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“I can even recognize your vose!”

¢ last! A mobile FM receiver with a NATURAL vote quality

« « . the FM-39X, ewegéueered by KAAR!

Here is the FM receiver that users of emergency
communications have waited for so long! A re-
ceiver that brings in the low as well as the high
tones, rounding out the voice so that you can
readily recognize who is speaking!

The FM-39X is a fitting companion for the re»
markable 50 and 100 watt INSTANT-HEATING
KAAR FM mobile transmitters which were re-
cently announced. The over-all voice quality
through the KAAR transmitter and receiver is

such a distinct improvement that iwill be a rev-
elation to anyone who has had prvicus experi-
ence with FM radiotelephones. In act. decidedly
finer voice quality is obtained ev:n when this
new receiver is used with other nakes of FM
transmitters.

The receiver has two r. f. stages nsread of the
usual one, resulting in better signalto-noise ratio
and greater discrimination against spurious sig-
nals. For full details, write for Buletin 24-45.

Proceedings of the 1.R.E.

January, 1916



YOUR MOVES

WITH

.b\e
4 revers! ] withov
oty s enclos® W volts, with ©f
yodel RRINET™ o cycles: 2 ?
The MO < tor tYPer a9
G. vO!
. opase e’ for A
sP“' e (=} L, ra es
ear reductio® 4 pole aduction HPO cycles grarting ’°h 3
9 had 0 of inches 5 . .
the Mode! =1 Sdheque\'\cy 0.5 put, 10 MO ounc® Motion . . . instant action . . . compact pin-points
Q an atts 0 !
trom 24 1° 5 e inch O3 =y of concentrated power—that's what you have
“hatf oY ture, P . o i
§rom ON€ 15, time; temperd’ ond mer in ALLIANCE Miniature Motors.
36 watt in? 4 electric control®s ogruph" Fi nals,
ses,elecfronnc an i operufed 301 goor oPEOET™ 5'9'. They're compact stand-by power stations,
WL pE wers: 1 licatt©® . . o
Ned humidity contro! valves and blo of Justrial aPP! ready to obey and deliver just the right amount
, fans cores A
wandise dispense” s proiector and of power and drive where and when needed.
c movk -
. display® . .
motion - Where your plans call for continuous or inter-
MINIATURE MOTORS THAT q@‘ I"' mittent action, remote actuation, starting, stop-
MAKE 'EM MOVE! ing and reversing, there's probably an Alliance
= 9 9 P %
s, St .~ il motor already engineered and available in
| _—

quantities, at low unit cost, to do the job!

WHEN YOU DESIGN—KEEP
MOTORS IN MIND

ALLIANCE MANUFACTURING COMPANY o ALLIANCE. OHIO
Alliance Tool and Motor Ltd., Toronto 14, Canada
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This is the Tube you have been

5ee;€iny to install in gour
Jpostwar transmitters

A remarkable new TETRODE for fixed
or mobile operation

Filament Voltage . . . . . 6.3 AC or DC Volts
Filament Current . . . . . . . . 3.0 Amperes
Amplification Factor . . . . . . . . . . 65
Mutual Conductance . . . . . . . . . 2,750
Plate Dissipation . . « « « « . 35 Watts
Medium 4 Pin Ceramic Base

Maximum Power Output . . . . . 130 Watts
Approx. Driving Power . . . . . . . 4.5 Watts

Inter-Electrode Capacities

Input to Plate . . . . . . . . .2MMFD
Input, 6.5 MMFD . . . . . Output, 1.8 MMFD

Licensed under R. C. A. Patents

Catalog Sheet and Tubes Now Ready for
Distribution

ZEE

123 Jllll
I

' TYPE 3D23.

LEWIS ELECTRONICS
. Mode in USA.

L)

Lewis at Los Gatos

Manufacturers of all types of
transmitting tubes —from 35
Watt West Coast type triodes
to 35 kilowattexternalanode,
multi-grid tubes.— A new
member of the Aireon
ganily.

Lewis Electronics, ioscaros, cai.

SUBSIDIARY OF Airlg@ " MANUFACTURING CORPORATION

Proceedings of the IL.R.E.

January, 1946



Cina“ da aph Spaker

... The Speatoer

of Tomorrow, TODAY

The Aireon Cinaudagraph Speaker is a product
of deft engineering, vast experience, daily pro-
found research and proven performance. It has
an international reputation for tone, stamina
and perfection. The plus features that you get
in Aireon Cinaudagraph Speakers are inherent
—born of the highest standards of inspection
and use of the finest
materials. You’ll need
these extra_these plus A'll P. M. Models of Aireon
factors to help you do i'ln?"dagt <l Spealpm use

; nico 5, the miracle metal that
the bettc.:r ]0b you gives you 4 times the perform-
now require. ance without size or weight

increase. No set-up is complete

without at least one—write for
information, today.

(ALNICO 5)

Cinandagraph Speakers‘, Ine..

. [ ]
Subsidiary of Alreon. Manufacturing Corporation
3911 SOUTH MICHIGAN AVENUE, CHICAGO

Proceedings of the I.R.E. January, 1946 5a



6A

Ki-45

ﬁtymew%/ Dctoctore

Ilustrated is a DILECTO fabric base laminated
phenolic part used in airborne electrical equip-
ment. Since this part is subject to severe mechani-
cal stresses and is also an insulator it must be
strong and remain stable under vibration, high
humidity and temperature extremes. DILECTO
meets all these requirements, with a wide margin

Continental- li)mmmtm%ﬁ,f_g
e

fova Bottr £/
TOMORROW »

C-D Dielectric materials are engineered to meet
specific electrical and mechanical problems.

of safety. There are standard grades developed as a result

of experience gained during 50 years
of serving manufacturers in every indus-
try. These standard grades can, how-
ever, be modified to meet particular
problems. Combinations of the different
C-D NON-metallic materials can also be
made to provide required combinations
of properties. C-D technicians will be
glad to study your “What Material’’
problems and suggest solutions.

DISTRICT OFFICES
NEW YORK 17 » CLEVELAND 14 . CHICAGO N
SPARTANBURG, S. C. » SALES OFFICES IN PRINCIPAL CITIES
.
WEST COAST REPRESENTATIVES
MARWOOD LTD., SAN FRANCISCO 3
.
IN CANADA:
DIAMOND STATE FIBRE CO. OF CANADA, LTD., TORONTO 8

Gom/hzm@/w/=])iamwu/ FIBRE COMPANY

————— e
Established 1895 .. Manufacturers of Laminated Plastics since 1911—-NEWARK 48 « DELAWARE
“

Proceedings of the 1.R.E, January, 1946



. As a reading glass aids visual

search, 8o MICROLINE test and
measurement equipment provides
means for making all measurements

at microwave frequencies.

Sperry announces a comprehen-
sive line of microwave test and
measurement equipment for labora-

tory and field use. The new line. ..
the MICROLINE...1s the outgrowth o
years of research and experience in
modern microwave techniques be-
ginning with the development of
the Klystron.

Write our Special Electronics De-
partment for further information.

Available now:

02

Visit the Sperry booth at the I.R. E. Convention *TRADE MARK

SPERRY GYROSCOPE COMPANY, INC. crcar necx. v v.
*

N ... . LOS ANGELES » SAN FRANCISCO « SEATTLE « NEW ORLEANS
Devision of the Sporvry Corfroration CLEVELAND » BROOKLYN « HONOLULU

C€YROSCOPICS + ELECTRONICS + RADAR + AUTOMATIC COMPUTATION : SERVO-MECHANISMS

Proceedings of the I.RE. January, 1946 7A



" RECEIVER MANUFACTURERS:
RCA TEST EQUIPMENT

to help speed your television-receiver production

IF your television-receiver program has been held up because of
inadequate test and measuring equipment, here’s the answer.
RCA will begin to deliver the instruments shown here in 60 to
90 days. They are not experimental or first post-war models, but
service-tested equipment—developed before the war and perfected
as a result of RCA’s extensive television-research and manufactur-
ing work during the war for the armed forces.

With items 1 through 4, a complete video signal can be produced,
making it possible to measure and adjust accurately the focus, con-
trast, resolution, and scanning linearity of your television receivers.

Items 5 through 8 are other instruments we believe you will also
find useful in easing your laboratory and testing problems.

An early indication from you of your test and measuring require-
ments will assure prompt delivery of this hard-to-get equipment.

'I MONOSCOPE CAMERA

Produces a fixed televisian signal for
aligning and testing equipment such as
television receivers, transmitters, and
monitors. The signal is produced by
scanning a stationary pattern mounted
permanently inside the monoscope tube.
It is designed for rack mounting for use
with the distribution amplifier and the
synchronizing generator (items 2 and
4). The filament supply is self-contained,
but a separate regulated plate supply is
required. The 580-C unit (item 3) is
ideal for this purpose.

2 DISTRIBUTION AMPLIFIER
(TYPE TA-1A)

For use with the synchronizing generator
and monoscope camera. Applications in-
clude: transmission over coaxial lines of
pictures and synchronizing signals to
various locations, feeding signals from
program line to monitors, for isolating
distributed pulses, as a mixer to combine
synchronizing with picture signals to
form the complete video signal. De-
signed for standard rack mounting, the
unit requires a regulated plate supply.

3 REGULATED POWER SUPPLY (TYFE TG-1A)

(TYPE 580-C) 4 SYNCHRONIZING GENERATOR

For supplying the plate power required Ideal for design and production testing of television
by the monoscope camera and distribu- receivers, and for application work in experimentai
tion amplifier. Regulation is better than laboratories engaged in television work. Provides
.25 per cent over the range between 50 “synchronizing” pulses of suitable wave shape and
and 400 milliampéres; output voltage is frequency for the production, in conjunction with
adjustable between 250 and 300 volts; camera equipment, of 525-line interlaced television
output ripple is lower than .012 per signals. It keys together the scanning beams of the
cent of the d-c output voltage. This unit camera Iconoscope and the receiver Kinescope to
may also be used for general-purpose form a perfectly synchronized picture. Conforms
work around the laboratory. Designed with proposed FCC Standards of Good Engineering

for standard rack mounting. Practice.




VIDEO SWEEP GENERATOR
(TYPE 711-A)

A quick, accurate, convenient means of
testing and adjusting wide-band video
amplifiers. When this generator is con-
nected to the input of a video amplifier,
and the output of the amplifier is con-
nected to an oscilloscope, a trace is pro-
duced on the screen thataccurately shows
the amplifier’s dynamic-frequency char-
acteristic. The lower-output-frequency
limit of this unit is normally set at 100
kc, and the high frequency at 8 mc (but
the latter can be easily adjusted to any
frequency between 2 and 9 mc). The
sweep to high frequency and return is
smoothly accomplished in one cycle of
the powerline frequency.

6 HIGH-FREQUENCY, WIDE-BAND
SWEEP GENERATOR (TYPE 709-B)

W hen used in conjunction with an oscil-
loscope, this instrument will help you
save time in accurately aligning the i-f
and r-f stages ot wide-band receivers.
Stage-by-stage alignment is practical as
the generator output voltage is contin-
uously variable between .001 and .4 volts
RMS over the entire frequency range. A
calibration marker permits . constant
checking of band-width characteristics.

7 U-H-F SIGNAL GENERATOR
(TYPE 710-A)

Provides an r-f signal of a known fre-
quency and amplitude for easily obtain-
ing the data needed to check the per-
formance of high-frequency devices. This
instrument provides smooth and com-
plete attenuation throughout its range,
plus precision frequency control. Output
frequencies from 370 to 560 mc—just
right for citizens’ radio-phone and other
development work within these bands.

oo [J o e
[* & opz

LABORATORY-TYPE OSCILLOSCOPE
(TYPE 715-B)

Especially designed to permit close examination of
extremely short, sharp-fronted pulses and other un-
usual wave forms. Produces steady, clear traces even
with random recurrence ot signal. Some of its ad-
vantages for modern development work include:
Extended range (flat to 11 megacycles), triggered
sweep (individually triggered by each signal), time-
base marker (one microsecond intervals), input cali-
bration meter (to permit direct determination of
amplitude ot any voltage component in signal), and
many other new features.

HERE’'S A QUICK WAY
TO GET DETAILS

Radio Corporation of America
Test and Measuring Equipment Section
Box T9083C, Camden, N. J.

Please send me complete data on the RCA
products corresponding to the numbers
circled:

1 2 3 4 5 6 7 8

—— e - —— — — — — —— a —ad

Name Tirle
Company

Address.

City— —o — —_ e "Zone-==Siate

RCA TEST AND MEASURING EQUIPMENT

RADIO CORPORATION of AMERICA

ENGINEERING PRODUCTS DIVISION. CAMDEN, N.J.



Uhe inifiaks “"CRL" in
the Diamond stand fer Centralab

They are cn integrel part of the
Centralab name, and bor more than
e quarter of a century, have repre-
sented the utmost in engineering
skill and psedsion . . . the height of
manufacturing perfection

Both in original equiomen- and in
replacements, the symbol “CRL" is
the Mark o™ Quality.

. o . Always spec_if)" Zentralab.

A Sl
Ceramic High Voltage Capacitors
% Bulletin 81
| e
Gt ARy =
P | ‘ 25

Cesamiz High Ve tags Capcitors
3ulletn 818

p - 5, ° Yoriable Resistzrs = ]
PRODUCERS OF Bulletir 697 Tubslar Ceramic Seleztcr Switches

Gapacitors Eull=*n 722
Ceramic Trimmens Bu letins 630
Biletin a95 and 586
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transmitting tube protection —— - caure

Callite molybdenum wire is selected because it has
the qualities required for efficient glass sealing and
does not amalgamate with the mercury in the relay.

Callite carefully processes molybdenum to obtain
high purity ductile wire and sheet. Callite’s Type' 400 Molybdenum
Wire is available in five types, each grade especially processed for its
intended application as heater elements, filament mandrels, side rods,
hooks, grids, tube and lamp supports.

Molybdenum wire is only one of Callite’s complete range of metal-
lurgical components for electrical and electronic manufacture. It will
pay you to investigate our tungsten and molybdenum products of all
kinds. Callite Tungsten Corporation, 544 Thirty-ninth St., Union
City, N. J. Branch Offices: Chicago, Cleveland.

Proceedings -of the I.R.E. January, 1946

‘MOLY’ WIRE

The Adlake plungectype mer-
cury relay serves to pgotect
transmitter tubes frowd bhigh
plate voltage. The Adlake
Model 1040°s contact mechan-
ism is hermetically 3ealed in
an armored glass cylinder —
proof against dirt, dust, mois-
ture and explosive atmospheres.
The Adams & Westlake Com-
pany uses Callite molybdenum
wire as a lead wire which is
sealed through the glass.
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- SYLVANIA NEWS

ELECTRONIC EQUIPMENT EDITION

JAN. Published by SYLVANIA ELECTRIC PRODUCTS INC., Emporium, Pa. 1946

NEW T-3 TUBE FILLS NEED FOR SMALLER
UNIT IN TINY BROADCAST RECEIVERS

Commercial Version of

Proximity Fuze Tube
.‘ Is Rugged. HasLonng:fe

l Following Sylvania Electric’s recent an-
| nouncement about the sensationally small
vacuum tube—originally developed for the
now-famous proximity fuze transceiver—
' have come many inquiries concerning this

super-midget.

SET MAKERS ESPECIALLY INTERESTED

Since the commercial version of the “war-
baby” is being produced. many set manufac-
turers are extremely interested in its qualities
— with a view toward making radios about
the size of the average wallet or package of
cigarettes, miniature walkie-talkie sets and
other units.

This new tube, then, is being made in a
low-drain filament type and is able to oper-
ate at 1.25 volts. This takes advantage of a
new, small battery developed during the war
which, of course, is a further aid in the man-
ufacture of remarkably small radio sets.

WILL BE AVAILABLE FOR ALL TYPES

Future designs of this versatue tube can
be incorporated in radios ranging in size

from tiny pocket sets up to deluxe receivers.

For any further details, or questions you may want answered It has a life of hundreds of hours, is rugged
about this tiny, sturdy vacuum tube, do not hesitate to and exceptionally adaptable to operation at
write or call Sylvania Electric Products Inc., Emporium, Pa. high frequencies.

SYLVANIAN ELECTRIC

Emporium, Pa.
MAKERS OF RADIO TUBES; CATHODE RAY TUBES- ELECTRONIC DEVICES; FLUORESCENT LAMPS. FIXTURES, WIRING DEVICES; ELECTRIC LIGHT BULBS
124 Proceedings of the I.R.E, January, 1946



CONSTITUTIONAL
AMENDMENT

REGIONAL-REPRESENTATION
PLAN

TaE INSTITUTE OF RADIO ENGINEERS
INCORPORATED

330 WEST 42np STREET
NEW YORK 18, N. Y.




The Institute of Radio Engineers
INCORPORATED
330 West 42nd Street
New York 18, N. Y.

April 24, 1946

Constitutional-Amendment Ballot
REGIONAL-REPRESENTATION PLAN

To Fellows, Senior Members, Members, and Voting Associates:

The Board of Directors proposes changes in the Institute’s Constitution. They are hereby submitted for voting.

After marking this ballot, place it in the small blank envelope enclosed, seal this envelope and place it in the
larger self-addressed envelope enclosed, write your signature on the outer envelope where indicated, and mail to the
Institute office. The ballots must reach the Office of the Institute on or before July 1{,1946, to be counted.

By authorization of the Board of Directors
Raymond F. Guy, Chairman
Constitution and Laws Committee

For some time the Board has been aware that geographically distant members have in many cases felt isolated
and unable to participate in many activities of the Institute. It has shared their desire to overcome the handicap of
geographical separation and has considered carefully and at length all possible corrective measures directed toward
making the Institute and its activities more useful and indispensable to them.

The Board has been particularly desirous of effecting means whereby distant members could be more adequately
represented in the management of the Institute. Within the framework of the present Constitution the Board has
attempted to create regional representation and toward this end has selected candidates for elective offices on the basis
of both their general qualifications and their geographical locations. The appointments to Directorships by the Board
have also been dictated by both considerations. But a plan for a more satisfactory procedure has become increasingly
desirable as the Institute has grown, particularly during the last several years.

At the February 7, 1945, Board meeting 2 Committec was appointed and instructed to submit recommendations
for a plan which would insure direct and continuing participation in the management of the Institute through regional
representation on the Board of Directors. The Committee submitted a plan which met with general favor. It was
submitted to the Sections Chairmen for comment and the Constitution and Laws Committec was instructed to prepare
appropriate amendments to the Constitution and Bylaws. This plan has been carefully considered and developed for
over a year and it is now submitted for voting with the conviction that any defects which develop could be easily corrected.
The plan constitutes a marked departure in the Institute’s method of electing representatives and warrants the careful
study and consideration of each voting member.

HOW THE REGIONAL-REPRESENTATION PLAN WOULD FUNCTION

All voting members of the Institute now have the opportunity to vote for a candidate for every elective ofhce.
All Directors are now Directors-at-Large. Under the Regional-Representation plan the Board of Directors would
designate regions in the United States and Canada, and clsewhere at its discretion. As heretofore, all voting members
of the Institute would continue to vote for President, Vice-President, and elected Directors-at-Large. But the members
of each region would, in addition, acting as an autonomous group, nominate and elect their own representative who
would thereby become a member of the Board of Directors.



The addition of seven or more Regional Directors would provide more equitable representation than is now
obtained and would make it desirable to reduce the number of appointed Directors and elected Directors-at-Large. Such
a reduction is provided for in these proposed amendements. The governing body of the Institute would thus change.
The number of appointed Directors and Directors-at-Large would be reduced from 5 to 3 and from 9 to 6, respectively.
The present and proposed Board of Directors is shown below:

Present Proposed
President President
Vice-President Vice-President -
Senior Past President Senior Past President
Junior Past President Junior Past President
Secretary Secretary
Treasurer : Treasurer
Editor Editor
9 Elected Directors-at-Large 6 Elected Directors-at-Large
5 Appointed Directors 3 Appointed Directors
7 or more Regional Directors
21 % 23 or more

The adoption of the Regional-Representation plan would be effected by the amendments to the Constitution
described herein. These amendments provide for the following:

a. Division of the United States and Canada, and other areas at the discretion of the Board of Directors, into
consecutively numbered Regions which would be specified in the Bylaws.

b. Creation of the new office of Regional Director. Nominees for this office would live in the Region which
nominates them and would be nominated and elected exclusively by voting members living in the Region which
nominates them. When elected they would thereby become members of the Board of Directors for a two-year term.

¢. Reduction of the number of Directors-at-Large by 5.

d. Addition of two Board members to the number constituting a quorum making a total of 8.

e. Inclusion by the Board of the mailing to Regional voters of the names of their chosen candidates for Regional
Director, calls for nominations by petition, mailing of ballots to Regional voters, counting of ballots, and notification of
elections, all in accordance with the general routine followed for existing elective offices.

f. Elections in even-numbered Regions in even-numbered years and in odd-numbered Regions in odd-numbered
years.

g. Creation for each Region of a Regional Committee, the duties of which would include the nomination of at
least one candidate for the office of Regional Director for its Region.

It is possible that the organization and procedure for the Regional Committees could be changed to advantage,
from time to time, as we gained experience in operation under the Regional-Representation plan. To facilitate such
changes as may prove desirable, without resorting to the more cumbersome procedure of amending the Constitution,
it is proposed to specify in the Bylaws the organization and procedure of the Regional Committees. In order that each
voting member may be fully informed on all details of the plan, the Bylaws which the Board contemplates adopting are
shown in full below. Voting members wishing to comment on these proposed Bylaws are invited to send their comments
to the Chairman of the Constitution and Laws Committee.

