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brief removal during special periods devoted to measurements.
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RF HEATING TUBES DESIGNED
and PROCESSED ESPECIALLY
¥ " "FOR RF HEATING PURPOSES

To Machlett Laboratories the tube needs of the RF heating industry have
been a challenege — no less than they have been a source of deep concern
to the industry itself. The electronic heating industry has now grown to
such importance as to require —and merit — the best the electron tube
industry can produce . . . and here the “best” must mean tubes designed
and processed especially for its needs, not “hand-me-downs,” no matter
how high in quality, from communications or other fields.

For this reason . . .

MACHLETT LABORATORIES
are ?fum/eyw/ lo SAnncunce

their initial step in a planned progrant
to provide the RF beating industry
for the first time
with a line of tubes designed, processed,
and serviced exclusively

for its use

Machlett Laboratories’ announcement sev-
eral months ago of RF Heating Tube Types
ML-5604 and ML-5619 constituted the
first tangible recognition by the tube indus-
try of the special requirements of the
electronic heating field. These tubes, fea-
turing above all else an unquestioned abili-
ty to handle — without penalty to life or per-
formance —the most severe load mis-match-
ing and the unusual physical conditions
inherent in industrial service, marked the
beginning of a new concept of service to this
growing industry. Unmatched in mechani-
cal ruggedness, they embody materially
heavier sections, sturdier grid, cathode
and terminal construction, and principles
of tube design and processing which assure
better performance and longer life.

These same principles are now embodied
in five new tubes—ML-5658, ML-5666,
ML-5667, ML-5668 and ML-5669. Thus
there is now available — for the first time—
for both initial installation and for replace-
ment, for all induction and dielectric heat-
ing purposes from 5 to 50 KW, a selection
of tubes, each of which is custom-made for
the job it has to do.

Machlett RE Heating Tubes will be sup-
plied — where desired — with scientifically-
designed terminal connectors affixed to the
tubes at the factory. Flexible leads will be
permanently attached in lengths to meet
equipment manufacturers’ requirements.

To the RF Heating Equipment manufac-
turer these Machlettelectron tubes and acces-
sories will provide the first real freedom
from “tube worries” and assure user satis-
faction. They will contribute to demon-
strating the effectiveness and economy of
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electronic heating. Priced only slightly
higher than the standard communication
tubes generally sold for this purpose, they
will prove lowest in cost through better per-
formance and materially longer life.

Write for complete technical data on this
new line of tubes and accessories A Mach-
lett Application Engineer will gladly visit
you at your request.

MACHLETT LABORATORIES, INC.
Springdale, Connecticut

AUTOMATIC SEAL WATER JACKET. No tools
needed 10 open and close the new Machlett water
jocket. No worry about tube breakage or water
leckage. Jacket cannot be opened unless water
pressure is off, nor clased unless tube is properly
seated. Your hand opens and closes a perfectly
safe seal with just a single twist.

MACHLET?

S0 Years of Electron Tube Experience

— N

d monthly in two sections by The Instit

. L. an

ML-5619 RF HEATING TRIODE,
water cooled with automatic seal
jacket, or for forced-air cooling
(ML-5604).

Maximum [nput 32.5 KW
Maximum Plate

Dissipation (ML-5619) 20 KW
Maximum Plate

Dissipation (ML-5604} 10 KW

ML-5658 RF HEATING TRIODE
Maximum Input 60 KW
Maximyum Plate Dissipation . 20 KW

[Will replace Type 880 without equip-
ment madifications)

Automatic seal water jacket as shown.

ML-5667 FORCED-AIR COOLED
TRIODE, available for woter cool-

ing ML-5666, with avtomatic seol
jocket,

Moximum lnput
Maximum Plate
Dissipation (ML-5667) 7.5 KW
Maximum Plate
Dissipatian (ML-5666) ... 12.5 KW
{Will replace Types B8%A and B89RA
without equipment modifications)

20 Kw

ML-5668 WATER-COOLED RF
HEATING TRIODE, avallable with
avtomotic seal jacket.

Maximum Input 28 KW
Maximum Plate Dissipotion 20 KW

{WIIl replacoe Types 892 and 892R
[by ML-5669) without equipment mod
fleations)

ute of Radio Engineers, Inc., at 1 East
foreign countries $13.00 a year. Entered
under the act of March 3,

1879. Acceptance for mailing at a
d R., authorized October 26, 1927.
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RESEARCH in telephony has given birth to many of the important
advances in the transmission, amplification and reproduction of sound.
Out of the telephone transmitter came the first successful commercial
microphone in 1920...out of the receiver came the loudspeaker in 1919
... out of the vacuum tube repeater—developed for telephony in 1913—
the modern science of electronics.

It is only natural that Bell Laboratories scientists and Western Electric
engineers, working as a team to improve telephony, have pioneered in the
design and manufacture of equipment in all of these fields which have
sprung from the telephone.

Whether you are interested in radio broadcasting, mobile radio, sound
motion pictures, sound systems, radar, hearing aids or radio telephony,
you’ll find it wise to look to equipment designed and manufactured to fill
your needs by the Bell Telephone Laboratories-Western Electric team.

— QUALITY COUNTS —

PROCEEDINGS Ur | HE LR.E. December, 1947




can lead in all these fields

| 9 :
BROADCASTEE///
pinit Sy 1 m— SOUND SYSTEMS
\ Public Address, Music Distribution,

Wired Music

&

- 5
| ERA A AWAVA

SOUND PICTURES

J \7 MOBILE RADIO
‘Police, Marine, Aviation, Railroad,

HEARlNG AIDS Urban and Highway Service

RADIO TELEPHONY

Overseas, Ship-to-Shore, Point-to-Point

BELL TELEPHONE LABORATORIES

World's largest organization devoted exclusively 1o research
and development in all phases of electrical communications.

Western Electric

Manufacturing unit of the Bell Systom and the nation’s largest
prm/uu r u_/ communications u//u/)mlnl
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CHECK these SPECIFICATIONS

Az ) rpHESE data explain the outstanding performance
' of Tobe “Qil-Mites” . . . demonstrate their quah
fications for use under extreme humidity and tem
perature environment . . . show the diversity o
mounting provisions, sizes, housings, and electrical
ratings for convenient incorporation in electronic
and clectrical apparatus.

Winding: non-inductive.
Impregnation: mineral oil.
Case: seamless drawn steel, hermetically sealed; non-mag
netic case (copper or brass) cun be furnished
Terminals: non-removable tinned copper solder lugs riveted
to phenolic bushings.
Terminal Seal: oilproof gaskets between all adjacent surfaces
in terminal assembly; terminal solder-sealed to assembly
rivets; metal-to-glass-sealed terminals ean be furnished if
specified.

Case Finish: tinned all over.

Markings: type number, voltage and capacitance rating, and
terminal identification ink-stamped on case.

Insulation Resistance: never less thun 2,000 megohms.
Dussipation Factor: lesy than 0.008 at 1,000 cycles.
Operating Temperature: minus 55C to plus 85C.

With Attached Channel Bracket

4A

MFD
Case A Case B Case C Case D
= 4.0 ol — 1.0
s [ 0r —.25 22,05 2x.l
2x.05 2x.1
- -} .04 — .50
[ ot—10 | =g 2205 2.1
.05 — .50 1.0 (01 =] 0l — .25

With Reversible Hold-Down Bracket

MFD

vDC

Case E Case F Case G Case H
100 e ol —1.0 4.0

= ol —.25 2x.05 2x .1 —_—
209 I 2x.05 2x.1
400 | = 0l —.5 28
600 01— 1.0 2x .05 2x.! A
1000 | — | 0l —.1 ol — .25 05— 1.0

Uniformity of size adds to the convenience afforded by “Oi
Mites,” allowing gang installation above or below the chassis
Both upright and inverted mounting can be furnished, as

illustrated. Where necessary, variation can
be made in style and position of terminal
lugs.

Reprints of this specification page are avail-
able and will be sent on request. For detailed
data on “Oil-Mites” and other Tobe Capaci-
tors ask for Catalog 4712RE.

TOBE DEUTSCHMANN Corporation CANTON, MASSACHUSETTS

PROCEEDINGS OF THE I.R.E.

December, 1947



/5 v*’f ) : v':. p3 g
AT ‘ -

(%

 SMALLER, LIGHTER
SRR O SRR T
Q

e : 1 .. v}, . Y

| Will outlast any
other battery pack

of its size !

SPECIFICATIONS:

Voltage:
“A”-9, tapped at 7%.
“B’-90.
Size:
9 737 x 2 23/32" x 4 5/16".
Net weight:
41bs. 15 ozs.
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NOW the “Eveready” combination “A-B” 90-volt
battery pack is available in even a smaller size...
for the more compact, lighter portables. This pack
provides plenty of power —it will last longer than
any other “A-B” pack of comparable size.

This longer life is the result of the exclusive flat-
cell principle found only in “Eveready” “Mini-Max”
batteries.

It will pay you, in designing your new portables,
to take advantage of this powerful, lighter-weight,
smaller “Eveready” battery pack. For more details,

=
z
<

o 1111111
T
LN

® Ordinary battery (fefr) is made of round cells and wasted
v space! “Eveready*’ battery (right) is made of flat cells—no
consult National Carbon Company, Inc. space between them wasted by air, pitch, or cardboard!

The registered trade-marks “Eyveready” and *‘NMini-Max’’
distinguish products of

NATIONAL CARBON COMPANY, INC.

TRADE-MARKS

MIN'.MAX 30 EAST 42nd STREET, NEW YORK 17, N. Y.

Unit of Unlon Carblde and Carbon Corporation

UCC

PROCEEDINGS OF THE I.R.E. December, 1947 5A
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SIDE-MOLDED

e« +» for maximum stability of pere
meabillty with respect to length,

NN
...

Paving the way to highly efficient

tuning in units of smaller size ond
with smaller cans.

LOSSES BALANCED W,

ITH
i ¥ CORRECT, EFFECTIVIE
s @ 8 PERMEABILITY,

P 880

SCREW TYPE

Brass screws are eliminated from
the coil field, thus greatly Increas-
ing efficiency and reducing size in
mony applications.

S

=
Yy D

STANDARD and
HIGH FREQUENCY TYPES
+ » . Available In sizes, shapes and
ranges for practically any require-
ment. Engineercd to specific nceds.

Optimum iron core efficiency calls for full consideration of all
loss factors, then balancing these carefully against correct effec-
tive permeability.

To achieve this end, Stackpole offers several unique iron core
types in addition to its standard lines. Frequently, these have
paved the way to combining a low loss factor with engineering
short cuts of proved economy and dependability— not only in
the cores themselves, but likewise in

or ‘ the way in which they can
be utilized in a circuit. / y

" Based on an extremely broad background of practical appli-
cation experience, Stackpole welcomes the opportunity to engi-
neer iron cores for specific applications.

Write for Stackpole Electronic Components Calalog RC6

ELECTRONIC COMPONENTS DIVISION
STACKPOLE CARBON COMPANY, St

Marys, Pa.
RESISTORS © IRON CORES © SWITCHES

6A
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{ BENDIX_RADIO

Bendix MRT-3A, 152162 mc f-m taxica

transmitter uses 2E30's generously.

Jeflerson-Travis Model 351, 35-watt marine

radio-telephone employs HY69's.

WRITE FOR FREE NEW
DATA SHEETS :

| 2£25, 2630, Y69, 1

HYI269, 55/6.

PROCEEDINGS OF THE LR.E

HY 69 — the original
instant-heating tube.

b

|
|

1
|
l
|
|
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SPECIALISTS IN RADIO RECEIVING TUBES

OF NEW MOBILE
TRANSMITTER DESIGNS

THE ORIGINAL INSTANT-HEATING TUBE

Because they fill a real need for conserving filament power, Hytron instant-heating
tubes are in. Yes, the 2E25, 2E30, HY69, HY1269, and 5516 are in the new mobile
transmitter designs of many famous friends—too many to thank in this small
space. The 2E25 and 2E30 also appear on the Army-Navy Preferred List. Why so
popular? With no standby current, battery drain can be cut to 4% of that with
cathode types— attainable power output and range increase. Potentials of rugged
filamerits are centered for battery operation. Beam pentode versatility simplifies
the spares problem—one type can power all stages. Join the leaders. If you build
mobile equipment — for land, sea, air—put Hytron original instant-heating, easy-on-
the-battery tubes on your preferred list.

HLAYEY OF CAMBAIDGL

Harvey labora-

|
i
|

|
|
|

tories chose
2€30's, 5516's far
its Model 542 f-m

Federal's 25-watt, vhf Model -
transmitter.

FMTR-25-VC. Note emphasis
on 2E30 and 5516.

—r KAAR

ENGINEERING

N ——
PALO ALTO chigeh:

<

AR

Kaor FM-50X features 2E25, HY49 throughout.
Hytron instant-heating tubes since 1939.

5516's power both driver-doubler and
final of Motorola’s Model FMTRU-30D.

SINCE 1921

ry

MASSACHUSETTS

SADIO U s

N OFFICE:

SALEM,

7A
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BEWARE OF

), IMITATIONS

Ny

Imitation is the sincerest form of flattery.
Yet imitation is sometimes harmful, if the
original is iudged by the imitation.

The K-TRAN has many imitations, but the
K-TRAN has many features not found in
the imitations. The K-TRAN was designed
slowly, thoughtfully and thoroughly, with
full consideration of all the problems it
would be called on to meet. Imitations,
rushed hurriedly into production to attempt
to meet K-TRAN competition, lack, and
must continue to lack, many vital K-TRAN

features, without which stability, electrical
performance, permanence and “useability’’
are unsatisfactory. Further, K-TRANS have
over a year of production and “‘use” ex-
perience behind them. K-TRAN production
problems have been solved—the imitations
have their troubles ahead.

Conditions may have temporarily required
you to approve the use of one or more of
the imitations. Protect yourself by getting
genuine K-TRANS in your sets as soon as
possible!

4

-
UIOVMATIC

MANUFACTURING |
CORPORATION/

MASS PRODUCTION COILS & MICA TRIMMER ¢

ONDENSERS

R

g

900 PASSAIC AV E,

EAST NEWARK, N. §.




Exploration of ocean depths is made possible by RCA Image Orthicon television camera.

TXXY I

The ocean is a " "goldfish bowl/ fo RCA Television!

Another “first” for RCA Laboratories,
undersea television cameras equipped
with the sensitive RCA Image Orthicon
tube were used to study effects of the
atom blast at Bikini . ..

There may come a day when fisher-
men will be able to drop a television
eye over the side to locate schools of fish
and oyster beds . . . Explorers will scan
marine life and look at the ocean floor
.. . Undersea wrecks will be observed
from the decks of ships without endan-
gering divers.

With the new television camera, long-
hidden mysteries of the ocean depths

PROCEEDINGS OF THE LR.E.

may soon be as easy to observeasa gold-
fish bow] — in armchair comfort and per-
fect safety.

Exciting as something out of Jules
Verne, this new application of television
is typical of research at RCA Labora-
tories. Advanced scientific thinking is
part of any product bearing the name
RCA, or RCA Victor.

When in Radio City, New York, be
sure to see the radio and electronic won-
ders at RCA Exhibition Hall, 36 West
49th Street. Free admission. Radio Cor-
poration of America, RCA Building,
Radio City, New York 20.

December, 1947

Through RCA Victor home television
you will see the best in entertainiment

and sports educational subjects

the latest news and “history as it
happens.” If you are in a television area,
ask a dealer to demonstrate the new
RCA Victor home television sets.

RADIO CORPORATION of AMERICA

9A




Hardly Bigger Than a Milk Cap ...

-

yet this magnesium copper
sulphide rectifier cell
will carry 100 amperes !

This small-sized disc is the vital heart of the Mallory magne-
sium copper sulphide rectifier. Fitted between radiating fins,
asillustrated at the right, it is protected from exterior damage.

More important, this disc will carry much greater current
loads — operate under much higher temperatures — than
similar junctions in other type rectifiers. Iis overall area
is smaller —a direct contribution to the compactness of
the rectifier itself.

The fact is that space requirements of the Mallory magnesium
copper sulphide rectifier are usually many times less than
those of other dry disc rectifiers. Just one of many reasons
why Mallory rectifiers outsell all other types of dry disc
rectifiers for low-voltage, high current applications. See
your Mallory distributor for Rectifier Catalogs. Or write
direct for engineering assistance.

4

>
22" MCSR’s Are the World’s Toughest Rectifiers

P.RMALLORY 3'CO Inc

ALLORY recririees

MAGNESIUM COPPER SULPHIDE RECTIFIERS —
STATIONARY AND PORTABLE D. C. POWER SUPPLIES —
BATTERY CHARGERS AND AVIATION RECTOSTARTERS

‘Reg. U. 5. Pal. oA

P. .R. MALLORY & CO., Inc., INDIANAPOL(S 6, INDIANA v

10A

N g 3 g
Das

Check These Features

Self-healing rectifving film
Durable all-metal construction
Small size, light weight

No muving parts to wear oult

Resists harmful
conditions

atmospherie

Output unaffected by
lemperatures

Maximum overload range

~ N \ W w W N

Constam output during
rectifier life

]

Low cost of operation

*Rectostarter is the registered trademarf;
P. K. Mallory & Co Inc., for rectifiers for
use in sturting internal combustion engines,

PROC IN




200 SERIES AUDIO OSCILLATORS 202B LOW FREQUENCY OSCILLATOR

Available in six standard models.-hp- 200A and -bp- 200B have Specially designed for work between Y2 cps and 1000 cps. Pro-
transformer - coupled output delivering 1 watt into matched vides excellent wave form, good stability, split-hair measuring
load. Primarily designed for audio testing. -hp- 200C and -hp- accuracy in the very low frequencies. Ideal for vibration or
200D have resistance-coupled output and supply constant vol- stability checks on mechanical systems, for testing geophysical,
tage over wide frequency range. The -hp- 202D is a modifica- electro-cardiograph or electro-encephalograph equipment,

tion of the 200D, extending frequency downward to 2 cps. checking response of seismographs, or electrical simulation of
-bp- 2001 is a spread-scale oscillator designed for interpolation mechanical phenomena.

work and for applications where oscillation frequency must be

known with utmost accuracy.

\ o Zin® asunng,toﬁ yt AN 2018 AUDIO OSCILLATOR
¥rom 11ator cng'\ﬂc re d eac bears the Meets every requirement for speed, accuracy, wave
tuned oS illa s in all n nstant ou form purity and ease of operation in FM and other
e sC {lator no -r0 S€L ning fields where high fidelity is most important. Provides
(eC\S\O ac(ens " d de de o 3 watts output into a 600 ohm resistive load. Distor-
hb- fami Yy har S(ablh'-)’a iven her¢ tion held to 1% or less, at 3 watts, 1% at 1 watt
) fow dlS(Oﬁ"on’ osci“af-o are § output. Excels in testing high fidelity amplifiers,

(0}

speakers, and in comparing frequencies.

A aqﬁo“
Dist

outpe! \f'/"‘ 2 *
frea- Rang® x, e Less 1hO® sk 3 ’»—/:.—.\' db 10

at e T watt/225Yy - b
P S < BT VA Tew than L 10 150 K¢
e 2004 35 ¢ot _‘_k.-; '0“/22‘5” '1°f'* 4+ db o
e A 207 18 _---\;“Wf‘“ &
—_hp- 29°° ! 100 mw/10Y] N R
- } \ 200 ke | 5 3 than 1%
-hp- y 4 ve % 100 mw /3 2% \ +1db, 7 ¢
e | 70?0 1 i R ) ‘h:’:70 ke g
-hp- 200° — oo me/tOv] WEgmT sram bt
: 70 ¥ | — than V%o 1 = B e
s 020 | 1 2 A o R ven0 oy B Lot 5 1000 P8
_hp- 2 100 mw/ V0V T T iy an 10 -
’ 6 ke A thaon 170} = e
b P to \ o \ess " By ngo
- 1000 (44 e hout 0
-hp- 200" | 100 mw/10 1101995 X1 do throva™® e

Lows than Ve

AN/
"r"ﬁﬁ:‘\oo"u

100 <Pt

: L]
A -0:\ db |hvoughnv! rong

650A WIDE-BAND OSCILLATOR

Continuous frequency coverage, 10 ¢ps to 10 mc.
Highly stable, versatile. Output flat within 1 db
throughout frequency range. Available voltages
range from .00003 to 3 v. Other advantages in-

i clude 94" scale length, 6 to 1 micro-controlled
tuning drive, 50 db output attenuator variable in
10 db steps, output voltage divider providing 6
ohm internal impedance (reducing output vol-
tage 100 0 1)
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AUDIO AMPLIFIER

RAYTHEON 'M

IS BETTER... ==

1. Features direct crystal control

2. Gives the most desirable electrical characteristics

3. Contains fewest circuits, fewest tubes
4. Has the simplest circuits
5. Iseasiest to tune and maintain
ays 6. Has inberently the lowest distortion level
T £ o T S ATEE——

AND ELIMINATES ALL:

7. High orders of multiplication
8. Complex circuits

9. Expensive special purpose tubes

10. Discriminator frequency control circuits

11. Pulse counting circuits for frequency control
12. Motor frequency stabilizing devices

See your consulting engineer and i
: . € write for fully i
Excellorce cn Eloclronccs booklet giving complete technical data and inform:’:tig::us“ated
Write today to:

RAYTHEON MANUFACTURING COMPANY

COMMERCIAL PRODUCTS DIVISION, WALTHAM 54, MASSACHUSETTS

Industrial and Commercial Electronic Equipment, Broadcast Equipment, Tubes and Accessories
Sales offices: Boston, Chattanooga, Chicago, Dollas, Los Angeles, New York, Seattle



AFTER YEARS IN COLUMBIA RECORDS’ FILES
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Master safety disc No. 15B — an AUDIODISC — recorded
December 12, 1939, was taken from our files and played back
on September 12, 1947. This test showed that after almost
eight years the recorded quality was still excellent and there
was no measurable increase in surface noise. Surface noise
of a new cut, made on this disc at the same date in 1947, was
no different from the original cut.”’

