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Molded Socket

Radio Cail ' Switch Coad et Electronic
Tubes

How MYCALEX BUILDS BETTER
PEACETIME PRODUCTS

As high frequency insulating standards become more exacting, the more
apparent become the many advantages of MYCALEX over other types of
materials . . . in building improved performance into electronic apparatus.

For 27 years MYCALEX has been known as ‘“the most nearly perfect’’
insulation. Today improved MYCALEX demonstrates its superior properties
wherever low loss factor and high dielectric strength are important... where
resistance to arcing and high temperatures is desired . . . where impervious-
ness to oil and water must be virtvally 100%.

New advancements in the molding of MYCALEX now make availcble the
production of a wide variety of parts with metal-inserts or electrodes molded
in to create a positive seal.

it pays to become familiar with the physical and electrical
properties of all three types of MYCALEX — MYCALEX 400, 5! NCE 1 3
MYCALEX K and MYCALEX 410 (MOLDED). Our engineers
invite your inquiries on all insulating problems.

TRADE MARK REG U S PAT OFF

MYCALEX CORPORATION OF AMERICA

“Owners of ‘'MYCALEX’ Patents’’
Plant and General Offices, CLIFTON, N. J. Executive Offices, 30 ROCKEFELLER PLAZA, NEW YORK 20, N.Y.
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BEAM POWER PENTODE
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OF

Ewis/ ELECTAONCS|

Made in'US A

UP TO 150 MCS

OSCILLATOR AMPLIFIER
FREQUENCY MULTIPLIER
GRID MODULATION AUDIO-FM-AM
PLATE MODULATION
ELECTRON SWITCH
SUPPRESSOR MODULATION
MULTIPLE ELEMENT MODULATION

MIXER-AMPLIFIER PULSER

2

" LEWIS AT LOS GATOS”

Transmitting Tube

®
List Price $24.50

CATALOG SHEETS

AND TUBES
Licensed under AT YOUR
RCA patents DEALERS

o other tube of its size has so many
varied uses in the communications field as
the 4E27, nor so much flexibility in its appli-
cations. LEWIS ELECTRONICS was a large
volume producer of this tube in World War
IT and it has won a battle-tried and tested
rating on the preferred tube type list.

4E27 is capable of over 200 watts output
at 75 megacycles, either F-M or A-M, and can
be operated at 150 megacycles at 80% of its
normal input rating.

Enormous power gain is a feature of 4E27,
ranging from 30 to well over 1,000, depend-
ing on type of service and operating fre-
quency. Power gain in excess of 600 can be
obtained while doubling. )

The 4E27 requires no neutralization in a
well-shielded amplifier operating at frequen-

cies up to 150 megacycles, making it ideal
_for band switching and automatic tuned
transmitters.

Ample size screen dissipation rating of 27
watts makes possible 4E27’s use as an elec-
tron coupled oscillator-amplifier, yet it has
an extremely low screen current drain when
operated as a straight-through amplifier, run-
ning aslowas8milliampsfor 200 watts output.

Capable of being modulated independently
and simultaneously by as many as 3 of its
elements, makes 4E27 preferable for design
of control equipment.

Through suppressor grid control, 4E27
can be used simultaneously as a power am-
plifier and electron switch for periodic or
pulse transmission. Do not overlook this tube
in the design of your new equipment.

POWER CONTROL

g e SR

.

S
.V

£

Subsidiary of Ai r

MANUFACTURING CORPORATION

ELECTRONICS

LOS GATOS -
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An example of Cinavdagraph Speaker
Engineering—the fifteen-inch electro-
dynamic speaker .of Aireon’s Elec- '
tronic Phonograph, most perfect of
commercial music machines.

Aireon
Cinaudagraph
Speaker

for every
electroaccoustical application

ireon Cinaudagraph Speakers, Inc.
has the facilities, experience and engi-
neering ability to design and produce
better speakers forany purpose.Whether
it is a two-inch unit for table model
radios, or a fifteen-inch for commercial
phonographs, the same research, preci-
sion construction and superior materials
are employed. All Cinaudagraph PM
Speakers use Alnico 5,the “miracle metal”
which gives you four times the perform-
ance without size or weight increase.

In Aireon’s scientific laboratories 1n-
dividual and special problems of elec-
troaccoustical reproduction are under
constant study, so that the finest, truest
tonal reproduction may be combined with
unusual ‘stamina and long service life.

As ‘a result, electronic perfection
never before achieved has been incorp-
orated in Cinaudagraph Speakers—for
publicaddress systems, radio,commercial
phonographs and many special purposes.

Aireon Cinaudagraph Speaker for small

‘ radios — remarkable fidelity reproduction
within a two-inch cone. The magnet
structure is of Alnico 5.

|
(/inaudagraph Speakers, Inc.

Subsidiary of Alr Manvufacturing Corporation

3911 SOUTH MICHIGAN AVENUE, CHICAGO

S

Proceedings of the I.R.E. and Waves and Electrons March, 1946

3a



developed in collaboration with the National Bureau
of Standards the SMALLEST generator-powered ra-
dio proximity fuze. The Proximity Fuze is now re-
cognized as our No. 2 Secret weapon of the war.

engineering “know how” made the development of

a radio circuit device so small as to virtually elimi-

nate the third dimension. Illustration shows the
complete self-powered transmitter-receiver fuze com-
pared in size to a 6L6 vacuum tube.

by hitherto secret industrial processes has effectively
reduced “Electronics to Lithography.” Briefly, com-
ponents such as resistors, condensers, and wiring
have been deprived of their third dimension.
Photograph shows a ceramic plate amplifier and
trigger circuit complete with tubes similiar to that
used in mortar fuse Project V. T. M.

e
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“Electronic Fields

R ' In Peace

introduces this new technique to the electronic in-
dustry. New applications of electronics to everyday
living are made possible by this revolutionary de

velopment.

envisions personal radios the size of a package of
cigarettes . . . made possible through the application
of this new technique . . . a pocket-sized personal
walkie-talkie . . . a hearing aid, complete with bat-

teries, no larger than a wallet.

is proud of the engineering “know how”
that made possible this contribution to
the science of electronics. Centralab’s
laboratories are a constant reservoir of
scientific research and development in
fields of interest to the electronic engineer.

GLOBE-UNION INC., MIiLWAUKEE



Spectfy |
VITAMING

HIGHER VOLTAGES

(Real space savers)

HIGHER TEMPERATURES

(De-rating factor much smaller)

HIGHER INSULATION
RESISTANCE

(More than 20,000 meg. mfds. at room temperature) .

SPRAGUE CAPACITORS using the exclusive VITAMIN Q
impregnant make possible the use of much smaller units—with a sub-
stantial safety margin—on numerous high-voltage, high-temperature
applications ranging from transmitting to television. Where high tem- 0] IO D
perature is not a factor, their unique characteristics assure materially 1, standard types, one for 105° C. and one

higher capacity-voltage ratings for a given size. for 95° C. continvous operation. Other ratings
available,

Type 25P VITAMIN Q Capacitors operate satisfactorily at high volt-
ages at ambient temperatures as high as 115°C. Insulation resistance  WERMETICALLY SEALED IN GLASS TUSES
at room temperature is more than 20,000 megohm microfarads. Through-  Famous Sprague glass-to-metal end seals. Ex-
out the temperature range of +115° C. to —40° C. they retain all virtues  '®"ded construction gives maximum Aashover
. . . . distance between terminals.
of conventional mineral oil-impregnated capacitors.

Sprague Electric Company, North Adams, Mass.

i s
._ *
/‘
WRITE FOR CATALOG 20A..,
including all Sprague Paper
Dielectric Capacitor types.

CAPACITORS °* *KOOLOHM RESISTORS °* *CEROC INSULATION

*Trademarks Registered U. S. Pat. Off.

6A Proceedings of the 1.R.E. and Waves and Electrons March, 1946



Sherron
TELEVISION TRANSMITTER

Model SE-100

Designed and manufactured to meet the demand
for more coverage, the Sherron Transmitter can

be brought from 250 Watts to 50 KW. Individual
bays of additional power can be incorporated as needed.

Starting with a 250 watt unit, bays can be added
for the required power. All controls are located at the
front; ease of control is the keynote. Ample room is
provided for water-cool operation. Change-overs
are instantaneous.

The Sherron-developed plug-in arrangement saves time and
trouble, and eliminates cause for delay. This model
can be manufactured for either Video or Aural
(AM or FM), both built into the

same cubicles.

JECE- 7Y%
Sherron
Electronics

SHERRON ELECTRONICS CO.

Subsidiary of Sherron Metallic Corp.
120! Flushing Avenue ° Brooklyn 6, N. VY

“"Where the Ideal is the Standard, Sherron Units are Standard Equipment.”’

Proceedings of the I.R.E. and Waves and Electrons March, 1946



Depend o« O M IT E Erpercence

FOR THE RIGHT RHEOSTAT CONTROL

‘ Time-proved Design! Widest Range of Sizes!

You get these advantages: (1) Ohmite experience with
countless rheostat applications. (2) Service-proved
Ohmite features that assure permanently smooth, close
control. (3) Extensive range of sizes and types for easy,
economical selection of the best unit for every
application. Send for.Caiu.Iog

There are ten wattage sizes ranging from 25 to 1000  9nd Engineering
watts—from 1%{"” diameter to 12" diameter—in uni- Manual No. 40
form or tapered winding—in single or tandem units— Write on company
in regular or special designs. Stock models from 25 to Bieioee) e (s

. . 1 helpful guide in the
500 watts, in many resistance values. selection and ap-

Consult Ohmite engineers on your rheostat control plication of rheo-
problem, stats, resistors, tap
switches, chokes

i OHMITE MANUFACTURING COMPANY and attenuators.

4861 FLOURNOY STREET, CHICAGO 44, U.S.A.

&y v OHMITE

{ RHEOSTATS « RESISTORS * TAP SWITCHES * CHOKES - ATTENUATORS |

R
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% BORN AT
e WHITE HEAT

ALSIMAG insulatoss take
their final, strong,hard, rigid |
form in furmaces at the white |

heat of 2530°F. Such tem- |s
peratures would ccasume
i all inorgznic macerials,
ALSIMAG cannot char and
is impervipus to constant

temperatur=s of 18GJoF.

HE radar experiment which resulted in the
first contact with the moon is still another
ravelation of the brilliant advances made in
electronics during the war.

The high standards of radio, radar and other
war equipment for controls and communica-
tions, which called forextensive use of ALSIMAG
Sceatite Ceramics, will be carried forward into
many peacetime products of QUALITY.

There will be no compromise with QUALITY
in the production of ALSIMAG insulators for
electronic and electrical uses. Write today for

technical literature.

AMERICAN LAVA CORPORATION
CHATTANOOGA 5, TENNESSEE | - Original Award July 27, 1942

Il Second Award February 13, 1943

\ Third Award September 25, 1943

43RD YEAR OF CERAMIC LEADERSHIP Fourth Award May 27, 1944
Fifth Award December 2, 1944 1
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THE NC-2-40C

This superb new receiver reflects National's

crystal filter gives optimum selectivity under all
conditions. The series-valve noise limiter, the
AVC, beat oscillator, tone control and S-meter
are among the many auxiliary circuits that con-
tribute toward the all-around excellence of the
NC-2-40C. See it at your dealer's.

MALDEN, MASSACHUSETTS, U.S.A.

intensive receiver
research during the war period. Many of the NC-2-40C's basic
design features stem from the NC-200, but to them have been
added circuit and construction details that set it apart as a per-

former. Stability and sensitivity are outstanding. A wide range

MALDEN
MELROSE
* A h A

10a
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Published by SYLVANIA ELECTRIC PRODUCTS INC. Emporium, Pa. 1946

TINY T-3 TUBE
ASSURED A BIG
SUCCESS IN RADIO |

New Wonder Tube
Developed by Sylvania
for Midget Portables

The development by Sylvania Electric of
the tiny T-3 radio tube is an important
factor in making possible light weight,
“vest pocket” radio sets.

'§’§'i%i@b3uf terrific’’ de-
scnbes this amazing
Iecgromcumf TheJuhe

i

ﬁs@so rugged |i w;ll

Ever since the announcement of Syl-
vania’s development of a peanut-sized elec-
tronic tube for the famous “war secret”
proximity fuze, manufacturers and circuit
engineers have been busy making plans
for producing super-small radio sets and
walkie-talkies that would capture the pub-
lic’s imagination. Now that the Sylvania
T-3 (commercial version of the proximity
fuze tube) has been perfected, these revo-
lutionary radio ideas are becoming more
and more practical.

Future designs of this versatile tube will
permit a wide variety of applications, rang-
ing from sets no larger than a package of
cigarettes up to deluxe farm receivers. The
tiny tube features extremely small size with
feather-weight. It has a life of hundreds of
hours, is rugged and exceptionally adapt-
able to operation at high frequencies.

o
-

i

e

i

i (G

<».
G
)

G

L LN T Dy

5
////
For further, interesting information, or AC VAL SIZE B
for the answers to any of your questions
concerning this remarkable tube, write to

SYLVANIA ELECTRIC PRODUCTS

INC.;-Emporium, Pennsylvania.

SYLVANIAW ELECTRIC

Emporium, Pa.
MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS. FIXTURES, WIRING DEVICES: ELECTRIC LIGHT BULBS

5
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ncing Coil Structure 3z
of stray fields,

- Balanced Variable I

every tap of o Univers
couplings,

Pedance Line |
al unit | .

. Reversible Mounting

° Alioy Shields . maximum sh

4 Multiple Coil, Semi-'l’oroidul Coil Structyre :

© Minimum distrib. o
uted capacity and leakage reactance. “
z
N Precision Winding ‘¢ - Qccuracy of winding 1%, perfect balance §'
of inductance and capacity, €xact impedance reflection, X
2 Hiperm-Alloy +» . 0 stable

, high Permeability nickel-jr

® High Fidelity | |
audio uniys with o
20-20,000 cycles,

- UTC Linear Standar

guaranteed vniform response of

Type Primary
No. Application Impedance
Ls-10 Low impedance mike, pick-yp, 50, 125, 200, 250
or multiple line to grid. 333,500 ohms
LS-10x A above As above
Ls-21 Single plate to push pyl) grids 8,000 10 15,000
ohms
Ls.30 Mixing, low Empedon:e mike, 50, 125, 200, 250
Pickup, or multiple line 1o 333, 500 ohms
multiple Jine
Ls-30x As above As above
Ls-50 Single plate 10 multiple [ine 8,000 to 15,000
ohms
1S.55 Push pull 2A3's, 6A5G’s, 5,000 ohms plate
300A’s, 2754, 6A3’s to piate and 3,000
ohms plate 1o plate
LS.57

Some as above 5,000 ohmys plate

to plate and 3,000
ohms plate to plate

,hwi.

The above listi
of the Ls Series

W .

150 VARICK STREET
EXPORT DiVISION: 13 EAST 40

UTC Linear Standard Transformers feature. .

» Maximym Neuvtralization

* Permits highesy fidelity on
- No line reflections o transverse

+++ Permits aboye chassis of sub-chassis wiring,

ielding from induction pickup,

on core materiq|,
d Translormers are ¢
* ).5p8 from

ng includes on

he only

Se:ondory
Impedance

60,000 ohms in two
sections

50,000 ohms
135,000 ohms; tyrn

ratio 1.5:1 eqch side,

Split Pri. and Sec.

50, 125, 200, 250,
333, 500 ohms

As above

50, 125, 200, 250,
333, 500 ohms
500, 333, 250, 200,
125, 50, 30, 20, 15,
10,7.5, 5, 2250112
30, 20, 15, 10,7.5,

5,2.5,1.2

2 3 s 7 100

101 MIN_ ZB0) VIVNOTSNVEL OFUNT]

X0

Max,
Level

+1508
+14p8

+-14p8
-+17 pg
+15p8
+17 pB

+36 DB

~+-36 B

ly a few of the many unips
. For complete listing — write for catalogue,

2 3 5

Relative
hum-pi:kup
redyction

~74 DB
~92 D8

~74 DB
~74 DB

~92 DB
~-74 DB

7 looo
FREQUENCY IN CYCLes PE

Typical Curve for

R 3

R SECOND
LS Series
Max. ynbal-
anced DC in List
Primary Price
5 MA $20.90
S5 MA $26.10
0 MA $19.70
5 MA $20.90
3 MA $26.10
I MA $19.70
$23.20
$16.25

S5 7

10 15 20 30
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Radar’s miracle eye responds to no ordinary electric impulse such
as that which actuates our radios. So fussy are radar signals that
they must often be piped through special hollow tubes called
wave guides.

Perhaps the most difficule type of wave guide called for a rec-
tangular metal Eube with no curvature in the corners. .. an
assignment that any worker in mertals ‘will tell you is almost
impossible! Yet it had iqﬁlge_done, with top wartime urgency.

So Revere devised a way to d&;@r;lon‘a production basis! And in
addition was able to hold inside dimensi6ns to closest tolerances,
and to keep the inner surfaces of the cubes flat and frée from twist.

This achievement of America’s oldest metal-working compa
shows that, as a result of its 144 years of experience it has acquired
the priceless habit of questioning the obvious, of creating new
answers to new problems. Yet valuable as such Revere service
can be, it is surpassed by the day-to-day help Revere offers the
radio industry in the use of Revere's standard products. We have

-

‘merged the science of the metallurgist with the skill of the artisan

to help with your routine problems. Both the Revere Technical
Advisory Service and all Revere metals are ready to setve you now.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801
230 Park Avenue, New York 17, New York
Mills: Baltimore, Md.; Chicago, Ill.; Detroit, Mich.; New
Bedford, Mass.; Rome, N. Y.—Sales Offices in Principal Cities.
Listen to Exploring the Unknown on the Mutual Network
every Sunday evening, 9 to 9:30 p.m., EST.

Proceedings of the 1.R.E. and Waves and Electrons
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What has a miner’s cap to do with invisible radiation?

When the flame of the old style miner’s lamp grew
dim, he knew that danger was lurking in the bowels
of the earth.

Invisible radiation, as you know, has no such
simple visual test. After the atom bomb was exploded
in New Mexico, scientists dressed in protective
clothing and equipped with proper testing equip-
ment, checked the stray radiation still present. Heart
of the testing equipment they used was a Geiger
Counter electronic tube.

The Geiger Counter tube is a highly sensitive and
dependable medium for the detection of weak forms
of radiation. A new gas and quench combination
has been developed for the tube, which makes it
even more useful in industry.

This advancement made possible the
introduction of the NORELCO Geiger
Counter X-ray Spectrometer.

The NORELCO Spectrometer has
many present and potential uses in

A

NORTH AMERICAN PHILIPS COMPANY, INC.

Proceedings of the I.R.E. and Waves and Electrons March, 1946

An

organization
with a background

of over 50 years

industrial research. In addition, it has found appli-
cation in production control through the analysis
of materials before and during manufacture.

Through the use of the Geiger Counter X-ray
Spectrometer and a graphic recording mechanism,
the analytical procedure can be simplified. Many
times just a single line on the graph can serve as a
criterion for acceptance or rejection of a given
material.

The application of the NORELCO Geiger Counter
tube and the NORELCO X-ray Spectrometer to
the problems of industry are further evidence of the
Philips principle of wedding science and productive
ability in the electronics field.

Among the products of Norih
American Philips are: Quartz oscillator
plates, cathode ray tubes, industrial
and medical x-ray equipment, fine wire,
diamond dies, tungsten and molyb-

denum products.

TR

aanr,

DEPT. F - 3,100 EAST 42~ STREET
NEW YORK 17, N. Y.

15a



Wave Makers

“A leaping trout awakens the still
pool to life in waves that move n
silent rhythm.”

In the same way, when you speak
over the telephone, vibrating elec-
tric currents speed silently away
with the imprint of your voice over
the wire and radio highways of the
Bell System.

EXPLORING AND INVENTING, DEVISING

Tomorrow, the vibrations will be
the living pictures of television. All
are examples of wave motion.

How to produce, transmit and
receive electrical wave motion is
the basic problem of the communi-
cation art,

Bell Telephone Laboratories,

which exist primarily to invent and

develop better communications for
the Bell System, devote the tcamed
efforts of physicists and mathema-
ticians to the production and con-
trol of clectric waves in all forms.

Out of these fundamental studies
have come the discoveries which
keep the Bell System at the fore-
front of the communication art.

BELL TELEPHONE LABORATORIES

AND PERFECFING, FOR THE CONTINUED IMPROVEMENT OF TELEPHONE SERVICE



FederalsQUCH
TUBE' MAKING j‘ba/;seo’o/;

e [ M

NEW HIGH-PERFORMANCE TUBES
FOR FM TRANSMITTERS

Federal’s notable achievements over
the years in the development of high-
power tubes to operate efficiently in
the upper portions of the radio spec-
trum . . . now is reflected in the design
and production of new power tubes
for FM application.

Employed in the power amplifier
stages of FM transmitters . . . these
air-cooled, high efficiency vacuum
tubes assure long life, dependable per-
formance and stable operation.

In focusing its vast tube-making expe-
rience on FM . . . Federal adheres to
all the eminent standards it estab-
lished and has maintained during
more than three decades of contribu-

- .’ / ':a'
2 3 i' ;-E:E: ; . : ;.
/ . tion to the art.
I / For the finest in FM tubes . . . specify
/ Federal . . . hecause “Federal always
- has made better tubes.”
A
/ /
/ / / 7 .
/ /

Federal

Export Distributg

Proceedings of the I.R.E. and Waves ard Electrons March, 1946 17a



STRAIGHT-LINE FEED
. . . Low Residual Inductance
. . . Higher Resonant Frequency

AEROVOX SERIES 1690

: %&WJ

@ The brand new Aerovox Series 1690 molded-in-bakelite mica capatitor

is intended specifically for circails where inductance must be kept at a
minimuni. It ts designed Tor least possible residual inductance, low r.f.
losses and lower r.f. resisfanice and impedance. What's more, it provides
incredsed KVA ratingsﬁfo'r given tapacitor sizes.

L]

Such umits can Be advantageously applied as blocking capacitors in ‘trans-
mission lines; as tank capacitors for high-frequency oscillators; as by-pass
capacifers for ultra-high-frequency curents; and as coupling or by-pass capac-
itors in induction-heating circuits.

Exceptioral compactness for given KVA ratings; exceptionally-low-loss oper-
ation; ability to withstand constant duty and heavy overloads—for these and
other reasons this latest Aerovox development marks a new performance
standard for severe-service capacitors.

® Rounded hardware — ® Body of XM or yellow
round nuts tightened by low-loss bakelite molded
spanner wrench -supplied; about mica section for thor-
round washers; spherical ough sealing and extreme
lock nuts. Elimination ot ruggedness.

sharp edges and corners
that might cause corona
loss.

® Mica section of carefully
selected mica and foil. De-
signed for straight-line path
for ultra-high-frequency
currents.

® Several times the size of
the well-known Series 1650
bakelite-molded transmit-

ACTUAL
SIZE

® Fine threads for terminal
studs, insuring maximum
contact and minimum resist-
ance.

@ Silver plating for all con-
ducting members, minimiz.
ing skin resistance.

@® Interested? Write for detailed information. Meanwhile, sub-
mit that capacitor problem for our engineering collaboration.

ting capacitors, Dimensions:
2% w. x 213" d. x 13" h.,
and 434" overall between,
rounded terminal tips,

® Available in ratings up to
20,000 volts D.C. Test, or
10.000 volts operating. Ca-
pacitance values up to .00}
mid. at the highest voltage
rating.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS

Proceedings of the I.R.E. and Waves and Electrons
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TUNG-SOL LAMP
Offices:

Proceedings of the I.R.E. and Waves and Electrons

Many oldsters still remember the old
letter copring press and long hours spent in dim light
after other office workers had gone to their homes.
While carbon paper was indeed an emancipator of
office boys, it is but another example of the trend to
greater efficiency in miniature.

And so it is with TUNG-SOL Miniature Electronic
Tubes. The large type tube did de a job. But today.
especially in high f{requency circuits, TUNG-SOL
Miniatures do a more efficient job. The shorter leads
on the Miniature make for low lead inductance, low
inter-element capacities, and high mutual conductance.

March, 1946

WOEKEKS, INC., NEWARK

Atlanta » Chicago » Dallas » Denver « Detroit « Los Angeles » New York
Also Manufacturers of Miniature Incandescent Lamps, All-Glass Sealed Beam Headlight Lamps and Current Intermittors

The smaller and lighter parts make

possible a rigid construction that is

more impervious to the effects of shock

and vibration. The size of the Minia-

ture makes it a factor in reducing the

overall size of radio equipment.
; ) ACTUAL SIZE
The manufacturer who wants his

equipment to be “modern” must consider the use of

Miniatures. TUNG-SOL Engineers will gladly work

with you in planning circuits and in selecting tubes

with the sole objective of making your equipment as

efficient as possible. Your confidences will be strictly

respected.

TUNG-SOL

vilraleore-lested

ELECTRONIC TUBES

4, NEW JERSEY

19a
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HERE'S HOW THE DuMONT TYPE 7EP4 HELPS KEEP
RECEIVER MANUFACTURING COSTS AT ROCK BCTTOM:

Simplicity of the tube design as- High deflection sensitivity; ex-
sures low-cost production ceptionally good light output

simple, low-cost power supply soft-quality screen

q Low operating voltage requires H Special DuMont "Eye Comfort”

Inexpensive but adequate all- Stellar performance that “sells”
q phenolic magnal base cuts d receiverstoa massmarket...and
down socket costs at a profit

LET DUMONT’S REPRESENTATIVE PROVE THIS IS YOUR "'BEST BUY !’

© ALLEN B DUMONT LABORATORIES, INC N

% po— : W X i ,. : 5
B R i e == e el g v’g”z‘ R S '3._::“_,.“ cral e e e et e W R
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Procerdinas of the I.E.E. and Waves and Elecirons

Look what you gain

with this basically n

in circuits

MODULATOR

| CONTROL TUBE TUBE

These new ideas in FM circuits designed by
Westinghouse bring you important advantages
never before available in FM transmitters.

Modulation, for example, is a simple, straight-
forward diode type . ..
phonic, no-trick tubes (see drawing above). The
effective resistance of the tubes is a function of
plate current in the modulator-control tube.

Thus, the master oscillator tank circuit is fre-
quency-modulated due to resistance variation
in response o audio signals applied to modulator-
control input circuit. And the frequency-modu-
lated master oscillator operates at only 1/9th the
F.C.C. assigned center-frequency.