BYLAWS WHICH THE BOARD CONTEMPLATES ADOPTING IF
THE REGIONAL REPRESENTATION PLAN IS APPROVED

Nomination and Election of Regional Directors

Each Region shall contain a Regional Committee nominally consisting of the Regional Director, the senior
past Regional Director, and the Chairman and senior past Chairman of each Section in the Region. The functions of




the Regional Committee shall be the nomination, every two years, of at least one candidate for the office of Regional
Director, and discussion and suggestions concerning the affairs of the Sections comprising the Region. Members of
the Regional Committee shall be members ex-officio of the Executive Committees of their Sections.

Pending installation of the first Regional Director of each region, the Chairman of the largest Section in the
Region shall act as Chairman pro tem. The Chairman pro tem shall appoint a Secretary-Treasurer pro tem who shall
act until the Secretary-Treasurer of the Regional Committee is appointed.

The Regional Director shall be Chairman of the Regional Committee and shall appoint a Vice-Chairman from
the membership of the Committee. The Chairman of the Regional Committee shall appoint a Secretary-Treasurer
from members of the Region for a two-year term concurrent with that of the Chairman. The duties of the Secretary-
Treasurer shall include correspondence, the keeping of the minutes of the Committee meetings, mailing notices, the
keeping of financial records and the submission of a report at the end of each year, and such other duties as are assigned
to him by the Chairman. The Secretary-Treasurer shall not be a voting member of the Committee.

Each Regional Committee during election years shall submit to the Board of Directors by May first the names
of at least one qualified nominee for the office of Regional Director. Each candidate shall be a member of and live in
the Region from which he is nominated and shall be a Fellow or Senior Member of the Institute. To qualify, each
candidate shall indicate to the Regional Committee his acceptance of the nomination. The Board shall submit these
names for voting with those of other candidates for office on or before September first. The candidates for each office
receiving the highest number of votes will be elected. Only votes from members of his Region shall be counted in
electing a Regional Director.

Each member of the Regional Committee shall be of Member, Senior Member, or Fellow grade in the Institute.
Vacancies, except for Regional Director, shall be filled by appointment by the Executive Committee of the Section
in which the vacancy exists. The term of office shall be one year concurrent with the term of office of the Section officers.

The Regional Committee shall hold at least one meeting per year at which a quorum shall be necessary for the
transaction of business of the Committee. The Chairman or, in his absence, the Vice-Chairman of the Regional Committee
shall be responsible for calling the necessary number of Regional Committee meetings. A quorum shall consist of at
least one third of the members of the Committee and shall include representatives from at least half the Sections in
the region.

Regions which fail to maintain reasonable activity shall at the discretion of the Board, be dissolved and the
Sections may be absorbed into other regions.

The term of office of Regional Directors shall be two years and shall begin at the annual meeting of the Board
of Directors.

General expenses incurred by the Regional Committee in corresponding, mailing notices, etc., shall be defrayed
by the Sections in the Region on a basis proportional to membership. The Regional Committee shall for this purpose
make assessments on the Sections when necessary and subject to consent of the Executive Committees of the Sections.

The Sections and the Regions shall make such arrangements as they deem appropriate in defraying the expenses
of their representatives in attending meetings.

CONSTITUTIONAL AMENDMENTS SUBMITTED FOR VOTING

The Regional-Representation plan will be adopted or rejected depending upon the votes cast for the proposed
Constitutional Amendments specified hereinafter. For adoption, at least twenty per cent of all members qualified to
vote must do so and at least seventy five per cent of all votes cast must be favorable. The plan has been discussed at
Section meetings, has been considered, and overwhelmingly endorsed by the Sections’ officers and has been unanimously
approved by the Board of Directors.

The Constitutional changes proposed are included in one group which must be accepted or rejected in full.



This is necessary because they are interdependent and partial acceptance could result only in an impracticable situation.

Each proposed change is explained in detail.

SPECIFICATION OF PROPOSED CONSTITUTIONAL AMENDMENTS
Article V, Section 1

The present Article V, Section 1, is shown below at the left. It may be noted that the specified Board of Directors
consists of 21 persons. Under the Regional-Representation Plan the number of Regional Directors may become as high
as 12 or more. Added to the present total of 21 this would make a total of 33 or more. A Board of Directors that large
is considered quite unnecessary and disadvantageous. With the new Regional Directors there would be no need for the
present number of elected and appointed Directors. It is therefore proposed to reduce the number of elected Directors-
at-Large from 9 to 6, reduce the number of appointed Directors from 5 to 3, and include the Regional Directors in a

modified Article V, Section 1, as shown below at the right.

Present Pro posed

The governing body of the Institute shall be the Board The governing body of the Institute shall be the Board
of Directors and shall consist of the President, Vice-

President, Secretary, Treasurer, Editor, six Directors
elected-at-large, three appointed Directors, one Regional
Directors, five appointed Directors, and the two most Director elected by each Region, and the two most recent

recent past Presidents. past Presidents.

of Directors and shall consist of the President, Vice-

President, Secretary, Treasurer, Editor, nine elected

Article V, Sections 2 and 3

The present Article V, Sections 2 and 3, are shown below at the left. It is desirable to specify the term of the
Regional Directors with the terms of the other Directors. It is proposed to do so in this change but to include also cer-
tain improvements in these Sections.

It is proposed to confine Section 2 to a specification of the Corporate Officers of the Institute. As now written this
Section incorrectly classifies Directors as Officers. Directors are not Corporate Officers unless elected or appointed to a
Corporate Office.

It is proposed to include in Section 3 the specification of the terms of all Corporate Officers and the Directors.

The proposed Sections 2 and 3 are shown below at the right.

Present Proposed
Sec. 2—The Corporate Officers of the Institute shall be

Sec. 2—Except for the elected Directors, the terms of all : : :
the President, Vice-President, Secretary, Treasurer, and

Officers shall be for one year each.

Editor.
Present Proposed
Sec. 3—The terms of the elected Directors shall be for Sec. 3—The terms of office for Directors elected-at-large
three years each. shall be for three years, for appointed Directors one year,

for Regional Directors two years, and for all officers one
year, except as provided in Article VII, Section 1.

Article V, Section 6

A new section is proposed for Article V in which there would be a definition and specification creating the new
office of Regional Director. The proposed Section 6 is shown below. In determining the grouping of the Sections, to form
Regions, the Board of Directors will solicit and give full consideration to the recommendations of the Sections. Any
problems which arise will be carefully studied and solved insofar as possible through consultation with the leaders of the

Sections concerned.



Proposed

Sec. 6—The United States and Canada, and other areas at
the discretion of the Board of Directors, shall be divided
into Regions, which shall be specified in the Bylaws. The

Board of Directors and be designated a Regional Di-
changes in the number of Regions, as it deems desirable,

and number the Regions with consecutive numbers. The
voting members of each Region shall elect one repre-
sentative who shall thereby become a member of the
Board of Directors and be designated a Regional Di-
rector.

Article VI, Section 2

The present Board of Directors includes 21 persons and Article IV, Section 2, shown below at the left, specifies
that six members are necessary to constitute a quorum. Under the Regional-Representation plan the number of Directors
would be increased. It is proposed to increase correspondingly from six to eight the number of members required to
constitute a quorum. The proposed Section 2, as modified, is shown below at the right.

Present

The Board of Directors shall manage the affairs of the
Institute. An annual report shall be made to the members
on the activities and finances of the Institute.

Six members of the Board of Directors shall constitute a
quorum.

Pro posed

The Board of Directors shall manage the affairs of the
Institute. An annual report shall be made to the members
on the activities and finances of the Institute.

Eight members of the Board of Directors shall constitute
a quorum.

Article VII

The heading of Article VII is unnecessarily long and does not include any reference to Regional Directors which
are referred to in the proposed modifications of its Sections. The present heading is shown below at the left and a proposed

new and simplified heading is shown below at the right.

Present

NOMINATION AND ELECTION OF PRESIDENT, VICE-
PRESIDENT, AND THREE DIRECTORS, AND APPOINT-
MENT OF SECRETARY, TREASURER, EDITOR,
AND FIVE DIRECTORS

Prop osed

NOMINATION, ELECTION, AND APPOINTMENT OF
OFFICERS AND DIRECTORS

Article VII, Section 1, Paragraph 1

Under the Regional-Representation Plan, each Regional Committee would notify the Board of Directors of its
choice of qualified candidates for Regional Director. The Board would then notify the members of the respective Regions
concerning those candidates and entertain nominations by petition. It is proposed to add to Section 1, Paragraph 1,
provisions for the Board to function for the Regions in the manner described. The present Section 1, Paragraph 1, is

shown below at the left and the proposed modified Section 1, Paragraph 1 is shown below at the right.

Present

On or before July first of each year, the Board of
Directors shall submit to qualified voters a list of nomi-
nations containing at least one name each for the office
of President and Vice-President and at least six names
for the office of elected Director and shall call for
nominations by petition.

Proposed

On or before July first of each year, the Board of
Directors shall submit to qualified voters a list of nomi-
nations containing at least one name each for the office
of President and Vice-President, at least four names for
the office of Director elected-at-large, the names of all
nominees for the office of Regional Director, and shall
entertain nominations by petition for all of the offices
specified.



Article VII, Section 1, Paragraph 2

The Board wishes to provide that candidates for the office of Regional Director may be nominated by petition.

Only members living in a Region are qualified to vote for a Regional Director for that Region. It is necessary to insure

that only such qualified resident voting members are also qualified to sign nominating petitions for their Region. It is

proposed to accomplish this by modifying Section 1, Paragraph 2, as follows.

Present

Nominations by petition may be made by letter to the
Board of Directors setting forth the name of the pro-
posed candidate and the office for which it is desired he
be nominated. For acceptance a letter of petition must
reach the executive office before twelve o’clock noon on
the last weekday prior to August fifteenth of any year
and shall be signed by at least thirty-five voting members.

Pro posed

Nominations by petition may be made by letter to the
Board of Directors setting forth the name of the pro-
posed candidate and the office for which it is desired
he be nominated. For acceptance a letter of petition must
reach the executive office before twelve o’clock noon on
the last weekday prior to August fifteenth of any year
and shall be signed by at least thirty-five voting members
qualified to vote for the office of the candidate nomi-
nated.

Article VII, Section 1, Paragraph 4

Article VII, Section 1, Paragraph 4, specifies that the Board shall submit ballots to all voting members for the
election of the President, Vice-President, and elected Directors. It is proposed to modify this paragraph to include bailots
to the qualified voting members of each Region by which they could vote for their candidates for Regional Director.
The present Section 1, Paragraph 4, is shown below at the left and the proposed modified Section 1, Paragraph 4, is shown

below at the right.

Present

On or before September first, the Board of Directors
shall submit to the voting members as of August
fifteenth, a list of nominees for the offices of President,
Vice-President, and elected Director, the names of the
nominees for each office being arranged in alphabetical
order. The ballots shall carry a statement to the effect
that the order of the names is alphabetical for conven-
ience only and indicates no preference.

Proposed

On or before September first, the Board of Directors
shall submit to all voting members as of August fifteenth,
a list of nominees for the office of President, Vice-
President, and Director elected-at-large, and shall sub-
mit to all such voting members of each Region a list of
their nominees for the office of Regional Director, the
names of the nominees for each office being arranged in
alphabetical order. The ballots shall carry a statement to
the effect that the order of the names is alphabetical for
convenience only and indicates no preference.

Article VII, Section 1, Paragraph 5

Under the present Constitution there are nine elected Directors each of whom has a three-year term. These
elections are staggered so that only three Directors are elected each year. Under the Regional-Representation plan it is
proposed to reduce the number of Directors elected-at-large from nine to six and elect only two per year. Section 1,
Paragraph 5, would have to be modified to be consistent with this change and would have to be modified further to

include provisions for Regional Directors. The present Section 1, Paragraph 5, is shown below at the left and the

proposed modified Section 1, Paragraph 5 is shown below at the right.

Present

Voting members shall vote for the candidates whose
names appear on the list of nominees by written ballots
in plain sealed envelopes, enclosed within mailing enve-
lopes marked “Ballot”” and bearing the member’s written

Pro posed

Voting members shall vote for the candidates whose
names appear on the list of nominees, by written ballots
in plain sealed envelopes, enclosed within mailing enve-
lopes marked “Ballot” and bearing the member’s written



signature. No ballots within unsigned outer envelopes
shall be counted. No votes by proxy shall be counted.
Only ballots arriving at the executive office before twelve
o'clock noon on the last weekday prior to October
twenty-fifth shall be counted. Ballots shall be checked,
opened, and counted under the supervision of the Tellers
Committee between October twenty-fifth and the first
Wednesday in November. The result of the count shall
be reported to the Board of Directors at its first meeting
in November and the nominees for President and Vice-
President and the three nominees for Director receiving
the greatest number of votes shall be declared elected.
In the event of a tie vote the Board shall choose between
the nominees involved.

signature. No ballots within unsigned outer envelopes
shall be counted. No votes by proxy shall be counted.
Only ballots arriving at the executive office before twelve
o'clock noon on the last weekday prior to October
twenty-fifth shall be counted. Ballots shall be checked,
opened, and counted under the supervision of the Tellers
Committee between October twenty-fifth and the first
Wednesday in November. The result of the count shall
be reported to the Board of Directors at its first meeting
in November and the nominees for President and Vice-
President, the two nominees for Director elected-at-large,
and the nominees for each office of Regional Director
receiving the greatest number of qualified votes shall be
declared elected. In the event of a tie vote the Board shall
choose between the nominees involved.

Article VII, Section 1, Paragraph 6

It is proposed to add a new paragraph to Section 1 to accomplish the following:

a. Safeguard the requirements for nominees and qualified voters for Regional Director.

b. Stagger election years among the Regions to insure an adequate number of continuing Board members.

c. Adjust initial terms of Regional Directors to place the staggered election plan into operation.

d. Assure full terms for Regional Directors, despite changes which might be made by the Board in the status of a

Region.

e. Provide for appointments to fill Regional-Director vacancies.
f. Specify that the organization and procedure of the Regional Committees shall be specified in the Bylaws as

required.

The proposed new Article VII, Section 1, Paragraph 6 is shown below.
Proposed

Nominees for the office of Regional Director shall be
members of and live in the Regions which nominate
them. They shall be elected by the voting members of
the Institute in the Region. The Regional Directors from
even- and odd-numbered Regions shall be chosen by the
Regions in even- and odd-numbered years, respectively.

In placing the Regional-Representation Plan into opera-.

tion, or when new Regions are established, or when
changes are made in Regions, candidates for the office
of Regional Director may be nominated and elected for
one-year terms as required to ensure representation
during the period preceding their normal election years.

No Regional Director shall have his term shortened by
changes in Regions. Each Region shall have a Regional
Committee whose duties shall include making at least
one nomination for Regional Director from its Region
during election years. In the event a Regional Director
dies, is unable to serve, or is disqualified by removal
from the Region, the Regional Committee shall appoint
a Regional Director for the unexpired portion of the
term. The organization and procedure of the Regional
Committees for nominating candidates for Regional
Director shall be defined in the Bylaws.

Article VII, Section 2
The proposed reduction of the number of appointed Directors from five to three requires a modification of
Section 2. The present Section is shown below at the left and the proposed modified section is shown below at the right.

Present

The five appointed Directors, Secretary, Treasurer, and
Editor shall be appointed by the Board of Directors at
its annual meeting to serve until the next annual meeting.

Proposed

The three appointed Directors, Secretary, Treasurer, and
Editor shall be appointed by the Board of Directors at
its annual meeting to serve until the next annual meeting
or until their successors are appointed and accept.

All proposed changes in Article V, Sections 1, 2, 3 and 6, Article VI, Section 2, and Article VII, Sections 1 and 2,
comprise the constitutional provisions for the Regional-Representation Plan. Vote for or against the plan in the spaces

provided on the ballot.



ALCO has been awarded
forthe fifth time the
Ariy-Navy “ E'" Award
for continued excellence
in quantity and quality

of essential warproduction,

X

MANY of the brilliant advances in electronics made during the war, including
extensive use of ALSIMAG Steatite Ceramics in radio, radar, communications,

controls and high frequency heating, will be carried forward into peace-time pro-
ducts of quality.
Of prime importance to the efficiency and stability of high Ifrequency circuits is
insulation whose composition and strength is master of both power and heat.
Permanent in their hardnoess, strength and rigidity, ALSIMAG Steatite Ceramic
Insulators are not subject to distortion, warping or shrinking.

Exceptionally Low Loss Factor, High Dielectric

Quality to Highest
Known Standards

Large Production
Faéilities

Research and
Engineering
Collaboration

Strength and High Resistiviry.
Let ps prove that ALSIMAG will meet your re- -
quirements:

1Wars sany meGHYONIGRU. 3, PATINT OORCE

AMERICAN LAVA CORPORATION

Chattanooga 5, Tennessoe C E RAM' C s

43R0 YFAR OF CERAMIC LEZADERSHIP
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EERELLS

® Outstanding production equipment in the hands of Aerovox
craftsmen, accounts for these veritable capacitor dreadnaughts.
In exacting services such as radio transmitters, heavy-duty
electronic equipment, and in the electric power field, these
units have won citation after citation for exceptional rugged-
ness.

Such ruggedness stems from the Aerovox winding facilities
second to none. Special winding machines insure that the
multi-layered sections are uniformly and accurately wound
under critically-controlled tension. Also, a system of impreg-
nation tanks, pumps and control equipment guarantees the
necessary drying after vacuum impregnation that is positively
unexcelled by any impregnation process anywhere.

Hermetically-sealed welded steel containers; heavy-duty
porcelain insulators; cork gaskets and pressure sealing; non-
ferrous metal hardware; silver-soldered joints; sturdy mount-
ing means—these are the externals of these capacitor dread-

® Interested? naughts. Standard listings of Type 20 up to 50,000 v. D.C.W.
Write for detailed literature. Capacitances from 0.1 to 10 mfd.

~~7 . e Y
s B //’Mﬁ'f / j
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. ~ab®

INDIVIDUALLY TESTED

SALES OFFICES !N ALL PRINCIPAL CITIES
In Canada: AEROVOX CANADA LTD., HamiLvon, ONT.
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REMOVABLE
R. F. HEADS

All radio frequency cir-
cuits are included in
the 2—20 Mc. R.F. head
shown above. All con-
nections to the trans-
mitter cabinet are by
means of plugs and
receptacles.
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A medium power traosmute,, demgne. particularly fer %etomaf‘m-

cal servxtc Eq.lafly adaptable -to otker fixed sew’ces Cheé; these @g

* Four transmmmg channels, in ihc folbwmg freque:q nngcs’ X
125525 K¢ Low Frequency -
2— 20 Mc. High Frequency. = L=z
100160 Mc: Very High Frequency. ==
Other frequencies by special o=zder. =

s Simultzneoas channel operation, in fcllcwing marinam zombmatlons
3 Channpels telegraph. ; =
2 Chaanels telephone. . - &
1 Channel welephone, 2 Chananels tele;aah.
+ Complete remote control by = smgle tifephone ;)::r per operstor

* 400 Watt - plas carrier powet -

jih
il

* Low first cos. Removable radio frequcsc; headc zre your pro_ecucn
against frequency obsolesen(e

= _§—= i

% Reliability b:cked by two yf:srs of momeermv rcsearch one sear of
actual field: cperation.

= -

% Available with all-steel, or woed pre-fabricated wransmiter hou com-
plete with*pdmzry power, anténaa, and veatilation ﬁxungs* EUDA

* Not a post-wa:plan,” but a field-tested eransmiteer 20w 0 prcdncuon

An ilq.nry on your le"enead omu:rvg your reqummei’s
will bnng xou complere “dota.

- WILCOX ELECTRIL COMPAHY INC.@

Manufacturers of RaZio Equupmen*

« Fourteenth and Chesinut Kansas City, Ml‘_s’sougi /3
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..1n miniature

The old, slow motion

belt driven fan was of ques-

tionable value as a breeze maker.

Perhaps its best service was that of chasing flies
with fluttering streamers. Then came the modern
high speed electric fan. Like the miniature elec-
tronic tube, it is an outstanding example of the cur-
rent trend toward increased efficiency in miniature.
TUNG-SOL Miniature Tubes are a part of the
trend to smaller component parts. They are a factor
in reducing the over-all size of equipment. Shorter
leads with low inductance, and low capacity with
high mutual conductance make the miniature tube
ideal for high frequency circuits. The smaller ele-
ments weigh less, tending to reduce the effects of
vibration. The smaller size also makes possible a
TUNG-SOL

LAMP WORKS

Sales Offices: Atlanta = Chicago + Dallas

INC.,
Denver « Detroit * los Angeles « New York

more rigid construction. This reduces
the possibilities of element distortion.

To aid in the creation of new elec-

tronic equipment and in the improve-
ment of old, TUNG-SOL engineers

will draw upon their experience and

ACTUAL SIZE

work with manufacturers in the designing of cir-
cuits and in the selection of tubes. Of course your

plans will be held in strictest confidence.

TUNG-SOL

vebraleor - dosted
ELECTRONIC TUBESS

NEWARK 4, NEW JERSEY

Also Manufacturers of Miniature Incandescent Lamps, All-Glass Sealed Beam Headlight Lamps and Current Intermittors
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hallicrafters ranio

THE HALLICRAFTERS CO., AGENT FOR RFC UNDER CONTRACT SIA-3-24
MANUFACTURERS OF RADIO AND ELECTRONIC EQUIPMENT

THESE VALUABLE ITEMS Auaclalile Vow

or very soon. Write, wire or phone for further in-
formation ¢ head phones ¢ test equipment ¢ com-
ponent parts ¢ marine transmitters and receivers ¢
code practice equipment ¢ sound detecting equip-
ment o vehicular operation police and command sets
¢ radio beacons and airborne landing equipment.

CLIP THIS COUPON NOW

RFC DEPARTMENT 407, HALLICRAFTERS

5025 West 65th Street ® Chicogo 38, Hlinois

[ Send further details on merchandise described
above

[ Send listings of other availablz items

Especially interested in

ADDRESS ...