This is the brief, factual report by Columbia recording engi-

neers on a test made to measure the lasting qualities of AUDIO-
DISCS. In the photograph the two large bands show the orchestral
recording made in 1939. Close to these are the unmodulated
grooves cut this year.

One mote convincing proof of a most important claim
»# AUDIODISCS do not deteriorate with age either before or
after recording, and there is no increase in surface noise from
the time of recording to playback or processing—whether it
be a few days or many years."”

AU DIO D EVIC ES y INC .y 444 Madison Avenue, New York 22, N.Y.

Export Department: Rocke International Corp., 13 E. 40th Street, New York 16, N. Y.
DY Awdiodiscs are manufactured in the U.S.A. under exclusive license from PYRAL, S.A.R.L., Paris
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Announcing the Am

A typical new application of Centralab’s
revolutionary *‘printed electronic circuit”!

FRONT

o <+ — ———
2 .
)
2.2
. GAIN - FREQUENCY PERFORMANCE ‘
8.9 A,.. 1.2 Input 1 M,
8,.. 22 50,000 Ohm Loasd |
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GAIN-FREQUENCY CHART above shows flat response of typical "A

within 1 decibel between 200 and 5000 cycles. W y not investigate the ap-
plication of this technique to your problems?
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SCHEMATIC DIAGRAM of typical “Ampec” illustrated shows what compo
nents can be used. "Ampecs” can be designed to meet a wide range of gain
or frequency response requirements,

Important News!
“Ampec” — a typical ap-
plication of Centralab’s
printed electronic circuit
— is a compact, highly
efficient, dependable 3-
stageaudio amplifier. Can
be designed for hearing
aids, mike preamps: or
any electronic voltag or
f_requency applications
where small compact size;
high efficiency and relia-
bility are required.

ACTUAL SIZE ILLUSTRATED

Miniature, one-piece amplifier unit can offer com-
plete electrical circuit from input to output! Ti

never been an electronic dev ice like Centralab’s new "Am-
pec ! Lightweight, durable with reliability and efficiency

heretofore unobtainable in small units Ampec” illustratcs
how you can get all components of an audio-amplifier
tube sockets capacitors, resistors wiring "prmted on

one, compact ceramic chassis according to your special re-
quirements,

Look at these advantages: no jumble of wires to shift or
come loose. Since Ampecs” can be made from one “mas-
ter plat¢”, characteristics of all units are uniform NS |
complete unit can be replaced by an exact duplicate. Only
2.250" long, 1.156" wide 187" thick over tube le;
Weight with tubes, 0 63 oz,

Write for Bulletin R973
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Because the makers of EL-MENCO Capacitors have always in-
sisted on quality at any cost, the name EL-MENCO is now recog-
nized as the identification mark of leadership.

EL-MENCO Capacitors— Molded Mica —Mica Trimmer. We
are bending every effort to satisfy all manufacturers who want these
quality products. Send us your specifications and we will do our
level best to supply you.

THE ELECTRO MOTIVE MFG. CO., Inc. Willimantic, Conn.
JOBBERS & DISTRIBUTORS
Arco Electronics
£ 135 Liberty St., New York, N.Y.
i is Sole Agent for El-Menco
Products in United States

EQ? Canugg, P
mnn
| » f

!
X - |l B B It | l
; L .i 1 t\

sy

= B S s

CAPACITORS

Decembey, 1947

MOLDED MICA '
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Our new catalogue
for manufacturers
and engineers is
now available . . .
send for your copy.

—— e

Foreign Radio and Elec.
tronic Manufacturers commu-
nicate direct with onr Export
Department  at Willimantic,
Conn. for information.

- IMICA TRIMMER
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(Advertisement)

Laboratory set-up for measuring tone of chime tubes, Lissajous figure on screen of cathode ray oscillo-
scope is being used to determine the frequency (cycles per second) of the chime's fundamental note.

BECAUSE of the importance of the
market for brass tube used in door
chimes, Reveresome timeago embarked
upon a complete scientific study of the
musical qualities of such tube, to deter-
mine the factors responsible for pleas-
ing tone. Here is a brief report of the
work, which offers an example of the
thoroughness with which Revere at-
tacks problems concerning the appli-
cation of its mill products.

The first step was purely experi-
mental. We proceeded by ear. Over 100
samples of tubes in various alloys,
tempers and gauges were hung up,
struck, listened to, and preferences
obtained from many people. These
tests indicated not only what was the
best alloy, but also what were the
proper temper and wall thickness

16a

’

requirements to produce the most
acceptable and desirable tone. But
Revere did not stop there. It was desir-
able to know what made that tone
preferable, what were the factors that
influenced it, and how they could be
controlled. It was felt that only with
such complete information in hand
could Revere be in position to control
chime tube quality accurately, and fiil
Customers’ orders reliably with a stand.-
ard product. ’

The p'roject then was turned over to
a laboratory physicist who is also a
talented musician. Here began the most
ambitious and lengthy and scientific
part of the work, employing the most
modern electronic apparatus, mcluding
a beat-frequency oscillator and a
cathode ray oscilloscope. These made

PROCEEDINGS Of THE I.R.E

it possible to dissect the tone produced,
measuring the frequency and intensity
of the fundamental note and its partials
with an accuracy of one cycle per
second. Much new information was
uncovered. For example, the strike tone
so clearly heard when the chime is
struck does not actually exist in the
tube, but is a difference tone between
the 1st and 3rd partals. Hence, for
good tone, those partials must be
equal in intensity and duration.

It requires seven closely-typed pages
Just to sum up the work in general
terms; the laboratory records fill a
large volume. The net of it is that
Revere really knows about all there is
to know about chime tube, scientifi
cally, musically, physically, and, of
course, how to produce it. If you need
such tube, come to Revere,

Perhaps you use brass tube not for
its sound, but for its corrosion resist-
ance, strength, machinability, the polish
it takes, the ease with which it can be
bent, soldered, brazed. plated. Revere
also knows how to control the factors
influencing such applications, so come
to Revere for brass tube for any pur-
pose.

Revere also makes other types of
tube, including copper water tube,
condenser tube in such alloys as
Admiralty, Muntz, cupro-nickel, tube
in aluminum and magnesium alloys,
lockseam tube in copper alloys and
steel, and electric welded steel tube.
Many of these can be had not only
round, but also square, rectangular,
oval, and in various flutings and special
shapes. The Revere tube line therefore
1s complete, and awaits your orders.

The Technical Advisory Service will
gladly collaborate with you in such
fatters as selection of alloys, tempers

and gauges, and in fabrication pro-
cesses

REVERE

COPPER AND BRASS INCORPORATED
Founded by Pay/ Revere in 1801

230 Park Avenue, New York 17, New York

Malls: Baltimore, Md Chrcago, 11 ; Detrort, Mich.;
New Bedford, Mass.; Rome N Y. — Sales Offices in
Principal Cities, Distributors Everywhere.,

December, 1947




TADE MARK 2EGISTIPID U S PATINT OFfICE

The phone and the plane put us next door to your plant. When
you need custom made technical ceramics in a hurry, reach for
your phone and see how quickly we can serve you.

We can now handle a limited number of rush orders for die
pressed, extruded and machined AlSiMag.

For 46 years we have had an enviable trade reputation for
delivering *‘What you wani, when you want it.'" The war im-
proved our ability to give you what you want. But it dumaged
our reputation for ""When you want it."’

We are fighting hard to regain that reputation. Expansion has
been continuous. We now have, we believe, the world’s largest,
best equipped and best manned plant devoted exclusively to the
manufacture of custom made steatite ceramics. Phone, wire or
write and see how well and how quickly we can serve you.

4 6 1T H Y £ AR O F C ER A& MIC t €A DERS PP

AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE
SALES OFFICES: ST. LOUIS, MO, 1123 Washington Ave,, Tel: Garfield 4959 » CAMERIDGE, MASS., 38.0 Brattle St., Tel: Kirkland 4498 o PHILADELPHIA, PENNA. 1649 N Broad St., Tel: Stevenson 4.2829
HEWARK, N, 5., 671 Broad S1., Tel, Mitchell 2.8159 » CHICAGO, 9 5. Clinton St Tel: Central 1721 » SAN FRANGISCO, 163 2nd. St., Tel: Douglss 2464 » LOS ANGELES, 324 N. San Pedro S1., Tel Mutual 9070,
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Authorized WAA Electronics Distributors

EASTERN

Avtomatic Radio Mfg. Co., Inc.
122 Brookline Ave.
Boston, Mass.

Carr Industries, Inc.
1269 Atlantic Ave.
Brooklyn, New York, N. Y.

Tobe Devtschmann Corp.
863 Washington Street
Canton, Mass.

Electronic Corp. of America
353 West 48th Street
New York, N. Y,

Emerson Radio &
Phonograph Corp.
76 Ninth Ave,
New York, N. Y.
General Electric Co.
Bldg. 267; 1 River Road
Schenectady, N. Y,
General Electronics, Inc.
101 Hazel Street
Paterson, N. J.
Hammarlund Mfg. Co., Inc.
460 West 34th Street
New York, N. Y.

Hytron Radio & Electronics Corp.

76 LaFayette Street
Salem, Mass.

Johanns & Keegan Co., Inc.
62 Pearl St.
New York, N. Y.

Newark Electric Co., Inc.
242 West 55th St.
New York, N. Y.

Radio Parts Distributing Co.
128 West Olney Road
Norfolk, Va.

Smith-Meeker Engineering Co.
125 Barclay Street
New York, N. Y,

Standord Arcturus Corp.
99 Sussex Ave.
Newark, New Jersey

Sylvania Electric Products Inc.
Emporium, Pa.

Technical Apparatus Co.

16S Washington St.
Boston, Mass.

Tung-Sol Lamp Works, Inc.
95 Eighth Ave.
Newark, New Jersey

W. & H, Aviation Corp.
Municipal Airport
Rochester, New York

MIDWESTERN

American Condenser Co.
4410 N. Ravenswood Ave.
Chicago, .

Belmont Radio Corp.
3633 S. Racine Ave.
Chicago, HI.

Electro-Voice, Inc.
Corroll & Cecil Streets
Buchanan, Michigan

E. F. Johnson Co.
206 Second Ave., S. W,
Waseco, Minnesota

SOUTHERN

Navigation Instrument Co., Inc.

P. O. Box 7001, Heights Station

Houston, Texas

Southern Electronic Co.
611 Baronne St.
New Orleans, La.

PACIFIC

Cole Instrument Co.
1320 S. Grand Avenue
Los Angeles, Colif.

18a

Hoffman Radio Corp.
3761 S. Hill Street
Los Angeles, Calif.

MANUFACTURERS
WHOLESALERS — JOBBERS

See these WAA Authorized Distributors for
your share! Their inventories include many types
of unused electronic devices, tubes and equip-
ment.

Purchasing of surplus electronic tubes, de-
vices and equipment has been simplified to a
high degree. These WAA Approved Distribu-
tors were selected on a basis of their ability to
serve you intelligently and efficiently.

Write, phone or visit your nearest Approved
Distributor for information concerning inven-
tories, prices and delivery arrangements. Fill
your needs—NOW —while inventories still per-
mit large Ppurchases and wide selection. You’ll
find you can “Save with Surplus.”

I OFFICE OF AIRCRAFT AND ELECTRONICS DISPOSAL

WAR ASSETS ADMINISTRATION §N

Offices located at: Atlanto « Birmingham « Bosten » Chorlofte -

Chicago + Cincinnoti + Clevoland Denver + Detroit « Grand Proirie,
Tex. « Heleno « Houston » Jacksonville » Konsas City, Mo. - Little Rack
Los Angeles + Lovisville « Minneopalis « Noshville » New dv
York » Omoha « Philodelphio » Portland, Ore.
Solt Lake City + Son Antonio » San Francisca » §

leons » New
* Richmand + $1. Lovis
eottle » Spokane « Tulsa

Custom.er Service Centers in these and many other cities.




FOR FM AND TELEVISION

~110 to 220 mc frequency at max ratings

=1.5 to 6.4 kw typical Class € output

g £ T

ENERAL ELECTRIC'S
great 1947 series of
ring-seal power tubes spells
more efficient performance to
those who build—oruse—FM
and television transmitters.
Modern as tomorrow’s tele-
cast, these v-h-f tubes need
minimum neutralization . . .
are directly designed for
grounded-grid circuits . ..
meet in every way the new re-
quirements of new station
equipmentgoingintoservice.

Ring-seal design —a G-E
development—makes it pos-
sible to pluginatube quickly,
so that time off the air is cut
to seconds. Firm terminal

G.E.’s MANUAL OF TRANSMITTING TUBES IS YOUR
MOST COMPLETE, UP-TO-THE-MINUTE GUIDE!

Profusely illustrated —packed with performance and applica-
tion data. Comes to you for $2. Also, for an annual service
charge of $1 new and revised pages will be sent you regularly
as issued. Order direct from General Electric Company, en-
closing payment, or giving authority on your company {ct

head to 1nvoice you.

OVER 600 LARGE PAGES $2.00

GENERAL @ ELECTRIC

FIRST AND GREATEST NAME

PROCEEDINGS OF THE I.R.E.
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contacts with wide surface
areas are another ring-seal
advantage—moreover, all
contacts are silver-plated to
reduce r-f losses. An impor-
tant aid to dependability and
long life is the use, through-
out the tube, of strong, en-
during fernico metal-to-glass
seals.

Your nearest G-E electron-
ics office will be glad to give
you prices and full informa-
tion, as well as arrange for
you to secure circuit applica-
tion advice when desired. Or
write direct to Electronics De-
partment, General Electric
Company, Schenectady5. N. Y.

ter-

161-FB-D0B0O

IN ELECTRONICS

December, 1947

GL-7D21

Tetrode, forced-air
cooled. 110 mc fre-
quency .at max rat-
ings.. Typical power
output {Class C te-
legrophy) 1,575 w.

— oy
s

GL-5513

Triode, forced-air
cooled. 220 mc
frequency ot max
rotings. Typicol
power output
(Class C teleg-
raphy, ground-
ed-grid ser-
vice) 2.45 kw.

mk%.\’-’w::

L
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GL-5518

Triode, forced-aiy
cooled. 110 mc fre~
quency -of mox rat-
ings. Typical power
output (Closs -C te-
legraphy, ground-:
ed- grid service) 6:4
kw.

R e

-

=
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GL-9C24

Triode, water ond
forced-air cooled.
220 me frequency
of mox ratings.
Typical power
output (Closs €
telegrophy,
grounded-grid
service) 6.4
kw,

19A




Presto Presents
Something New
In Recording
Amplifiers...

The new Presto 92-A is a 50-
watt amplifier designed specif-
ically for recording work. It
answers the need for an am-
plifier of exceptional quality
and performance, and includes
a number cf outstanding fea-
tures thoroughly proved in op-
eration:

1 Sclector switch and meter
provide both output level in-
dicator (not for “riding gain”)
and plate current readings for
all tubes.

| €2 Chassis is vertically mount-
td. Removal of the front panel
gives access to all circuits with-
out removing amplifier frém
rack.

. €3 The output stage has four
807’s in push-pull parallel with
an unusual amount of feed-
back.Thisproducesamplepeak
power with low distortion and
an extremely low internal out-
put impedance for best per-
formance fromn magnetic cut-
ting heads.

Push buttonsselect anyofthese
recording characteristics: flat,
20-17,000 cps, 78 rpm, standard
NAB lateral, NAB vertical —
all within an accuracy of +1
db. Distortion is only 1'3% at
full output.

FREE! Presto will send you free of charge a complete
bibliography of all technical and engineering articles
on disc recording published since 1921, Send us a
post card today.

RECORDING CORPORATION
250 WEST 55TH STREET, NEW YORK 19, N. Y.
Walter P. Downs, Ltd., in Canada

WORLD'S LARGEST MANUFACTURER OF INSTANTANEQUS SOUND RECORDING EQUIPMENT & DISCS

- PROCEEDINGS OF THE I.R.L December, 1947




NEED SOMETHING
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FOR FLASH TUBES
More light per pound

for both studio and portable

New 14-muf flash-tube capacitor, weighs
214 1bs. and delivers 43.8 watt-seconds
for studio use (2500 wvolts, 1000-hr
service life) or, as a portable, 58 watt-
seconds (2880 volts, 400-hr service
life).

This is a new high in capacity per pound
for portable use. Same unit, in pairs, is
interchangeable with popular 28-muf
studio rating, saves 5 per cent in weight,

8 per cent in cost.

= &

-

Here are examples of recent

G.E. special designs

A maker of photographic flash tube equipment wanted a
lighter portable capacitor;—he got one that could also be
used in studio equipment. A maker of precipitation equip-
ment had a mounting problem;—he solved it with a
capacitor costing one-third what he had been paying.
Another manufacturer was using 600-volt capacitors in a

’ 400-volt application;—he saved mounting space with a
new 400-volt capacitor and saved money, too.
Let us try our hand at your special requirements. You may
get even more than you ask for.
New developments like silicones, a new paper—to mention
two—are continually giving us new materials, new ideas,

that we can put to work for you. Apparatus Department,
General Electric Company, Schenectady 5, N. Y.

$1.28 (NET)

buys this ceramlic-tube, fow-muf,
high-voltage copacitor

New .0075 muf, 10,000-v d-c capacitor
for television, precipitation, and similar
equipment requiring filtering in high-
voltage power supply. Other capaci-
tances (.0005 to .01) and voltages (3000
to 30,000) can be made.

Ceramic container acts as insulator,

simplifies mounting; cuts size (volume)
to 1/5th without lowering quality in
any way. Ingenious internal hermetic
silicone seal eliminates solder. Pyranol*
filled. Net price, $1.28 in quantities of
1000.

GENERAL @ ELECTRIC

PROCEEDINGS OF THE L.R.E.

December, 1947

New 400-v d-¢ line
PRICES LOWER,

sizes smaller

New 400-v d-¢ capacitors now available
in 2, 4, 6, 8 and 10 muf. Pyranol* filled.
Solder-lug bushings of the recently
announced silicone type, or screw-
thread bushings.
Newly developed paper has permitted
a 24 to 51 per cent cut in size (volume),
yet with three sheets of solid dielectric—
and, as a result, allows an appreciable
cut in price over older designs. The
same high quality level of the 600-v
units is maintained in every way.

*Reg. U.S, Pat, Off.

407-147




WHAT IT 1§, ..
® Two separate, completely independent,
electron guns,

® Indlvidual eireuits for intensity, focus
and X-, Y. and Z.axis modulations.

® Independent, {dentical linear time bases
for each beam. Choice of driven or contin
Uous sweeps, or combinations thereot.

® Provision for applying common linear time
base signal to the horizontal plates of both
guns

® Automatic beam control,

® Balanced-output deflection amplifiers for
each deflection system.

® Built-in voltage calibrator applicable 1o
either Y-axis amplifier at any time.

® Position and 'sensitivity equallzing ¢ir
cuits for X-axis,

® Provision for use of an oscillograph-rec-
ord camera such as Du Mont Types 271-A or
J14

® Operation at total acceleration potential
of 4500 volts.

e Brilliant traces.

WHAT IT DOES. ..
Only the dual-beam oscillograph
can simultaneously. ..

v Compare the complete signal and an ex.
panded portion tnereof

v Enable observation of fransient voltage
and current (see accompanying oscillogram).

¥ Measure explosion time and rate of
change of pressure.

¥ Show velocity and acceleration,

¥ Show velocity and pressure changes on
engine valves,

¢ Compare speed and vibration.

¥ Compare voltages and currents in multi.
phase circuits,

v Compare adjustment of push-pull and
©other symmefrical circuits.

¢ Compare electrocardiograms picked up
from two different points,

Y Compare input and output signals of
amplifiers.

v Offer two channel recordings, with Type
314 Oscillograph-record Camera,

¢ Compare related periodic phenomena on
different sweep frequencies.

SPECIFICATIONS ., ,.

Type SSP- Cathode-ray Tube,

Sweep-frequency range: 2 1o 30,000 saw
3ooth cps.

Sweep recurrence: single or continuous,

Y-axis amplifier response: flat to de., down
Jdb at 200 ke.

X-axis amplifier response: {lat to de., down
3db at 150 ke.

Deflection: for all amplifiers 1 v. de./in
approx,

Power: 115/230 v., 50-60 cps., 300 watts,
3 amp. fuse,

Size: 1712" x 225" x 2214""; wi. 125 Ibs.

Housing: Cabine! or relay rack.

AN
e~ AANVYVY
o

P and

® The introduction of the Type 279
Dual-beam Cathode-ray Oscillo.
graph makes available for the first
time a really dual instrument with
separate and wholly independent
electron guns. The circuits associ-
ated with each gun are also distinct
and separate. For the first time, sep-
arate time bases are provided for
each beam with provision for apply-
ing one time base to both guns, if so
desired. For the first time, an oscil-
lograph is offered which alone can

and current cha
istics of a fluorescent-lamp #i

=y

perform the applications listed.

Now it is possible 1o superimpose
two complete traces without a cum-.
bersome and costly optical system
or by the use of time-sharing de-
vices. And with the P2 screen, the
light output is more than sufficient
for visual observation or for photo-
graphic recording of high-speed
transients,

Other advanced features are the
built-in calibrator and the ability to
respond to direct-current signals.

B Descriptive literature on request,
©
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America’s Real

MAN OF MIGHT

...the Electronics Scientist

The anarchistic chalienge of an uneasy
world calls for might more potent than
guns, more eloquent than demagoguery,
more final than diplomacy. That might is
the might of the electronics scientist. For
his is the might to conceive and fashion

\ devices that will insure America's security.

SHERRON LABORATORY PROJECTS COVER

e ULTRA AND HYPER HIGH FREQUENCY
TECHNIQUES

® ELECTRON BALLISTICS
® THERMIONIC EMISSION

® HIGH VACUUM ELECTRONIC TUBES TECH-
NIQUES

® RADAR: (DETECTION — NAVIGATION}

e ELECTRONIC CONTROL FOR DRONE &
- GUIDED MISSILES

\

| s Sherron

| f“"’”""‘“snmnou ELECTRONICS CO.

| |
! P AN LN Division of Sherron Metallic Corporation

ft/ g 1201 FLUSHING AVENUE * BROOKLYN ¢, NEW YORK
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EVERY DESIGY ENGINEER

SHOULD HAVE A COPY
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If you are concerned with material specifications, you'll find ideas
on solving wear problems in this 28-page booklet—because LinpE
Synthetic Sapphire is a material for Key parts on which successful
operation of a whole machine or instrument can depend.

