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For a full measure of service

Not only are men being tried on battlefronts, the equipment

that they employ is being subjected to equally critical tests . . .

with the lives of the men as the stakes. We at home, entrusted 1
with war contracts, are overcoming serious raw material
shortages through laboratory and production developments,
making each individual tube that we produce do more than its

planned job ... and do it better.

Through a series of design refinements, Amperex engineers
have developed transmitting and rectitying tubes that are be-
ing operated for longer periods of time than hitherto had been
practical. These new Amperex radio and Radar tubes present
adual economy ... many more hours of uninterrupted service

... and priceless savings of scarce materials.

AMPEREX ELECTRONIC PRODUCTS

79 WASHINGTON STREET . BROOKLYN, NEW YORK




BOARD OF DIRECTORS
1943

Lynde P. Wheeler, President

F. Sherbrooke Barton,
Vice President

Raymond A. Heising, Treasurer
Haraden Pratt, Secretary
Alfred N. Goldsmith, Editor
Stuart L. Bailey
Wilmer L. Barrow
E. Finley Carter
Adolph B. Chamberlain
Ivan S. Coggeshall
William L. Everitt
Harold T. Friis
Gilbert E. Gustafson
O. B. Hanson
Frederick B. Llewellyn
Frederick E. Terman
Browder ]J. Thompson
Hubert M. Turner

Arthur F. Van Dyck
Harold A. Wheeler
William C. White

°

Harold R. Zeamans,
General Counsel

BOARD OF EDITORS

Alfred N. Goldsmith, Editor
Ralph R. Batcher
Philip S. Carter
Lewis M. Clement
Elmer W. Engstrom
William L. Everitt
Peter C. Goldmark
Frederick W. Grover
C. M. Jansky, Jr.
John D. Kraus
Frederick B. Llewellyn
Samuel S. Mackeown
Edward L. Nelson
Harry F. Olson
Greenleaf W. Pickard
Haraden Pratt
Conan A. Priest
Lynne C. Smeby
Browder J. Thompson
Harold A. Wheeler
Laurens E. Whittemore
Gerald W. Willard
William Wilson
Charles J. Young
°

Helen M. Stote,
Associate Edstor

William C. Copp,
Advertising Manager

William B. Cowilich,
Assistant Secrelary

il

Proceedings

of the 1R

Published Monthly by
The Institute of Radio Engineers, Inc.

VoLUME 31 ][{[y’ 1943 NUMBER 7
Edwin H. Armstrong. . .. ............. .. ... . S7e S T - 315
The Radio Engineer’s Responsibilities of Tomorrow .. Haraden Pratt 316
Section Meetings. . . .......... ... ... ... e 4 . 318
Beyond the Ultra-Short Waves. . ... ....... ...G. C. Southworth 319
Tubes for High-Power Short-Wave Broadcast Stations
—Their Characteristics and Use........ ... ... ..G. Chevigny 331
Analysis of Rectifier Operation. .................... O. Hl. Schade 341
Radiation from Vee Antennas. .. ............. Charles W. Harrison, Jr. 362
A General Reactance Theorem for Electrical, Mechani-
cal, and Acoustical Systems. . . .......... ... ... Dah-You Maa 365
Charts for Simplifying High-Impedance Measurements
with the Radio-Frequency Bridge. .. .. .. ...R. L. Nielsen 372
Wartime Radio Production S, ..Ray C. Ellis 379
Radio Standards Go to War................... Harold P. Westman 381
Corrections to “Loop. Antennas for Aircraft,” by George F. Levy 384
Corrections to “Comparison of Voltage- and Current-
Feedback Amplifiers,” by E. H. Schulz 384
Discussion on “Thermal-Frequency-Drift Compensa-
tion,” by T. R. W. Bushby . .. .. : .
..................... . Herbert Sherman and T. R. W. Bushby 385
Institute News and Radio Notes
Board of Directors 387
Executive Committee. . . ......... .. ...... ... . 387
Correspondence : Proposed Constitutional Amendments 388
Books:
“Electrical Counting,” by W. B. Lewis .W. G. Dow 389
“Alternating-Current Circuits,” by E. M. More-
cock, .. ., . war ns : . . A Wheeler 389
Contributors 390
Positions Open. . XXX VI
Section Meetings xlii
Membership. : : : P xliv
Advertising Index Ixx
Responsibility for the contents of papers published in the PROCEEDINGS rests upon the

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

Publication office, 450 Ahnalp Street, Menasha,
42nd 5t., New York, N. Y. Subscription $10.00 per year; foreign, $11.00.

€

Copyréght, 1943, by The Institute of Radio Engineers, Inc,

Engered an second-class matter October 26, 1927, at the post office nt Menasha, Wisconsin, under
the Act of February 28, 1928, embodied in Paragraph 4, Section 538 of the Postal Lawe and Regulations.
isconein. Editorlal nnd advertising offices, 330 West




—so we brought the jungle to Chicago

Sweltering jungle heat and ever-dripping moisture
is a real test of endurance for our fighting men. But
how about the Communications equipment upon
which their very lives often depend? To find the
answer, RAULAND engineers brought the jungle
right into our laboratories! They built a large, glass-
enclosed, air-tight cabinet . .. provided it with the
dripping wetness of saturated, super-heated air and

—

tropical plants and lush vegetation, deep rooted in
mossy loam. Into this “torture chamber” went
RAULAND Communications equipment . . . to
finally emerge with the correct answers to
some very vital questions. A typical example of
RAULAND engineering thoroughness in making
certain that its precision instruments serve
dependably under even the most trying conditions.

_ RADIO...SOUND...

:..COMMUNICATIONS |

Electroneering is our business
THE RAULAND CORPORATION ... CHICAGO, ILLINOIS

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

. Proceedings of the I.R.E. July, 1943



TRANSMITTING
CAPACITORS

OUR WAR EFFORT

From January 1941 to December 1942,
Aerovox .

@ Stepped up production output 500%
for our Armed Forces.

e Increased production f{loor space

300%. . -

® Sought, hired. trained. and put to
work additional workers—a 300% in-
crease in productive personnel.

® Opened second plan! in Taunton.
bringing work to available workers
there. . A ~

e And~doing more and more;: grow-
ing week by week!

@ Be it tiny “postage-stamp” mica capacitor or large stack-mounting
unit—regardless, it's a precision product when it bears the Aerovox
name.

Only the finest ruby mica is used. Each piece is individually
gauged and inspected. Uniform thickness means meeling still
closer capacitance tolerances. Also, seclions are of exceptionally
uniform capacitance, vitally essential for those high-voliage series-
stack capacitors. Meanwhile, the selection of perfect mica sheets ac-
counts for that extra-generous safety factor so characteristic of ALL
Aerovox capacitors.

Our new Transmitting Capacitor Catalog lists the outstanding

choice of types. @ Write on your business stationery for your reg-

istered copy.

INDIVIDU

LY TESTED

AEROVOX CORPORATION,
Export

NEW BEDFORD,
100 VARICK ST,, N, Y. C « Cable

MASS., U
"ARLAB’

S. A. * SALES OFFICES IN ALL PRINCIPAL CITIES
In Canada: AEROVOX CANADA LTD., HAMILTON, ONT

Proceedings of the I.R.E,
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THESE MACHINES
KNOW THEIR BEANS

THEIR HEART IS AN
ELECTRONIC TUBE BY

UNITED

A typical United
industrial type tube

Today, thanks to the miracle of clectronics, auto-
matic machines perform intricate tasks which only

human hands, eves and brains could once perform.

One of these remarkable mmachines is the ELkcTRIC
SORTING MACHINE, pictured above, made by the com-
pany of the same name at Grand Rapids, Michigan.
This sensitive device sorts and grades dried beans,
peas or peanuts according to size or cplor . . . sepa-

rates the perfect from the defective. With unerring

“skill” it rejects foreign objects, such as pebbles,

shells, sticks, etc.

The clectronic “heart” of this intricate industrial
machine is the modern vacuum tube, as perfected by
the advanced engineering skill of uxiteEn, We are
proud that the makers of the ELECTRIC SORTING
MACHINE are among hundreds of manufacturers who
insure maximuin efficiency, long service and economy

of operation by standardizing on uxrTED tubes.

UNITED ELECTRONICS COMPANY

NEWARK

S s
=S =

Tl Al

NEW JERSEY
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THE NEW SCIENCE OF ELECTRONICS
has profoundly changed the art of war. On land, in the
air, above and below the surface of the sea, our forces
fight today with electronic weapons of incredible power,
speed, precision. It is satisfying to the men of Radio to
know that these weapons have proved so successful on
every batlefront where our boys, planes, tanks and
ships have come to grips with the enemy.

A."‘s ‘\_‘7-‘ Y
it Vi
$C O

The revelations concerning RADAR and its partin
the war came as no surprise to those whose job is to
supply our fighting forces with modern electronic
equipment. Since before Pearl Harbor these Ameri-
cans have been working shoulder to shoulder with
our armed forces in applying the power of electronics
to the art of war. Out of this united effort have come
fighting weapons never before known—on land, at
sea or in the air. In this pioneering work it has been
National Union’s privilege to play a progressively

NATIONAL UNION RADIO CORPORATION -

Transmitting Tubes.o Cathode Ray Tubes
Volume Controls** Photo Electric Cells

July, 1943

Receiving Tubes
Exciter Lamps

increasing part. A greater National Union has been
built to cope with vastly larger responsibilities. Today,
National Union is ready to consult with and assist
other manufacturers in the use of electronic tubes.
Tomorrow, when peace comes—when the industrial
usage of electronics gets the green light—engineers
and production men will find at National Union un-
excelled service and cooperation in perfecting new
electronic applications for the production, testing and
packaging of their products.

NEWARK, N. J. « LANSDALE, PA.

Special Purpose Tubes Condensers
Panel Lamps Flashlight Bulbs




1/4
/4 WATT OR 1,000 WATTS

:(Eso CONTACTS PER SECOND
'ERFECTLY SYNCHRONIZED

V.
IBRATOR CONVERTERS

onty E-L VIBRATOR POWER SUPPLIES
Offer All These Advantages:

1. CONVERSION»~DC 10 AC; OC
10 DC; AC 1o 0C; AC to AC

2 CAPAClTIES»«Up to 1,000
W atts.

3. VARIABLE FREQUENCIES—A
power supply moY be designed 1o
furnish ony frequency from 20 to
280 cycles, of @ controlled variable
output within © 59 range of the

output frequency.

4. MULTIPLE INPUTS — For ex-
ample, one E-L Power Supply, in
quantity production 1oday, operates
trom 6,12, 24, 10 valts OC o no
volts AC, and 220 volts AC, with @
single stable autput of & volts OC.

5. MULTIPLE OUTPUTS-Any
number of output voltages may
be secured from one power supply
to it individual needs.

6. WAVE FORMS—A vibrator
power supply con be designed o
provide any wave form needed for
the equipment to be opcvo!ed.

7. FLEXlBLE IN SHAPE, SIZE
AND WEIGHT—The component
parts of o vibrator power supply
lend themselves 1o @ variety of
assembly o"ongemenh which makes
them most fexible in meeting spoce

and weight imitations.

8. HIGHEST EFFlClENCV—E-l
Vibrator Power Supplies provide the
highest degree of efficiency avail-
able in ony type powe’ supply.

9. COMPLETELV RELIABLE-—U:e
onaircraft, tanks, PT booh,"Wo|kie-
Talkies,” ieeP3: peep’ and other
military equ‘pmen!, under toughest
operating conditions has demon-
strated that E oL unils have what it

takes!

10. MINIMUM MA|NTENANCE——
There are N° brushes, armatures
or bearings requiring (\ubrication of
because of wear. The

veplocemen'
y be sealed agoiny

entire unit MA
dust or moisture.

This is an i
electrical aII:::I(::e'l: Ch.ar“c‘eriStic of the vil
g.ible, Building (l::c lla!ncal losses asiawell a‘;l rrator, because
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developing vil.rat( the vibrator’s field ofo"'c Laborato-
ej\traordinar) u«la(::’ ;,}’l!)e power supplies ‘:;s.e:\lllless by
sion, together “’illll ld ility, for all types of ich provide
mnusual efficiency and sc(;:’;’r_e'"l‘;_o"\er-
i ice life.

Ingenuity .
possible ]«,;jdoci,d,is'.g!' and precision of manuf.
.Power Supplies I'I“lcme_s up to 1.000 watts nufacture mahe
illustrated al;o;'e lfe l'.()uwa“ capacity 1'7(1)" S \.il'rutor
points. Each of tl’le:)r instance, has ""i’gh: s-o vele vibrator,
Tad Al sVachka ."l must make 120 cont ets of contact
Adjusted a'll(] lOCk:(L]e(lll per_fectl_v with overic('tslper second,
. Growing use of I;"-llat\ '.s' xactly what thr)v «ll(;)r—f?mﬁm'
fl"ll)"lent_.llam] se " ibrator Power ~u‘ i .Or gt
ciency and relial)i,li("a and air—is evidene pplies in war
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Protection of sensitive radio parts against the paralyzing

destructive forces of tropical high temperature and high humidity
no longer need trouble you. Westinghouse engineers have co-
operated with many designers to work out a variety of solutions,
of which the accompanying illustrations are typical examples.
Perhaps these are directly applicable to your problem; or it may
be that yours is completely different. In either case, trained and
experienced Westinghouse representatives are ready to help
you; call them today. Westinghouse Flectric & Manufacturing

Corpany, Dept. 7-N, East Pittsburgh, Pennsylvania. 1-94560

Solder-sea! Prestite bushings for
hermetically sealed transform-
ers and condensers.

Motor blower for circulating air
within radio transmitter, for
tropical service.

Space hcater and thermostatic
control to maintain air tempera-
ture within the transmitter above
the dew point,

VVestinghouse

PLANTS. IN 25 CITIES ... OFFICES EVERYWHERE

Procecdings of the 1L.RE. July, 1943
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THAT IS NEVER DROPPED!

This Streamlined Object is Not a Bomb, but
Part of the Bendix* Automatic Radio Compass®

A highly sensitive receiver is the Bendix Auto-
matic Radio Compass. I1 operates from a loop antenna
inside a streamlined, bomb - like housmg, Automati-

The Bendix Automotic Radio Compass cally,in response toa radio signal from any direction,
consists of rototing loop ontenna the loop rotates and positions itself. A compass dial
in streomlined housing, loop director, connected to it by Bendix Autosvn* units instantly
composs receiver, bearing indicator indicates direction of signal. 1t puts the pilot "righ.t
and (not shown) remote control wunit. on the beam™. . . and Keeps him there.

This equipment provides continuous

A typical member of “The Invisible ¢ rew” of
Bendix precision-built instruments, the Automatic
Radio Compass is but one of many remarkabhle
electronic devices now turned out in impressive
quantities by the men and women of Bendix Radio.

indication of the direction of arrival

of radio signals ... without the neces-

sity of computation or correction.

*Trade Marks of Bendix Aviation
Corporation and Subsidiaries

The products of this division are vital members of "“The
Invisible Crew’ — precision equipment, controls and ac-
cessories which 25 Bendix plants, coast to coast, are
speeding to our fighting crews on world battie fronts.

