measurement of radio-frequency impedance
with networks simulating lines,” Proc. L.R.E., vol. 23, pp. 807-826;
July, 1935.

3 A typographical error in Barrow's original expression for X, has
been corrected.
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That is, if R, and X, are plotted in the complex plane,
for varying values of A as A, is held constant, the loci
of the point (R,, X,) arc circles having their centers at
the origin of co-ordinates and having radii VKZ,
=| V1/Vi| Zo. In like manner, holding A, constant, and
transferring the origin of co-ordinates to the point

(01 —Zo),
A:=K={V,/V,|% X,/ =X,+2Z0; R:'=R;.
(X, and R,’ are the new co-ordinates.)
Then

R/?=[K(A\— K+1)—1/4(A4,—1)2].Z?
X2=(X.4+720)*=X.242X,Z0+7,*
X.2=[K—1/2(A,41)]*-Z:2
ZX',-ZO=2[1\’—1/2(’.”11'{'1)]Zo2
R24X, 2= [KA\— K4+ K—1/4(4,2— 24,4+ 1)+ K?
+1/4(A34+24,+1)— KA, — K+2K—A,—14+1]-Z;
=2KZ02.
Thus, for varying values of 4, as A4, is held constant
the loci of the point (R,, X,) are circles having their
centers at the point (0, —Z,) and having radii VV2K2Z,
=V2|12/V3|Z,. These results enable us to con-

struct a chart similar to Fig. 2 for any desired range of
, V)/ V3| and | Vz/lyg .

20, _FT1'~LT 7;—‘
T

20 ¥QB qu_ J

Fig. 2—Chart for determination of unknown impedances.

As_an example of the use of Fig. 2, suppose that, in a
certain case, Vi is measured as 4.62 volts; V;=3.14
volts; and V3;=3.70 volts. Then ,'Vl/ V;,[ =1.25 and
I 12/ Val =0.85. From these values, by means of Fig. 2,
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it is found that R,/Zo=1.12 and X,/Z,=—0.58. If Z,
is then known to be 70 ohms, R,=78.4 ohms, and
X,= —40.6 ohms; or Z,=78.4—j40.6 ohms.

The limited applications of the method, discussed in
Barrow’s original paper, can be observed immediately
from Fig. 2 in the regions where the circles intersect at
small angles. Specifically, pure resistances outside the
range of about 0.3 Z, to about 2 Z,, pure inductances,
and pure capacitive reactances far removed in value
from Z, cannot be measured accurately. The region of
greatest accuracy is seen to lie in the region of
Z,=(0.6—j-4)Z,.

In actual measuremerit, suitable sections of the same
type of coaxial line used to feed the load were used as
the measuring-line sections. Appropriate precautions
were observed at the voltage-measurement points to
avoid undue discontinuities in the transmission line. The
voltmeter used was a standard General Radio type 726-A
vacuum-tube voltmeter slightly modified. The probe
shown in Fig. 3 was fabricated from a piece of half-inch

__-8-32 STUWD

= 8-32 STUD
. TURNED DOWN
AND THREADED
6-32 AT BOT-
TOM END.

Fig. 3—Special voltmeter multiplier terminal.

polystyrene 4 rod and two 8-32 brass studs. The capaci-
tance between studs was adjusted to about 0.4 micro-

microfarad and this probe was then used in place of the
usual “banana plug” on the “high” terminal of the volt-
meter. Much more than adequate deflections were ob-
tained using a transmitter capable of 25 watts output
into a 50-ohm transmission line. No detectable reaction
on the transmitter occurred when the probe terminal
was touched to the center conductor of the transmission
line. If necessary, of course, the probe capacitance can
be still further reduced, at the expense of voltmeter
sensitivity.

The value of the unknown impedance is, of course,
obtained in terms of the characteristic impedance of the
transmission line used for measuring. This impedance
is usually known or can be computed with acceptable
accuracy. However, where it is desired only to match a
load to a given transmission line, Zo need not even be
known.

No experiments have been made with a view to deter-
mining the accuracy of measurement of general imped-
ances, in view of the limitations previously cited; but
considerable use has been made of the method in match-
ing various antenna loads to coaxial cables at fre-
quencies from 200 to 350 megacycles per second. It
should be noted that, though the initial accuracy of im-
pedance measurement may be poor, as a good match is
approached the accuracy improves. The ultimate accu-
racy is considered entirely adequate for any practical
application. The different lengths of measuring line re-
quired at various frequencies are inconvenient; but
usually work is centered on one or more discrete fre-
quencies in any given range, in which case this disad-
vantage is not too trying.

Node Equations*

MYRIL B. REEDY, ASSOCIATE, LR.E.

Summary—The node equations are shown to be Kirchhoff’s cur-
rent equations expressed in terms of circuit admittances and volt-
ages from all network junctions or nodes to the reference node (node
at which a current equation is not written). A method of writing these
node equations directly from a network is presented. This method
is given in such a form that it applies to any network, even though
mutual magnetic induction, regulated generator voltages, and given
input currents are included.