There are other important benefits in the new
Westinghouse design. Frequency is held without
using critically-tuned elements or moving parts
and nowhere does frequency stability depend
upon a tuned circuit.

noncritical, non-micro-

PLANTS IN 25 CITIES . . OFFICES EVERYWHERE

March, 1946

0SC TUBES

ew idea

R F OUTPUT

These new improvements are born of intensive
wartime radar experience and actual operation of

five FM stations . . . a background unmatched
by any other transmitter manufacturer. Ask your
nearest Westinghouse office today to give you all
the facts, and look at Westinghouse before you
buy! Westinghouse Electric Corporation, P. O.

Box 868, Pittsbugh 30, Pa. J-08158

Westinshouse E4 iy a7 ok

21a



LORAN-RCA

Available Now for Commercial Aircraft

RCA basic designer of all air-borne LORAN equipment used in
this country and largest producer of LORAN for military installa-
tion now makes this modern aid to navigation available for com-
mercial aircraft.

Well proven under the severest conditions of wartime usage the
RCA AVR-26 LORAN embodies even further refinements for peace-
time application. Weighing only 35 pounds this compact unit pro-
vides the ultimate in accurate long-range navigation—precision fixes
when clouds make celestial shots impossible and severe static pre-
vents the taking of aural bearings.

LORAN is fast, too—bearings can be taken in less than a minute.
Power consumption is low, and mounting space is comparatively small

—the AVR-26 measures only 121" high, 9V4" wide, and 23" deep.

Front view of RCA AVR-26 LORAN

If you have a problem in long range navigation its very likely with light shield in place
you’ll find the answer in LORAN. For further details write today to .
Aviation Section, Dept. 67-C. Radio Corporation of America : :

Camden, New Jersey.

AVIATION SECTION

RADIO CORPORATION of AMERICA

ENGINEERING PRODUCTS DEPARTMENT, CAMDEN.N.J.
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Nt

Many of your "“What Material?”’ problems may be

quickly answered by C-D NON-metallics which offer
a wide range of electrical and mechanical properties.
They provide you with the means of improving product
performance, speeding up production, or saving man

hours.
The part illustrated is a Vulcoid insulating center
for an electrical switch used in mining machinery.
Vulcoid was specified because an insulating material
was needed that was tough . . . that was resistant to
carbon deposit from electrical arcs . . . that would
retain its dimensions under humid mine condi-
tions . . . and that could be readily machined.
Other C-D NON-metallics offer exceptional
resistance to heat . . . they can be readily
FORMED in your own shop by inexpensive
forms . . . they are resistant to fungi . . . you should
get acquainted with these products NOW, while
your engineers are designing new products
or looking for means of improving
product performance or effecting

production economies. Wire, phone C-D PRODUCTS

or write our nearest office, or The Plastics MICABOND—Built-Up Mica

send us your blueprints. DILECTO—Thermosetting Laminates.  Lrectrical Insulation.
CELORON—A Molded Phenolic. Standard and Special Forms

DILECTENE—A Pure Resin Plastic Available in Standard Sheets,
Especially Suited to U-H-F Insu- Rods and Tubes; and Parts
lation. Fabricated, Formed or

HAVEG—Plastic Chemical Equip- Molded to Specifications.

. ment, Pipe, Valves and Fittings. = :
RGC-46 P ’ Descriptive Literature

The NON-Metallics Bulletin GF gives Compre-
DIAMOND Vulcanized FIBRE hensive Data on all C.D
vuLcoiD—Resin Impregnated Vul-  Products. Individual Cata-
l canized Fibre. logs are also Available.

BRANCH OFFICES

NEW YORK 17 o CLEVELAND 14 + CHICAGO 11 « SPARTANBURG, S. C. + SALES OFFICES IN PRINCIPAL CITIES SEE
GIN
WEST COAST REPRESENTATIVES: MARWOOD LTD., SAN FRANCISCO 3 ?\VEE‘I’
IN CANADA: DIAMOND STATE FIBRE CO. OF CANADA, LTD.,, TORONTO 8

Condinentat - 1Veamond ¢isve comeany

e e s B B e —— i el e S
Established 1895 .. Manufacturers of Laminated Plastics since 1911—NEWARK 48 . DELAWARE
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The variable crystal filter
used in the “HQ-129-X"
and the ““Super-Pro” is an
exclusive Hammarlund
patent. It provides wide
band crystal selectivity for
use in crowded amateur
phone bands and single
signal code reception.

T Write For Technical Details - N

T S MR

THE HAMMARLUND MFG. CO., INC., 460 W. 34T ST. NEW YORK 1, N.V.
MANUFACTURERS OF PRECISION COMMUNICATIONS EQUIPMENT

ESTABLISNED 1910
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Frequency Shift Transmitting Keyer

JUUUUUTY

WHAT we've learned about frequency shift

J U U U U U

Model FSTK-1

Vg

keying we’ve built into the FSTK-1 to combine
the very latest advantages of this new and im-
proved system of radio transmission.

This precision unit provides the basic oscil-
latory circuit shifted by the signal intelligence
whether it be Morse code, teleprinter, pic-
tures, or facsimile. With frequency shift emis-
sion it is possible to transmit voice as an AM

component simultaneously with the FS signal

thereby affording two independent service

channels on a single r-f carrier.

FSTK-1 is universally adaptable to any
transmitter and will increase the effective ra-
diated power more than ten to fifteen deci-
bels by greatly improving the signal-fo-noise

ratio of the received signal.

Engineering Bulletin 3004 describing
Frequency Shift Operation and its ad-
vantages together with a bulletin on
FSTK-1 will be forwarded at your request.

Proceedings of the I.R.E. and Waves and Electrons
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The RAULAND

10" Flat Face,Direct-Viewing Tube...

AAAAA

’ Now Available

This Rauland R-6025 is a 10 inch, flat face,

direct-viewing electromagnetically focused and

26A

deflected tube. All necessity for lon Trap has
been eliminated. Now ready for the industry

. operating features given at right:

RADIO - RADAR - SOUND

TYPICAL OPERATING CONDITIONS—-R-6025

Overall length . . . . . . . 17.5 max.
Heater voltage . . . . . . . 6.3 volis
Grid No.1 . . ... . . . . 45 volts*
GridNo.2. . . . . . . . 250 \wvolts
Anode . . . . . . 5000-11000 volts

P4 Screen—7 pin duodecal base

*cut-off voltage

COMMUNICATIONS - TELEVISION'

Electroneering is our business

THE RAULAND CORPORATION

e CHICAGO 41, ILLINOIS

Proceedings of the I.R.E. and Waves and Electrons March, 1946



avoid damage
from “in-the-package”
meisture

no rust

SHIPPERS! Your product can be .
seriously damaged by rust, corrosion, no corrosion

or mildew . . . because of "“in-the-package”

moisture. Avoid such damage. Include : s H

Jay Cee Silica Gel, the ideal drying mn 'h iIs contai ner
agent, in the packages with your product.

The illustration shows Mr, Otto Mueller, packaging

YOUI’ container may be sealed "ﬁgh' as foreman, inspecting one of his Ampro Sound-On-

d " o d 9 h Film Projectors sealed tightly within @ representative

a drum chlnSf outside moisture. Yef, the moisture vapor-proof barrier, ready to be placed in
HY a shipping carton. Packed within the barrier, with

VOp'OI’ within CQI’T cause Unf_OId hcrm. the Projector, are three small bags of Jay Cee Silica
PCI"ICU'CI’IY, a Sllghf dl’Op in temperature Gel . . . which adsorb “in-the-package’ moisture

ond prevent damage from rust or corrosion.

(Cellophane packaging was vsed in this illus-
tration as a substitute for the actual wrapping).

can release dangerous moisture.

Jay Cee Silica Gel keeps the air in the
package dry . . . adsorbs the vapor . . .
prevents moisture damage. Jay Cee Silica
Gel is a crystalline substance resembling rock
salt in general appearance . . . chemically inert. Has amazing power to take up

moisture without its particles changing in size or
shape. Packed in 1, 2, 4, 8 0z. and 1 and 5 |b. bags.
Used widely with shipments of metal parts, precision
instruments, electronic equipment, dehydrated
foods, fabrics, and chemicals.

JOLIET CHEMICALS, LTD.
116 INDUSTRY AVENUE

"lECA 6"\’ JOLIET, ILLINOIS

L
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TAILOR-MADE WAVES FOR RAPID TESTING

The -hp- Model 210A Square Wave Generator
is designed to amplify and clip the tops of
a sine wave, and thus convert it into a wave
which has vertical sides and a flat top. When
the square wave voltage is applied to the
amplifier or network under test, the shape of
the output wave immediately shows up any
distortion.

In production testing, one or two observa-
tions with an -bp- Square Wave Generator will
accurately check the frequency response. In
development work, the-hp- Model 210A shows
up phase shift and transient effects, both of
which are difficult to study by other methods.

In practice, a wave which appears to be
perfectly square will contain 30 or more har-
monics; and when the amplitude or phase re-

transmission of that circuit, not only at the
square wave frequency, but also at frequencies
far removed from the test point. These char-
acteristics are particularly important in tele-
vision video amplifier work.

The output of the generator is square with-
in 1 percent over the frequency range from
20 cps to 10,000 cps; a relatively square wave
can be obtained even at 100 kc. The frequency
response of the attenuator is sufficiently wide
so that the output wave shape is not affected
even at the highest frequencies. Once proper
criteria have been established, the -hp- Model
210A Square Wave Generator is the modern,

Fig. 2—Low frequency phase distortion serious
in television video circuits

rapid means of production testing, with the
speed and accuracy which are characteristic
of all -hp- instruments.

Write for complete details on the Model
210A. Ask for -hp- Catalog No. 17B, which
includes much valuable information on de-
velopment and measurements,

Fig. 1—Shows the square wave distortion caused
by poor high frequency response

lation of the harmonicsis disturbed, the square
wave will be distorted. (See Fig. 1.) Thus the
application of a square wave to a circuit shows
up any irregularities in amplitude or phase

HEWLETT-PACKARD COMPANY

BOX 1134A - STATION D - PALO ALTO, CALIFORNIA

Avudio Frequency Oscillators Signal Generators Vacuum Tube Volimeters
Noise and Distortion Analyzers

Squore Wave Generators

Wave Analyzers Frequency Meters

Frequency Standards Attenvators Electronic Tachometers

28A Proceedings of the I.R.E. and Waves and Electrons

OTHER -hp- INSTRUMENTS

RESISTANCE-TUNED AUDIO
OSCILLATORS
Require no zero setting ., . Several

models available to cover frequency
ranges from 2 cps to 200 kc.

NOISE AND DISTORTION ANALYZER
MODEL 3258

Combines a vacuum-tube voltmeter
with a set of fundameantal elimination
filters for general purpose measure-
ments of total harmonic distortion,
noise and voltage level.

VACUUM TUBE VOLTMETER
MODEL 400A

Makes accurate voltage measurements
from 10 cycles to 1 megacycle, covers
nine ranges, (.03 volts to 300 volts)
with full scale sensitivity.
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... A Year "Round

Feature of ALL STUPAKO!T

Proceedings of the I.R.E. and Waves and Electrons

Fecksron Cuatity Conreed. .

Stupakoff precision quality control gives
you uniform, dimensionally accurate
ceramic parts. By standardizing on
STUPAKOFF products, you minimize pro-
duction losses . . . gain assurance of max-
imum mechanical strength and maximum
electrical protection.

The advantages of Stupakoff ceramics
have been developed through years of

engineering experience and research.

CERAMIC AND MANUFACTURING CO.

March, 1946

CERAMICS

Carefully selected and laboratory con-

trolled materials, modern manufacturing
facilities and constant. inspection insure
highest quality of finished products at all
times. Specify Stupakoff——and be sure of
the finest. Write for Bulletin 245.

<’

EXPORT DEPARTMENT
13 E. 40th St., New York 16, N. Y,
Cable Address ARLAB all codes

LATROBE, PA.
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SEE @0 PHENOMENA AT ONCE

Phase shift introduced
through an R:C network.

Square-wave input (fop) 1o
differentiator network, show-
ing differentiated outpul
{below}.

Sine-wave input (boitom) to
tull-wave rectifier showing
rectified output (top).

on your Oscillograp

paany & 4 S

o s
ez LTS gL g

’ The utility of any oscillograph can be
greatly increased by operating it in combi
nation with a Du Mont Type 185-A Electronic
Switch!

Imagine the convenience and the time
saved in being able to view simultaneously
TWO or MORE related signals and readily
compare them for amplitude, waveform, and
frequency or phase relationship. Sound,
light, heat, mechanical motion—in fact, any
quantity which may be translated into an
electrical function may easily be compared

Comparison of input and out-

put of phase inverter. Distor-
tion in phase inverter is evi-
dent.

© ALLEN B DU MONT LABORATORIES. INT

L - g $ \' y

(s e o o e il
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Descriptive literature on request!

Sine-wave synchroniza-
tion applied to the saw-
tooth output of a sweep
generator.

h Screen with the

0UMOM

Type 185A

Swii#

with a standard signal. A balance control
makes it also possible to separate or super-
impose the signals at will. By operating two
Du Mont Type 185-A Switches in cascade,
three independent channels are provided
for the study of signals from three ditferent
sources . . . all THREE signals appearing AT
ONE TIME on the SINGLE SCREEN of the
cathode-ray oscillograph.

This versatile but inexpensive Du Mont
instrument may also be used as a square-
wave generator with an output range of from
5 to 500 cycles...suitable for many uses in-
cluding the testing of audio amplifiers.
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begins with the CORE!

e
Trade Mark
ONFORMING ¢o dimensions is not enough—the cores
is found on must contain the correct amount of iron. By weighing
the laminations to meet a specific “normal” for each type
quality of core, uniformity—independent of possible variation in
lamination thickness, is secured.

Audio Transformers

and Reactors Checked against core area, this weighing procedure

Modulation Transformers (to SOOKVA) uncovers any physical distortion of laminations. It con-
Hermetically sealed Transformers tributes to evenly distributed flux density and low exciting
Plate and Filament Transformers current.

Filter Reactors
Wave Filters High Voltage Rectifiers Care is used in every AmerTran operation. It is reflected
Microphone and Interstage in the excellent operating characteristics of AmerTran
Transformers Transformers of all types.

Transtat A. C. Voltage Regulators

Other Electronic
ond Industrial Transformers

\_ W,

AMERIRAN

REC u. % PAY OFF

MANUFACTURING SINCE 1901 AT NEWARK, N. J.

AMERICAN TRANSFORMER COMPANY

478 Emmet Street Niwark 5, N. J. Rectiflers for Electronics and Power Transmission

Pioneer Manufacturers of Transformers, Reactors and

Proceedings of the I.LR.L. and Waves and Electrons March, 1946 ( 3ia
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RCA-892

Water cooled. 14 kw
at 1.6 Mc. Mu=50.

RCA-889R-A

Forced-air cooled. 10 kw
ot 25 Mc. Mu=21.

U

RCA-892-R
Forced-oir cooled. 10 kw
at 1.6 Mc. Mu=50.

RCA-7C24
| Forced-oir cooled. 4 kw
ot 110 Mc. Mu=25.

RCA-9C2I

Woter cooled. 100 kw
at 5 Mc. Mu=38.

RCA-833-A

Natural or forced-
air cooled. | kw at
30 Mc. Mu=35.

RCA-9C22

Ferced-air cooled. 65 kw
at 5 M¢. Mu=38.

Folf-wave mercury rec-
tiler. Super-jumbo bose.
1.75 amps at 10,000 v. |

gy
f,.‘* ; |
e

RCA-889-A
Water cooled. 10 kw
at 50 Mc. Mu-=21.

4

v |l
i oy

RCA-673

o

RCA-575-A
Half-wove mercury rec-
tifier. Jumbo bose.
1.75 amps at 10,000 v.

RCA Tubes for Electronic Heating

These 10 Outstanding Types

Offer

THE 3 water-cooled and 5 forced-
air cooled RCA power triodes
illustrated range in output from 1 to
100 kw. Higher outputs are readily
obtained by using the tubes in push-
pull or push-pull parallel. Opera-
tion at higher than quoted frequen-
cies is practical at slightly reduced
ratings. Most types are in the me-
dium-mu class, resulting in good
stability under changing load, and
have moderate excitation require-
ments. The forced-air cooled types
permit simplified designs having
the advanhtage of complete mobility.

32a

The RCA 575-A and 673 half-
wave mercury-vapor rectifier tubes
have coated filaments of a special
alloy that provide higher thermal
efficiency. Zirconium-coatedanodes
provide increased radiation and are
shaped to reduce arc-back and con-
fine glow-discharge bombardment.

The large demand for RCA tubes
in broadcasting and industrial ap-
plications has resulted in produc-

tion economies that are passed on.

Wide Latitude in Design

to you in the form of lower prices
and higher quality.

RCA tube application engineers
are ready at all times to co-operate
with circuit engineers in the design
of radio and electronic equipment
using these or other RCA tube types.
If they can be of aid. or if you wish
additional data on any specific RCA
tube types, write RCA, Commercial
Engineering Department, Section
D-18C, Harrison, N. J.

The Fountainhead of Modern Tube Development is RCA

TUBE DIVISION

RADIO CORPORATION of AMERICA

HARRISON. N. J.

Proceedings of the I.R.E. and Waves and Electrons
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The Chairmen of the Sections of the Institute have been invited to express
to the membership, in such editorial form as they may desire, views which they
believe will be contributory to the future of the engineering profession. Thought-
ful analyses and forward-looking discussions of this nature have been received.
There follows, accordingly, a statement from the Chairman of the Toronio
Section of the Institute.

The Editor

Continuing Service
F. H. R. POUNSETT

Due credit has been reflected on our membership for its technical effort during the war. However,
we must avoid becoming too embroiled in the present confusion of reconversion of facilities, men, and
minds, and missing opportunities for further service: a service which, if properly performed, will be
of lasting benefit to our industry, our Institute, and incidentally oursclves.

It is well, at a turning point like this, to look back at the fundamental concepts of our charter.
What are the objects of our Institute? As stated in the Constitution; “Its aims shall include the ad-
vancement of the theory and practice of radio, and allied branches of engineering and of the related
arts and sciences, their application to human needs, and the maintenance of a high professional stand-
ing among its members.”

Headquarters, backed by the splendid response to the Building-Fund Campaign, and the recently
acquired executive assistance, is taking care of the general realigning of our affairs to cope with present
conditions of expansion and broadening of interest. The Scctions must, in turn, organize to serve their
particular areas as required by local conditions and plan to make The Institute of Radio Engineers
of maximum bencfit to the membership and the community. The avenues along which the Toronto
Scction has been extending its activitics during the past eighteen months are briefly outlined here in
the hope that they may be of interest or possibly of benefit to niembers elsewhere.

Education

Meetings are arranged to acquaint members and guests not only with the interesting war develop-
ments but also with the industrially uscful phases of wartime developments with which many have
lost touch during the past six years because of the pressure of their particular jobs.

Many members can exert considerable influence towards adjusting the curricula of cngineering
schools and rehabilitation schools in line with the present requirements of industry. Surplus test equip-
ment and prototypes from war plants can be well directed to the laboratories of these schools.

Rehabilitation

Returned Service technical personnel, not necessarily members, are invited to Section meetings.
Group contact, as well as personal counseling can be helpful to these men, especially those who were
not in technical work before the war but, because of their war experience, are now seriously consider-
ing continuing it as a vocation. Many members are serving on advisory councils of rehabilitation
schools which offer electronic courses.

Canadian Radio Technical Planning Board

This needs no clucidation. Several members have taken an active part on the various panels and
committees as representatives of the ILR.E., particularly recommended by the Section.

Regional Organization

Our Section executive has played an active part in organizing the Canadian Council of the [.R.E.
The Regional Scheme, recently proposed at Headquarters will offer all Sections a similar opportunity
to co-operate with others in their territories to their mutual advantage.

The Profession

Members have been encouraged to upgrade their membership wherever possible. They have also
been encouraged to join the Provincial Association of Professional Engineers (the registering body).
By intermembership in the Provincial Association and the active participation of the Section with
the Canadian Council of the I.R.E. in the formation of the Canadian Council of Professional En-
gineers and Scientists (CCPES), the relationship of the employee engineer to his employer and to

organized labor with regard to collective bargaining has been beneficially clarified on a Dominion-
wide basis.

9 P
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Reflex-Klystron Oscillators’

EDWARD LEONARD GINZTONT, ASSOCIATE, I.R.E., AND
ARTHUR E. HARRISONY, SENIOR MEMBER, I.R.E.

Summary—A comprehensive analysis of reflex klystrons is de-
veloped by considering the electrons as particles acted upon by
forces which modify their motion. The analysis is similar to earlier
explanations of electron bunching in a field-free drift space and pre-
dicts a similar current distribution when bunching takes place in a
reflecting field. The effect of the bunched electron beam is treated
qualitatively by considering the effect of the beam admittance upon a
simple equivalent circuit. A quantitative mathematical analysis based
upon oscillator theory is also derived and the results are presented in
a series of universal curves which are used to explain the operating
characteristics of these tubes. Power output, efficiency, starting cur-
rent, electronic tuning, and modulation properties are discussed.
Some general remarks on refiex-oscillator design considerations are
also included.

INTRODUCTION

EFLEX-klystron oscillators are an important
member of an extensive family of velocity-modu-
lation tubes invented independently by R. H.
Varian and W. W. Hansen at Stanford University,
W. C. Ilahn and G. F. Metcalf at Schenectady, and
0. Heil in Germany. Velocity-modulation tubes are now
quite generally known as klystrons, and perform the
same functions at frequencies in the microwave region
that triodes and pentodes do at lower frequencies. The
mechanism of energy conversion is different, but analo-
gies between klystrons and the electrical circuits used
with conventional tubes are often useful. Klystrons with
one or more resonators are used as oscillators, and multi-
resonator klystrons often replace conventional vacuum
tubes for other applications.

A reflex klystron utilizes a single resonator, and ob-
tains feedback by reflecting the electron beam so that it
passes through the resonator a second time. This type
of oscillator was described briefly by Hahn and Metcalf,!
and has been discussed in greater detail in other
papers.?=* The operation of these tubes can be explained
by a ballistic or kinematic analysis; i.e., the electrons
may be considered as particles which follow Newton'’s
laws of motion. An understanding of the application of
such a kinematic analysis to the principles of operation
of the ordinary two-resonator klystron will be assumed.
These principles have been presented in papers by

* Decimal classification: R355.9. Original manuscript received by
the Institute, August 3, 1945,
TSperry Gyroscope Company, Inc., Garden City, Long Island,

1\\’ C. Hahn and G. F. Metcalf, “Velocity-modulated tubes,”
Proc. I.R.E., vol. 27, pp. 106-117; Februar\, 1939,

2A. E. Harrnson “Klystron Technical Manual,” Sperry Gyro-
scope Company, Inc., Great Neck, Long Island, New York, 1944

3 A, E. Harrison, “Kinematics of reflection oscnllators Jour,
Abpl Phys., vol. 13 pp. 709-711; October, 1944,

‘], R. I’mrce Reﬂc‘( oscxllators, PROC I.R.E., vol. 33, pp. 112-
118; February, 1945.
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Varian® and Webster,®7 and a similar analysis will be
developed for the reflex-klystron oscillator.

The analysis has been subdivided into two parts. The
first section derives the transit-time relationships for the
reflex type of klystron from the laws of motion. Then
these relations are expanded to explain electron bunch-
ing, and the similarity between reflection-field bunching
and bunching in a field-free drift space is shown. A
second scction applies these relationships to a derivation
of the efficiency, power output, and electronic tuning of
a reflex-klystron oscillator. The dependence of these
characteristics on the beam current, beam voltage, re-
flector voltage, load, and other klystron design factors
will be shown.

OPERATING PRINCIPLES OF A REFLEX KLYSTRON

A simplified drawing of a reflex klystron is shown in
I g )

Fig. 1. The tube is a figure of revolution about the axis

AA. The cathode surface K provides a source of clec-

ez =] by So
COAXIAL =1 i i
OUTPUT D TUNING RINGS
TERMINAL {
FLEXIBLE
DIAFHRAGM ANODE PLANE
o FOCUSING ELECTRODE &
CATHODE K CONTROL GRID '
HEATER 'F’

A

Fig. 1—Cross-section view of a reflex klystron.

trons when it is indirectly heated by F. The electrons
are accelerated by the voltage Eo, which is known as the
beam voltage, or as the acceleration voltage because it
determines the velocity which the electrons have ac-
quired when they reach the anode plane. The emission
current is controlled by the voltage £, which is applied
to the grid G. The cylindrical portion of the control-grid
structure acts as a focusing element and gives a col-
limated beam which continues along the axis of the
tube past the anode plane. In many klystron designs,
the grid is not used and this electrode is only a focusing

8 R. H. Varian and S. F. Varian, “A high-frequency oscillator
and amplifier,” Jour. Appl. Phys., vol. 10, pp. 321-327; May, 1939,

S D. L. Webster, “Cathode-ray bunching,” Jour. Appl. Phys.,
vol. 10, pp. 501-508; July, 1939,

7 D. I.. Webster, “The theory of klystron oscillations,” Jour. Appl.
Phys., vol. 10, pp. 864-872; December, 1939,
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element. Fig. 2 shows the reflex klystron connected
to the proper power supplies. The standard diagram for
velocity-modulation tubes has been used, and the
operating voltages have been labeled with the designa-
tions which will be used throughout this discussion.
This electron-gun structure is quite similar to a triode
tube; it has a cathode, a control grid, and an anode. In
a klystron, however, the electron gun is merely the
source of an electron beam and the radio-frequency por-
tion of the klystron is independent of the electron source.

SR ,
nov
i I/
JEE S T
L
—e,—>

:

], &

S350

Fig. 2—Circuit diagram for a reflex oscillator and power supply.

The beam travels along the axis of the tube beyond the
anode plane with a uniform velocity corresponding to
E,, the acceleration voltage, until it recaches the resona-
tor gap. A radio-frequency voltage across the resonator
gap will modify the velocity of the electrons in the beam.
Some electrons will be speeded up when the field has a
direction which will accelerate the beam. Other elec-
trons will be slowed down during another part of the
radio-frequency cycle, and the velocity of some electrons
will not be changed because they pass the gap when the
resonator voltage is zero. The velocity variation will be
assumed to be small, and the average velocity of the
electrons in the beam will be identical to the velocity
corresponding to the acceleration voltage, since an equal
number of clectrons will be slowed down and speeded
up during one radio-frequency cycle.