TELETRONS

: 17 It's all in the tube when dealing with direct-viewing tele-
WHY DIRECT-VIEWING TELEVISION RECEPTION® 'vision reception. The imagg is viewed direcigly as
scanned. No mirrors or lenses; no dust or dirt to dim the
Becawde . - - image; no realignments ever required. The complete de-
il . vice for image reproduction is permanently set and sealed

' e Excellent pictorial resolution due to minimum SpoO at the plant.
§2 o size- e DuMon! has led in the development and production of
e Higher brilliance and better conirast range foEiEe large-image cathode-ray tubes fof television P()Telexrons) in

pictures.

. all sizes and types.
e Wide-angle viewing, accommodating the largest yp

3 ‘or given screen size DuMont Teletrons make direct-viewing practical, logical,
audience 10 -

and truly economical.
o Lower acceleraling voltage, which means less cost- y o) al

L ]
1y receiver power supply.

e Simplicity of the focusing system. gince it is en-

# Interested? Our engineers are ready to col-
tirely electronic.

laborate in fitting the right Teletron to your par-

Longer lube life and therefore lower operating cost. ticular problem. Technical data on request.
e lo ar

e Previous objections to curvature of face have been

: tially flat-faced bulbs.
overcome by design of essentially 3 Remember, DuMONT also makes other types
‘e DuMont offers the larger image tubes ::: Re of cathode-ray tubes, oscillographs, television
screen sizes and the greatest recelyer Vaiie: receivers and television transmitting equip-
ment.
‘REGY TRADE-MARK

© ALLEN B. DUMONT LABORATORIES. ING;

1 & [elovipen

u. s. A,

INC., PASSAIC, NEW JERSEY ¢ CABLE ADDRESS: ALBEEDUY, PASSAIC, N. J,

“w

I A e g, 3
> o . ? . e N N S St Sy
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For the NEW YEAR...Good Judgment says...STANDARDIZE on

sRAMICg
STupakort ©

IMPROVED PRODUCTS. Many products require correctly en-
gineered ceramic parts of highest quality for satisfactory performance and
long service life. Stupakoff has the skill, experience and ability to produce

such parts, thus helping you improve your products.

FASTER ASSEMBLY. The dimensional accuracy and sturdy struc-
ture of Stupakoff Ceramic parts help speed your fabrication processes.
They fit exactly into the space provided for them, and provide correct

spacing for parts assembled to them.

GREATER SATISFACTION. You will find fewer rejects, and
greater overall quality and satisfaction when you standardize on

STUPAKOFF CERAMICS!

producfs for

’
-

(]
Exporr Deportment 13 E. 30th Streer :

New York i6 H.Y LATROBE, PENNSYLVANIA
Cob/@‘Addre,‘ ARLAB ull codes
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Clocks with tiny crystal hearts

that beat 100,000 times a second

CrystAL HEARTS beat time in Bell Tele-
phone Laboratories, and serve as stand-
ards in its electronics research. Four
crystal clocks, without pendulums or
escapements, throb their successive
cycles without varying by as much as a
second a year.

Precise time measurements may seem
a far cry from Bell System telephone
research, but time is a measure of
frequency, and frequency is the foun-
dation of modern communication,
whether by land lines, cable, or radio.

These clocks are electronic devices
developed by Bell Laboratories, and
refined over years of rescarch. Their
energy is supplied through vacuum
tubes, but the accurate timing, the con-
trolling heart of the clock, is provided
by a quartz crystal plate about the size
of a postage stamp.

These crystal plates vibrate 100,000
times a second, but their contraction
and expansion is submicroscopically
small—less than a hundred-thousandth
of an inch. They are in sealed boxes

to avoid any variation in atmospheric
pressure, and their temperatures are
controlled to a limit as small as a
hundredth of a degree.

Bell Laboratories was one of the first
to explore the possibilities of quartz in
electrical communication, and its re-
searches over many years enabled it to
meet the need for precise crystals when
war came. The same character of re-
search is helping to bring ever better
and more economical telephone service
to the American people.

BELL TELEPHONE LABORATORIES Exploring and inventing, devising and

perfecting for continved improvements and economies in telephone service.



BUILT IN TWO PARTs’g

ke Two basic parts—a coil assembly

and a contact assembly—com-
prise this simple, yet versatile relay.
The coil assembly consists of the coil
and field piece. The contact assembly
consists of switch blades, armature, re-
turn spring, and mounting bracket. The
coil and contact assembly are easily
aligned by two locator pins on the back
end of the contact assembly which fit
into two holes on the coil assembly.
They are then rigidly held together
with the two screws and lock washers.
Asgsembly takes only a few seconds
and requires no adjustment on factory
built units.

On Sale at Your

A. C. Coil Assemblies available
for 6 v., 12 v., 24 v, 1I5 v.
D. C. Coil Assemblies available
for 6 v., 12 v.,, 24 v, 32 v, 110 v.

Contact Assemblies
Single pole double throw
Double pole double throw

NOW!

Series 200 Relay

nearest jobber

See it today! . . . this amazing new relay with interchange-
able colls. See how you can operate it on any of nine dif-
ferent a-c or d-c voltages—simply by changing the coil. Ideal

Proceedings of the I.R.E.

for experimenters, inventors, engineers.

TWO CONTACT
ASSEMBLIES

The Series 200 is available with
a single pole double throw, or a
doubdle pole double throw contact
assembly. In addition, a set of
Series 200 Contact Switch Parts,
which you can buy separately,
enables you to bunild dozens of
other combinations. Instructions
in each box.

NINE COIL
ASSEMBLIES

Four a- ¢ coils and five d- c coils
are available. Interchangeability
of coils enables you to operate
the Series 200 relay on one
voltage or current and change
it over to operate on anothe: type
simply by changing coils.

Your jobber has this sensational new relay on sale now.
Ask him about it. Or write for descriptive bulletin.

GUARDIAN

1628 A W. WALNUT STREET

Anew RELAYI' cvanoian B8
o DeZrckengeadtt ol B8,

ELECTRIC

CHICAGO 12, ILLINOQIS

A COMPLETE LINE OF RELAYS SERVING AMERICAN INDUSTRY

January, 1946
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REVERE FREE-CUTTING COPPER ROD
... INCREASES ELECTRONIC PRODUCTION

INCE its recent introduction, Revere Free- closer tolerances znd much smoother finish.
S Cutting Copper has decisively proved Thus production _s increased, costs are cut,
its great value for the precision manufacture rejects lessened. The material’s one impor-
of copper parts. Uses include certain tube  tant limitaton is that it does not make a
elements requiring both great dimensional vacuum-tight seal with glass. In all other
precision, and exceptional finish. It is also electronic zpplicctions this special-quality
being used for switch gear, high-capacity material offers 3zreat advantages. Write
plug connectors and in similar applications Revere for details.
requiring copper to be machined with great

accuracy and smoothness. This copper may
also be cold-upset to a considerable defor-

mation, and may be hot forged.

Revere Free.Curting Copper. is oxygen.  COPPER AND BRASS INCORPORATED

free, high conductivity, and contains a small Founded by Panl Revere in 1801

: : : Executive Off.ces: 230 Park Avenue
amount of tellurium, which, plus special New vork 17, N. Y.

processing in the Revere mills, greatly in- st Bultimore, Md.; Chicago, 11L; Detroit, Mich,; New

8 e ] Bedford, Mass.; Rome, N. Y. —Sales Offices in principal cities,
creases machining speeds, makes possible g iiriutors everyihere )

NVl

;[/:S’fé/f to Exploring the Unknownon the Mutual Network every Sunday evening, 9to 9:30 p.m., EST.
NN

CUSTOMERS REPORT:

“This material seems to machine much better than our pre-
vious hard copper bar; it cuts off smoothly, takes a very
nice thread. and does not clog the die.” (Electrical parts.)

“Increased feed from 1-1/2" to 6" per minute and do
five at one time instead of two.”” (Switch parts.)

“Spindle speed increased from 924 to 1161 RPM and
feed from .0065" to .0105" per spindle revolution. This
resulted in a decrease in the time required to produce the
part from .0063 hours (0 .0036 hours. Material was capable
of faster machine speeds but machine was turning over at
its maximum. Chips cleared tools freely, operator did not
have to remove by hand.” (Disconnect studs.)
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Fre-war pioneers, the HY75, HY114B, and
HY615 offered new conceptions of low-cost effi-
ciency on the very high frequencies. Radio ama-
teurs: who did so much to open up these frequen-
cies, piled up innumerable long distance trans-
mitting and receiving records with the tubes.
The HY75 and HY615 powered wartime WERS
nets of amateurs almost exclusively

A.RR.L. and Radio handbooks have always
been lavish in using the HY75, HY114B, and
HY615 in equipment they described. The Abbott
TR-4 transmitter-receiver contributed much to
the fame of the HY75 and HY615. Maximum
ratings up to 300 mc. (efficient circuit design
permits even higher frequencies) spell continued
popularity on the new ‘“‘ham’’ bands.

Popularity of this famous trio has not been
confined to amateur circles. In all important war
labcratories, the tubes were widely used. During
many invasion thrusts in the Pacific, the HY75
and HY615 gave the Navy dependable intership
communications. The HY75 design led to the

Hytron 2C26A _rf. pulse output tube of IFF
(identification friend or foe), standard Army and
Navy equipment for planes in combat ateas.
Developed from the HY615, the Hytron E1148
was in practically every British vehicular trans-
mitter. The HY114B found its place in radar test
equipment.

Wherever real power output from small tri-
odes is required on v-h-f, the HY75, HY114B,
and HY615 still are your best choice. They fill a
gap between “acorns” and miniatures which have
limited power capabilities and larger triodes which
cost much more. Brief data can give but a thumb-
nail sketch. You can best appreciate their
superioritx by putting the HY75, HY114B, and

HY615 to work in your sockets.

OLDEST MANUFACTURER SPECIALIZING IN RADIO RECEIVING TUBES

HYTRON V-H-F TRIODES

The HY75, HY114B, and HY615 are v-h-f triodes particu-
larly suited as r.f. oscillator-amplifiers and as high sensi-
tivity superregenerative detectors for fixed, mobile, or
portable receivers, transmitters, transceivers, or trans-
mitter-receivers. All three tubes feature short connection
leads, low interelectrode capacitances, plate and grid con-
nections to twin top caps, convenient octal bases, and a
maximum operating frequency of 300 mc. for full plate
input. Note in the HY75: low-loss lava insulation, rigidly
supporting—for maximum resistance to shock and vibra-
tion—the graphite anode, vertical-bar grid, and instant-
heating helically-coiled filament. The tiny HY114B and
HY615 are capable respectively of 1.4 and 4 watts Class C
output. The 1.4-volt filament of the HY114B makes it ideal
for battery-operated portables.

CHARACTERISTIC HY75 HY114B HY615
Filament Potential (volts) 6.3 1.4 6.3
Filament Current (amps.) 2.6 0.155 0.175
Type of Filament Thor. Oxide Cath.
Plate Potential (max. volts) 450 180 300
Plate Current (max. ma.) 80 12 20
Plate Dissipation (max. watts) 15 1.8 3.5
Grid-to-Plate Cap. (mmfd.) 3.8 1.3 1.6
Grid-to-Cathode Cap. (mmfd.) 1.6 1 1.4
Plate-to-Cathode Cap. {(mmfd.) 0.6 1 1.2
Max. Operating Frequency (mc.) 300 300 300
Maximtum Height (inches) 3% 2V 234
Maximum Diameter (inches) 146 134 134
Class C Power Output (watts) 21 1.4 4

O TuBL

VMADIO ANMD ELECTROWNICS cone,

MAIN OFFICE: SALEM, MASSACHUSETTS
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: ; ; b ¢ 5 without no@g&x y
Try — then compare, and you'll agree that this

professional receiver is an outstanding value. It is

A

Fge‘quasn:y built by craftsmen who specialize in communication
Megacycles equipment. The HQ-129-X has endless improvements
which are fully described in an eight-page booklet ..
Write today for complete technical information. !
oN OF 4

ot AN IMARININ IO}

il B & THE HAMMARLUND MFG. CO., INC., 460 W. 34T ST. NEW YORK 1, N.Y.
¥ MANUFACTURERS OF PRECIS_ION COMMUNICATIONS EQUIPMENT
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RAPID COMPRESSION

FLAT COMPRESSION
CHARACTERISTICS

FAST COMPRESSION
RELEASE

LOW DISTORTION

LOW NOISE LEVEL
FREQUENCY RESPONSE
AMPLIFICATION

Standard 19 Inch Rack Mounting

Op.erates from 110/115 volts, 50/60 cycles AC

PRESS WIRELESS. nc

GOMPRESSOR AMPLIFIERS

COMPRESSOR AMPLIFEER
! Wi L NG ¥ Ve

COMPRESSION INDICATOR

ATOR
QUTPUT ATTRNUATO
INPUT BTTENUATOR ¥ 2%

Compressor Amplifier E-165

BY PRESS WIRELESS

Less than 0.5 millisecond

Output rises only 2.5 db for 20 db input abave compression
threshold

250 and 750 milliseconds

%% or less below compression threshold
Less than 1%% with 15 db compression

60 db below output level at compression threshold
Within =1 db from 50-J0,000 cps. p
45 db

OPPORTUNITIES

Opportunities in present &
postwar work for Senior
and Junior Graduate Engi-
neers.

Phone, call or write, stating

Send for free data sheet . :
experience, education, etc.

Personnel Department,
Manvtacturing Division,

PRESS WIRELESS, INC.
1475 Broadway
N.Y.C.-18

Executive and Sales Office; 1475.BROADWAY, NEW YORK 18

\ e
Wiyt
. Y\ Aworded 10
PARIS - NEW YORK - CHICAGO - LOS ANGELES - LONDON - HAVANA €wr Hicksvilte,
L L plcnt for outstanding

duetion.

RIO DE JANIERO - MONTEVIDED - MANILLA - BERNE - SANTIAGO DE CHILE  ochieveners in wor pro-
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CML serves with ideas . . . with engineer-
ing ability . . . with the kind of foresight that
develops equipment to meet tomorrow's experi-
mental and production needs. Just as CML units made

their efficiency felt in wartime needs, so will they con-

tribute to the requirements of this fast-moving industry's

peacetime future. BULLETINS ;A\VAILABLE.

CML will be at the convention with a cordial wel-

come to all visiting [.R.E. members.

COMMUNICATION MEASUREMENTS LABORATORY

120 GREENWICH STREET, NEW YORK 6, .
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STUDIO EQUIPMENT - FM TRANSMITTERS - ANTENNAS AND TOWERS

With production now under way,
Federal will deliver 1 and 3 KW FM
Transmitters early in 1946...delivery
of the 10 and 50 KW following shortly
thereafter . . . featuring the latest in
design, circuits, tubes and technique
for unsurpassed operations in the new
88-108 me. band.

Available with these transmitters will
be complete associated equipment —
from microphone to antenna — entire
FM Broadcasting Systems. .. supplied
by one experienced and dependable

January, 1946

source—Federal...for more than three
decades a leading contributor to radio
progress.

Federal engineers are ready to consult
with you...help plan every step of your
installation...and then stay with the job
until your station is in completely
satisfactory operation. And Federal
assumes full responsibility for the per-
formance of its equipment.

Call in Federal now. .. be among the
first on the air with the finest in FM
Broadcasting.

Write for brochure
«“Complete FM.. by
Federal” descriptive
of Federal’s com-
plete FM Radio
Broadcast Eqnip-
ment from micro-
phoone to antenna.

Newark 1, N. .




*

e 2

', P
S e
. T

APTAIN HORACE L. HALL, U.S. Merchant Marine,
C retired, at his home in Springfield, L.I., N.Y., made
daily recordings of transmissions from Australia, for
more than four years, missing but four days. The appar-
ently harmless news broadcasts kept the Australian
Government in New York and Washington informed of
every phase of the progress of the war, by a pre-
arranged code.

The National HRO, used for this remarkable accom-
plishment is the first ever to have been shipped into the

New York area and is over ten years old.

NATIONAL COMPANY INC., MALDEN, MASS.

Proceedings of the I.R.E. Jansuary, 1946
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MICA CERAMIC INSULATION
SPECIFICATIONS

TO YOUR

Holds to Tolerances up to +.001”

In part after part, and in any quantity,
Mykroy molds and holds to critical toler-
ances. In this, the only ceramic which can
be molded under heat and pressure to such
close tolerances, are combined many other
highly desirable properties that distinguish
Mykroy from all other types of insulating
materials.

Unique in the class of glass-bonded mica
ceramics, Mykroy possesses electrical char-
acteristics of the highest order which do
not shift under any conditions short of
actual destruction of the material itself.
Furthermore it will not warp~is imper-

70 CLIFTON BLVD., CLIFTON, N. J

vious to gas, oil and water—withstands
heat up to 1000° F and will not char or
carbonize.

Its mechanical strength is comparable to
cast iron and because it bonds firmly to
metals it is particularly suited to. molding
parts with metal inserts. Even where price y
is a factor it competes with many stand-
ard insulating materials of lower electrical
properties.

For improved performance and better
quality in your new products investigate
the many advantages of Mykroy. Write
for samples and full information.

MADE EXCLUSIVELY BY

C
l[CfpoN, HAN,I:E

CHICAGO 47; 1917 N. Springfield Ave., Tel. Albany 4310
EXPORT OFFICE: 89 Broad Street, New York 4, New York
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The HK-257B beam pentode, originated by Heintz and Kaufman
engincers, facilitates the design, construction, and operation of
multi-band transmitters since it requires very little driving power
and no neutralization.

The wiring diagram below shows a transmitter capable of
operating on all amateur bands from 10 to 160 meters. A single
6V6 metal tube in the oscillator circuit drives the r.f. amplifier
to its full output. The precise internal shiclding of the HK-257B
makes neutralization unnecessary.

Write today for complete data on the 257B Gammatron, a
versatile tube capable of very high frequency operation.

HEINTZ ano KAUFMAN u1p.

SOUTH SAN FRANCISCO =+ CALIFORNIA

Export Agents: M. Simon and Son Co., Inc.
25 Warren Street o New York City

KEEP IT UP...BUY WAR BONDS

/

% &i_'g/,{//{//// / 4

y MAX. PLATE
DISSIPATION
75 WATTS

6V6
Ee A
SlOX =
20
5:: a0a
160no 80 |60é ]’aok
P 1
Cq % '../
ANT. OR
TRANS. LINE |
[} (o} 3
+400 VOLTS  ~150 VOLTS SCREEN VOLTS PLATE VOLTS
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MYCALEX CORPORATION OF AMERICA

MAKES

REPORTS%Wf ; %&/ﬂ

Are you seeking a hermetic seal for transformer termi-
nals? Do you want a low loss, high frequency insulating
material that will bond to metal and give positive as-
surance against oil leakage and the damaging effects
of moisture?

Then read the United Transformer Corporation
report made after tests of MOLDED MYCALEX in con-
junction with Monel Metal in this application. The
results speak for themselves.

For 25 years MYCALEX has been known to engi-
neers the world over as the “most nearly perfect
high frequency low loss insulation.” Now, in highly
perfected form, MYCALEX offers new opportuni-
ties for product improvement.

Specify MYCALEX where low loss factor and

high dielectric strength are required. Ourengineers
are at your service.

“"Owners of ‘'MYCALEX’ Patents”’

Plant and General Offices, CLIFTON, N. J.
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Short Waves.Demand Small Dimensions

Consider these advantages of RCA Miniature
Tubes for high-frequency applications:

HIGH GAIN—Lower inter-electrade capacitances
and reduced lead inductance values improve
circuit performance.

Low Loss— The short, low-resistance element
leads serve as the contact pins: these, with the
glass button seal provide a low-loss base.

LESS SPACE—Small dimensions of tubes permit
closer spacing of components on a smaller
chassis.

PREFERRED TYPES — Mass production is concen-

TUBE DIVISION

HARRISON, N. J.

ACTUAL SIZE. RCA Leads the Way In
. ; Metal, Glass and Miniature Electron Tubes

IN TUBES, RCA miniatures ARE THE ANSWER

for FM—for Television—for HF Communications

trated on a few types that meet all normal de-
sign requirements, resulting in higher tube qual-
ity at lower prices.

RCA tube application engineers are ready to
consult with manufacturers on any problems,
concerning the use of electron tubes—metal,
miniature, or glass. For technical information
on RCA tubes, write RCA Commercial Engineer-
ing Department, Section D-18A, Radio Cor-
poration of America, Harrison, N. J.

THE FOUNTAIMHEAD OF MODERN TUBE
DEVELOPMENT IS RCA

Proceedings of the I.R.E.

RADIO CORPORATION of AMERICA

January, 1946



BOARD OF
DIRECTORS, 1945
William L. Everitt
President
Hendrik J. van der Bijl
Vice-President
Raymond A, Heising
Treasurer
Haraden Pratt
Secretary
Alfred N. Goldsmith .
Editor
Lynde P. Wheeler
Senior Past President

Proceedings

Published Monthly by

The Institute of Radio Engineers, Inc.

of the I‘R’E

Hubert M. Turner
Junior Past President
1943-1945

Wilmer L. Barrow
Frederick B. Llewellyn
Harold A. Wheeler

1944-1946

Raymond F. Guy
Lawrence C. F. Horle
William C. White

1945-1947

Stuart L. Bailey
Keith Henney
B. E. Shackelford

1945

E. Finley Carter
Lewis M. Clement
Ralph A. Hackbusch
Donald B. Sinclair
William O. Swinyard

Harold R. Zeamans
General Counsel

George W. Bailey
Executive Secrelary

William H. Crew
Assistant Secretary

BOARD OF EDITORS

Alfred N. Goldsmith
Editor

PAPERS COMMITTEE

Frederick B. Llewellyn
Chairman

PAPERS
PROCUREMENT
COMMITTEE

Dorman D. Israel
General Chairman

Edward T. Dickey
Vice General Chairman

January, 1946

VoLUME 34

NUMBER 1

1946. . . o Frederick B. Llewellyn

A New Method of Amplifying with High Efficiency a Carrier Wave Modulated

Advertising Index. . ... ... .