B END I X R A DI O 1 O N

viii Proceedings of the I.R.E July, 1943



MEN OF ELECTRONICS
CAN PICK THEIR OWN
INDUSTRY IN POSTWAR

TELEVISION
8 Now a practical reality, electronic
Aviation? When the war is over, giant ttanspo television has unlimited commer-
fly almost with the speed of sound, and, thr [, . S -

fly more safely. Radio? To FM will be ad

A58

seeing what is happening miles away, by | ik ¢

television. Agriculture—steel-making \

Tomorrow the doors to all o o the |

electronic engineer. _ iy 3 ‘% /
Almost every day new uses 1N or the ;ci -" »
58 /

of the future unfold, many quency
where, a few years ago, it ¥ t 0onics cou

no practical purpose. W ithi v"* 100 to 101

cycle range of the spectrum ly the former

Land beyond 300 MC, a applications

covered for this new scie or examp > [ A &
industrv—itself limitless in peacetime possik 100,000 MC

With the opening up of new portl
spectrum for practical use, men wise in th :
or familiar with the theory of hatneSs
in demand evervwhere. Iy

a -alti-
sightover
y means of electranijes.

10,000 MC

For the practical application of ¢
going 1o require a new engineering of
development of special devices and
production...increase accuracy, of
and perform the countless other thi
coming Era of Electronics. And each Of these r
opportunity—careers for the men in laboratory and fi
hastening this stupendous new age.

ple is
ell as the

.

1,000 MC

Spurred by war’s demand for electronic devices, I
is busy preparing for the vastly accelerated applicati
electron tube at war's end. For it has been demons
the crucible of war how important is insulation—bzg
insulation—to the performance of this equipment de
to accomplish things which man cannot.

I UFANTRYE

va‘-.gu e o - o

/

CERAMIC INSULATORS
ISOLANTI1E INC,, BELLFVILLE, N.J.




IRC RESISTORS

When trouble develops on a high voltage power

line, time is of greatest essence. For in our fast-

moving electro-mechanical age, minutes quickly

translate themselves into countless man-hours

Communications go ‘dead’” . . . lights snuff out
vital production grinds to a sudden halt

and it's “taps’’ for a busy world

Another IRC Contribution
Until comparatively few years ago, when power
transmission interruptions occurred,
1t often required hours to locate the
trouble. Today, thanks in part to
the contribution of I R C research
engineers, the point of disruption in
any electrical circuit—whether power
or communications—can readily be
spotted in a marter of moments.

Send the Signal

Specially designed, 1RC high voltage power re-
sistors dependably dissipate the heavy loads and
deliver the roltage required to operate trouble-
signalling mechanisms. On receipt of signal, other
struments in which resistors frlay an important
role accurately locate the point of disturbance
within a few feet.

Here at I R C we welcome—and usually solve
unusual problems in the field of resistance devices
And because 1 R C makes more
types of resistance units, in more
shapes, for more applications than
any orher manufacrurer in rhe
world, many leading engineers
make it a point ro seek our un
biased counsel. There is no obliga-
tion, of course

INTERNATIONAL RESISTANCE COMPANY

401 N. BROAD STREET .

PHILADELPHIA



The Browning Signal System
lays down a protective wall, is on the

BROWNING SIGNAL SYSTEM  job night and day, reduces guarding
e — personnel, cuts guarding costs.

BROWNING LABORATORIES RESEARCH

BROWNING LABORATORIES, Inc.

751 MAIN STREET, WINCHESTER, MASSACHUSETTS
Proceedings of the I.R.E, July, 1943 i
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Not an easy one...

From guarding the law to—yes—delivering babies, a policeman’s life is
not an easy one. Needed in a thousand different places at one time, his head
must remain cool, and his orders must be transmitted quickly, clearly and
undistorted by any adjacent noises.

Here, then, is another vital postwar use for Electro-Voice Microphones.
It is impossible now to estimate the “good” which will be accomplished with
the new Electro-Voice communication microphones for police applications.
They are, we believe, incomparable from the standpoint of articulation
(we can't tell you the percentage and you wouldn’t believe it if we did!)
level, reduction of background noise, stability, weight and size.

If you are a contractor, directly serving the war, and are in need of this
newest Electro-Voice, we'll gladly send you full particulars. Meanwhile, if
your limited quantity needs may be filled by any of our Standard Model
Microphones, with or without modifications, contact your local radio parts
distributor. He can help solve your problems and speed Your smaller orders.

Note: Anymodel Electro-Voice Microphone may be submitted to
your local supplier for TEST and REPAIR at our factory.

e, . G
(7457-# iz MIGROPHONES

ELECT-VOICE MANUFACTURING CO,, Inc. * 1239 SOUTH BEND AVENUE - SOUTH BEND, INDIANA

X
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Designs for War...

The hermetic sealing of transformers covers a wide
range of problems. and an equally wide range of
applications. The two units illustrated at the left, for
example, represent a high voltage transformer for high
altitude operation. and an audio unit weighing approx-

imately one olunce.

There is more to hermetic sealing than meels the
% eye. The illustrations below show some of the factors
contributing to the high quality of UTC hermetically

sealed units.

For obvious reasons, the units illustgated are not actual war items.

‘ ® . e 9 % Engineering starts with research. continues through the
n g l n e e r l n g P B 0 n “ c T conference table, and then goes through the proving of elec-
LAl . S trical design. sealing methods, vibration test, etc.

P

R P 3

< ¥ 395 ‘;’;.;‘-.

DESIGN PROVING . . . AUDIO !

The production of war units generally requires

o L] [ 3 precise control. This requireg the scientific choice of
nglne erlng P B 0 n “ c T l 0 workers for specific operations . . . the use of mod-
rw ern methods throughout . . . and continuous control

of quality and production flow.

APTITUDE TESTING assures e U, ‘ CONTINUOUS CONTROL for
worker svited to operation - vniformity of production

 MODERN METHODS
induction heating

STREET NEW YORK, N. Y,




Joday this

From this world headquarters for radio-
electronic research flow new weapons,
new discoveries and inventions vital to
the winning of an Allied victory!

’I’OI)AY, over RCA Laboratories, flies a new
distinguished battleflag—the coveted Army-
Navy “E” Award.

One of the few laboratories in America to re-
ceive this award, RCA is at once proud of this dis-
tinction, and humbly aware of the responsibili-
ties that it imposes. For much of the progress of
the entire radio-electronic industry stems from
the work done in these laboratories.

It was perhaps with this thought in mind that
—at the dedication of the RCA Laboratories in
Princeton—the Chief Signal Officer of the Armnv
called them “The Hidden Battlefront of Research.”

fag flies over

HIDDEN — because, for the duration of the war, this
magnificent building of 130 separate laboratories
must be closed to all but the scientists and re-
search technicians who are working on radio-
electronic instruments important to our military
effort.

BATTLEFRONT — because in the waging of modern
warfare, radio-electronics is of first importance. It
follows the flag and the fleet—locates the enemy—
flashes urgent orders—safeguards the convoy —
guides the bombers—directs the artillery—maneu-
vers the tank. This science fights on every front.

And when that certain day of Victory comes,
RCA Laboratories will be devoted to the happier
task of making our peacetime warld richer safer,
more enjovable and more productive — through
new and finer products of radio, television and
electronic research.

OTHER SERVICES OF RCA WHICH HAVE EARNED OUR COUNTRY'S HIGHEST WARTIME AWARDS

The Army-Navy “E” flag, with two stars,
flies over the RCA Victor Division plant at
Camden, New Jersey.

}% The Army-Navy “E” flag, with one star, has
| .= been presented to the RCA Victor Division

| at larrison, New Jersey.

The Army-Navy “E” flag, with one star; also the U.S Maritime Commission “M” Pennant

7% and Victory Fleet Flag have been awarded to the Radiomarine Corporation of America in
1 > ~ New York City.

A Service of

Radio Cm‘Poration of America ‘ R 6%

WORLD HEADQUARTERS

Proceedings of the I.R.E. July, 1943



Americas Secret Battlefront
R CA Laboratories

Laboratories

FOR RADIO-ELECTRONIC RESEARCH




Efficiency in Action...

As always, Taylor is building the finest tubes possible to
produce. Every Taylor Tube is designed and engineered to
deliver maximum service under strenuous battle condi-
tions. Unfailing, **'onthe air’’ performance is their keynote—~
extra power for vital communications is their heritage.
You can rely on Taylor Tubes *More Watts Per Dollar’’
service in any situation.




® We both have an identity of purpose—to produce dependable, first-class
products on time —thus help shorten the war! We know that you depend on

us to fulfill our end of the bargain which is the %
*RIBBON<®STRIP®
production of uniform special alloys and their de- R "’—"‘“ - W
o

livery on schedule. Our entire mental and physical
d

i
a

resources are directed to this end.

WILBUR B. DRIVER CO. @

NEWARK « NEW JERSEY

Proceedings of the I.R.E, July, 1943
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MIDWESTERN PLANT NO.3

37%nZi ... 27%gpe . ..ONE PURPOSE

To beat the band of Axis bandits, three Solar facto- the men and women of this modern air-conditioned
ries are now operating "round the clock”. The men factory are ready to help you speed the day of Victory.
and women of Eastern Plants 1 and 2 were told If your capacitor or filter problem is made ours,

"Well Done” by the Army and Navy; they proudly  you can be certain of "Quality Above All".

wear the Army-Navy "E". Solar Manufacturing Corporation,General Offices:
The Midwestern Plant has just started production; ~ Bayonne, New Jersey.

—— CAPACITORS —

CAPACITORS ond RADIO N OISE-SUPPRESSION FILTERS

e =
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Proceedings of the |.R.E,

N[ANY TIMES every day “surprise attacks” oc-
cur along your power line. Some heavy user
momentarily stops operation. A sudden over
voltage slams like lightning into delicate ma-
chines, precision tools or precious vacuum tubes.
You can’t see these blitz attacks but you can’t
escape seeing the results—higher percentage of
rejections, damage to sensitive instruments, pre-
mature failure of expensive electronic tubes.

Every unit, however small. is responsible for its
own security. This cardinal rule of combat ap-
plies in production too. That is why, everywhere
in industry, you will find SoLa CoNSTANT VoLT-
AGE TRANSFORMERS on duty at important “out-
guard” posts.

Sola “CVs” are especially designed to protect
against surprise overload assaults. They will ab-

sorb voltage sags and surges as great as 30%—
and still feed constant, rated voltage to your
machines. Sturdy Sola sentinels ask no relief.
Day and night, without care or supervision, they
stick to their posts—instantaneous in action,
without moving parts, self-protecting against
short circuit.

Many vital points in your production system
are vulnerable to attack. Secure them with Sola
“CVs”. SoLa CONSTANT VOLTAGE TRANSFORM-
Enrs are built in standard units from 10VA to
15KVA capacity, or in special units to your
specifications,

Note to Industriol Executives: The problems solved
by Sola “CV” transformers in other plunts and products
may have an exact counterpart in your own. Find out. Ask

Jor bulletin KCV-74.

Constan I&getrﬁformers

Transtormers for: Constant Voltage » Cold Cathode Lighting » Mercury Lamps * Serles L
Qil Burner Ignition * Radio « Power « Controls *
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Signal Systems * Door Bells and Chimes ¢ etc. SOLA ELECTRIC CO.,

ghting » Fluorescent Lighting * X-Ray Equipment * Luminous Tube Signs
2523 Clybourn Ave., Chicago, il
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“My Boy Owns

T'his Place!”

Some time ago I retired, just a
good, old fashioned, real-American

retirement . . . thought I had served

my time and done my share.

W hen the war started I went back
to work . . . a good tool maker can
do a lot to help lick those fellows,
you know. And it is fun to work for
my boy. I'm proud of him and
proud of America that makes men
like him possible. He had the same
start 1 had only now he owns this
shop. And that is one of the things
we are all fighting for —1o0 pre-
serve that American FREEDOM of

opportunity.

Pardon me, 've got work to do
now. When the war’s over look me

up—on the front porch.

{?’” . \".V/l ‘
T ey /
e I

l'la"il:rarl“ers

'y . CHICAGO, U. 5. A,

]
,E BUY MORE BONDS!

XX ]
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skills war-sharpened for radio’s greatest progress and

b achievement. In the interests of national defense,

e complete Motorola is now delivering the finest in F-M emer-
and noise-free gency broadeast and receiving equipment. You may

general pub-  look for notable scientific developments in F-M radios
ified h’thusinsm ... from Motorola engincers. We can’t say when . .. but
have to be satisfied we can say that no one will be ready sooner.

| _ch-.dnie talents and Expect big things from Motorola!

" THE ARMY-NAVY "E"—Awarded for excellence in the produc-
fion of Communications Equipment for America's Armed Forces

GALVIN MFG. CORPORATION CHICAGO

Proceedings of the 1.R.E, July, 1943




Only one American in many thousands
is privileged to wear the “E” pin, symbolic
of high achievement on the production
front. It symbolizes skill and determina-
tion above and beyond the high average
standard set by American Industry. » » The
men and women of Connecticut Telephone
& Electric Division have been honored by
the Army-Navy Production Award twice

in a period of six months. This symbol

THE SKILL .. THE WILL

of a job being well done in the cause of
Victory is evidence, too, of what may be
expected when the war is won. » » » The
manufacturer seeking cooperation in
product engineering and improvement,
the development of production control, or
any problem involving the application of
advanced electrical or electronic knowl-
edge, is cordially invited to discuss the

matter with our engineering staff.

e 5

© 1943 C.A.1., Inc., Meriden, Conn.

NEERING & PRODU'CTION

ELECTRICAL

EQUIPMENT
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TYPE OF CUT
AND FREQUENCY

We have facilities for producing crystals to all

temperature co-efficient and absolute frequency
specifications. Our engineers have wide expe-
rience with all crystal types. In our Special
Crystal Division we are ready to undertake
NOW the development and production of any
special and exacting crystal types that may

assist you in the war effort. It it's “Rush’’ phone!

%ﬁé CRYSTAL SERVICE DIVISION

PLYMOUTH THREE THREE

ey e P e p— e — s———————————— i S

_ mm MECK DR’.IE)EDB‘G‘E}DBB

M@Eﬁﬂ]g UEI]E]UBEBEK =

i
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Service facilities in charge of
tube experts have been carefully
geared to the task of rebuilding old
tubes. Each Rebuilt Tube passes
the same rigid tests applied to new

RCA REBUILT

RCA:891
$242.25

RCA-207
$233.75

*Customer must return an equal quantity of RCA
Tubes of similiar types.

From the commercial broadcast station standpoint,
“RCA Rebuilts” represent the best news about Trans-
mitting Tubes since war shortages on new tubes first
became a threat to continued efficient operation.

Today, thanks to this RCA wartime emergency ser-
vice to the broadcast profession, an old tube may be
“down” but by no means out. If it is one of the five
popular types covered by the RCA Rebuilt Tube Plan,
it may be exchanged for an RCA Rebuilt
Tube of the same type. What’s more, these
RCA Rebuilt Tubes deliver the watts! Ratings
and characteristics are identical with those

RCA REBUILT TUBES

A 100% SERVICE!

RCA-891-R
$298.50**

Net Sale Prices £.O.B. Shipping Point, Subject to Chonge or Withdrawal Without Notice.