Beyond the resonator gap, the electrons encounter a
retarding electric field produced by the potential be-
tween the reflector and the anode (Eo+E,). This re-
flecting field brings the electrons to rest and returns
them to the cavity resonator. The shape of the reflector
electrode is designed to preserve the focus of the beam.
The beam current is constant when the beam leaves the
resonator gap, but electron bunching takes place while
the clectrons are in the reflection space, and the beam is
density modulated when it returns to the cavity resona-
tor.
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If space-charge effects and the focusing action of the
reflector shape are neglected, the bunching action is
analogous to the motion of objects in a gravitational
field.* An Applegate diagram, in Fig. 3, is a convenient
method of illustrating the bunching action. This dia-
gram represents the resonator-gap voltage as a function
of time, and plots the position in the reflection space of
a number of electrons which pass the resonator gap at
selected intervals during a complete cycle. The opposite
action of the radio-frequency field on the electrons leav-
ing the resonator and those returning to the resonator
after bunching has been shown on the diagram.

An electron which has been speeded up by the action
of the radio-frequency field will travel farther into the
reflecting field and will take longer than the average

OF
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Fig. 3—Applegate diagram for a reflex-klystron oscillator.

time to return to the resonator. This behavior is similar
to throwing a ball into the air; the harder the ball is
thrown, the longer it takes to return to the ground.
Reference to Fig. 3 will show that an electron which
passes the resonator gap early in the cycle at time £, is
accelerated and requires a longer time to return than an
electron leaving at time ¢, when the radio-frequency
field is zero. The electrons which leave at time ¢, later
in the cycle require less than the average transit time
and all of these electrons return to the resonator in a
bunch at time ¢. Bunching of the electron beam is the
result, and the uniform flow of beam current is con-
verted into an equivalent direct current with a super-
imposed alternating component.

The arrival time ¢, of a group of clectrons returning to
the resonator depends upon the physical dimensions of
the klystron, and also depends upon the acceleration
voltage and the reflector voltage. In general, the transit
time for the electron with average velocity, leaving at
time £, may correspond to any number of cycles of the
radio-frequency field, and this number need not be an
integer. But in order to sustain oscillations, the electron
bunch must arrive during the time when the radio
frequency is retarding the returning electrons, so
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that the electron velocity is reduced and some of the
kinetic energy of the electrons is transferred into electro-
magnetic energy in the cavity-resonator field.

The clectron which is to become the center of the
bunch leaves at the time # when the radio-frequency
voltage is zero and changing from acceleration to de-
celeration. At an integral number of cycles later, the
radio-frequency voltage will again be zero, but for the
returning electron, the field will be changing from de-
celeration to acceleration. This time is indicated by =
cycles in Fig. 3. Since a maximum retarding field is re-
quired for maximum cnergy transfer from the bunched
electron beam, the transit time for an electron which
enters the reflecting field with average velocity must cor-
respond to one-quarter cycle less than an integral num-
ber of cycles. This transit-time requirement may be
verified by inspection of Fig. 3.

Most of the electrons are collected by the metal walls
of the tube after they have given up energy to the reso-
nator field. Other electrons may have been lost by inter-
ception by the grid structures. A few electrons may
survive these chances of getting collected and will be
decelerated near the cathode surface, then reaccelerated
with the newly emitted electrons. Upon re-entering the
reflection space, these electrons will behave differently
from the clectrons which are going through the round-
trip cycle for the first time. These electrons which make
multiple transits may produce undesirable effects, but
in most cases the effect of these electrons may be neg-
lected. More important factors, such as space-charge
debunching forces, will be neglected in order to simplify
the analysis. This theory is not intended for designing
klystrons, but to help in understanding many of the phe-
nomena which occur.

TrRANSIT-TIME RELATIONSHIPS IN THE
REFLECTION SPACE

It was mentioned previously that the electrons which
pass the resonator gap when the radio-frequency voltage
is zero enter the reflecting field without any change in
velocity, and are defined as electrons with average
velocity. Electrons which pass the resonator gap at a
time # (see Fig. 3) when the radio-frequency field is
changing from accleration to deceleration, become the
center of the bunch. The electrons in the bunch have
different velocities, and these velocities are continually
changing during the time the electrons are in the re-
flection space; however, it is convenient to consider that
the bunch moves as a unit along a path determined by
the electron which is to become the center of the bunch.
Note that the lines in Fig. 3 representing electrons leav-
ing at times &, &, and 4, appear to converge about the
center of the bunch.

A brief review of electron ballistics will derive the
equations which are useful in determining the relation-
ships between the transit time and the tube-design
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parameters. The calculation of the transit time from
the tube voltages and the reflector-electrode spacing
will not be accurate because the effect of the nonuniform
field and the effect of space charge have been neglected.
Although the effects of space charge are quite impor-
tant, the assumption simplifies the analysis consider-
ably, and the result is quite useful.

In the derivations which follow, the terminology will
be defined as it is introduced. In addition, a glossary of
symbols is included in an appendix. The average elec-
tron velocity g is determined by the acceleration volt-
age FEy, and the relation may be obtained from the fact
that the kinetic energy gained by an electron of mass m
and charge e is equal to the potential energy which ac-
celerates the electron. This relation may be stated

1/2(mve?) = Fee. (1)

Equation (1) is then rewritten in the form

.z_é___
Vo = /‘/— Eo. (2)
m

Other laws of motion of particles may be used to de-
termine the transit time. If the deceleration is denoted
by a, then the position of a particle as a function of time

is given by
s = vt — 1/2(at?). (3)

When ¢ is equal to the average transit time T the elec-
tron has returned to the resonator, the electron velocity
is again vo, but in the opposite direction, and s is equal

to zero; i.e.,
0= UQT() —_ 1/2(0T02) (4)

There are two solutions to (4). T equal to zero cor-
responds to an clectron which has not traversed the re-
flection space, and is disregarded. The other solution is

2
Ty = 22 (5)

a
The deccleration @ may be evaluated from the familiar
equation for the force acting on a particle. This force is
given by the product of the charge on the electron and
the gradient of the potential between the anode and the
reflector electrode. If the reflector field is assumed to be
uniform, the gradient is simply the sum of the voltages
on the reflector electrode divided by sy, the reflector

spacing. Therefore,
EO + Er

F=ma—e (6)
S¢
Substitution of (6) and (2) in (5) gives

—

I,
21)() 2e =
To = = 459 (/)

€ EO + Er EO + Er

m So

for the average transit time.
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It is usually more convenient to express the transit
time in terms of a number of oscillation cycles rather
than as a time interval. This equivalent number of
cycles will be designated N, and is defined by

N = [T, (8)

where f is the frequency of oscillation. Equation (7) may
therefore be written

N =4fso———-- 9)

o

g4

-

9]
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Fig. 4—Family of curves showing voltage modes in a
reflex oscillator.

If oscillation is to be at maximum strength, the num-
ber of cycles during the transit time in the reflection
space must satisfy the relation mentioned in the discus-
sion of Fig. 3;1i.e.,

N=n—1/4 (10)

where # is any integer greater than zero. Oscillation at
the same frequency will occur for a number of values of
N, and each value of N may be provided by the proper
choice of the acceleration voltage and the reflector volt-
age. A series of curves showing the reflector voltage
required to give constant frequency for any value of ac-
celeration voltage is shown in Fig. 4. Each curve
represents a different value of N. The value of N may
be estimated from the frequency, reflector spacing, and
voltages involved. These transit times are an important
factor in the behavior of reflex klystrons, and the impor-
tance of transit time will be discussed in greater detail
in the sections which follow. In practice, transit time
corresponding to values of N between 12 and 102 cycles
are typical.

ELECTRON-BUNCHING RELATIONSHIPS

It is obvious that electron bunching must occur in a
reflex klystron because the velocity variation introduced
by the resonator voltage produces a variation of the
transit times of electrons which pass the resonator gap
at different times during a cycle. This variation of
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transit time may be expected from (5), which may be
rewritten in terms of a varying velocity instead of the
average velocity, and becomes
29

T=—

a

(11)

when T and v are varying quantities. The current dis-
tribution in the bunched beam is similar to the bunching
in a two-resonator klystron, but the manner in which
the electrons become grouped is different and there is a
phase difference of 180 degrees between the two types of
bunching.

These differences between reflection-field bunching
and field-free bunching are introduced because the
transit time is proportional to the electron velocity in a
reflex klystron; while the transit time in the field-free
drift space between the resonators in a two-resonator
klystron is inversely proportional to the velocity. As a
result, the electron bunch in a reflex klystron is formed
around the electron which passed the resonator gap
when the radio-frequency voltage was changing from
acceleration to decleration. In contrast, the bunch in a
two-resonator klystron forms around the electron which
passed the input resonator gap when the radio-frequency
field was changing from deceleration to acceleration.?

The existence of a field-free bunching space in addi-
tion to the reflection space requires a modification of
this analysis. A discussion of this effect is given in a
number of references!~? and will not be repeated here.

An analysis of the bunching process in a reflex klys-
tron may be made, following the method used by
Webster® for the two-resonator type of klystron. Negli-
gible transit time across the resonator gap will be as-
sumed in the preliminary analysis, and the factors which
must be modified when this assumption is invalid will be
discussed in a later section.

The electrons approach the resonator gap with aver-
age velocity zg, which is determined by the acceleration
voltage Eq as shown in (2). The velocity of the electrons
will be modified by the radio-frequency voltage at the
resonator gap, and after passing the gap the velocity
will be

2
—\/E() + E, sin wt;
m

(12)

where E, is the peak value of the radio-frequency volt-
age at the resonator gap, w is the angular frequency and
equal to 27f, and ¢ is the time required for an electron to
pass the resonator gap. The transit time of an electron
will be given by (11), and may be rewritten in a form
similar to (7).

m
_EO

T =4 2¢ ¢/1+El in wf (13)
= 45— — SIN wij. <
“Eo+ E, Eo



1946 Ginston and Harrison: Reflex-Klystron Oscillators

Equation (7) may be substituted in (13) to give

fEl.__
1‘ = T() /‘/1 ‘+“ — SIn U)tl. (13&)

0

When the ratio of E,/E, is small, an approximate form
of (13a) may be used

E,
T =T, <1+——sin wh). (14)
2K

L0

Returning electrons will arrive at the resonator gap
at a time f, which will be the sum of the transit time
(T) and the departure time (t).

E
f2 = tl —+" To <1 + —1' sin wt1>. (15)
2E

1]
The number of electrons which return to the resonator
during a time interval df, will be equal to the product of
the instantanecous beam current in the reverse direction

[==xs1.84

}——X21.00

X=0.50

N \\averase cunsent

\
AR (%) A

ARRIVAL TIME 1,

Fig. 5—Instantaneous beam current. Two complete cycles are shown
and three values of the bunching parameter are represented.

I, and the time interval df,.. This same number of elec-
trons originally passed the resonator gap during an
interval df;, when the beam current in the forward
direction was equal to I,, the dircct beam current. If
these expressions for the number of electrons are

equated,
12(”2 = Io(ﬂl (16)

and the instantaneous bunched current is given by
Ig = Iodtl/dtz. (17)

Differentiating both sides of (135) gives

E
dty = di <1 + 0Ty — cos wh) (18)
2E, -
or
I
dt, = dty <1 + WfToFCOS Wt1>~ (18a)
L0

Substituting (8) in (18a) gives

E
dly = dt; <1 + 7N E—lcos wt1> (18h)

0
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which may be rewritten
dty = dt,(1 + x cos wiy). (18¢)

The quantity x is known as the bunching parameter,
and is defined by
E,
x =N —- (19)

0

Other cxpressions for the bunching parameter may be
obtained by substitution in (19), but these expressions
will not be similar to the other cquations for the bunch-
ing parameter when bunching occurs in a ficld-free
drift space.

Substituting (18c) in (17) gives

Iy
1 + x cos wh

Equation (20) is identical in form to the expression for
the bunched current in a double-resonator klystron.*

The equations for the instantaneous current express
this current as a function of #;, the departure time of the
electrons when they enter the reflecting field. It is more
desirable to know the relation between the instantane-
ous current and £, the arrival time of the returning elec-
trons. This relationship is easily obtained if a curve of
f, versus I is available, and a family of such curves is
illustrated in Fig. 5 for several different values of the
bunching parameter x. This graphical representation of
the relationship is necessary because (15) cannot be
solved explicitly for #. Rewriting (15) in terms of the
bunching parameter x gives a form which is convenient
for computation of the curves in Fig. 5. Equation (15)
then becomes

fed
t2=t1+T0+—Siﬂw11. (21)
w

Note that the slope of the curves in Fig. 5 may be-
come negative when the bunching parameter is greater
than unity. This negative slope corresponds to a nega-
tive value of I, indicated by (20) when x is greater than
unity. The beam current never becomes negative; this
sign merely means that clectrons departing at a later
time return before clectrons which left earlier but
traveled farther into the reflecting field. Since electrons
leaving at three different times may arrive simultane-
ously, the beam current is the sum of the absolute mag-
nitudes of the values obtained from (20) for the three
values of #. Additional discussion of this point, based
on an analysis of bunching in a ficld-free drift space, has
been published.?

Curves of instantancous current, corresponding to the

8 D. L. Webster, “Velocity modulation currents,” Jour. Appl.
Phys., vol. 13, pp. 786-787; December, 1942,
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t1 versus ¢, curves in Fig. 5, are shown in Fig. 6. The cur-
rent peaks when the bunching parameter is unity, or
greater, are quite large, but are not infinite if the transit
time in the resonator gap is finite.®!® However, it is

2n

w
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g x=1.84 =0, 50
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2w
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9 pyam 21
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Fig. 6—Electron-arrival-time curves for three values
of the bunching parameter.

convenient to treat the gap length as infinitesimal, and
correction factors which can be applied when the transit
time through the gap is appreciable will be given in the
next section.

Since the instantaneous beam current is identical to
that given by Webster® for the field-free case, the cur-
rent may be expressed by a Fourier series with coeffi-
cients which are Bessel functions of the first kind.

I2 = Io[1 + 2J1(x) sin (wf; — 27N)
+ 2]2(290) sin Z(wtg — 21rN) + ...

+ 2J.(nx) sin n(wty — 2xN)]. (22)

RATIO OF PEAK R.F. COMPONENT TO D.C.°
BEAM CURRENT ‘2/{0= 2Jy(x)
o

Q 2 4 1o
E
BUNCHING PARAMETER )(=1IN-E|~°

Fig. 7—Radio-frequency component of the bunched beam current.

Only the second term is of particular interest in an
oscillator, and the fundamental component of the radio-
frequency current in the beam, which will be designated
19, i1s given by

iy = 2I4J(x) sin (wt; — 27 N). (23)

® L. J. Black and P. L. Morton, “Current and power in velocity-
modulation tubes,” Proc. I.R.E., vol. 32, pp. 477-482; August, 1944,

' A. E. Harrison, “Graphical methods for analysis of velocity-
modulation bunching,” Proc. L.R.E., vol. 33, pp. 20-33; January,
1945.
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The higher harmonics are unimportant because reflex
klystrons are designed to operate with a high effective Q.

Fig. 7 shows the peak valuc of the radio-frequency
component of the bunched beam current as a function
of the bunching parameter. The peak value has been
divided by I, so that the ordinates of the curve are equal
to 2J1(x). This Bessel function output curve is charac-
teristic of klystron tubes, and may be considered
analogous to the plate-current versus grid-voltage char-
teristic of conventional tubes.

TrRANsIT-TIME EFFECTS IN THE
REsoNANT CAvITY

The previous discussion has ignored the effect of the
transit time of the electrons in the resonator gap. If the
electron crosses the gap in a small fraction of an oscilla-
tion cycle, then the change in kinetic energy will be de-
termined by the potential difference across the gap at
that instant. However, if an electron requires a full
cycle to traverse the resonator gap, the electron will be
accelerated during half of the cycle and decclerated
during the remainder of the cycle. As a result, the net
change in kinetic energy will be zero if the gap voltage
is very small compared to the beam voltage.

This effect may be expressed in terms of a “beam
coupling coefficient” of the gap. The expression for the
bunching parameter in (19) must be modified by this
beam coupling coefficient 8 when the transit time across
the resonator gap is an appreciable fraction of a cycle,
and

E,
x = BN —
0

(24)

gives the correct value for the bunching parameter.
Equations (24) and (19) become identical when 8 has a
value of unity.

It is necessary to know the transit time across the gap
in order to evaluate 8. If the distance is €, and the elec-
tron velocity has the average value vy, then the transit
time is d/vo. The transit angle § is given by

8 = 2nfd/v,. (25)

If the averaging process mentioned in the previous para-

graph is performed, the value 8 may be shown to be

sin 6/2
8/2

(26)

In practice, 8 is always less than unity, but in many
cases it is convenient to assume it is equal to unity.
Since this coefficient appears in most of the equations
which describe the behavior of reflex-klystron oscil-
lators, it will be referred to frequently in the next section
on oscillator theory, which will utilize the fundamental
principles derived here to explain the electrical char-
acteristics of these tubes.
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GENERAL THEORY OF OSCILLATORS

The basic principles of electron bunching discussed in
the preceding sections can be used to derive the typical
electrical characteristics of reflex-klystron oscillators.
The analysis is quite similar to the analysis of oscil-
lators in the more familiar radio-frequency region.
Certain outstanding differences will be apparent; the
most important is the dependence of the frequency of
oscillation on the input voltages. These differences arc
the result of the dependence of the bunching action on
transit time, and emphasize the fact that analogies to
conventional vacuum tubes cannot always be used to
describe the behavior of klystrons, although some of the
concepts and terminology are equally useful in discus-
sion of velocity-modulation tubes.

There are several methods which might be used to
analyze the operation of a reflex-klystron oscillator. All
of these methods are essentially the same and merely
represent differing viewpoints in approaching the prob-
lem. Pierce? has described a method which equates the
admittance of the resonator of a reflex oscillator and the
transadmittance of the bunched electron beam. A varia-
tion of this method, using impedances instead of ad-
mittances, was used in an analysis of double-resonator
klystron oscillators.!* This variation of the analysis is
desirable for a double-resonator klystron oscillator be-
cause the relation between the output current and input
voltage in tightly coupled tuned circuits is usually given
in the form of a transfer impedance. A reflex-klystron
oscillator is much simpler to analyze because a single
resonator is used.

The effect of the reflected beam in a reflex-klystron
oscillator can be explained quite easily by assuming that
the radio-frequency component of the bunched beam
introduces an admittance Y, in parallel with the reso-
nant circuit. This method reduces the analysis to a
simple circuit problem in which a change in the value
of Y2 may change the resonant frequency or losses in the
circuit. The results are correct; in fact, it can be shown
that the various methods of analysis are mathematically
identical. The advantage of the method to be used here
is primarily convenient in visualizing the problem, since
the effect of varying components in a circuit is often
more easily understood than the effect of varying param-
eters in an equation.

TneE EQuivALENT CIRCUIT OF A REFLEX-
KrLysTrON OSCILLATOR

An equivalent circuit for a reflex-klystron oscillator
based on the method outlined above, is shown in Fig. 8.
The cavity resonator and its coupled load are repre-
sented by the parallel resistance-inductance-capacitance
circuit. The copper losses and other resonator losses

1 A. E. Harrison, “Klystron oscillators,” Electronics, vol. 17, pp.
100-107; November, 1944,
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such as loading caused by the beam itself or secondary
electrons, are represented by an equivalent shunt re-
sistance Rg, and the coupled load or output circuit con-
sidered as another parallel resistance R;. Then the ef-
fective resistance Rgz would be given by the expression
for two resistances in parallel

RgRy

RSL = "
Rs + Ry

(27)
The equivalent capacitance C represents the capacitance
of the resonator gap. The value of this capacitance can
be estimated to a satisfactory approximation from the
formula for a parallel-plate capacitor, using the area
and spacing of the resonator grids forming the gap. The
value of the equivalent inductance L is chosen to make
the resonant frequency of the equivalent circuit equal
to the resonant frequency of the cavity.

If the reflex klystron is oscillating, or if energy is
coupled into the cavity resonator from an external
source, then a voltage will exist across the resonator gap.
This voltage is represented by the voltage E across the
capacitance C in the equivalent diagram in Fig. 8, and

the value of E is given by
E = E;sin wt (28)
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Fig. 8—Equivalent circuit for a reflex-klystron oscillator.

where E; is the peak value of the voltage across the
resonator gap, and w and ¢ represent the angular fre-
quency of oscillation and time.

The bunching action produces a radio-frequency cur-
rent 7, which depends upon the beam current 7, and the
bunching parameter x, as shown in (23).

19 = 21J1(x) sin (wi — 27 N). (23)
N represents the number of oscillation cycles during the
time an electron is in the reflection space. A current
Bis is shown flowing out of the “fictitious” admittance
Vs, which represents the effect of the bunched beam
current in the equivalent diagram. This direction for the
current is chosen because V, represents the source of
power. The beam coupling coefhcient § is introduced in
order to include the effect of the decreased energy trans-
fer from the beam to the resonator when the gap transit
time is large. This factor must be included in each step
of the derivation in which it should appear; but a value
of unity, corresponding to negligible-gap transit time,
will be assumed in most cases in order to simplify the
discussion of this analysis.
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Admittances are used in this discussion because ad-
mittances can be added when considering parallel cir-
cuits. Equation (27), expressed in the form of the sum
of two conductances (the real part of an admittance),
would be written

1 1 1

Rs. Rs Ry

(29)

The total admittance of the resonator Y5 would include
the susceptance terms for the inductance and capaci-
tance as well as the conductance terms in (29).

(30)

This form will be quite convenient in the analysis of a
reflex oscillator because real and imaginary terms may
be considered separately.

An evaluation of the admittance Y, which is added to
the resonator admittance may be obtained from the
fact that a voltage E must cause a current B, to flow.
The magnitude of ¥, will be determined by the ratio of
the peak value of Bi; and the peak voltage E;.

28147 (x) .

E, (31)

g =
The phase of Y;is determined by the transit time in the
reflection field. If the transit time corresponds to (. —1%)
cycles, where # is an integer, then the electrons in the
bunch will be retarded, and the beam will transfer
energy to the radio-frequency field in the resonator.
This relation was explained in the discussion of Fig. 3.
Under these conditions Y. will be a pure negative con-
ductance. A transit time of (n+%) cycles corresponds to
a transfer of energy from the radio-frequency field to the
electron beam, and in this case ¥, is a positive conduct-
ance; i.e., the beam represents an additional loss in the
circuit.

Other values of transit time cause Y, to be complex
since the radio-frequency component of the bunched
beam current will not be in phase with the resonator
voltage. The phase angle of 72 will be represented by ¢,
and ¢ will be considered zero when the transit time in
the reflection field corresponds to (n—1%) cycles. The
expression for 4; in (23) may be rewritten

iy = 20 J1(x) sin [wt — 2n(n — 1/4) — ¢].  (32)

Comparison of (23) and (32) shows that the phase
angle ¢ is defined by

¢ = 27N — 2x(n — 1/4). (33)

N may have any value and is determined by the transit
time in the reflection space, but 7 is always an integer.
If the transit time is correct for maximum output, then
the phase angle ¢ is zero, and N is given by (10).

N =mn—1/4 (10)
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Decreasing either the acceleration voltage or the re-
flector voltage increases the transit time in the reflection
space and increases the angle ¢.

It will be convenient to express i in the vector form
instead of the sinusoidal form in (32).

iy = 2IJ1(x)[cos ¢ — 7 sin ¢]. (34)

Since Y; is a negative admittance when ¢ is equal to
zero, as defined in the discussion following (31), the
complex admittance is

= Bix _ 2BIsT(%)

Y2 = =
E, E,

[— cos ¢ + jsing]. (33)
Both components of the admittance are plotted in Fig.
9. The conductance, which is the real term in (35), is
shown as a solid line, and the susceptance is a dash line.
The vertical scale in Fig. 9 is purely arbitrary, since
Iy, Ji(x) and E; are unspecified.

CONDUCTANCE

REGION OF SUSCEPTANCE
COMPON

ENT ,/OSCILLATION ~COMPONENT
SN T~

PHASE ANGLE ¢ —

Fig. 9—Conductance and susceptance components of
the beam admittance.

A qualitative analysis of a reflex oscillator may be
obtained from inspection of Fig. 9. As the phase angle
is increased from a negative value toward zero, the
conductance changes from a positive value, indicating a
loss, to a negative value representing a source of power.
Oscillation will occur when the negative conductance is
equal in magnitude to the conductance of the cavity;
i.e., when the source of power is just sufficient to supply
the losses in the resonator and the load. The magnitude
of the circuit conductance is indicated by the horizontal
dotted line in Fig. 9. The shaded portion shows the re-
gion in which oscillation will occur.

When ¢ is equal to zero, corresponding to the transit
time for maximum output, the beam susceptance is zero
and the tube will oscillate at the natural frequency of
the cavity resonator. Note that the equivalent capaci-
tance of the resonator corresponds to a positive suscep-
tance in (30). Increasing the phase angle until ¢ is
positive introduces an additional positive susceptance
in parallel with C, and the frequency of oscillation be-
comes less than the natural frequency of the resonator.
A negative susceptance might be considered a negative
capacitance which decreases the effect of C, or it might
be viewed as an inductance in parallel with L. Either
viewpoint indicates that the resonant frequency of the
system will be increased when ¢ is negative.

The value of this analysis can be demonstrated by
experimental verification of the theory. If the beam cur-
rent is kept quite small so that oscillation does not
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occur, the magnitude of the beam conductance and
susceptance components will be sinusoidal, as shown by
Fig. 9, and the cffective Q and resonant frequency of
the cavity will vary as the phase of the feedback is
changed by varying the reflector voltage. These changes
were measured; the results of the experiment are shown
in Fig. 10 and agree quite closely with the theoretical
prediction.

A casual inspection of Figs. 9 and 10 might suggest
that the tuning effect hecomes small for large values of
the phase angle ¢ near the points where oscillation fails
to occur, because the sine function is not changing
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Fig. 10—Experimental curves showing the effect of
the beam admittance.

rapidly. This behavior is correct for the conditions
represented by Fig. 10, but when the beam current is
large enough to maintain oscillation; i.c., when the beam
current is much greater than the starting current, the
sinusoidal variation of frequency does not occur. Actu-
ally, the scale in Fig. 9 depends upon the ratio Ji(x)/Ex,
and this ratio decreases as the strength of oscillation in-
creases. As a result, the tuning effect decreases rapidly
as the transit time in the reflection space approaches the
value required to make the phase angle ¢ equal to zero,
and the frequency deviation is actually proportional to
the tangent of the phase angle rather than the sine. This
effect will be apparent from the quantitative analysis
which follows.

