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" New AMPEREX TRANSMITTING TUBES |
| “ALeLfELASS” types with MAGNISORB™ aNoDES

t

FEATURES TETRODES

@ MAGNISORB* is a graphite base material specially Type AX4-125-A and Type AX4-250-A are completely inter-
processed by AMPEREX for greatly increased gettering action changeable, electrically and mechanically, with standard
and heat dissipation characteristics. RMA equivalents.

@ POWDER GLASS TECHNIQUES resulting in STURDY TR'ODES
CONSTRUCTION ond COMPACT SIZE through the elimination (Electrical Dat
of external bases, make these tubes desirable where space ot DEre)

limitations and ruggedness are factors. AX-9900

Filament — Thariated T
@ COOLER TUBE OPERATION is effected through efficient T il s

internal shielding and elimination of the external base. Current (Amps.)..

@ INCREASED ANODE SURFACE AREA is obtained by QIEIGEY Facttr ...
virtue of the fact that the heavy walls are deeply milled with Maximum Ratings —
Class “C" Telegraphy
Plate Valtage........... 2500 3000
Plate Current (Ma)............ 200 400

Plate Dissipatian (Walts) 135 250

circumferential rings.

@ EXCELLENT INTER-ELECTRODE SHIELDING reduces
filament-plate capacity to @ minimum in the triodes, for applica-

. o g ! Frequencies (MC) ..... ‘ 5
tion in grounded grid amplifiers. i ! : 150 200 | 30120

Typical Power Output (Watts) 390 |200 820 |520

re-tube with AMPEREX ettt Concitances

Grid-Plate ...
Grid-Filament .

AMPEREX ELECTRONIC cDRP Plote-Filoment ...
25 WASHINGTON STREET, BROOKLYN 1, N.Y.

In Conodo and Newfoundlond: Rogers Majestic Limited
11.19 Brentcliffe Rood, Leoside, Toronto, Ontario, (anado

Data sheets avallable on request
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Hermetically Sealed
FULLY APPROVED FOR JAN USES

POWER AND PRECISION RESISTORS

The only complete line of hermetically sealed wire wound resistors on the
market today, Sprague Ferrule Terminal Koolohms offer types, sizes, and
resistance values for every power or precision resistor need. Operating
voltages range from milli-volts to kilovolts; resistance values from 0.5
ohms to 1,000 megohms. Fully protected by Sprague glass-to-metal seals,
these ferrule terminal Koolohms will withstand the most severe salt water
immersion and temperature shock tests. These standard Sprague resistor
types meet all applicable JAN Specifications. Similar types with even higher
power ratings are available for commercial applications where severe
thermal shock is not a factor. For complete description and rating data,
write for Catalog No. 100E,

SPRAGUE ELECTRIC COMPANY « North Adams, Mass.

... NEW COMMERCIAL TYPES

WOUND WITH
CERAMIC INSULATED
WIRE

AALLLLAARAML
|

KOOLOHM loyer winding
turns connot  “swim’’ or
short. Insulotion hos o di-
electric strength of 350
volts per mil. ot 400°C,

HARNALY
TANAAAAA

KOOLOHM interleoved
winding —Resistors ore
ovoiloble having negligible
inductonce, cven ot VHF,

-

Section of KOOLOHM wire
with ceromic insulotion re-
moved to show controst
betwcen bore ond insu-
loted wire, This flexible,
heot-proof insulotion is
octuolly opplied to the
wire at a temperoture of

1000°C.
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ANOTHER SCORE IN THE

battle of the inches

It takes many costly buildings to
house your telephone system. Every
inch saved helps keep down the cost
of telephone service. So at Bell Tele-
phone Laloratories engineers work
constantly to squeeze the size out
of telephone equipment.

In the picture a new voice fre-
quency amplifier is heing slipped
into position. Featuring a Western
Electric miniature vacuum tube,

BELL TELEPHONE LABORATORIES EXPLORING AND INVENTING, DEVISING !'z" )
AND PERFECTING, FOR CONTINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE &

tiny permalloy transformers, and
special assembly techniques. it is
scarcely larger than a single vacuum
tube used to be. Yet it is alle to
hoost a voice by 35 decibels.
Mounted in a bay only two feet
wide and 115 feet high. 600 of the
new amplifiers do work which once
required a room full of equipment.

This kind of size reduction
throughout the System means that

more parts can be housed in a given
space. Telephone Duildings and
other installations keep on giving
more service for their size —and
keep down costs.