N RECENT years Kirchhoff’s current equations ex-
pressed in terms of admittances and voltages be-
tween junctions or nodes have assumed a position of
importance in network analysis. These current equa-
tions have been called node equations. The node equa-
tions have the property of not changing in number no
matter how many branches are added to or subtracted
from a certain set of nodes or junctions. Certain types
of problems can be most effectively handled by the node
* Decimal classification: R142 X 510. Original manuscript received

by the Institute, August 18, 1943; revised manuscript received, Jan-

uary 6, 1944.
t Ilinois Institute of Technology, Chicago, lllinois.
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equations and others by the mesh equations. The be-
havior of networks having specified input currents, or a
constant set of nodes with a varying number of
branches, is particularly amenable to node-equation
treatment. The mesh method, on the other hand, is
most effective for networks for which the meshes do
not change although the branches do, or for studying
mutual-magnetic-induction effects. Furthermore, the
system of equations which leads to the least number of
equations for a network is usually the one to use because
of the greater ease in solving fewer equations.

The fundamental ideas and a technique for writing
the node equations which applies to many problems
have already been presented elsewhere.!? However, the
methods already presented do not apply if the network

1 Electrical Engjnee_ring Staff, Massachusetts Institute of Tech-
nology, “Electric Circuits,” John Wiley and Sons, New York, N. Y.,
1940, pp. 121164, 391-398, and 420-430.

3 Murray F. Gardner and John L. Barnes, “Transients in Linear

Systems,” John Wiley and Sons, New York, N. Y., 1942, pp. 38 et
sequens.
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contains an arbitrarily located generator or sct of gen
erators of negligible internal impedance or of regulated
terminal voltage. In addition the methods already pre-
sented do not permit writing node equations directly
from a circuit containing mutual magnetic coupling, but
instead require preliminary calculations.

Until the same case and assurance are possible in
writing the node equations as are possible in writing the
mesh equations, the node method will hold a position of
minor importance. If these two methods can be used

t £,2, m

Zy

Fig. 1

with equal facility in forming network equations, the
decision as to which method to use can be based on the
merits of the resulting equations in solving the problem
at hand rather than on the fact that the mesh equations
can always be written whereas the present form of the
node equations cannot. This restriction inevitably has
put the node method in second place (even where it is
not restricted) because the method that s certain to
work in all cases is also certain to be preferred.

This paper presents a node-method technique which
makes writing the node equations directly from the cir-
cuit easy and certain and, therefore, places the node-
equation technique where it belongs, on an entirely
equal footing with the mesh equations as a complemen-
tary scheme of writing network equations.

June

The inclusion of mutual magnetic coupling in a net-
work adds a certain amount of complexity to both the
mesh and node methods. The number of mesh equations
is not altered but additional terms appear in these equa
tions. The extra terms are stmple in form, however, and
so cause no particular difficulty once polarity conven
tions are accurately formulated. The node equations,
on the other hand are definitely and adversely compli
cated by the inclusion of mutual magnetic induction. It
has been shown? that, by certain prelimimary calcula
tions, the network can be transformed into a network
with new parameters from which the node equations can
be written. Many of the new parameters will be compli
cated expressions of the original parameters if mutual
induction involves many of the clements in the net
work. In the following it will be shown that, as an alter-
native which is simpler to apply, the network may be
altered only shightly and in a very simple manner and
the node equations then may be written directly from
this altered network. The extra equations required in
the method presented here can be readily eliminated b
a well-known and routine algebraic process as will be
shown.

At the outset it should be noted that the node equa
tions are actually current equations written at a junc
tion or node in compliance with Kirchhoff's current law.
‘These current equations are expressed in terms of voltages
and admitlances in contrast with the mesh equations
which are Kirchhoff voltage equations written in terms
of currents and impedances. In order to establish the
generality of the node method and to formulate general
rules for its application, the portions, of a more exten
sive network, shown in Fig. 1(a) will be considered. This
network represents any node o coupled electrically and
magnetically to other nodes in the same subnetwork as
well as magnetically to a second subnetwork.

It will be recalled that independent current equations
can he written at all but any one of the nodes of a sub-
network. The one node of a subnetwork at which a cur-
rent or node equation is not to be written will be desig-
nated as the reference node. The two reference nodes of
Fig. 1(a) are designated by riand r,. The voltages from
all nodes of a subnetwork to its one reference node are
known as node voltages. These voltages will all have an
assumed positive polarity away from the reference node
as shown by 17 of Fig. 1. The problem now will be to
express the current equation at the arbitrary node o in
terms of the admittances of the network and the node
voltages so polarized by assumption.

Since the node equation is a current equation, it is
with the current equation that the development must
start. Furthermore in anticipation of the conclusions to
be reached subsequently, if the current equations are
written with the currents directed away from the nodes,
the node equations bear a certain resemblance to the

mesh equations which is interesting and is a helpful
mnemonic.