ANALYSIS OF REFLEX-OsCILLATOR CHARACTERISTICS

If the shunt resistance of a resonator is independent
of frequency, the analysis is simplified because the power
output and efficiency relations are obtained by consid-
ering only the conductance component of the beam ad-
mittance. After the strength of oscillation has been de-
termined, the frequency of oscillation can be obtained
from the magnitude of the beam susceptance. If the
beam conductance is greater than the value required to
supply the losses in the resonator and its load, the
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strength of oscillation will increase until the value of
the negative beam conductance is reduced to the con-
ductance of the resonator and its load. This means that
the conductance of the system is zero when the klystron
is oscillating. The sum of the susceptances must also
be zero, and this relation determines the frequency of
oscillation.

The starting current is one of the important charac-
teristics of an oscillator, and will be used to illustrate
this method of analysis. The starting current is the low-
est value of beam current 7, which will allow oscillation
to exist. The sum of the cavity conductance and the
beam conductance from (35) must be zero for oscillation
to occur.

1 _ 28147 1(x)

cos ¢ = 0.
Rsr E,

(306)
The peak resonator voltage E, and x are related, and
the analysis is simplified if x is used as the variable. E,
may be expressed in terms of x by rewriting (24).

E,
x = fPrN — (24)
Ey
£ on
0 = : 37
1 BN (37)
Substituting (37) in (36) and rearranging terms gives
x BirNIoRsL
= cos 38
x B*rNI.RsR
= S ¢. (38a)

= co
2]1(95) Eo(Rs + RL)

Weak oscillation corresponds to extremely small
resonator voltage, and the bunching parameter x is al-
most zero under these conditions. The Ji(x) Bessel
function is equal to x/2 for small values of x, therefore
the left side of the equation will be unity when I, is
equal to the starting current. The current will be a
minimum for the starting conditions only if the phase is
correct; i.e., cos ¢ must be a maximum and ¢ is equal
to zero, the phase for maximum output. When these
conditions are imposed on (38), we obtain an expression
for the starting current.

E,

B*rNRsL (39)

]Start =

Reasonable values which might be substituted into

(39) in order to give some idea of the current required
for oscillation follow:

gt = 1.0

Ey = 300 volts

N = 42 cycles
Rgy, = 20,000 ohms.
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Representative values have been chosen, and indicate
that a beam current of one milliampere will maintain
oscillation.

The term x/2J,(x) in (38) and (38a) is one form of
a very important parameter in the analysis of any os-
cillator. It was used and explained in an article!! on
double-resonator klystron oscillators and will appear as
a co-ordinate in many of the illustrations which follow.
The basic parameter, which applies to conventional
vacuum tubes as well as velocity-modulation types,
may be defined as the magnitude of the ratio of the
small-signal transadmittance of a tube to the large-signal
transadmittance. This ratio is a measure of the satura-
tion effect at high input levels and the term “transre-
duction factor” has been proposed for this ratio. The
term is not limited to analysis of oscillators but is
equally useful in amplifiers and other vacuum-tube cir-
cuits. When used in an analysis of klystron operation
based on small variations of velocity, the value of the
parameter has the convenient mathematical equivalent
x/2J1(x), which has been mentioned.
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Fig. 11—Bunching parameter x as a function of beam current and
other variables. The unshaded portion is the normal operating
region for a reflex oscillator.

Increasing the beam current above the starting cur-
rent value will greatly increase the output. This can be
shown by deriving the expression for the power deliy-
ered to the resonator and load. This power will be desig-
nated P,, and is the power delivered by the bunched
beam to the shunt resistarce Rg;. The value of P, is
given by one half of the product of E, the peak resona-
tor voltage, and the peak value of the in-phase com-
ponent of 4. This product must be reduced by the beam
coupling coefficient 8, in order to include the effect of
finite transit time across the resonator gap.

Py = 1/2(E\Bis cos ¢) = BEI,J1(x) cos ¢. (40)
Substituting the expression for E; in (37) into (40)
Eol
y= 200 ). (a1)
=N

In order to compute P, it is necessary to know the
dependence of E; or x upon the beam current, I,.
Equations (24) or (37) do not furnish this information,
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but the relation can be obtained indirectly from (38).
Values may be substituted in (38) or (38a) to obtain
the value of the transreduction factor x/2J1(x) cor-
responding to the assumed value of the beam current 1.
The relation between the bunching parameter x and
x/2J1(x) can be obtained from a table of Bessel func-
tions, or from Fig. 7, which is a curve of 2J:(x) as a
function of x. This relation between x and x/271(x) is

POWER OUTPUT

Nzs 2

BEAM CURRENT |,

Fig. 12—Power output asa function of beam current. Several modes
corresponding to different transit times are shown.

given in Fig. 11 for all values of x between zero and
10.17, corresponding to the third zero of the Bessel
function, but only the unshaded region is of importance
in the normal operation of a reflex-klystron oscillator.
The value of x/27,(x) computed from (38) or (38a) is
used with Fig. 11 to obtain values for x and Ji(x) cor-
responding to the assumed value of the beam current
Iy, and the power can then be computed from (41).

Curves of power delivered by the bunched beam as a
function of beam current I, computed in the manner
described above, are shown in Fig. 12 for various values
of N. Those curves not only show the increase of power
as the current is increased above the starting value, but
also indicate that the maximum power from a reflex
oscillator and the starting current are inversely propor-
tional to N, the number of cycles during transit in the
reflection field. In other words, increasing the number of
cycles required for bunching, either by reducing the re-
flector voltage or actually changing the tube design by
increasing the reflector spacing, will decrease the output
which can be obtained but will permit the tube to be
operated with a smaller beam current.

It would be interesting to investigate the region in
Fig. 11 where x/2J,(x) has a negative value. The nega-
tive sign has the same significance as the negative por-
tion of the Bessel-function curve; i.e., when the bunch-
ing parameter x is greater than 3.83, the Bessel function
becomes negative and the phase of the bunched beam
is shifted 180 degrees.!® Reference to (35) will illustrate
the effect of this phase shift. Oscillation can occur only
when the equivalent beam conductance is negative. Nor-
mally, this condition is met when the phase angle ¢ is
zero and the Bessel function has a positive value. How-
ever, if the phase angle is 180 degrees, corresponding to
the usual region of nonoscillation, but the resonator



1946 Ginzston and Harrison: Reflex-Klystron Oscillators 107 P

voltage is made large enough to give a negative value
of Ji{x), then the beam conductance defined by (35)
is also negative. Oscillation would not be self-starting,
but might be maintained if the beam current was suf-
ficiently high and the correct value of resonator voltage
was obtained by overdriving the resonator.

If any of the variables other than current are changed,
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Fig. 13—Universal curve for the efficiency of a reflex-
klystron oscillator.

such as the load resistance or the phase angle ¢, the use
of curves to show the effect of each variable becomes
quite complicated. Fortunately, all of the variables can
be combined into dimensionless parameters and the
characteristics can be presented in a universal curve as
illustrated by Fig. 13. The transreduction factor
x/2J1(x) in (38) is one example of a useful dimensionless
parameter and the efficiency parameter to be derived
below is another example.

The power delivered by the bunched beam, defined
by (41), is not all useful power since some is absorbed
by the resonator losses. We are more interested in the
power delivered to the load, which will be designated
P. Then ’

__ R, RsBlecosé oo @)

Ry + Rs wN(RL 4 Rs)

If we divide the power output by the beam power input
we obtain the cfficiency of the klystron oscillator. Equa-
tion (42) can be rearranged so that the efficiency (ab-
breviated “Eff.”) and the other factors involved are
related to a dimensionless efficiency parameter xJi(x).
7!‘]\7 RL + Rs

xJq(x) = ——
() cos ¢ Rs

Py

Eff. (43)

Fig. 13 combines these two dimensionless param-
eters in a single curve which relates the output char-
acteristics of a reflex-klystron oscillator to the design
factors which may be varied. The vertical co-ordinate
is xJ1(x) and x/2J.{x) is the horizontal co-ordinate.

EFFECT oF VoLTAGE, CURRENT, AND LOAD ON
KrLysTrRON OUTEUT

Most of the output characteristics which are typical
of reflex-klystron oscillators can be predicted by in-
spection of Fig. 13. Consider the case when the load,
beam current, and acceleration voltage remain fixed,
but the reflector voltage is varied. Assume that the
phase angle ¢ is 7/2 for zero reflector voltage;i.e., when
the reflector electrode is at cathode potential. Cos ¢
will be zero, corresponding to an operating point at the
origin in Fig. 13. Increasing the negative reflector voit-
age will decrease ¢ and cos ¢ will vary from zero to a
maximum of unity and then decrease again. The value
of N will also vary, but if IV is large this variation is not
important in a qualitative analysis, and N will be as-
sumed a constant for the range of each voltage mode.

When cos ¢ is zero, the transreduction factor x/2J,(x)
is also zero, since the value of x/2J1(x) is determined by
(38) or (38a).

X 627!‘NI()RSL
2(x) E,

Cos ¢. (38)

Oscillation will not occur until cos ¢ has increased until
the value of x/2J:(x) is unity. As cos ¢ increases beyond
this point, the output will increase as shown by Fig.
13. When cos ¢ is unity, x/2/:(x) will have its maxi-
mum value and the output will also be maximum. This
is true for the region where the efficiency curve is de-
creasing because the cos ¢ term increases faster than the
efficiency parameter in Fig. 13 decreases. As the reflector
voltage is increased beyond the value giving maximum
output, the phase angle becomes negative, and cos ¢
decreases until the output is again zero.

As the reflector voltage is increased further, the sign
of cos ¢ will become negative and the beam-conductance
term in (35) has a positive value. This positive beam
conductance represents an additional loss, therefore

(/// /
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Fig. 14—Power-output and frequency characteristics when the
reflector voltage of a reflex klystron is varied.

oscillation does not occur. When the transit time has
changed by an amount equivalent to one complete cycle,
the phase is again correct for oscillation and another
output mode will occur. Normally, there are several of
these voltage modes, and oscillation does not occur in
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the region between modes where the phase angle is in-
correct. This behavior is illustrated by Fig. 14.

The higher reflector-voltage modes correspond to
smaller values of N and the output is greater for two
reasons: first, the ordinate xJi(x) in Fig. 13 beconies
greater as NV is decreased, since decreasing N corre-
sponds to moving from right to left on the curve in Fig.
13; sccond, the efficiency for a particular value on the
curve is inversely proportional to N. Eventually it is
no longer possible to observe modes with higher reflector
voltage because N has become so low that the starting
current is greater than the beam current. The last mode
observed may have the highest output of the series, or
it may have less output than the previous mode. The
latter case corresponds to a point in Fig. 13 to the left
of the maximum of the curve.

The maximum theoretical efficiency of a reflex-klys-
tron oscillator is less than the value for a double-
resonator oscillator, and is inversely proportional to V.
The efficiency for any value of N can be calculated from
Fig. 13. If most of the power is transferred to the load
and the phasc angle is adjusted for maximum output,
then (43) may be rewritten

xJ1(x) 1.25

maximum efficiency =, —
TN TN

(44)

The assumptions used in this derivation are not valid
for small valucs of N, and theoretical cfficiencies be-
tween 20 and 30 per cent are indicated when better
approximations are made in the computation of effi-
ciency for values of N less than two.

It is interesting to note that the efficiency obtainable
for any mode is independent of the beam coupling co-
efficient. If the transit time across the resonator gap
is large, making the value of 8 less than unity, then it is
theoretically possible to overcome this disadvantage by
increasing the beam current. The power output will be
greater because the same maximum efficiency requires
more power input. If sufficient beam current is available
so that the load resistance R;, is small in comparison
with the shunt resistance of the resonator Rg, the effect
of a small value of 8 may be counteracted by decreasing
the load; i.e., increasing the value of Ry.

If the output load impedance is varied (by varying
the length of the output line or some other method of
impedance transformation), the output will increase to
a maximum, then decreasc suddenly and the klystron
may refuse to oscillate for certain load impedances. This
effect occurs first for the higher reflector-voltage modes
because the starting current is higher for these modes.
When the beam current is constant the load required
for maximum output is different for each mode. Heavier
loading is required for maximum output from the modes
corresponding to the larger values of M.

This effect can be demonstrated conveniently with a
dynamic method of observing the output. An alternat-
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ing voltage can be superimposed upon the reflector volt-
age, causing the output to be swept through several
modes periodically. The output voltage is applied toa
cathode-ray oscilloscope with the sweep synchronized
with the reflector-voltage modulation. A pattern similar
to Fig. 14 will be observed. If the klystron is lightly
loaded, all of the modes will be small, but the higher re-
flector-voltage modes will increase until the mode with
the smallest value of N corresponds to the point of
maximum efficiency on Fig. 13. Increasing the load fur-
ther will decrease the output from the highest voltage
mode until it disappears when the transreduction factor
becomes less than unity. The other modes with larger
values of NV will continue to increase in output, with the
modes disappearing successively until the load is so
great that the klystron cannot oscillate at any reflector
voltage.

ANALYsIS oF ELECTRONIC TUNING

The qualitative analysis based on Fig. 9 predicted
that the frequency of oscillation would change as the
phase of the bunched beam was varied by changing the
acceleration voltage or the reflector voltage. This effect
is known as electronic tuning. The power output and
efficiency relationships were obtained by considering
only the conductance components of the beam and
cavity admittances. Similarly, the electronic-tuning
analysis requires the sum of the susceptances to be zero.
The magnitude of the beam susceptance depends upon
the strength of oscillation, however. As a result, the
imaginary component of the beam admittance depends
upon the magnitude of the real component.

Equation (36) may be rewritten

28107 4(x) _ 1
E, Rgy cos ¢

(45)

Then (45) may be substituted in the imaginary term
of (35) to obtain the value of the beam susceptance in
terms of the phase angle ¢.

281 1(x sin tan
810/ 1(%) . _ ¢ _ ¢ L 46)
B, Rgyp cos ¢ Rgp

Equating all susceptance terms in the resonator and
beam admittances to zero gives an expression which
may be used to determine the frequency of oscillation. If
w is the angular frequency of oscillation for any phase
angle, and wo is the angular frequency corresponding to
zero phase; i.e., the resonant frequency of the cavity,
then

1 tan ¢ _
— —— 4+ wC + = 0. (47)
wl. Rsi
Rearranging terms gives
R w
il <—0 — wwOLC> = tan ¢. (47a)
O)oL w
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But Rgr/woL is equal to the loaded Q of the resonator,
Q. and LC is equal to 1/we?, therefore

0L <i — i) = tan ¢. (47b)

When o and wp do not differ by more than a few per
cent ((wo/w) — (w/wp)), may be rewritten

wWo w

wze Y (48)

w Wy w f

and (47b) becomes the familiar expression for the phase
of a parallel-resonant circuit.

Af
2QL 7 = tan ¢. (49)

The term 2 Q.Af/f is a convenient frequency-deviation
parameter which is often used in universal curves for
resonant circuits. It relates the actual frequency devia-
tion to the loaded Q of the circuit.

Equation (42) and Fig. 13 allow the power output to
be calculated as a function of the phase angle ¢, and the
frequency deviation from the resonant frequency of
the cavity can be obtained from (49). However, it is
more uscful to know these characteristics as a function
of voltage instead of phase. Equation (9), repeated be-
low,

m
Ey
e
N = dfsg—mm— 9
) ®)

may be substituted into (33) to obtain a value of ¢, and
this value of ¢ may then be substituted into (42) and
(49), giving the output power and frequency character-
istics as a function of reflector voltage. Fig. 14 was ob-
tained in this manner.,

Fig. 15 repeats the characteristics shown in Fig. 14
for a single mode and a number of different values of
loaded Q. The curves for heavy loading correspond to a
load which is almost great enough to prevent oscilla-
tion. Curves are also shown for the loading which gives
maximum output, and very light loading when most of
the power is absorbed by the resonator losses.

A number of interesting conclusions are illustrated by
Fig. 15. The slope of the linear portion of the frequency
characteristic is inversely proportional to the loaded @
of the resonator. This fact is apparent from (49), but
only the trend is indicated by Fig. 135, since actual val-
ues of Q, are not given. Increasing the Q by decreasing
the load does not decrease the electronic-tuning band-
width as might be expected, since this change will in-
crease the bunching and the phase angle may be varied
over a larger range before the output decreases apprecia-

bly. The bandwidthi between zerc-output points actually
increases as the loading is decreased, and the bandwidth
between half-power points is decreased only slightly.
Decreased loading causes the amplitude characteristic
to become more uniform over a large range of voltage,
but the frequency-deviation curve becomes quite non-
lincar.

These qualitative conclusions are interesting, but a
method of calculating the bandwidths is more valuable.
The desired equations may be obtained by evaluating
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HEAVY LOADING
—
AN
-\

/

POWER GUTPUT

REFLECTOR VOLTAGE

Fig. 15—Power-output and frequency characteristics
for different loads.

the phase angle ¢ for the output being considered, and
substituting this value of ¢ in (49). This process will be
carried out for the zero-power point and also the half-
power point. Equation (38a) may be rewritten

Eo(Rs + Ry1) x
62’)T‘JVIQR5RL 2]1(36)

cos ¢ = (50)

For zero output, the value of x/2J,(x) is unity; therefore

—_ Eo(Rs + Ry) 51)
S = S
* T BMNT.RsR,

1
ww- g/ @
COS~ ¢g

Note that cos ¢o; i.c., the cosine of the phase angle when
the output is zero, has a value equal to the reciprocal
of the transreduction factor x/2J(x) for the operating
conditions when the phase angle is zero, corresponding
to maximum output. Therefore, (52) may be rewritten

and
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(52a)

anon= g/ (o) - 1

The bandwidth between zero-output points is ob-
tained by substituting (52) in (49). However, the fre-
quency deviation Af/f is measured from the point of
maximum output; therefore, the bandwidth between
zero-output points will be twice the value indicated by
(49). The term (2Af/f)o will be introduced to avoid con-
fusion between the bandwidth between the two zero-
output points and the frequency deviation from the
frequency corresponding to maximum output. Then

20f 1
2Q1‘<——>=2tan¢g=2 " - 1.
fo COS* ¢y

Evaluation of the bandwidth between half-power
points is somewhat more complicated, and requires the
determination of the bunching-parameter value which
corresponds to one half of the maximum output. The
power output for any operating condition is the square
of the peak voltage E; divided by twice the load resist-
arice Ry.

(53)

p, =
LT R,

E02x2

28°mN?R;,

(54)

Equation (37) has been substituted for E; in (54). The
value of the bunching parameter x for maximum output
can be obtained from Ilig. 11 with cos ¢ equal to unity.
This maximum output does not necessarily correspond
to the point of optimum efficiency in Fig. 13, but is the
maximum output for the given conditions of load and
input when the phase angle is zero. These conditions de-
termine the value of x/2/:(x) and x is then determined
from Fig. 11. This value of x divided by /2 is the value
of the bunching parameter which corresponds to the
half-power points. Substituting this value of the bunch-
ing parameter in (50) gives

EO(RS + RL) x/\/E

s (55)
B*r NIoRsRL 2J,(x/\/2)

COS ¢1/2 =

Equation (55) may also be written

271(x) x/v/2
2]1(96/\/5)

A definition for the bandwidth between half-power
points, similar to the definition for zero-output condi-

tions, gives
2A 1
201 <—l> = 2 tan ¢y = /‘/h — 1. (56)
VAT cos? ¢1/g

Thesc expressions may appear complicated, but the
evaluation of cos ¢y2 from Fig. 11 is quite simple. The
method can be illustrated by a sample calculation. As-

COS @12 = (55a)
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sume that x/27,(x) equal to 2.30 corresponds to the
operating conditions when the phase angle is zero. This
corresponds to maximum output from the tube. The
bunching parameter x for this value of x/2J1(x) is 2.40,
as indicated by the curve in Fig. 11. The value of x for
the half-power point would be 2.40/+/2 or 1.70, and
corresponds to x/2J,(x) equal to 1.47. Cos ¢y, is then
1.47/2.30, or 0.64. Substitution of this value of cos b1z
in (56) gives a value of 2.40 for 2Q0.QAf/1ps.

The calculations for bandwidths between zero-output
and half-power points have been made and the results
are plotted in Fig. 16 as a function of x/2J:(x), the
transreduction factor. A dotted line has been drawn
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Fig. 16—Universal curves for the electronic tuning
of a reflex oscillator.

through the origin and tangent to the curve for the
bandwidth between half-power points. Since Q is pro-
portional to RsR./(Rs+Ry.), this dotted line is pro-
portional to Q and (2Af/f)12 will be a maximum at the
point of tangency. In other words, the maximum band-
width between half-power points occurs when the con-
ductance parameter has a value of approximately 2.30,
the same as the value required for optimum output from
the tube.

It is interesting to note that the bandwith between
half-power points for a single resonant circuit is 2.00
when using these co-ordinates for the frequency devia-
tion. The value for a reflex-klystron oscillator with the
load adjusted for maximum bandwidth is 2.40, or 20
per cent greater than the bandwidth associated with the
loaded Q of the resonator. Increasing the bunching by
increasing the beam current, decreasing the loading, or
in any other manner which increases the value of
the transreduction factor, will increase the value of
2QL(2Af/f)y2. However, it is not correct to state that
the clectronic tuning of a reflex klystron is independent
of the loaded Q of the resonator. The frequency devia-
tion in the lincar region is inversely proportional to
@1, but increasing Q; by reducing the load causes
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overbunching and the tube can oscillate over a wider
range of voltage variation. As a result, the half-power
point is extended into the nonlinear region of the fre-
quency-deviation characteristic and the actual fre-
quency bandwidth (2Af/f)i2 decrcases only slightly
from the maximum bandwidth when the oscillator is
loaded to give maximum output.

EFFECT oF LOoAD VARIATIONS

Some of the effects of varying the load have been
mentioned in the discussion of Figs. 13 and 15. The
previous discussion assumed that the load can be repre-
sented by an equivalent shunt resistance Ryz. This
equivalent resistance has a magnitude similar to the
shunt resistance of the cavity resonator; i.e., Ry is
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Fig. 17—Efficiency of a reflex oscillator as a function of load.
Curves for three values of bcam current are shown.

usually several thousand ohms. The characteristic
impedance of the coaxial output line is very much
smaller, usually in the order of magnitude of 100 ohms
for convenient physical dimensions, and the coupling
loop must be designed to transform an impedance of
perhaps 100 ohms to the required value of several
thousand ohms. Some tubes are manufactured with
coupling loops which are fixed in size and position; in
this case, the equivalent load resistance can be changed
only by changing the load itself or by using some type
of impedance transformer between the load and the
coaxial output terminal. Other tube types may also
permit variation of the size or position of the coupling
loop as a means of adjusting the load.

If a variable length of line is used as an impedance
transformer, the resistive component of the load can be
varied, if there are standing waves in the line, but a
reactive component may also be introduced. This re-
active component will affect the frequency of oscilla-
tion. The analysis of this effect will not be considered
in detail in this paper. However, the effect is quite im-
portant and should not be overlooked when using these
tubes.
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Frequency changes may also be caused by changing
only the resistive component of the load if the phase
angle ¢ is not zero. Consider a case illustrated by Fig. 15
when the reflector voltage does not correspond to the
adjustment for maximum output and the frequency
deviation is not zero. Decreasing the load will decrease
the frequency deviation. This effect is also indicated
by the magnitude of the beam susceptance in (47). De-
creasing the load corresponds to increasing the load
resistance R, and this change also increases the effec-
tive shunt resistance Rgz; therefore, decreasing the load
will decrease the effective beam susceptance and the
frequency deviation will be less. This effect becomes
greater when the reflector voltage deviates from the
value required for maximum output.

If most of the power is not transferred to the load,
then the derivation of the maximum efficiency in (44)
does not apply, and the efficiency is dependent upon the
load resistance. Actually, Ry must be small compared to
Rg if most of the power is to be transferred to the load,
and this condition can be obtained only if the beam cur-
rent available is very much larger than the starting
current. The maximum efficiency is less than the theo-
retical value for practical values of beam current. If
the beam current is seven times greater than the starting
current, the maximum value of the x/2J,(x) co-ordinate
in Fig. 13 will be 7.0 when Ry is infinite, corresponding
to no load. The output will be zero under these con-
ditions and the efficlency will also be zero, since,
(R1+Rs)/Rs becomes infinite. As Ry, is decreased cor-
responding to increasing the load, the output will in-
crease.

A family of curves similar to Fig. 13 can be plotted
to show the effect of power division between the
resonator losses and the load. The factor (R,+ Rs)/Rs
in the ordinate of Fig. 13 is computed for each value of
R, considered, and the ordinates for the revised effi-
ciency curves in Fig. 17 are directly proportional to the
output efficiency. Each curve corresponds to some
chosen value of beam current Iy and wN times the
efficiency is plotted as a function of Ry. The other
variables in the transreduction factor are held constant.
The phase angle ¢ has been assumed to be zero in this
illustration, corresponding to the voltage adjustment
for maximum output, therefore cos ¢ is unity and has
not been included in the efficiency co-ordinate.

If the beam current I were equal to the starting cur-
rent I, the transreduction factor x/2Jy(x) would have
a value of unity. The load would be zero, corresponding
to an infinite value of R.. When I, is seven times greater
than Is, the value of x/2J,(x) would be 7.0 if the load
resistance Ry was infinite. The output would be zero,
of course. Decreasing Ry would increase the load, and
the efficiency would increase until a maximum was
reached. Eventually the load would become too great
and the tube would fail to oscillate when R, was
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reduced until x/2/,(x) had a value of unity. Similar
curves are shown for values of I, twelve and twenty
times greater than the starting current. Note that the
actual efficiency is only 90 per cent of the theoretical
efficiency when the beam current is twenty times greater
than the starting current.

Fig. 17 may also be usged to compare the efficiencies
for different values of N when the beam current re-
mains constant. These conditions can be met by chang-
ing the reflector voltage. Consider that the curve in
Fig. 17 for seven times the starting current corresponds
to a value of N equal to 2% cycles, and the curve for
12 times the starting current corresponds to the sanme
beam current but a value of 4% cycles for N. Then
the actual efficiency for optimum loading would be
0.87/2.75m or 10.1 per cent for N equal to 23 cycles,
and 1.01/4.75x or 6.8 per cent for N equal to 42 cycles.
Although the loading required for maximum output is
less for the mode with the shorter transit time, and
therefore a larger proportion of the total power is
dissipated in the resonator losses, the improved con-
version efficiency for the shorter transit time allows the
output efficiency to be greater.