RCA Tubes of the same type. To
date, it has proved possible to
supply rebuilt tubes for 1009, of
the old tubes returned under the
RCA Rebuilt Tube Plan!

TUBE PRICES*

RCA-892
$242.25

RCA-892-R
$298.50**

**Price after allowance of $50 credit for return
of radiator,

of new tubes. RCA Rebuilt Tubes carry a new tube
guarantee for workmanship and materials. Since
they are sold at 85% of the new tube price, service
is adjusted on the basis of 85% of our standard
adjustment policy.

If your station uses any of the five listed Tube types,
we suggest that you write today for full details on the
RCA Rebuilt Tube Plan. Like other stations where
many RCA Rebuilt Tubes are already in
service, you will find it a logical answer to
one of your most pressing wartime opera-
tions problems.

RCA ELECTRON TUBES

RCA Victor Division, RADIO CORPORATION OF AMERICA, Camden, N. J.




Bachrach

Edwin Howard Armstrong

Edwin Howard Armstrong was born in New York City on De-
cember 18, 1890. In 1906 he entered the radio art as an amateur.
Becoming a student at Columbia University, he received the de-
gree of E.E. in 1913, This university also conferred the honorary
degree of Doctor of Science on him in 1929, He was awarded the
same degree from Muhlenberg College in 1941,

His professional career has been based since 1914 at the Mar-
cellus Hartley Research Laboratory at Columbia University. Be-
ginning as an assistant in the Department of Electrical Engineering,
he next became a Trowbridge Fellow in 1915. From that date he
worked as a collaborator of Professor Michael I. Pupin during the
lifetime of that eminent scientist. Since 1934 he has been Professor
of Electrical Engineering.

In 1912, while studying the action of the then little-used audion
detector (three-element vacuum tube), he discovered the presence
of high-frequency currents in its plate circuit. This discovery led
to the invention of regeneration and the vacuum tube oscillator.
lie then disproved the currently accepted theory of the action of
the triode, and published the correct explanation in 1914,

In March, 1915, he presented the results of his work on regen
eration before The Institute of Radio Engincers in a classic paper.

The next year he presented a further paper describing an investiga-
tion which established experimentally the true nature of the detec
tor heterodyne. In 1917, he was awarded the first Medal of Honor
of the Institute for his work in regeneration and the generation of
oscillations by vacuum tubes. Following an adverse decision by the
Supreme Court of the United States on the question of priority of
invention of these discoveries, Professor Armstrong returned the
Medal to the Institute in 1934. The Board of Directors of the In
stitute thereupon unanimously declined acceptance of the Medal
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and concurrently reafirmed the original award.

From 1917 to 1919 he served overscas in the Signal Corps,
A.EF. first as Captain and then as Major. He was given the deco-
ration of the Legion d’Honneur in 1919. In 1917 he invented the
superheterodyne system of reception. In the same year, he first
applied the master-oscillator type of transmitter to military com-
munication. The superregenerative circuit was the next of his dis-
coveries, in 1920.

His principal activity from 1914 to 1922 was a study with Pro-
fessor Pupin of the problem of static elimination. The outcome of
this work was unsuccessful, However, it laid the foundations of the
invention of his system for reducing disturbances in radio signaling
by means of frequency-modulation transmission and reception—a
system described by him in a paper before the Institute in 1935,

He has been the recipient of numerous medals and awards in-
cluding the Eggleston Medal of Columbia University in 1939, a
National Modern Pioncer Plaque from the National Association of
Manufacturers in 1940, the Holley Medal of the American Society
of Mechanical Engineers in 1940, the Franklin Medal of The
Franklin Institute in 1941, the john Scott Medal from the Board
of City Trusts of the City of Philadelphia in 1941, and in 1943
the Edison Medal, highest award of the American Institute of Elec-
trical Engineers. In 1935, the Radio Club of America, of which he
was president for a number of years, established an award to be
known as The Armstrong Medal.

He joined the Institute as an Associate in 1914, transferring to
the grade of Fellow in 1927. He has been a member of its Board
of Directors at various times, and has served as Chairman of the
Awards Committee and as a member of a number of other com
mittees
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Postwar ProBLEMS will differ in many respects from those of wartime. And in
some ways, peace will bring more difficult and puzzling problems than did war.
‘The conditions of a hard-won peace include more than the provision for a wide
diversity and functional perfection of technical devices. These conditions in-
volve as well social, economic, and political elements which are always of im-
portance and sometimes controlling.

Thus the readers of the PROCEEDINGS OF THE LR.E. will assuredly derive in-
formation and benefit from so searching an analysis of the postwar problems in
the field of radio-and-electronic engineering as is here presented by one of the
Institute’s leading members —its present Secretary and its Past President, and
Vice President of the Mackay Radio and Telegraph Company and of the
Federal Telephone and Radio Corporation. The next step will be for the engi-
neers and their Institute to translate into action the guiding principles and plans
here set forth.

The Editor

The Radio Engineer’s Responsibilities
of Tomorrow

Haraden Pratt

The professional engineer is inclined to be a creature devoted to detajls, He likes to work
with tangible things and to be precise about them. If the factors he encounters in the exercise
of his vocation cannot be evaluated in definite forms, he struggles to convert them into tan-
gibles and tries to cancel out all the variables possible. He thus finds himself more often
than not, dealing with specific jobs, each one a bit detached from the next, and believes his
work well accomplished when a satisfactory result has been achiceved allowing him to break off
and start afresh on the next perhaps not too closely related problen.

But while busily meeting and overcoming such problems, radio engineers have been
neglecting important overlying and contiguous phases of their profession. The proper con-
ception of engineering goes far beyond detailed technical matters, and embraces factors which
present very important and fundamental aspects concerning the personal relations of the
engineer with his profession, and the relations of his profession witl socicty generally:.

Let us look a bit over the past: Radio started in the Maxwellian atmosphere of pure sci-
ence. After the turn of the century the electron theory seized the stage of scientific fancy
leaving the infant radio communication art to struggle on without much skilled assistance
either from pure science or from that instrumentality of applied science called engineering.
The sudden and tremendous subsequent growth of radio broadcasting and communications

Proceedings of the I.R.E.
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provided the urge toward intensive engineering development of all kinds of equipment, which
development signalizes our present-day progress. Very much neglected through these years,
among other things, has been one of those important and fundamental aspects that perhaps
might well be called, “methods engineering.” \With the ever-increasing quantity of tangible
jobs done, resulting in an array of ingeniously and excellently developed apparatuses, a
tremendous stock pile of golden building blocks is accumulating, with few capable available
architects to mould them into unified and integrated structures, and still fewer civic planners
to arrange aggregations of such structures into well-arranged and self-sufficient communities.
The radio engineer very definitely has the job of applying science to practical business and in
fulfilling it shoulders the basic responsibility in performing this special mission of bringing
the results of technical achievement and business enterprise together, of trying to plan meth-
ods whereby future growths will develop in as orderly a manner as possible. If he does not
accomplish this, economic forces will tend to control progress; and after large investments be-
come involved, difficulties arise which prevent mankind from enjoying full benefits and a
proper logical development becomes precluded.

The engineer cannot stop when he has produced facilities. He must sell the existence of the
facts known by him to those that do not know as much about them as he does. The engineer
is not so well known as a good salesman. He must now take up a new role and indefatigably
point out how future growth and prosperity in his field can only be achieved by utilizing tech-
nical attainments to their fullest.

Radio and its allied fields are approaching a critical crossroads point in the continuing
process of rapid evolution. The tremendous impetus that present conditions are making pos-
sible is causing the production of innumerable quantities of manifold varieties of building
blocks, many of which are entirely new to us, both as to form and function, and which are
capable of being used for edifices yet to be planned with designs yet to be evolved. Vision and
imagination will not be lacking, but to build irmly and well, the engineer must now as never
before, bear down resolutely and with determination, on the problem of dealing with variables
on top of variables and doing job after job of “methods” and “system” engineering where
delicately adjusted balances must be made between factual engineering matters and the more
intangible economic and political factors. After all, the forte of the engineer is to “engineer” a
proper fusion between science and the life of the people.

Here is where our professional society of the [.R.E. must go to work. The tlood of radio-
and-electronic instrumentabilities about to pour upon us cannot be dammed. If not con-
trolled and diverted into ordered channels, it will seck its level wreaking along the way a toll
of confusion and much disorder. Our Institute is the forum where the radio engineer can
reach his brothers, and where all can foregather and forge their strength into an instrumental-
ity of influence upon society. It is an educational institution in a very postgraduate sense.
Like all educational organizations, the professional society tends to give primary attention to
tangible matters shirking the intangibles, and all must work together, Directors and Officers
as well as Members, to curb this tendency and utilize the strength of the Institute and the
pages of its PROCEEDINGS to develop larger and broader points of view.

Science has brought powers to man such as he never had before. To a large extent these
powers are uncontrolled. The engineer's training of using perceptive thought and the methods
of critical planning give him a strength and hope which need only discipline and patience to
overcome the existing confusions, and the way will gradually be cleared for further triumphs
of control which will lead to the aquisition of still greater powers.

Proceedings of the [.R.IZ,
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Beyond the Ultra-Short Waves

G. C. SOUTHWORTHY, FELLOW, LR.E.

Summary—This article reviews briefly the work done many
years ago by the pioneering physicists with the so-called electric
waves as well as the more recent efforts by engineers to put these
waves to practical use. It also describes some of the expedients and
changes of technic used to overcome difficulties as this work pro-
gressed to higher and higher frequencies. One, of fairly recent
origin, is the wave-guide or hollow-pipe technic. The latter not only
provides a simple and efficient way of propagating microwave power
from one point to another but there have also grown from it some
very interesting counterparts of the tuned circuits, the matching
transformers, and the filters that have been in commonuse for some
time at the lower frequencies. The possible bearing of this new
technic on the future of electrical communications, as, for example,
television, is pointed out.

F THE many interesting trends that have de-
@ veloped in electrical engineering, perhaps none
R has been more spectacular than that toward the
higher frequencies. No doubt many of the readers of
this article remember when the term high frequency
was used to distinguish 60 cycles from 25 cycles. At
other times it was applied in a similar way to 500
cycles, to 1000 cycles and sometimes to the whole band
of frequencies then used in ordinary telephony. With
the advent of radio and the general appreciation by
engineers that radio waves were a kind of offspring of
alternating currents, this high-frequency frontier
surged forward almost as a flood, quickly passing from
kilocycles to megacycles and thence to tens, hundreds,
and, more recently, to thousands of megacycles. The
latter is well past the region of ultra-short waves and
in the region sometimes referred to as microwaves.

Today the engineer pauses momentarily at an in-
definite but nevertheless real frontier somewhere above
1000 megacycles. Naturally he is not the first to arrive
on the scene. Those hardy pioneers, the physicists,
have been here for years. The Cabots, the LaSalles, and
the De Sotos passed by more than a half century ago.
Even the Lewis and Clarks, the Daniel Boones, and
the Kit Carsons have long since come and gone. Per-
haps it would be fair to say that the engineer is here
as a kind of a homesteader. His is the very important
task of breaking the primeval sod to sow the seeds
that he hopes will place the countryside on a produc-
tive basis.

In the paragraphs that follow, an effort will be made
to collect together some of the information left by the
early explorers. It is hoped that this will serve as a
rough homesteader’s map that will show in a general
way the boundaries of the territory and perhaps also
some of its more important physical features. Engi-
neering Baedekers for this region have not as yet
appeared.

» Decimal classification: R110. Original manuscript received
by the Institute, February 17, 1943. Presented, Joint I.R.E.-

A.LE.E. Winter Conference, New York, N. Y., January 28, 1943.
1 Bell Telephone Laboratories, Inc., Red Bank, New Jersey.
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WHY MICROWAVES

Before proceeding with the task at hand, it may be
well to review again the basic reasons for the trend
toward the higher frequencies. It is almost axiomatic
amongst communications engineers that the rate at
which intelligence may be transmitted over a given
facility, regardless whether this facility is some form
of a wire line or radio, is more or less proportional to
the width of the band of frequencies available. For
example, ordinary dot-and-dash telegraphy trans-
mitted manually, may call for a band of frequencies a
few tens of cycles wide whereas high-speed telegraphy,
such as sent by mechanical means, will call for a band
several tens or even hundreds of cycles wide.

In a similar way, the bare essentials of telephone
speech may be carried by a band a few hundred cycles
wide whereas the finer qualities of naturalness may
call for several thousands of cycles. In the case of tele-
vision, we now know that even the bare essentials will
call for a band of a million cycles while for good defi-
nition we shall probably want ultimately a band of 5
or 10 megacycles or even more.

As is generally known, it is possible to group several
independent channels of communication together and
transmit the whole over a single facility. For example,
it has for some time been common practice to transmit
over an ordinary telephone line alternatively either a
single telephone conversation or ten or a dozen closely
spaced telegraph channels. In a similar way, it is pos-
sible to transmit over certain kinds of lines either
several telephone channels or a very much larger num-
ber of telegraph channels. With the very special kind
of telephone line known as the coaxial cable this
scheme has been stepped up the scale to include either
a single television channel or several hundred tele-
phone channels. In this case the number of possible
telegraph channels would of course be very great
indeed.

Extrapolating the above trend, it seems reasonable
that sometime we shall likewise want to transmit
several television channels over a single facility. Bear-
ing in mind that each channel may need to occupy
space comparable with the entire band which until
recently was generally used for radio, it would appear
that, if these lofty ambitions are to be realized, they
will call for frequencies far beyond the frontiers now
in general use.

[t also happens that as we pass to the higher fre-
quencies (shorter waves) it becomes feasilile to build
radio antennas of increasingly higher directivity,
thereby conserving a very substantial amount of the
power that is ordinarily wasted. Although these very
short waves have definite limitations as regards
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transmission to points far beyond the horizon, it is not
impossible that for point-to-point work these limitations
can be overcome, at least in part, by transmitting
cross country from one tower top to another.

As contrasted with this still speculative use of radio
there is another equally good prospect that a very
special kind of line can be devised that will guide these
same waves, rather efficiently, from one point to
another, possibly over the horizon, and do this with
relative immunity from interference and atmospheric
noise. It is still too early to appraise completely the
merits of these two schemes but it is probable that
here, as in other parts of the frequency spectrum,
radio and the transmission line will each have its own
peculiar field of usefulness and the two together will
be mutually complementary in accomplishing a useful
result. In this connection it may be of interest that
there are several good reasons to believe that regard-
less which of these two methods of transmission may
be used, the same general range of frequencies and the
same general physical principles will be utilized. It is
possible also that there will be a remarkable similarity
in the terminal apparatus finally evolved. The basic
principles of some of these components will be dis-
cussed more at length later. It is perhaps sufficient if
we note at this point that there is not only a potential
need for these very high frequencies but there seems
to be in the making a radically new electrical technic
that appears to apply particularly well to the problem
to be solved. This solution is of course one of the
interesting engineering tasks that lic immediately
ahead.

PIONEER [1isTORY

As is generally known, the first pioneer in the experi-

mental part of the microwave field was Heinrich
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Fig. 1—Pioneer progress toward very short electromagnetic waves.