SEND FOR
forms, and grades available; and gives a complete properties chart. It’s
. 9
YOURS TODAY!

This booklet describes the sucessful uses of this material, the colors

full of pertinent illustrations—a picture

-caption story of fabricating
techniques, including LiNDE’s time-savi

ng developments,
You’ll want this new booklet

head. Ask for Booklet 4-1. You wil

L4
THE WORD IS A TRADE-MARK OF THE LINDE AIR PRODUCTS COMPANY

THE LINDE AIR PRODuUCTS COMPANY

Unit of Union Carbide and Carbon Corporation

send for it on vour business letter-
I incur no obligation.

30E. 42nd St, New York 17, N, Y, [Td8 Offices in Other Principal Cities
In Canada: DOMINION OXYGEN COMPANY, LIMITED, Toronto

PROCEEDINGS OF THE LR.E, December, 1947
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. Put This Formula é "
; To Work For You ;

-ll'IIll.-..-.--.-..IIII’--II-
u

€
The formula '“j@y is a favorite and casily-remcn;rcd solu-
tion to resistance problems. Radio and electrome Engineers
know that IRC offers the most complete ling of resistance
products in the industry .. .a fixed or vagiable resistor for 2
most every requirement . .. with uniform endability proved
by years of rigorous laboratory and Id tests. Purchasing
Agents and material control executivagglike IRC’s service . . .
% \\h‘ *on-time” deliveries . . . factory st@gk-piles of the most pop-
< ular types and ranges from whiclgghey can draw in emergency
. "IRC’s distributor network,groviding speedy, *round-the-
corner service for small ordefifequirements.

] Put this formula to work ¥r you ... check below the catalog

{ bulletins in which you 2e interested—tear out this page, and
; mail it to us today with your letterhead, giving your name and
INSULATED g ; 5 A -
COMPOSITION title. International Bfsistance Company, 401 N. Broad Street, i
INSULATED WIRE Philadelphia 8, PEinsylvania. In Canada: International Resist-

WOUND RESISTORS 3
ance Company,&td., Toronto, Licensee.

R C3r1126 paTp B30LETIR 0_‘: ek 1
¢ I~

B
#10 BRILETIN @ CETALOG DRLS BMLLETIR

(5

05 wirtmy rm o sTO PogTpE——————

Y

B

r—r=r

: @ —————— s —— *
WIRE WOUND MATCHED PAl POWER FLAT POWER VOLUME WIRE WOUND
RESISTORS RESISTORS RESISTORS RESISTORS CONTROLS POTENTIOMETERS
IRC type MW IRC type FRW IRC type DS IRC type W
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VOLTMETER POWER RHEOSTATS WATER-COOLED PRECISION HIGH VOLTAGE HIGH POWER
Ml:%l&lbls’ﬂs ‘l’%C&lprRe; :t;cSI'STOE’S’ RESISTORS RESISTORS RESISTORS
s Uik ype {RC type MV IRC type MP
Whe 3 AN
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You can

Reduce Costs

You can Improve

Performance with

PERMANENT

Where’s the manufacturer these days who doesn’t
need all the competitive and cost advantages he can
get? Maybe you have new electrical or mechanical
equipment in mind—designs or re-designs that
should employ permanent magnets for best results.

MAGNETS Maybe you have existing applications that perma-
nent magnets will do berter—save you time and
money in production, and step up the efficiency of
your product.

In either case, let Arnold's engineering service
help you to find the answers 10 your magnet prob-
lems. Arnold offers you a fully complete line of per-
manent magnet materials, produced under 100
quality-control in any size or shape you require,
and supplied in any stage from rough shapes to
finish-ground and tested units, ready for final
assembly. Write direct, or 1o any Allegheny Ludlum
branch office.

WaD 1295

THE ARNOLD ENGINEERING CO.
—— S ——————— \ R —
M Subsidiary of ALLEGHENY LUDLUM STEEL CORPORATION

147 Eost Ontorio Street, Chicogo 11, Winois

Specialists and Leaders in the Design, Engineering and Manufacture of PERMANENT MAGNETS

26A




RELAYS

a BULLETIN 700 UNIVERSAL RELAYS are a new and important
2 addition to the standard line of Allen-Bradley solenoid relays with

a 10-ampere rating. These universal relays have two banks of con-
tacts which permit quick and easy changes from
NORMALLY OPEN TO NORMALLY CLOSED contacts
... or vice versa ... merely by shifting terminal con-
nections. (See diagrams at left.) They are ideal for
electronic applications in which circuit connections

Chonge from

HORMALLY-OPEN Contacts te
MORMALLY-CLOSED Contacts
by Simply Shifting Connections

must be interchangeable to meet varied operating

g',;‘:’n"’;%""n 3% conditions. Available in 2, 4, 6, and 8 poles, with

double break, silver alloy contacts which need no
maintenance. There are no pins, pivots, bearings, or hinges to bind
or stick. Hence, these relays are good for millions of trouble-free

’711/",71-641

) operations in electronic service. Send for bulletin, today.
( ouf;tcl L OlllleCllOIlé

OTHER ALLEN-BRADLEY RELAYS & CONTACTORS

:(f BULLETIN 848 BULLETIN 702
ST TIMING RELAYS SOLENOID
) are ideal for any CONTAC-
'_- : service requiring TORS for
.‘*j an adjustable heavy duty
J delayed action ratings up to

relay. Have normally open or 300 amperes.

normally closed contacts. Arranged for
Reloy with

2 NORMALLY- OPEN

Magnetic solenoid core is 2- or 3-wire

restrained from rising by the remote con-
piston in oil dash-pot. Adjust- trol with push buttons or auto-

matic pilot devices.

able valve in piston regulates

time required to pull piston
Reloy with

1 NORMALLY-OPEN
3 NORMALLY-CLOSED
CONTACTS 22

through oil-seal and trip the
contacts, which open or close

with quick, snap action. Ideal

for transmitter plate voltage

Relay with control.

0 NORMALLY- OPEN

4 NORMALLY-CLOSED
CONTACTS

Allen-Bradley Co.
i14 W. Greenfield Ave.
Milwaukee 4, Wis.

ALLE

RESISTORS

=AY =

PROCEEDINGS OF THE |.R.E December, 1947

DLEY

RELAYS

Enclosing cabinets for all
service conditions. Double
break, silver alloy contacts
require no maintenance.
Solenoid mechanism is simple
and trouble-free.

Allen-Bradley Universal
Relay in standard pressed

steel enclosure.

for Electronic Circuits
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@ The IFL
discriminatar
transfarmer is
suitable far use
in conventianal
FM receiver

discriminatar

@ The IFL, IFM, IFN
and IFO transfarm-
ers all aperate at
10.7 mc and are
designed far use in
FM superheteradyne
receivers. The trans-
farmer cans are
%" square and
stand 3% " abave
the chassis.

@ The IFM s
an IF transfarmer
with a 150 KC
bandwidth at 1.5
db attenuatian,
Appraximate
stage gain aof

30 is abtained
when used

with 65G7 tube.

MAKERS OF LIFETIME RAD]O EQUIPMENT

PN TRANSFORMER 1FM  TRANSFORMER

80| f -
4 A
T \ i)
o INEE (NN | 1]
—— ; T ] T l’ }
i T Y frH
! | K 74
g NEEEY NN O NN
TN sl BEABDNA
? +H1 et CURVES T
Z 490 ++—1 :I—L ——  3sTaces t 1 1 -
2 +—4 — 1 (4 TRANSFORMERS ) t ~— —
A EumEEE sEY BaE RN W e
Z T T > ‘Y ] | |
e e
gu Ji-‘T +j4‘+1‘:4_...__ 1 f [I I!-A,.
le——:‘—;-J'-II;f | IR "; ; : [ ] IREN
AR EEEEE B &S ENENEENEDS = e
[y s . N Il { ,_‘ﬁ_T
! I—- 100 KC-BANDWIDTH AT & DB-105 kC} | | | el
0 TLF EREELY W
O 7 B e T 104 105 106 107 108 05 1o

FREQUENCY - MEGACYCLES

" Dd...

. \\ National parts are engineered and designed by men who
believe in quality. That's why these permeability-tuned IF trans-
formers can be depended vpon to deliver fine performance.

>~ Intended specifically for FM usage they have the proper
selectivity for FM application. In addition, these transformers are
of the currently popular low-impedance type and thus make it
much easier to stabilize your IF amplifier.
\“\\ if you're planning to build or order FM_equipment in the
near future, send for your copy of the 1947 National catalog

today — containing a complete list of transformers and some 600
other precision-made radio parts,

National

Company, Inc.
Dept. No. 72
Malden, Mass.

@ The IFN is on IF tronsformer with o 100 K¢

bondwidth ot 1.5 db oftenuation, Approximate

stoge goin of 30 is “gbtoined when vsed
with 65G7 tube,

@ The IFO is on FMm discriminator
tronsformer of the rotio type ond
is lineor over o band of +100 Kc.
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~ the LITTLE differences
make

a WHALE of a difference

T ’ --—‘i‘v‘ g

<3 -~ - .”T' 3 e

Jonah pulled a good trick when he go n %, cket into the whale .

think we pulled a good o a way of poﬁ}ng a heat
P2 »

o4

6nly made of

gen-free copper,

lot of gas out of

it, and a condenser

pbroblem. But ... by our

gineering differences, we

&’ vacuum condenser, right up

ere it does the most good. Of

t-gassing techniques, too, but we

s Amperex difference -that makes a

ence to you, the direct heating of the

e the last smidgeon of gas is pumped out.

e plate is tubular and open ta the atmosphere.
a heater coil in there during pumping, cover the

, end with a cap before finishing. (See sketch above)

e realize that such a design factor really can’t be called
a ‘'litle” difference, but there are hundreds of big and
little differences in design and workmanship that

really make a big difference in the many types of
transmitting, rectifying and special purpose tubes

that comprise the extensive Amperex line,

AMPEREX \W’:}
o ELECTRONIC
-tube with Amperex CORPORATION had

25 WASHINGTON STREET, BROOKLYN 1, N. Y.
In Conada and Newfoundland: Rogers Majestic Limited
11-19 Brentcliffe Bood Leasids, Toronto, Ontario, Canodo




This 2.0 mfd. Sprague Vitamin Q Cas
pacitor, conservatively rated af
16,000v. D.C., has standard base di-
mensions of 41/," x 131/,” and Is only

127/,” high, exclusive of insulators.

SPRAGUE ELECTRIC COMPANY, NORTH ADAMS, MASSACHUSETTS
30a
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RANGES
ix D.C. Volts to 2,500 at 20,000

Ohms per Yolt.
Six 0.C. Volts 1o 5,00

0 at 10,000

oveas xR vOLY
10,000 -20,000 OC 10,000 AC

Ohms per Yolt-
Six A.C. Volts to 5,000 at 10,000 ON ON HIGH VOLTS
oo per Vol ) CAUTION
50 Micro-
ix Current Ranges: & e MODEL 625 NA
amperes to 0-10 Ampe .

Three Resistance 0-2000-200, 000
Ohms; 04 Megohms.

Six Decibel Ranges: _30to +b9.

Six Output Ranges to 5,000 Volts.

“High Ohms—Mirror Scale —Thirty-Nine Ranges
T lhhe Al Wioo Takes Pricle ire s Mok

The new Model 625NA, with 39 ranges and many needed for general servicing, plus Television and
added features, is the widest range tester of its FM. And with 10,000 ohms per volt A. C. you can
type. Note the long mirror scale on the large 6” check many audio and high impedance circuits
meter for easier more accurate reading. Resistance where a Vacuum Tube Volt meter is ordinarily

ranges to 40 megohms give you all the ranges required. A proven super-service instrument

Write for details today about Model 62SNA and the many other
new Triplett testers. Address Dept. H127. (el ™

ELECTRICAL INSTRUMENT CO. srurrron, onto
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RCA Preferred Type Tubes

The types on this new list of RCA Preferred Tubes fulfill
the major engineering requirements for future equip-
ment designs. RCA Preferred Types are recommended

write RCA, Commercial Engineering, Section
R-52.L, Harrison, N. J.

Eecause their g:ner:;l applicatiox’un;:ermits productfion to POWER AMPLIFIER AND
. € concentrated on fewer types. : € longer mam:l actur- OSCILLATOR TUBE TYPES
ing runs reduce costs—lead to improved quality and
greater uniformity. These benefits are shared alike by TRIODES |  PENTODES) BEAM POWER
the equipment manufacturer and his customers. 5588 802 224
o : 5592 828 2E26
RCA Tube Application Englneers are ready to suggest 6C24 ‘ 807
the best types for your circuits. For further information 811 813
812 ] 815+
= 826 829-8*
GAS TUBE TYPES 833-A | 832-A*
THYRATRO| GNITRONS RECTIFIERS YOLIACE "M\A
R NS 1 N  RECTIFIER RECOLATORS ::;R- )
3825 892.R
2021 * 5550 673 OA2* 635 T —
ap22 5551 816 OC3/VR105 §00s foe _TETRODES
884 5552 857-B OD3/VRI50 B028A | 4125474021
2050 5553 866-A oc21 e
5563 869-8 , 9c22
8008 9C2s | |
9C27 | ]
*Minjoture type
*Twin type
CATHODE-RAY TUBE AND CAMERA TUBE TYPES |
PHCTOTUBE TYPES
TELEVISION OSCILLOGRAPH | - . e i ,E_ _
BULE o iract! PICKUP MONOZ GAS VACUU =
DIAM. | yieoc¥ Yprojection|  PI Scroen SCOPE e M | MULTIPUERS |
p = 1P41 |
2" 28P1 5527
L IKPI (2P23 921 922 931.A
5UPI (5655 927 929
57 sTP4 2F21 930
77 | 70P4 ‘
70P4
@ 1850-A |
10” | 108P4 |
. I __RECEIVING TUBE TYPES -
VOLTAGE AMPLIFIERS _ 1
‘
RECTIFIERS | CONVERTERS __ TRIODES PENTODES TWIN POWER
| Single | Twin |With Diodos [sharp Cutoff | Remate Cutoff | With Diodes PACBIES 1 AMPLIFIERS
MINIATURE
—_— S — i -
IRS | 1us U4 174 ] 354
x4 6BE6 6C4 6J6 6AQ6 6AGS 6BA6 “ v
2::: 6AUS 6BJ6 | eALs 6AQS
Isw4 ‘ 12BE6 llew 12AT6 12AU6 12BA6 ' 12ALs 585
l 12A
e V723 R 2AWe — - S o | soBs
METAL AND GLASS )
1B3GT/8016 65A7 615 | esc7 6sQ7 6517 65K7 6,7 | svaer | exeor |
504G 6SL7GT 6SR7 6557 | oHe 6ldc
5Y3GT 6SN7GT 6VOoT
6X5GT 6BG6G
35Z5GT 125A7 125Q7 125K7 I5L6GT
e ] S0L6GT
*Recommonded only for tolevision damper applications. °
ﬁ&— P 1
For complete technical data RCA Laboratorios, Princeton, N. J -"‘===='f‘} -

on these preferred tube types,
refer to the RCA HB-3 Handbook.

TUBE DEPARTMENT

HARRISON, N. J.

THE FOUNTAINHEAD OF
MODERN TUBE DEVELOPMENT IS RCA
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Dorman D. Israel

Mr. Israel was born in Newport, Ky., on July 21, 1900. He started
in amateur “wireless” activities in 1914, and received his commercial
operator’s “ticket” in 1918. He was active in “wireless” clubs both at
school and elsewhere in and around Cincinnati, until World War I
came with its mandatory closing down of amateur activity.

He entered the Universitv of Cincinnati as a co-operative student
in electrical engineering in 1918, and for the first three years literally
forgot “wireless” mainly because his co-operative job was with an
electrical machinery manufacturer. Then in early 1921, he met Powel
Crosley, Jr., who was determined to get into the radio business. Ar-
rangements were made for Mr. [srael to go to work for what was then
the Crosley Manufacturing Company as its first employee. This too
was a co-operative job, since Mr. Israel wasthen a pre-junior at the
University of Cincinnati (which is the third year of a five-year engi-
neering course). In this job he soon found himself designing parts and
equipment for home radio; and, to round thingsout, he also designed
and installed the first two WLW transmitters of 100 and 1000 watts,
respectively. It should be added that somewhere along the line he
found the time to spend the required half of his daylight hours in
school so that he received the E.E. degree in 1923. After graduation
he stayed on with the Crosley organization as development engineer,
and also made sales trips for the corporation through the southeast
and southern parts of the United States.

In 1924 Mr. Israel and some associates became connected with
Cleartone Radio Corporation in Cincinnati, and it was during his
connection with this company that he pioneered considerably in
tuned-radie-frequency receiver circuit developments and a.c.-op-
erated vacuum-tube receivers.

He returned as chief development engineer to the Crosley Corpo-
ration in 1929, and became active there in the development of mass
production techniques for superheterodyne and screen-grid-tube re-
ceivers. He was chief engineer of Grigsby-Grunow Corporation (Ma-
jestic Radio) for about a year in 1932, returning again to Crosley in
1933 as chief radio engineer.

Early in 1936, he became chief engineer of Emerson Radio and
Phonograph Corporation in New York, and is still actively identified
with the operations of this company. He is now vice-president in
charge of engineering and production and a member of the board of
directors of Emerson. In this connection, Mr. Israel has made many
effective and valuable contributions to the art of engineering “small
radio.” He is also president and director of two Emerson subsidiary
companies, Radio Speakers, Inc., of Chicago and Plastimold Corpora-
tion of Attleboro, Mass., as well as a director of another subsidiary,
Jefferson-Travis, Inc.

Mr. Israel was identified with the start of the Television Broad-
casters Association, having organized and conducted the panel ses-
sions at their first convention in December, 1944. He has contributed
much tc the engineering work of the Radio Manufacturers Association,
serving on many receiver and systems committees. He is now chair-
man of the receiver section and of the Receiver Section Executive
Committee in RMA. He recently was active in the formation and
work of the Talking Book Systems Committee of the RMA. He is
one of the organizers of the Cincinnati Section of [.R.E., of which he
was Chairman in 1931.

He has been identified at various times with the work of the .R.E.
Sections, and has served on the following I.R.E. committees: Re-
ceivers, Television, Public Relations, Awards, RMA-L.RE. Co-
ordination, Convention Requirements, and Annual Review, and has
given long service in the critical and demanding post of General
Chairman of the Papers Procurement Committee.

He taught elementary radio engineering at the University of Cin-
cinnati night college in 1928, 1929, and 1930. The range of his pub-
lished papers varies in scope from a study of automatic volume con-
trol to a discussion of engineering education. Mr. Israel became an
Associate of the I.R.E. in 1923, was made a Member in 1930, and a
Fellow in 1941. He was awarded the Certificate of Appreciation from
the War Department in 1946 for his outstanding work in connectiQu
with vacuum-tube fuzes.




PROCEEDINGS OF THE I.R.E.

One of the industrially important factors in tech nology is systems engineer-
ing. lllustratively, unless all aspects of a communication system are closely con-
sidered, both individually and collectively. and unless their corresponding speci-
fications are correlated in a fashion consistent with system performance, the
over-alleffectiveness of the communication system and its Earts will be lowered.

The author of the following guest e t b
Audio Engineering, has appropriately directed attention to one major aspect
of present-day communication system engineering. This aspect may merit even
closer technical study than it has at times received.—The Editor.
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Audio Aspects of Postwar Radio Engineering
JOHN H. POTTS

Now that the transition to peacetime opera-
tion has been largely effected, it is interesting
to survey some of the technological effects of the
war upon radio engineering. During the prewar
depression years, engineering emphasis was
mainly on mass production of low-cost appara-
tus, with quality of construction and perform-
ance of secondary importance. The exigencies of
war called for entirely different standards, with
precision construction and excellence of opera-
tion imperative. Engineers learned how to make
fine instruments and achieve quantity produc-
tion without sacrifice of quality—knowledge
badly needed by the radio industry.

Although, in the scramble to resume peace-
time production of radio equipment in the least
possible time, many manufacturers elected to
revert to prewar designs and production stand-
ards, the resulting ipferior apparatus found lit-
tle public acceptance. The public expected
something better. Those manufacturers who
took a little longer to get into production, but
did a better job with their war-gained know-
how, suffered less.

But we must remember that, for a good many
years, engineering emphasis has been placed
largely on the development of carrier techniques,
improved methods of transporting sound or
other forms of intelligence from one point to an-
other. During the war there was no need to im-
prove the character of sound reproduction for
esthetic purposes; this would have no military
value. Research was confined to new concepts,
such as radar, direction-finding, and the like.

Thus the radio industry found itself at the end
of the war with the production facilities and the
skill needed to turn out fine apparatus in quan-
tity, but without any additional experience in
the design of equipment for improved reproduc- '
tion of sound. Yet, insofar as broadcasting is

concerned, we must remember that the sound

quality is of paramount importance. In the past ,
two years many improvements have been made

in loudspeaker design and in phonograph pick- ‘
ups, but much remains to be done.