WAVEs AND ELECTRONS follows after page 46 P.

EDITORIAL DEPARTMENT
Ray D. Rettenmevyer

Helen M. Stote
Technical Editor

Publications Manager
Winifred Carriére
Assistant Editor
Lillian Petranek

William C. Copp
Assistant Advertising Manager

Advertising Manager

2P

in Amplitude by a Voice Wave.......... ... ......... Sidney T. Fisher 3P

The Transverse Electric Modes in Coaxial Cavities.............. .. .. ... .. ...
................................. Robert A. Kirkman and Morris Kline 14 P
Radio -Fequency Spectrum Analyzers. .. ... ........ ...... Everard M. Williams 18 P
Principal and Complementary Waves in Antennas. ............ S. A. Schelkunoff 23 P

Probe Error in Standing-Wave Detectors. ... ............ .. .. ...,
.......................... William Altar, P. B. Marshall, and I.. P. Hunter 33 P
Contributors to the PROCEEDINGS. . . .. ... ... . ... . . i 45 P
86 A

Statements made in papers are not binding on the Institute or its members.

Responsibility for the contents of papers published in the PROCEEDINGS rests upon the authors.

Changes of address (with advance notice of fifteen days) and communications regarding subscriptions and pay-

ments should be mailed to the Secretary of the Institute, at 450 Ahnaip St., Menasha, Wisconsin or 330 West 42nd
Street, New York 18, N. Y. All rights of republication, including translation into foreign languages. are reserved by
the Institute. Abstracts of papers, with mention of their source, may be printed. Requests for republication privileges
should be addressed to The Institute of Radio Engineers,

Copyright, 1946, by The Institute of Radio Engineers, Inc.

CITTTTN
AALDIT
‘: UREAU

or
Qyreuang




CRONE=T0O

1046

I. B. LLEWELLYN, PRESIDENT-ELECT—1946

OT surprising is the growth of the Institute of

Radio Enginecrs during the past few vears. The

part played by radio and electronics during the
war is, in itsclf, sufficient explanation. More important
than the effect of numbers, however, is the increased
attention by the public at large to the accomplishments
and also to the opinions of engineers. This is a situation
that places a very direct and important responsibility
both upon the engineer as an individual and upon the
technical and professional societies through which his
viewpoints are expressed.

Two doors are before us. The one discloses a future
where the enginecers are plodding along, solving the
technical problems as they appear, but taking no part
in their broad impact upon the civic and economic fac-
tors of the day. In some ways it is a comfortable setting,
but not an inspiring one, and the part of the engineer
is little more than that of a more or less intelligent
robot.

The other door opens on a much wider horizon, but
in this case the engineers arc assuming their whole
responsibilities, as true Sons of Martha, not only in
dealing with the strictly technical aspects of their
problems, but also in guiding the destiny and applica-
tion of their work. It is by no means a cloistered en-
vironment, but one where commercial, industrial, and
economic factors are prominent in the scene. The engi-
neer is required to deal with intangibles and with
human nature, where the problems are much more
difficult to solve than when confined to inanimate
matter.

Yet is there any question which door we should enter?
By training and temperament, engineers are capable of
providing leadership in broad fields and they should
recognize this responsibility. Engineers and scientists

who, together, formulate our technical advances, must
and should participate actively in their subsequent use
and application. Tt is the duty of every engineering
organization to promote that participation by every
means available.

Among the plans in this direction that have been
formulated during the past few years is a proposed re-
organization of our Board of Directors in a wav to ob-
tain a broader representation and to shift its adminis-
trative functions to the Executive Committee and the
Executive Secretary, clearing the way for a more com-
prchensive consideration of issues and general policy.

Another departure in the same direction is the in-
clusion of “\WavEs AND ELECTRONS” in our publications.
This is expected to provide an expanded medium for the
expression of engincering opinion on the social and
civic applications of technical progress and on the
function of engineers in carrying out those applications.

Of major importance also, are the plans for promoting
the interchange of ideas among specialists within re-
stricted fields, between specialists in different fields,
and finally between different engineering groups and
Societies. Under these categories come the sponsorship
of specialized conferences by the Technical Commit-
tees, the formation of a Speakers’ Bureau at the Head-
quarters office, and the promotion of co-operation with
other engineering Societies, both in the Sections and at
Headquarters.

These and other means are needed to carry the pro-
gram ahead, and the active participation of every engi-
neer is necessary for its accomplishment. With past per-
formance as an incentive, can there be any doubt of the
future? T wish that every engineer who can participate
in Institute activities would write to me or to the Insti-
tute office, with a statement of his special inclinations.

=D
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A New Method of Amplifying with High Efhciency a
Carrier Wave Modulated in Amplitude by a
Voice Wave”

SIDNEY T. FISHERY, SENIOR MEMBER, I.R.E.

Summary—This paper describes a new high-efficiency amplifier
circuit with a quantitative analysis of its operation. This circuit
operates by dividing the wave in several sections, amplifying each
section separately and recombining the sections in the output to
produce a larger wave of the original form. The circuit has special
application to controlled-carrier systems and relatively high efficien-
cies are obtained, the comparison with conventional arrangements
being most favorable at low modulation levels.

INTRODUCTION

YHE PROBLENI of a high-cfhciency lincar ampli-
fier is one with which radio engineers have been
concerned for 25 years. Power amplifiers for either

unmodulated or frequency-modulated carrier waves op-
erate with such high efficiency, of the order of 75 per
cent, that no considerable improvement is necessary. A
power amplifier for a carrier wave modulated in ampli-
tude by a speech wave still presents an outstanding
problem, and it is the purpose of this paper to develop a
general line of attack on the problem.

Several solutions have previously been offered. The
most wide-spread arrangement in use today is the class
C radio amplifier modulated at high level by a class B
audio amplifier. Other more complex arrangements in
less common usc are the Chireix “out-phasing modula-
tion” method, and the Doherty high-efficiency circuit.

TneE LINEAR-AMPLIFIER PROBLEM

When a wave containing amplitude modulation is to
be amplified, the amplification must be closely linear.
A conventional class B amplifier is linear, and when
operated continuously at its maximum capacity, such
an amplifier will have an efficiency of the order of 66 per
cent. An amplitude-modulated wave has a value on
peaks of modulation of twice the carrier value, so that
a class B lincar amplifier transmitting such a wave must
have a maximum capacity twice that of the carrier wave
unmodulated. Since, over any considerable period of
time a voice modulating wave has a very low average
value, we are not far wrong in considering the efficiency
of the circuit for the carrier wave alone as its actual
performance. The efficiency of the class B amplifier is
about proportional to the root-mean-square value of the
wave being transmitted by it, so that we have in conven-
tional lincar amplifiers intended for transmitting a car-
riecr wave amplitude-modulated by a speech wave, and

* Decimal classification: R 355.7. Original manuscript received
by the Institute, January 11, 1945; revised manuscript received, July
17, 1945.

"t E.T.
Canada.

Fisher's Sons, Ltd., Consulting Engineers, Montreal,
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where the modulation may reach 100 per cent, an aver-
age efficiency of only about 33 per cent. This means that,
@r every watt delivered to th¢ antenna, about two
watts of power is dissipated as heat at the anodes of the
output tul)cSD

Two disadvantages are immediately apparent: first,
the cost and difficulty of providing this relatively large
amount of direct-current power at high voltage are con-
siderable; and second, unduly large power-amplifier
tubes must be employed in order safely to disposc of
this amount of heat.

Aside from the question of efficiency of the power
amplifier for the conventional transmission method, an-
other factor should be considered. In an amplitude-
modulated system, three major components are con-
tained in the output wave: the carrier wave and two
sideband waves. The two sidchands are equal in power,
and together contain one half of the power contained in
the carrier wave, for continuous maximum modulation.
In other words, a radio transmitter with an unmodu-
lated carrier of 100 watts, at maximum modulation
transmits 150 watts, of which 25 watts is contained in
the lower sideband, and 25 watts in the upper sideband.
Telephonic speech may be assumed to have an average
vatue of about 20 per cent of the maximum value over
any considerable period of time. The total power in the
two sidebands is, therefore, for average telephonic
speech, not one half the power in the unmodulated car-
rier, but is given by the following expression :

Sideband power for telephonic speech 1 . 1 1

2 75t 500

Unmodulated carrier power

This means then that, for the 100-watt unmodulated
carrier, the average sideband power over some period
would be about 2 watts.

Since the intelligence is wholly contained in the side-
bands and not in the carrier, the real efficiency of such

.a system is scen to be surprisingly low. Suppressed-

carrier and controlled-carrier systems have been sug-
gested and put to use in a wide variety of applications
but have herctofore suftered from a rather fundamental
disadvantage. 1f, for example, the amplitude of the
carrier wave in a radio transmitter is adjusted by a
circuit operating from the envelope of the audio modu-
lating wave, so that for all values of the modulating
wave the percentage modulation is kept close to 10C per
cent, then in the conventional class B linear amplifier,
which isrequired to raise thiswave to a high power level,
the cfficiency will not be 33 per cent. Actually, it will be

3F
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very much less, because the average value of such a
wave will be much less over a period of time than the
average value of the wave in a conventional system,
which is very close to the unmodulated carrier wave.
If we again assume the average value of the telephonic
speech wave is about 20 per cent of the pcak value, then
in such a system we will have a carrier wave which has
an average value of 20 per cent of the maximum carrier
which the system will transmit, and this wave will there-
fore have 1/25 of thé power of the maximum carrier
rating.

Taking the case of the transmitter with 100-watt un-
modulated carrier, the control of the carrier wave to
maintain substantially complete modulation for all
values of the audio modulating wave will not affect the
peak rating which the power-amplifier stage must have,
and we incur the serious disadvantage that this output
stage will operate at an average power level of about
1/25 of its peak power rating. The over-all efficiency will
therefore be very low (of the order of a few per cent)
and the apparent advantage obtained by a controlled-
carrier system has largely been offset by the low effi-
ciency of the linear power amplifier which must be em-
ployed.

In the high-efficiency circuit of Doherty, linear ampli-
fication is obtained at an efficiency of around 60 per
cent, which is very nearly twice the efficiency of the
conventional class B modulated-wave amplifier. This
efficiency of 60 per cent is the same order of efficiency
as is achieved by a class C carrier amplifier modulated
at high level by a class B audio amplifier, and the choice
between the two systems lies in the practical details of
components, ease of adjustment, and first cost, which
for any individual application may be quite different for
the two approaches to the problem. We have previously
noted that, based on average speech, the sideband power
is only about 2 per cent of the unmodulated carrier
power, so that if we take the ratio of sideband power to
direct-current input to the power-amplifier stage (which
is actually a true statement of the utility of the conver-
sion which we obtain in the power-amplifier stage of a
radio transmitter) then it is seen that the true efficiency
lies between 1 and 2 per cent, and we are back to the
same order of efficiency as is obtained in a controlled-
carrier system using a conventional class B linear ampli-
fier. A controlled-carrier system using a Doherty or
Chireix amplifier will have better efficiency than this,
although the efficiency will still be in the region below
10 per cent, and for many applications where tuning
over a frequency band is required, the complexity of
these circuits is prohibitive.

\ Prorosep Circulr

On consideration of these facts, it is realized that this
problem, one of the most important in all radio engineer-
ing because of the large use of radio transmitters for
aircraft and other mobile uses where weight, size, tube

Proceedings of the I.R.E.
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cost, and power requirements are serious considerations,
requires a completely new attack. It is believed that the
proposal which follows is a basically correct approach
to the problem.

The anode dissipation in a vacuum tube goes to a low
value when either the anode current is reduced to a low
value without exceeding the allowable anode voltage,
or the anode voltage is reduced to a low value without
exceeding the maximum anode current. It will be obvi-
ous that the wave form which fulfills both these condi-
tions will be transmitted with maximum efficiency, and
that this wave form is a square-topped wave. In such a
wave, the energy is completely contained in rectangular
pulses which rise instantaneously from zero to the maxi-
mum value, and drop to zero from this maximum value
instantaneously. The energy is therefore transmitted
wholly during the time at which the maximum allowable
anode current is being transmitted, and under this con-
dition the ratio of voltage drop across the load to voltage
drop across the tube is a maximum. If signaling systems
were called upon to transmit only such wave forms, of
constant amplitude, we would then have linear power
amplifiers which would operate with an efficiency of the
order of 90 per cent, using conventional tubes. It ap-
pears that a successful approach to the actual problem
can be developed from this simple statement.
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Fig. 1—Division of sinusoidal wave into sections, each of which can
be amplified with higher efficiency than the original wave.

The solution to the problem resolves itself into chang-
ing the actual signal wave to the form in which it can be
transmitted with the highest efficiency; that is, having
it approach a square-topped wave as nearly as possible.
Fig. 1 shows two ways in which this can be done. The
wave can be divided into a number of sections, horizon-
tally (Fig. 1(a)) or vertically (Fig. 1(b)), that is, on
either an amplitude basis or a time basis. The method
to be proposed therefore consists of the following steps:
(1) Subdivision of the wave into components that ap-
proximate the optimum, rectangular wave form; (2) Am-
plification of these components separately in vacuum-
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tube amplifiers; (3) Recombination of the separate
components in the output circuit of the amplifiers so
as to reproduce the original wave at a higher power.
That is to say, high-cfficicncy amplification is achieved
by dividing the wave on an amplitude basis into several
scctions, in practical cases, about three; transmitting
each of the sections through a power amplifier whose
peak allowable current is that of the section being trans-
mitted, and then combining the three sections at the
output by connecting the three amplifier branches to a
common load circuit so that the original wave form is
again obtained. This arrangement results in some circuit
complexity, but increases by a large factor the plate-
circuit efficiency of the amplifier. It also reduces the re-
quired tube complement, with a corresponding reduc-
tion in weight and size of the associated apparatus, since
the increase in efficiency chiefly manifests itself in a re-
duction of the amount of power dissipated at the anodes
of the power amplifiers.
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Fig. 2—Plate-current—plate-voltage characteristic of typical small
beam tetrode, showing low voltage drop across tube at high
values of plate current.

CircuiT OPERATION

An approximate way of regarding the system pro-
posed is to think of it as a series of class C amplifiers,
whose inputs are driven by different sections of the
wave, the sections being selected by a combination of
grid bias and grid drive in an arrangement which can
be termed an “amplitude filter.” Each branch then ami-
plifics the section of the wave which it receives with
higher efficiency and higher output than that with which
it could handle the whole wave, and the sections of the
group are combined in the output circuit so that a linear
relation is obtained between input and output.

A reference to Fig. 2 demonstrates in a qualitative
way the major point involved. This illustration shows
the plate characteristic, and Fig. 3 shows the grid-volt-
age—plate-current characteristic of a typical small
transmitting tube. When the tube is operated as a
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class B amplifier into the rated load impedance, the
plate current rises along the load line to a maximum
value which is determined by the allowable anode heat-
ing and the allowable cathode current. It will be noted
for the tube whose characteristics are given, that when
the grid is driven to zero voltage, the maximum operat-
ing point for this tube, 10 per cent of the plate voltage
appears across tlie tube, and 90 per cent across the load.
That is to say, at this point the tube is transmitting
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Fig. 3—Grid-voltage—plate-current characteristic
of the tube of Fig. 2.

power at an instantaneous cfficiency of 90 per cent.
However, when the tube transmits a sine wave or a
signal-modulated wave, only a small part of the energy
is transmitted at, or near, this high-efficiency point, and
most of the energy content of the wave is transmitted
at much lower efficiencies;a sine wave being transmitted
with about 60 per cent, and a modulated wave with
about 35 per cent over-all efficiency. It will be apparent
that this tube would transmit a square-topped wave
with an efficiency of 90 per cent, so that for a given plate
dissipation the tube would have a power output for the
square-topped wave about four times greater than for
the sine wave, and about six and one-half times greater
than for the carrier wave 100 per cent modulated by a
signal.

This leads to the present proposal of dividing the sine
wave or modulated wave into a series of pulses, each of
which has a form more nearly approaching the required
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Fig. 4—Schematic circuit of a three-branch linear amplifier, with the
grid drive and grid bias individually adjusted for each branch.

L

rectangular form, amplifying these pulses through sepa-
rate power amplifiers whose peak allowable currents are
the same as the maximum value of the pulses, and then
recombining the pulses in a common load circuit to form
the original wave form.

In practice this rather roundabout method has been
found to work out with surprising case. Fig. 4 shows an
outline circuit of a three-branch modulated-wave linear
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amplifier. Each of the three branches has its grid drive
and grid bias individually adjusted so that the branches
transmit current in scquence and not simultancously.
Branch 1 is biased at cutoff, so that it operates as a
conventional class B amplifier. It receives the lowest
grid drive. Branch 2 is biased beyond cutoff, and it has
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Fig. 5—Division of input wave through
three-branch amplifier.
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a greater grid drive. Branch 3 is biased to about twice
cutoff, and it has the highest grid drive. These three
branches arc connected to the load through a common
plate coil, and their load impedances are adjusted about
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Fig. 6—Reccombination of the wave sections of Fig. § in the
output circuit of a three-branch amplifier.

in inverse proportion to the grid drive. Branch 1 has the
highest load impedance, branch 2 an intermediate load
impedance, and branch 3 a load impedance about one
half that of branch 1.

The operation of this circuit can now be described
with reference to Figs. 5 and 6. As the wave commences,
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branch 1 immediately starts to draw plate current, since
it is biased to class B operation. As the wave advances
it reaches a point, shown as a relative grid voltage of
1.0 and a relative load current of 0.5, where the peak
allowable current of branch 1 tube is reached. At this
point, the grid commences to draw current and biases
itself back due to the direct voltage sct up across the
grid leak. At the same time the plate current of branch 1
decreases abruptly because at this point in the wave
branch 2 has started to draw plate current and is de-
livering power to the load from a higher voltage source
than docs branch 1. Similarly, as the wave advances,
branch 3 draws plate current and branch 2 at this
point has its plate current abruptly reduced. The
same process takes place in a reverse order when the
wave has passed its maximum value and decreases again
to zero. It will be seen that cach tube operates lincarly
over a range of amplitude for which it delivers power,
and nonlincarly outside this range. The three groups of
pulses arc delivered in sequence to the load resistance,
and the way in which they combine is shown in Fig. 6.
[t might be mentioned that the illustrations shown are
copies of oscilloscope patterns in an experimental am-
plifier.
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It will be noticed that the recombined wave has, for
a three-branch arrangement, an appreciable content of
the ninth harmonic. Other distortion products are al-
most entirely lacking. In any radio-frequency applica-
tion it 1s, of course, rather casy to reduce the ninth
harmonic by any factor desired; and where this circuit
is used for audio frequencies, the harmonic content can
be reduced about as desired by the application of nega-
tive feedback.

ErricieNciEs OBTAINED IN Niuw CIrRCUIT
It will be apparent that the efficiency of this circuit
is high, even for low values of the wave being trans-
mitted, since the instantaneous efficiency rises to about
90 per cent as the maximum current in cach branch is
recached. This is shown in Fig. 7, which is a plot of per
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cent instantaneous efficiency against per cent peak load
current for the transmission of a sine wave. For the con-
ventional class B amplifier the efficiency is assumed to
be proportional to the peak load current, rising to a
value of about 90 per cent at 100 per cent of the allow-
able current. The plot shows how this efficiency curve
varies as circuits of varying numbers of branches are
uscd. In cach case for which the data is given on this
figure, the power ratio in successive branches is 2
to 1; that is, a 3-decibel separation. IFFor a three-
branch circuit, for example, the case illustrated by
the previous wave-form curves, the instantancous cffi-
ciency rises to 90 per cent at 50 per cent of the maxi-
mum load current, and the efficiency does not depart
far from this value right up to the maximum power
from the over-all circuit. For waves of low ampli-
tude, the efficiency of this circuit is therefore quite
good, and in fact is the same for waves of half the maxi-
mum amplitude as the cfficiency of a conventional class
B amplifier for waves of maximum amplitude. If as
many as ten branches are used, then the efficiency of the
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Fig. 8—Per cent efficiency of transmission of a sine wave and of a
carrier wave 100 per cent modulated by a sine wave, through
amplifiers of different numbers of branches, In each case, succeed-
ing branches have a 3-decibel difference in output power.

circuit for waves of 4.4 per cent of the maximum ampli-
tude is the same as the efficiency of the conventional
circuit for waves of the maximum amplitude, and for
waves of amplitude higher than 4.4 per cent, the effi-
cieney steadily improves to a value in excess of 80 per
cent for waves of the maximum amplitude,

Fig. 7, which was obtained experimentally, is further
explained by Fig. 8, which shows the c¢fficiency obtained
in amplifiers of different numbers of branches in which
3-decibel separation exists between the branches. The
cfficiencies are shown both for a sine wave of constant
amplitude, and for a signal-modulated carrier wave with
100 per cent modulation, and were derived experimen-
tally using the tube whose characteristics are shown in
Figs. 2 aud 3. Based on this data, it appears that, for
normal applications involving speech modulation, an
arrangement of about three or four branches gives the
practical ecompromise between efficicncy and circuit
complexity in the case of cither type of wave. It is
likely that for amplification of audio frequencies the
greater complexity of the circuit, because of the impos-
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sibility of tuning the load, would dictate a smaller
number of branches, either two or three. In the audio-
frequency case, the “amplitude-filter” arrangement is
not so readily obtained by the adjustment of grid drive
and grid bias of the power amplifiers, and for such ap-
plications it will occasionally be necessary to have
scparate signal-shaping driver stages, each power-ampli-
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Fig. 9—Schematic circuit of a three-branch audio-frequency

amplifier, with separate “signal-shaping” stages.
fier stage operating as a conventional class B amplifier.
Such a circuit for a push-pull three-branch audio-
frequency amplifier is shown in Fig. 9. In this case the
division of the signal into scctions is accomplished by
small driver tubes which accomplish their function by
individual adjustments of the grid drive, grid bias, and
plate load.