Hertz. Although his first experiments were conductex
at a frequency of roughly 60 megacycles (A =5 meters),
which is somewhat below the range of frequencies
under discussion, he later extended them to 500 mega-
cycles (A =60 centimeters). His work was one of the
outstanding accomplishments of the time and as might
be expected, many of his young contemporaries turned

Proceedings of the I.R.E.

July

to the interesting work which he had started. As he
was overtaken early in life by a prolonged illness, much
of his work was left for others to complete. He died in
1894 at the untimely age of thirty-seven. It is of in-
terest that during his short life he not only produced
and measured the first electric waves, but he also dis-
covered the photoclectric effect. It is said, too, that
during some experiments on discharges in gases he
barely missed the discovery of X rays.

A detailed history of electric waves is quite outside
the scope of the present article. It is, however, of
interest that in the first decade following Hertz's dis-
covery the frequency frontier was rather quickly ex-
tended from 500 megacycles (A =60 centimeters) to
75,000 megacycles (A=0.4 centimeter) whercas the
further extension to 0.22 millimeter required almost
thirty years. IFig. 1 shows as ¢ircles some of the dates
and frequency limits reached in this early exploratory
work. A complete record of the early work in micro-
waves would of course show a very large field of points
most of which would lie above the limits specified
in Fig. 1.

If one examines the history of the so-called optical
waves he finds a very similar situation. Beginning at
the high-frequency end of the spectrum, progress
toward the lower frequencies was at first fairly rapid
but later numerous difficulties were encountered. B
the year 1900, far infrared frequencies of roughly 3
million megacycles (A =0.1 millimeter) had been
reached. In this case a further progress of only tenfold
required a period of twenty more years. This is shown
in a rough way by the dots in the lower part of Fig. 1.

The final closing of the gap between the infrared
and electric waves remained for E. F. Nichols and
J. D. Tear who succeeded in extending both frontiers
as noted above until an overlap of approximately an
octave was effected. More particularly, electric waves
as short as 0.22 millimeter and heat waves as long as
0.42 millimeter were produced. Shortly afterward
A. Arkadiewa working in Russia produced electric
waves as short as 0.08 millimeter. In both of the latter
cases the electric waves appeared as a kind of harmonic
or as overtone components of somewhat lower fre-
quencies. The power level was very low indeed.

During the decade following 1910 it appeared that
Mother Nature had firmly entrenched herself in the
narrow band between 0.4 millimeter and 4 millimeters
and persisted in denying admittance to all oncomers.
This is perhaps worth noting for it is quite possible
that the region that resisted exploration will also resist
exploitation.

.As is generally known, all of the very early work in
microwaves made use of spark discharges. According
to this method, (wo small conductors, often closely
spaced spheres, were charged by means of a static
machine or an induction coil until breakdown oc-
curred. At the time of breakdown, the path between
the two spheres hecame semiconducting and the
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configuration as a whole fell into oscillation. Althougha
fair portion of the total stored energy was probably
dissipated as heat in the spark, there was a small but
significant part left as radiation. In general, the wave-
length was proportional to the dimensions of the con-
ductors. Since the stored energy was also more or less
proportional to this dimension, it is evident that the
power radiated fell oft rapidly as work proceeded to
higher and higher frequencies. Since discharges were
relatively infrequent, the sustained power was at best
very low. The results were barely sufficient for the
fundamental investigations then in progress and they
offered little hope for any very interesting practical
applications.

The need for simple sinusoidal oscillations in the
microwave range was appreciated at a very early date.
Soon after the development of the three-element tube,
work was started toward extending its range into the
higher frequencies but here the difficulties were also
great. The conventional three-element tube having
followed technics inherited from the manufacture of
lamp bulbs was at best ill adapted to the task at hand.
Then, too, there came a time when in spite of the close
spacing of the various electrodes and the tremendous
velocities with which electrons may travel, the latter
were unable to cross from one electrode to another
within the allotted time. With an appreciation of the
nature of the difficulties and with appropriate modifi-
cations of structure, these, and other difficulties were
temporarily overcome but they reappeared later at a
slightly higher frequency again to challenge the in-
genuity of the designing engineer. There are plotted
as triangles in Fig. 1 some of the more important steps
taken in extending the range of conventional negative-
grid oscillators.

About 1920, Barkhausen, working with a particular
type of vacuum tube then in use, in Germany, dis-
covered that for a certain range of positive voltages on
the grid and somewhat smaller negative voltages on
the plate, he could produce small but nevertheless
measurable oscillations. These were subsequently
known as Barkhausen oscillations and they became the
subject of considerable study not only in Germany
but also in England, France, and America. By a suit-
able modification of the elcctrodes, frequencies of
about 6000 megacycles (A =5 centimeters) were pro-
duced by Kohl in Germany as early as 1928. There
are plotted, as squares on Fig. 1, some of the steps
taken in developing the so-called Barkhausen oscilla-
tions.

A third source of continuous oscillations is the mag-
netron. Proposed initially by A. W. Hull in 1921 it
subsequently received considerable modification, no-
tably by Habann in Germany and Hidetsugu Yagi
and Kinjiro Okabe in Japan who split the anode
into two or more parts and thereby obtained improve-
ments in both frequency and power output. Although
it offcred considerable promise, it too ultimately en-

Southworth: Beyond the Ultra-Short Waves

321

countered the same kind of difficulties as the positive-
and negative-grid oscillators. Amongst other limita-
tions, the physical dimensions of the component parts
became so small that it was difficult to dissipate, in
the small space available, the heat losses that were
inherent in the device. Perhaps the highest frequency
reported for a magnetron was the 50,000-megacycle
(A=0.6 centimeter) obtained by C. E. Cleeton and
N. H. Williams of the University of Michigan in 1936.
Some of the points reached in the development of the
magnetron are shown as dots in Fig. 1. It is inter-
esting to note that by 1936, this continuous-wave
frequency limit had been brought to substantially the
same point that had prevailed for damped waves forty
years earlier. This again reflects the difficulties en-
countered in the development of continuous-wave
sources, particularly at the higher frequencies.

Fig. 1 above is intended mainly to illustrate the
earlier history of microwave sources. It omits several
very interesting sources suggested within recent years,
as for example the Klystron by the Varian brothers
and similar devices by W. C. Hahn and G. F. Metcalf
and another of a somewhat different kind by A. V.
Haelf. These have not been included in Fig. 1 for the
ultimate limits which can be reached by these devices
are apparently not yet generally known.

The long trek of the early explorers into the micro-
wave region, as evidenced in Fig. 1, has of course given
us a useful even though limited preview of the region
ahead. There remains however much that is very im-
portant to the engineer. In particular he needs to
know the relative powers that may be obtained with
these various devices, the facility with which intelli-
gence-bearing signals may be impressed upon their
output and recovered at the receiving end and perhaps
a host of other questions. It is outside of the scope of
the present article to discuss these matters except pos-
sibly to say that answers to certain of them have al-
ready been found and the way to som¢ of the others
seems assured.

LANGUAGE

As might be expected, the settlement of this new
territory has made several new demands on the engi-
neer's vocabulary and perhaps also on his point of
view. The flora and fauna in this region are, so to
speak, somewhat different than those found in other
parts of electrical engineering.

Actually, of course, the difterences hetween 60 cycles
and 6000 megacycles are rather superficial, for the
same fundamental principles underlie the entire field
of electricity. The language difficulties, such as they
are, appear only because at high frequencies there are
certain features that are of great importance which at
low frequencies are mainly of academic interest and
are usually forgotten. On the other hand, there arc
certain other features important at low frequencies
that may on occasion be overlooked at high fre-
quencies.
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It so happens that the phenomena that one observes
at low frequencies can most simply be described as
currents flowing in go-and-return conductors of a wire
line. There may be an occasion to refer also to lines of
magnetic force but in so doing it is common to consider
such lines as merely incidental to the flow of current,
In certain of these branches of electrical engineering
there is little occasion to use the idea of lines of electric
force. Indeed there is sometimes a tendency to regard
lines of electric force as a mysterious entity that be-
comes of importance only when high-voltage power
tries to leap over insulators.
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Fig. 2--—Approximqte configuration of lines of electric and magnetic
force in a coaxial conductor and also in a shielded pair of con-
ductors.

As contrasted with low-frequency phenomena where
the current concept is so very useful, microwave phe-
nomena often call for a point of view in which the
flow of currents is relatively unimportant and both the
magnetic and electric fields are extremely important.
In fact, it becomes very difficult, if not impossible, to
describe microwave phenomena without the concept
of lines of force. According to this viewpoint the lines
of electric force and lines of magnetic force are so in-
timately related that they may at times be regarded
simply as different aspects of the same thing. As
further evidence that the current concept may not
always be adequate, it should be noted that there are
certain cases in microwave technic where the type of
circuit, containing ordinary go-and-return conductors,
virtually ceases to exist.

In explaining microwave phenomena, it is con-
venient to regard the transmission of power along a
wire line as taking place through the space between
the conductors and not through the conductors them-
selves. In this respect the conductors are relegated to
the less spectacular but nevertheless importaut role of
guiding the wave power residing between the wires
from one point to another. This concept seems to hold
regardless of whether the frequency is 60 cycles or
6000 megacycles. In fact, it is possible in both cases to
specify the power very simply in terms of the intensi-
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ties of the electric and magnetic fields prevailing be-
tween the conductors and the velocity at which the
configuration is propagated along the line. This prin-
ciple, which was first proposed by J. H. Poynting of
the University of Birmingham, is so general that it
applies not only to transmission along wire lines hut
to radio transmission and also to a relatively new form
of transmission to be described very shortly.

To illustrate the point in question there are shown as
Fig. 2 the electromagnetic-wave configurations cor-
responding to transmission along hoth a shielded-pair
transmission line and also along a coaxial-pair trans-
mission line. In both cases there are shown the relative
directions of the electric force, (solid lines) and the
magnetic force (dotted lines). The Poynting vector
which represents the flow of power is perpendicular to
both the electric and magnetiq force. It therefore lies
parallel to the conductors themselves,

EXPERIMENTAL TECHNICS

As the engineer has pushed his way upward to ever-
increasing frequencies, he has found it necessary to
modify his methods from time to time. There are
various ways by which this may be exemplified but
perhaps the best is the matching of one impedance to
another. Several of these modifications are shown in
Fig. 3 together with a logarithmic scale of frequency
extending up to the light frequencies. At low fre-
quency, a matching unit usually takes the form of the
conventional iron-core transformer. The iron, amongst
other things, permits us to use smaller structures and
therefore less copper than might otherwise be possible.
(See Fig. 3(A).) As we proceed to higher frequencies
there may be occasion to remove the iron core, but
still we keep the coils. In this region the phenomenon
of resonance is in many cases avoided.

Continuing to still higher frequencies there may be
occasion to invoke resonance in order to bring about
matching and, accordingly, capacitances are often
connected across both the primary and the secondary
coils. (See Fig. 3(B).) Continuing still further into the
region of high frequencies, both the coils and con-
densers become progressively smaller until at some
point near that at which Hertz first worked, 1.e., 100
megacycles, they become inconveniently small, In
this case, the complete transformer, including the two
coils and condensers, if it vere practicable to build
them, might be placed inside a large sewing thimble,
Obviously, devices of this kind can hardly be expected
to dissipate very much power. Also numerous diffi-
culties are encountered when it becomes necessary to
connect these small elements to other devices such as
vacuum tubes. The necessary connecting wires them-
selves introduce reactances comparahle with those of
the coil and condenser and comparable with the cir-
cuit element to which jt is to be connected.

. At this point the outlook might appear very dark
indeed if it were not feasible to invoke another slightlyv



1943

different technic almost as old but not as thoroughly
exploited as that of the simple resonant circuit. It was
first used by Hertz, Lecher, and other early workers
in microwaves more than fifty years ago and more
recently by development engineers working in the
practical side of this field. Although often referred to
as the Lecher-wire circuit, it is in reality an electrically
long transmission line on which standing waves arc
set up. (See Fig. 3(C).) Since the phenomenon of stand-
ing waves is a kind of resonance we may obtain with
such a Lecher circuit most of the necessary reactance
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At this point the engineer, finding himself confronted
with the problem of radiation, adopts the simple ex-
pedient of reshaping one of the two conductors of his
Lecher frame into a hollow metal cylinder that com-
pletely encloses the second conductor and also the
power residing hetween the two as shown in Fig. 3(D).

Although the refinements just mentioned eliminate
radiation and suffice for a certain range of frequencies,
there soon comes a time when other difficulties of one
kind or another are encountered. One of the more im-
portant of these difficulties is that of power losses
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Fig. 3—Methods of iinpedance matching representative of various regions of the frequency spectrum.

effects necessary for providing a match. An important
feature is that this is done with an arrangement of
sizable dimensions. Fig. 3(C) is a schematic representa-
tion of but one of several possible lLecher-frame
coupling units.

Although this arrangement works very well for a
certain range of frequencies, there comes a time when
even this scheme encounters serious difficulties. One,
in particular, is radiation. The latter is the property
of a circuit by virtue of which a portion of the resident
power detaches itself and is lost to the surrounding
space. Under many circumstances this is, of course, a
very useful property for without it radio would not
have been possible. It turns out, however, that at the
higher frequencies radiation arising in rather unex-
pected places in a circuit may become so prominent
as to be a problem. As will be readily appreciated,
radiated power is equivalent to power dissipated in a
resistance and hence has the effect of reducing the
sharpness of the resonance effects. In the parlance of
the engineer it reduces the Q of the circuit.

within the resonant chamber itself. For instance, the
metal conductors, no matter how heavy we make
them, consume a fair amount of the total power.
Another even more important loss is that due to any
insulators that may be necessary for supporting the
centra! conductor. Losses in the tuning element shown
are particularly deleterious for the standing-wave
principle by which we effect a match, implies a re-
peated excursion of waves back and forth through the
resonant chamber.

The load shown as a resistance in Fig. 3(I)) is merely
schematic. It may for example be a relatively long
coaxial line leading to another sink of power some dis-
tance away, perhaps matched to the coaxial line by an-
other similar resonant transformer. When a coaxial
line is to be connected to a resonant chamber the outer
conductors are joined in the usual way. The central
conductor may either protrude a short distance into
the chamber or it may be given a short loop and be
joined to a near-by point on the inner wall of the cham-
ber. The connecting line between the two resonant
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chambers suggested above will also involve losses, par-
ticularly if its length is considerable. True enough,
some further improvement may be had by a proper
choice of materials but these are merely the improve-
ments that result from good engineering and should
not be considered at this time. 1t should be pointed out
in passing that the difficulties just mentioned become
particularly critical as the wavelength and hence the
physical dimensions of the various elements become
smaller. Anything we may do therefore that will tend
to simplify the over-all structure and perhaps enlarge
it relative to the wavelength, will be of help.