We need to provide. better audio channels !
than those now available in reasonably priced
receivers. We nced a better demodulator; for ’
many years there has been little research done
on detectors, despite the well-known limitations
of the diode. We need better i.f. amplifiers which
will pass sidebands without attenuating the
higher audio frequencies. Cabinets for the larger
sets should be improved, acoustically and
artistically. Our war-gained knowledge of mass
production with close tolerances has provided us
with smaller, improved tubes; it can also help
in improving other components,

Radio broadcasting originally sprang into
popularity because it provided better musical
reproduction than the old mechanical phono-
graph then available. With greatly improved
recordings and pickups, many receivers provide
better reproduction from some records than is
obtained from radio broadcast signals. Unless
t.he radio manufacturers take heed of the situa-
tion before it is too late, public preference may
revert to the phonograph.
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Frequency Stabilization of Microwave Oscillators
R. V. POUND{

Summary—Two electronic circuits for frequency stabilization of
electronically tunable microwave oscillators are described and dis-
cussed. One of these uses a microwave circuit equivalent to the low-
frequency discriminator, in conjunction with a d.c. amplifier, to con-
trol the oscillator frequency at the frequency of a cavity resonator.
The other circuit obtains frequency control of the oscillator by the
cavity through a circuit operating almost entirely at an intermediate
frequency. With both systems, frequency modulation of a highly
degenerative type is provided. The resulting stability over long pe-
riods is essentially that of the cavity. The stability over short periods
is such that the signal obtained occupies a-band of less than 1 part
in 10® in width. The practical limit to the stabilization obtainable with
given components is estimated, and several applications are sug-
gested.

INTRODUCTION

T LOW FREQUENCIES, the piezoelectric quartz
A crystal is used to control the frequency of an
oscillator. Because it is very difficult to make

quartz crystals that resonate at frequencies higher than
the ordinary short-wave region, stable signal generators
for higher frequencies are often obtained through the
use of a crystal-controlled oscillator followed by fre-
quency multipliers. This technique has been used to
obtain stable frequencies in the microwave region, but
the resulting signal generator is complex. Multiplier
tubes for the higher microwave frequencies, for use in
the last stage of such a device, are not readily available.
Cavity resonators having many of the desirable prop-
erties of the quartz crystal can be made for the micro-
wave region. Although the resonant circuit of a micro-
wave oscillator usually consists of a cavity resonator, it
is not of a type having the highest Q or the greatest fre-
quency stability obtainable because of the requirements
imposed on its use as the tank circuit of the oscillator.
On the other hand, cavities of the types used for wave
meters and frequency standards, having unloaded Q's
as high as 50,000 or more, can be made. Temperature
compensation, through the use of tuning structures
made from materials having different thermal coeffi-
cients of expansion, allows the resonant frequency of
such cavities to be made temperature-independent. To
obtain independence from the changes of atmospheric
dielectric constant, the cavity may be hermetically
sealed. Since the cavities for these frequencies need not
be large, further independence of the resonant frequency
from the ambient temperature can be obtained through
the use of a temperature-regulated oven, as is common
with quartz crystals. A property of the high-Q resonant

_* Decimal classification: R355.911.4 XR355.912. Original manu-
script received by the Institute, June 24, 1946; revised manuscript re-
ceived, May 22, 1947. This paper is based on work done for the })Fﬁce
of Scientific Research and Development under Contract No. OEMsr-
262 with the Massachusetts Institute of Technology.

Formerly, Radiation Laboratory, Massachusetts Institute of
Tec nology, Cambridge, Mass.; now, Society of Fellows, Harvard
University, Cambridge, Mass.

cavity, not possessed by the quartz-crystal resonator, is
the ability to be tuned continuously through a wide
band of frequencies by a simple mechanism. If an oscil-
lator could be made to possess the frequency stability
of such a cavity, such an oscillator would compare fa-
vorably, as a source of signal power having a stable fre-
quency, with the crystal-controlled oscillator and mul-
tiplier. In addition, a stable, tunable source of signal
power could be obtained at any frequency for which os-
cillators are available.

An external cavity can be made to control the fre-
quency of an oscillator in a direct manner by coupling
the cavity to the oscillator in such a way that the exter-
nal cavity appears to be the tank circuit of the oscillator.
If, for instance, the high-Q external cavity is coupled to
the cavity of the oscillator through a transmission line
having an effective length of an integral number of
half-wavelengths, the rate of change of susceptance of
the combined circuit is determined mainly by the ex-
ternal cavity. Considerable improvement in frequency
stability can be obtained in this way, but the circuit is
not easy to set up. With most oscillator tubes a part of
the coupling circuit must be a built-in output line, and
the effective electrical length of this line varies among
different tubes of the same type. As a result, to obtain
frequency control over the same range of frequencies
with different tubes, an adjustable circuit must be used.

The circuits for frequency control to be described
here utilize the external cavity in a special microwave
circuit. This circuit develops a voltage which is a meas-
ure of the difference between the frequency of an oscil-
lator fed into it and the resonant frequency of the cav-
ity. When this voltage is amplified and superimposed in
the correct sense on the supply voltage of an element of
the oscillator, the potential of which affects the fre-
quency of the oscillator, the difference frequency is re-
duced. The time of response of the circuits has been kept
small in order to reduce the frequency-modulation com-
ponents having audio- and higher-frequency periods. In

[:] Cavity
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Fig. 1—Block diagram of electronic frequency-
stabilization system.

this way a very narrow frequency band is occupied by
the resulting signal, making it useful for measurements
on extremely high-Q circuits and for narrow-band voice
communication. If only the low-rate drifts are removed
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from an oscillator in the microwave region, as is the
more common practice, the resulting signal is still too
broad for these purposes in most cases.

To obtain such a reduction in the signal bandwidth,
the control circuit must be made to act as rapidly as pos-
sible. A block diagram of a control circuit of the type
under discussion is shown in Fig. 1. Suppose the output
terminals of the amplifying device are disconnected
from the control terminals of the oscillator. If an alter-
nating voltage were to be applied to the control termi-
nals of the oscillator, frequency modulation would result,
and this, in turn, would produce an alternating voltage
of the same frequency at the output terminals of the
amplifier. The entire device may, then, be considered
as a voltage amplifier and, to obtain stabilization of the
oscillator frequency, the input terminals of the ampli-
fier must be connected to the output terminals. The de-
vice resulting is, therefore, analogous to an amplifier
with a very large amount of negative feedback.

Suppose the oscillator signal to contain, before appli-
cation of the stabilizing circuit, frequency components
corresponding to frequency modulation at a given audio
frequency and to a deviation from an average frequency
of +dvo. There will be an output voltage from the sta-
bilization amplifier equal to Gdv, where G expresses the
output voltage per unit of frequency deviation and is a
complex function of the modulation frequency. When
the output terminals of the amplifier are connected to
the control terminals of the oscillator, the frequency
deviation is reduced to dv.

dVo
V=————
1+ AG

where 4 is the frequency chénge produced by unit
change in the voltage supplied at the control terminals
of the oscillator. The stabilization factor Sis

dVo
S =— =1+ 4G,
dv

The analogy to a negative-feedback amplifier is ap-
parent in this expression. For the operation to be stable,
the quantity AG must not be equal to —1 at any fre-
quency in the feedback loop. This puts restrictions on
the amplifying system, for, as shown by Bode,! there is
a minimum phase shift accompanying a given rate of
change of gain with frequency, in realizable networks.
The amplifier cannot pass all frequencies equally well
and must, therefore, have a cutoff at high frequencies.
For complete stability of the stabilization circuit, the
gain cannot decrease for a large frequency range at a
rate as great as 12 db per octave at frequencies less than
the frequency of unity gain. An amplifier of many stages
ordinarily has a cutoff rate far exceeding 12 db per oc-
tave unless special precautions are taken. The only pre-

1 H. W. Bode, “Relations between attenuation and phase in am-
plifier design,” Bell Sys. Tech. Jour., vol. 19, pp. 421-454; July,
1940.
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-
caution taken in the systems to be described is the use of
amplifier circuits having a wide pass band compared
with the pass band of asingle resistance and capacitance
circuit that produces the cutoff at high frequencies.
Without doubt this aspect of the systems could be im-
proved if it were found desirable. One notable difference
between the present circuits and the ordinary negative-
feedback amplifier is the fact that in the present circuits
it is not necessary that the gain be constant through the
frequency band for which stabilization is desired. The
frequency-modulation components of the greatest mag-
nitude are usually at the power-supply frequency and
the first few harmonics of it, and the gain at these fre-
quencies is of the most importance.

In most practical circuits the quantity 4 is not a func-
tion of the oscillator tube alone, but is partially deter-
mined by the character of the load circuit of the oscil-
lator. This is particularly true with low-power oscilla-
tors, where the attenuation between the oscillator and
the circuit containing the high-Q cavity cannot be very
great. Under this condition the presence of the high-Q
cavity as a part of the load circuit affects the dependence
on frequency of the susceptance within the tank circuit
of the oscillator. Therefore, the amount of frequency
change produced by unit change in reflector voltage de-
pends on the nature of the load circuit. The rate of
change of susceptance of the tank circuit with frequency
may be increased or decreased by the presence of a res-
onant cavity in the load circuit, depending on the effec-
tive electrical length of the coupling circuit. An increase
in the rate increases the stability of the tube before the
application of the electronic feedback circuit, and a de-
crease decreascs the stability. The magnitude of 4 is
correspondingly decreased or increased, respectively.
Therefore, the gain through the feedback loop can be
altered by a change in the effectjve phase length of the
line coupling the external cavity to the oscillator, and
instability of the feedback circuit can result even if the
magnitude of the coupling and the amplifier gain are the

same as at a line length for which stable operation re-
sults,

Fig. 2—Susceptance versus frequency in an oscillator with
a high-Q load circuit.

. In some instances the presence of a resonant cavity
in the load circuit of the oscillator can cause the oscil-
lator to tune discontinuously through the frequency of
resonance of the cavity, completely skipping the reso-
nant frequency. If this happens the stabilization circuit
cannot function properly, and coupling circuits resulting
in this kind of operation must be avoided. Curves of the
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susceptance as a function of frequency, showing how
this discontinuous operation comes about, are shown in
Fig. 2. The straight dashed line represents the suscept-
ance of the tank circuit of the oscillator, and the curve
formed by the short dashes represents the susceptance
produced by a resonant cavity coupled to the oscillator
through a line an odd number of quarter-wavelengths in
effective length. If the operation of the oscillator is con-
tinuous for a line of this length it must be continuous
for all other line lengths because, as reference to an ad-
mittance chart will show, the maximum possible nega-
tive rate of change of susceptance occurs for this line
length. In the figure the solid line represents the total
susceptance as a function of frequency, and the coupling
is sufficient to produce a frequency discontinuity. If the
tube were tuned through the resonance of the external
cavity from the low-frequency side, the oscillator would
skip discontinuously from the frequency corresponding
to 4 to that corresponding to B. Approaching resonance
from the other direction results in a skip from C to D.

To avoid such a discontinuity, the coupling must be
such that the magnitude of the rate of change of suscept-
ance of the load circuit with frequency is less than that
of the oscillator circuit, when measured at the same
point in the coupling line. If they are equal the opera-
tion is continuous, but the tube is very unstable at the
resonant frequency of the cavity and the quantity 4 is
infinite. This is illustrated in Fig. 3.

Fig. 3—Susceptance versus frequency at critical coupling.

To measure the rate of change of susceptance of the
tank circuit of an oscillator with frequency at a point
in the output coupling line where that of the load circuit
can be expressed, a number related to the “pulling fig-
ure” of the oscillator may be used. The change in oscil-
lator frequency per unit change in the load susceptance,
in units of the characteristic admittance of the wave
guide, may be used and termed C. The condition for con-
tinuous operation is that the rate of change of the load
susceptance in these units with frequency must not ex-
ceed 1/C in magnitude.

For ordinary low-power oscillator tubes and high-Q
cavities, this condition is not easily met. To meet it,
the coupling aperture to the cavity may be made very
small; or a matched dissipative attenuator, such as a
tapered strip of carbon-coated bakelite, if the coupling
line is a wave guide, may be used between the cavity
and the oscillator. In the latter instance the amount of
attenuation required may be calculated as follows:
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In units of the characteristic admittance of the cou-
pling line, the cavity admittance, as can easily be shown
from an equivalent simple shunt-resonant circuit, is, to
a very good approximation,

R AR

in a plane of reference to which the equivalent shunt
circuit applies. The quantitity &, is the reciprocal of the
unloaded Q of the cavity, &, is (8. —380) where &y is the
reciprocal of the Q resulting when the cavity is loaded
with a semi-infinite input line, and Av is (v—vd)/vo
where » is the frequency of operation and v, is the reso-
nant frequency of the cavity. A susceptance varying
with frequency like that of the load circuit of Fig. 2 is
obtained at a point an odd number of quarter-wave-
lengths toward the generator from the position in the
line feeding the cavity to which (1) applies. At such a
point the admittance is Y3, the reciprocal of Y, in the
same units. The effect of an attenuator may be taken
into account by writing the reflection coefficient T'; as-
sociated with Y;.

| =l

I = —
14 ¥,

An attenuator reducing the power incident on the cav-
ity to r times that incident on the attenuator reduces the
reflection coefficient to

The admittance at the input to the attenuator is

l—rI‘l

i

er

The susceptance is the imaginary part of this, and the
rate of change of the susceptance with frequency is, at
the resonant frequency of the cavity where it is a maxi-
mum,

dB 8ra
dv 3 voéo[(l — e+ (1 + r)]2
where « has been written for 8/8,. The condition for

continuous tuning of the oscillator through the cavity
resonance is, then,

8ra 1
— e < hda i
vdo[(1 = Na+ 1+ 1] C

This is satisfied if

2

(a— 1)+ 1): 1/2

: 4aC 2 z
(1)
60V0
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For most applications the second term in the square
brackets is small compared with unity, and a series ex-
pansion gives

1 a+ 1)
r<s et @)
2 4aC
a? + -1
dovo

neglecting terms in the expansion to higher than the first
power. For stabilization circuits it will be shown that
the best results are obtained for « equal to unity, and for
this condition (2) leads directly to

Sove

2C

In the 10,000-Mc. region and with a 2K25 oscillator
tube, 8o might be 4 X105, and C about 10 Mc. per unit
change in susceptance. This is a value for C found by
measurement of the coupling conditions under which
continuous operation of several 2K25’s could be ob-
tained for all parts of the reflector-voltage mode be-
tween the points at which the delivered power was
one-fourth that at the center of the mode. With these
values, r must be less than 0.02. Thus an attenuation
greater than 17 db must be used between the cavity
and the oscillator, in order that continuous tuning of
the oscillator through the resonant frequency of the ex-
ternal cavity will be obtained, for this most restrictive
effective length of the coupling line. In the stabilization
circuits, special circuits called “magic tees” are used
between the oscillator and the cavity, and the effect of
each of these is equivalent to a 3-db attenuator. About
12 db of additional attenuation is required, therefore.

(4)

r <

THE Macic TEE

The magic tee is a circuit which can be formed from
wave guides having rectangular cross sections, in the
manner illustrated in Fig. 4. From the symmetry and

Fig. 4—\Wave-guide “magic tee.”

considerations of the fields in these wave guides, it is
easily shown that a wave sent into arm 3 of the struc-
ture excites waves of equal amplitudes traveling out-
ward from the junction in arms 7 and 2, and that these
excited waves have like phases at planes equidistant
from the junction. On the other hand, a wave sent into
arm 4 excites waves of equal amplitudes but having op-
posite phases at planes equidistant from the junction
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in arms / and 2. Because of the opposite kinds of sym-
metry of the waves excited in arms / and 2 by waves sent
into arms 3 and 4, no direct coupling exists between the
latter arms. If arms 1 and 2 are terminated in nonreflect-
ing loads, no power is delivered to a load on arm 4 if a
wave is sent into arm 3, and similarly no power is de-
livered to a load on arm 3 if power is sent into arm 4.

It is casily shown that the addition of matching irises
to climinate the reflections at the junctions, for waves
sent into arms 3 and 4 with arms 1 and 2 terminated in
reflectionless loads, results also in zero direct coupling
between arms / and 2. Such matching structures having
a wide pass band have been developed at the Radiation
Laboratory? and clsewhere, and it is to the resultant de-
vice that the term “magic tee” is applied. Circuits
equivalent to the magic tce, such as that shown in Fig.
5, can be used with equal success at wavelengths where
they are more convenient.

—= =382 Dio
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Fig. 5—10-centimetcr coaxial linc equivalent to a
“magic tee.”

The magic tee can be represented by an equivalent
network having four pairs of terminals. The terminals
may be supposed to lie in plancs chosen to be equidis-
tant from the junction in arms 7 and 2. In arms 3 and 4
the terminals may be taken to lie in planes at which
zero admittance would be found if arms f and 2 are
short-circuited in the planes chosen for the terminals
in those arms. There are such planes in arms 3 and 4
every half-wavelength from those closest to the junc-
tion. For one choice of these two planes, the relations
between the voltages and currents in the terminals of
the equivalent network can be shown to be given by the
relations

. A2
t=7j 2—(e3+e4)}’0

i2 =7 = (es — e Y,

' N7 (4a)
13 =7 ‘é‘ (ei + e)Y,
. N2

=7 = (&1 — eV,

*R. V. Pound, Radiation Laboratory Series, “Microwave Mix-

E;s;],;'d\'/ol. 16, McGraw-Hill Book Co., New York, N. Y., to be pub-
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where Y, is the characteristic admittance of the wave
guide. The signs in these relations are changed if the
plane of the terminals in either arm 3 or arm 4 is changed
by an odd number of half-wavelengths.

As an example of the use to which the equivalent cir-
cuit may be put, the power delivered to a load having
an admittance Y.on arm 4 from a generator having an
admittance Vs on arm 3 may be calculated, for arms I
and 2 terminated with admittances Y1 and Ys, respec-
tively. Such a calculation yields

2
YV,—-Y. )

P¢=4Pogsg4’n-——— -y
|14+ YY) (14 VoY) + (14 V1Va)(1+ VoY)
where P, is the power available from the generator; gs
and g, are, respectively, the conductive parts of ¥3 and
Y.; and all admittances are expressed in terms of the
characteristic admittance of the wave guide.

TrE MICROWAVE DISCRIMINATOR

Two different kinds of stabilization circuits have been
constructed. One of them utilizes a microwave circuit
that is equivalent to the frequency discriminator used
at low frequencies. In Fig. 6 a symbolic diagram of one

4 Crystal A
®
Cavity
3
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v 3
(03] n
Crystal 8
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Fig. 6—Magic-tee frequency discriminator.

form of this microwave discriminator is shown. There
are two symbols representing magic tees, and the num-
bers on the arms refer to the arms numbered in the same
way in Fig. 4. Other orientations of the magic tees can
be used because of the complete symmetry of the struc-
tures, but it is most convenient to use arms I and 2 for
the cavity and the comparison short circuit.

The source of power is connected to arm 3 of the lower
magic tee. One-half the power sent into the circuit is
delivered to the matched termination on the lower arm,
while the other half is sent upward into the other tee
through arm 3. This excites waves of equal amplitudes
and like phases in arms I and 2, and these travel out-
ward toward the cavity and the short circuit. At fre-
quencies far removed from the resonant frequency of
the cavity, the cavity reflects completely, and it is so po-
sitioned that it appears like a short circuit one-eighth
wavelength farther from the junction than the short
circuit on the opposite arm. At these frequencies the
waves reflected in the two arms reconverge on the junc-
tion with a relative phase of /2 radians, at planes equi-
distant from the junction, because the wave on the side
containing the cavity has traveled a total of a quarter-
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wavelength farther than the other. Because arm 4 is
excited by a wave possessing odd symmetry about the
junction plane and arm 3 by one possessing even sym-
metry, waves of equal amplitude are excited and travel
outward in arms 3 and 4 of this magic tee at this fre-
quency. A matched crystal in arm 4 detects this wave,
and one-half the power returned out arm J3 is detected
by a matched crystal on arm 4 of the lower magic tee.
The function of the lower tee is to detect the power re-
turned from the upper one without coupling directly to
the input signal. Because only one-half the returned
power is delivered to the lower crystal, if the crystals
are “square law” the detected voltage at the upper
crystal is twice that at the lower crystal. An attenuator
on either the r.f. or the d.c. side of the upper crystal can
be used. to make the output voltage of that crystal the
same as that at the lower crystal for all frequencies far
removed from the resonant frequency of the cavity.

At the resonant frequency of the cavity, the reflec-
tion coefficient of the cavity has the same or the oppo-
site phase to that at frequencies far removed from
resonance, corresponding to a conductance either larger
or smaller than the characteristic admittance of the
wave guide. As a result, equal amounts of power are sent
back out arm 3 and out arm 4 of the upper tee for an
input signal at the resonant frequency. The same atten-
uator results in equal output voltages from the two
crystals. At frequencies not at the cavity resonance but
adjacent to it on either side, the reflection coefficient of
the cavity is either advanced in phase or retarded in
phase relative to the phase at resonance. Therefore, for
frequencies near resonance on one side, the power deliv-
ered to arm 4 of the upper magic tee is greater than that
returned to arm 3. On the other side of resonance,arm 3
receives the greater power. The difference between the
voltages rectified by the two crystals is, therefore, with
the balancing attenuator in place, a function of fre-
quency similar to the output voltage of the conventional
discriminator circuit.

If Y, from (1) is substituted for ¥; (5) and Y is set
equal to —j, the admittance of a short-circuited one-
wavelength line, an expression for the power delivered
to the upper crystal is obtained. The power delivered
to the lower crystal, from the above description of the
operation, can be seen to be one-half this power with the
sign of Av reversed. Taking one-half the power delivered
to the upper crystal less the power delivered to the
lower crystal yields an expression proportional to the
output voltage of the discriminator, assuming matched
magic tees and matched crystals producing voltages
proportional to the incident power. Thus the discrimi-
nator output voltage is found to be

aa
Vo D e e R 6
oD A+ ot e volts (6)

where P, is the power available from the matched gen-
erator connected to the discriminator, a is 24v/8o, and D
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is the rectification efficiency of the crystals in volts per
unit incident power. The rate of change of the discrimi-
nator voltage with frequency is greatest at resonance, or
for a equal to zero, and is

dV Qo 2a

Py— ——— .

dv vo (14 a)?
This is a maximum for « equal to 1, and for the fre-
quency-stabilization circuit this is the optimum value of

a. Curves of V/PeD from (6) are plotted in Fig. 7 for
values of & from 0.5 to 10.

(7)
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Fig. 7—Output voltage versus frequency for various cavity-coupling
factors of the balanced magic-tee discriminator.