APPLICATION TO CONTROLLED-CARRIER SYSTEMS

It is apparent that the lincar-amplifier system de-
scribed, whose efficiency remains relatively high for low
amplitudes of the transmitted wave,
vantages to offer as a power
modulated wave in which the

has special ad-
amplifier for a signal-
carrier is cither controlled

| B | l“JJI_
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Fig. 10—Wave forms obtained in the operation of a
controlled-carrier modulator.
so as to keep the per cent modulation substantially con-
stant and high, or in which the carrier is suppressed.
Since suppressed-carrier systems are of rather a special
nature and require special receivers, consideration of a
controlled-carrier system is of more interest in the pres-
entapplication. In a controlled-carrier system, in general
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it is not necessary to use special receivers, and the trans-
mission is essentially no different from constant-carrier
systems.

The usual way in which a controlled-carrier system
operates is to derive from the audio-frequency modulat-
ing wave a unidirectional pulse which has the form of
the envelope of the audio-frequency wave. Thus in Fig.
10, the input wave 4 is rectified and filtered to provide
the unidirectional pulse B. This pulse is then added to
the original wave to form the unidirectional wave C.
It is this wave which is introduced into the system ahead
of the modulated-wave amplifier. This wave is applied
to the modulated amplifier in such a way that, when no
speech current exists, carrier is transmitted at only a
very low level, say 5 per cent of the maximum capacity
of the system. When speech current is applied, the car-
rier is increased proportionately to this current so that
the output wave consists of a voice-modulated carrier
wave whose modulation is substantially complete for all
amplitudes of the voice wave. Such a wave is shown as D
in Fig. 10. Since average voice modulation is only about
20 per cent, it is seen that the range of amplitudes of the
output wave will vary, not in a ratio of 2 to 1 as in the
conventional transmitter, but in a ratio of, say, 30 to 1,
with the average amplitude about one fifth of the peak
amplitude instead of about one half the peak amplitude
as is the case in a conventional system. It will be recog-
nized that these factors are responsible for the low effi-
ciency of conventional linear amplifiers in controlled-
carrier systems, and that the ability of the circuit
outlined in the previous paragraphs to sustain its effi-
ciency at low amplitude will be of great value for this
type of transmission. For example, to consider again a
transmitter with an unmodulated output of 100 watts,
if this carrier is so controlled that it drops to, say, 5
watts in the absence of modulation, it will rise to a total
value of 150 watts, averaged over an audio-frequency
cycle, for 100 per cent modulation. Considering average
modulation as 20 per cent, the average power content
of the carrier plus the sidebands will be somewhat more
than 6 watts. This value would be 6 watts if the carrier
were completely suppressed during silent periods, but
the constant carrier output of 5 watts combined with
the modulation gives an average carrier plus sideband
output of about 10 watts. This output power will be
generated in a three-branch amplifier with an efficiency
of around 30 per cent. This can be determined by apply-
ing the data of Fig. 7 to the wave form D of Fig. 10.
That is to say, the direct-current input to this output
stage will be about 33 watts for telephonic speech. This
compares with the case of the conventional class B am-
plifier operating on a controlled-carrier system where,
under similar conditions, the direct-current input is of
the order of 200 watts, or of the class C carrier-amplifier
modulated by the class B audio amplifier using a con-
stant carrier where the direct-current input is about 300
watts.
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CONCLUSIONS

On a basis of direct-current power input, this arrange-
ment therefore appears to have an advantage of at least
5 to 1 over circuits now in usc, and in some cases this
improvement might be 10 to 1. It is possible that these
advantages will not in all cases be obtained in practical
apparatus due to the greater circuit complexity, but
substantially the improvement to be expected should be
obtained. A further point is that with this circuit the
total power dissipation of the output stage is now con-
siderably reduced. For instance, in the example cited
above, the power to be dissipated by the anodes of the
power-amplifier tubes for average telephonic speech is
about 23 watts. The power to be dissipated by the
anodes of the power amplifier in a controlled-carrier
system, using a conventional class B power stage is
about 190 watts, and in an output stage in which a class
C amplifier is plate modulated by a class B audio ampli-
fier, it is about the same. The anode dissipation in the
system described is therefore only about 15 per cent of
that obtained in conventional systems, and the tube
complement employed is of correspondingly smaller ca-
pacity.

PRACTICAL VARIATIONS OF Basic CIRCUIT

A large number of variations of this basic idea is ob-
viously possible. Only the “vertical” division of the wave
has been considered. “Horizontal” division is also pos-
sible, in which all branches may transmit current
simultaneously; this would involve a bridge or hybrid-
coil arrangement in the output, so that the branches
could supply current simultaneously to the load, with-
out mutual coupling. Both series and shunt plate-supply
arrangements should be considered. In place of the
“signal-shaping” arrangement employing adjustments of
grid drive and grid bias to set up the sections of the
wave, the plate current of one branch can be utilized
to “trigger” the grid bias of the succeeding branch. By
using a divided direct-current power supply, the branches
can be arranged in parallel or in series to deliver power
to a single load impedance, instead of the divided load
described. The adaptations of this circuit to a modulated
amplifier and to an oscillator are straightforward.

Special tubes, having a higher ratio of plate current
to plate dissipation than those currently used, will have
particular value in this circuit. New forms of tubes,
employing multiple grids or multiple anodes, with heat
interchange between the anodes, appear to have useful
possibilities.

The foregoing material gives a qualitative description
of the operation of the new circuit as a linear amplifier,
A thoroughgoing theoretical analysis is hardly justified
at this stage in the development of the art, since the
textbooks provide an adequate background for this and
most other configurations of the familiar circuit ele-
ments. Following the text is a series of appendixes,
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written by E. S. Kelsey, which presents an analytical
treatment of this circuit, together with comparisons of
it with conventional and other high-efficiency circuits.
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AppENDIX |

EFFICIENCY OF AN AMPLIFIER FOR SIGNALS OF
ARBITRARY WAVE FORM
In this appendix, formulas will be derived for the
theoretical efficiency of an amplifier when the signal is
of arbitrary wave form. Two conditions of plate supply
require considcration; namely, constant-voltage series
feed, and constant-current parallel feed. By applying
the principle of duality, it will not be necessary to carry
the analysis through for both cases, as the two circuits
are duals and the equations for the two cases are similar,
with currents and voltages interchanged.

Instantanecus Efficiency

With serics feed, let Ep be the direct-current power-
supply voliage, er the plate voltage, and ey the voltage
at the load terminals. Then

EB = ep + er.

Let the plete current be 7p; if the load is connected di-
rectly in the plate circuit, this will equal the load current
and the instantaneous power input and ouput will be

p1 = Egip
P2 = erip
giving for the instantaneous efficiency

P2 er
e 1
o B (1)

If a transformer is used between the plate circuit and
the load with a transformation ratio

n = ET/eL
the efficiency, neglecting transformer loss, will be

P2 _
12} Ep

ner,

(2)
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Efficiency for Complete Signal Wave

If a signal pulse of one polarity extends from time
t=0to time ¢t =T the total energy input is

T T
N, = f pdt = Eg f ipdL.
0 0

Assuming for generality that a transformer is usec hav-
ing a transformation ratio n
E T

=
n 0

‘l:Llﬂ. (3)

Let the load resistance be R, and the maximum values
of load voltage and load current be Ey and Iy, respec-
tively. The total energy output is

Ex (7
’LLzlﬂ (4)

and the efficiency is
Py Wy  nEy [yirdt
Pl IVl EBIM foTiL(”

()

Let T4y and Irms be the average and root-mean-square
values of the load current over the time interval 0 to

T. Then
Py nEy\ [ Irns®
F=<E><H>' 8
1 B sl ay
The first term nEy/Egp depends upon how nearly the
plate-voltage drop at maximum load voltage (the differ-
ence between Ep and nEy) can be brought to zero. It
will be convenient to have a name and symbol for this

factor and it will therefore be called the voltage-utiliza-
tion factor 4. That is,

n EM

A= 5 )

In terms of this factor, (3) becomes

Ey T,
IV] = ——f 1/1,(”. (8)
A Vo

The second term depends only on the wave form. An
alternative form for this function can be derived in
terms of the ratio ¢;/Iy. Writing u for this ratio, (8)
and (4) become

EynT et
W, = —2 f udt 9)
4 Jy
T
W = Enly f 12dt (10)
0
giving
Py, W JEurdt
o T L 0 (11)
P, W foTudt




10P

Since u is less than or equal to unity, #? is less than or
cqual to «. Therefore the function

T
<IRI\IS2> _ fo it é 1

= (12)
Il sy foTudt

It can equal unity only for a rectangular wave pulse in
which ¢=1I, and =1 for the entire pulse.

Constant-Current Parallel Feed

The formula corresponding to (6) for efficiency in the
casc of constant-current parallel feed 1s

P, <7ZIIM> < ERZ\IS2>

P, Ip ExEsv)

The transformation ratio #’ is the ratio of input cur-
rent to load current, and the factor n’Iy/Ip is the ratio
of load current to supply current. If we call this factor
the current-utilization factor 47, it will be maximized
by having the anode current (the difference between Ip
and n’I) as small as possible at maximum load current.

For a purely resistive load the wave-form functions
for the series and parallel feed cases are equal; that is,

<ER)ISQ> _ <7RMS2>
EvEsy Il ay '

Arrienpix I1

(13)

(14)

AMPLIFIER ErFriciENCY WiTH TIME SUBDIVISION
oF WAVE

General Formulas

Assume that at times T, Ty - - - Tk, etc., the ampli-
fier load is switched from branch 1to2,2t0 3, - K
to K41, ctc. Two cases will be considered; namely,
load-impedance switching as illustrated in Figs. 4and 9,
and supply-voltage switching as illustrated in Fig. 11.
It will be noted that the circuit using supply-voltage
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Fig. 11-——Schematic circuit for switching supply voltage.
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switching is not so convenient, as it requires the use of
a 1)(3“'er supply in which both terminals are above
ground potential.

Let Eyx be the maximum load voltage during the
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time interval = Tx_, to t = Tk that branch K is operat-

ing, and let
Evg/Ey = Vi

in which Ey is the maximum load voltage for the entire
wave. It should be noted that 1k is less than unity for
all branches except the onc operating on the peak volt-
age Ey.

By (7) of Appendix I, if neither load-impedance nor
supply-voltage switching were used, the voltage-utiliza-
tion factor A for the Kth branch would be

nEyx

Ax = = Vgl
B

If it is assumed that the maximum voltage-utilization
factor can be the same for all branches, then either the
supply voltage can be decreased by the factor Vi, or the
voltage-transformation factor increased by the recipro-
cal of this factor. That is, either

Egpg
0 = Vg (15)
or
WK 1
_— 16
n Vi (16)

In either case, this will make the voltage-utilization fac-
tor for the Kth branch equal to 4. That is

1 <71EMK> _ <1ZKEMK) <'1EMK> y
Vi \ Ep Es Esx )
By (8) the energy input to the Kth branch during the
time interval t =Tx_; to { = Tk will be

LEyg 7K
= f Z[,l{l.
A4 K TR 1

If Ak is made equal to 4 cither by reducing Ep to Egk
or by increasing 7 to ng, the energy input becomes

VkEy f TK
A TK 1

Thus the energy input required during the time interval
T'x_1 to Tk has been reduced compared with that re-
quired with a conventional amplifier by the factor V.

(17)

(18)

Wik =

1rdt.

(19)

Application to a Triangular Wave

Consider a triangular-shaped wave, that is, one in
which the voltage and current increase linearly with
time from zero to a maximum and then decrease linearly
to zero again. During the phase of increasing current let

’i[, = mi
and let 47 reach its maximum value at ¢ =Ty so that
Iy = MTM-

Using (8) of Appendix I, the energy input without
branch subdivision would be
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Ey ™

W, = — midi

0
EyvInTy
241

Wy = (20)

and the energy output either with or without branch
subdivision will be, by (4)

Ly Ty
Wy =— m 2L
Ine Vo
, FnlarTor
Iy = = 1)

Therefore, without subdivision, the efficiency is

Wy 2 -
= — ./ = 67 : per cent.
181

Assume now that the load is switched from branch 1 to
branch 2 when ¢= VI, The time at which ¢ rcaches
this valuce is 7'y = V1 Ty Using (19), the input to branch 1
will be

Vilin T1 i
”'11 = f 11}”
| 0
W= UL (22)
Similarly, the energy input to branch 2 will be
Ly Ty
”Y12 = f i]l(it
A T1
”’12 = ”'1(1 - V12). (23)
This gives for the total energy input
W+ Wi = Wil = V2 + Vi), 24)

By differentiating with respect to 17 it will be found
that for a minimum V;=2/3. Using this value for V)
gives for the energy input 0.85 Wi and for the efficiency
78.3 A per cent. :

Difference Equation for Determining Optinum
Subdivision of Triangular Wave
The energy input for the A'th branch will be

Ex Tx
Wigk = — 1dt
A Iy
I’I‘A\I]J[ 7‘4\[
Wi =——— V&® = Ve_*Vk) (25)
2.1
and for the (K +1)th branch
EyIynTy
Wik =—7"7" (VK+13 - VK2VK+1>. (2())

2.1

The comtined cnergy input to the Ath and (K +41)th
branches is

Wik+Wike= WiV = Ve 1Vt Vi = V&V re).

If Vigq and Vg are considered as fixed and Vg as
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variable, the value of Vx which will result in minimum
energy input into the two branches is found by differ-
entiating with respect to Ik and equating to zero. This
gives

(27)

If Vi is assigned the value required to satisfy this equa-
tion, it can then be considered as a difference equation
expressing the condition to be satisfied for minimum
power input and maximum efficiency.
Transposing, we have
. 3 1 Vka?®
Vikpr=— Ve —— ;
2

2 Vg

3Vi? = Vir* + 2VgVgy = 0.

A more convenient form for this difference equation can
be obtained as follows: Let

Viir
e ok
Then
0 3 1 -
=G o (28)

With two branches Q1 =1/T17. Since 17y has already been
determined, Qy is known and values of successive Q’s
are readily calculated. The first five are

01 = 1.500
0. = 1.278
Q; = 1.194
04 = 1.15
05 = 1.12.

Power-Input and Output Formulas

A formula for the total energy input to N branches
subdivided for optimum efhciency can be obtained as
follows:

Let the energy input be
Yoo ExIxTy
S Wik =Cr—""— (29)
1 2.1

where the coefficient Cy is to be determined. For N —1
branches we have

s : . . ExInTy
Z Wik = CxaVwi? <—‘>
1 24

Cyvoa\ [ ExINTN
= (30)
O~ 24
and for the Nth branch
ExINT 1
Wy = — <1 - > 31)
24 Qn-1?

Equating (29) to the sum of (30) and (31) gives

Cy_1 1
Cy = +1 - >
v < On? Qv-1®
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Differentiating gives, for a minimum value of Cy,

3
QOv_y = 5 N-1
so that
C 2! (32)
Av = — -
3 QOwn
Substituting in (29) gives
L 2 W,
2o Wik =-——" (33)
1 3 QO

From (21) and (29) the cfficiency with optimum sub-
division is
A

2 4
3 Cy On

”’yz

W,

(34)
The power input to the Kth branch, from (31), is

: } (35)
Qx_1? )

and the power output, by integration of (4), is

QKI_H} . (36)

Theoretical Results for 1000-Wait Amplifier—Triangular
Wave

Wik = WIVKa{l =

Wk =

WoVg3 {1 —

Table I gives theoretical efficiencies, branch-voltage
factors, and power distribution between branches, cal-
culated from the foregoing formulas with from one to
five branches. The voltage-utilization factor 4 was
taken as 0.9, and the output power as 1000 watts in
all cases.

TasLE I
One Branch—Efliciency 60 per cent Total
Power Input—watts 1670
Power Output—watts 1000
Plate Dissipation—watts 670
'Tw;; Branches—Efliciency 70.5 per cent
Branch 1 Branch 2 Total
Voltage Factors (V) 0.67 1.00
Power Input—watts 490 930 1420
Power Output—watts 300 700 1000
Plate Dissipation—watts 190 230 420
Three Branches—LEfiiciency 75.4 per cent
Branch 1 Branch 2 Branch 3 Total
Voltage Factors (Vi) 0.47 0.78 1.00
Power Input—watts 240 440 650 1330
Power Output—watts 140 340 520 1000
Plate Dissipation—watts 100 100 130 330
Four Branches—Efficiency 78.5 per cent
Branch I  Branch 2 Branch 3 Branch 4 Total
Voltage Factors (Vi) 0.44 0.66 0.84 1.00
Power Input—watts 140 265 375 500 1280
Power Output—watts 85 200 300 415 1000
Plate Dissipation—watts 55 65 75 85 280

Five Branches—Efiiciency 80.4 per cent

Branch Branch Branch Branch Bramch Total
1 2 3 4 5
Voltage Factors (Vi) 0.38 0.57 0.73 0.87 1.00
Power Input—watts 90 170 260 320 410 1250
Power Output—watts 60 130 205 265 340 1000
Plate Dissipation—watts 30 40 55 55 70 250
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Application to a Sinusoidal Wave

Let the load current during the time interval ¢ =0
tot="Tuy be

. . 7r t .
i, = Iy sin —<~——> = Iy sin 6. (37
2 M
The input energy will be
. 2
Wy = —EyIyTy (38)
s
and the output energy
We = LEuIuT\y (39)
giving for the efficiency without subdivision
1181 el (10)
W, 4

Next assume subdivision between two branches with
change-over occurring at 4=sin(v/2a) =sin 6, so that
Ty=oTy. The input energy for branch 1 will be

Wi = Wil — cosb,) sin 8,
and for branch 2
Wi = Wycos b,
giving for the total input
Wi+ Wi = Wi(sin 6, — sin 8, cos 8, + cos §,).

By differentiation it will be found that for maximum
efficiency 6, =45 degrees so that the voltage factor 17 is
0.707.

Table II gives efficiencies and voltage factors for vari-
ous values of 8,. In each case the factor 4 was taken
as 0.9,

TasLE 11
EFFICIENCY OF TWo-BRANCH CIRCUIT WITH SINUSOIDAL WAVE

2% Voltage Factor Efficiency
Degrees Per Cent
¢} 0 70.7
15 0.26 72.5
30 0.50 75.8
45 0.71 77.5
60 0.87 75.8
75 0,97 72.5
90 1.00 70.7

Difference Equation for Determining Optimum
Subdivision of Sinusoidal Waye

Procceding as in the case of the triangular wave, the
energy input to the Kth branch is found to be

2
Wik = 7 ExIy Ty [sin 6,(cos 6, — cos 6,)].

.

The energy input to the Kth and (K+1)th branches is

2
WlK + IVl,K+1 = —A EMIMTM [sin BH(COS Bn_l — COS 0,,)
.

+ sin fa11(cos 8, — cos 0,11) |.
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Differentiating with respect to 6, and equating to zero
gives, for minimum energy input,

cos 6, cos 0,_1 — cos 26, — sin 8, sin 6,1 = 0 (41)
from which

1 — cos 6, cos 6,1
- (42)

sin 8,41 = 2 sin 6, — -
sin 6,

Power Output per Branch
The power output of the Kth branch will be

Ey (7% . ¢ w
”'21( = — IM2 Sll’l2 —T——) dt
s J TR 5
EylnTn sin 205 —sin 205,
Wiy = ———| (6x — 0x—1) — 7 - (43)
T

Theoretical Results for 1000-Watt Amplifier—Sinusoidal
Wave

Table 111 gives theoretical efficiencies, branch-voltage
factors and power distribution between branches, cal-
culated from the foregoing formulas with from one to
five branches. The factor 4 was taken as 0.9 and the
output power as 1000 watts throughout.

Effect on Power Input of Finite Time Interval for Branch
Switching

The change-over from branch to branch will not in
practice be instantaneous. In order to examine the effect
that may be expected from a finite time interval for the
transfer, let us assume that the power input into branch

TasLE III
One Branch—Egficiency 70.6 per cent Total
Power Input—watts 1412
Power OQutput—watts 1000
Plate Dissipation—watts 412
Two Branches—Efiiciency 77.4 per cent
Branch 1 Branch 2 Total

Voltage Factor {Vk) 0.71 1.00
Power Input—watts 293 1000 1293
Power Qutput—watts 182 818 1000
Plate Dissipaticn—watts 111 182 293
Three Branches—Eficiency 80.3 per cent

Branch 1 Branch 2 Branch 3 Total
Voltage Factor (Vi) 0.57 0.83 1.00
Power Input—watts 138 319 790 1247
Power Qutput—watts 90 240 670 1000
Plate Dissipaticn—watts 48 79 120 247

Four Branches—Eficiency 82.4 per cen!

Branch 1 Branch2 Branch3 Branch 4 Total
Voltage Factor (Vi) 0.485 0.71 0.88 1.00
Power Input—watts 1 174 289 666 1210
Power Output—watts 52 134 237 577 1000
Plate Dissipation—watts 29 40 52 89 210
Five Branches—Efficiency 83.8 per cent
Branch Branch Branch Branch Branch  Total
1 2 3 4 5
Voltage Factor (Vi) 0.43 0.63 0.785 0.91 1.00
Power Input—watts 57 114 174 263 586 1194
Power Output—watts 34 85 144 223 514 1000
Plate Dissipation—watts 23 29 30 40 72 194
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K falls at a uniform rate from W=Exl,at t=Tx—AT
to 0 at t=Tx+AT, and that the power in branch K +1
increases uniformly from 0 at t=Tx—AT to Exy1lp at
t=Txr+AT.