The new amplifiers. which will
soon bhe used by the thousands
throughout the Bell System to keep
telephone voices up to strength. are
but one example of this important
phase of Laboratories’ work.




WIDE BAND AMPLIFIER
MOOEL AL A
Heurr 8
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SETTING A NEW STANDARD FOR

Figure 1

Actual photo of oscillograph trace showing .01 usec
pulse (left) applied direct to CRT plates; (right) through
-hp- 460A.

TYPICAL RESPONSE CURVES-MODEL 460A WIDE BAND AMPLIFIER
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Figure 2

Typical response curves. Line A, with -hp- 410A VIVM.
Line B, into 200 ohm load. Line C, Gowvssian curve.

SPECIFICATIONS

Frequency Response: High frequency — closely
matches Gaussian curve when operoting into
© 200 ohm resistive lood. 3 db point is 140 mc.

Low frequency—when operating from a 200
ohm source ond .01 blocking condenser, re-
sponse off 3 db at 3 kc into on open circuit or
succeeding omplifier. When operating into o
200 ohm lood, off 3 db at 100 ke.

With -hp- 410A VIVM: 1 db, 200 ke to
200 mc.

Gain: Approx. 20 db into 200 ohm load, with tubes
of Gm 5,000 micromhos. (When operating into
200 ohm lood.) Goin control hos ronge of 6
db. 5 or more omplifiers moy be coscoded.

Output: Approx. 8 v. peck open circuit. Output im-
pedance, 330 ohms.

Input Impedance: 200 ohms.

Delay Characteristics: Approx..012 usec.

Rise Time: Approximotely .0026 usec (10% to 90%
omplitude). No oppreciable overshoot.

Maunting: Reloy rock, 5%” x 19” x 6" deep.
Pawer Supply: 115 v. 50/60 cps. self-contained.
Price: $185 F. O.B. Polo Alto.

Dato subject fo change without nofice.

PROCEEDINGS OF THE LR.E.

November, 1949

FAITHFUL PULSE AMPLIFICATION!

True amplification of very short pulses. Rise time .0026 mi-
croseconds; 20 db gain; can be cascaded. For oscilloscope,
TV, UHF, nuclear or general laboratory work. Increases
voltmeter sensitivity 10 times over 200 mc band.

The new -hp- 460A Wide Band Am-
Eliﬁer is the first instrument of its
;ind to offer you faithful amplification
of very short pulses without objec-
tionable ringing or overshoot. The
rise time of the amplifier itself is
only .0026 microseconds; and its re-
sponse matches the Gaussian curve
(transmission ideal) more closely
than anyother instrumentyet offered.

The exactness with which the new
-hp- 460A amplifies very short pul-
ses can be seen in Fig. 1. Left:
shows a .01 usec pulse applied direct
to plates of a SXP11A cathode ray
tube. Right: same pulse after passing
through the -hp- 460A. Note the
very short rise ime and the absence
of ringing or overshoot. Fig. 2, il-
lustrates how closely the -4p- 460A
conforms to the Gaussian ideal. As
many as 5 amplifiers can be cascad-
ed when high gain is necessary.

GENERAL AMPLIFIER
Fig. 2 also illustrates the wide fre-

quency response of this instrument.
It offers flat response up to 200 mc
when used with the -hp- 410A Vac-
uum Tube Voltmeter. Sensitivity is
increased 10 times. The -p- 460A
may also be used as a general pur-
pose laboratory amplifier.

ACCESSORIES
Since the -p- 460A Amplifier oper-
ates best at impedances of 200 ohms,
-hp- has designed a 200 ohm coaxial
system of connectors and cables.
These accessories include leads with
fictings, panel jacks and plugs, adapt-
ers to connect into a 50 ohm Type
N system; and a special adapter fJZ)r
use with the -hp- 410A Voltmeter.

Get complete information now! See
your nearest -hp- representative or
write to factory.

HEWLETT-PACKARD CO.

1936-D Poge Mill Rood, Palo Alto, Californio

Export: FRAZAR & HANSEN, LTD.
301 Clay Street, Son Froncisco, Calif.,, U. S. A.
Offices: New York, N.Y.; Los Angeles, Colif.
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CHARACTERISTICS
TYPE 16GP4

TYPE 16GP4

16-inch metal picture tube, with wide-angle {70-degree)

sweep, and high-contrast-glass face. Designed for modern
receivers where size of the cabinet is restricted, yet the picture
must be large, clear, and sharp. ... Tube is less than 18 inches
long; its weight is approximately half that of an all-glass

type. ... Generous picture area is 163 sq. inches when the entire
wbe face is scanned; 132.5 sq. inches when standard raster of
3-by-4 aspect is employed... .. Special high-contrast-glass face
helps produce a clear image with superior definition.