The current equation at o of Fig. 1(a) is
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Iom+lal+lo2+ 103+Iol+ 105+107=O~ (1)
Considering these currents one at a time in terms of
Kirchhoff's voltage law, first for branch om

Ei=Zon+ Vi—V, 2
which if solved for I gives
lom = E;Vy— V)V 4 VoV 3)
Similarly for branch o3
log = — E3¥Vs+ V,Vg — VsV €))
For branch o1 immediately,
INERACERNE (5)
and likewise for branch o7
Tog = VoV — Vi¥e. (6)

Consider next branch 03. This branch is magnetically
coupled to the other three coils shown and in accord-
ance with the various polarity marks shown. The volt-
age equation is

Vo= Vs = IaZs+ ToiZss — IneZasz + TssZss. (7)
But this equation is a function not only of I, but of
three other currents and so obviously cannot be solved
for I,; in terms of network parameters and node and
generator voltages only. Similarly the equation for
branch o4 contains not only I,4 but also the three other
currents of the branches magnetically coupled to branch
04. Consequently Io, cannot be determined in the form
desired from this voltage equation. In fact in addition
to the voltage equations for branches 03 and o4, two
more independent equations, which may be written for
branches 56 and 89 in terms of the currents in (7), are
required so that the resulting set of 4 equations can be
solved simultancously for the desired currents.

The expressions for I,; and I, obtained from solving
four simultaneous equations will certainly be much too
complex to offer any chance whatsoever that they can
be determined directly from the circuit with no inter-
mediate computation. But suppose that instead of the
foregoing approach, the network portions of Fig. 1(a)
are redrawn as in Fig. 1(b). The only difference between
these two network sections is indicated in the branches
which are magnetically coupled. For example, in
branch 03 of Fig. 1(b) the impedance Z; represents the
self-impedance of branch 03 of Fig.1(a). The mutual-in-
duction voltages of branch 03 are assumed to be located
in the imaginary mutual impedances Zy, Z37, and Zgs.
These tmaginary mutual impedances do not have self-im-
pedance, and each mutual impedance is coupled to only
one other such impedance. This modified network is the
equivalent of the original network because the same set
of voltages appear between nodes 0 and 3, 0 and 4, etc.,
for Loth networks.

Now consider the oa portion of hranch 03 of Fig. 1(b)
magnetically coupled to branch od. The equation for the
branch oa is

lZoss = Vo — Vy (8)
and immediately from this expression the current in

branch oa is
Tow = Vo¥Vie — ViV (9)
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Similarly the current in branch od, as a result of mag-
netic coupling with branch oa is
Tod = VoVias — V.V (10)

Except for branch 02 the expressions for the currents
in all the branches connected to node o of Fig. 1(b) have
now been formulated. Extra nodes over those of the
original network have been introduced in the process,
but as will be shown, the equations at these extra nodes
as well as at the original node can now be written di-
rectly from the circuit.

The branch 02 requires particular although simple
treatment. Since this branch represents a source with
negligible internal impedance or regulated terminal volt-
age, a current-impecance relation is impossible. In fact
the equation

Ey,=1V,—-V; (11)
is the only voltage relation which can be written for
branch 02. Since this equation cannot be used to deter-
mine the current of branch 02, it is necessary to assume
a current I =1, in the branch as shown. The current /
will be treated as one of the unknown elements which
the node equations must determine. Because of the in-
troduction of the extra variable /, the voltage equation
(11) must be incorporated into the system of node equa-
tions to be written for the network as a whole.

It is now possible to form the equation for node o by
substituting into (1) the results given in (3), (4), (5),
(6), (9), and (10) and I =1/,. Hence, at node o of Fig.
1(b) after substituting and rearranging,
node o: —E,}',+E3Y5= I'O(Yl+ Yo+ V4 Vet 2}/3‘)

—Vi(¥1+V2) = V¥ s—ViVs
— V. Vau—Va¥Vautl. (12)

Without going through all the formalities as in the
foregoing, the equations at nodes a and ¢ will be given,
and from the three equations then available, general
rules for writing node equations will be formulated.
Thus
node a: 0=V, 3 —ViVa+ ViV — VoV (13)
nodec: 0 =Vi¥s — ViVa+ V¥ — ViV (14)

The rules for writing node equations at any node, say
A, may now be stated as follows:

(a) Add the products of all generator voltages (E)
and corresponding branch admittances which are in
branches connected to node 4. Use plus signs if the as-
sumed positive polarity of E is at node 4, e, if a gen-
erator of the assumed polarity would send a current
toward the node—see the two terms on the left of (12).
If the generator internal impedance is negligible or the
terminal voltage regulated, an unknown current as in
branch 02 of Fig. 1 should be assumed, and this cur-
rent added on the right of the equality sign if it is
assumed away from the noide, see (12). An additional
equation of the form of (11) must be added to the set of
node equations.

(b) The sum of the self-admittances of all the
branches connected to node A multiplied by V4 should
be placed on the right of the equality sign; sec the first
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term on the right of (12) and (13). The mutual imped-
ance term in this self-coupling term of (12) should be
added in correspondence with part (d) following.