It follows that the power input to branch K during
the transition interval is

1 t—Tx I
px = Ex <_A;+ _K_>
2 AT 2
The energy input during the interval will be

Tx+AT
f prdt = ExI,AT.
T

K—AT

Similarly, the energy input to branch K+1 during the
same interval will be

TE+AT
f PK+1dt = EK+1[BA T.
T

K—AT
The total energy input will be
A”/vl = (EKIA -+ EK.H[B)AT.

With instantancous change-over, the energy input dur-
ing the same time interval, assuming that I changes lin-
early during the short time interval, would be

I+ 1 I+ 1
o <[ () ()

Let Ix —Ia=1I5—Ix=AI. Then the difference in energy
input due to the finite time interval of change-over will
be

Exyi — Ex
Ay — AW = <¥>AI~_AT.

Thus a small increase in energy input or a drop in effi-
ciency may be expected during the transition interval.
Since the filter in the power-supply circuit tends to pre-
vent fluctuations in power input, the drop in efficiency
can be expected to be reflected mainly in a momentary
drop in output during the switching interval. This is in-
dicated in Fig. 6.

It will be noted that, although the actual efficiencies
achieved in practice, as shown in Fig. 8, are less than the
theoretical values derived in this Appendix, the rapid
increase in efficiency obtained with the first two or three
branches followed by a less marked improvement with
additional branches is quite similar in the two cases

A study of the voice-modulated wave is being made,
and it is hoped to present supplementary data on the
most desirable subdivision and the improvement in effi-
ciency to be expected with voice waves in a later paper.




The Transverse Electric Modes in Coaxial Cavities®
ROBERT A. KIRKI\IANT AND MORRIS KLINET

Summary—Some thought on the transverse electric modes in
resorant coaxial cavities labeled TE, o,), TE1 ¢,2, TEs 0,1, TE3,0,1, etc.,
by Barrow and Mieher! suggested several conclusions which are per-
haps implicit in their paper but which deserve explicit consideration.
In addition, the notation and the diagrams of the electric field con-
figurations of these modes, as presented in that reference, cause mis-
conceptions and confusion which subsequent papers and even text-
books are perpetuating.? Actually, the transverse electric modes
whose middle subscript is zero do not exist. They are limiting cases
and are approached by the fields of the coaxial modes TE, ), TE, ; o,
TE; 1,1, TE; 1,1, etc., respectively, as the ratio of the radii of the inner
and outer conductors approaches 1. Several facts about the behavior
of these modes for varying values of this ratio are presented. In par-
ticular, for a given mode, the resonant frequency of a coaxial cavity
decreases as the ratio increases. In the case of a cavity of infinite
length (i.e., a wave guide) the corresponding wavelengths (i.e., the
critical wavelengths of the guides) approach the circumference of the
cavity divided by the first subscript of the mode. Physical and mathe-
matical arguments confirm these conclusions and make clear to what
extent the Barrow and Mieher diagrams of the modes TE; 1, TE;,,2,
etc., are representative of actual coaxial modes. The practical im-
portance of the transverse electric coaxial modes in ultra-high-fre-
quency work is emphasized.

INnTRODUCTION
HE TRANSVERSE clectricmodes of coaxial cavi-
T ties are usually designated by the notation TE; 1.1,
TEsa,, ete., and, in general, by TE; . oF Hjpo
wherein the subscripts I, m, and n have both mathe-
matical and physical significance. The mathematical
significance centers in the fact that the calculation of
the resonant frequencies of a coaxial cavity of given di-
mensions uses the roots of the equations
JU(@D)Y (ox) — T/ (p) 1/ (x) = 0 =0,1,2,3,---)(1)
where J, and Y/ (=N/) are the derivatives with re-
spect to their arguments of the Ith order Bessel functions
of the first and second kind, respectively, and p is the
ratio of the radii ¢ and b of the inner and outer conduc-
tors of the cavity. Hence, the first subscript [ in the
notation TE; .., states the order of the Bessel functions
of the first and second kind which must be used to cal-
culate the resonant frequency of that mode; that is,
it sclects the I value in (1). The sccond subscript m in
the designation of the mode denotes the order of magni-
tude of that root of (1) which is uscd to calculate the
resonant frequency. The third subscript # is merely a
cocfhicient in the argument of a trigonometric function
which enters into the expressions for the electric and
magnetic ficlds inside the cavity.
The physical significance of these subscripts is usu-
ally purported to be as follows: At any point in a cavity
(and at a given instant) the electric field has a definite

* Decimal classification: R116. Original manuscript received by
the Institute, June 7, 1945; revised manuscript received, September
17, 1945,

1 Signal Corps Ground Signal Agency, Evans Signal Laboratory,
Belmar, N. J.

L'W. L. Barrow and \W.\V. Micher, “Natural oscillations of electrical
cavity resonators,” Proc. [.R.E., vol. 28, pp. 184-191: April, 1940,

2 R. 1. Sarbacher and W. A, Edson, “Hyper and UHF Engineer-
ing,” John Wiley and Sons, Inc., New York, N. Y., 1943, p. 390.
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direction and magnitude. This electric fielkd vector can
be resolved into three independent components. In the
case of a coaxial cavity, the directions of these compo-
nents are chosen to be (1) along the circle through the
point and concentric with the inner and outer conduc-
tors, (2) along the radius through the point, (3) along a
line running through the point and lengthwise along the
cavity. These components are usually designated as
Eg, E,, and E; because cvlindrical co-ordinates are em-
ployed to study the field mathematically. The subscript
lof Ty m n is supposed to denote physically the number
of full periods of sinusoidal variation in E, along any
circle concentric with the inner and outer conductors.
The subscript m is supposcd to denote the number of
half periods of sinusoidal variation in £, along a radius.
The subscript # denotes the number of half periods of
sinusoidal variation in E, along the length of the cavity.

In view of the mathematical meanings of the sub-
scripts [, m, n, the notation TE;¢.1, TEs,,., etc., is
mystifying because the calculation of the resonant fre-
quencies of cavities of given dimensions supporting such
modes wiould call for the zeroth roots of (1) whose roots
in order of magnitude are usually designated as first,
second, third, etc. Morcover, while the pictures of the
clectric fields of these modes as presented by Barrow and
Miecher are consistent with the physical meanings usu-
ally offered for the subscripts /, #, and # the pictures are
strictly inconsistent with facts of electromagnetic the-
ory. Finally, the physical meanings usually assigned to
the subscripts I, 7, and # do not appear to be applicable
to all coaxial clectric ficld configurations.

For these reasons it was decided to survey the trans-
verse clectric modes in coaxial cavitics and, in particu-
lar, to study the variation in the electric ficlds of these
modes as the ratio of the radii of the inner and outer
conductors is varied. The results of this survey do clear
up the above difficulties.

T VARIATION IN THE ELECTRIC FIRLDS OF THE
TE{m,» MoODES WITHI THE RATIO OF THE RADII

The mathematical functions which represent the three
electric components and the three magnetic components
of the clectromagnetic field of the various modes inside
a resonant coaxial cavity involve the roots® of (1). For
example, the expressions for the ficld in a coaxial cavity
supporting the TE; 1,1 mode involve the first root of that
member of (1) corresponding to [=2. Since both J,/(x)
and ¥//(x) are infinite serics, these roots are not readily
obtainable ¢ven for a definite value of p, the ratio of the
radii. Yet, the variation in these roots with p is precisely
whatisrequiredinorder tostudythe variation in the modes
with changingratioof the radii. Graphing mustbeutilized.

3 F. Borgnis, “Die Konzentrische Leitung als Resonator,” Hoch-
Sfrequenz. und Elektroakustik, vol. 56, pp. 47-54; August, 1940.
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The graphical procedure has been considerably sim-
plified by Truell* and Fig. 2 of his paper shows, with ap-
propriate changes in notation, the variation of x,1; that
is, the first root of (1), with p the ratio of the radii a
and b of the inner and outer conductors.

To study the variation in the transverse clectric
modes with varying a/b let us sclect the TEz 11 mode as
an illustration. When a/b is 0, we have the pure cylindri-
cal cavity rather than the coaxial one. The electric fields
of TE;.m » modes in cvlindrical cavities are known and
are given by Barrow and Micher, among others. The
ficld of T'E3 1, is reproduced in Fig. 1 for comparison
with later figures. ’

Fig. 1-—Electric field for TEj1.1 mode in a perfect cylinder.

When a/b is small, the ficld inside the coaxial cavity
is much like the ficld inside the cyvlinder, except that a
fow of the electric lines terminate on the inner con-
ductor. In fact, the first root of (1) for small p, i.c.,
small a/b, is practically the first root of J,/(x)=0,
(I1=0, 1, 2, - - - ), the equations whose roots play the
same part for cylindrical cavities that the roots of (1)
do for coaxial cavities. Hence it follows from the mathe-
matical expressions in Borgnis® that the field in the
coaxial cavity is, for small a/b, nearly the same as in a
cylindrical cavity. The larger the center conductor the
fewer electric lines loop back without touching it and
the more go directly to the inner conductor (see Fig. 4).

Let us pay close attention to the case where the radius
of the inner conductor approaches the radius of the outer
one (Fig. 2). If a metal shect is placed inside a cavity so
that it is perpendicular at any point to the electric line
through that point, the field will not be disturbed.
Hence, we may cut the cavity of Fig. 2 by means of
imaginary sheets ¢d, ef, gh, etc., into a number of nearly
rectangular cavities without disturbing the field. Be-
cause the component of the electric field which parallels

4 R. Truell, “Concerning the roots of J,,'(x) Ny'(kx) — J,,' (kx) N, (x)
=0,” Jour. Appl. Phys., vol. 14, pp. 350-352; July, 1943.
5 Sce equations (2) and (6), pp. 48-49 of footnote reference 3.
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the inner and outer conductors is zero or small almost
evervwhere in the cavity, we have in each “rectangle”
approximately the field which exists in a true rectangu-
lar cavity carrying the T°Ey,,,1 mode.® In the true rec-
tangular cavity, if the electric lines are vertical, the
vertical dimension is arbitrary though the horizontal di-
mensions are not. Hence, in the coaxial cavity with the
inner radius @ nearly equal to the outer radius b inde-
pendence of the dimension b—a is practically attained.
However, since the coaxial cavity consists of “rec-
tangles” side by 'side, the circumference of the cavity is
still decisive in determining the resonant frequency.
)

LU

A

< 4

_ \\\\

Fig. 2—FElectric field for coaxial TEs,1,1 mode with a
nearly equal to b.

CONCLUSIONS ON THE LIMITING WAVELENGTH
AS a/b APPROACHES 1

The analysis of the electric field in a coaxial cavity for
which a/b approaches 1 in terms of rectangles leads di-
rectly to conclusions about the limiting wavelength.
Before stating them, let us shift the burden of the dis-
cussion from cavities to wave guides. With increasing
length, the transverse dimensions of a resonant cavity
approach the critical or cutoff dimensions of a guide
with the same cross-sectional shape carrying the same

mode. Hence a discussion of guides is, in effect, a dis-

cussion of cavities.

In a guide of rectangular cross scction carrying the
TE,., mode, one dimension is arbitrary and the critical
size for the other is onc half the free-space wavelength.
As Fig. 2 shows, increasing a/b in the coaxial guide
tends to produce, in cach half-period variation of the
radial component of the clectric field, the same field as
exists in the TE; o mode of a rectangular guide. (There
are six half-period variations in Fig. 2, the number being
always 21.) The critical value of the circumference for
the TE;. modes of a coaxial guide with a/b nearly 1

8 See, for example, Fig. 6.3, of footnote reference 2.
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should therefore be 27 free-space half wavelengths or, for
a fixed circumference, the critical wavelength in the
TE,,, modes approaches the circumference divided by /.

Calculation supports the conclusion drawn in the pre-
ceding paragraph. The critical wavelength for a coaxial
guide carrying the TE;; mode’ is

\ ¢ 27d 2
b fo  xia

Fig. 2 of Truecll's paper shows that x;,, for example,
approaches 3 as a/b approaches 1. Hence the critical
wavelength approaches 1/3 of the circumference.?

Fig. 3—Electric (solid) and magnetic (broken) lines for
TE:.1 mode of a circular guide.

As Truell’s Fig. 2 illustrates, x;,, decreases as a/b ap-
proaches 1. (Note that his # is the reciprocal of our p.)
It follows from (2), then, that with a fixed outer circum-
ference by increasing a/b we increase the critical wave-
length; i.e., the guide is able to pass more frequencies.
Thus decreasing the size of the guide in this manner has
an effect opposite to decreasing the outer circumference
or to decreasing the length in a cavity.

Fig. 4—Electric (solid) and magnetic (broken) lines for
TE,,; mode of a coaxial guide.

It is instructive to view and confirm physically what
happens when the inner conductor increases in size. The
closed magnetic loops which are present in all wave-

7 Sce equation (3) of footnote reference 1.

8 One can assume at once that a coaxial wave guide in which the
two radii are almost equal is practically a rectangular guide, and
apply formulas for rectangular guides. This is done by S. A. Schelku-
noff, “Electromagnetic\Waves,” D. Van Nostrand Co., Inc., New York,
N.Y., 1943, p. 391. However, one should not be misled by the pro-
cedure adopted there into believing that there exist additional modes
which are obtained by letting m=0; i.e., that TE;, modes exist
which are distinct from the TE;; modes. (See the next section of this

paper.)

Proceedings of the I.R.E.

January

guide and cavity modes are incompressible below a
minimum “dimension” of a half wavelength. They do
not permit themselves to be “squeezed” into narrower
regions. Consider, for example, the TE;; mode. When
a/b is 0 the guide is cylindrical and the field is as shown
in Fig. 3. The magnetic lines are directed out toward
the reader at ¢, flow across the front, and head into the
guide again at d. Hence the diameter of the guide cannot
be less than one-half wavelength. As a matter of fact,
the minimum diameter for this mode is 0.586 \. The
introduction of an inner conductor into the guide forces
the magnetic loops to flow around it as shown in Fig. 4.
Moreover, the loops curve more nearly into the shape
of the outer circumference as the inner conductor is in-
creased in size. This curvature permits a longer wave-
length. The limiting case as the inner conductor in-
creases calls for two loops, one above and one below the
inner conductor, each loop about one-half wavelength

e
D

Fig. 5—Electric field lines of some transverse electric coaxial
modes as portrayed by Barrow and Mieher.
in size, and each running along one portion of the cir-
cumference. Hence, the latter should be two half wave-
lengths long, which is the conclusion reached in the pre-
ceding paragraph.

It need not be remarked, perhaps, that the above dis-
cussion of the TEj,1.1 coaxial cavity mode and the corre-
sponding TE;, guide mode applies to all the TE; ;..
coaxial cavity and corresponding guide modes.

The TE;0.n» Modes of Barrow and Mieher

It is now clear as to where the modes labeled TE; g ,,
TEz,4, and TE;3,, by Barrow and Mieher and repro-
duced in Fig. 5 fit into the scheme of things. They are
approximate representations of the TEi,1,1, TEs1,4, and
TE; 1,0 modes, respectively, and are attained practically
only for large a/b. The subscript 0, though descriptive
of the field in that there is practically no variation in the
component of the electric field paralleling a circle con-
centric with the inner and outer conductors as one pro-
ceeds radially, is nevertheless misleading.
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There are mathematical and physical arguments
which show that the fields in Fig. 5 are not, and un-
doubtedly were not intended to be, taken as exact
descriptions. In cylindrical co-ordinates, the electric
ficld inside a cavity can be resolved into the three com-
ponents Eg4, E,, and E.. TFor the transverse electric
modes, E. is zero everywhere in the cavity. According
to Fig. 5, the component E4 which parallels circles con-
centric with the inner and outer conductors must also
be zero. Now solution of Maxwell’s equations for the
field inside the cavity, under the conditions that E; and
E, are identically zero everywhere inside, shows that
the resonant frequency should not change with the
mode. Yet the resonant frequencies which Barrow and
Mieher give for these modes, in the particular cavity
they used, arc 344 megacycles for the (1, 0, 1) mode,
475 megacycles for the (2, 0, 1) mode, and 611 mega-
cycles for the (3, 0, 1) mode. Indeed a check on their
calculations shows that Barrow and Mieher obtained
these frequencies by treating the TE;,. modes as
TE.1. modes and by using equation (1).

A physical argument for the contention that the dia-
grams in Fig. 5 arc not exact is illuminating. Consider
the TE;.0.1 mode. According to the illustration, it should
be possible to insert conducting sheets along the cavity
passing through ¢d or ef or both, without disturbing the
field. But if sheets were present, lines of force approach-
ing them closely would be compelled by the usual
boundary condition to curve and terminate upon the
sheets (Figs. 2 and 4); or we might resort to a convention
of electric field theory and say that electric lines act like
stretched elastic bands; hence some will shorten them-
selves by curving and meeting lines symmetric with re-
spect to cd and ef.

TuE PrRACTICAL IMPORTANCE OF THE COAXIAL
TrRANSVERSE ELECTRIC MODES

It is urged that the coaxial transverse electric modes
be clearly understood because of their relation to the
principal or TEg 0. mode (Fig. 5) which is commonly
used in resonant coaxial lines, and which is but one spe-
cial case of the infinite number of modes which can be
sustained in a resonant coaxial cavity. If the frequency
is low, the dimensions of the usual resonant coaxial line
are such that other modes are not sustained. But as the
frequency increases, particularly if the diameter of the
inner conductor becomes comparable to that of the outer
one, the resonant line may readily sustain the higher
transverse electric modes; i.e., the TE;;,, modes. The
similarity of the ficlds (one has but to compare the fields
in Fig. 5) makes it likely that the device designed to
propagate the principal mode will also propagate the
higher modes when they can be sustained.

As an example, a coaxial line whose outer radius is
2 centimeters will, of course, resonate in the principal
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mode of a 3000-megacycle wave. But it may also reso-
nate in the TE,,: mode if the inner radius is greater
than 0.6 of the outer radius. The higher the frequency
the less the inner radius need be, or the greater the pos-
sibility of still higher modes being sustained. In view of
the fact that frequencies much higher than 3000 mega-
cycles are now well within the range of experimental
work, the likelihood of a coaxial line sustaining or trans-
mitting several modes where only one is intended is by
no means negligible.

The introduction of these higher modes can, of course,
produce intolerable effects. Even in a simple device like

Fig. 6—Higher transverse electric coaxial mode TE,,1,
when a/b is between 0.2 and 1.

a wavemeter employing a resonant coaxial line, the
peaks or dips of the principal mode may no longer be
recognizable if higher modes are present or appear in
the line as its length is altered by the usual tuning means.

It may be remarked finally that the I, m, n notation
used in describing the modes of cavities has its limita-
tions. Whereas the mathematical meanings still hold
precisely, the physical meanings suggested by Barrow
and Mieher? cannot be applied too literally. Reference
to Figs. 1, 3, and 4 will show that the physical meaning
assigned to the second subscript m does not hold for all
radial paths. Moreover, various physical pictures must
be associated with the same set of subscripts. As an ex-
ample, the field shown in Fig. 6, and which is given by
Borgnis!? is the one we must associate with TE;,; as
long as the ratio of a to b is at least 0.2. For ratios less
than 0.2 the field has more variations in it. Even in the
case pictured it is difficult to decide what the m value
should be.

9 See p. 185 of footnote reference 1.
10 See p. 53 of footnote reference 3.




Radio-Frequency Spectrum Analyzers®
EVERARD M. WILLIAMSY, SENIOR MEMBER, 1.R.E.

Summary—The resolving power of radio-frequency spectrum
analyzers of the continuously tuned type is defined as the width in
frequency, at points 3 decibels down, of the trace of a continuous-
wave signal. The optimum resolving power is 1.3 \/F/-T, in which F is
the frequency band scanned, and T the period of one scan. Traces of
pulse-modulated, frequency-modulated, and amplitude-modulated
signals are illustrated to show effect of resolving power.

INTRODUCTION

N THE absence of a standard definition, the term

“radio-frequency spectrum analyzer” is considered

to apply to a device which provides a description
of signal distribution and sideband structure in a se-
lected radio-frequency band in the form of a plot of
amplitude versus frequency. In the parallel field of op-
tics, spectrum analysis by means of spectroscopes is
conducted for “the investigation of substances or bodies
by means of their spectra’;! in radio, it is assumed that
spectrum analysis is applied to the investigation of racio
signals by means of the traces observed on the radio-
frequency spectrum analyzer.

In an optical spectroscope, all frequencies in a se-
lected band are received simultancously and split into
groups. In an analogous manner a radio-frequency band
can be divided into groups and analyzed by a scrics of
fixed-tuned receivers staggered in frequency throughout
the band. Although such devices provide more readily
interpreted and reliable indications than the type to be
described, their use is infrequent because of the multi-
plicity of circuits required.

Radio-frequency spectrum analysis may also be ac-
complished by the continuous tuning of a selective re-
ceiver through the spectrum band under study, examin-
ing cach frequency group in turn for the existence of
signals, rather than all groups in the band simultane-
ously. Such devices have been manufactured for some
years and when used with synchronized cathode-ray-
tube presentations are described commercially as “pan-
oramic”? receivers. This paper is concerned only with
the latter type of spectrum analyzer.

Fig. 1 shows the block diagram of a typical continu-
ously tuned spectrum analyzer, a superheterodyne re-
ceiver periodically tuned over a band togcther with a
synchronized display device. The oscillator control

* Decimal classification: R388XR361. Original manuscript re-
ceived by the Institute, March 14, 1945; revised manuscript received,
June 14,1945, Presented, 1945 Winter Technical Meeting, New York,
N.Y., January 26, 1945.