PROCEEDINGS OF THE LRE November, 1949
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ELEVISION!
<6EWMMVMKEZEaﬂ0MhﬂMﬂE$!

EAD, or be left behind! Designers and with sharper definition.
builders of TV receivers face that chal- Other G-E picture tubes—Types 8AP4,
lenge. By specifying General Electric tubes,  10BP4, 10FP4, 12KP4 and 12LP4—share
you (1) help assure the over-all advanced  in the advancements being recorded by

design of your product, and (2) makeapop-  General Electric’s continuous research
ular move to meet the demand of buyers for  in television. And a full line of G-E re-
what's newest and best in tele- ceiving-type tubes is available,

including such outstanding new
designs for television use as the
6AB4, 6BNG, 12AT7, 12AU7,
and 12AY7.

Choose General Electric tubes
to make sure the product you
design, build, and sell is in the
forefront competitively! Experi-
enced G-E tube engineers will be
glad to work with you in select-
ing the right types for your

vision home equipment.
Progress shows, for example,
in every characteristic of G.E’s
new 16-inch wide-angle picture
tube. Because of its comparatively
short length, you can design a re-
ceiver about Type 16GP4 that
will fit conveniently into the aver-
age smallliving-room. Atthe same
time, the picture area is large, giv-
ing excellent visibility for a good-

. G- receiving tubes of advanced de- o o . -
sized group of guests. The face of  sign spell progressand econamy. The circuit. Wire or write today to

g 9 new 6BN6, a minjature gated-beam .
the tube is a special new dark-tone ye functions as a limiter, discrim- General Electric Company, Elec-

la S vidin h inator, and audio-amplifier in TV and 5
glass pro g high contrast [t e plscing 3 tronics Department, Schenectady 5,

. . . images show more clearly, tobesand associated components: New York.

SHORTER - MAKES POSSIBLE
A MORE COMPACT TV RECEIVER

Why Type 16GP4 picture tube is nearly 5 inches
shorter than the standard 16AP4 16-inch type, is
shown here. A sweep angle of 70 degrees for the
16GP4 against 53 degrees for the 16AP4 (por-
trayed in dotted lines) results in a flatter conical
shell. This reduces the over-all length of the tube
to 17%e inches, compared with 22% inches for
the 16AP4. Receivers using the new tube can be
shorter and less bulky, consequently are more ac-
ceptable in the home.

Do o
GENERAL
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~ Maghnetic

Materials

The Arnold Engineering Company
offers to the trade a complete line of
Magnetic Materials

PERMANENT MAGNET MATERIALS
e Cast Magnets, Alnico I, II, III, IV, V, VI, XII, X-900

¢ Sintered Magnets, Alnico II, IV, V, VI, X-900, Remalloy*
* Vicalloy* e Remalloy* (Comol)

® Cunico ¢ Cunife e Cast Cobalt Magnet Steel

HIGH PERMEABILITY MATERIALS |

¢ Deltamax Toroidal Cores e Supermalloy* Toroidal Cores

e Powdered Molybdenum Permalloy* Toroidal Cores o Permendur®

®*Manufactured under licensing arrangements with WESTERN ELECTRIC COMPANY

P& 7or information relating @ any of tiese Magnedic Materiaks

THE ARNOLD [NGINEERING (COMPANY

SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION
147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS

4 PROCEEDINGS OF THE I.RE November, 194y




NOW... for the first time

SUBSTANTIAL POWER

At Microwave Frequencies with Direct Crystal Control

PROCEEDINGS OF THE I.RE. November, 1949
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Serving two different needs
for KFOR and KFOR-FM,
Lincoln, Nebraska

Network AM programs atre broadcast through
KFOR'’s 250-foot Truscon Sclf-Supporting Radio
Tower. For FM broadcasting by KFOR-FM the
Cornbelt Broadcasting Company chose a similar
but stronger 250-foot Truscon Tower which
supports above its top a Federal 8-Bay Square
Loop FM antenna. The overall height above
ground is 330 feet.

Uninterrupted service in the rolling plains
country, which these twin stcel beauties serve,
requires good structural stability. And, Truscon
engineers designed and built this pair 2o fit
the needs of that specific location.