(c) Subtract on the right of the equality sign an ad-
mittance-voltage product for each self impedance in a
branch coupling node 4 to any other node except the
reference node; see the second, third, and fourth terms
on the right of (12), and the second term on the right of
(13). Note that the internal impedance of generators are

node I: E[Y] —
node 2: E.‘Y‘ - E:Y:;

E, =
node a: 0=
node b: 0=

I/'l}'liﬂ
The matrix form of these equations
( E\Y, ) Vi— 2F 0
| EsY, — E5¥; 0

Ez =3 -1 1
0 Ve -V

0 ;oo Vie 0

to be included in forming these coupling terms. Also note
that if node 4 is coupled with the reference node through
a self impedance, the coupling term is zero because the
coupled voltage (reference node to itself) is zero.

(d) Add on the right of the equality sign, for each
mutual-induction element physically connected to
node A and magnetically coupled by Y, to the ele-
ment between nodes B and C, a product of the form
+ VgV, F Vel,, These two terms will always be of
opposite sign. The positive term will contain the node
voltage at the polarity mark corresponding to the polar-
ity mark at node 4. For example at node ¢ of Fig. 1(b),
from Z3; in branch ¢b magnetically coupled to branch
hi, the two terms 1, Y3 — VYV, appear—the plus sign
being attached to the voltage V, which is at the node not
polarity-marked in correspondence with the not marked
end of Zi; at ¢, sce (14). Again, at node o of Fig. 1(b) the
mutual impedance between o and @ introduces the terms
VoVYa— V4Vs from coupling with branch od. The polar-
ity marked end of Z;, in oa is at 0 and the polarity mark
of Z3 between o and d is at o hence the plus sign is asso-
ciated with V,¥;,.

In describing a process as in the foregoing it is always
difficult to decide when additional words tend to ob-
scure rather than clarify the issue. It is hoped that the
discussion already given, together with the following
examples will make the node method not too difficult to
learn. The reader can be certain that once the node
method has been learned, it is as easy to apply as the
mesh method.
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ViV — 2Vs)
VaVa+ Yo+ V) + 1 = T,F,

= ¥y + ¥,

ViFss — Val's

Vg S5 Wep et ¥ 1
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It may be of interest to note that the theorem sug-
gested by Millman? is actually a node equation with
only passive elements in the branches connected to the
node. The method given here, therefore, extends Mill-
man's theorem to any node in any network.

Consider the network shown in Fig. 2(a), modified in
Fig. 2(b) asrequired by magnetic coupling. Assume node
3 as the reference node. Then directly from the circuit
in accordance with the foregoing discussion:

- / + lra}._r,ﬁ + I'b}'bﬁ
(15)

+ Vals — Vele
— Va¥Fse + Vil

shows most effectively the nature of the relations. Thus

= Ve Vo] [ V1)

— ¥y 0 ] A J
0 0 0 I |
0 yb - 1'53 I',, |
0 —Ye  Tollrsl

(16)

m s

(b
Fig. 2

Note that the admittance matrix is symmetric, that the
self-coupling terms are located on the main diagonal,
and that the terms representing coupling with other
nodes are off the main diagonal in exact correspondence
with the usual impedance matrix of the mesh method.
Node 3 is not the best one to choose as the reference

3 J. A. Millman, “A useful network "
413-417; September, 1040, 1Ok theorem,” Proc. LR.E., pp.
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node of Fig. 2(b). It was chosen here merely to illustrate
one form of the node equations. If node I is chosen as
the reference, the regulated voltage E, determines the
node voltage V, so an equation need not be written at
node 2, but only at nodes 3, a, and b thus eliminating
two equations. The equations required are

node 3: — EY 4+ EY: — EY.+ Ex(Ys+Y))
node a: | E.Y,
node b: '\ 0
Yo+ Vit Yot Ty 0 — Ve Vs
= 0 Vo — Y|V (17)
— Y e 411 Ve ] LV

The term E,(Vi+ Y3) in the equation at node 3 arises
from the fact that node 3 is coupled to node 2 through

Reed: Node Equations
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two branches containing Z¢ and Z;. The coupling .___L r
term to be placed on the right of the equation at node 3 ’
is — Va(V+ Y3). But since V,=E; and is known, when (b
_ _ I Fig. 3
node 2: | — wE, Y, + E,)V 4 V,+ VYV + VotV 0 — Y, 0 V,
node 3: | 0 3 0 Y+ Y, 0 — Vs Vi (18)
node 4: | 0 - ¥, 0 Y, Yao || Vs
node 5: \ 0 0 - Y, Vas Vo Vs

this relation is used and the coupling term is shifted
across the equality sign it becomes E(Yi+ Y;). Sim-
ilarly, the term E,Y; on the left in the equation at node
a arises as the coupling term between nodes a and 2.
If the last two equations of (16) or (17) are used to
solve for V. and Vs in terms of the remaining node volt-
ages or voltage, and this result substituted into the re-
maining equations or equation, the result will be the
node form of the circuit equations reduced to correspond
to the essential nodes of the original network. The next
example will show this technique.