T Carnegie Institute of Technology, Pittsburgh, Pa.

I'Webster's Collegiate Dictionary, Fifth Editjon.

2 Product of Panoramic Radio Corporation, New York, New
York.
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causes the oscillator frequency to vary approximately
linearly in time so that the recciver tunes linearly over

¥ OETECTOR DISPLAY
RADIO FREQuENCY | MXER AMPLIFIER AMPLIFIER [~ DEVICE
INPUT
OSCILLATOR SWEEP
OSCILLATOR ——— "coNTROL GENERATOR

Fig. 1—Continuous-tuning spectrum analyzer.

the spectrum under examination, At the completion of
a tuning sweep, the oscillator malkes a rapid return to
the original starting frequency during an interval in
which the display device is blanked. The tuning cycle
is then repeated. In many cascs, the mixer is also tuned
to inhibit spurious responses. In operation, the mixer
output presents to the intermediate-frequency amplifier
all continuous signals within the range of the analyzer
with a superposed lincar wide-range frequency variation
added to any modulation originally in the signals.
Separation of the band into individual signals occurs as
the linear frequency variation causes these signals, in
sequence, to tune through the intermediate-frequency-
amplifier passband, and the degree of signal separation
is determined entircly by the interme(liate-frequency-
amplifier properties. It is the purpose of this paper to
discuss the “resolving,” or signal scparating powers, of
continuously tuned spectrum analyzers, and the paper
is concerned entirely with the phenomena encountered
in the intermediate-frequency amplifier.

Because of the periodic sweep the intermediate-fre-
quency-amplifier response in a spectrum analyzer can
be expressed as the sum of the responses to a scries
representing the expansion into components of the cycli-
cally frequency-modulated signal. The response can also
be treated as a transient one, in which cach transient
rises and decays entirely during a single sweep period,
because the case in which the transient persists from one
complete tuning cycle to the next is one in which a
(resolutionless) continuous display is produced, and is
thercfore trivial.

Neither method of analysis yiclds useful results for
a generalized system. A particular intermediate-fre-
quency-amplifier response for specific sweep widths can
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be computed (albeit tediously) and some form of gen-
eralized curves may eventually be available. However,
experimental studies of the relation between resolving
power and intermediate-frequency-amplifier bandwidth
result in surprisingly simple empirical relations which
have been widely applied in designs. These involve the
following factors, for which convenient definitions have
been chosen :

Resolving Powers (S): This is the displayed width, in
terms of frequency, at the 3-decibel-down points, of a
continuous-wave signal. Thus an analvzer which pre-
scnts a continuous-wave signal as a “pip” 10 kilocycles
wide at the 3-decibel-down points would be said to have
a resolving power of 10 kilocycles. Fig. 2 shows a typical
trace used in determining resolving power. Two equal
unmodulated signals differing in frequency by S defined
in this manner would be barely separable.

Fig. 2—Construction {or determining resolution.

Intermediute- Frequency-A m plifier Bandwidth (Af): For
consistency this is defined as the width, in cycles per
second, of the intermediate-frequency selectivity curve
between 3-decibel-down points.

Sweep Bandwidth of the Spectrum Analyzer (F): This
is the differcnce of maximum and minimum frequencices
between which the analyzer tunes and it is assumed that
this band is traversed lincarly in time.

Sweep-Time Interval (T): This is the time interval of
one displayed sweep from minimum to maximum fre-
quency (or vice versa if the direction of displayed fre-
quency is from maximum to minimum) and does not
include the return-trace time.

Experimentally it is found that maximum resolving
power for a spectrum analyzer is very nearly

S 134/7 (1)
=134/

and that this resolving power is realized for intermedi-
ate-frequency-amplifier bandwidths Af in the vicinity of

7
A=A @
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A somewhat intuitive analysis for a single resistance-
inductance-capacitance circuit providesa substantiation
for the dependence of bandwidth and resolving power on

v/ F/T alonc.

If a tuned circuit is excited by a linearly frequency-
modulated signal {(of very much greater deviation that
the bandwidth of the circuit) the resulting impulse con-
sists of two components: (a) that at the natural circuit
frequency; and (b) that at the instantaneous applied
signal frequency.

If the circuit Q is very low, the transient (a) decays
so rapidly that the output is a faithful trace of the
normal intermediate-frequency-amplifier curve. 1f the
circuit Q is very high, the response (a) is important. Its
time is dependent on the circuit time constant and
successive increases in Q beyond a certain point in-
crease the time constant so much as to decrease resolu-
tion. Therefore it appears rcasonable that the choice of
a circuit bandwidth in which the time of steady-state
response (D) is equal to the transient (a) rise and decay
time (both times for 3-decibel-down points) should re-
sult in maximum resolving power.

For instance, let a frequency band F be swept in a
time interval 7. The bandwidth Af (in cycles per second)
of a single circuit tuned to frequency f. 1s, from standard
sclectivity curve,

af = = 3)

between 3-decibel points.
The circuit response at the instantancous applied fre-
quency will then occur during a time

A A
Atl = —f X 1‘ = f *
r or

The circuit transient time constant for a variable-
frequency applied signal is unknown; if, however, it is
assumed approximately that for a fixed-frequency sig-
nal, the 3-decibel decay time Afs, is determined from

Q
2w

4)

R
— Aty = — log, 0.707 or Al = .
2L
For a rise and decay of 3 decibels, the time is Aty = Q/w.
If Aty is equated to A the bandwidth of the circuit is

found to be

F
P (5)

Af = 0.56 .
/ 2T

The similarity of (2) and (5) needs no further comment.

ErFrECT OF RESOLUTION ON SIDEBAND TRACES

As would be anticipated, it is found that the ability
of a spectrum analyzer to show sideband structure is
measured by the resolving power and sidebands of equal




20P

amplitude differing in frequency by S can be distin-
guished on an analyzer trace. If amplitude of adjacent
sidebands is not cqual, somewhat greater resolving pow-
er is required for their separation because of the mask-
ing of the smaller signal by the larger adjacent signal.

Modulated signal traces for resolution lower than that
necessary for sideband separation are of considerable
interest, particularly in the case of pulsed signals, as
shown by the following analysis for a simplified circuit.

Let a series resistance-inductance-capacitance circuit
tuned to a natural angular frequency w, be excited by
a carrier of fixed angular frequency w, pulsed on and
off at angular frequency w, with a pulse of duration d.
The response to the first pulse is of the form

t = Ki1e®2E cos (w,t + ¥) + K, sin (waf + ¢) (6)

(K1, Ks, ¥, ¢ determined by circuit constants and Wa).

In the interval between the end of this first pulse and
the incidence of the second there will remain only tran-
sient terms of frequency w,, and up to this time there is
no dependence of transient amplitude upon pulse-repeti-
tion rate because the circuit has been excited by but a
single pulse. If the transient from the first pulse is effec-
tively decayed at the incidence of the second, the re-
sponsc to the second pulse will be exactly equal to that
of the first. If, on the other hand, only a slight decay
takes place between pulses, successive pulses will result
in the modification of terms such as K1 in (6) by ampli-
tude functions of ws—w,/wn in which the amplitude is a
maximum for w,—w,/w,=n, an integer, corresponding
to the usual relation, in which the sideband separation
is the modulation frequency. Thus, in general, a tuned
circuit is not capable of distinguishing (resolving) pulse-
modulated-signal sidebands unless the transient result-
ing from each pulse persists at least until the next pulse
appears. Fig. 3 illustrates the trace of a pulsed signal in
which sidebands are resolved.

When the transient decay between pulses is large no
sidebands are resolved; there may, however, be a well-
defined pulse envelope. Consider the resistance-induct-
ance-capacitance circuit for which (6) was developed;
if the resistance is zero this reduces to

. E wr .
1=—| — — sin ¢ sin w,¢ 4 cos ¢ cos w,t
z wa

— cos [wat + 1,&]) (7a)

and for values of R very near zero, it is approximately,

E Wy | .
1~ —| B[ — — sin ¢ sin w,d 4 cos ¢ COs w,i

4 Wa

— cos (wal + ¢)]. (7b)
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At the end of time d, the pulse ceases. There will be
no transient after this time if at the instant of pulse
termination, the current 74 and the charge

d
dad =f ’Ldt
0

are zero. For (7a) this is the case for
w, = w, and wd — w,d = 2ur (8)
or
n

fr_fa=_d—7

where 7 is an integer.

Fig. 3—Pulse-modulated signal of 75,000 pulses per second: F=1
megacycle; S=10 kilocycles; "= 1/40 second; pulse duration=3
microseconds.

Although with (7b) there can be no simultaneous
zeros of current and charge, a minimum 4, and gaq are
reached for approximately the same condition (8) which
is the usual relation, locating the nulls for the sideband
envelope, following the form of the function sin x /x. Ap-
pearance of the sideband envelope on the trace is there-
foredependentonly on the transient-response persistence
for each individual pulse, and the sideband envelope
cannot be distinguished on the analyzer trace if the term
e~ Rt is very much less than 1. With short pulses the
duration of a single pulse may be a small fraction of the
interval between pulses and a rate of decay in an inter-
mediate-frequency amplifier which is excessive for side-
band resolution may easily be sufficiently low to permit
sideband-envelope resolution. An estimate of the resolv-
ing power required to show this sideband envelope may
be obtained by assuming an allowable decay and cal-
culating the corresponding resolving power for the sim-
ple resistance-inductance-capacitance circuit.



1946 Williams: R-F Spectrum Analyzers 21 P

If the allowable decay is assumed to be 10 decibels, the

pulse duration d should be

Fig. 4—Pulses of 14 microseconds; F=300 kilocycles;
S =10 kilocycles; T=1/40 second.
(Top): 5000 pulses per second.
(Botton): 1600 pulses per second.

2L 1
d < — log, —
R 10

or
4.6L
If
F
Q= s and Af = 4/——
Af 2T
the duration d must be

T
d< 1.024/—
F

or the frequency separation F, of nulls in the sideband
envelope is

F
Fe > 1.964/— (9)
T

for sideband-envelope resolution. Equation (9) is so

Fig. 5—Frequency-modulation signal, 200-kilocycle deviation; 20-
kilocycle modulation; S=10 kilocycles; F= 700 kilocycles; T =
1/40 second.

Fig. 6—Amplitude-modulation signal, 50-kilocycle modulation;
F=300 kilocycles; S=10 kilocycles; T'=1/40 second.

nearly the same as (1) that the difference in coefficient
may be attributed to inaccuracies in assumptions and
this conclusion is substantiated by experimental results.
Fig. 4 illustrates two cases in which the sideband en-
velope is very well defined although individual side-
bands are not resolved. In these illustrations the pulse
rate was synchronized at a sweep-rate harmonic to fa-
cilitate photography. The vertical “spikes” should not
be confused with sidebands, for which the horizontal
separation is far too great. Each “spike” is a pulse and
the time interval between pulses is equal to the sweep-
time interval on the screen.

When resolution is very coarse, pulse-signal traces are
decidedly ambiguous, except in the extreme cases (very
coarse resolution) in which pulse signals appear as a
single trace, “bobbing”” up and down.

The traces of frequency-modulated (or phase-modu-
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lated) and amplitude-modulated signals are not amen-
able to as straight-forward an explanation as those of
pulse-modulated signals. In addition, neither angular-
modulated- nor amplitude-modulated-signal sidebands
are characterized by the regular (smooth) envelope of
the pulse-modulated signal and conditions which would
result in sideband resolution with pulse signals yield only

Fig. 7—Frequency-modulation signal, 35-kilocycle deviation, 2000-

cvele modulation; F=300 kilocycles: S=10 kilocycles: T —1/40
second.

Fig. 8—Frequency-modulation signal, 50-kilocycle deviation, 150-

cycle modulation; F=300 kilocycles; S=10 kilocycles; T—1/40
second.

“quasi” or smoothed versions of the true envelope unless
the sidebands are also resolved.

Experimentally it has been observed that, if the con-
dition (1) is met, both amplitude- and angular-modu-
lated signals will show clear sideband structures. Figs. 5
and 6 show such frequency-modulated and amplitude-
modulated signals. If the resolving power is sufficiently
coarsc to include the signal and all its sidebands, fre-

quency-modulated signals will appear as “pips” of
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constant amplitude, oscillating in position. Similarly
amplitude-modulated signals will appear as “pips” con-
stant in position and oscillating in amplitude.

For resolving power intermediate between the above
and that of (1) frequency-modulated signals show a -
number of oscillating “pips” with a quasi envelope as in
Figs. 7 and 8. Amplitude-modulated signals show a
single “pip” serrated in envelope as in Fig. 9. These
serrations represent the changes in amplitude caused by
modulation taking place during the time the signal is
in the pass band of the analvzer.

Fig. 9—Amplitude-modulation signal, 16-kilocycle, modulation 40
per cent; F=100 kilocycles; S=10 kilocycles: 7= 1/40 second.

LIMITATIONS OF SPECTRUM ANALYZERS

It is feasible to design recording spectrum analyzers
for any desired resolving power, since the sweep rate
may be made as low as necessary. Spectrum analyzers
with cathode- -ray-tube presentation are limited to sweep
rates which permit reasonable visual persistence and fall
into two classes.

1. Narrow-band (not more than 100 kilocycles) de-
vices tracing true signal-sideband structure of signals
modulated at audible or higher rates.

2. Devices scanning bands 1 megacycle or more in

. width. These are capable only of showing signal side-

bands with signal modulation frequencies substantially
higher than voice frequencies, and thercfore cannot be
relied upon for more than an indication of signal fre-
quency, although in specific instances sideband resolu-
tion or envelope resolution may occur.



Principal and Complementary Waves in Antennas’
S. A. SCHELKUNOFFT, FELLOW, LR.E.

Summary—In response to an increased interest in mathematical
aspects of antenna theory, this paper presents details of analysis
of cylindrical end other nonconical antennas as a supplement to a
previous paper! containing the outline of the method and the main
results. In the course of the present discussion the theory of principal
waves on cylindrical conductors is extended to include the case in
which the diameter is not small compared with the wavelength.

INTRODUCTION

OT VERY long ago, Dr. L. Brillouin and I spent
i \‘l some time discussing the antenna theory and the
discrepancies between impedance values ob-
tained? from a solution of the Oseen-Hallén approxi-
mate integral equation and from a direct approximation
to the solution of NMaxwell’s equations.! The discrepan-
cies arc explained in the companion paper® where it is
shown that the approximations involved in the integral
equation are justified, that insufficient accuracy of
Hallén’s first approximation to the solution leads to a
degradation of subscquent approximations, and that
the revised procedure* emploved by Miss Marion C.
Gray should and does lead to a better series. It is diffi-
cult to overemphasize the importance of a proper choice
of the fundamental parameter in the reciprocal powers
of which one is naturally led to expand the current dis-
tribution in the antenna. This parameter is not uniquely
defined by the mathematical equations and its choice
controls the goodness of the approximation consisting
of only the first two or three terms of the expansion.

In order to complete our discussion of the funda-
mentals of antenna theory, this paper presents mathe-
matical details of the other analysis of cylindrical
antennas which is based on representation of the field
around the antenna in terms of appropriate solutions
of Maxwell's equations. The present paper should be
regarded as a supplement to the paper! alrcady referred
to, which cantains a suggestive outline of the method,
actual results, and their interpretation, for antennas of
several shapes, but treats in detail only conical an-
tennas. Besides yielding a solution of the antenna prob-
lem, this method leads to an attractive physical picture

* Decimal classification: R120. Original manuscript received by
the Institute, June 18, 1945; revised manuscript received, August 20,
1945.

i Bell Teleghone Laboratories, New York, N. Y.

1S, A, Schelkunoff, “Theory of antennas of arbitrary size and
shape,” Proc. I.LR.E,, vol. 29, pp. 493-521; September, 1941,

2 Ronold Kingand F. G. Blake, Jr., “The self-impedance of a sym-
metrical antenna,” Proc. LLR.E,, vol. 30, pp. 335-349; July, 1942.

3 S, A. Schelkunoff, “Concerning Hallén's integral equation for
cylindrical antennas,” Proc. 1.R.E., vol. 33, pp. 872-878; December,
1945.

4 Marion C. Gray, “A modification of Hallén's solution of the
antenna problem,” Jour. Appl. Phys., vol. 15, pp. 61-65; January,
1944,
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of the phenomenon of radiation and focuses one’s at-
tention on similarities as well as dissimilarities between
antennas and transmission lines. It should be stressed
that this analogy can be made a posteriori, after the
nature of the solution has been examined in the light
of Maxwell’s cquations, and should not be confused with
a priori assumptions of the analogy in some earlier work.
In this early work an intuitive analogy had been made
between antennas and ordinary idealized transmission
lines admitting only one transmission mode; but it was
subsequently discovered! that antennas can be regarded
only as transmission lines with several modes of trans-
mission of which, however, one, the “principal” mode,
dominates the rest.

STRUCTURE OF THE SOLUTION

In contrast with the method employed by Oscen and
Hallén 5 in which attention is concentrated at once on
the current in the antenna, our method depends on the
analysis of the field around the antenna and subsequent
determination of the current associated with this field.
The analysis is carried out in spherical co-ordinates,
and for this reason the space is divided into the antenna
region (1) and the remainder (2) with a spherical bound-
ary between the two, Fig. 1. The reason for subdivision
is that the boundary conditions on the axis of the an-
tenna =0, 7 are different for the two regions. In the

Fig. 1—Division of space into the antenna rcgion. (1) and the external
region (2); S is the sphere centered at the input terminals and
passing through the ends of the antenna.

external region (2) the solution should not be singular
on the axis; this condition leads to a possibility of ex-
pressing the most gencral field in region (2) as a series
of integral spherical harmonics. On the other hand, in

5 F. Hallén, “Theoretical investigations into the transmitting and
receiving qualities of antennas,” Nova Acta Uppsala, ser. 1V, vol. 11,
pp. 1-44; November, 1938,
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region (1) the axis is excluded by the antenna and al-
though the solution is permitted to have singularities on
the axis, it is required to satisfy certain boundary con-
ditions on the surface of the antenna. This leads to a
representation of the solution in terms of fractional
spherical harmonics. The method is particularly suitable
to biconical antennas. For other shapes, the method is
still practicable when the transverse dimensions of the
antenna are small, in which case the antenna becomes a
“cone with slowly varying angle”, and the solution may
be expressed as a series of “perturbed” fractional spheri-
cal harmonics.

Having expressed the solutions in the regions (1) and
(2) as series with arbitrary coefficients, we find that the
requirement of continuity of the field at the boundary
sphere S furnishes enough equations for determination
of all these coefficients except one. This last unknown is
expressed in terms of the impressed voltage.

The next step in the breakdown of the field into com-
ponent parts is a representation of the field in the an-
tenna region as the sum of the principal and comple-
mentary waves. The simplest way to explain the nature
of the principal waves is to say that these are the waves
which would be generated in an infinitely long antenna.
An outward-moving wave is generated by the source at
A4,«B and an inward-moving wave could be generated
by reflection from a conducting sphere concentric with
A, B. These are the waves in which electric lines run
substantially along the meridians, Fig. 2; exactly along

Fig. 2—Electric lines of force in principal waves.

the meridians for the biconical antenna. These are the
waves which are exactly transverse electromagnetic
waves in the case of the biconical antenna and very
nearly transverse electromagnetic in other cases. These
are the waves which correspond to the well-known
waves along parallel wires, coaxial cylinders, and other
“two-conductor transmission lines.”

For a finite antenna the field, consisting of principal
waves alone, will not satisfy the continuity requirements
at the boundary sphere S since in region (2) there is no
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principal wave to match. In fact, all waves in region (2)
have a radial electric intensity and the condition of con-
tinuity is satisfied by adding a proper complementary
field in region (1) which also possesses a radial electric
intensity. This added field is required, therefore, in con-
sequence of the sudden termination of the wires. Its
presence expresses the fact that the reflection of the
boundary sphere is not uniform, for otherwise we should
have had merely a principal reflected wave (as when the
sphere is a perfect conductor). At first it may seem
strange that we should speak of reflection from a purely
geometric boundary. We could dispose of it as a pecu-
liarity of the co-ordinate system we are using, as an
attribute of mathematics rather than as a disclosure of
the underlying physical reality; but there is more to it
than this. If we apply a voltage across 4, B for a very
brief interval of time, a thin spherical electromagnetic
bubble is generated. The bubble will expand outwards
and the mechanism of its expansion is given by Huy-
gens’ principle or its more complete form known as the
induction theorem.® This simple movement persists
until the forward boundary of the bubble reaches the
end of the antenna, when the disturbance becomes
“aware of” the altered conditions ahead. Naturally, this
awareness manifests itself first near the wire and there
the reflection is the greatest. It is in this respect that the
present case differs from that of a uniform change in the
characteristics of the medium over the entire wave
front.

Thus the principal feature of the method is: waves in
infinitely long antennas are considered first; subse-
quently, the complementary waves are included to ex-
press the effect of sudden termination of the wires, par-
ticularly with regard to uneven reflection at the wave
front passing through the end of the antenna.

All this constitutes the background both for the sub-
sequent mathematical analysis and for the physical in-
terpretation of the results. For further ideas on this sub-
ject, the reader is referred?8 to the literature.

PrRINCIPAL WAVES

In everything that follows, we assume perfect conduc-
tors and dielectrics because our main concern is radia-
tion. For a double cone, Fig. 3, it is easy to find the exact
solution of Maxwell’s equations for principal waves;
thus

[+e—i6r 60T +e—ibr
ot = o
7 sin 0

= = 2%/\,
27rrsin0, B "/

8

¢ S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand
Co., Inc., New York, N. Y., 1943, p. 399.