At this point it will be only natural for the engineer
to start an appraisal of the total lossecs of his system,
As already mentioned, the insulator losses are usually
very considerable and anything that can be done to
reduce their number will represent a very definite im-
provement. A further appraisal of the various con
ductor losses shows that in a coaxial system, by far the
greater loss lies in the central conductor. They may
readily be several times those associated with the sur-
rounding cylinder. Therefore if we are to have further
improvements in the Q of the circuit we should prefer-
ably look both to the central conductor and to the
insulators. If by chance a way can be found to climi-
nate the central conductor, we can of course get rid
of the insulators also. Such a venture will of course he
radical for by it we arc seemingly throwing overhoard
the idea that the go-and-return conductor is a neces-
sary requisite for the transmission of power. Since this
takes us into methods rather different from those com-
monly used in electrical engineerirg, it will be neces-
sary to digress for a time from our principal theme.
However, for the sake of completencss there is in Fig.
3(E) a schematic arrangement that might be expected
to result from such a change. Its explanations must
be left for later paragraphs.

Also for the purpose of completeness, there are shown
on the lower portion of this chart schematic arrange-
ments of two mcthods used in optics. The one to the
right is a simple lens arrangement with object and
image. This is assumed to represent methods typical
of the visible part of the spectrum. At the left is an
extremely interesting method used by R. \W. Wood
of Johns Hopkins University perhaps thirty years ago
to scgregate long-wave components from the hetero-
gencous radiation from the Welsbach mantle. It de-
pends for its action on the fact that the refractive in-
dex of quartz for wavelengths of around 0.1 milli-
meter is about 2.2 whereas that for the shorter waves
is very much smaller. A lens made of quartz is so
located relative to screens B and E that for long-wave
radiation the two are at conjugate foci. Owing to the
fact that the index of refraction for the shorter-wave
components is relatively small, these rays actually
diverge after leaving the lens. The relative ray paths
of the two components are shown respectively as wavy
lines and dots.
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In order to prevent the small amount of short wave
radiation from passing directly through the lens and
rcaching the hole in screen £, a picce of foil D is
fastened to the center of the quartz lens. A sensitive
thermocouple and meter placed at the second iris
shows the relative long-wave power. To test whether
the short waves have been completely eliminated, a
plate of rock salt is introduced in front of screen. The
latter is transparent to the shorter waves but is opaquce
to waves a few tenths of a millimeter in length. If the
deflection drops to a very low level we can be reason-
ably sure that no very considerable amount of short
wave radiation is present. Sometimes two stages of
focal 1solation are nccessary in order to obtain the
desired high purity of waves.

NEW MECHANISMS OF FLECTRICAL TRANSMISSION

After more than a century of wire-line transmission
and upwards to fifty ycars of radio one might reason
ably ask if there could be any other mechanisms of
clectrical transmission besides radio and wire-line
transmission now used by the engineer. Indeed the
study of electrical transmission, conducted as it has
been, by the means of hoth mathematics and physics,
has told so comprehensive a story as almost to preclude
such a possibility. Nevertheless there are several such
possibilities. They have for convenience been grouped
into a single class and called wave-guide transmission
All of these newer mechanisms are peculiar to very
high frequencies, much higher in fact than have, until
recently, been used in any practical transmission sys-
temn. They are, therefore, of particular interest to the
microwave field for by this technic we are again able
to extend very materially the range of frequencies with
which the engineer mav work.

In this newer form of transmission, the guiding
structure may take any one of several different forms.
In one case it may be a hollow metal pipe which with
the present state of development may be two or three
inches in diameter. In other cases it can be a somewhat
smaller pipe filled with a low-loss diclectric, while in a
third it may conceivably be merely a wire of dielectric
with no metal whatever present. This form of trans-
mission is not peculiar to circular guides. In fact there
are many circumstances where rectangular guides are
preferable.

The several different mechanisms suggested above
refer to possible modes of transmission. Theyv differ
amongst'olher ways by the orientations of the lines of
force }Vthh go to make up the wave front and also by
the dimensions of guide necessary to propagate the
waves. The smallest diameter of pipe for a given mode
varies inversely as the frequency and also inversely as
the square root of the diclectric constant of the internal
n.wdium. For one particular mode, for which a con-
siderable amount of experimental work has alrcady
becn done, the diameter must be at least 0.585 wave-
length. If a rectangular pipe is chosen the larger



1943

dimension must be at least 0.5 wavelength. Alittle calcu-
jation shows that wavelengths of a few centimeters are
needed for guides of practicable dimensions.

MobpEs oF \WWAVES

The configurations of four of the more important
modes or types of waves that may be transmitted
through a guide are shown in Fig. 4. Time does not
permit us to discuss these waves in great detail except
to say that both the one designated as TE, and that
designated as TEq appear, at the moment, to be most
useful. The latter, which is better known as the cir-
cular electric wave, has one very interesting character-
istic. Theoretically, at least, a wave of this type when
propagated through a circular metal pipe of a given
diameter suffers progressively less attenuation as the
frequency is indefinitely increased. This suggests,
vaguely at least, that sometime we may be able to
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Fig. &—Approximate configuration of lines of clectric and magnetic
force for four types of waves that may be propagated in a
wave guide.

obtain very low attenuations merely by increasing the

frequency. The former mode which is now generally

known as the dominant wave, is of even greater interest,
partly because it can be maintained in a smaller pipe
than the others and partly because it can easily be
adapted to a great many projects for which we now
have practical use. Because of its immediate interest,
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all discussions that follow will relate to this type of
wave.

FUNDAMENTAL PROPERTIES OF WAVE GUIDES

A wave guide, like an ordinary transmission line,
has a definite velocity of propagation, a characteristic
impedance, and an attenuation. Although these quan-
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Fig. 5—Relative phase velocity of the transverse electric wave
propagated through a three-inch hollow metal pipe.

tities are amenable to calculation, their expressions are
somewhat involved. For this reason they can perhaps
best be shown in graphical form for some very reason-
able set of conditions that might be encountered in
practice. This is done below for two of these quantities.
For instance, Fig. 5 shows the relative phase velocity
of propagation of the dominant or lowest-order wave
at various frequencies, for a hollow metal pipe 3 inches
in diameter.

It will be observed that at frequencies above a cer-
tain very definite critical or cutoff limit, the phase
velocity drops from infinity, first very suddenly and
then more slowly and approaches the velocity of light
as its asymptotic limit. This, it must be remembered,
is a phase velocity and not the velocity at which
energy is propagated. There is no violation of the
accepted views concerning the optimum velocity of
propagation of energy. It may be of interest to know
that this relationship has been checked experi mentally
over a considerable range of frequencies and that the
two have been found to agree within a small fraction
of 1 per cent.

The attenuation offered by a wave guide has been
calculated for a considerable range of frequencics and
this result has also been checked experimentally.
Fig. 6 gives typical results not only for a wave guide
but also for two particular types of coaxial conductors
that might be used in microwave work. Curve A refers
to the dominant or lowest-order wave in a 3-inch
diameter copper pipe. It will be observed that the
attenuation is infinite at cutoff but falls rapidly to a
minimum at a frequency which turns out to be 3.18
times the cutoff frequency, after which the attenuation
increases more or less linearly.
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Curve B of Fig. 6 refers to the corresponding attenu-
ation for a coaxial line having for its outer conductor
the same 3-inch pipe assumed in curve A and for its
inner conductor a diameter that will give a minimum
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of attenuation. An allowance has also been made for
insulator attenuation. For this case, the conductor and
insulator attenuations are separately shown. This
proportioning of diameters would presumably repre-
sent one of the better coaxial lines that might be used
for microwave work. Such a line would obviously be
more complicated than the corresponding wave guide
and also more expensive.

A comparison of curves 4 and B shows immediately
that for the lower frequencies the coaxial line is by far
the better. In fact the wave guide is altogether un-
suitable for very low-frequency work. At high fre-
quencies, on the other hand, the guide is to be pre-
ferred. It happens that this matter is somewhat more
involved than might at first sight appear. In particular,
when the guide is used at frequencies where the lower
attenuations may be realized, certain higher-order
waves such as already described may appear. The
position of the first is noted by a transverse line on
curve A. Although these higher-order waves need not
necessarily appear, the engineer will in many instances
prefer to operate his guide at frequencies where the
higher-order waves cannot be sustained.

It so happens that higher-order waves may also
appear on coaxial lines. In fact they can accordingly
occur at lower frequencies than for wave guides.
This is shown by the transverse mark on curve B.
It is evident, therefore, if we are to use coaxials for
microwave work, we should not make them too large.
This suggests that in practice we are not likely to
realize quite as low attenuations as are indicated by
curve B of Fig. 6.

One of the limitations of the wave-guide type of line
is that, for most circumstances, it must be a rigid in-
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flexible pipe. The coaxial just described is also of this
kind. However, it is possible with a coaxial line to
make the diameter of both the outside and inside con-
ductors small and separate the two by some kind of a
continuous low-loss insulator, thereby obtaining a
measure of flexibility.

A semiflexible coaxial of this kind would need to be
kept to a diameter of perhaps one-half inch and per-
haps be made of woven conductor. Curve C of Fig. 6
shows the calculated attenuation of a one-half inch
coaxial with a 1/16-inch diameter inner conductor as-
suming the woven outer conductor is as good clec-
trically as solid material. This, of course, is by no
means true. One of the better dielectric materials is
assumed. It is fairly evident that we have paid dearly
in attenuation for the flexibility feature. By the use of
a small coaxial we have, of course, raised somewhat the
limits at which higher-order waves may appear.

SOME APPLICATIONS OF WAVE GUIDES

It will be recalled that an ordinary two-conductor
transmission line may be used in three rather funda
mental ways.

(1) It may be used to propagate power from one

point to another.

(2) It may radiate power.

(3) It may support standing waves and thereby
provide the resonance phenomena so useful in
effecting matches between sources and sinks of
power.

[t is interesting that wave guides exhibit these same
three rather fundamental properties and they can be
used in the same corresponding ways all with certain
outstanding advantages. The reactive property will be
chosen as an example for it is particularly versatile in
its application and it relates to the general picture
shown in Fig. 3.

In carrying the reactive property into practice, use
is made of arrangements that are strikingly like the
resonant air columns or organ pipes so familiar in
acoustics. In principle they are also similar to the
resonant transmission lines or Lecher wires already
mentioned.

Fig. 7—Chamber suitable for demonstrating electrical resonance.

One very simple approach to this subject is to
imagine a short section of circular wave guide such as
described in connection with Fig. 7. To be specific,
assume that it is 3 inches in diameter and 8 inches
long and that it is closed at one end by a tightly fitting
metal piston and closed at the other by a 'circular
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metal plate with an iris opening perhaps an inch 1n
diameter.

It is quite apparent that any small increment or
pulse of power such as produced by a spark discharge,
upon entering the iris, will be propagated along the
guide and be reflected first by the piston and then by
the iris plate, successively, until the energy is dissipated
either in the metal walls or has escaped through the
iris back to the outside space. Such a device is there-
fore a kind of an electrical echo chamber in which
there is a very substantial amount of electrical re-
verberation.

If the iris is too small, very little power can enter but
once inside the power will probably reverberate longer
before being completely dissipated. If the iris is large
it is obvious that the opposite will be true. It is fairly
evident that the period of these echoes will depend
both on the velocity of propagation within the guide
and on the distance from iris to piston. The rate of
decay will depend not only on the iris diameter but
also on the attenuation imposed by the material of
the guide.

Suppose next that we replace the pulse by a source
of sinusoidal wave power of a given frequency f. It is
fairly obvious that as we adjust the piston there will
be certain lengths of the chamber at which a kind of
resonance will be produced. In general resonance will
appear at positions of the piston corresponding to one-
half wavelength as measured within the guide. To the
source which in this case is assumed to be located at
the iris, the chamber will appear as a kind of a reso-
nant circuit consisting of a coil and condenser in series
with the source and in tune with the applied frequency.
Since the velocity within the guide is in general greater
than that of light, the dimensions of such a resonant
chamber will be greater than for the corresponding
Lecher-wire system. This is often an advantage, par-
ticularly where the frequency is so high that the
Lecher-wire arrangement is inconveniently small.

At another adjustment of the piston, we may picture
a condition where the wave power reflected by the
piston arrives at the iris in a phase that will oppose the
wave power about to enter. Under this circumstance
the chamber behaves somewhat like an antiresonant
circuit, that is, a resonant coil and condenser con-
nected in parallel with the source. The first case prob-
ably looks to the source like a low impedance and the
second like a high impedance. At intermediate adjust-
ments we may, of course, get intermediate effects. It
would appear, therefore, that we have at our disposal
the counterpart of the simple coil and condenser and
that we may derive from it many of the effects famihar
in electrical communications. Perhaps the most ob-
vious application is that of a wavemeter. Its accuracy
will naturally depend on its sharpness of resonance.
Wavermneters of this kind have been built and they are
very useful.

If we could take appropriate measuring apparatus

Southworth: Beyond the Ultra-Short Waves

327

inside the resonant chamber, we should find near the
reflecting piston a region where the resultant electric
intensity is very low. If the conductivity were infinite
this intensity would actually be zero. At this point,
however, the magnetic intensity is a maximun. This
implies that in the adjacent wall, very high currents
are flowing and that this is a region of low impedance.

At a point along the guide a quarter wave removed
from the piston we should find another plane in which
the electric force is a maximum and the magnetic force
is very small. It is convenient to regard this as a region
of high impedance. Although this simple picture may
not be quite correct it is nevertheless true that the
first is a region where a mass of low-resistance material
would tend to absorb power readily while the second
is a region where high-resistance materials would ab-
sorb best. At intermediate points along the standing
wave we should presumably be able to locate materials
of intermediate resistivity and to expect absorption.
Under this circumstance it is convenient to regard the
resonant chamber as a kind of transformer that
matches the absorber to a source of power, the source
in this case being the iris through which power is
entering the chamber.

If what has been said is true, it should be possible
to place the resonant chamber together with its ab-
sorbing element at the end of a wave guide and thereby
terminate the line in its characteristic impedance. This
is true and it can be verified very readily. It is of in-
terest that it is possible to replace this type of ter-
mination with a properly proportioned horn and obtain
the same result. [t would appear that merely by flaring
the end of the pipe into a horn it had aided the wave
power to escape. In the latter case it is convenient to
think of the radiator as a kind of transformer that
matches the guide to the outside medium.

MEASURING THE MATCH

It will be remembered that one of the criteria of
termination in an ordinary transmission line is the
absence of reflection. Since a reflected wave together
with its corresponding incident wave gives rise to a
standing wave, we may say that freedom from stand-
ing waves is also a criterion for termination. One of
the more useful instruments of the wave-guide technic
is based on this principle. This device is known as a
standing-wave detector and it enables one to tell
whether or not a line is properly terminated merely
by measuring the relative magnitudes of the maxima
and minima in the standing wave.

The right-hand portion of Fig. 8(A) shows in a rough
way a standing-wave detector. It consists of a probe
which reaches into the wave guide and extracts a small
amount of the passing-wave power and impresses the
same on a crystal detector where a continuous electro-
motive force is produced. The latter actuates a near-by
microammeter giving readings that may he made more
or less proportional to power. The probe is made free
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to move along a longitudinal slot in the wave guide to
indicate the existence of any standing waves that may
be present.