#Ev . [ 1 . :
— + EgjeCop | | =+ juCop + JoCor+ Ya —
» = RP
5 Yaybyab
| ; Yayb t yabz

As a final example of the node method of writing cir-
cuit equations, consider the equivalent circuit of a tri-
ode coupled to a load impedance Z through a trans-
former, Fig. 3(a) and in modified form Fig. 3(b). Plac-
ing the reference node at r of the tube eliminates the
necessity of writing an equation at node I, since the grid
voltage determines the node voltage V,. The node equa-
tions for Fig. 3(b) are

If, as is usually the case, only the two node voltages
V. and Vi are of interest, the last two of equations (18)
can be used to determine Viand Ve as

Va¥Va¥Vo — Vil oVus

e 19
‘ YoV — Vas? e
Vo¥Vo¥as + Viko¥
ko e e L (20)
Yayb - Yabz

If these equations are then substituted into the first two
equations of (18), the result is

Yazyb Yaybyab V

V.55 = Fas® VoVs— Yai2||
(21)

Y+ 7V e v

R Y

These two equations represent the behavior of the cir-
cuit of Fig. 3(a) in terms of the plate-to-cathode voltage
and the load voltage. One advantage of the node equa-
tions for this circuit is that the interelectrode capaci-
tances may be considered, or not, without doing more
than adding or removing a term in the first row and
first column element of the admittance matrix.
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Summary—Studies are described in which equivalent circuits
for the Maxwell field equations, considered in a companion paper,
are set up on an alternating-current network analyzer. These cor-
respond to several simple electromagnetic cavities for which results
are known. Comparisons made between the known theoretical re-
sults and field distributions measured from the equivalent circuits
are used for verification of the equivalent circuits, for evaluation of
the usefulness of present network analyzers in high-frequency-field
problems, and for suggestions of desirable features for analyzers
constructed especially for the study of field problems.

I. INTRODUCTION

1 I11IS paper presents the results of a study made on
the alternating-current network analyzer to in-
vestigate equivalent circuits of the field equations

of Maxwell for charge free space. The derivation and

proof of the equivalent circuits is given in a companion

paper.! The significance of the circuits in the study of

clectromagnetic problems at high frequencies is dis-

cussed in a second paper.? It was intended to check the

circuits for various configurations for which the theo-

retical results are known, with the following purposes in

mind:

1. To obtain experimental verification of the correctness
of the equivalent circuits.

2. To evaluate the usefulness of the present network
analyzer for the study of field problems.

3. To determine necessary and desirable features for an
analyzer constructed especially for the study of such
problems.

The alternating-current network analyzer? consists of
a set of inductance, resistance, and capacitance units,
each connected to a pair of flexible cords and plugs. A
centrally located set of instruments (voltmeter, am-
meter, wattmeter, and varmeter) can be connected to
any unit or circuit by a set of key switches. Alternating-
current electric power is supplied by a motor-generator
set to individual generator units so that several ditferent
voltages, independently adjustable in both phase and
magnitude, can be inserted in different parts of the net-

* Decimal classification: R116. Original manuscript received b
the Institute, December 22, 1943; revised manuscript received,
March 1, 1944. Presented, Winter Technical Meeting, New York,
N.Y., January 28, 1944, ]

t General Electric Company, Schenectady, New York.

! Electronics Laboratory. .
3 Central Station Engineering Divisions,
3 Engineering General Division. ]

1 Gabriel Kron, “Equivalent circuit of the field equations of
Maxwell-1,” Proc. L.R.E., vol. 32, pp. 289-299; May, 1944.

1 J. R. Whinnery and Simon Ramo, “A new approach to the solu-
tion of high-frequency-field problems,” Proc. I.R.E., vol. 32, pp.
284-288; Nay, 1944 ) i

3 H. P. Kuehni and R. G. Lorraine, “A new a-c network analyzer,
Trans. A.I.E.E. (Elec. Eng., February, 1938), vol. 57, pp. 67-73;

February, 1938.
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work. Connections between impedance units to form
any desired network are made by inserting the plugs in
adjacent jacks of a jack panel. As many units as de-
sired can be connected to a common point. It was thus
casy to set up the previously described! equivalent cir-
cuits on the analyzer, within the limits of the number of
units available. This limitation made it impracticabl
to study other than the circuits applicable to two-di-
mensional or axially symmetric configurations.

The number of squares into which a given configura-
tion was divided was restricted by the number of capa-
citor units available on the alternating-current network
analyzer. It was felt at first that the restricted number of
units would preclude the possibility of obtaining results
which were more than qualitatively correct. [However
the results of measurements have checked well enough
with theoretical results so that it is evident uscful infor
mation may be obtained by use of existing equipment for
many problems. This is of importance as it suggests that
radio engineers might with profit make use of available
network analyzers in the solution of certain of their
field problems, just as clectric-power-system engineers
have done with their circuit problems for many years.

Three configurations were studied; a rectangular two-
dimensional cavity,a cylindrical cavity, and an L-shaped
two-dimensional cavity. Measurements of the compo-
nents of the electric and magnetic fields were made for
each of these circuits and checked against calculated
values.

I1. ConciusloNs

The most important conclusions from the study are

listed below.

1. All measurements agreed well enough with theoreti-
cal results so that the check of the validity of the
particular equivalent circuits used may be con-
sidered successful.