Truscon engineers have a world-wide back-
ground of field experience to help you in evalu-

w0 Mo

TRUSCON

Sy ——————
A ——

TOWERS OF STRENGTH

250m. 3301

HIGH
OVERALL

l ating all local operating conditions, and in l
fitting the correct tower to them. It may be tall

I or small . .. guyed or self-supporting . . . tapered l
or uniform in cross-section . . . for AM, FM or

I TV. Your call or letter to any nearby Truscon I
District Office — or to our home office in

I Youngstown —will bring immediate, interested I
attention, with no obligation.

TRUSCON STEEL COMPANY
YOUNGSTOWN 1, OHIO
Subsidiary of Republic Steel Corporation

"TRUSCON ¥

SELF-SUPPORTING

o et T W[kS

Truscon Copper Mesh Ground Screen




Over 200 Manvufacturers Use

® Call the role of the electronic
industry and practicall’y every name

you call will be a user of HI-Q Com-
ponents. Ask them their opinion of

Hi-Q. They will point to a succession
of repeat orders as proof of their com-
plete satisfaction with HI-Q quality,
dependability and service.

You are invited to take advantage
of HI-Q's vast experience in the
development and production of cera-
mic capacitors, trimmers, wire-wound
resistors and choke coils. Our engi-
neering staff is at your service when-
ever and as often as you see fit to call
on it. Please feel free to wire, write or
phone at any time you have a problem

which we might help solve.

JOBBERS—ADDRESS: ROOM 1332
101 Park Ave., New York, N. Y.

/
>l

\
\

/ Admiral Model 20A1 Television Chassis uses
numerous Hi-@ Components to contribute
to its dependable performance and long life.

BETTER
PRECISIO N 4 WAYS

Praduyct, Ace
UNIFORM”y c
Prodyction thro Y of
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DEPENDABII.ITY
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Our H;. €or off.
Hi-Q makes yo,, e Y:or of troubie ;::Your CUstomeys’
< e 3
MINIA.TUR'ZAHON : better,
Usiness mq
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on cosig
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FRANKLINVILLE, N. Y
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__r{Desighers

SO SMALL...
... it mounts on a radio chassis

These 15-, 25-, and 50-va G-E  within 1% of 115 volts for fixed, unity-power-

voltage-stabilizer units are only a
little over 2 inches high and about 9 inches
long. They’ll mount easily on a medium-sized
radio or electronic instrument chassis and
will give you an even, non-fluctuating 115
volts for your equipment whether your line
voltage is 95 or 130. A special transformer
circuit provides a stabilized output voltage

factor loads.

Continuous operation under conditions of
short or open circuits will not damage the
stabilizer in any way. Since there are no mov-
ing parts, there is little maintenance to worry
about. For complete information on voltage-
stabilizer units of all sizes from 15-va to
5000-va, write for Bulletin GEA-3634.

GENERAL @3 ELECTRIC

10

Specially designed G-E Type-E networks
will produce impulses which have defi-
nite, known energy contents and dura-
tions, and thus are ideal for converting
a-c or d-c charging voltages into approxi-
mately rectangular square waves. These
networks consist of capacitor and coil sec-
tions adjusted to close tolerances and her-
metically sealed in single metal containers.

G.E. helped meet wartime radar de-
mands with thousands of these units and
now offers them for commercial use. They
are available in a wide range of desigans,

PROCEEDINGS OF THE L.R.E

impedances, ratings, and sizes for pulse
lengths of 0.1 to 40 microseconds. See
Bulletin GEA-4996.

667-3

November, 1949




HEAVY-OUTY RELAYS

THAT MOUNT 3 WAYS

This versatile, general-purpose, heavy-
duty, a-c relay unit is available in three
mounting arrangements: front connected,
back connected, or plug-in connected. All
three mounting types are available in
open or enclosed models and are furnished
in spst, dpst, or dpdt circuits. Heavy, long-
lasting silver contacts carry 10 amps con-
tinuous. Normally-open forms make or
break 45 amps; normally-closed forms
make or break 20 amps. Relay coils come
in 12-, 24-, 115-, or 230-volt, 60-cycle a-c
sizes. D-c units are available in similar

models. For full details sce GEC-257.