If the coupling between the oscillator and the dis-
criminator is limited by the need to avoid frequency
discontinuities, for the range of coupling in which the
crystals remain square law, the maximum obtainable
slope is independent of the cavity Q and e, and is de-
termined by the quantity C and the power available
from the oscillator. This results because the attenua-
tion 7, from (3), must be used, and P, is proportional
to 7. Nevertheless, it will be shown later that a equal
to unity and the highest possible Qo give the best opera-
tion of the stabilizing circuit for a tube with a given C
and available power.

THE D.C. StaBILIZING CIRCUIT

A frequency-stabilizing circuit using the microwave
discriminator can be made in conjunction with a d.c.
amplifier, as illustrated in Fig. 8. The circuit diagram
of a d.c. amplifier that has been used in this applica-
tion is shown in Fig. 9. The amplifier has two push-pull
stages using 6SH7G tubes. The balancing of the out-
put of the two crystals is obtained by the adjustment
of a potentiometer between the upper crystal and the
amplifier tube. A potentiometer in the plate circuit of
the first stage is used to balance the amplifier. A large
negative voltage was required to lower the d.c. level
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of the output voltage of the amplifier to the —100-volt
region for application to the reflector of a 2K25 oscil-

T covity Crystol A}
Tuning Knob , Govity E
)
: Useful _ Output
T - —e
Microwove Y i Attenutor
Discriminotor 3
"""" - (2
D-C through
— [
. Audlo Retlector or
or Amplitier Other Electronic
Modujotion Tuning Elements

Fig. 8—Block diagram of a d.c. stabilizer

lator tube (cathode grounded) through a potentiom-
eter, without a large sacrifice in gain. This same nega-
tive voltage is used to obtain stability through the large
common cathode resistors in cach stage. Further stabil-
ity is obtained by the use of negative feedback from the
plates of the second stage to the cathodes of the first,
The voltage gain of the amplifier between the input ter-
minals and the plates of the second stage is 2000, al-
though the gain from the input to the reflector is only
about 600 because the reflector can be supplied only
from an unbalanced line.

A capacitor of about 0.01 wfd. capacitance connected
from the reflector to ground potential provides the high-
frequency cutoff and prevents singing of the stabilizing
circuit. With this amplifier used in a stabilizing circuit
for a 2K25 tube in the region of 3.2 centimeters with a
TEn-mode wavemeter cavity, a stabilization factor of
several hundred is obtained. A discriminator slope of
about 1 volt per Mec. is obtained, and the oscillator fre-
quency is changed by approximately 1 Mec. per volt.

Once locked, the frequency of the oscillator follows
changes in the cavity frequency over the range of elec-
tronic tuning available at the reflector. If a wider tuning
range than this is required, a 2K45 or similar oscillator
tube may be used. This tube can be tuned electronically
by a bias voltage at the grid of a special triode contained

Modulotion? 10K
Voltoge LVW_“' LM
Soxg

100-0-100

Volt

High impedonce
() Megohm)

+300 v

To Reflector

Fig. 9—D.c. amplifier fo; the electronic frequency
stabilizer,

in the tube. The potential of this grid controls the cur-
rent to the plate and, therefore, the temperature of the
plate. The plate is so connected to the oscillator
resonator that a distortion produced by a change in the
temperature of the plate changes the tuning of the os-
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cillator, and an electronic tuning range of 12 per cent
is obtained in this way. The rate of tuning is relatively
slow, however, and for frequency control sufficient to
remove audio-frequency modulation components from
the oscillator signal the control voitage must be con-
nected to the reflector. Connection also to the tuning
grid, however, through a circuit similar to that shownin
Fig. 10, has been used to obtain single-knob tuning over
more than a 10 per cent range of frequencies. Only a few
volts are required to tune the tube over this range, and
the difference of the oscillator frequency from the cross-
over frequency of the discriminator required to develop
the tuning voltage is not large if the amplifier gain is
sufficient. In the circuit diagram, 1N34 crystals are

‘?loIOOV
b3
b:
T To 2Ka5 Triode Grig{Catheduat
Greund
To ~ 6 Volts ot
100-0-100 >t fow Impedance
%S L j¢——e To—25 Valts ot
Lost g Uolts {ow Impedonce
SHg¢ To Reflector
L c
< Non Stobilized -
~ il SN o
i *100y | 88X SOK 100K 200K l
tabliized
+300v o 2 =500v

Fig. 10—Supplementary circuit for wide-band

single-knob tuning.

shown used as clamping diodes to prevent the grid from
being driven positive or too far negative. These also
prevent motorboating of the oscillator into and out of
oscillation. Fortunately, the change in reflector voltage
required to keep the tube in oscillation when a change is
made in the grid voltage is in the same direction as the
change in grid voltage. Therefore, the tube can be kept
in oscillation over the 10 per cent band. It does not,
however, remain at the center of a mode. This would be
remedied by reduction in the tuning rate of the thermal
triode by use of a degenerative cathode resistor.

The frequency of the stabilized oscillator can be mod-
ulated very simply. To obtain frequency modulation
the modulating voltage is superimposed on the output
of the discriminator. A change in voltage at the input of
the oscillator by this means results in a change in fre-
quency with amplitude sufficient to produce a com-
pensating change in the output voltage of the discrim-
inator. The frequency modulation is thus very highly
degenerative, and the response of the system is uniform
from zero modulating frequency up to a frequency so
high that the stabilization factor is not much larger than
unity. The linearity of the modulation is determined by
the constancy of the slope of the discriminator char-
acteristic. Little harmonic distortion is produced for
deviations as large as +vo/4Q . where Qv is the loaded
Q of the cavity in the discriminator circuit. With the
amplifier of Fig. 8,a uniform deviation in frequency for a
given amplitude of modulating voltage was obtained for
modulation frequencies from zero to 50 kc.

-
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TuEe 1.F. StaBILIZING CIRCUIT

To overcome certain limitations in the stabilization
associated with the d.c. amplifier and the use of crystals
as detectors, another stabilization system eliminating
these components has been developed. A block diagram
of this system is shown in Fig. 11. From the output

¢ Adjustable Line Lengh
Mogie “T ) o

Crystol B

Buffer
ampiif

Attenuotor Useful Output

Fig. 11—Block diagram of the i.f. stabilizer.

terminals of a crystal mixer in the microwave circuit of
this system is obtained an i.f. voltage proportional in
magnitude and dependent in phase on the imaginary
part of the reflection coefficient of the cavity.

This i.f. voltage is obtained through the use of a magic
tee, terminated on arm I with the cavity fed through a
line of variable length. A crystal connected to an i.f.
oscillator is connected to arm 4, and arm 2 is terminated
by the mixer crystal. The oscillator to be stabilized is
fed into arm 3. The oscillator is fed into the magic tee
through a matched attenuator to insure continuous
operation of the oscillator, and one-haif the available
power from this attenuator is delivered, without reflec-
tion, to the mixer crystal 4. In the opposite arm, the
wave excited by the oscillator is reflected by the cavity
in a phase and amplitude depending upon the frequency
relative to the resonant frequency of the cavity. The
reflected wave couples in part to the attenuator in the
input arm and in part to the modulator crystal B. This
crystal does not reflect when zero voltage exists across
its i.f. terminals, but when driven by the large i.f. volt-
age it reflects two sideband frequencies, above and be-
low the oscillator frequency by an amount equal to the
intermediate frequency. The sideband waves travel back
to the cavity and to the mixer crystal. The waves re-
turned to the cavity are again reflected and are absorbed
with some production of waves at the original frequency
and second-order sideband frequencies. These have little
effect on the operation of the system and may be
neglected.

Arriving at the mixer crystal A are waves at three
different frequencies, and the linear combination of
these waves may be seen to be

|I‘,|m

2
Ep = }2— E, {cos w! + EE cos [(w1 + wo)t + 3]

¢ _I_Ij_‘:}ll CcOSs [(wl -— wz)l + 5]} (8)
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where E, is the matched-load peak voltage at the input
to the magic tee, w; is 2r times the r.f.-oscillator fre-
quency, ws is 27 times the intermediate frequency, T, is
the reflection coefficient of the cavity, m is a factor de-
scribing the efficiency of the modulator crystal, and 6 is
a phase factor dependent on the length of the line be-
tween the magic tee and the cavity, the length of line
between the tee and the modulator crystal, the char-
acteristics of the modulator crystal, the phase char-
acteristics of the tee, and the phase of the reflection
coefficient of the cavity.

The square of the envelope of these waves may be
shown to be d

gro B [Tfmt |T.|m oot 4 5
R

l I‘cl m l T. l?m’
+ T Cos (wzt -_ 5) + T Ccos (2w2t)} . (9)

It will be shown later that the best operation of the sys-
tem is obtained when |T.| is very small in the region of
the resonant frequency of the cavity. Therefore the
terms in |T.[? may be neglected, and the envelope is
given by !

En/2 .
E, g% {1 +]|T.|m cos (8) cos (wat) }112. (10)

This may be expanded by the binomial theorem and

terms in II‘FI to higher than the first power again

neglected, giving

En/2 L.|m
o/ {1 +I I

E, T _2—— cos (5) cos (wzt)} . (ll)

The i.f. voltage at the output of the mixer crystal is,
therefore, proportional to

3 Eo| T. | m
Eoe vl °‘i|ﬁ|— cos (8) cos (waf). (12)

This i.f. voltage is proportional to the imaginary part
of the reflection coefficient of the cavity if the variable-
line length between the tee and the cavity is so set that
the i.f. voltage is zero for a real reflection coefficient.
Under this condition (1) may be used in

1—V.
T 147,

(4

to show that the i.f. voltage is proportional to

V2 aaEgm
Ex~ — et 't ] cos (waf). (13)

The dependence of the amplitude of the i.f. voltage on
the oscillator frequency is thus the same as that of the
output voltage of the microwave discriminator. The

December
greatest rate of change with frequency is obtained for
a equal to unity. This means that the cavity is nonre-
flecting at resonance, and thus I'.is very small compared
with unity and the approximations are valid for this
condition,

The i.f. signal is amplified in an i.f. amplifier and
mixed, in a phase mixer, with a signal derived from the
same i.f. oscillator that supplies the modulating voltage.
This mixer produces a d.c. voltage proportional to the
i.f. voltage, and the d.c. voltage reverses in sign as the
r.f.-oscillator frequency is changed from one side of the
resonant frequency of the cavity to the other. To obtain
the proper sense to be applied as a frequency-control
voltage, the phase of the i.f.-oscillator voltage injected
into the lock-in mixer may be chosen to be the same as
that of the output of the i.f. amplifier for an error in fre-
quency of one sign or of the other. The same effect may
be obtained by the choice of the length of the variable
length of line in the microwave circuit, since opposite
senses are obtained at alternate positions a quarter-
wavelength apart.

One very important feature of this stabilization sys-
tem is that zero i.f. signal is fed into the amplifier when
the r.f. oscillator is at the desired frequency. This is true
even if the reflection coefficient of the cavity is not zero
at resonance. Therefore, very large gain can be used in
the amplifier without danger of limiting in either the
amplifier or the phase mixer, and thus the phase mixer
is linear. In practice, at high gain a signal does appear
in the amplifier, and this could cause limiting to occur.
Such a signal could be produced from a small inequality
in the amplitudes of the two sideband signals arriving
at the mixer crystal. If the algebra for that situation is
carried through, the if. signal from such a cause is
found to be orthogonal to the useful signal. For proper
setting of the phase of the mixing signal in the lock-in
mixer, it thus does not contribute to the d.c. output
voltage and therefore does not detune the r.f. oscillator.
’I.‘hi.s.spurious signal has not been large enough to cause
llmmflg at the gain found adequate in the systems tried.

A circuit diagram of the i.f. amplifier, phase mixer, i.f.
oscillator, and buffer amplifiers used in several stabiliza-
tion systems of this kind is shown in Fig. 12. Care was

This stabilization system has the advantage that the
d.c. .level of the lock-in mixer can be made, with suita~
ble insulation, anything required to allow the plate
voltage to be used directly as the control voltage of the
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Fig. 12—1.f. amplifier, oscillator, buffers, and phase mixer of the stabilization system.

rf. oscillator. Thus, oscillators requiring high potentials
can easily be stabilized.

If the output voltage is applied to the reflector of a
reflex klystron, the cavity frequency controls the oscil-
lator frequency only over the electronic tuning range
available at the reflector. As with the d.c. system, how-
ever, the output voltage can also be applied to a thermal
tuning structure to obtain single-knob tuning over a
wider band. Not so wide a band can be accommodated
with this system as with the d.c. system, however, be-
cause the phase factor 8 is determined by the difference
in effective length of the two paths to the mixer crystal
taken by the direct signal from the oscillator and by
the wave reflected from the cavity. Since these two
paths cannot be made very nearly the same, the vari-
able-line length must be readjusted to accommodate a
large change in frequency.

Degenerative frequency modulation can also be ob-
tained with this system. There are several ways in which
the modulating voltage may be introduced. One of par-
ticular interest is the application of the modulation volt-
age as a bias voltage to the mixer crystal through the
filter normally used to allow metering of the rectified
current. In the absence of the bias voltage the mixer
crystal is nonreflecting, but the application of a small
bias voltage causes the crystal to reflect. The reflected

wave travels, in part, into the modulator crystal, and
therefore sideband signals are returned to the mixer
crystal. The frequency of the oscillator shifts away from
the cavity resonance by an amount sufficient to cancel
the i.f. voltage produced by reflection from the mixer
crystal.

For the largest frequency shift per unit of bias volt-
age, the length of line between the mixer crystal and the
tee should be chosen to make the i.f. voltage produced
by the bias voltage a maximum. A variable length of
line could be used here, too, and adjustrent of this
length could be made to give maximum deviation for a
given bias voltage.

The deviation obtained in this way is independent of
the amplifier gain and the characteristics of the lock-in
mixer and the oscillator. In addition, it is not very de-
pendent on the r.f. power delivered by the oscillator to
the stabilization circuit, since the admittance of the
mixer crystal is not very dependent on this power at
the level of about 1 milliwatt. By measurement of small
changes in the deviation produced by a given modula-
tion voltage, small changes in the dissipation of the cav-
ity could be detected. This is the basis of a possible
application of this system to the measurement of
resonance absorption of microwave energy in certain
gases.
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RESULTS AND LIMITATIONS

Most of the stabilizing circuits constructed have oper-
ated with 2K25 or 723A/B oscillator tubes in the 9000-
Mc. region. The systems were tested by observation of
the beat frequency produced when two identical sys-
tems were operated on adjacent frequencies. The beat
frequency was detected in a mixer and fed into a stand-
ard communication receiver and made audible by use of
the beat-frequency oscillator of that receiver. Unstabi-
lized oscillators are rarely sufficiently stable to produce a
beat frequency that remains in the pass band of the
communications receiver for -more than a few seconds.
The beat frequency contains so many modulation com-
ponents that the beat-frequency oscillator of the re-
ceiver does not produce a sound at all similar to the tone
produced from a steady c.w. signal.

With the oscillators stabilized with the d.c. systems,
the beat frequency varied only-by a few kilocycles in
periods of many hours, so long as the temperatures of
the two cavities were not changed relative to one an-
other. Cavities having good temperature compensation
were not available, and those used changed frequency by
about 50 kc./°C. The tone produced by the beat-fre-
quency oscillator of the receiver showed that tHere re-
mained about 100 c.p.s. of relative frequency modula-
tion of the two oscillators at the power-supply frequency
and harmonics of it. The tone wavered over about 1 ke,
in a random fashion but rarely changed by this amount
in less than a second. This waver is probably caused by
the low-frequency noise in the crystal rectifiers. It is
found that there is a noise voltage at the output ter-
minals of a crystal detector which is very large compared
with the Johnson noise associated with a resistor at room
temperature, when the detector is producing a large
rectified voltage. This fluctuation is equivalent to a fre-
quency-modulating voltage, and, to account for the
waver over about 1 kc., a voltage fluctuation of about 1
millivolt is required. Measurements have shown that
this is common with crystals under the conditions of
operation in this circuit. The fluctuation is less at higher
audio frequencies. It is also less if the rectified voltage
is reduced by reduction of the incident power. This
means that the most stable oscillator frequency is ob-
tained for the maximum slope in the discriminator char-
acteristic at a given power level. Thus a high-Q cavity
and a equal to unity are favored.

With the i.f. systems the waver of the beat frequency
was absent, and the tone produced under the best condi-
tions indicated only about 25 c.p.s. of relative frequency
modulation at the power-supply frequency and its
harmonics. The noise figure of the crystal mixer is, of
course, very much less than that of the detectors. There
is a limit to the gain which is useful in this system, too,
because noise in the output terminals of the crystal
mixer and in the i.f. amplifier gives rise to degenerative
frequency modulation. Increasing the gain of the system
beyond the point at which the residual deviations from
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other causes are smaller than those produced by this
noise is of little value.

The magnitude of the r.m.s. deviations in frequency
because of this noise can be calculated. The total noise
voltage in the output terminals of the mixer and in the
i.f. amplifier may be considered to be caused by a noise-
voltage generator connected to the input terminals of
a noise-free mixer and amplifier. The mean-square noise
voltage of such a gencrator, when open-circuited, would
be

E,2 = 4kTNRB

where % is Boltzmann's constant, I is the absolute
temperature of the laboratory, N is the over-all noise
figure of the mixer and i.f. amplifier actually used, R is
the characteristic resistance of the wave guide, and B is
the effective noise bandwidth of the stabilization cir-
cuit. The ecffective noise bandwidth is approximately
the width of the frequency band in which the stabiliza-
tion factor is greater than unity.

The presence of the noise voltage causes a fluctuation
in frequency such that the i.f. voltage developed by the
wave reflected from the cavity cancels out the i.f. noise
voltage. The combination of r.f. signals on the r.f. side
of the mixer crystal is equivalent to an r.f, signal gen-
erator having an open-circuit voltage given by

_ 2V2RPymQoa

E,
Vo(l + 0)2
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where Py is the power available from the attenuator at
the input to the magic tee and dv is the difference be-
tween the oscillator frequency and the resonant fre-
quency of the cavity. Setting E, equal to (B9, the
r.m.s. deviation caused by noise is found to be

(dv?)ri2 = (kTNB>”2 (1 + a)?,
2P, am(,

In the experimental systems, N was about 10, B about
10 kc., P, about 1 milliwatt, o about unity, m almost
equal to unity, Qo equal to 25,000, and v, equal to 9000
Mec. These values, used in (14), with 2T taken as
4><.10‘2l joules, give 6.5 C.p.s. as the r.m.s. frequency
deviation caused by noise. This is somewhat less than
the deviations observed at the power-supply frequency
and its harmonics. Better filtering of the power-supply
voltages and, perhaps, d.c, heater voltages might give
some improvement, The power supplies used had about
S millivolts 6f ripple per hundred volts.

(14)
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tee. This reduces the effect of reflections in the test cir-
cuit on the power delivered to the stabilization circuit.

The cavity of one of these circuits might be used as a
device for measurement of very small thicknesses. A
small distortion in the shape of the cavity produces a
measurable change in the beat frequency of two stabi-
lized oscillators, and cavities that are very sensitive in
this respect could easily be designed. The wavemeters
used in the experimental systems changed frequency
by 100 c.p.s. for a change in the position of the end plate
of 10 angstrom units.

Oscillators having such narrow-band output frequen-
cies as these could be used as carriers for voice com-
munication in narrow frequency channels. If the carrier
frequency contains deviations from a discrete frequency
of less than 100 c.p.s., as appears to be possible, a fre-
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quency modulation producing a deviation of 100 kc.
would give a transmitted signal-to-noise ratio of 60 db.
A tremendous number of channels wide enough for such
signals could be created in a microwave band only a
few per cent in width. Another paper by the author
will describe a special duplex communication system
built up around these frequency-stabilization systems.
These oscillators would also be useful in fundamental
research on the interactions between gases and high-fre-
quency fields. There are several gases having quantum
mechanical transitions giving rise to resonance absorp-
tion in the microwave region. The stabilized oscillators
make possible investigation of the details of the struc-
ture of these absorption spectra, and ultimately one
might use one such absorption line to obtain, with a
stabilized oscillator, an absolute standard of frequency.

Synchronization of Oscillators’
ROBERT D. HUNTOONY, SENIOR MEMBER, LR.E., AND A. WEISSY

Summary—A theory is presented which predicts the behavior of
any self-limiting oscillator in the presence of an injected sinusoidal
voltage or current of small but constant magnitude. The internal
mechanism responsible for synchronization is not needed, and the
theory is thus applicable to any source of alternating current. Experi-
mental verification of the theory is presented for the case of a low-
power Hartley oscillator operating at 11.5 Mc.

The theory is extended to include the mutual synchronization of
two oscillators of arbitrary properties, and applied to a number of
examples to indicate briefly the properties of a synchronized oscilla-
tor when used as (a) a linear voltmeter for small voltages, (b) a field-
intensity meter, (c) a linear a.m. demodulator for small signals, (d)
an f.m. demodulator, and (e) a synchronous amplifier-limiter. The use
of a synchronized oscillator is of particular interest because micro-
wave generators can be used in addition to the more conventional
triode oscillators.

1. INTRODUCTION

HE EARLY EXPERIMENTS of Vincent,' fol-
Tlowed by Appleton’s® theoretical treatment, have
led to a considerable interest in possible practical
applications of the synchronization of oscillators.? Since
the publication of these early papers, there has been a
continually growing literature on the subject, with at-

* Decimal classification: R355.917. Original manuscript received
by the Institute, November 27, 1946; revised manuscript received,
April 1, 1947. Presented, 1.R.E. District of Columbia Section, Oc-
tober 14, 1946, Washington, D. C.; and 1947 1.R.E. National Con-
vention, March 6, 1947, New York, N. Y

t Ordnance Development Division, National Bureau of Standards,
Washington, D. C.

}J. H. Vincent, “On some experiments in which two neighboring
maintained oscillatory circuits affect a resonating circuit,” Proc. Roy.
Soc., vol. 32, part 2, pp. 84-91; 1919-1920.