If the probe of the standing-wave detector, which,
let us say, follows the square law, is moved along the
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Fig. 8—Possible methods of terminating a wave guide in
its characteristic impedance.

slot until the maximum of standing wave is found, we
may say that this reading is proportional to the square
of the sum of the incident and reflected amplitudes.
If it is shifted to a minimum, the new reading repre-
sents the square of the difference between the inci-
dent and reflected amplitudes. \We may calibrate such
a detector and thereafter be in a position to measure
power. Also we may, if we like, deduce from these
readings the reflected power and also the coefficients
of transmission and reflection.

It is fairly obvious that the standing-wave detector
may be used not only to tell when a line is terminated
in its characteristic impedance but also to detect the
presence and nature of discontinuities that may un
wittingly have been introduced into a line. Fig. 9
shows one of several practicable forms which such a
standing-wave dctector may take.

Fig. 9—Standing-wave detector suitable for measuring the nature
and magnitude of electric discontinuities in a wave guide.

Referring again to the resonant chamber, let us en-
close in the chamber some absorbing medium as shown
in Fig. 8(A). It is convenient to regard the whole as an
impedance made up of a reactance and a resistance.
We may fairly say that the absorber which, let us say,
is a mass of carbon-coated cloth represents the resist-
ance component and the chamber the reactance com-
ponent. Presumably the latter may by proper adjust-
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ment be made to present to the line to which it may
be attached either a negative reactance or a positive
reactance as the nature of the line may dictate. As a
laboratory exercise, it is not at a!l difficult to find
adjustments of iris diameter and piston setting to
effect a degree of match such that the minimum read-
ings arc at lcast 95 per cent of the maxima.

In considering further the resonant chamber and its
absorber, it is not difficult to sce how reflected waves
passing repeatedly bhack and forth through the semi-
conducting medium will finally be absorbed. It is only
slightly less obvious that the mass of cotton could be
replaced by a thin disk of semiconducting material
placed in a transverse position across the guide as
shown in Fig. 8(B). It is not at all obvious however
that it can be replaced by a thin rod of resistance
material connected across the diameter of the chamber
as shown in Fig. 8(C). However, this turns out to be the
casc. Finally it would seem extremely unlikely that a
tiny particle of resistance matcerial connected as shown

Fig. 10—Receiver suitable for wave-guide use.

in Fig. 8(D) could gather all of the cnergy entering the
chamber but it turns out that this also can be done
This fact is very important from the engincer’'s point
of view for it ¢nables him (o impress substantially all
of the wave power reccived from a wave-guide line
onto a small object like a crystal detector or other
e.lcmcnl and thercby derive from the wave all of the
signal characteristics that may have been transmitted.

THE Receiver

The step-by-step reasoning followed in Fig. 8 has
led ultimately to the rudiments of a receiver. Although
the piston-iris arrangement is very suitable for ex-
planatqr) purposes, there are other arrangements more
convenient for practical use. FFig. 10 shows an arrange-
ment of this kind. In this particular case the iris has
I)cefl replaced by two coaxial tuners connected to op-
posite terminals of the crystal. Experiment shows that
’the. caniaI tuners can in this case function as the iris.
This is somewhat more convenient, particularly in the
laboratory where adjustments are frequently made,

tha'n'lo vary the diameter and possibly the position of
an iris.
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THE GENERATOR

It is generally true that a source of wave power such
as a short-wave oscillator will work most efficiently
when it looks into its own characteristic impedance.
If a wave-guide line is not an appropriate load to such
a source it would appear that we might use the hollow-
cavity type of transformer as a means of matching the
source to the line. In addition, there are also possible
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and as a result 20-centimeter oscillations of consider-
able magnitude are built up on the Lecher-frame cir-
cuit. Under this circumstance, it is probably true that
the tube is driven to the limits of its operating charac-
teristic. At any rate, harmonics of considerable magni-
tude are set up. The diameter of the pipe is so chosen
that these harmonic waves (A=10 centimeters) are
carried away. Such a generator, while not overly effi-

Fig. 11—Harmonic type of oscillator using a conventional negative-grid tube.

cases wherc the chamber may be used as a frequency-
determining unit of high precision to be associated
with an oscillator.

There is shown in Fig. 11 an oscillator suitable for
continuous waves of a frequency of 3000 megacycles
(A =10 centimeters). As will be observed, it combines
the older Lecher-wire technic with the newer wave-
guide methods. A three-clectrode tube of conventional
principles but of rather unusual design has its grid and
plate terminals brought out at the opposite sides of a
glass envelope. These are made a part of a Lecher-
wire circuit upon which waves having a length of
roughly 20 centimeters are gencrated. Were it not for
the surrounding pipe this would be the principal wave-
length generated and a considerable amount of 20-
centimeter power would be radiated. However, by sur-
rounding the generator with a 3-inch-diameter pipe,
we are able to invoke the cutoff property already men-
tioned and thereby prevent the transmission of any
appreciable amount of 20-centimeter power. It ap-
pears that under this circurnstance the oscillator looks
into a nondissipative load of considerable magnitude

cient, can be modulated to give audible signals and is
a very useful element in an experimental transmitting
system.

IFILTERS

Following the analogue of the resonant chamber and
the various arrangements of coils and condensers
further, we may expect that there should be pos-
sible a variety of filters. It will be sufficient to mention
a few of the simpler forms. Some, at least, resemble
the so-called acoustic filter. In Fig. 12(A) there is
shown a side tube connected across a wave-guide line.
By adjusting the length of this tube, relative to the fre-
quency, we may effectively place across the main wave
guide either a high transverse impedance thereby
allowing waves to pass freely or a low transverse im-
pedance therchy preventing their free passage. In the
latter case it is almost as though the metal piston
placed in the side chamber were transferred to a posi-
tion transverse to the main guide. As will be readily
appreciated a multiplicity of these side chambers ar-
ranged perhaps as shown in Fig. 12(B) will permit the
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passage of certain frequencies while inhibiting others.
More particularly it passes all but a relatively narrow
band of frequencies. It may conveniently be regarded
as a band-reject filter. In this, as in ordinary radio
practice, it is assumed that varying the tuning of a cir-
cuit at a fixed frequency is roughly equivalent to vary-
ing the frequency at a fixed tuning.

Fig. 12(C) shows another kind of filter element that
will also perform (in reverse order) the function just
mentioned. At frequencies for which the chamber is
tuned, wave power passes with little or no loss. At
other frequencies, the chamber presents a high im-
pedance to the oncoming wave. It is therefore a kind
of band-pass filter. It is convenient to regard this type

()

Fig. 12—Two simple forms of wave-guide filters. (A) and (B) pass
all but certain selected bands of frequencies. (C) rejects all but
certain selected bands of frequencies.

of filter as a resonant chamber, like Fig. 7, in which
for practical purposes, a source (power arriving at the
input iris) is matched to a sink (power leaving the
output iris). At this frequency the filter element and
the line that follows offer no discontinuity to the inci-
dent wave power. At other frequencies there is a gross
mismatch between the source and sink and the unit
presents effectively a high series impedance (or low
transverse impedance) to the oncoming wave power.
As in the case of the simple resonant chamber, one
may picture for himself a series of reflections that con-
spire to aid the wanted waves in passing through the
chamber while rejecting these that are unwanted.
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GENERAL CONSIDERATIONS

Returning again to Fig. 3, it should be evident that
at some point in the frequency scale above 1000 mega-
cycles (A =30 centimeters) microwave technic is again
destined to undergo a marked change. Methods using
the conventional go-and-return conductor type of cir-
cuit give way to the somewhat simpler hollow-pipe or
wave-guide circuit. These newer methods seem to he
at their best in the centimeter-wavelength range. At
the longer wavelengths, the component parts become
inconveniently large. As we go to the shorter waves
it would appear that ability to manufacture small
parts would become an important limitation. It may
also turn out that losses in component parts may again
return to haunt the engineer. What the technic will be
beyond this point, we can only guess.

From what has been said,'it is fairly evident that
we have, in this newer wave-guide art, the high-fre-
quency counterparts of most of the essential circuit
elements used in ordinary communications practice
Not only do we have a fairly efficient transmission line
for propagating wave power from one point to another
but we have in principle the necessary matching meth-
ods for impressing intelligence-bearing components
onto the line and also the methods for recovering them
at the receiving end. In addition there are also the
essentials of a high-frequency filtering technic of the
kind that has been so very useful at lower frequencies
particularly in carrier-current practice. To this should
be added a rather large variety of antennas for use in
places where radio seems preferable.

The adaptation of these rather fundamental prin-
ciples to practical use js one of the interesting prob-
lems that lie ahead. \What form this may assume and
what direction it may take we cannot as vet be quite
certain. [t would appear, however, that in the region
Beyond the Ultra Short Waves there will be interesting
variety both in the principles and methods of electrical
engineering. It is probable that the homesteader will
as usual, look forward with high hopes.

&



Tubes for High-Power Short-Wave Broadcast

Stations— L' heir Characteristics and User
G. CHEVIGNY {, NONMEMBER, 1.R.E.

Summary—This paper outlines the vacuum-tube requirements
necessary because of the increasing power of short-wave broadcast
transmitters.

Different ways of meeting the requirements are discussed: use

of a large number of tubes in parallel; of demountable structures;
or of sealed tubes.

The development of a sealed tube capable of 200 kilowatts
carrier output for two tubes in parallel is described. The main fea-
tures of the different parts of the tube are indicated together with
its characteristics. A description is also given of some of the tools
and machines specially developed for the manufacture of these
tubes.

A broadcast center in which the tubes are used is briefly de-
scribed. The salient points of the transmitting circuit and equipment
are shown. A short description of high-power grid-controlled recti-
fiers is also given.

INTRODUCTION

OR YEARS before the present \War, there was a

very rapid increase in the power of broadcast

transmitters in Europe, brought about mainly by
the importance attached to propaganda by radio. De-
spite limitations on power recommended by successive
international meetings, the governments of European
countries always tried to increase the emission of their
broadcast transmitters as much as technically possible.
As soon as progress in the manufacture of transmitting
tubes. and equipment made it possible to ohtain a
higher output, new stations were ordered or old sta-
tions were modernized so that the only limit to the
power output of a station was, in fact, that imposed
by the technical possibilities of the moment.

This race toward higher powers, which took place at
first on medium waves, was followed by a similar race
on short waves. For instance, transmitters of 100 kilo-
watts carrier or more started regular operation on
medium waves in 1931 and on short waves in 1939.
The high output power of stations was often supple-
mented by efficient radiating systems, some of which
were over 1000 feet high for medium-wave broadcast-
ing, or which used large numbers of highly directive
antennas for short-wave broadcasting.

As the demand toward still larger powers was quite
apparent, development of a new type of high-power,
short-wave vacuum tube was started in 1937 at the
Paris l.alioratory of the International Telephone and
Telegraph Corporation. Two years later, in 1939, de-
sign of this tube had been completed and it was avail-
able when, in the same year, French authorities de-
cided to build a broadcast center with a large number
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reccived by the Institute, January 29, 1943; revised manuscript re-
ceived April 12,1943, Presented, New York Section, March 3, 1943.

t Federal Telephone and Radio l.aboratories, New York, N. Y.
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of short-wave channels each capable of a carrier
of 150 to 200 kiiowatts.

GENERAL CONSIDERATIONS

Before starting the design of the new tube, several
different methods of meeting the requirements were
considered.

1. Use of a large number of high-power tubes con-
nected in parallel.

2. Development of new demountable structures of
suitable power.

3. Development of a sealed tube of sufficient power
output so that two tubes would be adequate in the
last stage.

A solution using four tubes in parallel had already
heen adopted for certain high-power transmitters;
however, because of the many drawbacks, parallel
operation was not considered entirely satisfactory for
the following reasons:

1. Operation of the transmitter is made more difficult.

2. Critical adjustment of the circuits is necessary, par-
ticularly when two transmitters must be worked in
parallel.

3. Causes of stoppage of the station are considerably
increased, making the station much less reliable.
Demountable structures were rejected, although,

from the standpoint of power output, they would have

heen adequate. They involve the following inherent
objections:

1. Require more careful handling than sealed-off
tubes.

2. Require highly trained maintenance personnel.

3. Auxiliary pumping and conditioning equipment is
essential.

4. Provision of spares is complicated.

5. Cost per hour per kilowatt is greater.

While far from sturdy, sealed-off transmitting tubes,
even in the largest sizes, are now being made suf-
ficiently strong to be shipped, stored, and installed
safely with only reasonable care. To date, such is not
the case with demountable tubes.

Maintenance of demountable tubes is not simple.
The same knowledge, skill, and care are required for
the replacement of burned-out electrodes as is neces-
sary in their original manufacture. Personnel with
normal experience in maintenance of electrical equip-
ment would require additional training in vacuum-
tube technique; for example, scrupulous chemical
cleanliness is essential to the successful operation of
high-vacuum, high-voltage devices.

Demountable tubes while in operation require a
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complete associated pumping system that does not
differ materially from the equipment used in the man-
ufacture of sealed-off tubes. Such equipment usually
comprises two diffusion pumps and mechanical
pump, the latter being arranged to run only when the
degree of vacuum on the last stage of the diffusion
pumps reaches a predetermined minimum value. Ro-
tating machinery, controls, and considerable space for
piping and connections, all requiring continuous super-
vision, are involved.

The problem of providing spares is also complicated
by the use of demountable tubes. A complete spare
tube and vacuum system must be kept in operation
and ready for instant service. This equipment, because
of its size and complexity, usually must be a perma
nent installation making it necessary to arrange the
transmitter circuit to be switched to the spare. Obvi
ously, such an arrangement complicates the trans-
nutter design, especially at higher frequencies. In addi
tion, other equipment must be maintained to pump
and condition tubes that have been repaired. When
parts, such as a filament or grid, are replaced in a de-
mountable structure, several hours of conditioning are
required before the tube is fit for service. Such an
amount of spare time would not ordinarily be available
from the main high-voltage supply; hence an add:
tional power source would be required

Opinions differ considerably regarding the relative
cost of operation of demountable tubes and sealed-ofi
tubes. In the case of the tubes under consideration
comparative calculations were made, taking into ac-
count rthe cost of the demountalle tube, its associated

Fig. 1—Demountable structure.

Proceedings of the I . R L.

July

equipment, and the maintenance cost. These calcula.
tions showed that, with a scaled-off tube life of 10,000
hours (about two years' operation), the cost per hour
of the sealed-off tube is lower.

The demountable structures seem to be interesting
only when the power output required is so high that it
is impossible to make reliable sealed tubes at an eco-
nomical price.

As it appeared quite feasible to proceed with the
construction of sealed tubes, two of which would pro-
vide a carrier output of 200 kilowatts on short waves.
this solution was adopted.

DisioNy or ThHE TURE

Dificrent possibilities of design of scaled tubes were
examined. As is well known, there are two main types
of structures of water-cooled tubes: one with the anode
at onc end and the grid and filament at the other
called the single-cnded tube; the other with the anode
in the middle with filament and grid brought out re-
spectively through each end of this anode, called the
double-ended tube. Much discussion has taken place
concerning the relative advantages and disadvan
tages of these two types of structure. From the view
point of production neither has any real advantage
over the other. In the present casc, the singled-ended
structure was favored since it is casier to connect in
the type of circuit planned for the transmitters. At high
frequencies, the tube is an integral part of the circuit
and it is highly advantageous that tube and circuit be
well adapted to cach other.