2. The analyzer results were close enough to the theo-
retical results to stress the fact that useful informa-
tion on certain problems whose results are not known
might be obtained on present analyzers. Such prob-
lems would presumably have to be either two dimen-
sional or axially symmetric because of the limited
number of units.

3. Problems preferably should be set up so that voltages
are applied rather than currents (aithough for cer-
tain wave types this means applied magnetic fields
rather than electric). If currents are applied, the
problem of adjustment becomes very difficult when a
large number are required. When currents must be
applied, a high series-impedance source should be

June, 1944
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considered so that generator currents would be es-
sentially independent of load adjustments. A dual of
the circuit used in this study exists' for which elec-
tric and magnetic fields in a TM or E wave are
correlated with voltages and currents, respectively,
with the opposite correlation for a TE or Il wave.
If applied currents were required in one network,
they could thus be avoided by making use of the
dual.

4. In these studies, the number of units ranged from
about 7 to 12 per wavelength. For certain quantities,
accuracy was consistently better than 5 per cent, but
for other quantities, particularly in the vicinity of
cutoffs or resonances, agreement was much poorer.
The required subdivision into units is affected by the
size of discontinuities as well as by the wavelength.

5. In the existing alternating-current network analyzer,
there is a resistance in the inductances equal to about
4 per cent of the reactance setting, corresponding to
a Q of 25, while in many actual field problems the Q
may be in the thousands. The result was a phase shift
in measured values different from that predicted by
theory, so that the amplitudes only were used for
comparison purposes. This of course is a serious hand-
icap if phases are important and unknown, and it
does prevent measurements of the actual Q due to
losses in the dielectric or boundary conductors.

6. The limitations (4) and (§) suggest considerations
important for any analyzer constructed especially
for the solution of electromagnetic field problems.

I1I. CirculTS AND RESULTS

A. Two-Dimensional Rectangular Cavily

The first problem checked on the analyzer corre-
sponds to a wave of electric type (E wave or wave trans-
verse magnetic to the z direction) in a region bounded
by two parallel conducting planes separated by a dis-
tance k and connected by a third conducting plane at a
distance ! from the input end, Fig. 1. Currents in the
circuit were applied at the input corresponding approxi-
mately to a half-cosine wave of E, in the x direction.

——— £ —
i )
1
; /*/\E,(wpnessso)

Fig. 1—Rectangular cavity.

It has been shown! that an equivalent circuit for
representation of a two-dimensional problem with
waves of the electric type is as shown in Fig. 2, with the
relation between network and field quantities as follows.

Nelwork Field
J]. = -—E, 2 Yy = joudl (5
Vy o ]]v (3)

Al is the size of square of space or dielectric to be repre-
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sented by an element of the network, and u and € are
permeability and dielectric constant respectively of the
dielectric. (For air or space €= (1/367) 107* farad per
meter and u=4w-10-7 henry per meter.)
On the network analyzer, per unit quantities are used,
so that
(6)

o)

Z.=Z.= jxRo
YV, = jS/Ro
where
R, =base ohms for the board

x = per unit reactance settings on inductances

s = per unit susceptance settings on capacitances
By comparing (6) with (4),

Ro = wedl/x.

Equating (5) and (7) and substituting (8),
jwull=js/Ro=jsx/well or wue(Al)?=sx. But in terms
of wavelength \, w\/ue=2m/\ so

(Al/N) = Vsx/2m. 9
The fraction of a wavelength represented by each square
is thus determined in terms of per unit reactance and
susceptance by (9).

If a wave impedance Z, is to be determined from the
network measurecments, where this is a ratio of field
quantities, Z, =E/II, it will be obtained from a ratio of
current to voltage on the alternating-current network
analyzer (see (1) to (3)). If the admittance correspond-
ing to this ratio as read from the alternating-current
network analyzer is y per unit, it is an actual admittance
of E/H =Y =y/Ro=yx/well from (8) and substituting
9)

(8)

E/H = yx21r/we)\\/§ = Vu/eV/ (2/s) y
setting \/u/€=n, intrinsic impedance of this dielectric
(for air or space n =377 ohms).

Zu/n = yV%s. (10)
So from the per unit admittance measurement of yin the
network, the corresponding wave impedance is found
from (10).

From the above equivalences between field and net-
work quantities, and the theoretical results for the
actual field problem as obtained in Appendix A, curves
were plotted comparing the calculated field distributions
with those measured from the network. The height &
was taken as 5 squares, since the zero current I.=—E,
should apply to the mid-point of the distance repre-
sented by its impedance. Thus an extra half square be-
longs to each side as well as to the short-circuited end.
This is indicated in Fig. 2. Table I summarizes the cases
set up on the analyzer. Some of the typical plots of field
distributions in the longitudinal direction, indicating
the degree of agreement between calculated and analy-
zer results are shown. Fig. 3 is for a case helow cutoff,
Fig. 4 for one above but near cutoff, and Fig. 5 for one
appreciably above cutoff. Calculated curves are re-
ferred to the level of E, on the experimental curve.
Typical cross-sectional plots of measured values are
shown in Fig. 6. Fig. 7 is typical of plots made showing
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Fig. 3—Longitudinal field distributions for rectangular cavity of Fig. 1; case 10, h/A=0.375.
(a) E, along x=211/2 of Fig. 2
(b) E, along x=Al of Fig. 2
(c) H, along x=11/2 of Fig. 2
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Fig. 4—Longitudinal field distributions for rectangular cavity of Fig. 1; case 6, h/x\=0.504.
(a) E. along x=4l/2 of Fig. 2
§b) E, along x=alof Fig. 2
c) H, along x=11/2 of Fig. 2
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Fig. 5—Longitudinal field distributions for rectangular cavity of Fig. 1; case 3, B/A=0.75.
(a) E: along x=Al/2 of Fig. 2
(b) E, along x=Aal of Fig. 2
(c) H, along x=A4l/2 of Fig. 2