ACCURATE

BUT RUGGED

The new, modern-
looking, easy-to-read
215 inch G-E instru-
ment line isimproved
inside as well as out-
side. A single, self-
contained mecha-
nism supported on
an extremely strong
Alnico magnet as-
sures permanent alignment even under
the most adverse operating conditions.
This high-gauss Alnico magnet permits
the use of a large air gap with a conse-
quent smoother, non-sticking action. The
greater torque-to-weight ratio means bet-
ter damping and allows the use of heavier
vibration-resisting pivots. Accuracy is 5%
of full scale on rectifier types, 2% on all
others. For complete details, send for
Bulletin GEC-368.

PROCEEDINGS OF THE IRE.

SNAP-SWITCH INSTALLATION
TIME CUT TO SECONOS

You'll have a firm electrical connection
without the use of solder a few seconds
after you begin to install this small but
rugged Switchette. Only 134 inches long
and weighing only 9 grams, this 230-vac,
10-amp unit has solderless knife-contact
terminals made of pure, tinned copper.
G-E Switchettes are available in a va-
riety of forms and circuits, all of which
have double-break contact structures.
They're particularly well suited for elec-
tronic applications because of their low
RF noise output (short contact-bounce).

For your convenience there are screw-
terminal and soldering-lug types as well
as this special quick-connect unit. Send
for Bulletin GEA-4888.

Lo © ®© © 0 0 06 6 0 06 0 0 0 0 O O 0 o

A SMALL PACKAGE Of
WELL-REGULATED HIGH VOLTAGE

You get both high voltage and good regu-
lation with small lightweight G-E preci-
sion rectifiers. This may interest you if
you need compact, well-regulated, high
d-c voltage sources for cathode-ray tubes,
television camera tubes, radar indicator
scopes, electron microscopes, Geiger-
Mueller counters, or similar jobs.

These supplies are hermetically sealed
and oil-filled. Typical units have outputs
of 7 kv at 0.1 ma.—have only 3.5% devia-
tion for every 0.1 ma load and output rip-
ple of less than 1%. Size—only 6” x 6” x
7”. Weight—8 lbs. For further data, write:
General Electric Company, Section 667-3,
Schenectady 5, N. Y, giving complete in-
formation on the proposed application
with specifications required.

F e T T T

Please send me the following bulletins:

[] GEA-3634 Voltage stabilizers
[[] GEA-4888 Switchettes
[] GEA-4996 Capacitor networks

NAME

COMPANY

ADDRESS

CITY.

November, 1949

General Electric Company, Section G667-3
Apporatus Department, Schenectady, N. Y.

[] GEC-257 Heavy-duty relays
[] GEC-368 Instruments

____STATE____
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. . . and many times the -
permeability in half the size
FOR TV FLYBACK Molded of a unique powdered material hav-

i ceptionally high permeability, Stack-
TRANSFORMER CORES Ing exceptionally mgh permeability, Sta

pole Ceramag iron cores bring a new, higher
standard of efficiency to television horizontal
Permeability on the order of 10 10 1 image deflection circuits. In screen areas
Dy comiparisofs With conventionaliron where there is a sudden voltage drop,

cores for flyback transformer applica- C . 5 e 1 8
. . . . . o
tions, is readily possible with the new CRENNE |ConesiEINC iaRoSiotsiaty 4 T6

Stack pole Ceramag types. In addition, or more compared with 1-5 for previous
Ceramag cores are much smaller, have high permeability types. Complete details
higher resistance, operate cooler due or samples to match your requirements sent
to absence of eddy current losses. on request.

oLD

STYLE

l 4

D IP 7Y b 5
@ o -QL;"J' il ¥ 64 ]

>
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HIGH PERMEABILITY

STACKPOLE

CERAMAG CORE v Electronic Components Division

STACKPOLE CARBON COMPANY + ST. MARYS, PENNA.
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CM 15

Actual Size 9/32” x 1/2” x 3/16".
For Television, Radio and other
Electronic Applications.

2 - 420 mmf. cap. at 500v DCw.

2 - 525 mmf. cap. at 300v DCw.
Temp. Co-efficient +50 parts per
million per degree C for most
capacity values.

6-dot color coded.

E Write on your
firm letterbead for
[ ] E nc u Catalog and Samples
MOLDED MICA l ][l MICA TRIMMER

El-Menco Capacitors, mighty midgets of electronics, are so
tiny you can hold a dozen of them in the hollow of your hand.
Yet, their capacity, strength, long life and dependable per-
formance under the most critical conditions are recognized
throughout the industry.

The next time you need capacitors,
call for El-Menco. Order the capacitors

that are small in size but mighty in
performance. @

THE ELECTRO MOTIVE MFG. CO., Inc.