1 E. V. Appleton, “The automatic svnchronization of triode oscil-
lators,” Proc. Camb. Phil. Soc., vol. 21, pp. 231-248; 1922-1923.

_ *The term 4“oscillator” as used here means a source of harmonic
vibration whose steady-state amplitude is limited to a finite value
by some internal nonlinear characteristic.

tention now primarily centered on (a) the use of an
oscillator as a synchronous-amplifier limiter for f.m.
reception, and (b) the use of a chain of synchronous
oscillators to drive a linear accelerator for the produc-
tion of high-energy atomic particles. There are, of
course, numerous other applications, some of which are
discussed in the light of the theory which is the subject
of this paper.

Following Appleton, theoretical treatments of oscil-
lator synchronization have been concerned with the
internal mechanism within a triode oscillator which
accounts for synchronization. The phenomenon of syn-
chronization with a disturbance impressed from an ex-
ternal source is not limited to triode oscillators. Rather,
any source of alternating e.m.f. whose frequency and
amplitude are continuous functions of the load im-
pedance attached to it (the magnetron, for example) will
exhibit similar behavior. It should thus be possible to
discuss certain general features of synchronization
without reference to the internal mechanism which ac-
counts for it. The theory so derived will be generally
applicable to all types of oscillators.

In a recent paper Adler* has developed a differential
equation whose solution accounts for many of the ob-
served phenomena of synchronization. Again, the triode
oscillator mechanism has been the basis of the discus-
sion. However, the scheme used by Adler can be ex-
tended in a manner which does not involve the particu-
lar generator. The resultis a differential equation similar
to his but more general. In addition, amplitude behavior
as well as frequency behavior can be included.

¢ Robert Adler, “A study of locking phenomena in oscillators,”
Proc. I.R.E., vol. 34, pp. 351-357; June, 1946.
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The performance of the oscillator is specified in terms
of a set of compliance coefficients which show how
amplitude and frequency depend upon the load im-
pedance. The values of the coefficients are not derived
here but are assumed to be given as constants of the
problem. They may be derived theoretically or meas-
ured for the particular oscillator.

The injected voltage is considered as equivalent to
the IZ drop on a fictitious increment in the load im-
pedance. The oscillator’s frequency and amplitude shift
in accordance with its compliance coefficients and the
magnitude and phase of the incremental load imped-
ance. If the disturbance due to the injected voltage is
small and its frequency is close to that of the oscillator,
replacing the actual voltage by a fictitious impedance of
varying phase and magnitude is valid and the syn-
chronization behavior can be calculated.

II. SYNCHRONIZATION BY AN IMPRESSED VOLTAGE

In the discussion to follow, complex quantities will
be represented by boldface italic characters; quantities
not so designated will denote absolute magnitudes. The
factor e/t will usually be omitted.

A. Compliance Coefficients

Let Fig. 1 represent an energy source of the type
which converts d.c. energy to a.c. energy, such as a
typical triode oscillator or magnetron. We will be inter-
ested in two pairs of terminals. Those marked E-E are
the output terminals of the device for delivering a.c.

OSCILLATOR

FREQUENCY F
L o—tg—p.

Fig. 1—Oscillator for synchronization studies,

power to a load impedance Z,. The terminals A-A
represent any pair of terminals which give a d.c. or a.c.
indication of the amplitude of oscillation, such as grid
bias or d.c. plate current.

Assume that there are also available, when necessary,
instruments which indicate either the voltage V, across
the load or current I, through it. Let V, and I, be
the initial values of these quantities when the oscillator
is feeding its load circuit. Similarly, let F represent the
frequency of the oscillator, and F,its undisturbed value.
When a small impedance z is added to the load, the
frequency and amplitude change. The compliance coeffi-
cients are defined in terms of these changes; thus,

94 94

4, = — 4= -~ — (l)
ar =0 ax 2e=(}
oF oF

Fr = - | z = — — (2)
a, g () ax =0
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where
z=r+jx (3)

The negative sign in 4. and F, is incorporated here for

reasons of symmetry in later expressions.
A and F are expanded in a Taylor series about Ay
and F,, keeping only first-order terms. This gives

A—Ay =714, — 24, 4)
F — Fy = sF, — aF,. (5)

Complex compliance coefficients for amplitude, C,,
and frequency, Cg, will be nceded. These are

(ZA =:(:Aeia = A' *—.iA r = \/C4'2'+:1{,i eia (6)
and
cl"' = CFcip = Fr + sz =V T'2 + F;z efﬂ_ (7)

B. Synchronization Equation

Let a small voltage be induced in the load circuit
from an outside source. Assume the voltage is small
enough so that the change in I can be neglected and we
can, with sufficient accuracy, represent I by its initial
value I,. We replace the induced voltage v by a small
impedance z where
ei®, (8)

v
z=—
Io
We may thus write, with the aid of (4) and (5) (keeping
only real parts),

Cuv
A~ Ao=C,y = - cos (¢ + a) (9)
0
and
Crv
F—Fy=Cpz = ~;~- cos (¢ + ) (10)
0
where
A. z
tana=A—', tang = —.

r

_ If the injected voltage v has the frequency F’ and the
Instantaneous frequency of the oscillator is F, we can

L d—¢=F'—F =@E —-F)~F-F) (11
2r dt ' '
and
z = lein(F’—F)t = ie"“‘). (12)

Io IO

If. F'—F is not teo large, the oscillator will follow
the !mpedance changes as shown by (9) and (10). In
particular, (10) gives

S e ey -~ w = ==
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1 d¢

Crv
_—_(F'—I“o)——l——cos(¢+ﬁ),

13
27 dt s

a differential equation similar to that derived by Adler
which shows how the beat frequency, if any, varies
with time.

Putting

F'—Fo=f

and

into (13) yields
1 d¢

A = f — Kvcos (¢ + B).

(14)

It is immediately evident from (14) that the solution
¢(t) is of a complicated periodic form when

2> K%? (15)
and reduces exponentially to a steady value of ¢ when
Il G (16)

Condition (16) corresponds to synchronization between
the injected voltage and the oscillator current at a fixed
phase angle ¢. Since we are interested primarily in
synchronization, the solution of (14) subject to (16) is
needed It is

cos ¢ — cos (¢ + B)

1—COS(¢+5—¢)

where

- = const. 27/ K%? — 2 (17)

cosy = .
Kv

The steady-state value of ¢ for large ¢ is given by

cos (¢ + ) = (18)

Kv
The equilibrium value is approached in such a manner
that the time constant is approximately

1

T =

20/ TP v ()

- f? ~ 2rKv sin ¥
There are two values of (¢+3) which satisfy (18).

One corresponds to stable equilibrium; the other to un-
stable equilibrium. From (14),

1 d /d
<¢)=Kvsin (¢ + 8).

2r do \d! (20)
o(@)
dg \d!

For stability,
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must be negative. Thus only values of (¢+0) such that
sin (¢+pB) is negative lead to stable synchronization.

Equation (18) shows that synchronization can be ob-
tained over a range of f such that

— Kv < f < Ky,
or, over a band of frequencies,

Af = 2Kb. (21)

C. Amplitude Changes

The quantity a=A — A, expresses the change of some
convenient amplitude parameter, such as plate cur-
rent, in the presence of an injected voltage. It is evi-
dent from (9) and (10) that a and f are functionally re-
lated through the parameter ¢. By defining new quanti-
ties X

=(+8
p = (a—B)

we can write (9) and (10) in terms of dimensionless
variables U, W,

(22)

1
U= Y = €os § (23)
va
an
W = — = cos (5 + p), (24)
CAU

from which it is evident that the form of the functional
relation between ¢ and f is independent of I,, v, C4, and
Cr for small disturbances. Elimination of § in (23) and
(24) leads to the equation for an ellipse in the U, W
plane, which degenerates to a line when p=0 or = and
into a circle when p= +7/2.

U (V] U
- “ -] - N
41
_| y—
n
/0 +'z
+1
w ol
-1+
/’ + —P P =41
+1{- P
worl
-} |=
P =T
STABLE
UNSTABLE ~—- -~
BEATS‘""

Fig. 2—Forms of the U-W curve in the region of
synchronization.




1418 PROCEEDINGS OF THE I.R.E.

Fig. 2 shows the U-W curves for several typical
values of p. In most cases the frequency of an oscillator
depends more upon the reactance of the load than upon
its resistance. Thus p will generally be nearly—7/2
and the U-W curve almost a semicircle. In the figure
the broken line shows the condition of unstable equi-
librium, the solid line shows stable equilibrium, and the
vertical lines indicate the region of beats outside the
synchronization band.

It is important to note that, no matter what the value
of p, the maximum absolute value of a is the same and is
given by -

Thus, if the frequency of the injected voltage is swept
across the synchronization band of the oscillator, there
will be a pulse of voltage or current (depending upon the
quantity represented by a) whose peak value is inde-
pendent of p.

From (21), (23), (24), and (25), we see that

Af 2k

) (26
Omax CA ! )

which shows that the synchronization bandwidth is
proportional to @mas, or, from (25), to the injected volt-
age v. It is often convenient to use @msx as a measure of
v without measuring v. The bandwidth of synchroniza-
tion can then be predicted directly from (26).

ITI. EXPERIMENTAL MEASUREMENTS

In order to check the foregoing theory, experimental
measurements were made on a small Hartley oscillator
operating at 11.5 Mc. R.f. voltage for injection was

TO ORIVING
OSCILLATOR
RFG
My
5
Fig. 3—Circuit diagram of the test oscillator.
Zr 3.9 ph. C1 0.001 ufd.
L, 5.5uh. C: 0.0001 nfd.
L¢ coupling coil C:y  0.00007 pfd.
Ry 1.0 megohm Ce 0.0002 nfd.

r=series resistance
Xx=series reactance

RFC=2.5 mh.

R; 15,000 ohms

M, radio-frequency plate-
voltage meter

M, d.c. grid-voltage meter

M; plate-current meter
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supplied by a push-pull power oscillator operating at
ten times the plate voltage of the small oscillator and
very loosely coupled to it inductively.

Fig. 3 is a circuit diagram of the test oscillator show-
ing the method of voltage injection and a diode for
measuring r.f. plate swing. It will be noted that the
plate coil has been used for the load Z; and that the
synchronizing voltage is induced in it.

4.0

30—+ /
)

2.0 AT rt9.5 OHMS X5-22.6 OHMS
) Ares103 VOLTS/OHM /
-
<;>‘ 10 | 008 _
+ (]
-
2 Epf——t . 0.04 3
= Eo / I o
o - | | n
£ 0 T 0.02 *~
w 1
g ‘e
*6-, 20 . € W
5 /| \ s w
o 30 t 1 : f 0.02 <
& | | , ] \ 3
40 AT X:-226 OHMS, r19.5 OHMS 0ce >
Ayt ~0.026 VOLTS/OHM \ o
50 " l 1 006 &
6 ] 10 r{OHMS) I2 14
-2) ~22 X(OHMS)-23 -24 -25

Fig. 4—Experimental curves for evaluation of 4, and A4,.
(Use left ordinates for A, right ordinates for 4,.)

The compliance coefficients were measured by insert-
ing capacitors x and resistors r in series with the plate
tank coil. To allow measurement on both sides of the
operating point, this point was specified to be r=9.5
ohms, x=—22¢ ohms.

Fig. 4 shows the experimental curves from which
A, and 4, can be obtained. From them we observe that
the compliance coefficient Ca4 has the value

30 . r
_ AT 195 OHMS, X:-22.6 OHMS j
€20 Fre-2.78 KC/OHM Pl
n /
" 10 ]
w
-
2 £ \/
i 0 I
5 - -~
5 10 i I\ —
g \ -
€20
AT X¢-~226 OHMS, r:9
© Fx*+10.5 K /onw o> OHMS
K ) 10 rONMS) 12 1
21 =22 X(OHMS)-23 -24 -25%

Fig. S—Experimental curves for evaluation of F,and F,.

Cis=1.03 volts/ohm

a = — 1.5 degrees.

Fig. 5 shows similar curves for the evaluation of Cp.
The appropriate values are

Cr =10.8 kc./ohm
B = + 105 degrees.
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Calculation of the expected bandwidth of syn-
chronization from these values gives

21 kc./volt.

Fig. 6 shows the experimental curve of bandwidth of
synchronization as a function of amax. The slope of the
curve at the origin is 20.6 kc./volt, in good agreement
with the expected value. Note also that the curve is
linear over the range of voltages used.

60

aof-

20

BAND WIDTH OF SYNCHRONIZATION IN xC

1 | 1
10 20 30 a0

AleOLYS)
Fig. 6—Experimental determination of bandwidth of synchroniza-

tion in terms of injected voltage as measured by duax. The slope
of the curve is 20.6 kc./volt.

Fig. 7 shows the result of an experimental measure-
ment of the relation between an.x and v. We note again
that the relation is linear over the range investigated.

EX ) o

2.0

LVOLTS)

amon
[~}
1

1 i ] l
0 20 30 40

ORIVING OSCILLATOR vOLTa GE - PROPORTIONAL UNITS

Fig. 7—Relation between duax and injected voltage.

For this oscillator p= —106.5 degrees, and the U-W
curve should be nearly a semicircle. Fig. 8 shows the
exact form of the U-W curve for p=—106.5 degrees
(solid line) and the measured curve when sweeping the
power oscillator from high to low frequency across the
band (solid dots). To check for possible hysteresis the
curve was measured again, sweeping from low to high
frequency, with results shown by crosses. The injected
signal was increased from Gmex = 0.92 volts tO Gmux =4.9
volts and the curves were repeated to observe the effect
of a large signal. Results are given by triangles (low to
high frequency) and circles (high to low frequency).
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There is no evidence of hysteresis, although its presence
has been mentioned in Appleton’s studies.

+l

Fig. 8—Experimental and theoretical U-W curves for the test oscil-
lator. Solid line: theoretical curve for p= —106.5°).

Gmax  [Solid dots: experimental values sweeping from high tolow

0.92 frequency. ]

Valts Crosses: experimental values sweeping from low to high
frequency.

dmx [Circles: high to low frequency.

49

volts |Triangles: low to high frequency.

IV. MUTUAL SYNCHRONIZATION OF TwoO OSCILLATORS

Consider two oscillators of the form shown in Fig. 1
and let them be coupled by a mutual impedance

le = Zwei'ﬁu.

27)

Let the two systems to be identified by subscripts 1 and
2. The coupling is assumed to be arranged so that the
coupled voltages are induced in the load impedances Z.,
of each system.

Both Z,2 and ¢, will, in general, be functions of fre-
quency. To simplify the present discussion, we assume
that this dependence can be neglected over the narrow
range of frequencies covered by the synchronization
band.

Since we are interested only in synchronization we as-
sume that both oscillators are synchronized at fre-
quency F, and that their undisturbed frequencies are
Fo1 and Fy, respectively.

In order to specify phases we refer all phases to the
current I, in the load of oscillator 1. We will seek the
value of the phase angle 0;, between the currents
I,, and I,,. We write (omitting the term ef2rFe)

Iny = Inie®

Ioz = Iope!™

vy = vefét (28)
vy = voe¥(013+92)

Zy = lee“’”.
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Now,
vi = ToaZyy = [0yZype!irtéin), (29
whence
vy = IoeZ1 (30)
612 + 12 = ¢1 + 2nr.
Also,
ve = InZyy = InZyeion, (31)

whence
vy = InZye

(32)
b12 = 012 + @2 + 2n.

We will drop the 2z, since it has no further interest.

Each of the oscillators will react to the injected volt-
age it sees, independently of the other oscillator. Thus,
we write two equations like (10) and get

C
F—Fiu =~ cos (¢ + 8) (33)
Ion
C
F—Fyo= =222 cos (62 + ). (34)

02

These we can combine, with the aid of (29), (30), (31),
and (32), to get

Crith

Foo — Fy = [cos (012 + 12+ B1)

o1
Cr < In

2]
o E) cos (— 612 + 12 + ﬁz)] (35)

which is an equation involving 8; as the only unknown.

We observe immediately from (35) that both oscil-
lators contribute to the bandwidth of synchronization.
To see the effect more clearly, we write

® = (012 + b2+ B1)
€1 = — (Bi+ By + 2¢12)

Cr2<101 )2
k=—
Cri\ o2

0 —

(36)

and get

on“F10=
01

where
— ksin €,

tan &= ————.
an e 1 - Ecos €,

From (27) we see that the two oscillators synchronize
over a band of frequencies Afy, given by

Afis = AfV/1 + B — 2k cos E;. (38)

December

If oscillator 2 is much more powerful than oscillator 1
but otherwise identical, 2 will be very small and Afy,
becomes equal to Af;.

From this it can be seen that it is important to have
the driving oscillator more powerful than the test oscil-
lator when making synchronization measurements. If
the two are identical, k2 will be 1 and the band of syn-

chronization can vary from 0 to 2Af,, depending on ‘

£,

The allowed values of ® and hence of 8,2 can be ob-
tained from (35), (36), and (37) when the necessary
parameters are given.

In a similar manner the equations can be extended to |

include the case of N oscillators acting upon one another.

V. APPLICATIONS

Several interesting applications of the synchronized
oscillator, some of which have been described elsewhere,
may be studied with the aid of this theory. In. the fol-
lowing no attempt has been made to make an exhaustive
study of any particular application, but rather to indi-
cate as a basis for further investigation some interesting
applications of the synchronized oscillator.

A. Linear R.F. Voltmeter

It has been shown that ag,, is proportional to v and
independent of Cg, a, or 8, and therefore a synchronized
oscilator can be used as a linear votmeter giving a d.c.
indication of the amplitude of the injected a.c. voltage.
The use of a synchronized oscillator provides a linear
voltmeter for small voltages at any frequency for which
an oscillator can be constructed, including the micro-
wave region, since the treatment is not confined to tri-
odes and lumped circuit elements.

If Vis the r.f. voltage (peak) on the load impedance
ZL, then

V=IZ,

and
= C4xZ ’ (39)
s S — o
AL L

Typical values measured on the experimental oscillator
are C,=1.03 volts/ohm, Z, =236 ohms, and V=47
volts. Whence

Omax = 5.2'0,

indicating .that this oscillator-voltmeter gives about a
five-fold amplification of the voltage to be measured.

If the oscillator is properly designed it will be found
that, to a good approximation,

Ca=S8V

\\h.ere S is a constant of proporticnality. We can then
write '

Umex = SZ 19

e e — e ——— e — —— — - —— n—— .___._.h,
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and note that ama. is independent of V, or that the cali-
bration of the voltmeter is independent of the power-
supply voltage driving it. To demonstrate this, the test
oscillator was used to measure a fixed injected voltage
while its own power-supply voltage was varied from 105
to 225 volts. The result is shown in Fig. 9. By careful
design the dependence on power-supply voltage can be
further reduced. One of our test oscillators showed no
measurable change in reading.

30~

OPERATING POINT
TEST OSCILLATOR
20} l
} :
°
3 ’_._—’.__——.—\-.
-]
[K+] 2
. ! ! ]
100 150 200 250

POWER SUPPLY VOLTAGE €,

Fig. 9— Guax as a function of test oscillator Ey for fixed
injected voltage.

While we have been concerned with the behavior of
the oscillator under small disturbances, we have seen
that the device is linear for @m.s up to 2.5 volts and
therefore for injected voltage of 0.5 volt. Higher volt-
ages can be handled by more powerful oscillators, but
it must be remembered (as seen in Section IV) that the
source of the voltage to be measured must have a higher
power than the test oscillator to avoid complications.

If the frequency of the injected voltage cannot be
varied across the synchronization band of the volt-
meter, the frequency of the voltmeter can be varied
across the synchronization band by a small variable
capacitor. The d.c. grid bias or other amplitude indi-
cator can be coupled through a blocking capacitor to a
peak voltmeter. As the voltmeter-oscillator is wobbled
back and forth across the frequency of the injected volt-
age to be measured, a pulse will be observed whose peak
value is @max. From this pulse the size of the injected
voltage can be calculated.

It should also be noted that the synchronized oscil-
lator can be used, as done by Appleton,’ to measure
small voltages by determining the bandwidth of syn-
chronization, which is also linearly related to » by the
relation

‘UZL

Af = 2Cp — -
f >

B. Field-Intensity Meler

The voltmeter properties of the synchronized oscil-
lator lend themselves nicely to the measurement of field
intensity at any frequency for which an oscillator is
available. Appleton used the synchronization bandwidth
of an oscillator to measure field intensities. It is pro-
posed here to use the voltage changes directly, instead

of the synchronization band, largely because the power-
supply variation no longer enters the calculation and
frequency measurements are not needed.

Assume that a small oscillator, like that of Fig. 1,
is available and that the grid bias is to be used as
indicating voltage. An antenna is coupled to the load
Z, so that its radiation resistance appears as Rs in
that load circuit.

If the antenna is in an r.f. field of E peak volts per
meter, whose strength is to be measured, the field will
induce a voltage v (as already defined) in the load im-
pedance Z. of which the antenna is now a part. The
magnitude of v can be shown to be

X g, /FE
%= g 1© £}

where G is the gain referred to an isotropic radiator and
f(0) is the normalized electric-field radiation pattern of
the antenna.

C. and S should be measured about an operating
load including the R, of the antenna used. If a tuning
capacitor in the oscillator is wobbled back and forth
through the synchronization region, a pulse of peak
value @max Will be observed, as in the case of the volt-
meter. From its magnitude the strength of the field E
can be calculated. It will be

- 120
T S /__ (a1)
X SZ.L RG

The sensitivity of the field-strength meter will de-
crease with decreasing \, but at the higher frequencies
an increased gain G can be used to compensate for the
loss.

C. Linear A.M. Deteclor

The synchronized oscillator can be used as a linear
demodulator for amplitude modulation by taking the
intelligence-frequency component from the A terminals.
In this application it will be best to use an oscillator
which has p=~Fx/2 so that the U-W curve is nearly
a semicircle. This will be true if the signal is injected
into the plate or grid circuit of a class-C oscillator,
and the output is read from the d.c. grid bias. It will be
necessary to have sufficient signal strength so that the
synchronization band will include all the sideband fre-
quencies.