REFLEX-KLYSTRON DESIGN CONSIDERATIONS

Most of the previous discussion has been used to
predict or explain the electrical characteristics of re-
flex-klystron oscillators when operating voltages, cur-
rent, and loading were the only variables. It is inter-
esting to consider the effect of varying the design of the
tube itself, although it is necessary to remember that
the relation between the lumped constants used in the
equivalent circuit and the physical dimensions of the
cavity resonator is not clearly defined. However, con-
sidering the effect of changing these constants can be
quite useful in a qualitative analysis of the factors which
are important in the design of klystrons.

Reference to the equivalent circuit in Fig. 8 will indi-
cate that increasing the ratio of the small-signal beam
admittance to the circuit capacitance will increase the
amount of electronic tuning. This ratio may be increased
by increasing the beam current Io, increasing the transit
time in the reflection space (increasing the value of N),
or by decreasing the circuit capacitance. Decreasing the
capacitance by increasing the resonator-gap spacing
may not be satisfactory because the transit time across
the gap may become excessive. This change would re-
duce the beam coupling coefficient, which has the same
effect as reducing the beam current. Therefore we will
only consider reducing the capacitance by decreasing
the area of the resonator gap.

Either increasing the beam current without changing
the capacitance, or reducing the area of the gap without
changing the current, corresponds to increasing the
current density. Therefore the problem of increasing
the electronic tuning in a klystron design becomes a
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problem of increasing the current density. This con-
clusion assumes that N is already large and that addi-
tional transit time in the reflection space will not in-
crease N appreciably.

[t is equally interesting to analyze the factors affect-
ing electronic tuning from the viewpoint that increased
clectron bunching permits heavier loading of the oscil-
lator, and therefore increases the electronic tuning be-
cause the loaded Q has been reduced. Reference to
Figs. 11 and 13 will emphasize the fact that the bunch-
ing parameter x has a value of 2.40 when the oscillator
is adjusted for maximum output. If the beam current
is increased, with no design change in the resonator, the
resonator voltage £, will be increased and the value of
the bunching parameter will increase. The magnitude of
E, is determined by the radio-frequency current 7, and
the loaded shunt resistance Rg;.

Ey = 214Rs1J (). (57)

Since E, must be constant if ¥ remains constant, an
increase in Iy must be accompanied by a decrease in the
loaded shunt resistance Rg;. Therefore the increased
beam current permits the oscillator to be operated with
a greater load, and reducing the Q of the loaded circuit
increases the electronic tuning.

The effect of decreasing the capacitance may also be
related to the loaded Q of the resonator. One of the
relations giving the Q of a circuit is

QL = oCRgp = wC—Ri- (58)
Rs + R,
The unloaded Q of the circuit will be
Q = wCRg, (59)
therefore (58) may be rewritten
Q=20 L (60)
Ks + Ry

Decreasing the circuit capacitance by reducing the
resonator-gap area without changing the gap spacing
does not change the unloaded Q appreciably, but does
increase the shunt resistance Rs. This change will not
affect the loaded shunt resistance Rsy, since Ry is
usually much smaller than Rg; therefore, the oscillator
will operate with the same degree of bunching if the
beam current and the load resistance Ry, are unchanged
However, (60) indicates that the loaded Q will decrease
when the shunt resistance is increased, and the elec-
tronic tuning will be increased.

Note that the changes discussed in all of the pre-
ceding paragraphs correspond to increasing the curent
density in the electron beam. The various explanations
of the electronic tuning are merely different ways of
looking at the problem.
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The design of an cfficient, high-power reflex-klystron
oscillator would require a different approach. The im-
portant design factor would be the transit time in the
reflection space, therefore N must be small. As pointed
out in the discussion of (44), the analysis is not valid
for small values of N, but the trend is indicated cor-
rectly. Decreasing N increascs the starting current, and
if the beam current is alrecady as large as permitted by
a practical design, then the load required for optimum
output cannot be very great and the clectronic tuning
will be small. It is also apparent that the theoretical
efficiency will not be attained if a large part of the total
power goes into the resonator losses. In spite of this
factor, however, the efficiency will be greater than that
of a reflex klystron designed for a larger value of N.If
it were possible to increase the beam current sufficiently
so that most of the power could be transferred to the
load, then the klystron would have as much electronic
tuning as a design with a larger value of N and smaller
beam current.’
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ApPENDIX |

GLOSSARY OF SYMBOLS

Eo =Dbeam voltage or acceleration voltage.

E, =rellector voltage (voltage between cathode and
reflector clectrode).

£, =control-grid voltage.

= =instantancous value of radio-frequency voltage
across resonator gap.

E, =peak value of radio-frequency voltage across
resonator gap.

I, =average beam current (value of dircet current).

Liare=minimum value of beam current required to
maintain oscillation

I, =instantancous valuc of bunched beam current.

is  =fundamental component of radio-frequency cur-
rent in the bunched beam.

¢  =phase angle of bunched beam current.

v =velocity of an clectron.

vo  =average velocity of an electron (corresponds to
).

s = distance measured from resonator gap.

so  =spacing between resonator gap and reflector clec-
trode.

F  =retarding force due to reflecting field.

a  =deceleration caused by retarding force F.

e =charge of an clectron.

m  =mass of an electron.

t = time.

t =departure time when an clectron leaves the reso-
nator gap.

t» =arrival time when an clectron returns to the
resonator.

T  =transit time in the reflection field.

T, =transit time in the reflection ficld of an clectron
with average velocity ve.

N  =number of oscillation cycles during transit of the

reflection space.
=frequency of oscillation.

—

w  =2xf.
wo =27 times the resonant frequency of the cavity.
. I
x  =Dbunching parameter equal to BerE.
)
J. =Bessel function of first kind and nth order.
J1  =Bessel function of first kind and first order.
d  =spacing of resonator gap.
§  =transit angle across the resonator gap.
. . sin 6/2
8  =moudlation coefficient equal to 6/_2
Rg =shunt resistance of the cavity resonator.

R, =equivalent load resistance.
Rg; =loaded shunt resistance of the cavity resonator.

L =cquivalent inductance of the cavity resonator.

C =cquivalent capacitance of resonator gap.

Q =unloaded Q of the cavity resonator.

Q. =loaded Q of the cavity resonator.

Y, =total admittance of the cavity resonator.

Y. =equivalent admittance due to the bunched heam.
P, =power delivered to the resonator and load.

P =power delivered to the load.
Eff. =efficiency (ratio of radio-frequency output power
to beam-power input).

x/2J1(x) = transreduction factor (magnitude of the
ratio of small-signal transadmittance
to large-signal transadmittance).

xJ1(x) =universal efficiency parameter for reflex
klystrons.

20.Af/f =frequency deviation from resonant fre-

quency of the cavity.

20L(2Af/f)s =Dbandwidth between zero-power-output
points.

20.(2Af/f)12=Dbandwidth between  half-power points
(frequently called electronic-tuning
bandwidth).




The Transmission of a Frequency-Modulated
Wave Through a Network’

WALTER J. FRANTZY, ASSOCIATE, LR.E.

Summary—A practical method for calculating the effect of a four-
terminal network upon a frequency-modulated wave being trans-
mitted through it is developed and demonstrated. The form of the
solution is simple enough to be applied by anyone familiar with elec-
tric circuits. No knowledge of calculus or higher mathematics is re-
quired; nor is the solution restricted in any way, being equally accu-
rate and practical for large and small values of modulation index, and
for any physical network.

In order to determine whether or not a particular network prob-
lem involving a frequency-modulated input wave may be analyzed
from the ‘‘instantaneous frequency’” viewpoint, a test, or validity
condition, has been developed. This test quickly classifies the prob-
lem either as one for which only a complete, straightforward analysis
determines the response, or as one for which a quasi-steady state
exists. The quasi-steady state is a condition under which the ampli-
tude—instantaneous-input-frequency envelope and the phase-shift—
instantaneous-input-frequency envelope of the output wave approach
closely enough to the steady-state-amplification—frequency and
phase-shift—frequency characteristics of the network.

INTRODUCTION

ITH THE increasing usc of a frequency-modu-

&:%/ lated wave for circuit alignment and test, spec-

trum analysis, altitude or time-delay measure-

ment, and the transmission of intelligence, there arises

the need for a practical and dependable method of cal-

culating the response of a network to a frequency-
modulated input wave.

Suppose that it is desired to picture accurately the
steady-state amplification—frequency characteristic of
a tuned one-megacycle amplifier with an effective Q of
100. The layout of Fig. 1 is often used for visual circuit
test and alignment in the communications industry.

IveEr SUBIECT
GENERATOR NET WORL 1

4
05CHLOSCOAE
L4

AMOOULATING
YOoL7AGE
GENERATOR

Fig. 1—Block layout of a visual network test and alignment position.

Since the modulating voltage is applied also to the
horizontal plates of the oscilloscope, the horizontal axis
is linear in instantaneous frequency of the input fre-
quency-modulated wave. In Fig. 2, (a) is the oscillogram
obtained when the frequency-modulated signal gen-
erator is operating at a center frequency of one mega-
cycle, a total sweep width of 50 kilocycles, and a modu-

* Decimal classification: R414XR140. Original manuscript re-
ceived by the Institute, May 28, 1945; revised manuscript received,

October 23, 1945. .
t RCA Laboratories, Princeton, N. J.
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lating frequency of 100 cycles per second; the amplifica-
tion—frequency characteristic of the amplifier has been
fairly well pictured. If the modulating frequency is in-
creased to 1000 cycles per second, the pattern (b) de-
parts considerably from the steady-state amplification
—frequency characteristic of the network. The two
traces are the frequency upsweep and the downsweep.
The upsweep trace leans to the right and the down-
sweep trace leans to the left. In Fig. 2, (c)_is the oscillo-
gram obtained for a total sweep width of 150 kilocycles
and a modulating frequency of 333 cycles per second,
while (d) is the oscillogram obtained for a total sweep
width of 150 kilocycles and a modulating frequency of
1000 cycles per second.

These oscillograms will be referred to quantitatively
later in the article. They are presented here only to
persuade those unfamiliar with the problem that it is
real, important, and frequently encountered. The prob-
lem is probably given the most attention by the de-
signers of high-quality frequency-modulated transmit-
ters and receivers,

It is the purpose of this paper to devise a simple test by
which one may determine whether or not the effects of
a network upon a frequency-modulated wave being
transmitted through it differ appreciably from the
steady-state amplification—frequency and phase-shift
—frequency characteristics of the network, and, if so,
to offer a general and practical method of calculating
these effects as a function of either time or instantaneous
input frequency.

THE REsPONSE-ENVELOPE EQUATION

The following procedure is a rigorous and general
method of obtaining the output-voltage envelope for a
network driven by a frequency-modulated wave:

1. Measure or calculate the steady-state amplifica-
tion—frequency and phase-shift—{frequency character-
istics of the network in question.

2. Express the frequency-modulated input wave in
terms of its steady-state spectrum of sinusoidal side fre-
quencies.

3. Pass the individual side frequencies through the
network, altering the amplitude and phase of each ac-
cording to the steady-state amplification and phase
characteristics of the network at the particular fre-
quency of the side frequency.

4. Plot the sum of the altered side frequencies point
by point to obtain the output wave as a function of time.

5. Draw a smooth curve through the carrier-voltage
peaks to obtain the response envelope of the output
voltage.
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Such a procedure, however, is not a solution to the
frequency-modulated transmission problem. The meth-
od is rigorous and general, but not practical. Calculating
the response pattern of {a) in Fig. 2 by the method just
outlined, for example, would require the labor of a staff
of clerks for several years, because it would be necessary
to calculate about 100,000 points for a smooth curve of

(a)

Modulating frequency =100
Total frequency excursion =50,000

(v=27=100)
(K =27X25,000)

(©)

Modulating frequency =333 (v=27X333)
Total frequency excursion =150,000 (K =2=X75,000)
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2, 3, 4, and 5 can be done analytically, initiating a
practical equation for the output or response-voltage
envelope in terms of the network parameters and the
frequency-modulated input-wave parameters. This
equation will be derived with time as the independent
variable and transformed to a function of instantaneous
input frequency to correspond with the abscissae of Fig.
2. The method used in this report for bridging steps

(b)

Modulating frequency =1000
Total frequency excursion =50,000

(v=27X1000)
(K =2mX25,000)

@

Modulating frequency =1000 (v=27X1000)
Total frequency excursion=150,000 (K =2xX75,000)

Fig. 2—Experimental amplitude—instantancous-input-frequency and phase-shift—instantaneous-input-frequency response
of a tuned amplifier to a frequency-modulated wave.

Effective Q of amplifier
Center frequency

the radio-frequency voltage oscillations during one
modulation cycle, each point being the sum of the in-
stantaneous values of more than 500 side-frequency
voltages.

It is fortunate that the operations outlined by steps

=100

=0.01
b (® )

(wo=27X108)

2, 3, 4, and 5 is very similar to the pattern followed
by Cherry and Rivlin.! The problem has also been

! E. C. Cherry and R. S. Rivlin, “Nonlinear distortion, with
particular reference to the theory of frequency-modulated waves,”
Part 11, Phil. Mag., vol. 33, pp. 272-293; April, 1942,
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considered by Kulp, who developed a solution which is
practical when the modulation index of the frequency-
modulated input wave is small.?

First a unit frequency-modulated wave is defined. The
equations derived in this paper are based upon unit
magnitude of the input signal.

wo = 2 X the center frequency (1)

K = 27 X the frequency deviation (2)

v = 27 X the modulating frequency (3)

my = — = the modulation index 4
v

& = wy+ K cosvt =27

X the instantaneous input {requency. (3)

It has been shown that?

€¢in = sin (wof + my sin vf)

Jolmy) sin wqt

+ i (J2a1(mp) {sin [wo + (2n — 1))t

— sin [wo — (21n — )]t}
+ Jon(my) {sin [wo + 2mv]t + sin [wo — 2mw]t}). (6)

The series (6) is absolutely convergent, allowing the
convenience of a partial summation with any desired
accuracy.

€in =~ ]0(7}’1/) sin wol

+ Z (Janea(myp) {sin [wo + (21 — 1o

— sin [wo — (2n — l)v]t}
+ Jaa(my) {sin [wo + 2n0]t + sin [wo — 2un]t}). (7)

The choice of N depends upon m; and the accuracy re-
quired of the analysis. The choice of N is not ordinarily
difficult, because the Bessel coefficients of the series be-
come negligible rather abruptly for a given argument
as the order is increased beyond a certain value. For
example, J, (10,000)’s are relatively important up to
n=10,000 and slightly above, but are insignificant be-
yond n=10,050.

For pure sinusoidal input of angular velocity w to a
linear network, the output wave can differ from the in-
put wave only in amplitude and phase. By the rules of
algebraic steady-state circuit analysis E,.; can be ex-
pressed in general as the product of E;, and a complex
function of w. (See Appendix.)

2 M. Kulp, “Spektra und Klirrfaktoren frequenz- und ampli-
tudenmodulierter Schwingungen,” Part 11, Elek. Nach. Tech., vol. 19,
pp- 96-109; June, 1942,

3 John R. Carson, “Notes on the theory of modulation,” Proc.
L.R.E., vol. 10, pp. 57-64; February, 1922
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Eout| =} Einf(w) (8)
where

amplitude of Eqyut

| fl@) | = 9)

amplitude of E;,

and where

imaginary [f(w)|
real {f(«)]

arc tangent = angular phase [Eout|

— angular phase [Ei,]. (10)

The f(w) is a dimensionless transfer-voltage ratio. If
I, were used instead of Eout, f(w) would be the transfer
admittance.

The next step is to approximate f(w) by a finite
Fourler series about wy in a period € equal to or greater
than the interval containing the side-frequency voltage
of (7). From (7) it is obvious that this interval extends
from (wo—2Nv) to (wo+2Nv), a total width of 4Nw.

flw) = i <A n COS l:szm (w — wo:l

+ B, sin 271'—m(w —wy | ). (1)
Q

The notation = used in (11) means “approximately
equals only in the interval (wo—2Nv) Zw = (wo+2Nv).”
It is sufficient that the partial sum represent the func-
tion only in the interval (wo—2Nv) 2w = (wo+2Nv) since
N has previously been chosen large enough that only
relatively insignificant side frequencies of the frequency-
modulated input voltage lie outside that interval. The
choice of M depends upon the accuracy with which it is
desired to approximate f(w) and the nature of f(w).

The reason for expressing f(w) as a series approxima-
tion is to make the method general. If an analytical solu-
tion to steps 2, 3, 4, and 5 can be obtained for the terms
of the series approximation, the problem is then solved
for any f(w), since any physical network characteristic
can be approximated by such a finite series as (11). The
Fourier series was chosen in preference to other series
approximations because the analytical solution to steps
2,3,4,and 5 is not difficult for sinusoidal network terms,
because engineering personnel are most familiar with the
use of the Fourier series, and because the Fourier series,
being periodic, is well behaved and known everywhere
outside the interval of approximation. The power and
real exponential series were avoided because such serics
increase without bound outside the chosen interval as
the argument becomes large. Although N has been
chosen large enough so that the side frequencies out-
side the interval (wo—2Nv) =w = (we+2Nv) are small
enough to be neglected in comparison with the ampli-
tude of the side frequencies within the interval, the
products of the side frequencies and the value of the
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series outside the interval of approximation might not
be negligible in comparison with the products of the side
frequencies and the series approximation within the in-
terval.

The A,'s and B,'s of (11) are the complex Fourier
coefficients defined by the following integrals.

1 wo+Q/2

Ay = ——f flw)dw (12)
Q J o—ase
2 2ofdO 2mm

Amse = — Sflw) C()Sl: (0 — wg):ldw (13)

QJ gar2 ¢
2 rwot®2 2rm

Bn=— Sflw) Sin[ (w — wo):ldw. (14)
Q J o Q

These integrals can seldom be evaluated analytically,
because either the f(w) is known only numerically, or,
if known analytically, the integrals arc too difficult to
handle. Numerical methods of obtaining the values of
the integrals are nearly always preferable. These meth-
ods have been organized well enough so that, for exam-
ple, a 24-point numerical analysis of a function takes
only a few hours.*?

Bridging steps 3, 4, and 5 analytically yields the fol-
lowing general equation for the output frequency-modu-
lated voltage envelope. (See Appendix.)

M
Eout{ = } Z Dm(flm. cos ‘l/m '+' Bm Sin ‘l/m> (15)

me=0

where D,, and ., are calculated as functions of either
tinme ¢ or instantaneous angular input velocity & as fol-
lows (see Appendix):

K 2wmo
D.(t)=cos| —sin 2f{ 1—cos >
v 2

TR 2rmy
—Jsin [* sin vf{ 1—cos >:| (16)
v 2
K o 2mmv
Ym(l) = — cos 2f sin o :| amn
v

v RE—(&—wo)?

2mwmv
<1 —Cos >:|
v Q

KT (—wo)? 2rmo
+7sin |:\——(wiw0) <1—cos WQ >:| (18)

v

D (&) =cos |:

& —wo 2rmv

(19)

sin

‘l/m(‘:o =

v

4 J. B. Scarborough, “Numerical Mathematical Analysis,” Johns
Hopkins University Press, Baltimore, Md., 1930, chap. 17, pp.
388-404.

§ R. P. G. Denman, “Thirty-six and seventy-two ordinate sched-
ules for general harmonic analysis,” Electronics, vol. 15, pp. 44-47;
September, 1942, Corrections by F. W. Grover, Electronics. vol. 16,
pp. 214-215; April, 1943.
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The amplitude and phase shift of Eoy can be plotted
as a function of time by calculating the magnitude and
phase of (15) for several equally spaced values of ¢ be-
tween vt=0 and vt=2m. As a {unction of instantaneous
input frequency the amplitude and phase shift of Eoue
can be determined by calculating the magnitude and
phase of (15) for several equally spaced values of & be-
tween (& —wo)=—K and (& —w¢) =K. As a function of
instantaneous input frequency Eou¢ has two values, one
corresponding to the frequency downsweep and one cor-
responding to the frequency upsweep. The sign of the
imaginary part of D.(®) is negative for the downsweep
of frequency and positive for the upsweep. (See Appen-
dix.)

It should be noted that Eoy (15) is unusual in that it
describes the amplitude and phase of a frequency-modu-
lated oscillation. The arc tangent of the quotient of the
imaginary and real parts of Eqyu¢ is equal to the deviation
between the instantancous angular phase of the output
wave and the instantaneous angular phase of the fre-
quency-modulated input wave. When using (15) to com-
pute points for a response envelope it must be remem-
bered that Dy, Am, and B, arc complex quantities, and
that the summation is a complex summation. The mag-
nitude of Equ: is the absolute value of the complex sum-
mation rather than the sum of the absolute values of
D,.(A . c0s Yt B sin n).

Tue VALIDITY ConpITION UPON THE “INSTANTANEOUS-
FREQUENCY” METHOD OF ANALYSIS

It is not surprising that the response of the networks
of a final working frequency-modulation design can
usually be justified from the “instantaneous-frequency”
premise. A quasi-steady state usually results from care-
ful design for a practical application; the quasi-steady
state is often necessary. When the “instantancous-
frequency” method of analyzing the effect of a network
upon a frequency-modulated wave is valid (that is,
when a quasi-steady state exists) the response envelope
approaches the steady-state amplification—frequency
and phasc-shift—frequency characteristics of the net-
work. At any instant of time the frequency-modulated
output wave deviates from the frequency-modulated
input wave in amplitude and phase in a manner no
different from that of a steady-state output wave whose
constant frequency is cqual to the instantancous fre-
quency of the frequency-modulated wave. Letting the
quasi-steady-state response envelope Eui(@) approach
f(w), equation (11),

M
Eoi'(8) — flw) = Z (A cOs P! + Bunsinyn')  (20)

m=0

where
(21)

2mm
Ynl() = - (& — wo).

Equation (20) is equivalent to (15) it D,—1 and
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¥n—¥n!. The discrepancy between the angles ¥, and
¥l is given by

27rm & — wy 2mrmy
Ym! — Ym = (& — wo) — sin (22)
Q v
For small discrepancies this becomes
‘// n ‘// & — Wy <21rm1) )3 (23)
" " 69 Q '

The maximum discrepancy between y,,! and V., occurs
at the ends of the sweep where ¢ —wo =K, the maximum
frequency deviation.

K [27mv
‘/’1 - ‘/’m = <

~ (24)

3
) maximum.

The discrepancy between D,, and 1 is given by

K2—(H—wg)? 27wmy
Dm—1=cos[—\/— --———(w— wo)—-(l—cos WQ >]

v

+7sin I:\/—Kz——_—(d’_—ai(i? <1 —cos 2”:2%)] —1. (25)

v

For small discrepancies this becones

| AK?E— (& — wo)?/2mmu\?
])m—lzii\ . (@ _0)(71' )
2 v 9]

(26)

This discrepancy is maximum at the center of the fre-
quency sweep & —wp=0, where the time rate of change
of frequency is maximum. Neglecting the factor +37,
this maximum discrepancy becomes

Kv (27m\? .
Dn—1= ——< o ) maximum 27)

2

The discrepancy given by (24) is nearly always negligi-
ble if the discrepancy given by (27) is negligible. There-
fore, if the discrepancy given by (27) for a particular
problem is small enough to be considered negligible, the
validity condition upon the “instantaneous-frequency”
method of analysis has been fulfilled. One can establish
quantitative ideas about how small the value of (27)
must be to be considered negligible by studying the
examples in the next section. Most engineers have al-
ready established their own personal landmarks con-
cerning the allowable distortion of the terms of a Fourier
approximation to a nonsinusoidal function. Fortunately,
(27) gives the phase discrepancy of the terms of the
Fourier approximation as proportional to m?, so only the
shortest period terms (m=M) need usually be con-
sidered. The terms for m less than M are distorted much
less than the Mth.
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A practical procedure which has proven quite satis-
factory for using (27) follows. First, decide how far the
magnitude of the response envelope can differ from the
network characteristic in its most hard-to-follow region
before a quasi-steady state ceases to exist. This mag-
nitude may vary from one tenth of one per cent of the
peak value of the network characteristic to 50 per cent
of the peak, depending entirely upon the requirements
and specifications of the equipment being designed. Af
is then determined such that the sum of the absolute
values of all the coefficients of the Fourier approxima-
tion beyond the Mth terms is equal to or less than the
allowable difference decided upon. It should be pointed
out that the sum of the absolute values of the coefficients
of the Fourier approximation always converges (and al-
ways converges quite rapidly beyond a certain coeffi-
cient) since there can be no discontinuities in the func-
tion or its derivatives for a physical network character-
istic. How to avoid creating extrinsic discontinuities at
the ends of the period of the approximation will be dis-
cussed in the example in the next section.

Thirdly, the phase displacement of this Mth term of
the approximation is investigated by (27). A quasi-
steady state is assumed to exist if the discrepancy is
less than one third radian or about 20 degrees. This sort
of procedure is quite similar to common video-fre-
quency-amplifier design practice. Amplifiers for non-
sinusoidal waves are commonly designed to be down
less than three decibels, that is, to have less than 45
degrees phase shift, at the frequency of the last sig-
nificant harmonic of the signal to be amplified. That
design criterion is somewhat less conservative than the
allowable 20 degrees phase shift assumed here for the
last significant harmonic of the network characteristic.

The procedure outlined above is, of course, not fool-
proof. It is certainly feasible to imagine a Fourier ap-
proximation of functions for which the above procedure
would not insure the desired fidelity of the output en-
velope. Such functions, however, are seldom, if ever,
encountered in physical networks.

STEP-BY-STEP PROCEDURE FOR TESTING THE VALIDITY
OF THE “INSTANTANEOUS-FREQUENCY”
METHOD OF ANALYSIS

The steps necessary for determining whether or not a
quasi-steady state exists are organized and demon-
strated in this section. The test is applied to the prob-
lems which, when tried experimentally, yielded (a) and
(b) in Fig. 2.

A. Investigate the spectrum of the frequency-modu-
lated wave applied to the network, deciding how wide
a frequency band need be considered in order to include
all the nonnegligible side frequencies of the wave.

Example: The frequency-modulated wave applied to
a tuned amplifier to produce (b) in Fig. 2 experimentally
is described by the following parameters, which are re-
peated here for convenience:
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wo = 27 X 108 (2r X the center frequency)
K = 2m X 25,000 (2r X the frequency deviation)
v = 27 X 1000  (2r X the modulating frequency)
K
my = > = 25 (the modulation index).