on one chart longitudinal and cross-sectional distribu-
tions for all the network. The plot shown is of E, for
case 2 of Table I.

TABLE |
Cases CHECKED FOR RECTANGULAR CaviTY OF FIG. |

Case al _f'__L !
No. e $
A N 2 fe
10 0.286 0.77 0.0748 0.374
9 0.460 0.77 0.0948 0.474
7 0.504 0.77 0.0993 0.497
1 0.512 0.77 0.100 0.500
6 0.520 0.77 0.1008 0.504
5 0.564 0.77 0.105 0.528
2 0.800 0.77 0.125 0.625
3 1.18 0.77 0.150 0.750
4 1.60 0.77 0.1768 0.88%

It is evident that the checks for certain field com-
ponents are poorest near cutoff (/A =0.500) as might
be expected because of the critical nature of the proxim-
ity to cutoff factor 1/4/1—(f./f)? in this region and also
the increased importance of losses. It is also evident
that in several cases where the checks on wavelength in
the z direction and amplitudes of components are very
good, the relatively small error in these quantities may
amount to a large error in a quantity after several wave-
lengths. That is, if input impedance or ratios of field
components werce dcsired for a line several wavelengths
long, the error in merely measuring these quantities on

the equivalent circuit could be large. This means that
thought should be given to the measurement and inter-
pretation of quantities from the equivalent circuit to
obtain the desired information most accurately.

200
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-100
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Fig. 6—Typical cross-sectional field distributions in rectangular
cavity as measured from analyzer; case 3, h/A=0.75.

a) E,=along z=114l of Fig. 2
b) E,along z=1134l of Fig. 2
c) 11, along z=114Al of Fig. 2
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DOTS INDICATE JUNCTION POINTS
IN NETWORK OF FIGURE 2
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Fig. 7—Typical plot showing measured longitudinal and transverse distributions of a field
component throughout the network of Fig. 2. E; for case 2, h/x=0.625

B. Cylindrical Cavity

A sccond problem checked corresponds to a wave of
electric type (£ wave or wave transverse magnetic to
the axis) in a region bounded by a conducting circular
cylinder of radius a, closed by a conducting plane at
distance ! from the input end (Fig. 8). Voltages were
applied to the input corresponding approximately to an
rJ1 Bessel function of 711, in the radial direction.

T

Q

b SR T PR S

Fig. 8—Cylindrical cavity.

An equivalent circuit has been given! for representa-
tion of an axially symmetric problem with waves of
electric type. This is shown in Fig. 9, with the relation
between network and field quantities as follows.

As in Section 111, 4, Al is the size of square to be
represented by an element of the network, and u and €
are permeability and dielectric constant, respectively,
for the dielectric of the field problem to be solved. Here
impedances of the network vary directly as the distance
from the axis. If base impedance on the analyzer is
again Ry and the per unit reactance set for Z, at radius
ndl from the axis is x,, the per unit susceptance of Y, is

s'll

(17)
(18)
By comparing with (15) and (16) respectively and com-
bining the two equations,

Z: = jx.R
Yy = js./Ro.

27Al/N = \sax, = \/51%1. (19)
So from the product of s and x at any radius »#Al from
the axis, the fraction of a wavelength to be represented
by one square is again determined.

To find the wave impedance E/H from a measure-

Network  Field Network  Field N L
e 2 B (L) Z, = jwerAl (13) ment of a per unit admittance y on the board (ratio of a
I, = —E, (12 Z, = jwerAl (15) current I, or I, to voltage 1),
Ve = rHy (13) Yy = joudl/r (16) Zuw=E/Hl = +(I/V) = 1(y/Ry)
_I_, S = I: 95l
& B & & £ & & E
= - = [
o = g & 8 § % T
XL (| | \ L H \

NS

N

(Lo

Ne

X

202228

X

:\e\ 5

NS

?

Fig. 9—Network for cylindrical cavity.
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R, may be obtained by combining say (16), (18), and
(19). Then
Z, = (wpll/s.r)yr

= o/ (@ /52) y = m/(/s0) y. (20)

Table 11 summarizes the cases set up on the board for
this axially symmetric example. Figs. 10 and 11 show
typical comparisons of analyzer and calculated field-
distribution plots in the z direction. Calculated curves
are this time referred to the measured level of rif,.
Typical plots in the radial direction are shown in Fig. 12.