WILLIMANTIC  CONNECTICUT

CAPACITORS

IGN RADIO AND ElEéTR?NCCMlNUFACTURERS COMMUNICATE OIRECT WITH OUR EXPORT OEPT. AT WILLIMANTIC, CONN. FOR INFORMATION.
v .

ORE
ARCO 'ECECTRONIC

135 Liberty St., New York, N. Y.—Sole Agent for Jobbers and Distributors in U.S. and Canada
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Scientists at RCA Laboratories solve exacting problems

Irnside s¥ory oF Foivr Te/lbvision

Now television is flashing visual enter-
tainment, news, and educational mate-
rial to millions of people. The “inside
story” of its rapid growth is the history
of some remarkable tubes. Inside these
tubes, electrons are put to work—to per-
form, for your benefit, the miracle of
long-distance vision.

The screen of your direct-view television
receiver is actually the face of a tube —the
kinescope developed by Dr. V, K. Zwory-
kin and his colleagues of RCA Laboratories
—on which electrons in motion “paint” pic-

14a

tures. A tube, too, is the “eve” of RCA’s
supersensitive Image Orthicon television
»

camera, which can “see clearly by the
light of a match.

And since you asked for big-picture tele-
vision, they developed projection receivers
—also a way to “weld” glass and metal, thus
speeding the production of 16-inch direct-
viewing tubes . . . at lower cost.

To these basic “firsts,” RCA scientists
have added advance after advance
which are daily bringing television into
the lives of more and more people.

PROCEEDINGS OF THE IL.R.E

within the “nothingness” of vacuum tubes.

How you profit

Advanced research in television tubes is
just one way in which RCA Laboratories
work in your interest. Their leadership
in science and engineering adds value
beyond price to any product or service
of RCA and RCA Victor.

Examples of the newest advances in radio,
television, and electronics —in action —may
be seen at RCA Exhibition Hall, 36 West
49th Street, New York. Admission is free.

Radio Corporation of America, Radio City,
New York 20.

RADIO CORPORA FION of AMERICA
World Leacer in Raodio — Firet /77 Televisrion

November, 1949
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, Type 557 Type 554 el R
| Ceramicon Ceramicon e ‘
Trimmer Trimmer W g J
e
P 1.5-7 MMF | AL ’
(2% ) 3-12 MMF e
5-25 MMF .
5-30 MMF Temperature Compensating
8-50 MMF Molded Insulated Ceramicons *
0.5 MMF—550 MMF
Temperature Compensating

Type 531 and 532

Tubular Trimmers
0.5-5 MMF
1.8 MMF

Type TS2A Ceramicon Trimmer
1.5-7 MMF 3-13 MMF 4-30 MMF
5.20 MMF 7-45 MMF

3-12 MMF

Erie Disc Ceramicons
Up to .OI MFD

Butto; Mica Condensers
15 MMF—6,000 MMF

A

Cinch-Erie Plexicon Tube
Sockets with 1,000 MMF
built in by-pass condensers

Dipped Insulated Ceramicons
0.5 MMF— 1,770 MMF
Temperature Compensating
Non-Insulated Ceramicons |
0.5 MMF—1,770 MMF

_—_—J_—_-"'

!

T
_ -
NSNS

*
Erie “GP’’ Molded Insulated Ceramicons
5 MMF—5,000 MMF

Evie “GP” Dipped Insulated Ceramicons
5 MMF—10,000 MMF

Erie “GP” Non-Insulated Ceramicons
5 MMF—10,000 MMF

Type 357 W
Type 362

Feed-Thru Ceramicons
5 MMF—1,000 MMF
5 MMF—1,500 MMF

THE dependability and accuracy
to close tolerances required for Tele-
vision and Broadcast applications
are combined in Erie Ceramicons
with compact design, tubular in
form, for easy installation on the
assembly line.

Type
2336

Type
2322

a—.-.—d ’
\ / Type  Types 323

T20A and 324

Insulated
Types L-4, L-7, S-5 Suppressors

for Spark Plugs and Distributors Erie Stand-0ff Ceramicons

5 MMF—5,000 MMF

Erie manufactures a complete
line of Ceramic and Button Mica
Condensers for transmitter and re-
ceiver applications: Carbon Sup-
pressors, Custom Injection Molded
Plastic Knobs, Dials, Bezels, Name
Plates and Coil Forms. Complete
technical information on request.

p
~—
e [ W
Custom Injection Molded
Plastic Knobs. Dials,

Bezels, Name Plates,
Coilforms, etc.