The steady-state spectrum of the frequency-modulated
wave is given by (6). The Bessel amplitude coefficients
Ja(my) of the side frequencies are as follows:®

Jo (25)= 0.0963 Ju(25) = —0.1682
J1(25)=—0.1254 J12(25)=—0.0729
J2(25)=—0.1063 J1(25) = 0.0983
Js (25)= 0.1083 Ju(25)= 0.1751
J.(25)= 0.1323 J(25)= 0.0978
Js (25) = —0.0660 J16(25) = —0.0577
Js (25)= —0.1587 Ju(25)=—0.1717
J7(25)=—0.0102 J1(25)=—0.1758
Js(25)= 0.1530 J1e(25) = —0.0814
Jo (25)= 0.1081 Tn(25)= 0.0520
J1(25)=—0.0752 Ju(25)= 0.1646

The amplitudes of the side frequencies are certainly
negligible beyond the 35th side frequency for any prac-
tical application. Therefore, the interval 27 X0.965 X 108
Sw=2mX1.035X 108 contains all the nonnegligible side
frequencies.

B. Measure or calculate the stecady-state complex-
network characteristic f(w).

Example: The amplification—frequency and phase-
shift—frequency characteristics of a network can be
measured. The real part of f(w) is then obtained by
multiplying the amplification by the cosine of the phase-
shift angle. The imaginary part of f(w) is obtained by
multiplying the amplification by the sine of the phase-
shift angle.

ovr

——=mhpppp

Fig. 3—Simplified schematic of a tuned amplifier.

For several networks, however, it is practical to cal-
culate the network characteristic from its circuit. Fig. 3
is the simplified schematic of a tuned amplifier, for
which

X, = —X¢ =jX9 at wo (28)

8 Eugen Jahnke and Fritz Emde, “Table of Functions with
Formulae and Curves,” Dover Pul)llcatlons, New York, N. Y., 1943,
p. 179,
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1 X
=—+—0=p0wer factor of plate circuit (29)
QL Rp
_]p
= 30
g B (30)
1
Z= 1 1
r,
Ao . w . . wWo
j—Xo j—X
[OF) w
J2(25)=0.2246 J53(25)=0.001267
J23(25)=0.2306 J34(25) =0.000550
J24(25)=0.1998 J55(25) =0.000229
J25(25)=0.1529 J36(25) =0.000092
J25(25)=0.1061 J52(25) =0.000036
J22(25)=0.06778 J3s(25)=0.000013
J28(25) =0.04028 J5(25) =0.000005
J2(25)=0.02245 J1(25)=0.000002
J5(25)=0.01181 Ju(25)=0.000001
J51(25) =0.005889
J32(25)=0.002795
wi—wy?
P . wwo
=Xy P e | GD
w?—we?\ 2 w®— w2\ ?
(o) )
wwe wWwe
Eout=Einng = Einf(w) (32)
w®—we?
(w) P . wwo
/ —= ——J . (33)
gmXo w?—we?\ ? . w?—we\ 2
(Y ()
wwo wwo

In Fig. 4, (a) is a plot of the real part of f(w)/g.Xo and
(b) is the imaginary part. The square root of the sum
of the squares of the real and imaginary parts is the
amplification—frequency characteristic (c). The arc
tangent of the quotient of the imaginary and real parts
of f(w)/gnXo is the phase-shift~—frequency character-
istic (d).

C. Approximate the network characteristic by a finite
Fourier series over an interval equal to or greater than
the essential interval determined in step A.

Example: Unless the network-characteristic function
and its derivatives at one end point of the essential
interval chosen in step A happen to be equal to the
function and its derivatives, respectively, at the oppo-
site end point of the interval, it is necessary to take the
following steps to avoid extrinsic discontinuities which
would needlessly burden and reduce the accuracy of the
Fourier approximation. First, the period for the Fourier
approximation should be chosen slightly larger than the
interval over which the approximation must accurateiy
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Fig. 4—Complex-network characteristic of a tuned amplifier.
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represent the network characteristic. Second, the func-
tion should be altered in the two margins where the
chosen period overlaps the essential interval of approx-
imation in such a way that the new function has no dis-
continuities either within the chosen period or at its end
points. The artificial function constructed within the
margins should be as smooth as possible to avoid its
contributing to the higher-order terms of the Fourier
approximation.

Recall that the essential interval of approximation
was 27 X0.965 X108 <w <27 X1.035X108; let £, the pe-
riod of approximation, be slightly greater, say, 27 X0.960
X108 <w <27 X1.040 X108 Then construct an artificial
function in the margins of overlap of the intervals
(27 X0.960 X108 =w =27 X0.965X10% and 27 X1.035
X108 <w =27 X1.040X10%) that smoothly joins the
ends of the period. This artificial function has been
dotted into (b) of Fig. 4. In Fig. 4, (a) is so nearly
continuous at the end points that no alteration is nec-
essary. The essential interval of approximation and the
period of approximation are also indicated.

A 24-point numerical analysis* of this improved func-
tion in the indicated period vields its Fourier coeth-
cients. When using numerical methods to obtain these
coefficients, one must be careful that the signs of the
coefficients are correct to place the approximation about
wy as required by (11).

Ao =17.9+450
A; =26.84350 By =0—333.1
Ay =17.8470 By =0—j14.3
Ay =12.2450 By =0—j14.5
Ay = 8.24j0 By =0— j6.4
As = 5.6470 Bs =0— j6.6
As = 3.8450 Bs =0— j2.6
Ar = 2.64j0 B; =0— j3.1
As = 1.8470 Bs =0— j1.0
Ay = 1.3470 By =0— j1.5
Alo'_ 09+]0 Bl():()— _]03
1= 08+]0 B11=0— ]04
= 0.4470

Because the real part of this network characteristic is
r.carly symmetrical in the period chosen, the B,'s have
a negligible real part. Likewise, the imaginary part of
this network characteristic is very nearly skew sym-
metrical in the period chosen; therefore, the A,'s have
a negligible imaginary part.

D. Find the maximum phase shift of the Ath com-
ponent of the network-characteristic approximation by
(27). If the maximum phase shift of the A7th component
is less than 20 degrees, a quasi-steady state exists.

Example: Suppose that, for this particular problem,
the requirements of a quasi-steady state shall be that
the response envelope shall nowhere deviate from the
network characteristic more than fifteen per cent of its
peak value. Following the suggested procedure, it will
be found that the sum of the absolute values of the
coefficients of the A,'s and B,’s beyond the sixth is
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about 14 per cent of the peak magnitude of the function.
Therefore, the terms corresponding to m =AM =0 are
the last significant terms of the series.

The problem solved experimentally in (b) of Fig. 2
will now be tested analytically for a quasi-steady state.
The parameters K and v have been given, { was chosen
in step C, and the largest significant value of m (M =06)
has been chosen in the preceding paragraph.

Dy—1=—

2om \*
2 Q

27rX25,0()()X27rX10()0( 2r X6 >'z T
= 27
2 27 X &0,000

=~ 2.8 radians or 160 degrees.

Kv

This large phase discrepancy for m =6 indicates that a
quasi-steady state does not exist, and that the distor-
tion is quite large. This conclusion is confirmed by (b)
in Fig. 2.

The series obtained in step C is also adequate for the
problem solved experimentally in (a) of Fig. 2, because
the speetrum is even more closcly confined. Substituting
the parameters for (a) of Fig. 2 into (27),
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the static-network response characteristic is obviously
everywhere less than 15 per cent of the peak.

STEP-BY-STEP PROCEDURE FOR CALCULATING THE
RESPONSE OF A NETWORK TO A FREQUENCY-
MopUuLATED WAVE

The necessary steps for evaluating (15) as a function
of either ¢ or & are organized and demonstrated in this
section. The amplitude—instantancous-input-frequency
response and phase - shift — instantaneous - input-fre-
quency response of a tuned amplifier will be calculated
using the same parameters that were used experimen-
tally to obtain (b) of Fig. 2.

I. Perform steps A, B, and C of the validity-test pro-
cedure.

I1 (&). Prepare work shects similar to Table I for several
equally spaced values of (& —we) between zero and K.

Example: There should be work sheets for enough
points to determine smooth curves of the amplitude—
instantaneous - input - frequency and phase-shift —in-
stantancous-input-frequency response. Work sheets for
(& —wo) =27 X2000, 27X4000, 27X6000,--., 27
X 24,000 were prepared for the example; Table I is the
work sheet for (& —wo) =27 X 6000.

TaBLE |

SaMpPLE WORK SHEET FOR CALCULATING Eout

111 IV ’ \ Vi VI ’ VIII IX X XI XII i XIII
Phase ¢
m of D, ( r"' o A Am cos (V) |(VIT) cos (IV)| F#VID) sin B, B,. sin (V) [(XI) cos (IV)|j(X1)sin (IV)
(degrees) cgree (IV)
0 0 0 17.9450 | 17.9450 | 17.94j0
1 4.3 27.0 26.8450 23.9450 23.9450 04+j41.8 0—333.1 0—j14.9 0—j14.9 1.1450
2 17.1 S38 | 17.8450 | 10.5450 | 10.0450 | 0443.1 | 0—j14.3 | 0—411.5 | 0—j11.1 34450
3 38.4 80.3 12.240 2.1450 1.6470 0451.3 0—714.5 0—j14.3 0—j11.2 8.9450
1 68 106 8.2470 | —=2.3470 | —0.9450 | 0—j2.1 | 0=j6.4 | 0—j6.1 | 0— j2.3 5.74+70
5 1 106 132 5.6450 | —3.7450 1.0450 | 0-73.6 | 0— j6.6 | 0— j4.9 | 04 j1.3 4.7450
6 | 152 156 3.8450 | —3.5450 30450 | 0-j1.6 | 0= j2.6 | 0—jl.1 | O+ j1.0 0.5 450
7 205 180 2.6 4750 —2.6450 2.44350 0+451.1 00— 53.1 0+ ;0 04 O 0 450
8 | 266 202 1.8470 | —1.7-4j0 0.1450 | 04517 | 0—j1.0 | 04404 | 0+ jO 0.14-450
9 | 333 223 1.3450 | —1.0470 | —0.940 | 04j0.5 | 0— j1.5 | 04+ j1.0 | 04 j0.9 0.54/0
10 407 243 0.94;0 —0.4+50 —0.34+50 0—50.3 0— j0.3 0+ 70.3 0+ 0.2 —0.2450
11 | 487 262 0.8450 | —0.1450 0.14/0 | 0-—j0.1 0= j0.4 | 0404 | 0= j0.3 | —0.34)0
12 | 572 278 04450 | 0.1450 | —0.1450 | 0—jo.1
& — o= 27 X 6000 TOTALS  (57.9440 0-441.7 0-736.4 | 24.7-4j0
or vt=
0 =(57.9470) +(04+j1.7) +(0—j36.4) +(24.7+j0) =82.6 —j31.7=89 .5/ —22.8 degrees
R=(57.94j0) — (0-71.7) 4 (0 —736.4) — (24.7+j0) =33.2—j38.1=50.5/ —48.9 degrees
S=(57.9470) +(0 +71.7) — (0—;36.4) — (24.74+j0) =33 .2 +738.1=50.5/ 48.9 degrees
T=(57.94j0) — (0-j1.7) — (0 —36.4) +(24 .74j0) =82.6+j34.7=80.5/ 228 degrees
Dl 27 X 25,000 X 27X 100 2r X6 \* IT (¢). Prepare work sheets similar to Table I for several
meaT 2 27 X 80,000 equally spaced values of vt between zero and /2 (90

=().28 radian or 16 degrees.

Since the phase discrepancy for this Mth term is less
than 20 degrees, a quasi-steady state (such as postu-
lated) may be assumed to exist. In Fig. 2, (a) bears out
this conclusion nicely; the discrepancy between (a) and

degrees).

ITI. Into column III enter the orders of the Fourier
coefficients obtained in step C.
This column is the same for all the work sheets.

IV (&). Into column IV enter the value of
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VK- (6 — w0)2< 2rmy
1 — cos

> X 57.3 degrees.
v

Example: The parameters K and v are given. The pe-
riod € was chosen in step C. A value of (& —wo) is as-
signed to each calculation sheet; the value assigned to
Table I is (& —wo) =27 X 6000. Thus, for m =2,

/(21 X 25,0002 = (2x X 6000)?
B 2z X 1000

2 X 2 X 27 X 1000
41— cos > X 57.3
27 X 80,000

IV

=17.1 degrees

IV (#). Into column IV enter the value of

=

K 2rmy
57.3 X —sinvt|{ 1 — cos
]

> degrees.

V (&). Into column V enter the value of

& — wo 27my

57.3 X sin
v

degrees.

Example: For m=2 on the work shect for (& —uwo)
=27 X 6000,

27 X 6000
sin
27 X 1000

21 X 2 X 27 X 1000
2r X 80,000

V' =13573

= 53.8 degrees.

V (). Into column V enter the value of

- A .
57.3 X — cos vt sin
v

2wmy

degrees.

VL. Enter the 4,’s obtained in step C into column VI.
Example: From step C, 4;=17.84750. This column is

the same for all the work sheets.

VII. Multiply the 4,.’s, column VI, by the cosine of the

angle in column V and enter the result into column VII.
Example: For m=2,

(17.8 + j0) cos 53.8 degrees = 10.5 + ;0.

VIIL. Multiply column VII by the cosine of the angle
in column IV and enter the result into column VIII.
Example: For m=2,

(10.5 + j0) cos 17.1 degrees = 10.0 + ;0.

[X. Multiply column VII by j sine of the angle in col-
umn IV and enter the result into column IX.
‘Example: For m =2,

7(10.5 + j0) sin 17.1 degrees = 0 + j3.1.

X. Enter the B,'s obtained in step C into column X,
Example: From step C, B,=0—314.3. This column is
the same for all the work sheets.

Proceedings of the I.R.E. and Waves and Electrons

March

XI. Multiply the B.’s, column X, by the sine of the
angle in column V and enter the result into column
XI.

Example: For m =2,

(0 — 714.3) sin 53.8 degrees = 0 — j11.3.

XII. Multiply column XI by the cosine of the angle in
column IV and enter the result into column XII.
Example: For m =2,

(0 — j11.5) cos 17.1 degrees = 0 — j11.1.

XITL. Multiply column XI by j sine of the angle in
column 1V and enter the result into column XIII.
Example: For m=2,

7(0 — 711.5) sin 17.1 degrees = 3.4 + ;0.

XI1V. Total columns VIII, IX, XII, and XIII on each
work sheet. (See Table I1.)

XV. Calculate the following quantities for each work
sheet and express the result in polar form.

Q = VIII + IX + XII + XIII
R = VIII — IX 4+ XII — XIII
S = VIII 4+ IX — XII — XIII
T = VIII - IX — XII + XIII

where VIII, IX, XII, and XIII are the totals obtained
in step XIV. (See Table I.)

XVI (#). For cach of the work sheets prepared for dif-
ferent assigned values of (& —wo), plot on the response
graphs,

Q =the upswcep response at wy+ (& —wo)
R = the downsweep response at wo+ (& —wo)
S =the upsweep response at wo— (& —wo)
T'=the downsweep response at wy— (& —wo).

The magnitudes of Q, R, S, and T for each work sheet

give four points on the desired amplitude—instantane-

ous-input-frequency response curve. The phases of Q, R,

S, and T give four points on the desired phase-shift—

instantaneous—input-frequency response curve.
Example: For Table I,

(@=89.5 /—22.8 degrees =the upsweep response at
®=27X1.006X10°8

R=50.5 /—48.9 degrees = the downsweep response at
@ =27 X1.006X10°

=the upsweep response at
@ =2mX0.994 X108

T=89.5 /22.8 degrees =the downsweep response at
- &=27X0.994 X108

S=350.5 /48.9 degrees

Plotting the points obtained on work sheets for (& —wo)
=2m X 2000, 27 X4000, 27 X 6000, - - -, 27X 24,000 de-
termines curves (a) and (b) of Fig. 5. In this particular
problem the upsweep response is symmetrical with the
downsweep response because the steady-state network
characteristic is symmetrical about wy. Note that
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curve (a) of Fig. 5, the calculated amplitude—instan-
taneous-input-frequency response, agrees very closely
with (b) of Fig. 2, the experimental amplitude—instan-
taneous-input-frequency response. The reader may be
interested in comparing the results of the calculation
with the results obtained by Roder on a very similar
problem, which he solved by the aid of a differential
analyzer. His response curve was plotted as a function of
time.”
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Fig. 5—Calculated amplitude—instantaneous-input-frequency
and phase-shift—instantaneous-input-frequency response of a tuned
amplifier to a frequency-modulated wave.

Effective Q of amplifier =100 (»=0.01)
Center frequency =10¢ (wo=2mX10%)
Modulating frequency =1000 (v=27X1000)

Total frequency excursion =50,000 (K =27X25,000)
X\VT (#). For each of the work sheets prepared for dif-
ferent assigned values of ¢, plot on the response graphs.

Q=the response at 27 —vf
R =the response at vt
S=the response at w4/
T =the response at w—uvf.

The magnitudes of Q, R, S, and T for each work sheet
give four points on the desired amplitude—time re-
sponse curve. The phases of Q, R, S, and T give four
points on the desired phase-shift—time-response curve.

?Hans Roder, “Lffects of tuned circuits upon a frequency-
modulated signal,” Proc. I.R.E., vol. 25, pp. 1617-1648; December,
1937.
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APPENDIX

If a steady-state driving voltage €/“¢ is applied to the
input terminals of a lincar network, it can be shown that
the steady-state solution for the voltage at the output
terminals?® is of the form R{w)e/lot+8(@)] R(w) is the ratio
of the peak amplitudes of the output and input voltages,
and 6(w) is the phase difference. Abbreviating e/ as E;,*
and R(w)eiletH0(a)] a5 E .+, it follows that

Eout = EinTR(w)ei . (34)

Furthermore, if a steady-state driving voltage e7** is
applied to the input terminals of the same linear net-
work, it can be shown that the voltage at the output
terminals is of the form R{w)e il«t+#()] where R and 8
are equal to R and 6 of (34). Setting e~#*t as E;,~ and
R(w)eilettbtal a5 E v~ it follows that

Eoww™ = EimR(w)e %), (35)

Therefore, if a steady-state driving voltage sin wt is ap-
plied to the input terminals of the network, the output
voltage can be determined as follows:

e]’wt — e—]'wt
Ein =sinwt = ——— (36)
2j
By (34) and (35),
R(w)eietH8@)] — R(g)eilut+ow)]

Eout = .

2j
= R(w) sin [wt + 6(w)]. (37)

R(w)e??@) is now defined as the complex network char-
acteristic, f(w). It can be seen from (36) and (37) that

Eout{ = }Einf(w) (8)
where
amplitude of Eoyue
[ f@) | = — : (9)
amplitude of E;,
and where
imagina
arc tan ginary [/(w)] = angular phase [Eoy]

real [f(w)]

— angular phase [Ei.]. (10)

The notation { =1} in (8) nieans “cquals by conven-
tion,” because the right- and left-hand members of the
equation are not mathematically equivalent except
when 8(w) =nmw.

Note also from (34) and (35) that

Eout+ = Ein+f(w) (38>
and

Eout— = Ein—j*(w)

"8 H. Pender and S. Warren, “Electric Circuits and Fields,” Mc-
Graw-Hill Book Company, New York, N. Y., 1943, pp. 161-163.

(39)
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where f*(w) = the complex conjugate of f(w). (40)
The = signs of (38) and (39) indicate exact mathe-

matical equivalence. Only the | =1} sign of (8) is re-
stricted.

Equation (7), which expresses the input frequency-
modulation voltage as a spectrum of steady-state side
frequencies, is repcated here for convenience.

€in — ]o(?ﬂf) sin wol

+ > (Tonalmy) {sin [wo + (21 — 1)o]t

n=1

— sin [wo — (21 — l)v]t}
+ Ja(myg) {sin [wo + 2n0]t + sin [we — 2nv]t}). (7)

Since J,(z)=(—1)*J_,(2), equation (7) can be com-
pressed as follows:

2y
ein = O Jo(my) sin (wo + no)t. (41)
n=—2N
Changing sin (wg-+72)t to exponential form,
2N
2ein = Z ],,(’mf) [Ei(woJrnv)l - E—J’(woﬂv)z]_ (42)
7=—2N

The steady-state output oscillation corresponding to
cach steady-state oscillation of the frequency-modulated
input spectrum is given by (38) and (39).

Eout[for Eint = eflectmt] = eitwotm) (g, + no) (43)
and

Eou™[for Eum = eieotm] = ot frlagtm)  (44)

Equation (11) gives the wvalues of fl(wo+7v) and
fH(wotv).
M
flwo + 1) = D (A cos kmno + B, sin kmny) (45)
m=0
and
M
fHwo + m) = > (A cos kmyy + Bn* sin kmnp)  (46)
m=0
where
. 2T a7
= (47)

The output-voltage equation can now be written from
(42), (43), and (44).

M 2N

2jeon= > D0 T,(my) [t (4, cos kmnv+ By, sin km)

m=0 g=—2N

— it t(], ¥ cos kmyu+ B,* sin kmmp) ], (48)

Changing cos kmnv and sin kmnv to exponential form,

Proceedings of the I.R.E. and Waves and Electrons

March

M

2N
Yeowr = 2 2. Jolmy)

m=0 n=—2N

|
l: " (Ei[(wo+nv)l+kmnv] + Ei[(woJrnv)t—kmnv])
2

B
+ R (Ef[(wo+ﬂv)!+kmnv] . Ej[(mo+rl1:)t-—kmrzv])

2j
1 *
m
— (Ef[—(wo-fnv)“r/\‘mﬂv} + Ef[—(woJrnv)t—kmrzv])
*
— I (e Wertmttkmm] _ i-logtm ckmml) | (19)
2j

The Bessel coefficients are combined with the exponen-
tials by the use of the relation,

2N
Z ],,(”Hlf)ej"o ~ /™ sin 9’
p=—2N

which is accurate because the J,(my)’s below n=—2N
and above n=2N arc negligible by the definition of N.

M Am
2jeont =2 [ ;

m=0

(Ei[wot+ my osin (vt+kmo)]

+ Ej[a.:[)l+mf sin (ut—kmv)])

B,

t (Ei[wol+m/ sin (vtt+kmv)l
2j
— Ef[w0[+!71f sin (vl—kmv)])
A‘/l m*
2

(Ej[fwgl+ mygosin (—vt+kme)]

+ ej[—on- myg sin (—L't~kmv)])
Bm*
2j

(Ei[—wol-{- myf sin (—vitt+kme)]
(50)

— Ej[fwuhkmf sin (—pt—F mv)])]

Expanding sin (vt + kmv) and factoring the exponentials,

Ar |
~km . . . .
2]&)“‘: — Z [ (E](wot+ my sin vt cos kmv))(ejmf cos v! sin kme

2

+ E_j"lf cos vt sin kmv)

m=0

+ _T_ (Ej(wot+m/ sin v ¢ cos kmv))(ejm/ cos vt sin kmop
2j

— E_i"'f cos vt sin kmv)

*
11 m

(Eﬁj(wot«k my sin ¥t cos kmv))(ejm/ cos vt sin kmv

+ e*jm/ cos vt sin kmv)
B"l*

25

- E*jm/ cos v! sin kmv)]

(E~j(wot+mj sin vt cos knw)) (Ejmf cos vt gin komy

(51)
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[Factoring etilwottmys sin vt cos kmv) gpnd changing the other Then
exponentials to trigonometric form, 2feous = ei(@0ttmssinvt) Do = ileottms sin vi) Pe=id (58)
M
2eue = D [Am cos (my cos o sin kmp)eis sin vt(cos kme—1)gi(wottmy sin v0)
m=0
+ Bm sin (m! cos ol Sin kmv)eim/ sin v{(cos kmv—l)ej(wol+m/ sin vt)
_ A m* cos (m/ cos ot Sil] kn“))e——im/ sin vf(cos kmv—l)e—i(wot+m/ sin v¢)
— Bn* sin (my cos vt sin kmy)eims sin vt(cos kmv=1) =7 (wottmy sinv0) ] (52)
M M
2jeaus = elwottmsoined 37 D[4, €08 Y+ By SiN Y] — eitrttngsinv S D K[ 4 ¥ cog 4 Bo¥ singm]  (53)
m=0 m=0
where
Cout = — [ej(wot+m/ sin vite¢) egi(wol+m/ sin vl+¢)J (5())
K 2rmo 2]
Do) = cos| —sinot| 1 — cos
v Q
eout = P sin (wo £ 4 my sin of 4+ ¢). (60)

O TK 2wmo
— 7 sin [— sin 'vt<1 — cos >:| (16)
v 2

2Tmy

Yn(l) = — cos of sin
T Q

and where

(17)

It is easy to derive D, (&) and ¢,.(&) from (16) and (17)
by starting with (5), which relates & and ¢.

& = wy + K cos v/ (5)
(f) — Wy ( 4)
cos v = ——— 5
K
+ VKT = (& — wp)?
sin of = e v (53)

Substituting for sin o¢ in (16),

A RE— (60— wo)?

< 27rmv>j|
1—cos
7 Q
L TAVK2= (0 —w)? 27wmo
+7 sin [h 1—cos o )} (18)
v

Substituting for cos v/ in (17),

Dn(&)=cos |:

& — wo | 2mmy
V() = sin

v Q

(19)

Equation (53) can be changed from exponential form to
sinusoidal torm as follows:

Af
Let P =Y Du[An cos ¥m + B, sin ¢,,L]’ (56)

m=0

and

M
imaginary { Z D |-

m=0

The output-voltage-envelope cquation, therefore, writ-
ten in conventional form is

M

Eout{ = } Z Dm [/l m COS ll/m + Bm Sin ll/m]

m=0

(15)

The notation { =1} again means “equals by conven-
tion”; the amplitude of the envelope is the absolute
value of the complex summation, and the angular phase
difference between the output and input frequency-
modulated waves is cqual to the phase of the complex
summation.
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Analysis of a Resistance-Capacitance Parallel-T
Network and Applications’
A. E. HASTINGSTY, ASSOCIATE, LR.E.

Summary—A resistance-capacitance parallel-T network is ana-
lyzed to find the conditions for a null in output and the transfer char-
acteristic. Its use in the return circuit of a feedback amplifier is con-
sidered, and the bandwidth of the resulting tuned amplifier is found.
The requirements for stability of the amplifier and for its use as an
oscillator are discussed.

INTRODUCTION
NET\VORKS which have the property of null bal-

ance at one frequency are well known. The Wien

bridge is such a network of the four-terminal
type, using only resistance and capacitance as elements.
A three-terminal equivalent has recently come into
use."? This form has the advantage of a common input
and output terminal and does not require a special trans-
former in many applications.