TABLE 11
Cases CHECKED FOR CyLINDRICAL CaviTY OF FIG. 8

Comparison between calculated and measured values
again reveals the same general conclusions as in the rec-
tangular case.

C. L-Shaped Two-Dimensional Cavity

Because of the possibility that the previous examples
might have given optimistic results regarding the num-
ber of units required because of their relative freedom
from discontinuities, a two-dimensional region with a
corner bend as shown in Fig. 13(a) was taken as a third
example. Input impedance may be calculated for such a
region as explained in Appendix C. In Table III the
calculated values of wave admittance /1,/E. at the in-
put are compared with values measured from the net-
work. Equal voltages were applied to the input termi-
nals in this case representing uniformly applied H, as in
the principal or transmission-line wave. The agreement
in this table is again much better than was expected.

ANALYZER RESULTS

\9e 1if
No. x 5 /N N 3272305 o/
R o Sl Ol

21 0.232 1.00 0.0767  0.345 0.90

26 0.278 1.00 0.0830  0.378 0.986

23 0.286 1.00 00852  0.383 1.0

22 0.362 1.00 00958  0.432 1126

20 0.800 1.00 0.1425  0.641 1.674
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Fig. 10—Longitudinal ficld distributions for cylindrical cavity of Fig. 8; case 21, f/fc=0.90.

(a) riI, along r=4 Al of Fig. 9
(v) E, alongr=4 alof Fig. 9
(c) E. along r=335lof Fig. 9

o
200
v ANALYZER RESULTS
g woof TN~~~ mmm=r CALCULATED RESULTS
3
a Of 586 0
|
> - Fat
100 z AXIS = MULTIPLES OF &
-200
—
W
3
=
g
F
L
'
o

Es- AMPLITUOE

Fig. 11—Longitudinal field distributions for cylindrical cavity of Fig. 8; case 22, f/fe=1.126.
(a) rHy along r=4 Al of Fig. 9
(b) E, alongr=4 alof Fig. 9
(c) E, alongr=234alof Fig. 9
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The poorest agreement, case 31, showed a nonuniform-
ity in measured E across the input, where it should be
uniform if the transmission wave only is important

N
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Fig. 12—Typical radial plots of fields in cylindrical cavity as
measured from the analyzer.
(a) rHy along z=94al of Fig. 9
(b) E, along z=9 Al of Fig. 9
(c) E, along z=94Al of Fig. 9

there as was assumed in the calculation. Plots of the
electric-field lines can be made readily from the meas-
urements, since an electric-field line corresponds to a

TABLE 111
Cases CHECKED FOrR L-Suapep Cavity of Fic. 13(a)
| : | Hy/E; at input
kYN i a/b (d/b| op | -

s
No. | Measured | Calculated
28 0.05 | 0.77 | 0.0312 | 5/9 | 5/9 0.283 | 4j 0.647 +j 0.630
29 0.05 0.77 | 0.0312 ! 5/9 | 4/9 0.283 +j 0.464 +j5 0.443
30 0.05 0.77 | 0.0312  S/9  3/9 0.283 +j 0.253 +j 0.222
33 0.05 | 0.77 | 0.0312 | 5/9  2/9 0.2808 —j5 0.0622 —j 0.0604
31 0.10 1 0.77 0.0441 | 5/9 3/9 0.3969 45 1.78 +5 1.915
32 0.10 0.15 | 0.0195 | S/9 | 3/9 0.1755 —j 0.488 -7 0.512
27 0.454 0.77 | 0.0943 | 5/9  5/9 0.850 | — =
P—'lo——v'.——& e |
T T T
| bttty
|
b ZOA =‘.‘= Cyq 200
2y
(a) (b)

Fig. 13—L-shaped cavity and equivalent circuit.

contour of constant ff,. No calculated checks were
made of the electric-field plots, but these at least behave
generally as one would expect from physical reasoning.
One representative plot corresponding to case 32 of
Table III is shown in Fig. 14.

APPENDIX A

Field Relations for Parallel Plane Example

The proper wave solutions for the example of Sec-
tion I11, 4, (Fig. 1) are well known and are written be-
low in two forms, one convenient for use below cutoff
and the other convenient for use above cutoff.
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Above Cutoff (#>\/2)
E,=A sin k,x cos k.z
E,=—(ksA/ks) cos k.x sin k.2

Below Cutoff (k<\/2)
E,=A sin k.x cosh az
E.=(aA/k;) cos kx sinh az

i, = —(jwed /k;) cos k;x cosh az | H,= —(jwed /ks) cos k:x cos kez
ki=n/h ko=n/h
amr/hy/T= @R/ ko=2x/A,
/A=~

V1= (/20

> =
/
o il
160 o8 /  ‘I94

100 ‘124 ‘146

/
/ |
/ !
‘00 | %24 | a7 8o Moz ‘i%e |
4
//
‘00 Y25 ‘148 LT ‘196 00
/

%00 126 950

//
‘100 I'uze/ 152 s | f2007 212 216 ’
rd
220 224 228, ‘
NUMBER