High Voltage Double Cup
and plate Condensers
Up to 15,000 VOLTS

%Ceramicon, HiK, GP, Button and Plexicon are registered WORKING

trade names of Erie Resistor Corporation.

Electronies Divison

ERIE RESISTOR CORP., ERIE, PA.

LONDON, ENGLAND +« * TORONTO, CANADA



Follow the Leaders to

Pyrovac plate . . . for long life
and to withstand momentary

overloads.

Eimac non-emitting grid . , . for
stability of operation.

Component materials are
chemically stable . . . insuring |
long filament life.

structures produces a high degree
of rigidity and resistance to
physical abuse.

Mechanical design of internal u

Trade-marked “Eimac” . . . your
assurance of superior performance
and continuing service.

Tungsten leads . . , for low R-F
resistance.

Eimac moulded glass base and
precision aligned base pins.

592

Developed and built by Eimac, the new 3-200A3/592 s directly interchangeable with
existing tubes marked 592 without equipment modification. i

The structural features indicated above impart to this new triode a long life span and
rugged contruction customarily associated with Eimac tubes.

Further information may be had by writing the A&plication Engineering Department of:

EITEL-McCULLOUGH, INC. SAN BRUNO, CALIFORNIA

Export Agents: Frazar & Hansen, 301 Clay St., San Francisco, California

la PROCEEDINGS OF THE I.RE. November, 1949
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IT'S NEW! IT'S DIFFERENT! IT'S MADE OF REVERE COPPER
—The “Double G” Solderless Lug made by THE GREGORY
MANUFACTURING CO., INC., New Haven, Conn., for the
electrical fiold, comes in 6 sixes to accommodate from 14 ga
wire to 1,000,000 CM cables. Pressure screws are steel.

Improved solderless lug of hard drawn Revere
Copper, cold worked over and over without
distortion, cracking, pitting or scarring.

Pierced, formed at short 45 degree and 90 degree angles
and deeply serrated, this “Double G"” solderless lug really
gets a working over . . . and cold, t00, no annealing.
Yet, with all this, the surface remains absolutely smooth,
the lug is not in any way weakened and there is no twisting,
pitting, cracking or scarring of any kind. And, in addition,
its dimensions are held.

When the Gregory Manufacturing Co., Inc., was develop-
ing this solderless lug, with its unusual features, it had a
problem on its hands.

Their design called for copper strip that could stand
a lot of cold working and when finally fabricated into a
product of uniform quality, would not have a lot of twist,
cracks, pitted or scarred surface. In their efforts to secure
such a product their engineers had frequent consuliations
with Revere’s Technical Advisory Service. The result was
the product shown and described above, with production
tume and money saved and rejects held to the vanishing

18a

HOLD 'EM TIGHT—These sharp,
deep-cu! serrations on inside of
both tubular sections and projection
tang help to make firm, non-slip
joints possible. They also increase
the rigidity and conductivity of the
connection. Note that these serrations
were made cold, and without any
distortion of the Revere Copper
used. Lugs shown are twice actual
size and are unretouched.

oo ANd NOY 3 Sc3r 10 Show Tor 1t !

point. The material uscd was Revere hard drawn copper
strip with a temper of 36 to 46 Rockwell B Scale. This
company feels that they could not have developed such a
successful product if the quality of the copper was not of
the best and did not possess the inherent working char-
acteristics needed.

Perhaps Revere Copper or some other Revere Meral
can’be of help in developing or improving your product—
Cutting your production costs. Why not tell Revere's
Technical Advisory Service about your metal problems?
Call the Revere Sales Office nearest you today.

REVERE

COPPER AND BRASS INCORPORATED

Founded by Paul Reyere i 1801
230 Park Avenue, New York 17, New York
M'ills: .Ballimo're, Md.; Chicago, 1/1.; Detroit;. Mieh.; Los Angeles and
Riverside, Calif. New Bedford, Mass.; Rome, N. Y.—Sales Offices in
Principal Cities, Distributors Everywhere.
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HOW MANY

... AT 3,500
MEGACYCLES?

... AT 35,000
MEGACYCLES?

PRECISIOH
VARIABLE
ATTENUATORS

The use of metallic-film-on-glass techniques to'

7W; provide attenuation at microwave frequencies is no

longer new. This type of PRD attenuator is now

METALLIZED-GLASS well recognized for its constancy of attenuation

ATTENUATING ELEMENTS with time as well as for its insensitivity to variations
PRECISE AND PERMANENT of humidity and temperature.