To achieve this it appears reasonable to require that
the time constant of the device be short compared to
the shortest period of the modulation to be received.
We have seen in (19) that the time constant is approxi-
mately

Ao T g R TN MID)
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Sin ¢ is unity near the center of lock-in where f is
nearly zero. Thus the requirement that 7 be short com-
pared to 1/fu.., where Jmax is the highest modulation
frequency to be reproduced, means that

1 1

= &
7|'Af fmnx

or that
7|'Af > fmnx- (43)

From this we conclude that the signal used at the
demodulator must be large enough to give a syn-
chronization bandwidth of at least 30 ke. in order to
give faithful reproduction of 10 kc. modulation.

If the synchronized demodulator is used it will have
the advantage not only of linearity, but it can also
give a demodulation voltage amplification, as shown in
(39) et seq.

When nearly 100 per cent modulation is used the
device will lead to distortion of a peculiar form because
synchronization may be lost when the signal is small
near the peak of modulation. However, the synchro-
nized oscillator-demodulator appears to present interest-
ing possibilities worthy of further investigation.

D. F.M. Discriminator

If the oscillator circuit is arranged so that p=0 or T,
the synchronized oscillator can be used as an f.m. dis-
criminator-demodulator. Reference to Fig. 2 shows
that, under these conditions, the U~W curve is a straight
line with U=0 at center frequency.

One way of achieving this is to couple an auxiliary
resonant circuit to the test oscillator and inject the
synchronizing signal into this auxiliary circuit. The out-
put can be taken from the d.c. grid bias of the oscillator
or from a diode connected across the resonant circuit.
Fig. 10 shows the auxiliary resonant circuit and the
coupling to the driving oscillator used in the exgeri-
mental tests.

TEST ORIVING 0SC

OSCILLATOR
c
‘"/
n

6HE €,*0001u14
2 €24.001utd
l— Mot METER

v

Fig. lO—Auxiliarﬁ' resonant circuit to obtain behavior
characteristic of p=0.

If the resonant circuit is properly detuned (about
70 per cent of resonance voltage), resistance and/or
reactance added in the auxiliary circuit appear as re-
actance and/or resistance in the oscillator load circuit,

December

If in the original oscillator p = +7/2, it will appear to be
p=0 or 7 when the auxiliary circuit is added and the
desired result is attained.

Fig. 11 shows three U-W curves taken from the diode
across the resonant circuit; for exact resonance of the
diode circuit, 100 per cent; detuned to 70 per cent of
resonant voltage, and detuned to an intermediate
value, 90 per cent. The linear U-W curve desired was
achieved at the 70 per cent detuning adjustment.

I e
-1 4] ¢

Fig.'llexperimental U-W curves taken from auxiliary resonant
cnrpu)lt. (Percentages refer to resonant voltage on auxiliary cir-
cuit.

When the arrangement described above is used as a
discriminator, ¢ will be zero at the center frequency, and
the device is thus insensitive to amplitude modulation
in a manner similar to a balanced discriminator.

E. F.M. Synchronous Amplifier-Limiter

In this application the oscillator is locked to an f.m.
signal. It follows the frequency variations without seri-
ous amplitude change, and hence becomes a combined
amplifier and limiter. It has been discussed previously
in the literature.b

If the synchronized oscillator is capable of following

the frequency deviations, the response to an f.m. signal
of the form

1@ = fo sin 2w fmt (44)
will be a solution of
1 d¢  Cro(t)
Py x T _To cos (¢ + 8) = f(1) (45)

where v(£) represents any amplitude modulation of v
that may be present. Direct integration of (45) is compli-
*C. W. Carnahan and H. P. Kalmus, «

as frequency-modulation recei imi ”
108-112; August, 1944, eiver limiters,

Synchronized oscillators
Electronics, vol. 17, pp.
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cated and need not be performed to the approximation
needed here. It will be recalled that ¢ responds to
changes in f and v with a time constant 7 given by (19).
If the changes in f or v occur in a time long compared
with 7, the oscillator is essentially in equilibrium at each
instant, and a succession of steady-state solutions for
various fixed f is a good-enough approximation to the
actual solution for varying f. If the injected voltage v
is always so large that

Kv=1fe; n>1, (46)

then
1 .
2rfor/nf — 1

Since it is standard practice to have fo>5fm, it is
evident that the time constant is short compared with
the frequency-modulation period 1/fn and the equilib-
rium solution (18) is a reasonable approximation.
Similar arguments hold for changes in v, but we are not
not interested in amplitude modulation here, and will
henceforth assume v to be constant.

We see from (18) that changes in f will produce
changes in ¢, so that an additional phase modulation
will be added to the impressed signal. This implies that
d¢/dt0, in contradiction to the original assumptions
made in solving (14) to get (18). The correction will be
small if the frequency variations are slow, and it can
be shown that the distortion will be negligible if
p K‘Ug2fo

Amplitude changes in v will also lead to phase modula-
tion. However, if Kv is kept somewhat larger than fos
the phase is relatively insensitive to voltage changes
and the distortion arising from amplitude modulation is
thereby minimized.

If the criterion Kv=2f, is set as a design center, the
voltage amplification achieved by the use of the syn-
chronized oscillator will be

v_ol o
v 2fo

To estimate the order of magnitude of the gain that
may safely be used, assume (a) that a single LC circuit
is controlling the oscillator, (b) that the voltage Vis the
one across the entire inductance of the oscillating circuit,
and (c) that » is injected into this inductance. Then

1

T

IIA

(47)

Crm e (49)
This gives
vV F
Bl ey ¢

If the oscillator frequency is 10 Mc. and f, is 100 kc.
the maximum voltage amplification of the device can
be about 25. Of course, if the voltage across a part of the

tank inductance is used, as in the experiments already
described, the gain is correspondingly reduced. How-
ever, gains of 10 or more should be readily obtainable.
Also, the voltage v may be injected into the grid circuit
of the oscillator and the gain of the tube used to increase
the voltage seen in the tank circuit. Equation (49)
refers only to the voltage v injected into the oscillating
circuit which controls the frequency.

Unless there is some amplitude-regulating device or
the synchronized oscillator, there will also be an ampli-
tude modulation in its output. The magnitude of the
effect can be calculated from (9) and (24). It is usually
small enough to be neglected.

V1. CONCLUSION

Although the theory and experiments just described
have been discussed in terms of a conventional self-
limiting source of alternating e.m.f., the concepts in-
volved are quite general, and with appropriate redefini-
tion of symbols the equations can apply equally well to
any source of harmonic disturbance, electrical, electro-
magnetic, mechanical, or acoustical, singly or in com-
bination. The self-limitation implies that some non-
linear element is present to limit the amplitude of oscil-
lation. A truly linear oscillator will not exhibit syn-
chronization effects. It will, however, not appear in
practice.

We may then conclude that any source of harmonic
disturbance whose steady-state frequency is a continu-
ous function of the load applied to it, and whose fre-
quency can shift with sufficient rapidity, will exhibit
synchronization behavior when a harmonic disturbance
is impressed upon it from an external source. If the
amplitude of the device is also a function of its load,
then it will exhibit a characteristic amplitude variation
in the synchronization region. We may also conclude
that the source will synchronize with an impressed
disturbance, however small, if the frequency of the out-
side disturbance is close enough to that of the undis-
turbed source.

It is important to remember that the properties of the
external source, supplying the synchronizing signal and
the coupling impedance, are important in determining
the bandwidth and phase of synchronization. If there is
a considerable disparity in the power output of the
two sources, the weaker determines the synchronization
properties of the system. If the power outputs are nearly
equal, both sources contribute almost equally to the
synchronization properties.
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Reflex Oscillators for Radar Systems
J. 0. McNALLYt, SENIOR MEMBER, LR.E.,, AND W. G. SHEPHERD], ASSOCIATE, I.R.E.

Summary~—The advantages to be gained in the operation of radar
systems at very high frequencies have led to the use of frequencies
of several thousand megacycles. Operation at these frequencies has
imposed serious problems in obtaining suitable tube behavior. Be-
cause of the difficulty in obtaining amplification at the transmission
frequency, the r.f. section of the usual radar receiver consists of a
crystal converter driven by a beating oscillator and operating directly
into an i.f. amplifier. Since the midband frequency of the latter has
commonly been either 30 or 60 Mc., it has been necessary to provide
beating oscillators operating at frequencies differing from those of the
transmitter by only a few per cent.

For radar systems intended to operate at approximately 3000
Mc., which were under development in the early days of the war, it
was found that triodes then available gave unsatisfactory perform-
ance. Attention shifted to the possibility of using velocity-modulated
tubes, and the particular form known as the reflex oscillator came
into general use.

In this paper the requirements on beating-oscillator tubes for ra-
dar systems will be discussed, and the design features which have
made the reflex oscillator eminently satisfactory in this application
will be pointed out. Problems encountered in such oscillators will be
outlined, and the solution in a number of cases is indicated. In some
instances military requirements and expediency were in conflict with
the optimum performance, and hence certain compromises were nec-

essary.

REQUIREMENTS ON A BEATING OSCILLATOR
FOR RADAR SyYsTEMs

Power Output

ACUUM-TUBE converters, requiring about 100

&/ milliwatts of beating-oscillator power, were early

abandoned in favor of crystal converters. Al-
though the power required by a crystal converter for
good performance is about 1 milliwatt, attenuation of
the order of 13 db is commonly inserted between the os-
cillator and the crystal to reduce the effect of variations
of the load on the oscillator. For this reason it is gen-
erally desirable to provide a minimum beating-oscillator
power of about 20 milliwatts.

Frequently, tubes designed as beating oscillators are
also used as signal generators for field and laboratory
test equipment. For these purposes it appeared that a
power output of 50 milliwatts would meet most needs.

Low-Voltage Requirements

Early velocity-modulated tubes operated at high
voltages, with all the attendant disadvantages. The ad-
vantages of being able to operate the beating oscillator
from the same voltage sources as the i.f. amplifier were
apparent, and accordingly it became the practice when-
ever practical to design reflex oscillators for 300-volt op-
eration.

* Decimal classification: R355.912.3 XR537.121. Original manu-
script received by the Institute, July 10, 1946; revised manuscript re-
ceived, May §, 1947,

1 Bell Telephone Laboratories, Inc., New York, N. Y,

1 University of Minnesota, Minneapolis, Minn.

Tuning

The problems of frequency stability encountered in
radar systems operating at several thousand megacycles
are quite different from those in radio communication
transmission and reception. In existing radar transmit-
ters a frequency shift may be caused by thermal expan-
sion of the resonant elements of the magnetron cavity.
In. addition, frequency pulling may result from the
presentation to the magnetron of load variations which
are caused by imperfect matching of rotating or moving
joints. At a frequency of 10,000 Mec., for example, the
expected frequency shift caused by temperature effects
on the magnetron may be of the order of 20 Mec. per
100° C. change in resonator temperature. To this, 5 or
10 Mc. may be added for frequency pulling by varia-
tions in the load. Since the pass band of the i.f. amplifier
may be 3 Mc. or less it is evident that, if the received
signal is to be held well centered in the i.f. band, auto-
matic frequency control of the beating oscillator is es-
sential. The reflex oscillator is particularly well suited
to automatic frequency control, and has been widely
adopted.

Simplicity in operation of the reflex oscillator arises
from a number of properties. A single resonant element,
and the fact that a vernier frequency setting and feed-
back control are obtained by adjustment of the repeller
or reflector voltage, are major features in this simplifica-
cation. Frequency adjustment by the repeller voltage
requires a negligible amount of power and, for practical
purposes, is free of inertia effects, permitting extremely
rapid frequency correction,

OPERATION OF THE REFLEX OscILLATOR
External-Cavity Type

Fig. 1 shows an X-ray view of the Western Electric
707A, which was the first reflex tube used extensively as
a beating oscillator in 3000-Mec, radar systems. This
tube, designed for the application of an external reso-
nator, has two copper disks extending through the glass
envelope, to which the external resonator, sketched in
Fig. 1, is attached. Two grids, mounted over holes in the
dislfs, permit electrons to pass through the resonator on
their way into the retarding electric field between the
resonator and the repeller, the latter electrode being
maintained at a negative potential with respect to the
cathode.

In operation, electrons leaving the cathode are
formed into a cylindrical beam by the beam-forming
electrode, held at cathode potential, and by the positive
grid G; maintained at the Positive potential of the reso-
nator. As the electrons Pass through the resonator from
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the cathode, the high-frequency field between the grids
G, and G; superimposes a sinusoidally varying compo-
nentof velocityon the stream velocity,determined by the
d.c. potential of the resonator. Since as many electrons
are speeded up by the same amount as an equal number
are slowed down, the work done on the outgoing stream

COPPER DISCS REPELLER
\
Gy
G,
T N
' { ouTPUT
', - gl
PISTON 1
| |
BEAM
FORMING
ELECTRODE [
CATHODE

Fig. 1—X-ray view of a W.E. 707A tube. A method of mounting an
external resonator on this tube is indicated.

by the field is zero to a first order. During the excursion
of the electrons in the retarding field of the repeller space,
the slower electrons tend to catch up with the fastcr
ones to produce groups or bunches of charge in the re-
turning stream. The phase at which the bunches return
is controlled by an adjustment of the repeller voltage.
In general, the returning electron stream produces an
admittance across the gap which, depending on the
phase of arrival, may be real or complex and with the
real component positive or negative. It can be shown!
that a pure negative conductance will appear when the
transit angle 8, which is the phase difference in the r.{.
gap voltage between the leaving and returning times of
an electron whose velocity is unmodulated by the gap,
is given by

6 = (n+ 3/4)2r (1)

where 715 0, 1, 2, 3, etc. It is evident that there can be
a number of repeller voltages or modes for which oscil-
lation at the frequency of the resonator will exist, cor-
responding to the different values of .

If the repeller voltage is varied from the values which
give pure negative conductance across the gap, it is pos-
sible to introduce positive or negative susceptance com-
ponents which decrease or increase the frequency from
that of the resonant frequency of the cavity alone. By
suitable design the frequency may be varied over a suf-
ficient range to follow the frequency deviations in the

1], R. Pierce, “Reflex oscillators,” Proc. I.R.E., vol. 33, pp. 112~
118; February, 1945.

radar transmitter, as well as to compensate the changes
in frequency in the beating oscillator, caused, for ex-
ample, by frequency drifts resulting from thermal
changes. This frequency control of the reflex oscillator
is called electronic tuning. It is frequently specified
quantitatively as the frequency change between the two
repeller voltages of a given mode which reduce the power
output to one-half of the maximum value.

The electronic tuning for the 707A tube working at
3300 Mc. into a typical resonator is 20 Mc. Other typi-
cal performance data are as follows:

Resonator voltage = 300 volts

Repeller voltage = —145 to —230 volts
Cathode current = 35 milliamperes
Drift angle = 5.57 radians
Power output at 3300 Mc. = 125 milliwatts.

By the use of an external resonator of the type which
has been sketched in Fig. 1, it has been possible to pro-
vide a frequency range with the 707A tube extending
from 1150 to 3750 Mc. A typical cavity used in a radar
application is shown in Fig. 2. Here the resonator fre-
quency is varied by means of plugs screwed into the cav-
ity to change the effective inductance.

RN ELECTRC
SA

Fig. 2—W.E. 707A tube with typical resonator. A part of the

resonator is shown attached. The other portion, containing the
output coupling, is also shown. Frequency adjustment, exclusive
of that produced by variations of the repeller voltage, is made by
plugs screwed into the cavity.

The power output is taken from the resonator by
means of a loop mounted in the part of the resonator
external to the tube. This loop can be adjusted within
the cavity to afford the optimum coupling at the desired
frequency. With proper precautions taken to prevent
leakage of radiation, the loop may be insulated from the
cavity.

The 707A tube had a very undesirable frequency shift
with temperature, caused by relative motion between
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the two resonator-grid frames. A reshaping of one of the
* frames minimized this shift, and the modified tube has
been given the code number 707B.

INTEGRAL-CAVITY REFLEX OSCILLATOR WITH
EXTERNAL TuNING CONTROL

Early military experience with the 707-type tube
disclosed the fact that the externally applied cavity re-
sulted in difficulties with oscillator installation under
field conditions. Corrosion of cavities and copper flanges
occurred which resulted in poor electrical contact be-
tween cavity and flange. The adjustable coupling ob-
tainable with an external cavity, although desirable in
laboratory oscillators operating over a wide frequency
range, sometimes proved a handicap in the field where
personnel was not thoroughly experienced in the tech-
niques of manipulation. There was small need for ad-
justable coupling over the relatively limited frequency
ranges used in any single radar system.

The externally applied cavity-type of structure was
not well suited for operation at frequencies of the order
of 9000 Mc., where emphasis was next placed. Difficulty
in producing the narrow grid-gap spacing with a suffi-
ciently high degree of accuracy, glass losses in the reso-
nator, and the problem of providing an external cavity
with sufficient tuning range which would operate in the
fundamental mode, were all factors which led to a de-
sign in which the resonator was made integral with the
vacuum envelope. In this design, tuning is accomplished
by deforming one of the resonator walls and thereby
varying the capacitance of the resonator gap. In exter-
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nal form this design became the prototype for a series
of oscillators which, in combination, cover a large part
of the frequency spectrum from 2500 to 10,000 Mec.

‘Typical of these tubes is the Western Electric 2K29
tube shown in Fig. 3. This tube is designed to cover a
frequency range from 3400 to 3960 Mc. A flexible dia-
phragm supports onc of the cavity grids and the housing
containing the repeller. The tuning mechanism consists
of a tuner strut on one side of the tube which restricts
vertical motion. On the opposite side are a pair of de-
formable spring-steel strips which are fastened together
at the two ends. These are spread apart by a combina-
tion right- and left-handed screw which turns in two
corresponding threaded nuts mounted on the center of
the strips. Separation of the strips at the center results
in a vertical shortening of the combination which re-
duces the spacing between the resonator grids. It is of
interest to note that a 1-mil change in the grid spacing
changes the resonant frequency by approximately 100
Mec.

The frequency range over which a given tube will de-
liver more than a specified amount of power is less in a
tube tuned by variation of the gap capacitance than in a
similar tube with a fixed gap and variable-inductance
tuning. It can be shown that the power output into a
useful load is

816
2./1( >
- LAY Y v Lo @
2 2V, 816 P Yt
2V,

Fig. 3—External and cut-away views of all-metal mechanically tuned beating oscillators. The left-hand views are for a 2K29 showing

oscillator, showing the bow construction for mechanical tuning. The frequency range of this oscillator is 3400 to 3960

hand view shows a cut-away section of the 726B beating oscillator.

. Mc. The right-
The frequency range of this oscillator is from 2880 to 31c70 N’I:cl:lght
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| where
J, = the Bessel function of the first order in the argu-
ment indicated
I,=the direct stream current
0 = the repeller drift angle
Vo=the d.c. resonator potential in volts
V =the r.f. peak voltage across the gap
8 =the beam-coupling coefficient, i.e., the ratio of
the peak amplitude of the velocity modulation
produced at the gap, expressed in volts, to the
r.f. gap voltage
Gr=the conductance representing the resonator
losses.
The beam coupling coefficient for a plane-parallel gap is
given by

g = )

where 6, is the transit angle across the resonator gap. B
has a maximum value of unity for 8, =0, and declines
monotonically to zero for 8,=2mr. The variation of the
bracketed quantity with 3 is small, so that the principal
variation arises from the factor 8 multiplying this
bracket. B, therefore, should be as large as possible,
which requires a close gap spacing. However, the reso-
nator losses vary inversely with some power of the gap
spacing, so that too close a spacing will increase Gr and
thereby reduce the power output. An optimum gap spac-
ing therefore exists at which maximum power output is
- obtained. The exact value of this gap spacing or transit
angle depends upon whether the losses are principally
in the inductive or capacitive portion of the resonator.
The gap transit angle may be expressed as

1.06 X 10-7d

v )
\' Vo

(4)

where d is the distance in centimeters between the grids,
and f is the frequency of oscillation. In order to maintain
a fixed beam-coupling coefficient, the gap spacing should
be made smaller as the frequency is increased. It is
therefore apparent that, whether tuning is accomplished
by capacitive or inductive variation, the optimum mod-
ulation coefficient cannot be maintained throughout the
frequency range. With capacitance tuning the gap spac-
ing increases with frequency, so that the performance
drops off rapidly at the high-frequency end because of
the declining modulation coefficient. In an oscillator
tuned by inductance variation the gap remains fixed, so
that this effect is less severe.

The need for maintaining sufficient electronic tuning
throughout the uscful frequency range imposes special
design requirements on the reflex oscillator. A shift of
the oscillator frequency requires the introduction by
the action of the electron strecam of a susceptance com-
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ponent in the electronic admittance which is equal and
opposite to the off-resonance susceptance of the res-
onator. The susceptance near resonance of a simple
tuned circuit is given approximately by

b — 2C.nAw (5)

where Aw is the shift in radian frequency from the value
at resonance, and Ce is the effective capacitance. Both
the tuned-circuit susceptance and the electronic sus-
ceptance decrease with increase in gap spacing. How-
ever, the rates of change of the two susceptances differ.
Maximum electronic tuning occurs at the gap spacing
where the ratio of electronic susceptance to resonator
capacitance is a maximum. In general, maximum elec-
tronic tuning and maximum power do not occur at the
same frequency. The cavity design to produce the best
compromise between the variations of electronic tuning
and power output is one of the essential features in the
development of any reflex beating oscillator. Uniformity
of electronic tuning in beating-oscillator applications is
more important than the constancy of power output.
The compromise is, therefore, weighted in this direc-
tion. This will be observed in the characteristics for the
2K29 tube in Fig. 4.
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Fig. 4—Power-output and electronic-tuning characteristics for the
2K29 tube. Curves for the tuned-load conditions have been ob-
tained by adjusting a variable load for maximum power output at
each measurement. The curves for a 50-ohm-load condition have
been obtained by coupling a 50-ohm cable to the tube through a
suitable adapter

The coupling loop and coaxial output line are integral
parts of the 2K29-type tube. It will be noted that the
coaxial output line is perpendicular to the base, and
that installation of a new tube is practically as simple
as that of any receiving-type tube. The coupling system
has been dcsigned so that the output line may be cou-
pled directly to a 50-ohm line by a suitable adapting fit-
ting. The performance of the tube into a 50-ohm line is
compared in Fig. 4 to that into a load optimized at cach
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frequency setting to obtain maximum power output
from the tube.