With such a network in the inverse feedback circuit
of an amplifier, there results a tuned amplifier with a
number of advantages, particularly at audio frequen-
cies. A number of applications of this amplifier to the
design of instruments have been made .3~ The purpose of

R, R
2
NN\N—T— AN ——
Z
=
— __ &
€ e’
A
R,
\l I{
71 N
G, Cs

Fig. 1—Parallel-T network with general R's and (s,

* Decimal classification: R140XR363.1. Original manuscript re-
ceived by the Institute, May 3, 1945; revised manuscript received,
August 31, 1945,

¥ Naval Research Laboratory, Washington, D. C.

*W. N. Tuttle, ‘“Bridged-T and parallel-T null circuits for meas-
urements at radio frequencies,” Proc. I.R.E,, vol. 28, pp. 23-30;
January, 1940,

* Mathematics Tables Project, “Characteristics of Resistance-
Capacitance Electrical Networks,” 50 Church St., New York, N. Y.,
1942,

¢ H. H. Scott, “A new type of sclective circuit and some applica-
tions,” Proc. I.R.E., vol. 26, pp. 226-236; February, 1938.

¢ L. A, Meacham, “The bridge-stabilized oscillator,” Proc. I.LR.E,
vol, 26, pp. 1278-1295; October, 1938.

¢ H. H. Scott, “An analyzer for sub-audible frequencies,” Jour.
Acous. Soc. Amer., vol. 13, pp. 360-362: April, 1942,

¢ W. G. Shepherd and R. O. Wise, “Variable-frequency bridge-
type frequency-stabilized oscillators,” Proc. L.R.E., vol. 31, pp.
256-269; June, 1943.
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this work is to analyze in some detail the null network
and its use in a tuned amplifier.

CONDITIONS FOR A NULL

A three-terminal parallel-T network which contains
only resistive and capacitive elements is shown in Fig.
1. In this illustration, e is the input voltage with angular
velocity w, and it is desired to find the conditions for a
null in output voltage ¢’. The impedance across e’ is
assumed throughout this analysis to be infinite, a con-
dition which can in most cases be closely approximated.
Four independent circuit equations can be written,
These are

. J . J
e — u{R —-—— ol = ==
1( ' wa) + 13( wa)

€ + ig(R;; —_ L'> hand l;(R,g) = 0

wl

j : J
e — i ———I—z(R ——):0
1( wC3> ! * wCj

e' + 12(R3) —_ 1‘3 (R3 —_ i—> =0
wC2

0

If ¢’=0, for a null, these reduce to a set of four linear
homogeneous cquations with four variables, e, 71, 72, and
3. The necessary and sufficient condition that the vari-
ables shall have values other than zero is that the de-
terminant of the coefficients shall be zero. This gives the
conditions on the R’s and C’s and on w for a null. Ex-
panding this determinant and equating to zero gives
the equation

R; R; . RoR; . RiR;
R1R2R3 - —_ — ] — ]
wo’CoC5 wo*C1C3 wiCs woCs
+J ! 0
! wo*C1CoCs B

where wo is the value of w for a null. Equating both real
and imaginary parts of this equation to zero, these con-
ditions are obtained:

\ Ci+C,
wel=———— and

= (1€1+R2)(C1+C2)R3—‘RlR2C3=O
R1R:C1CoCs

If the I”s are made symmetrical, Ry=R,=R and
1=C;=C, and the conditions for a null become

1

V= aRC (2)

and

March, 1940
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R; G
Sl 3)
R 4C

where 7 is a positive number which can be chosen arbi-
trarily to obtain certain desired characteristics. The
network then appears as in Fig. 2.

R R

— "N\ \NN— TNV VN
== 4nC
e e’
nR
\l I
1| —
C C

Fig. 2—Network as used in the tuned amplifier.

The nuil conditions also hold for any impedance
across e’, since when e’ is zero the current distribution
is not affected by whatever value of impedance is used
in shunt.

TRANSFER CHARACTERISTIC

The transfer characteristic 8 of the network in Fig. 2,
with infinite impedance across e, will now be found.
This is the ratio of ¢’ to e as a function of frequency.
The set of equations (1) represents this circuit if
R1=R2=R=R3/n aI'ld C1=C2=C=C3/4ﬂ Makmg
these substitutions and solving for the voltage ratio, the
transfer characteristic is found to be

g e 4nlad—2na+j(—2na*+1) @
e _4n2a3—6na—2a+j(—8112a2—6na2+ 1)

where a =wRC. Let the frequency of the applied voltage
e be restricted to small variations about the null fre-
quency given by

[ON)] 1

B Zrz 27!‘RC\/2—1L.

f=fo(1+%s

where Af/fo<1, and

a = 2zfRC = 21rRCfo<1 + if) _ L (1 + A—f>.

0

Then
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Substituting this value of « in (4) and making approxi-
mations for Af small,

Af\/2n
— 5)
fo(2n 4+ 1)

This indicates that, at a frequency near that for a
null, the phase of the output voltage e’ is shifted 90
degrees from that of the input voltage e, its amplitude
is proportional to the frequency deviation from that of
the null, and its phase changes discontinuously by 189
degrees as the frequency passes through that of the null.
For certain applications it is desired that 8 change as
rapidly as possible with frequency about the null point,
or that the slope of the [BI versus Af curve be as great
as possible. This slope is

d| 8| \/2n
S — — .
daf)  @2n+ 1fs

Now # is still arbitrary, and if the slope is made a maxi-
mum by varying # so that ds/dn =0, n is found to be 1.
For this value, 8 in (4) becomes

at—a+j(—a®+ 1)
a® — Sa 4 j(— Sa* + 1)

For Af small as in (5)

B = (6)

UsE IN THE FEEDBACK CIRCUIT OF AN AMPLIFIER

The usc of a parallel-T network in a vacuum-tube cir-
cuit to obtain a tuned amplifier will be discussed. Sup-
pose the output of an amplifier with a flat gain-frequency
characteristic is returned to the input in such a way

:

A €

3

Fig. 3—Arrangement of feedback in the tuned amplifier.

that the amplifier is highly degenerative at any input
frequency. A null network inserted in the return circuit
will leave the degeneration unchanged at all frequencies
except those near the null frequency of the network. At
the null frequency the amplifier has no degeneration
and operates with maximum gain. Such an arrangement
is shown in Fig. 3, where the output of the null network
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e’ is connected in series with the input ¢” in such a way
that the resultant input to the amplifier is decreased.
The bandwidth of such a tuned amplifier is of interest.

If u is the normal gain of the amplifier without feed-
back, 4 its gain with feedback, and 8 the transfer char-
acteristic of the feedback network, the well-known rela-
tion holds

— ¥ .
14 uB

If B is determined by a parallel-T network, it has the
value given in (§), and the gain becomes

4 (7)

u
RAfV/ 20
I fo(2n + 1)

If u is real, the absolute value of the gain is

A=

I
2nu(Af)?

14 "
/‘/ + fo?(2n + 1)?

At the null frequency of the network, Af will be zero,
and the gain will be . Suppose Af has a value § such
that the gain is 4/2/2 times that at the null frequency,
or

|4] =

Then § is defined as the half bandwidth, and is given by
5 — (2n +_1)f0 ]

w/ 2n
If » is varied to make the bandwidth smallest for given

values of u and fy, n is found to be again %. For this
value of #n, the half bandwidth becomes

5= o
i

(8)

(9)

It is scen that the bandwidth increases directly with
null frequency and can be made small by increasing the
normal gain of the amplifier . Since, in a tuned circuit,
Q is defined as the ratio of the resonant frequency to the
bandwidth,

fo M
Q _ —— = .
26 4
STABILITY OF THE AMPLIFIER AND USE
AS AN OSCILLATOR

In a practical amplifier of the form here described, it
is found that oscillation will occur under certain condi-
tions. This section is concerned with the determination
of these conditions. If (6) is rationalized, it becomes

and Waves and Electrons . March

(a? — 1)(a® — 1 + jda)
at 4+ 14 + 1

Let this be the value of 8 in (7),

— H .
1+ uB

It is easily proved that if u8 is plotted in the complex
plane (Fig. 4) with « as a parameter varying from —
to + «, the result will be a circle of radius p/2 and
center at (u/2,0). Fora=0ora= o, =1 and yS=u;
while for « =1, =0 and u8=0. It has been shown? that

/magindry

(-1,0)

Fig. +—DPlot of pB in the complex plane (network of Fig. 2).

R R
EAVAVAYAY e e VAV A A
== 2C
€ €
R
= &
C C

Fig. 5—Network with R; arbitrary.

a feedback amplifier becomes unstable if the uf curve
as drawn here encloses the point (—1, 0). If in addition
to the selective negative feedback, a positive feedback
greater than 1/u is arranged, the curve of Fig. 4 is

7 H. Nyquist, “Regeneration theory,” Bell Sys. Tech. Jour., vol.
11, pp. 126-147; January, 1932.
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shifted to the left to enclose the point (—1, 0), and sus-
tained oscillations with the frequency determined by
w=1/RC result. Such an oscillator has been described
by Scott.?

Even without the addition of a separate positive feed-
back, a tuned amplifier such as described may be un-
stable. It is found that the shunt resistance R; in Fig. 1

makes a convenient control of feedback. Assume the-

network shown in Fig. 5. This circuit, if R3=R/2, is
equivalent to that in Fig. 2 with n=3%. As before, it is
desired to find the ratio of ¢’ to e for small variations
of the frequency about that at the null, and in addition,
for small variations of R; about R/2. Equations (1) again
represent this network if Riy=R;=R and C,=C;=C
= (3/2. The solution is

‘Rs
2a® (—) — 2a(
e R
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approximations,

B_AR+_(Aj+AR>
“ar \on TaR/)

Fig. 6 shows some features of the graph which would
be obtained by plotting pB in the complex plane with
« as parameter varying from — » to 4 «, for a fixed
small AR. An approximation to that portion of the
graph which corresponds to values of « close to 1 is ob-
tained by using 8 as determined by (11) with Af as
parameter. This approximate graph crosses the axis of
reals at the point (UAR/4R, 0). The exact graph must
then cross in a nearby point (WAR/4R+r, 0). When

(11)

) oof-e()+ ]

(10)

€ R3 R;; . ,RB
20(3(——) = 2a(—> — da + ][—6042(—) — 2a* + 1:|
R R R

As before, let

(1+2) Loy
a = — ] = = —
fo '\//2” fo

since # =%. Also let R3 be restricted to small variations
about R/2, or
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Fig. 6—Plot of uB in the complex plane (network of Fig. 5).

Substituting these values of @ and R3in (10) and making

AR/R is small and u is large, r will be very small and
can be neglected. Using =0 in (10), another point of
the exact graph is found as (g, 0). It can be proved that
these two points are the only points in which the graph
meets the real axis and that the graph constitutes a
closed curve through the two points as shown in the
illustration. If AR is such that the curve encloses the
point (—1, 0), an amplifier with this network in the
feedback circuit will oscillate. The condition for oscilla-
tion is then

AR

p—— < — 1
4R

or

4R
AR < — — -
I

Then AR may be varied to obtain a stable amplifier of
variable selectivity or an oscillator.5
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The Application of Modulation-Frequency Feedback
to Signal Detectors’
GEOFFREY BUILDERT, FELLOW, LR.E.

Summary—Positive modulation-frequency feedback to the load
circuit of a signal detector may be adjusted to make the effective
modulation-frequency admittance of the load circuit equal to its di-
rect-current conductance, thus eliminating peak clipping and improv-
ing the efficiency of detection. Conversely, negative feedback to the
detector tends to increase peak clipping. Incidental effects in the
amplifier from which the positive feedback voltage is derived may
correspond to positive or negative, voltage or current, feedback de-
pending on the general circuit arrangement. Design formulas and
some simple equivalent circuits are given and the major design con-
siderations are outlined. Typical examples include a detector ar-
rangement which provides automatic-volume-control voltages and
has a high input impedance and a very low output impedance, as well
as Varrell’s arrangement which is in agreement with the design pro-
cedure outlined in this paper. Attention is also drawn to the great
care necessary in the design of detector-amplifier circuits, using
multipurpose valves (vacuum tubes), to avoid distortion due to in-
cidental negative modulation-frequency feedback to the detector.

I. INTRODUCTION

T IS well known that the modulation-frequency out-
I[ put of signal detectors may be seriously distorted by
“peak clipping” if the detector load-circuit admit-
tance is not uniform;i.e., if its admittance to modulation
frequencies differs from its direct-current conductance.
It has been stated! that quite small amounts of peak
clipping may cause objectionable distortion. The cause
and nature of peak clipping have been fully discussed
and analyzed by Wheeler? and are now well known to
designers. Although Wheeler deals only with diode de-
tectors, similar effects may occur in other types of
detectors, and may also occur in audio-frequency am-
plifiers.
As a basis for discussion, the simplified equivalent
circuit of Fig. 1 will be used to represent a diode de-
tector. The diode is fed from a carrier-frequency source

3 il )
Cn

t —> ouT

E'G, 36, G2 g

—0

Fig. 1—An equivalent circuit for diode detectors.

of electromotive force E, and of internal conductance G;.
The detector load circuit comprises a carrier-frequency
by-pass capacitor C in parallel with the uniform con-
ductance Gy of a diode leak resistor and in parallel with

* Decimal classification: R134 X R362.2. Original manuscript re-
ceived by the Institute, August 6, 1945.

+ Merino House, 57 York Street, Sydney, Australia.

LA, J. Heins van der Venn, “Distortionless detection” (Discus-
sion), Jour. I.E.E. (London), Part I11, vol. 89, pp. 175-176; Septem-
ber, 1942,

2 Harold A. Wheeler, “Design formulas for diode detectors,”
Proc. I.R.E., vol. 26, pp. 745-781; June, 1938.
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a modulation-frequency load of conductance G.. A ca-
pacitor C, serves to prevent flow of direct current
through the modulation-frequency load G., and will be
assumed throughout to have negligible impedance at
modulation frequencies. Neglecting the modulation-
frequency admittance of the capacitor C, the total
modulation-frequency admittance G.. of the load circuit
is given by

Gn =Go+ Ga 0

while its direct-current conductance is Go.

The effect of nonuniformity in the load circuit can
then be summarized, in terms of the equivalent circuit
of Fig. 1, as follows:

(a) Peak Clipping

Peak clipping occurs when the depth of inward modu-
lation exceeds an amount corresponding to a modulation
factor

(Km)max = Go(2Gm + G3)/Gn(2Go + G5). (2)

This peak clipping takes the form of clipping of the in-
ward peaks of the detected modulation-frequency wave,
and also results in corresponding distortion of the en-
velope of the modulated carrier-frequency signal E,’
applied to the detector and thus causes distortion in the
modulation-frequency output of any other detector or
signal rectifier fed from the same carrier-frequency
source. An automatic-volume-control voltage derived
from the detector output would also be affected by a
change in mean direct-current voltage output at high
modulation depths, leading to an undesirable variation
of the automatic-volume-control voltage with modula-
tion.

(b) Efficiency

The addition to the load circuit of the modulation-
frequency conductance G, results in a reduction in the
modulation-frequency output voltage, at all depths of
modulation, in comparison with the output voltage that
would be obtained if the load circuit has a uniform con-
ductance of the value Gy. The carrier-frequency voltage
E." applied to the diode and the output voltage E’ are
modulated to a depth K,,” which is less than the depth
of modulation K,, of the carrier-frequency signal E; by
an amount given by

Kn' = Ku(2Go + Gi)/(2Gm + G2) 3)
as compared with
K,'=K.,, WhenG, = 0. (4)

Although the peak-clipping effect is the more important
and has received correspondingly greater attention, the
reduction in detector efficiency expressed by (3), and
corresponding losses incurred in keeping the value of Go
high to reduce peak clipping, should not be overlooked.

March, 1946
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II. METHODS OF ELIMINATING OR REDUCING THE
EFFECTS OF NONUNIFORMITY OF THE LOAD-
CIRCUIT ADMITTANCE

Many design methods and devices, aimed at reducing
or eliminating the effects of nonuniformity in the ad-
mittance of the detector load circuit, have been de-
scribed from time to time, and are briefly summarized
in this section.

(a) Equalization of the Direct-Current and Modulation-
Frequency Conductances of the Load Circuit

It is obviously preferable to eliminate the effects of
nonuniformity by making the load circuit uniform, or
so nearly uniform as to make the effects of nonuniform-
ity negligible for any particular purpose.

Wheeler?? has described the use of modulation-fre-
quency choke coils to reduce the modulation-frequency
conductance of the load circuit, but the method does not
seem to have been widely used, at least at low modula-
tion frequencies, owing to the practical design and cost
factors involved.

Wheeler? has also shown that, for many practical pur-
poses, careful design of the load circuit, and particularly
the correct selection of the diode leak conductance G,
can be used to keep the load conductance fairly uniform
and thus to reduce peak-clipping effects to an acceptable
degree. His methods are widely used, and provide a sim-
ple and satisfactory attack on the problem for many
purposes.

The simplest device, and one that is very satisfactory
in the limited number of cases to which it is applicable,
is the direct connection of the detector output to the
input control grid of the modulation-frequency signal
amplifier. An obvious disadvantage of the device is the
application to the control grid of the direct rectified
carrier voltage. Although in a limited number of special
cases this may be used to provide automatic-volume-
control action in the amplifier valve, it is usually a
serious limitation. One method of overcoming this diffi-
culty, proposed by Varrell,* is to utilize direct-current
feedback, without modulation-frequency feedback, in
the cathode circuit of the amplifier, to maintain the grid
bias substantially constant irrespective of variations in
the carrier level applied to the detector.

The success of these methods is limited when an ad-
ditional modulation-frequency load is applied to the de-
tector for automatic-volume-control or other purposes,
or when an automatic-volume-control rectifier is also
connccted across the same carrier-frequency source from
which the signal detector is fed.

(b) Positive Diode Bias

The application of a positive bias to the diode is well
known and has been discussed by Wheeler,? Sturley,s

3 Harold A. Wheeler, “Peak detector”; United States Patent
1,951,685, March 20, 1934; British Patent 398,882, April 1, 1931,

* H. E. Varrell, “Distortionless detection,” Wireless World, vol.
45, pp. 94-96; August 3, 1939,

¢ K. R. Sturley, “The diode detector with positive bias,” Wireless
World, vol. 44, pp. 220-223; March 9. 1939,
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The Marconi Review,® Cocking,” and others. The op-
timum value of the bias voltage depends on the carrier-
voltage level as well as on the relative values of the load
conductances. A wide variety of circuits has therefore
been devised to provide a diode bias controlled by the
carrier-signal level, and some of the circuit arrange-
ments used are quite complex; but it is not clear to what
extent these have been used. An investigation by Wil-
liams® raises considerable doubt as to the over-all im-
provement in distortion to be achieved by these methods.

(¢) The Reflex Detector

The reflex or “infinite-impedance” detector ascribed
by Weedon® to the R.C.A. Licencee Laboratories is
mentioned here because it seems likely to have been
devised to meet some of the limitations of diode detec-
tors, because it is frequently described as a negative-
feedback device, and because it may also be regarded as
differing essentially from the diode detector only insofar
as a separate electrode, with negative bias, is used for
signal injection. It has the advantages of a very high
input impedance, independent of its load circuit, and
of the existence of a small amount of standing anode
current which tends to reduce peak clipping. Disad-
vantages, which have considerably restricted its use, are
that it is not itself suitable as a source of automatic-
volume-control voltages, and that the usefulness of its
high input impedance is somewhat limited if a normal
automatic-volume-control diode rectifier is fed from the
same carrier-frequency channel. A further practical
difficulty is that the carrier-input level must be fairly
closely controlled to prevent the input grid from draw-
ing current, while maintaining a level high enough to
ensure effectively linear detection. The detector has
been described and discussed in dectail by Healy and
Ross,'® Chauvierre,'* and others.

Reference is often made to the reflex detector as a
device utilizing negative feedback. While it is true that
its configuration resembles that of an amplifier of the
“cathode-follower” type, and while it may perhaps be
regarded as a development from an anode-bend detec-
tor with the addition of negative current feedback, ex-
cessive emphasis on the negative-feedback aspect does
not seem wholly desirable in that it tends to hide the
essential similarity of the reflex and diode detectors and
fails to draw attention to the difference in operating
conditions between the reflex detector and the cathode-
follower type of amplifier. The matter is of course
largely one of definition and perhaps also of personal
preference, but there seems no reason why the corre-
sponding aspect of the diode detector itself should not

¢ “The reduction of diode-detector distortion by positive bias,”
Marconi Rev., no. 73, pp. 10-12; April-June, 1939.

7\W. T. Cocking, “The diode detector,” Wireless World, vol. 42,
pp. 74-76; January 27, 1938; pp. 103-105; February 3, 1938.

8 F. C. Williams, “The properties of a resonant circuit loaded by
a complex diode rectifier,” Wireless Eng., vol. 15, pp. 600-611; No-
vember, 1938,

¢ W. N. Weeden, “New detector circuit,” Wireless World, vol. 40,
pp. 6-8; January 1, 1937.

W C. P. Healy and H. A. Ross, “The linear reflex detector,”
A.W.A. Tech. Rev., vol. 3, pp. 1-6; July, 1937.

1t M, Chauvierre, “Distortion in diode detection,” L'Onde Elec-
trigue, vol 17, p. 321; June, 1938.
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be accentuated equally; in both the reflex and diode
detectors the input electrode is biased back by the in-
stantaneous total rectified output voltage; in neither
case is the input electrode subject to simple modulation-
frequency feedback voltages within its linear range of
operation, as is usually the case in the application of
negative feedback in amplifiers. On the other hand the
output impedance, as measured by the application of a
test voltage across the output terminals in the absence
of a signal, is much higher than that of a cathode fol-
lower, because the mutual conductance of the valve is
low at the working point.

(d) Negative Modulation-Frequency Feedback

The effective reduction in distortion achieved in
amplifiers by the use of negative feedback inevitably
suggests an analogous application for the reduction of
detector distortion. Such experiments have been de-
scribed by the Hazeltine Corporation in a licensee bulle-
tin; it was concluded that detector distortion was not
reduced by the application of negative feedback to the
detector. I have myself confirmed this experimentally,
and have indeed found an increase in distortion which
is discussed in Section V.

It is known that negative current feedback in an am-
plifier valve may be utilized to reduce the input conduct-
ance if it differs from zero on account of a grid leak or
other load!? and the use of this device to reduce the load
applied to the detector has been mentioned by van der
Venn.! It has also been developed by Varrell* and used
not only to reduce input conductance of the amplifier
itself, but also to adjust the modulation-frequency con-
ductance of the whole diode load, including the modula-
tion-frequency conductance of an automatic-volume-
control circuit, to equality with the direct-current
conductance of the load. It will be shown in subse-
quent sections that this negative current feedback in
the amplifier can be regarded as an incidental aspect;
the essential feature common to these, and other circuits
of which the incidental aspects may be either positive
or negative voltage or current feedback in the amplifier,
is the application of positive feedback to the detector
load circuit.

This general conclusion is consistent with the experi-
ments by the Hazeltine Corporation and myself, and is
also consistent with a brief statement by van der Venn,!
as follows: “Summarizing, it can be said that distortion-
less detection can be obtained with a diode for signals
larger than 5 volts, if care is taken that the alternating-
current and direct-current loads of the detector are
equal when receiving signals of high modulation depth;
this can often be realized by using the volume control
as detector resistance, or by applying a small amount of
positive feedback from the audio amplifier.”

ITI. Tue Usk oF PosiTIVE FEEDBACK
(a) General Considerations
The reduction of distortion in amplifiers by negative

feedback inevitably suggests a similar application of

2 H. Langford-Smith, “Radiotron Designer’s Handbook,” Third
Edition, Wireless Press, Sydney, Australia, 1940. Complete reproduc-
tion, RCA Manufacturing Company, Harrison, N. J.
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feedback to reduce detector distortion. In an amplifier,
the reduction in distortion results from appropriate
combination or comparison of the input and feedback
voltages; but in a signal detector, the signal input is a
modulated wave of carrier frequency, while the output
is the demodulated wave of modulation frequency, so
that a corresponding simple combiization or comparison
of the input and output voltages is not feasible. There is,
therefore, no relevant evidence to indicate that the ap-
plication of negative modulation-frequency feedback to
a detector should also lead to a redur:tion of distortion.
It has been mentioned above that experimental work
indicates that a reduction in distortion does not occur.

Distortion caused in the detector by “peak clipping”
arises from a maladjustment of the modulation-fre-
quency admittance of the detector load circuit. It is a
well-known characteristic of feedback circuits that they
permit the effective impedance of a circuit to be ad-
justed to any required value at any specified frequency
by feeding back into that circuit a voltage of frequency
and wave form identical to the test voltage. In principle,
therefore, modulation-frequency energy fed back into a
detector load circuit should permit its modulation-
frequency admittance to be adjusted to equality with its
direct-current conductance. It may be inferred, quite
generally, that the feedback must be positive in the
sense that it must be such as to reduce the modulation-
frequency losses in the load circuit in the usual case in
which these losses are excessive. It follows that any
modulation-frequency feedback voltage applied to the
detector must be approximately in the same phasc as
the detector output voltages existing at the point of
application, and this corresponds to positive feedback
in the sense in which the term is used in relation to feed-
back in amplifiers.

The effect of voltage feedback on the effective value
of an impedance is readily expressed using the simple
equivalent circuit of Fig. 2. An impedance Z is connected

b 3z

i ¢

Fig. 2—An equivalent circuit for the effect of
feedback on an impedance.
in series with a voltage 2E and the effective impedance
Z' of the series combination is measured by the applica-|
tion of a test voltage E. The effective impedance Z’ may
then be written

Z'=Z/(1 — k) (5a)
while the corresponding expression for the admittances is
V=7V — k). (5b)

In general 2, Z, Z’, Y, and ¥’ may have any real or com-
plex values and may also be nonlinear. It is clear that
when % is real its value must be positive to effect an
increase in the effective impedance or a decrease in the
effective admittance; the feedback voltage is then in
phase with the test voltage, and the term “positive
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feedback” is properly applicable. It may also be noted
that a complex admittance ¥ may be altered effectively
to a pure conductance if an appropriate complex value
is chosen for k.

Equation (5) may be used directly to obtain the usual
expression for the effective output impedance of an am-
plifier with feedback, the test voltage being applied to
the output terminals. It may also be used to calculate
the input impedance of an amplifier with feedback; the
test voltage is then applied to the input terminals and
from this point of view the feedback must be positive
if the input admittance is reduced, irrespective of
whether the feedback produces an increase or decrease
in gain, together with the associated characteristics of
positive or negative feedback, respectively, in the
amplifier.