For operation on the highest practical frequency, the
tube over-all length was kept to the minimum and the
diameter was made as large as possible. Thus the
mechanical strength of the electrodes also was in-
creased.

Before proceeding with the asscmbly of the sealed
tubes, the filament and grid structures were both
tested in a demountable unit which had been developed
with a view to producing a demountable tube of power
sufficient to give 500 kilowatts carrier output for two
tubes in parallel. Several types of structures were tried
and some life tests were started with a dissipation
higher than that normally required to ensure stability
of the parts. It was only when these electrodes were
considered satisfactory that the first sealed tubes were
assembled and tested. Only minor modifications of
certain parts of the structure were then necessary,
since the completed filament and grid units functioned
as satisfactorily as in the demountable structure. Fig.
1 shows a view of the demountable structure in which
the electrodes of the tubes were tested.

’ Fig. 2 is a view of the tube without its water jacket.
I'he filament leads are at the top. On the side of the
bulb, the grid is fastened through three leads formed
by three copper caps. The copper anode is located at

the bottom. QOver-all length of the tube is about four
feet.
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FILAMENT

Mos. of the design work was centered on the con-
struction of the filament structure. It would have been
possible, for instance, cither to use structures compris-
ing several \'s, or parallel strands with springs applied
at one end, or a self-supporting, parallel-strand struc-
ture without springs.

Because of the necessity for supporting and guiding
the springs, their use entails a complicated and bulky
mechanical structure. Such structures, which must
operate adjacent to filaments working at a high tem-
perature, are difficult to design and are very often a
source of trouble: they also necessitate the use of
numerous insulators which are generally fragile and
difficult to outgas.

The extra volume occupied by filament springs
causes an appreciable increase in interelectrode capaci-

Fig. 2—3067A vacuum tube.

tance which, in the case of a tube working on short
wavelengths, is obviously undesirable. If, in addition,
certain parts are subjected to high-frequency fields,
operation becomes rather unreliable. It was conse-
quently decided to adopt a self-supporting structure
with a minimum number of insulators and no springs
to pull on the filament.

The filament structure utilized is shown in Fig. 3.
[t comprises 18-filament strands connected in parallel.
This filament was designed for direct-current or single-
phase alternating-current excitation but, with minor
modifications, can be adapted to 3-phase alternating
current.

The strands are so connected that the current in two
adjacent strands always flows in opposite directions.

Chevigny: IHigh-Power Tubes
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Fig. 3—Filament assembly.

This is very important, since the action of the electro-
magnetic force is great due to the high current passing
through the filament. With this arrangement the elec-
tromagnetic forces tend to bow out the filament, all
the forces being radial and directed towards the out-
side. In order to prevent this distortion, strands having
the same potential were fastened together at regular
intervals. With the length of filament used, a fastening
at two points suffices.

In such structures, it is essential that the different
strands expand equally when heated. Uniform expan-
sion can be obtained only by exercising the greatest
care in selecting filament strands of practically identi-
cal diameter. The highly polished tungsten filaments
are, therefore, manufactured to the very narrow limits
of +0.5 per cent of the diameter. The strands are all
weighed when they are received and their diameters
are measured on two perpendicular directions at sev-
cral points. Each strand is then placed in one of six
groups. When selecting the 18 strands for a particular
tube, all are taken from a single group but, even then,
the strands are matched as closely as possible, the
grouping being made merely to facilitate this final
matching process.

The strands are then shaped and heated in hydrogen
in order to set them. One end of cach strand is arc-
welded on short filament leads. Next, all the strands
are placed on the stem, and the other ends of all the
strands are arc-welded on the filament leads mounted
on the stem. A suitable fixture is used to keep the
strands in place and to guide them during the welding.
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Fig. 4—Grid assembly.

After that, the ends of the leads on all strands are
welded together as well as to a central connector, the
atomic hydrogen process being employed. \With this
method of assembly, the filament strands remain quite
straight and parallel.

Using leads at the common end of the strands, in
stead of welding the filaments themselves onto the
central connector, allows for an appreciable decrease
of filament power and increases the rigidity of the
filament structure. After the filament structure has
been so completed, it is flashed in hydrogen by passing
a suitable current through the filament strands in
order to sct it permanently.

Fig. 5—Baking of anode structure.
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The filament supports comprise two molybdenum
plates on one side of which the molybdenum leads of
the filament strands arc welded and on the other side
of which large-diamcter molybderum rods are also
welded. These are inserted into copper tubes in which
they are fastened by means of screws. The ends of
these copper tubes are themselves brazed inside of
copper caps which are sealed on a moulded flare. The
bottom end of the filament structure is provided with
two shields and a guide rod which enters an insulator
fastened at the end of the grid. It is to be noted that
the bearing hetween this rod and the quartz insulator
is not made directly but through another quartz in
sulator mounted at the end of the rod.

GRID AND ANODE

Fig. 4 shows the grid structure. The grid is wound
inside a cage consisting of six tungsten rods fastened

Fig. 6—Filament anode assembly.

on a support which is itself fastened on the three leads
passing through the bulb. At the bottom of these rods
a support is provided for the quartz insulator which is
used as a guide for the end of the filament structure.
The grid winding is fastened on the leads by means
of a tungsten spiral.

The anode, which is made of copper and comprises
several parts, can be secn in Fig. 5. The central part is
providcd with grooves in order to increase the anode
dissipation. A cup is brazed on the bottom end. It is
provided with a hole used during the assembly of the



1943

tube to assure the centering of the filament structure.

On the top of the central part, a collar with a feather
edge is brazed, on which, in turn, a glass bulb is scaled.
This part is adapted for water cooling to keep the
copper seal at a sufficiently low temperature.

Three radial arms for mounting the grid are sealed
on the bulb. Then, the bulb is sealed on the anode and
the whole structure is evacuated and left in stock for
a sufficient number of weeks to make sure that the
copper parts and the seals are airtight.

ASSEMBLY

To proceed with the assembly of the tube, the grid
is mounted inside the anode and, next, the filament
structure is sealed in place.

Originally, the tube was sealed on a horizontal
lathe; the operation, though feasible, was difficult due
to the necessity of accurately centering the filament
structure. Fig. 6 shows a tube being aligned in the
centering device.

At first, the filament was mounted in the anode in a
vertical position and both structures were fastened on
a common support. The whole assembly was then
transferred to a lathe where the anode was fixed in one
head while the filament support was fastened on the
other head. Fig. 7 shows this sealing operation.

Fig. 7—Sealing of the tube.

In order to make the assembly of such tubes much
easier and remove any danger of warping of the fila-
ment, a vertical lathe of a spccial design was devel
oped. At the time, two possibilities were considered:
rotating the flames with the tube fixed, or the flames
fixed with the tube rotating.

Design of a vertical lathe in which only the flames
rotate involves certain delicate problems, but does not
require accuracy so great as that of the other type. It
is simpler in design and less expensive; however, the
sealing operation requires, in addition to the rotating
fires, a rotating graphite paddle to shape the glass,
operation of this paddie being obtained by vertical
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motion of a disk on which a part of the paddle bears.
Such an operation on a seal of large diameter is not so
easy as the usual hand paddling of the seal when in
rotation. In this latter case, the glass can be worked in
a better manner. It was this main consideration which

Fig. 8—Vertical sealing lathe.

led to the design of a lathe utilizing fixed fires while the
tube rotates.

Fig. 8 shows the vertical lathe. The anode is fixed at
the bottom of the lathe, passing through large ball
bearings on which a suitable chuck is mounted. Fas-
tening the anode on this chuck is accomplished by
means of a large wheel. The filament is mounted on a
support which passes through the top head which is
vertically movable by means of a large wheel. Both this
and the bottom head are machined with very great
accuracy so that the parts have an eccentricity less
than 0.02 millimeter and the shafts are aligned within
0.02 millimeter. The flaines can be moved easily, and
their position can be adjusted.

EXHAUST

After the tube is sealed, it is immediately put under
rough vacuum. The tube is then exhausted. The ex-
haust station comprises a large movable platform
which can be brought around the tube during the bak-
ing and moved back afterwards to leave the space
around the tube free for the different connections dur-
ing the other operations of the exhaust.

The exhaust process comprises the usual steps of
baking, bombardment of elcctrodes and high-voltage
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conditioning under high voltage with the filament cold.
The total length of the exhaust of a tube varies from
one tube to another but, on an average, takes approxi-
mately 35 hours.

Before testing the tube, an X-ray picture is taken to

Fig. 9—3067A vacuum tube with water jacket and truck.

make sure of the shape of the electrodes and of their
relative centering.

Tests include the usual vacuum measurement and
the determination of the static characteristics. The
tube is formed, at first on direct current with high
voltage up to the peak anode dissipation, and tested
as a self-oscillator at 25,000 volts with 400 kilowatts
output.

CooLiNG

Cooling of the tube is accomplished through a water
jacket. With a flow of 60 gallons of water per minute,
the anode is tested for a dissipation of 340 kilowatts,
which corresponds to about 1.3 kilowatts per square
inch of the anode, much more than needed under the
normal operating conditions of the tube. Fig. 9 shows
the tube mounted in the water jacket. The grid and
filament seals need no special cooling.

MOUNTING

When used on medium wavelengths, the tube can
be mounted on a small truck which makes it possible
to replace the tube readily. At higher frequencies, the
truck is too large and the tube is fastened on a suitable
support. In both cases, corona shields are placed in the
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vicinity of the anode and grid seals, and a ring is used
for the grid connections.

CHARACTERISTICS

Fig. 10 gives the filament characteristics of the
tube, Type 3067A. For 100 amperes emission, the fila-
ment voltage required is 30 volts, corresponding to a
power of above 19 kilowatts. T'he emission then is less
than 5.5 milliampcres per watt which is a relatively low
figure resulting in a filament life of more than 10,000
hours. While use of a filament working at such a low
temperature increases the filament power, the cost per
hour is, however, decreased by the considerable in-
creasc in tube life.

g T
b iiosain :
i

SATURATION CURRENT IN AMPERES

e
3 L‘«.'.’
i

24 H
FILAMENT  vOLTagE

Fig. 10—Tube type 3067 A—emission characteristics.

Static characteristics are shown on Figs. 11, 12, and
13. Table 1 summarizes the main characteristics of the
tube,

'he station in which these tubes were used com-
prised a group of two transmitter units, each unit
composed of three final amplifiers and two modula-
tors. A single unit was, therefore, capable of radiating

TABLE 1
TecHNICAL DaTA

Characteristics

‘?llamcnl voltage 30 volts
Filament current 635 amiperes
Total emission current 100 amperes
Amplification factor 44
Impedance 720 watts

Mutuai conductance

Grid-anode capacitance

Grid-filament capacitance
Water Circulation

Normal water flow

Pressure drop for normal tiow

Maxnmum waler pressure
Dimensions and Weight

50,000 micromhos
110 micromicrofarads
90 micromicrofarads

60 gallons per minute
15 pounds per square inch
S0 pounds per square inch

Over-all length 47.5 inches
Il:}axlmur;l diameter 20 inches
et weight 104 unds
Limiting Conditions for Safe Opervation pe
Normal direct plate voltage 17,500 volts
Maximum plate dissipation 160 kilowatts
Maximum grid dissipation 3 kilowatts

Typical Operating Conditions on q Plate-Modulated Amplifier 100 Per cent Modu-

lation
Working plate voltage 12,000 11,500 11,000 volts
Normal plate current 3] 1 11 amperes
Carrier output per tube 100 90 80 kilowatts
Frequency 12 18 22 megacycles
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two separate programs simultaneously on different fre-
quencies so that, with both units, four separate pro-
grams could go on the air from the station at one time.
The extra final amplifier in each transmitter unit per-
mitted wavelengths and antennas to be switched with-
out interrupting programs since these amplifiers could
be readjusted with the power off. When power was
applied, one of the modulators could be switched in-
stantly to the third final amplifier. Whichever amplifier
had been left free could then also be readjusted after
its power had been turned off. The process of switching
frequencies was, consequently, continuous and unin-
terrupted. Ten directive antennas were provided at the
station ; twelve pretuned frequencies permitted opera-
tion in the radio-diffusion range of 6, 7, 9, 11, 1§, 17,
and 21 megacycles. All the commutations, that is,
choice of frequency, choice of circuit, and choice of
antenna, were automatic and controlled from the sta-

PLATE AMPENES

6000 180
PLATZ  VOLTad

Fig. 11—Tube type 3067 A—plate characteristics.

tion control desk. Three similar stations were under
construction to provide in all twelve simultaneous pro-
grams.

OUTPUT STAGE

The low-power stages of the station were conven-
tional and need not he described. The last stages, how-
ever, possessed some unusual features.

Two of the 3067A tubes were used in the final stage
and were connected in a so-called inverted amplifier
circuit. The high-frequency drive was applied on the
filaments of the tubes, the grid being kept to a voltage
very close to that of the ground. In each tube, the grid
thus acted as a shield between the input circuit, which
was the filament-grid circuit, and the output circuit,
which was the grid-anode circuit. Among the advan-
tages of this kind of a circuit, the following can be in-
dicated:

1. Itis possible to reduce the value of the neutraliz-
ing condensers considerably or even, in certain cases,
to climinate them entirely. This is due to the fact that
the coupling of the input and output circuits through
the tube is caused solely by the capacitance betwecen
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CONTROL GAID VOLTAGE

PLATE YOLTAGE

Fig. 12—Tube type 3067A—plate characteristics—constant-
current curves.

filament and plate, which is much smaller than that
between filament and grid. A decrease in the circulat-
ing current consequently results in appreciably low-
cring the losses in the last stage. Elimination of the
neutralizing condensers is particularly advantageous
when the transmitter must operate on a relatively wide
band of frequencies.

2. The inverted amplifier can operate in a rather
wide band of frequencies without having to modify the
tuning.

3. A large negative feedback is applied on the input
circuit due to the fact that the plate current passes
through the filament circuit. The latter circuit, being
tuned, the alternating component of the plate current
produces on the filament circuit a voltage in phase op-
position to the driving voltage. llence stability of the
last stage is increascd since parasitic oscillations are
suppressed. Harmonic distortion introduced by the
last stage also is reduced.

20

AMPERES

GRID

°

L) 4 BOOL
PLATE  VOLTAGE

Fig. 13— 1'ube type 3067A—grid characteristics.
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4. The inverted amplifier, as compared with the
usual type amplifier, makes it possible to obtain a
higher output inasmuch as an appreciable part of the
high-frequency energy supplied to the antenna comes
from the penultimate stage.

Plate modulation was adopted. Its advantages can
be summarized as follows:

1. The modification of the high-frequency circuit
necessary to change over from one frequency to an-
other does not alter the modulation characteristics as
both circuits are entirely independent.

2. With the exception of the last two stages, the
high-frequency circuits are not modulated, allowing
the use of shielded-grid tubes for these circuits. A very
high gain per stage can be thus obtained without re-
quiring accurate adjustment of the operating condi-
tions. It is possible to overdrive the different stages in
a manner such that the power which is obtained is
practically independent of the driving conditions or of
the bias of the tubes. This appreciably decreases noise
due to the intermediate stages of the high-frequency
circuits.