Hysteresis

The term “clectronic hysteresis” is used to label a
phenomenon which, when present, is evident in the be-
havior of the power output as a function of the repeller
voltage. The simple theory of the reflex oscillator pre-
dicts that a curve similar to that of Fig. 5(a) will be ob-
tained. A curve similar to Fig. 5(b) is found when elec-
tronic hysteresis occurs. That is, the tracing of the
curve in one direction of sweep does not superimpose on
that of the other direction over the complete sweep; in-
stead, the power output and frequency are discontinu-
ous functions of the repeller voltage. This effect can be
sufficiently serious to cause trouble in utilizing elec-
tronic tuning. The discontinuous behavior was at one
time thought to result from improper loading of the
tube, but it was later established that the effect was
electronic in origin.
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Fig. 5—Power output as a function of repeller voltage. The repeller-
voltage range covered is sufficient to show only one operating
mode. (a) Ideal curve, showing no discontinuities. The return
sweep presents a trace which is completely identical with the
forward trace. (b) A type of trace which may be obtained when
electronic hysteresis is present.

An explanation of electronic hysteresis may be found
in the variation of the electronic conductance with am-
plitude of oscillation. For cases where hysteresis does
not exist and the drift angle is close to the optimum
6o=(n+3)27, the conductance component of the ad-
mittance may be written with reasonable accuracy as

Ve
J (* 5
[[”320] A A6 = g F(V) cos A0 (6)
e=|—|————cos a8 = o
2V, Ve 2
2V,

where Af, a function of the repeller voltage, is the de-
parture of 8 from 6, g, is written for the bracketed fac-

tor, and F(V) for
Ve
2J, (‘13_‘>
2V,

Bsve
2V,

8 can and will be considered constant in these two fac-
tors, since its variation does not effect their values to a
serious extent over the electronic tuning range. It will be
noted that, as V approaches 0, F(V) approaches 1.0.
Thus g. has the physical significance of being the small-
signal conductance for A8 =0.

A family of curves of electronic conductance, defined

December

by (6), is shown in Fig. 6(a). For the uppermost curve |
Afis 0, corresponding to a repeller voltage Eo. The lower |
curves are plotted for various values of A8, each value |
of which is assumed to correspond to two values of re- |

peller voltage E,+AE. A line is shown representing the
negative of the conductance G, which is the sum of the
resonator conductance and the load conductance. Since
stable oscillation requires that G, 4G, =0, the steady-
state amplitude of oscillation for each value of A§ in
Fig. 6(a) occurs where the electronic-conductance curve
intersects the load conductance. A plot in Fig. 6(b) of
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Fig. 6—Electromc-conductance and power-output characteristic for
the case where hysteyesis is absent. (a) Electronic conductance
asla function of amplitude of oscillation for various values of re-
peller voltage. Also shown is a line representing the negative of

the load conductance. b) Resulti |
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Fig. 7—Type of electronic-conductance and power-output charac-
teristics which may occur where hysteresis is present (a) Elec-
tronic conductance as a function of amplitude of oscillation for
various values of repeller voltage. (b) Resulting power output
versus repeller voltage curve. (c) Effect of an out-oﬁphase source
of conductance on the total electronic conductance.
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the power output derived from these characteristics is
similar to the ideal curve of Fig. 5(a).

Electronic hysteresis may be explained by assuming
a family of electronic-conductance curves as shown in
Fig. 7(a). For certain values of the electronic conduct-
ance, the amplitude is double-valued. Starting from the
condition of optimum repeller voltage, Eo, and varying
the magnitude of the repeller voltage, the oscillation
amplitude will decrease smoothly until an amplitude
V., at repeller voltages Eo +AE,, is reached. A further
change in repeller voltage will cause the amplitude to
fall to zero. If the repeller voltage is then changed to-
ward E,, the power output will remain zero until the
repeller voltage reaches Eo+tAE;s, at which point the
small-signal electronic conductance becomes equal to
the load conductance. At this point any slight disturb-
ance will cause the electronic conductance to exceed
the load conductance, and oscillation will start and rise
immediately to the amplitude V5. Further change in re-
peller voltage toward Eo will produce a smooth varia-
tion of amplitude. For the simplified case illustrated, the
hysteresis effect will appear on both ends of the repeller-
voltage range (Fig. 7(b)) as a result of the assumed sym-
metry of variation about the E, value. Since the varia-
tion in general is not symmetrical, hysteresis may ap-
pear only on one end of the characteristics, as shown in
Fig. 5(b).

The type of conductance curves shown in Fig. 7(a)
can occur if a second source of conductance exists op-
posing the primary source and varying with amplitude,
as illustrated in Fig. 7(c). A second source may be found
by considering the electrons, which return from the re-
peller space, through the gap, and enter the cathode-

REPELLER N
I i -
J— ==
Vs © é
f } 74 ) 5w
‘ 1005 5
i)
‘] 2= L/8¢gg
- ~ W -
—— P o ™ 60 a S
G,FRAME - T \ S
2 . \ i / _4,)—{,40 g
N , ) .
# \| S y 20
S X 1 0
=] S \ 5
G,FRAME t e ;
/
"” Lad cpecm. | (A ™ ] 1 - 3
| |
| 1 !
1.8 I ! I
1
1\ z
3 \ | |
1 \ { / i
1 \ = e NS )
4 74 y |
/|CATHODE SURFACE ] ;

I;

]

|

“1

| i
BEAM ELECTRODE

Fig. 8—Typical electrostatic field plot for the repeller space,
showing calculated electron paths.




1430

resonator region. These electrons continue to bunch,
and some of them will be returned through the gap
where they will give rise to electronic conductance.

This source of hysteresis may be eliminated by insur-
ing that the electrons make only one round trip through
the gap. The geometrical arrangement adopted in the
2K29 tube to accomplish this result is shown in Fig. 8.
The electron stream leaving the cathode is formed into a
hollow cylindrical beam by the beain electrode and the
central spike projecting from the cathode. The cylin-
drical beam, following the paths calculated from the
equipotentials, returns through the larger secondary-
grid opening and is captured on the frame surrounding
the first grid.

Other secondary sources of electron admittance may
result in hysteresis. The mcst common in reflex oscilla-
tors appears to be that discussed above.

Broap-BaND OPERATION OF REFLEX
OSCILLATORS

The 2K25 tube, a cross-section view of which is shown
in Fig. 9, was developed for use in the frequency range
8500 to 9660 Mc. It will be noted that the resonant cav-
ity in this tube is much smaller than in the 2K29 type,
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TUNER SCREW

COUPLING LOOP

ACCELERATING GRID

TUNER BOW

COAX!AL OUTPUT LEAD

Fig. 9—Structural details of the 2K25 beating oscillator designed to cover
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and has more nearly the form of a disk transmission
line, capacitance-loaded at its center. For electron-opti-
cal purposes, and tecause of the small size of the cavity,
it was necessary to employ a third grid. The 2K25 tube
is designed to be coupled directly to a wave guide. The
central conductor, protected by a polystyrene sleeve,
extends beyond the outer conductor of the output co-
axial line to form a probe, slightly less than a quarter-
wavelength long. Coupling to the wave guide is achieved
by extending the probe through an opening in the wave-
guide wall.

One of the problems encountered in designing a reflex
oscillator for broad-band use is that of delivering the
maximum possible power output into a given load over
a frequency range consistent with stability of oscilla-
tion and electronic-tuning requirements. Generally, the
load is the characteristic admittance of a wave guide ora
coaxial line. It will be recognized that the various com-
ponents of the coupling system, such as the output
probe, coaxial line, loop, and cavity configuration, will
act to transform the load admittance to an admittance
in shunt with the gap of the resonator. If the problem
were one of obtaining an approximately constant ad-
mittance across the gap, it would be a relatively simple

one.

TUNER BACK STRUT
REPELLER
CAVITY GRIDS

BEAM FORMII

CATHODE g ecTRODE

CATHODE HEATER

a frequency range

from 8500 to 9660 Mc. The output coaxial linc of this tube is designed to be coupled di-

rectly into a wave guide.
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In a reflex oscillator the electronic admittance and the

| cavity losses are not constant over the frequency band.
| It is necessary to present to the gap a load admittance
which varies with frequency in a manner defined by the
particular variation in electronic admittance and cav-
ity losses. Sufficiently detailed information concerning
the electronic admittance and the resonator conduct-
ance would make it possible to determine theoretically
the necessary configuration of the coupling system for
best performance. Unfortunately, some of the param-
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eters required for calculation of the admittance have not
been established adequately, and it is necessary to resort
to experimental methods.

The first step in such an experimental method is to ob-
tain a suitable smooth broad-band transducer between
the characteristic admittance of the load and the tube
output coaxial line. An estimate is then made of a loop
size to give a correct mutual inductance with the
resonator. The admittance which must be presented to
the transducer to obtain optimum power output is then

or  MnscTon Cotrrcicnr o
LT

° 4

S

Fig. 10—Impedance performance diagram of a 2K25 tube. Loci of constant power are shown by the solid closed curves. The dashed
lines show the loci of constant frequency deviation from the nominal frequency. The tube is operating in mode A, which mode is
shown in Fig. 11. Sink margin is indicated by the line SM. This diagram is for mode A, F=9360 Mc., and Eggs =300 volts.
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measured over the band. From these measurements it
is possible to compute with reasonable accuracy the
correction in loop size and in the transducer characteris-
tics so that, when the characteristic impedance of the
line or guide is presented to the transducer, the optimum
performance is obtained over the band. A transducer
was designed for the 2K25 tube in this manner.

For reasons of frequency stability, it is not always
desirable to deliver the maximum available power to
the load. The reasons for this are best illustrated by
means of an impedance performance plot.2 With the
tube coupled to the characteristic impedance of the
guide or coaxial line through the transducer designed
for that tube, the repeller voltage is adjusted for maxi-
mum power at a given frequency. All operating volt-
ages are then held fixed while the admittance presented
to the oscillator is varied and the power output and fre-
quency are observed. The admittances normalized in
terms of the characteristic admittance of the guide or
line are referred to some convenient reference position
on the line. In the case of the 2K25 tube, the plane
normal to the guide through the projecting coaxial line
was selected and the performance characteristics for the
admittances in that plane are shown on an impedance
chart in Fig. 10. Loci of constant power are indicated
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by the solid closed curves, while the dashed lines are the
loci of constant frequency deviations from the nominal
frequency. It will be noted that for a certain admittance
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Fig. 11—Power output, electronic tuning, and sink margin for a
typical 2K25 tube when coupled to the characteristic impedance
of the wave guide through a suitable coupling.

range, oscillation does not exist. This corresponds to a
region in which the sum of the load and resonator con-
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Fig. 12—Power-output performance for a typical 2K25 tube for five different nominal operating frequencies.

the various modes is shown, and the electronic tuning,
resonator voltage is 300 volts.

* P. H. Smith, “Transmission line calculator,” Electronics, vol. 12,
pp- 29-31; January, 1939.

The performance in

etween half-power points, is indicated for the 9390-Mc. condition. The

ductance is in excess of the electronic conductance. The
voltage-standing-wave ratio to the nearest point of this
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region from the unity standing-wave point we have
chosen to designate as the sink margin, since this is a
measure of the factor by which the load admittance may
be increased above that of the characteristic admit-
tance of the line without stoppage of oscillation. One
may show theoretically and verify experimentally that,
if the load admittance for which maximum power is de-
livered is presented to the oscillator, then approxi-
mately doubling the magnitude of this admittance will
result in a stoppage of oscillation. Hence, if a sink mar-
gin in excess of approximately 2 is desired, it will be
necessary to decouple the load by a suitable amount.
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~~CONNECTOR WIRE
+—-FOCUSING WIRES
TUNER GRID

-TUNER CATHODE

— CAVITY GRIDS
~-COUPLING LOOP

~——CATHODE

—CATHODE HEATER

t%— COAXIAL OUTPUT
LEAD

!

(a)
Fig. 13
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This entails a sacrifice in power. The coupling system of
the 2K25 is such that there is a minimum sink margin
of 2.5 at a frequency of 9400 Mc. In order to insure this
minimum, a 2K25 tube having average characteristics
has a sink margin of approximately 6.7 times. Thus, one
compromise in the coupling design is between maximum
possible power output and required sink margin.

The broad-band characteristics for a typical 2K2§
tube are indicated in Fig. 11. Here the power output,
half-power electronic tuning, and sink margin are given
as functions of frequency when the tube is operated
through the transducer designed for the tube into the

TUNER BOW —

TUNER CHANNEL

REPELLER—j
DIAPHRAGM CONNECTOR

FLEXIBLE DIAPHRAGM
RESONATOR-—

HEAT BLEEDER —
FOCUSING ANODE--

.. BEAM -FORMING
ELECTRODE

(b)

Sectional views of the 2K45 thermal-tuned reflex oscillator.
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characteristic admittance of a 1- X }-inch wave guide.
In the design of a reflex oscillator there is some choice
in the number of cycles of drift in the repeller space.
Neglecting resonator losses, it can be shown that as the
number of cycles of drift increases the power output
decreases, but the electron tuning increases. The choice
of the number is, thercfore, determined by a com-
promise. Fig. 12 gives the relative power output for dif-
ferent numbers of cycles of drift, and for a number of
different frequencies, for a typical 2K25 tube. Half-
power electronic tuning is indicated for each mode, and
the repeller mode indicated as 4 is the one which has
been recommended for general use. The data presented
in Fig. 10 werc obtained on a tube operated in this
mode.

INTERNAL CaAvITY—INTERNAL TUNING CoNTROL
Thermal Tuning

As the tactical use of radar advanced it became ap-
parent that it would be advantageous, under certain
circumstances, to produce much greater frequency shifts
of the system than could be followed by electronic tun-
ing. An investigation of the various means by which
frequency variation over a wide range could be obtained
resulted in the development of the Western Electric
2K45 oscillator. This tube can be tuned over a fre-
quency range from 8500 to 9660 Mc. by a voltage con-
trol. Fig. 13 illustrates this tube by two sectional views
taken at right angles.

2
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The channel of a material having a large coefficient of
expansion is heated by electrons from a thermionic
cathode. The electron flow is directed into the channel
by the focusing wires, and is controlled by a negative
grid which draws no appreciable power from the con-
trol system. Longitudinal expansion of the channel is
permitted by flexible tabs bent down at right angles to
the channel axis and fastened to the resonator. These
tabs serve as heat bleedcrs for the channel ends, as well
as providing vertical support. The multileaved bow is
rigidly fastencd to the channel ends. The leaves are
made of a material having a low coefficient of expansion
and, since they are fastened to the channel only at the
ends, they remain cool and do not expand appreciably
as the channel is heated.

The heating of the channel by electron bombardment
causes the bows to flatten and their center to move to-
ward the channel. A cross member attached to the cen-
ter of the bows transmits this motion through vertical
struts to the flexible diaphragm which supports one of
the cavity grids and forms onc wall of the cavity res-
onator. In Fig. 14 a series of X-ray photographs of an
operating tube is shown which illustrates the tuner ac-
tion,

A number of basic design requirements in a thermal
tuner must be met, such as speed of tuning, absence of
frequency “overshoot,” and satisfactory microphonic
response. These requirements depend in part on the
type of control system used. That contemplated for use
with the 2K45 is such that the control adjusts the heat-

4. Prs2.lwarts Ta<438°C 4.0 watts

AROCOLC

6. Pr=6.0 warrs Ta=558°C

Fig. 14—X-ray views of an operating 2K45 tube, demonstrating the movement of the
thermal-tuning mechanism for various input powers.

The thermal tuning mechanism, contained in the up-
per part of the structure, consists of the bimetallic com-
bination of a U-shaped channel and a multileaved bow.

g of the thermal tuning mechanism on a “full-on” or
“full-off” basis.

Speed of tuning at al] points in the band requires that
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two principal conditions should be satisfied. First, the
power into the tuner for the full-on condition must be
considerably in excess of the power needed to hold the
tuner at the limit of the frequency band nearer the full-
on condition. This insures that, when operating near
this limit, rapid frequency response will be obtained in
both directions. The thermionic system must be capa-
ble of delivering the excess power, and the tuner must
be capable of dissipating it continuously without dam-
age incase the full-on condition accidentallypersists. Sec-
ond, the power to hold the tuner at the limit of the fre-
quency band nearer the full-off condition must be
sufficiently in excess of zero so that, near this limit,
a rapid response will result when the.tuner is switched
off.

With the tuner power either full-on or off and the fre-
quency changing toward a stable value, overshoot is said
to occur if, on switching the tuner power to the opposite
condition, the frequency change continues in the origi-
nal direction for a period after switching. To prevent
overshoot, the heat which activates the tuner must be
generated directly in the expanding element, as is done
in the 2K45. It is not satisfactory, for example, to ac-
tivate the tuner by heat radiated to the expanding ele-
ment by a resistance heater.

Minimization of microphonic response, i.e., frequency
shift resulting from vibration and tuning speed, impose
conflicting requirements. Stiffness of struts is essential
to low microphonic response, whereas tuning speed de-
mands a minimum heat capacity and therefore small
mass. A further limitation on the stiffness is a somewhat
" arbitrary limit on the magnitude of the driving power
allowed to produce the necessary motion. Hence, the
final design represents a compromise between speed and
microphonic performance.

In the 2K45, with the microphonic response reduced
to a satisfactory level, an average speed of tuning of
approximately 150 Mc. per second is obtained in either
direction. This rate, corresponding to a time of 7.7 sec-
onds to tune through a range of 1160 Mc., is based on
full-on or off operation. The required frequency band is
covered in a power range lying approximately between
2 and 4.3 watts. The tuner can dissipate approximately
7 watts continuously without destruction.

The 2K45 oscillator design is a departure in some re-
spects from those described previously. The concave
cathode, cylindrical beam-forming electrode, and focus-
ing anode constitute an electron gun designed according
to principles outlined by J. R. Pierce? and A. L. Sam-
uel.* This gun produces an clectron stream converging
radially into the focusing anode. The beam has a mini-
mum diameter in the neighborhood of the cavity grids,

2 J. R. Picrce, “Rectilinear electron flow in beams,” Jour. Appl.
Phys., vol. 2, pp. 548-554; August, 1940.

*A. L. Samue!, “Some notes on the design of electron guns,”
Proc. [.R.E., vol. 33, pp. 233-240; April, 1945.
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beyond which it diverges with considerable rapidity. On
its return from the repeller region the stream passes
through the second grid, which has a larger diameter
than the first, and most of the electrons are captured on
the surface supporting the first grid, the remainder
striking the wall of the focusing anode. This results in
virtually complete elimination of electronic hysteresis.

The elimination of the accelerating grid and the im-
provement in the design of the resonator result in the
same power output as for the 2K25 tube, although the
cathode current is only about two-thirds that in the lat-
ter tube.

The repeller is fixed in the 2K45 tube and the upper
grid moves relative to it, while in the structures dis-
cussed earlier the repeller was fixed relative to the near-
est grid. As a result of the 2K45 arrangement, the
repeller space is shortened as the frequency of the
cavity is increased. This reduces the repeller-voltage
variation necessary for oscillation over the frequency
band, since a reduction in the repeller-to-grid spacing
tends to provide the required decrease in drift time as
the frequency increases.

Scope of Oscillator Development

This paper has discussed the design problems of a
few particular reflex-oscillator tubes. In addition to
those described, a number of others have been devel-
oped, or are currently undergoing development, at the
Bell Telephone Laboratories. A chart showing the fre-
quency ranges of these tubes and their place in the fre-
quency spectrum is presented in Fig. 15. All tubes in
the lowest two rows are oscillators having the general
construction of the 2K29 and 2K25. Development work
on the 1413 and 1449 tubes has not been completed, and
for that reason they carry laboratory development code
numbers.

7268~ 2] [2»122] |2K20 ]
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Fig. 15—Frequency coverage of a number of beating oscillators
developed in the frequency spectrum of 2000 to 10,000 Mc.

ACKNOWLEDGMENT

So many people have contributed to the work de-
scribed in this paper that it is impractical to make in-
dividual acknowledgment. To these people, physicists,
chemists, electrical and mechanical engineers, and
laboratory assistants, the authors are greatly indebted.




1436

PROCEEDINGS OF THE I.R.E.

December

The Distortion of Frequency-Modulated Waves

o o *
by Transmission Networks
A. S. GLADWINt

Summary—A general solution to the problem of calculating the
distortion imposed on the instantaneous frequency of a frequency-
modulated wave in passing through a transmission network is ob-
tained by a direct operational method. Approximate formulas for the
cases of large and small deviation ratios are derived, and it is shown
that a range of overlap exists in practical cases. For very large devia-
tion ratios the distortion is entirely nonlinear in character and de-
pends on the maximum frequency deviation, while for very small
deviation ratios the distortion is entirely linear and is independent of
the frequency deviation. The nature of the distortion is examined
with particular reference to intermodulation distortion. When the
modulating wave consists of two sine waves of different amplitudes
and frequencies, intermodulation distortion takes the form of a fre-
quency modulation of the small high-frequency component by the
large low-frequency one. The application of negative feedback to a
frequency-modulation receiver is considered. Numerical examples
are worked out.

I. INTRODUCTION

HE DISTORTION suffered by a frequency-

modulated wave in passing through a transmis-

sion network has been investigated by Carson and
Fry,! who obtained a theoretical solution, and more
recently by Jaffe,? who calculated the numerical value of
the harmonic distortion for the particular cases of
sinusoidal modulation with networks consisting of either
a single resonant circuit, or a pair of resonant circuits
critically coupled and tuned to the carrier frequency.

These analyses apply to the case of a large deviation
ratio, but important practical cases exist in which the
deviation ratio is small; for example, a superheterodyne
receiver in which negative feedback is used to reduce the
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