7J. C. Slater, “Microwave Transmission,” McGraw-Hill Book
Company, New York, N. Y., 1941, pp. 219-232,

8 Simon Ramo and John R. Whinnery, “Fields and Waves in
Modern Radio,” John Wiley and Sons, Inc., New York, N. Y.,
1944, pp. 482491,
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T—eibr 601"
Hf =— Ef=——7—,; 1)
2mr 5in 6 7 sin 0

the remaining components of the ficld are equal to zero.
In the antenna theory we shall be concerned with the
transverse voitage, V(r); that is, the line integral of E
along a typical meridian

V() = f " Eib, @)
¥

Fig. 3—A biconical antenna.

and with the current I{r) in the upper cone,
i(r) = 27r sin 0H 4 = 2wy sin Y H,. (3)

If we write the expressions for ¥ and I, we shall find that
they are exactly the same as for a uniform transmission
line with the following characteristic impedance:

K = 120 log cot (¥/2) .~ 120 log (2/¢). (4)

The approx:mation is for small values of the cone angle ¢.

In fact, if we introduce into Maxwell's equations
our definition of the principal wave (in the present case
E,=E4,=I1,=1I;=0) and V and I from (2) and (3) in
the place of E; and I7,, the following equations are ob-
tained after suitable integrations

dv /
— = — iwll, — =

— WCV, 5
dr dr e )

L = (u/7) log cot (y/2), C = we/log cot (¥/2). (6)

Equations (5) hold, in fact, for principal waves on any
pair of coaxial cones, Fig. 4, or even for any pair of
cones with a common apex, Fig. 5; only the values of L
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and C are different. If we remove the common apex of
the cones to infinity, we shall find that a coaxial pair of
cylinders is a limiting case of coaxial cones and the pair
of parallel wires is a limiting case of diverging cones
shown in Fig. §.

Fig. 4—Coaxial cones with a common apex.

It should be noted that the transverse voltage definesd
by (2) is equal not to the difference of scalar retarded
potentials at the ends of the corresponding meridian but

®

»

Fig. 5—Cones with a common apex.

to the difference of scalar electric potentials of the kind
which appear in the theory of spherical waves.® In this
theory the retarded potentials would be very cumber-
some and for this reason are not used.

The field intensities (1) become infinite as » ap-
proaches zero; but V and I remain finite. In this re-
spect the principal waves differ from the complementary
waves. Infinite voltages are required for generation of
progressive complementary waves by a point source and
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very large voltages in the case of a source of finite but
small dimensions. We shall return to this topic in the
next section.

—
— -
E_—’ -

|
1
|
[
|
|
t
| -
f
1
&

i
!
l
!
!
!
!
|
1
|
(&

Fig. 6—A cylindrical antenna with tapered input terminals.

If the conductors are nonconical but of such propor-
tions (Fig. 6) that the electric lines should nearly coin-
cide with the meridians, we expect that cquations (5)
and (6) will be ncarly correct if we assume that the cone
angle ¢ is varying continuously with 7; thus

¥ = sin™! (a/7), . @)

where a is the radius of the conductor where it is inter-
cepted by the sphere of radius 7. While this is practically
obvious, some questions may be raised unless a few de-
tails are supplied. We can start cither with Maxwell’s
differential equations or apply the fundamental laws
directly. Thus, applying Faraday's law of the electro-
motive force to the curvilinear rectangle CDEFGIIC,
Fig. 6, we have

av
dr

T—y
— — Gy f 11 4rd8. (8)
v

Applying Ampéere-Maxwell’s law of the magnetomotive
force to a typical magnetic line M N, we obtain

I(r) + 2niwer?[2 L, sin 640
=1 .f . : 9)
27y sin 6
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This equation expresses the equality of the magnetomo-
tive force (277 sin 0)H, round the magnetic line and
the total radial electric current through the spherical
segment bounded by this line. The first term I(r) is the
conduction current in the upper conductor at the place
where it cuts the sphere and the second term is the radial
displacement current. If we neglect the latter, which we
arc entitled to do in the case of principal waves, we shall
obtain the leading equations in the sets (5) and (6). Sub-
stituting from (9) into (8) we have

dVv
—_— = — iwLI-i-BQr?f

dr v sin

v df

f E, sin 6d6.  (10)

This is the exact equation.
In order to obtain the sccond transmission cquation,
we start with the following equation from Maxwell’s set :

0
— twerEy = — (rll,) (11)
ar

and substitute from (9); thus

1 d[ 0 [twer?
—_— l: f E, sin 0410] .(12)
27 sin 6 dr dr Lsin 0

Integrating from § =y to 8 =7 —y and substituting from
(2), we have

] 1 v\dI
— twel = <— log cot —)——
T 2/ dr

d V¥ fwer?

drJ sin 6

—iwerEy=

8
d-()f E. sin 6d6. (13)
v

Finally dividing by the cocfficient of dI/dr, we obtain

dI . d
— = — 1wV — fuC —
dr drJy

™V 20

)
f E, sin 640. (14)
v

sin 6

This time the exact equation contains the derivative of
the correction term in (10).

Since the application of this equation is contemplated
only when ¢ is small, cot (y/2)~2/Y~2r/a(r) where a(r)
is the radius of the conductor; furthermore 7~z so that
(6) becomes

i 2y I 2z
L =—log =—log ——

T a(r) T a(s)

e e

= = . 15
log [2r/a(n]  log [25/a(2)] 1)

The last terms in (10) and (14), which we will neglect,
are at least of the order of the square of the radius while
the remaining terms depend upon the logarithm of the
radius.
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The other extreme arises in the casc of cylindrical an-
tennas, Fig. 7, or other antennas of revolution, in the
immediate vicinity of a line source, MN. As the radius

of the line source increases, a wedge is approached,
Fig. 8. The voltage is applied between the edges 4C
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Fig. 7—A co-ordinate system suitable for cylindrical conductors.

and BD (which are assumed to be very close). In this
casc we still have equations (5) with r being the distance
from the line halfway between the edges; the values of L
and C per unit length along AC are

L = mur C = ¢/rmr. (16)

The intermediate case presents the greatest mathe-
matical difhculties. The most natural co-ordinate system
would be that formed by the equipotential surfaces,
with the two conductors being kept at constant poten-
tials, and two orthogonal familics of surfaces passing
through the lines of clectric force; then we should try
to express the relationship between the voltage along
the clectric line of force and the current in the form
analogous to (10) and (14), with L and C having their
static values and residual terms when required. Unfor-
tunately the equations become quite complicated.

In the case of cvlindrical conductors, we have an al-
ternative which possesses certain advantages, Fig. 7.
One of the co-ordinates r is taken to be the distance from
the “origin circle” M N; half planes issuing from the axis
of the cvlinder are designated by the azimuth angle ¢
as in spherical and cvlindrical co-ordinates: and 6 is the
angle made by the generators of the cylinder with a
typical radius in a ¢ planc. In these co-ordinates the
ficld equations become
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P v P %
L= —— — Ly = —
2miwer? 96

\4 I\ r
11y = = —) P=—-——"—)
a+ rsiné

Zr; 2
J o 1 a A4
DD
ar ar r: o6 d6

From the last equation we obtain

-

2wiwer Or

(17)

— B V.

A d Y 1
+ B = — P (log P)
¥

PRA

ar r: 96

ar?

’ og 1) Y (18)
LY
2 590 80 g

2

Iig. 8—A portion of a biplanar radiator.

where
a
N b
r(a + r sin 6)
r cos @

a+rsin0‘

7 (tog )

— (log P

ar .
(19)

(g )
_ Ie) )
a8 &

The solution for principal waves is the one in which ¥
is necarly independent of 6 so that [, is nearly zero
everywhere. In the first approximation we ignore the
last two terms in (18) and obtain

iR a awv
ar? r(a 4+ rsin6) OJr

If 7 is small compared with a, then
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o 1 0¥ ¢
+ 8 = — — —; (21) f VL/Cdr
ar? r or r
in this case ¥ is a Bessel function of order zero and the =240qa l:\/l—(r/a)2 tan—! /‘/a—r — a—r:l ,r<a;
field is nearly that for a wedge formed by two half atr 2a
) . . ) (26)
planes. If r is large compared with a, the right-hand side r
of (20) can be neglected and ¥ is an exponential func- f VL/C dr
tion. In this case, the field is given by expressions of the “
type (1) and equations (5) and (15) apply even if a is _ /‘/"—‘1 r—a
X . . . : =2 / -1 i - , .
large. The function ¥ is substantially independent of 8 H0a| V(r/e) tanh r+a 2a r>a

when 7 is very much smaller than or very much greater
than a; the greatest variation with 8 occurs in the vicin-
ity of r =a where the coefficient of the last term in (20)
varies from (—1/a) at =0, = to (—1/2a) at 6 ==/2.

We are now in a position to determine the values of
L and C for principal waves on a cylinder of any radius,
except for the corrections for a small electric intensity
in the direction of wave propagation. Thus in the pres-
ent case equation (8) becomes

dv . &
—— = = wuf rH 4db. (22)
df 0
On the other hand, ¥ =17 and substituting from (17) we
have
av iwpul 7 rdf
=== —; (23)
dr 2r Jo¢ a4+ rsind
therefore
Y m rdf
L=— — (24)
2rJo a4+ rsiné

Similarly, Cis obtained from an equation corresponding
to (2) and from (17). It turns out that LC =ue. Carrying
out the required integration, we find that in free space

. 240r/a a—r
L/C=————— tan—! ’ <a,
VIO s e g r<a
=120, r=a,
_ 240r/a Vr+ae+vr—a S (25)
_\/W og \/ﬁ ) r>a,
240r/a Jr—a
=-————— tanh™! ) r>a.
V(7Y a®) —1 r+a

In a dielectric medium other than vacuum, we should
multiply (25) by \/u/e/120w. Fig. 9 represents \/Z/C
as a function of # /¢ in the intermediate region where the
simple formulas (15) and (16) are inapplicable. The
dotted curves show the behavior of the simple formulas
in this region.

The integrals of \/L/C play an important role in the
theory. These integrals are

We are also in a position to appraise the magnitude
of the error we make when we neglect the radial electric
intensity, that is, the last term in (10). At first sight,

it may appear that the error increases with r; but the .

reference to equations {17) and (20) shows that the error
decreases with 7 when 7 is fairly large? compared with a. .
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Fig. 9—The nominal characteristic impedance (1/L/C) as a function !
of r/a (see Fig. 7). Curve (1) represents equation (25); curve (2)
represents /7 /C =60xr/a, an approximation when r is small com- .
pared with a; curve (3) represents VI/C=120log (2r/a), an ap- -
proximation when 7 is large compared with a.

o} 0.2 2.0

Thus if 650, =, the magnitude of E, varies inversely
as r74 if §=0, =, E, seems to vary as =3 but then it is
actually equal to zero because of the boundary. Hence
the last term in (10) varies as »~% or more precisely.
as a\/r :

The spherical system of co-ordinates and the system
shown in Fig. 7 seem to be the most suitable co-ordinates
in the solution of the antenna problem by the present

® In this case there is little difference betwecen 7 as defined in Fig. 7
and the distance 7 from the center of the spherical co-ordinate system
employed in (10).

A
o
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method. One might suppose that spheroidal co-ordinates
would be particularly suited to spheroidal conductors;
but this does not happen to be the case. In the first
place, the spheroidal functions receiving the greatest at-
tention in the literature correspond to certain particular
distributions of the impressed voltage over the entire
spheroid. These special solutions correspond to natural
radial modes of propagation rather than to traveling
waves on the spheroid. The required solution for a con-
centrated source is then constructed from these special
solutions and the analysis resembles that usually em-
ployed in the problem of the vibrating string. On the
other hand, the present method is based on traveling
waves and is analogous to that usually employed in the
transmission-line theory. Naturally, there must exist
spheroidal functions to represent traveling waves; but
their theory nas not been developed as yet. The needed
functions are those solutions of

2

(1 — u?)

+ (k2 — wuel>u®)M = 0 (27)

du?

which are singular at = 4 1; they do not promise to be
particularly simple and on the whole the spherical co-
ordinates seem to be more suitable for thin spheroids
treated by the present method.

COMPLEMENTARY WAVES

In a sense, principal waves belong to the conductors,
since nothing quite like them exists without the conduc-
tors. A generator of infinitesimal size imbedded in a
homogeneous dielectric medium will produce no field if
the electromotive force is finite. We must have a con-
ducting wire connected to each terminal before we can
hope to create a finite field and the principal waves are
the waves that make the difference.

A generator of finite size creates waves in a perfectly
homogeneous medium and these waves are merely modi-
fied when conductors are connected to the terminals of
the generator. Such waves may be said to belong to the
medium. Consider, for example, circularly symmetric
fields, and suppose that 6 is the angle made by a typical
radius with the axis of symmetry. If the medium is
homogeneous, the dependence of the field on 8 is repre-
sented by the Legendre function P, (cos 6), where n is a
positive integer. If we place thin wires along the axis,
then # becomes a fraction such that the difference from
an integer approaches zero with the reciprocal of the
logarithm of the radius of the wire.

For a biconical antenna such “complementary” waves
are expressed quite simply in terms of spherical co-ordi-
nates. The field intensities satisfy the following cqua-
tions:

IE,
b
a0

d
—); (fEa) = iwu(f}]¢) + (28)
¢
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]
— (rHy) = — iwe(rEy), (29)
ar
E ! i [sin 8(r1l,)] (30)
y = ———— — |[sin 6(r s
iwer? sin 0 0 i
62
—a—’; (72Er) = = w2ue(72E,)
1 ] (r*E,)
= : ——[sin 6 . (31)
rsin 6 99

Equation (31) possesses one simple solution, namely
E, =0; this yields the principal waves. The complemen-
tary waves are defined by

rE, = R(r)©(9), (32)
where at the surface of the cone
OW) = 0(r —y) = 0. (33)

In particular we are interested in the case in which
©(6) satisfies the following condition

O — 6) = — O(), (34)

corresponding to the symmetrical current distribution
in the antenna. It turns out! that

0@8) = 3[P,(cos8) — P,(— cos 8)], (35)
where for small values of ¢
120
u=2n+l+m=2n+l+?,
n=20,12---. (36)

The dependence of the field on the radial co-ordinate is
expressed by
- [iwu +

= = iwe(fEa).

v(iv + 1)

Twer?

56; (rEs) = }(rm), 37)

i}
— (r1ly)
ar

The solutions of these equations can be expressed in
terms of Bessel functions.

For other than biconical antennas, we allow ¥ and
therefore v to be a function of »

¥ = a(r)/r, y = 2n+ 14 1/log [2r/a(r)]. (38)

We now have all the functions needed for representa-
tion of the field within the antenna region, and our next
task is to match this field to the ficld outside this region.

MATCHING OF WAVES AT THHE BOUNDARY SPHERE

There are at least two methods for matching the fields
at the boundary sphere S of regions (1) and (2), Fig. 1.
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One is the method of successive approximations based
on the following considerations:

In the first approximation we neglect the comple-
mentary waves. When taken together with the vanish-
ing of current at the ends of the antenna, this implies
also the vanishing of the magnetic intensity over the
boundary sphere. This boundary condition lcads to an
equation for two arbitrary constants in the general ex-
pression for principal waves. The second equation is oh-
tained from the boundary condition at the generator
where the impressed voltage is supposed to be given.
Thus we obtain a ficld which satisfies all the boundary
conditions in region (1) but which is discontinuous at .S.
This step vyiclds strictly sinusoidal current distributions
for biconical antennas, and necarly sinusoidal distribu-
tions for antennas of other shapes.

2. The next step is to determine the field of the above-
found current distribution by the retarded potential
method. 1n this way we obtain a field which is continu-
ous at the boundary sphere .S and which fails to satisfy
the boundary conditions at the surface of the antenna
because the tangential component of the clectric inten-
sity will not vanish there. This is a well-known fact
which has caused a great deal of uneasiness in the past.
It should not have, since no approximation can possibly
satisfy a/l requirements of the problem; if it did,
would be the exact solution. The important thing is
the magnitude of the error and not merely an indica-
tion that there is an error.

3. Having carried out the second step, we expand one
of the field components at the boundary sphere in terms
of wave functions appropriate to region (1). This will
insure that the vanishing of the tangential electric in-
tensity will be re-established at the surface of the
antenna; but the continuity conditions at S will be
broken automatically. The new field in the antenna re-
gion yields a new current distribution in the antenna.

Fig. 10—A biconical antenna of large angle V.

Steps (2) and (3) arc then repeated ad infindtum. In
the original antenna paper, the process was discon-
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tinued with step (3). There, besides the principal cur-
rent, we found the term inversely proportional to the
average characteristic impedance of the antenna. The
next two steps would have vielded a term varying in-
versely as the square of the average characteristic im-
pedance.

Another method leads to a system of linear algebraic
equations with an infinite number of unknowns. In the-
ory the method is very simple. In region (1) the field is
expressed as an infinite series of wave functions satisfy-
ing the boundary conditions on the antennaj;in region (2)
the field is expressed as an infinite serices of spherical har-
nonics of integral degree; and the conditions at the
boundary between the two regions furnish the necessary
equations for calculation of the coefficients in the series.
Thus in region (1) we have

Py = aofs™(r,0) + bofi=(r0) + 3 anfa(r, 0),

n=1
Afet(r, 0 Af5(r, 0)
iwerkg = — ay fuorlr. ©) — by Jit (39)
ar ar
2 af,,(r 9)
Z
—_ ar
and in region (2)
rHy = > AR 30i1(387) Plonyi(cos 6),
n=0
rEg = — > /e AuK 2041(iB7) Ponia}(cos 6),  (40)

j\\’"(x) = (zx/ﬂ')llgl\,n+1/2(f)-

When r=1, ITy and Es must be continuous. One way
of expressing this condition is to equate (39) and (40) for
a scquence of angles §=km /2", b=1, 2, 3, .- .2m
where m— . If the antenna has a conducting portion
in the boundary sphere, Fig. 10, then over this portion
Ivg as given. by (40) should vanish. Perhaps, the best way
of assuring this is to expand into spherical harmonics
the function cqual to Eg as given by (39) over the non-
conducting part of the boundary sphere and cqual to
zero over the rest of the sphere. The procedure is sim-
plified by the fact that Pls,.,;(cos 8) form an orthogonal
sct of functions. In this way we express 4.,'s in terms
of a.’s; and then we match 77, When the set of functions
fu(r,8) is orthogonal, we can expand I, as given by (40)
in the usual way and express a,'s in terms of 4,'s. Thus
lincar homogeneous equations connecting a,'s are ob-
tained. One lincar nonhomogencous equation is obtained
from the condition at the source (r=0): the integral
— [rEqdf should equal the impressed voltage.

In the above outline we have assumed that the source
of power is infinitesimal. It is for this rcason that we
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have only one sect of functions £, (7, #) to deal with in the
antenna region. If the source is of finite dimensions, we
have to divide our space into three regions : the generator
region, the antenna region, the external space. In this
casc the voltage alone is not sufficient for complete de-
termination of the field because the series in (39) be-
comes

rHy = aofot(r, ) + bofo(r, 6)

+ D7 lanfulr, 0) + bugalr, 6)].

=1

(41)

The added set of coefficients b, will be determined from
the boundary conditions at the sphere separating the
generator from the antenna region. The nature of the
functions g,(z, 0) is such that the cocfhicients b, approach
zero as the radius 7y of the generator region approaches
zero. Furthermore g.(r, 8) decrcases as r/\ increases;
hence, for small values of 7y/X, the added field is strictly
local and substantially electrostatic.

The exact solution of the antenna problem is seen to
depend on our ability to obtain exact wave functions
for the antenna region, and then on our ability to solve
the infinite syvstem of lincar algebraic equations. For
biconical antenna of arbitrary angle, Fig. 10, the neces-
sary functions are products of Bessel and Legendre
functions with fractional orders. Thus for the antenna
region (r £, ¢ <0 =7 —y) we write

Z .‘l n‘vn,ol/\;\2u+l( lﬁl)v

ape” Bt 4+ boeidl =

Schelkunoff : Waves in Antennas

31 P

P, (cosy) = P, (— cosy). (43)

If the cone angle ¢ is small, the roots arc approximately

1
V"2211_1+——_’ ’1*2172)37'.. (44)
log (2/¥)
The functions
L b, (cos 8) = Po(— cos )]
— | P, (cos 8) — P, (— cos
sing  do - "

form an orthogonal series.

Expanding [Ee(l) in the series of associated Legendre
functions P}, (cos #) and equating the coefficients to
those in (40), we obtain

A mi\;/2m+l(iﬁl) = (_ aOe_iﬁl+bUeiﬁl) Uo,m

- l Z ”n,mjvnl(ﬁl)a"m

n=1
4m—+3
Uyym=——"———"—"—"") (43)
2m+1)(2m+-1)
dm—43 T2
11",".=L |:(— Payyi(cos 0):| sin 6
2m+1)2m+1) J 4 d6
d

— [P, (cos 6) — I, (—cos 8) ]d6.

db
Expanding [11,4(1) as given by (40) in the series of asso-
ciated Legendre functions appropriate to the antenna
region, we have

n=0
av,,lj;m(Bl) = Z 44nvn,m/k2n+l(i6l)v
n=I()
Poni1 (cosy
gy = — T {cos¥) (46)
log cot (¢/2)
w2/ d i d
f <— Po,ia(cos 0)) sin 6 — [P,, (cos 6) — P, (— cos 6)df
¥ (16 (16
Unom =
T2 d 2 .
{ - [P., (cos8) — P, (= cos0)]) sin 648
[ ‘L {
a8+ byeidr At r=0, we have
7 = > -
¢ sin 6 2n(ao — bo) log cot (4/2) = — V, (47)
2 = d . .
+ 2 a,7,,87) — [P, (cos ) — P, (—cos 6) ], where 17 is th