(b) Equivalent Circuits
One method of applying modulation-frequency feed-

back to the detector is represented by the simple cquiva-
lent circuit of Fig. 3, in which the detector load circuit

i =C= . o
G. n
’ v g G Y Yf out
EC Ym E o n e'

@‘- - kglﬁﬁ

Fig. 3—An equivalent circuit of a diode detector
with modulation-frequency feedback.

consists of a diode leak of uniform conductance G, in
parallel with a modulation-frequency admittance Y,
which may be taken to include the admittance of any
carrier-frequency filter and of any automatic-volume-
control filter circuit. The total detector load voltage is
denoted by E’ while ¢ denotes the modulation-fre-
quency output voltage. A feedback voltage ke’, from a
source of negligible impedance, is fed back to the load
circuit through an admittance ¥;. The condition for the
total load-circuit modulation-frequency admittance with
feedback, to have the value Gg, uniform with its direct-
current conductance, is

Yo+ V(1 -k =0

which may be rewritten
Vy=VY./(k—1) (6b)

so that, if # has a real value exceeding unity, the admit-
tance ¥y will have a configuration similar to V,. Alterna-
tively, if ¥, is fixed arbitrarily, # may be given an
appropriate real or complex value. The application of
feedback in accordance with (6) would obviously permit
a high degree of freedom of choice of the detector load-
circuit constants.

Fig. 4 depicts some other possible arrangements dif-
fering from that of Fig. 3 in that the feedback voltage
is applied in scries with one or more of the admittances
already existing in the load circuit. In these circuits,
V.1 denotes the sum of the modulation-frequency ad-
mittances of any carrier-frequency or automatic-vol-
ume-control filter circuits, and ¥,s other mocdulation-

(6a)
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frequency admittances such as the input admittance of
the modulation-frequency signal amplifier fed from the
detector. These circuits are, in the form shown, less
flexible than that of Fig. 3, in that all parameters other
than & are fixed by the design of the detector and asso-
ciated circuits; but it is clear that the load-circuit ad-
mittances may be readily modified to permit equalization

L
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Elc E Y,
(a)
I+ 0
-Lcm an lu T
Ynl ] Ynl L el
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9 0
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Ynl '__L }
kbe
v
3 )
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Fig. 4—Alternative arrangements for the application of
modulation-frequency feedback to diode detectors.
of the load circuit for real values of k. The relations to be
satisfied between the parameters are indicated by the
following equations in which the subscripts a, b, ¢, and d
refer respectively to the corresponding configurations in
Fig. 4, and Vy=Yu+ Vo
Fig. 4(a)
Ynl + ((;0 + Yﬂ?)(l - ka) = GO

whence _

ks = (Yn?. + Ynl)/(Ynz + Go) (/a)
and k, must be complex unless ¥, =Goor unless Y,y and
V.2 are both pure conductances.
Fig. 4(b)

Yﬂl + Yﬂ2(1 - kb) = O

whence

ky =1+ V,1/Va2 (7b)

and &, can be real only if the configurations of Y. and
V.2 are made similar.
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Fig. 4(c)
Y+ Ve +Go)(1 — k) =G,
whence
ke=Y./(Go+ V,) (7¢)
and k. can be real only if ¥, is a pure conductance.
Fig. 4(d)
Ynl + I/7712 + GO(l - kd) = Go
whence
ke = V,/Go (7d)

and k4 can be real only if ¥, is a pure conductance.

In each of the cases shown in Figs. 3 and 4, the modu-
lation-frequency output voltage e’ from the detector,
when (6) and (7) are satisfied, is the value given by (4)
for a total load of uniform conductance G,.

A modulation-frequency output voltage ¢/’ may also
be taken across the terminals of the modulation-fre-
quency admittance V., in Figs. 4(a), 4(b), and 4(d). The
output voltage e’’ is related to the voltage e’ by

¢ =¢(1 — k) (8)

where £ has the values &, ks, By If the feedback voltage
is derived from an amplifier fed with the output voltage
e'’, the feedback voltage may, for convenience, be writ-

ten in the form
ke’ /(1 — k). (9)

The output voltage e’’ is less than the total load voltage
¢’ by the amount of the feedback voltage so that the
over-all gain of detector and amplifier is correspond-
ingly reduced.

(¢) Design Considerations

The feedback voltage may be obtained from the
modulation-frequency signal amplifier following the de-
tector, or from an additional amplifier provided specifi-
cally for the purpose. In any case, the voltage fed back
must be in amplitude and phase relation fixed with
respect to the detector output voltage as defined by
(6), (7), (8), and (9). Any manual or automatic volume
or gain control must therefore be provided clsewhere in
the complete arrangement except in special cases such
as that described in Section 1V(d) below. This imposes
definite limitations on the general design and requires
careful attention.

If the feedback voltage is obtained from a separate
amplifier, the detector gain will be increased owing to
the reduction in modulation-frequency losses in its load
circuit; but the main modulation-frequency signal am-
plifier will not be affected by the feedback.

If the feedback voltage is obtained from the main
modulation-frequency signal amplifier itself, it is neces-
sary to consider carefully incidental feedback effects in
this amplifier. The following cases may occur:

(1) The detector output voltage ¢’ (at the output
terminals shown in Figs. 3 and 4) is applied to the am-
plifier. The over-all gain is increased by the amount
that can be ascribed to equalization of the detector load
circuit, as determined from (3) and (4). Incidental
effects of the feedback in the amplifier include an in-
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crease in distortion and noise and a modification of the
amplifier output impedance corresponding to the over-
all increase in gain.

(2) The detector output voltage e’’ (referred to in (8)
and (9)) is applied to the amplifier. The detector effi-
ciency itself will be increased by the amount determined
by (3) and (4), but only the fraction (1 —k) of the detec-
tor output voltage e’ is fed to the amplifier, with a corre-
sponding large loss of over-all gain (e.g., see Varrell's
circuit in Section IV(c)). Incidental effects in the ampli-
fier correspond to negative feedback.

In either case, the characteristics of the incidental
feedback in the amplifier must depend on whether the
voltage fed back to the detector is derived from a cur-
rent or voltage in the amplifier circuits. The choice of
the general arrangement (1) or (2) in combination with
a sclection of an amplifier current or voltage as a source
of the detector feedback voltage permits the incidental
effects in the amplifier to be so chosen as to be ad-
vantageous for any particular purpose, either in them-
selves, or in combination with additional feedback
circuits in the amplifier.

The present investigation has been based on the as-
sumption that the modulation-frequency voltages fed
back to the detector are a close replica of the detector
output voltages, and the design of the amplifier provid-
ing the feedback must conform to this condition. There
is obviously scope for detailed investigation of the more
general case in which this limitation is not imposed, and
it is difficult to predict, without such detailed investiga-
tion, how much more widely useful this might be.

The detailed design of the detector and its associated
amplifier and feedback circuits must depend largely on
the frequencies of the carrier and modulation and on the
relation between them. In many practical cases, at audi-
ble frequencies, the modulation-frequency admittances
of the detector load circuit may be treated as pure con-
ductances; but at higher modulation frequencies and
with high ratios of modulation to carrier frequencies, the
complex values of the admittances may with advantage
be taken into account in the design, and the relevant
equations given above have been put in the general form
suitable for such applications.

IV. SoME TyricaL CIRCUITS

To illustrate the application of the foregoing princi-
ples, a few typical circuit arrangements will be de-
scribed.

(a) A Detector Circuit

Fig. 5 shows a detector circuit which has advantages
over both reflex and simple diode detectors. The ar-
rangement is essentially that of Fig. 4(a), and equation
(7a) is applicable.

A carrier-frequency circuit is connected to a diode
rectifier valve V) through a capacitor C. The diode leak
has a conductance Gy, and the modulation-frequency
output ¢’ is applied to a triode cathode follower through
the coupling Cns, Gne. A filter G,, C. provides an
automatic-volume-control voltage. The valve V; has a
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cathode resistance R, tapped at a value of resistance R
measured from its low-potential end. The modulation-
frequency voltage k.e’ developed across R; is fed back
to the rectifier load circuit in series with the parallel
combination of Gy and G.e. The coupling circuits R,C,
and R:C; permit the proper direct-current bias condi-
tions for the two valves. The resistance Ry may take the
form of an output control potentiometer. It will be
assumed, for simplicity in description, that Ry, Rs, and C
have negligible admittance and Cpy, Cne, C1, and Cs neg-
ligible impedance at modulation frequencies.

s av.c.

Fig. 5—A detector arrangement having a high input
impedance and low output impedance.

The value of the factor &, is determined from (7a) and
is

ka = (G'nl + Gﬂ2)/(G0 + Gﬂ2)’

The value of the cathode resistance Ry is determined
primarily by the operating conditions of the triode V,
and by the effective output impedance desired. A value
of 10,000 ohms for R, and a mutual conductance g of
1.0 milliangstrom per volt for the valve Vs, will be arbi-
trarily assigned for illustration, and we will put

Gy = 2.0 micromhos
and
Gay = Gy = 1.0 micromhos
so that
ka = 2/3.

If we denote the modulation-frequency grid-cathode
voltage of V3 by e,, we have

k. = gR;3 ¢,
and
e, =¢ — gRy-¢,
whence
Ry = (1/g + Ry ka

and, for the numerical values assigned,

R; = 7333 ohms e; = 'koe'/gR;

R, = 10,000 ohms = 0.136¢'.

It is to be noted that the maximum modulation-fre-
quency grid-cathode voltage ¢, of the valve V: is a frac-
tion k./gR; of the modulation-frequency detector output
voltage so that appropriate choice of circuit constants
readily removes any danger of overloading this valve.
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The maximum output voltage approximates closely toe’.

The advantages of this detector compared with the
reflex are:

(1) The output impedance is much lower, partly be-
cause of the lower permissible value of the cathode re-
sistor, and partly because valve V, operates at normal
bias and mutual conductance.

(2) The detector provides automatic-volume-control
voltages and compensates the load imposed thereby on
the diode rectifier.

(3) The input to the detector may be permitted to
rise to high levels by proper selection of the operating
conditions of the triode cathode-follower.

Although the input admittance is not zero as in the
reflex it may be made low enough for most purposes
because choice of the leak conductance Gy is relatively
unrestricted and any modulation-frequency loading is
compensated. The diode would be used in association
with a reflex detector if automatic-volume-control were
required, and in any case its provision in an existing
valve envelope (other than that of V3) is usually feasible.

The circuit may be varied in detail to allow compensa-
tion for modulation-frequency load-circuit admittances
having complex values. The chief design limitation
arises because the value of %k, may not exceed unity,
owing to the cathode-follower operation of Va, so that
Go must be greater than Gp..

(b) An Alternative Detector Circust

For special purposes for which these limitations are a
disadvantage, but for which the provision of a less
economical circuit is justifiable, a more flexible general
arrangement is shown in Fig. 6, corresponding to the
equivalent circuit of Fig. 3. The arrangement may also
be regarded and used as a detector-amplifier, the alter-
native output terminals then used being shown in the
diagram.

Fig. 6—A detector or detector-amplifier arrangement alternative to
that of Fig. 5, and giving greater flexibility in design.

The rectifier output e’ is applied to the input termi-
nals of an amplifier of which the input admittance may
be taken into account as part of the admittance Va or
may be reduced to a negligible effective value by feed-
back applied to the cathode circuit of the input valve V,.
A voltage output ke’ from the amplifier output is applied
to the rectifier load circuit in series with the modulation-
frequency admittance ¥}, the relation between % and Yy
being determined by (6). The design of the amplifier
itself will not be dealt with; negative feedback may 'be
used to offset the incidental effects of the feedback to the
detector, to reduce the output impedance and improve
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the fidelity, or to decrease the input admittance; the
gain must in any case be limited to prevent overloading;
a double-triode valve may be used for economy.

As in the circuit of Fig. 5, a low output impedance can
be achieved by negative feedback if the output is taken
from the amplifier; but the chief advantage lies in the
wide flexibility permissible in the values of k and ¥,.

(c) Varrell's Circuit

Varrell* has described the circuit arrangement shown
in Fig. 7, in which the symbols used correspond to those
in the foregoing discussion. The feedback voltage to the
detector load is developed across the cathode resistance
R, of the first modulation-frequency signal amplifier
valve. The circuit constants may be determined from
(7a) and the circuit is equivalent to that of Fig. (4a).
The loss in over-all gain may be calculated using (8), the
incidental effect in the amplifier being negative current
feedback.

o—
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Fig. 7—A detector-amplifier arrangement described by Varrell.

Varrell has given a numerical example, using a valve
of mutual conductance g =3 milliamperes per volt and
having an alternating-current anode resistance of 10,000
ohms

Go =5.0 micromhos R, =10,000 ohms
G,1=2.64 micromhos R,= 5000 ohms
Gp2=2.0 micromhos Rs=30,000 ohms

and states that the over-all reduction in gain was ap-
proximately 12 decibels. These figures, when the shunt-
ing of Ry by R, is taken into account, agree closely with
those obtained using (4a), the value of k, being approxi-
mately 0.7.

Varrell has emphasized the aspect of reduction of the
input admittance of the amplifier by the feedback, and
from this point of view, the input circuit of the amplifier
may be taken to include the whole of the detector load
circuit. He also stresses the negative-feedback aspect of
the arrangement.

A minor drawback of the arrangement is the loss in
over-all gain, since this is due to negative current feed-
back in the first amplifier valve and is not offset by
desirable feedback effects. If the anode load resistance
R; of the amplifier is used as a gain control potentiome-
ter, overloading of the amplifier may readily occur
because the negative feedback is not sufficient from this
point of view, while any increase results in further loss
in gain. The use of a gain-control potentiometer between
the detector and amplifier is not feasible.
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(d) A Detector-Amplifier with Volume Control

It has been pointed out that the use of a volume-
control potentiometer between the detector and ampli-
fier is not generally permissible when the amplifier is
used for feedback to the detector. Fig. 8 shows a special
case in which the contro! can be used. The detector leak

Fig. 8—A detector-amplifier arrangement with volume control.

resistance Go is in the form of a volume-control po-
tentiometer and the input admittance G,; of the ampli-
fier is reduced to zero by means of positive feedback to
the input grid in the form of a voltage ke, applied in
series with a conductance G;, where

E—1=0,/G,

The incidental effects in the amplifier itself correspond
to positive voltage or current feedback, according to
whether the feedback is derived from an amplified volt-
age or current respectively.

The adjustment of the feedback to reduce the input
admittance of the amplifier to zero is obviously inde-
pendent of the setting of the gain-control potentiometer.
Similar arrangements applicable in this simple case
include the use of fecdback in the cathode circuit of the
amplifier valve, with corresponding incidental negative-
feedback effects in the amplifier itself. In any case, the
arrangement does not permit the compensation of any
additional modulation-frequency admittance, such as
that of an automatic-volume-control filter, across the
rectifier load circuit, except for one setting of the volume
control; some compromise adjustment of the feedback
might, on occasion, be useful in such cases, but is of
limited general interest.

(e) General

These illustrations exemplify methods of applying
positive modulation-frequency feedback to the detector
and suggest some of the ways in which the general ar-
rangement may be sclected so that the incidental effects
of the feedback may be made useful, or at least less un-
desirable.

V. Tue EFrFECTs OF NEGATIVE FEEDBACK

It is clear from the above discussion that necgative
modulation-frequency feedback to the detector (corre-
sponding to negative values of k) must result in in-
creased modulation-frequency losses and hence in-
creased cffective modulation-frequency admittances,
leading to an increase in peak clipping. This was con-
firmed in my experiments mentioned in Section [1(d).
The matter is of more than passing interest, owing to
the ease with which such feedback may occur inciden-
tally, particularly when diode-triode or diode-pentode
valves are used.
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An example is shown in the simplified circuit of Fig. 9,
in which a diode-triode valve V; is connected as a de-
tector-amplifier. The detector has a leak of conductance
Go and a volume-control potentiometer G, is connected,
in series with the blocking capacitor C,, to earth. The
output terminal of the potentiometer is connected to the

I

Fig. 9-—Diode-triode detector-amplifier arrangement in which inci-
dental negative modulation-frequency feedback to the detector
may cause peak clipping.

amplifier grid which is biased by a cathode-bias resistor
R. The resistor R is normally by-passed for modulation
frequencies, but ineffective by-passing may permit
modulation-frequency voltages to be developed across
it. In other cases the by-pass is omitted and modulation-
frequency voltages occur between cathode and earth for
one or more of the following reasons: (1) The by-pass
capacitor may be omitted owing to the practical diffi-
culty of making it uniformly effective at all modulation
frequencics, or to eliminate an undesirable component
(e.g., an electrolytic capacitor). (2) Amplifier feedback
voltages may be applied in series with the cathode, c.g.,
to provide negative voltage feedback from the amplifier
output circuit. In any case, even if the grid is returned
to cathode for modulation frequencies, any voltage be-
tween cathode and earth is effectively in series with the
conductance G, across the detector output circuit and
must be considered as modulation-frequency feedback
to the detector. It can readily be seen that, if this volt-
age is such as to cause a decrease in the over-all gain, it
must represent negative modulation-frequency feedback
to the detector.

Considering the case in which the control potentiome-
ter is set at maximum, the grid-cathode modulation-
frequency voltage is identical with the detector output
voltage e¢’. Any reduction in over-all gain due to a modu-
lation-frequency voltage between cathode and earth can
therefore occur only as a result of a corresponding reduc-
tion in the effective modulation-frequency load imped-
ance presented to the detector, and can be calculated by
using (3) and (4). It is apparent that even small losses
in over-all gain thus caused must correspond to drastic
reduction of the effective modulation-frequency con-
ductance of the detector load, resulting in increased
peak-clipping effects. Similar effects will occur at lower
settings of the control potentiometer but will in general
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be less marked for any particular circuit arrangement.

The usc of a diode with a separate cathode, or associ-
ated with a valve not used at modulation frequencies,
thus appears to be desirable to avoid incidental and un-
desired modulation-frequency feedback to the detector
and to increase the flexibility of design of any modula-
tion-frequency feedback circuit in the modulation-fre-
quency amplifier itself.

VI. CoNcCLUSIONS

The following summarizes briefly the discussion in the
previous scctions, the relevant sections being indicated
for ease of reference.

(a) The modulation-frequency losses in the load cir-
cuit of a detector may be reduced, so that its effective
modulation-frequency conductance is equal to its direct-
current conductance, by applying positive modulation-
frequency feedback (IIl). Conversely, negative modu-
lation-frequency feedback will increase the effective
modulation-frequency admittance of the load (V).

(b) Incidental effects in the amplifier from which the
positive feedback to the detector is taken may corre-
spond to positive or negative, current or voltage, feed-
back depending on the circuits used (ITI(c), IV). If an
additional amplifier is used to provide the feedback, no
incidental feedback effects occur in the modulation-fre-
quency signal amplifier fed from the detector (ITI{c),
IV (b)).

(c) The emphasis on the negative-feedback aspect of
the reflex detector tends to hide the essential similarity
of the reflex and diode detectors and suggests negative-
feedback characteristics that are not present in the usual
sense (I1(c)).

(d) A detector circuit is described which provides
automatic volume control, has a low output impedance,
and imposes a very light load on the carrier-frequency
circuits. (IV(a)).

(e) The discussion is based on the assumption that
the wave form of the energy fed back to the detector is
a close replica of the detector output-voltage wave form.
It may be worth investigating the more general case in
which this condition is not satisfied (I11(c)).

(f) Great care is required in the design of detector-
amplifier circuits using multipurpose valves to ensure
that negative modulation-frequency feedback to the de-
tector is avoided (V).

(g) A circuit given by Varrell is consistent with the
design procedure set out in Section III, although Varrell
stresses aspects of the arrangement other than those
stressed in this paper (IV{(c)).

It is felt that the point of view adopted in the paper,
which emphasizes the positive feedback to the detector
as the common factor in various circuit arrangements, is
desirable to avoid confusion.




The Ideal Low-Pass Filter in the form of a
Dispersionless Lag Line’

MARCEL ]J. E. GOLAYf{

Summary—Some theoretical and practical aspects of the design
of the ideal low-pass filter in the form of a dispersionless lag line are
considered. It is shown, in particular, that an artificial line made up
of series inductances and shunt capacitances, with 18 per cent aiding
mutual inductance between adjacent coils and 8 per cent shunt
capacitance between alternate tie points, forms, for many purposes,
a sufficiently good approximation of a dispersionless lag line. The
mathematical study of the function f(n) = j; (1 —cos ¢/¢$?) cos npdg,
which is of pertinent interest in lag-line theory, is given in an ap-
pendix.

HE IDEAL low-pass filter, which is defined as a

filter having linear phase characteristics and no

attenuation up to the cutoff frequency, and infi-
nite attenuation beyond, forms a useful mathematical
concept in the theory of communication, as well as a
challenge to the engineer to design as close an approxi-
mation to the ideal as possible.

Inasmuch as any delay networks with linear phase
characteristics, and, in particular, the lag line, are, es-
sentially, ideal low-pass filters, the theory presented
herein will be concerned with the lag-line type of con-
struction. This construction offers the advantage, over
other types of delay networks, of having a multiplicity
of tie points from which variously delayed but otherwise
identical signals can be derived.

The original basic lag line was composed of equal se-
ries inductances and shunt capacitances. This arrange-
ment offered good frequency cutoff, but poor phase char-
acteristics. A notable improvement in the phase charac-
teristics of lag lines was contributed by Pierce,! who
discovered that a certain amount of negative (aiding)
mutual inductance, between adjacent sections, unavoid-
able when the coils are coaxially mounted to yield a
simple construction, actually is beneficial.? The consid-
eration of mutual inductance between adjacent sections
leads naturally to the consideration of mutual induct-
ance between alternate and more distant sections, and
an investigation of this possibility indicated that suit-
able design values for these various parameters yielded
increasingly more linear phase characteristics. Un-
fortunately, the practical coaxial construction yields
the wrong sign for the mutual inductance between
alternate sections, when the connections are so made as

* Decimal classification: R386. Original manuscript  received
by the Institute, March 15, 1945; revised manuscript received, Sep-
tember 5, 1945.

1 ngnal Corps Engineering Laboratories, Bradley Beach, N. J.

L G. W. Pierce, “Artificial electric lines,” Proc. Amer. Acad. Arts
and Sci., vol. 57, pp. 195-212; 1921,

2 The utilization of such a lag line in a special bridge network for
the purpose of obtaining any desired impulse response, and, in par-
ticular, the impulse response of an ideal low-pass filter, has been de-
scribed by M. Levy, in “The impulse response of electncal networks,
with special reference to the use of artificial lines in network design,”
Jour. I.LE.E. (London), Part 111, pp. 153-164; December, 1943.
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to yield the correct value between adjacent sections.
This situation could be circumvented by the device of
providing special small additional coils designed to yield
the mutual inductances of the correct sign and magni-
tude between alternate and more distant sections, but
the resulting construction becomes unwieldy, besides
introducing troublesomely large capacitances where
they may not be wanted. This consideration led to the
investigation of the effect of shunt capacitances across
one or more coils, and the more general theory thus
evolved yielded eventually such simple “recipes” for
lag-line construction as the requirement of 18 per cent
mutual inductance between coaxially mounted adjacent
coils and of small capacitors between alternate tie
points, the capacitance of these capacitors being 8 per
cent of the capacitance of the line-to-ground capacitors.

For a simplified basic theory of the ideal lag line we
need only consider a recurrent assembly of series induct-
ances L with mutual inductance oL, oL, etc., between
adjacent, alternate, and more distant sections, and ca-
pacitances C to ground (Fig. 1). The inductances and
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Fig. 1—Schematic diagram of lag line with mutual inductances.

capacitances are assumed to have infinite Q and zero
power factor, respectively. Kirchhoff equations for the
nth junction and the nth loop can be written

‘i” bt 1:"+1 = ijvn (1)
Up — Uny1 = ij [in+l - al(in + in+2)
- a?(in—l + ‘in+3) — st ] (2)

The recurrent character of the network permits us to
write, generally

In—1

U in

Tnt1

= = = E= 000 = eid" 3
Unt1 Tat1 in Ini2 ( )
Substitution in (1) and (2) of all 4’s and ¢'s by their ex-
pressions in terms of 7, and v,, multiplication of (1) and

(2), member by member, and division by 7,v,, yields

)-(4)

The requirement of no attenuation below cutoff and

of no phase distortion may be expressed by the condition
that ¢ be real and proportional to w

k$? = WILC (5)

2(1—cos ¢) =w?LC(1—2a; cos ¢ — 2ay cos 2p— - - -
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which, in combination with (4), yields the expression
2(1 — cos ¢)
kop?
Equation (6) will be satisfied between the limits ¢ =0
and ¢== if the second member is considered as the

Fourier expansion of the first member between said
limits. This leads to the following expressions for & and

=1—2a1¢co5¢ — 203¢082¢p — - -+ . (6)

the a's:
2 1 -
k= —f i d¢ (7
mJo ¢*
2 * 1 —cos¢
oy = — —— —————— cos npdo. (8)
mk Jy ¢*

The mathematical treatment of this integral has been
described in the Appendix, from which we borrow the
values of k£ and of the first six a’s, to five places.

k= 0.77370 az = — 0.01218
a; = — 0.16690 as = + 0.00676 B
as = + 0.02864 ap = — 0.00430

ag = + 0.00297

and, for higher values of #, the approximate formula
0.10615 0.030
(=" 2 + . )7
n n

From (9) and (10) it appears that the successive odd-
order mutual inductances of an ideal lag line should be
aiding, while the even-order ones are opposing, and that
their absolute value should vary roughly as the inverse
square of their order. This is obviously not realized when
the coils are axially mounted and regularly spaced, for
if the connections are so made that the mutual induct-
ance between adjacent coils is aiding, as it should be, all
mutual inductances will be aiding, and their value will
decrease roughly as the inverse cube of their order. As
was mentioned earlier, auxiliary coils could serve to cor-
rect this situation, but such an arrangement would re-
sult in a rather inelegant construction, with a jumble of
leads going to and fro, and stray capacitances between
the various coils which would complicate matters at high
frequencies.
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Fig. 2—Schematic diagram of lag line with mutual inductances, and
capacitances between tie points.

Instead, let us determine how capacitances inserted
between the various tie points affect the propagation
characteristics of a lag line. In this calculation, the ac-
tual mutual inductances between adjacent, alternate,
etc., coils will be desig<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>