3. The last stage of the transmitter always works at
its maximum efficiency.

4. The power which is absorbed by the last stage of
the modulation amplifier is very small for the carrier,
and the efficiency of the amplifier is up to 60 per cent
for the maximum percentage of modulation of the
transmitter.

Another particularly interesting feature of the trans-
mitters was the use of a very large negative feedback
which improves the characteristics of the transmitters.

Fig. 15

Final amplifier.
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Fig. 16—Front panel

final amplifier.

The advantages resulting from high negative feedback
are:

1. Total gain of the audio amplifier is kept prac-
tically constant throughout the frequency band.

2. Variation in tube characteristics and some of the
changes in the voltage supplies are compensated for.

3. Harmonic distortion and noise introduced by the
different amplifiers are considerably reduced.

Fig. 14 shows the schematic of the different stages
of the transmitter. Fig. 15 indicates the location of the
tubes inside the last stage of the transmitter. Fig. 16
illustrates the front view of the panel.

PowEr SurpLy

The power taken from the mains by the high-power
rectifiers as a function of the level of modulation for
150 kilowatts carrier and 13,000 volts applied to the
anodes of the tubes for four programs simultaneously
was as follows for the three last high-frequency stages
and the last two modulating stages:

Per Cent

Modulation Kilowatts
0 1360
3.3 1700
80 2260
100 2490

To feed the different low- and high-power stages
with high voltage, hot-cathode mercury-vapor recti
fiers were used. FFig. 17 shows the type of units used for
low power. They were small compact units built up
exactly like oil-cooled transformers. They comprised a
tank inside of which were mounted the filament
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transformers, the high-tension transformers and the
choke for the smoothing circuit. The different tubesand
insu'ators through which the connections to the tubes
were made were mounted on top of the tank. According
to the power and voltage of the rectifier, forced ventila-

Fig. 17

Low-power rectifier unit.

tion was provided on the base of each tube. The design
of these units is such that they may be located inside
a vault suitable for high voltage in the same manner
as high-tension transformers are placed.

In the case of the high-power stages, five high-power
rectifier units were used for an output of 13.000 volts
and 37 amperes. Taps were provided for 12,000 volts
at 40 amperes and 11,000 volts at 40 amperes. Fig, 18
shows a front view of the units. The rectifier tubes were
of the grid-controlled type. Each unit comprised six
tubes connected in the three-phase, full-wave, six-tube
series circuit. Each tube was mounted on top of its
filament transformer through the intermediary of a
high-voltage insulator. They were all placed alongside
of each other and each tube was surrounded by a shield
at the base of which hot air at a constant temperature
of 40 degrees centigrade was blown.

The voltage of the rectifier could be varied from zero
to peak voltage by applying properly phased pulses on
the grids of the rectifier tubes. This excitation of the
grid was accomplished by equipment which did not
include rotating parts or moving relays; a special
transformer was used comprising a magnetic circuit
made partly of permalloy. One transformer was associ-
ated with each tube; its size was very small so that it
could be included in the same tank as the filament
transformer itself. It was supplied with alternating
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current from the same supply as that to be rectified. A
direct current passed through one of the windings and
was used as a control. \WWhenever the alternating cur-
rent through the winding changed polarity, the Hux of
the core was reversed, and a peaked wave was pro-
duced in a third winding,

If the value of the direct current in this control
winding was increased, the peaked waves were dis-
placed with respect to the alternating-current cycles.
The effect is illustrated in Fig. 19 which is an oscillo-
gram of the output voltage of the transformer. In this
case, the peaked wave was displaced by 60 degrees for
a 200-ampere-turn change in the control winding. If
the current were reversed, the displacement of the
peaked wave would have been in the opposite direction
so that the total displacement would be 120 degrees. A
further increase in the valuesof direct current had the
effect of completely saturating the core system with
the result that peaked waves were no longer produced
and the grid-control rectifier tubes were no longer ex-
cited. The displacement of the position of the pulse
dctermined the corresponding variation of the time at
which each reciifier tube in the circuit started; and, in
the casc of a threce-phase, full-wave, six-tube series
circuit, it was sutficient to move this sharp pulse by 90
degrees to adjust the voltage from zero to peak voltage
of the rectifier. In practice, variation of voltage by
means of the control of the grid was used only during

TPE nw PEAKED WAVES

PLACEMENT GRO PEAKED wAVES BY 0 C CONTROL

S —
»
Ls'.

Fig. 19—Wave shape of the peak wave used for firing grids and
displacement of the peaked waves by direct-current control.

certain tests of the transmitier, when starting the
transmitter, and to compensate for variation of the
mains. This compensation could be practically auto-
matic as the amplitude of the direct current applied on
the peak-wave transformers could be made a function
of the rectified voltage, and an accurate compensation
could be obtained. One very important characteristic
of grid-control rectifiers is that the grid can be used to
stop a rectifier in less than 20 milliseconds in case of a
short circuit caused, for instance, by a tlash arc inside
the high-power vacuum tubes. Voltage can then be
restored in a fraction of a second after the short circuit
has been stopped; and, in this length of time, the volt-
age is applied at its minimum value and brought up
to the maximum value of the rectifier without notice-
able interruption of the program,



Analysis of Rectifier Operation’
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Summary—An analysis of rectifier operation in principal cir-
cuits is made. The introduction of linear equivalent diode resist-
ance values permits a simplified and accurate treatment of circuits
containing high-vacuum diodes and series resistance. The evalua-
tion of these equivalent resistance values and a discussion of emis-
sion characteristics of oxide-coated cathodes precede the circuit
analysis.

Generalized curve families for three principal condenser-input
circuits are given to permit the rapid solution of rectifier problems
in practical circuits without inaccuracies due to idealizing assump-
tions.

The data presented in this paper have been derived on the basis
of a sinusoidal voltage source. It is apparent that the graphic analy-
sis may be applied to circuits with nonsinusoidal voltage sources or
intermittent pulse waves.

It is also permissible to consider only the wave section during
conduction time and alter the remaining wave form at will. Compli-
cated wave shapes may thus be replaced in many cases by a sub-
stantially sinusoidal voltage of higher frequency and intermittent
occurrence as indicated by shape and duration of the highest voit-
age peak.

The applications of these principles have often explained large
discrepancies from expected results as being caused by series or
diode resistance and excessive peak-current demands.

Practical experience over many years has proved the correct-
ness and accuracy of the generalized characteristics of condenser-
input circuits.

INTRODUCTION
RE(‘TI FIER circuits, especially of the condenser-

input type, are extensively used in radio and
television circuits to produce unidirectional cur-
rents and voltages. The design of power supplies, grid-
current bias circuits, peak voltmeters, detectors and
many other circuits in practical equipment is often
based on the assumption that rectifier- and power-
source resistance are zero, this assumption resulting in
serious errors. The rectifier element or diode, further-
more has certain peak-current and power ratings
which should not be exceeded. These values vary con-
siderably with the scries resistance of the circuit.
General operating characteristics of practical recti-
fier circuits have been evaluated and used by the writer
for design purposes and information since early 1934,
but circumstances have delayed publication. Several
papers’* have appeared in the meantime trcating

* Decimal classification: R337 XR356.3. Original manuscript
received by the Institute, August 4, 1942; revised manuscript re-
ceived, March 9, 1943,

t RCA Victor Division, Radio Corporation of America, Harri-
son, New Jerscy.

' M. B. Stout, “Analysis of rectifier filter circuits,” Elec. Eng.
Trans. A.I.L.E. (Elec. Eng., September, 1935), vol. 54, pp. 977
984 ; September, 1935.

2 N. H. Roberts, “The diode as half-wave, full-wave and voltage-
doubling rectifier,” Wireless Eng., vol. 13, pp. 351 -362; July, 1936,
and pp. 423-470; August, 1936.

»J. C. Frommer, “The determination of operating data and
allowablc ratings of vacuum-tube rectifiers,” Proc. [.R.IZ,, vol. 29,
pp. 481 485, September, 1941

- ¢ D. L. Waidelich, “The full-wave voltage-doubling rectifier
circuit,” Proc. I.R.E., vol. 29, pp. 554 -558; October, 1941
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one or another part of the subject or the assumption
of zero series resistance. Practical circuits have
resistance and may even require insertion of addi-
tional resistance to protect the diode and input con-
denser against destructive currents. The equivalent
diode resistance and the emission from oxide-coated
cathodes are, thercfore, discussed preceding the gen-
eral circuit analysis. This analysis is illustrated on
graphic constructions establishing a direct link with
oscillograph observations on practical circuits. A de-
tailed mathematical discussion requires much space
and is dispensed with in favor of graphic solutions,
supplemented by generalized operating characteristics.

I. PRINCIPLES OF RECTIFICATION
General

Rectification is a process of synchronized switching.
The basic rectifier circuit consists of one synchronized
switch in series with a single-phase source of single fre-
quency and a resistance load. The switch connection
between load terminals and source is closed when
source and load terminals have the same polarity, and
is open during the time of opposite polarity. The load
current consists of half-wave pulses. This simple cir-
cuit is unsuitable for most practical purposes, because
it does not {urnish a smooth load current.

The current may be smoothed by two methods: (a)
by increasing the number of phases, and (b) by insert-
ing reactive elements into the circuit. The phase num-
ber is limited to two for radio receivers. The circuit
analysis which follows later on will treat single- and
double-phase rectifier circuits with reactive circuit
clements.

Switching in reactive circuits gives rise to “tran-
sients.” Current and voltage cannot, therefore, be com-
puted according to steady-state methods.

The diode functions as a self-timing electronic
switch. It closes the circuit when the plate becomes
positive with respect to the cathode and opens the cir-
cuit at the instant when the plate current becomes
zero.

The diode has an internal resistance which is a func-
tion of current. When analyzing rectifier circuits, it is
convenient to treat the internal resistance of the diode
rectifier as an clement, separated from the “switch
action” of the diode. Fig. 1 illustrates the three circuit
clements so obtained and their respective voltage-cur-
rent characteristics (sce Section 11). The diode charac-
teristic is the sum of these characteristics. The resist-
ance rq is effective only when the switch is closed, i.e.,
during the conduction period of the diode. The effec-
tive diode resistance must, therefore, be measured or
evaluated within conduction-time limits. Consider a
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switch in series with a fixed resistance and any number
of other circuit ¢lements connected to a battery of
fixed voltage. The direct current and root-mean-square
current which flow in this circuit will depend on the
time intervals during which the switch is closed and
open; the resistance value is not obtainable from these
current values and the battery voltage. The correct
value is obtained only when the current and voltage
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Fig. 1—Characteristics and equivalent circuit for
high-vacuum diodes.

drop in the resistance are ineasured during the time
angle ¢ (Fig. 2) when the switch is closed.

The method of analysis of rectifier circuits to be dis-
cussed in this paper is based on the principle that the
nonlinear effective resistance of the diode may be re-
placed analytically by an equivalent fixed resistance
which will give a diode current equal to that obtained
with the actual nonlinear diode resistance. The correct
value to be used for the equivalent fixed resistance de-
pends upon whether we are analyzing for peak diode
current, average diode current, or root-mean-square
diode current.

At the outset of an analysis amplitude and wave
shape of the diode current are not known and the diode
resistance must, therefore, be determined by successive
approximations.

The complexity of repeated calculations, especially
on condenser-input circuits, requires that the operating
characteristics of the circuit be plotted generally as
functions of the circuit constants including series re-
sistance in the diode circuit as a parameter.

Data for these plots (such as Figs. 3 to 7) are to be
obtained by general analysis of circuits with linear re-
sistances.

The solution of a practical condenser-input-circuit
problem requires the use of three different equivalent
linear circuits and diode resistance values.

The resistance values are obtainable from the peak
current alone because wave shape can be eliminated as
a factor by means of a general relation given by (6).
The practical analysis of condenser input circuits thus
simplified, is carried out as follows:

The average diode current is estimated roughly and
the diode peak current is assumed to be four times the
average value. The diode characteristic (Fig. 8) fur-
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nishes an initial pcak-resistance value and (6) furnishes
the other diode resistance values (see R, values in
Iig. 9). Direct output voltage and average current are
now obtained with the cequivalent average value R,
from the respective plot (19gs. 3 to 5) as a first approxi
mation. Another chart (Fig. 6) furnishes the peak-to
average-diode-current ratio with the peak value R, and
thus the peak current and diode peak resistance in
close approximation

A second approximation gives usually good agree
ment between imitial and obtained resistance values
which are then used to obtain other operating data

A theoretical treatment of the method just described
will be omitted in favor of an analysis of operating
characteristics of the rectifier tube itself. The user of
tubes may welcome information on the subject of
peak emission which is of vital importance in the rating
and trouble-free operation of any tubie with an oxide
coated cathode.

IT. ANobpiz AND CATHODE CHARACTERISTICS
oF RECTIFIER TUBES

Anode Characteristics

1. Definitions of Resistance Values

The 1ustantaneous resistance (ry) of a diode is the ra
tio of the instantanecous plate voltage es to the in
stantancous plate current 7, at any point on the char
acteristic measured from the operating point (sce Iig.
1). It is expressed by

€4
ra = — - (1)
i

The operating point (0) of a diode is a fixed point on

the characteristic, marked by beginning and end of the

-vg Dotermined B, Cocn

Fig. 2-- Graphic evaluation of cquivalent diode
resistance values.

conduction time. It is, therefore the cutoff point /,=0
f'md E;=0, as shown in Fig. 1. The operating point is
independent of the wave form and of the conduction
time ¢ (sce Fig. 2).

The peak: resistances (74) is a specific value of the in-
stantancous resistance and is defined as

* For system of symbols, see Appendix.
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Fig. 3 Relation of applied alternating peak voltage to direct output voltage in half-wave, condenser-input circuits.

The equivalent average resistance (7,) is defined on the
Ihasis of circuit performance as a resistance value de-
termining the magnitude of the average current in the

Peak voltage &, and peak current 2, are measured  circuit. The value 74 is, thercfore, the ratio of the aver-
from the operating point 0. age voltage drop é.(, in the diode during conduction

2
be = i" (sce Fig. 2). )
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Fig. 4—Relation of applied alternating peak voltage to direct output voltage in full-wave, condenser-input circuits.

time to the average current i,¢, during conduction

time, or
€d(s)

(3)

~
&
|

iﬁ(o)

The curved diode characteristic is thus replaced by
an equivalent linear characteristic having the slope 7,
and intersecting the average point 4, as shown in Fig.
2. The co-ordinates éacs) and i, of the average point
depend on the shape of voltage and current within the
time angle ¢. The analysis of rectifier circuits shows
that the shape of the current pulse in actual circuits
varies considerably between different circuit types.

The equivalent root-mean-square resistance (|rq]) is
defined as the resistance in which the power loss P, is

equal to the plate dissipation of the diode when the
same value of root-mean-square current 14| flows in
the resistance as in the diode circuit. It is expressed by
P,
| 7a| = 4)

141?
2. Measurement of Equivalent Diode Resistances

The equivalent resistance values of diodes can be
moasurcd by direct substitution under actual operating
conditions. The circuit arrangement is shown in Fig.
10. Because the diode under test must be replaced as a
whole by an adjustable resistance of known value, a
second switch (a mercury-vapor diode identified in the
figure as the ideal diode) with negligible resistance
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