CALIBRATION PRD has now augmented this line of attenuators

BROADBAND with units employing metallized mica elements to

CHARACTERISTICS provide broader-band characteristics for the milli-

meter region of the microwave spectrun. As a con-
NEGLIGIBLE INSERTION LOSS sequence, it is now possible 1o offer complete
BACKLASH-FREE coverage of the range from 2,600 to 40,000 mega-
VERNIER DRIVE cycles per second in designs varying from a simple
level set attenuator to a precisely calibrated sec-
LOW REFLECTION ondary standard. Write Dept. RS today for our

complete new catalog of microwave test equipment.

WELL SHIELDED CASING

%W RESEARCH
202 TILLARY STREET

BROOKLYN 1, N. Y. & DEVELOPMENT COMPANY, Inc.
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Television Demands

Extra Margins of Safety

Everyone knows that higher tempera-
tures hasten the destructive forces of
corrosion. It’s equally obvious that a
capacitor which will take this extra pun
ishment will stay on the job even longer

at lower temperatures.

When you specify Mallory FP Capacitors
for television receivers, or any equipment

where heat is a problemn, you can be sure

they will stand the gaff . . . they’ve always
been designed to operate successfullv at
85° C. And at normal temperatures, you
get an extra margin of safety that pays

off in longer, trouble-free performance.

Best of all. you pay no premium for this
added dependability. Write for vour copy

of the new FP Capacitor Engineering
Data Folder.

FP is the type designation of the Mallory developed electrolytic capacitor having the charac-

P. R. MALLORY & CO., Inc., INDIANAPOLIS 6, INDIANA

P.R.MALLORY & CO. Inc.

teristic design pictured and famous throughout the industry for dependable performance.

SERVING INDUSTRY WITH

Capacitors Rectifiers
Contacts Switches
Controls Vibrators

Power Supplies

Resistance Welding Materials

PROCELDINGS OF THE LRE November, 194




NO. 1110 INCREMENTA
INDUCTANCE IIIDG!L

- =" STEPDOWN

3

HIGH FIDELITY O

cludes o three frequency
oscillator, an A.C. bridge
ond a null detector

potential included in the
infrument. Entirely self
contsined and A.C. op-
erated

Detector
for Bridge mesturements.
Conteins selective circuits
for $0-400.1000 cycles. Fre-
quency renge 130-20,000
cycles.

TRANSFORMERS RANSFO ]
Indyct ; NSFORMER
MHY "o""aoo".:q'h.";:n:: ""‘,‘g’:‘.:"'::'u{’ Auto tduyu. """'?:':u‘alnbou'puo trans.
1] om
:A':'qo hDorén 40 to 1000 either Step Up :‘,' S':; wide lnﬂunn:y"y::uw.'"' DISCRIMINATO
e1. D.C. renge from Down transformer i qether with v §o, For ¢ RS
SMA to | Amp S S K M and ey low phase o dslemetaring and ro.
- and line cord o g°"- F'.“."’::""in:':'o';- uiing ‘::c;i':l ::dp”: )
B 20.30,000 cyches [ sonic fre H
5 3 Quency b.
catriary o
NO. 1010 COMPANISON 4
£ b W NO. 1020
or precision laboratory DIRECT READING
I Lard Oy Ll MEGOHMETER NO. 1140 NULL FILTERS
":':.‘J'o":" .:d ":;’::'co":' Measures insulation re- DEVECTOR Narrow band paess filters
Entirely self contsined, ""‘":" up fo 2,000,000 High gein Null
A.C. opersted and in. megohms. 500 voits D.C.

for remote control end
telemetering epplications
High pass, low pas, band
past and band elimination
filters for communicefion
and carrier systems.

NO. 1030
O INDICATOR
Frequency range from 20

cycles to S0 kilocycles
'Q'" renge from S5 to
$00. 'Q" of Inductors can

be maestured with up to
50 volts ecross the coil

. 15,000 cycles

permalloy dust
Available
tealed cpns,

Type TI-7
Frequency range 10,000 cy-
cley - 100,000 cycies
Wound on molybdenum

in hermetically
potted and
ceted or open units

coret

cased or open
units

wound on powdered
molybdenum permalloy
Can be supplied for fre-
quencies from 200 cycles
to 200 KC Avsilable in
hermetically sealed con-
struction potted end

=2 :‘Tﬁ" — y
4
A &7
U ALAERAAA RS .
Hi-O MINIATURE a

TOROIDAL INDUCTONRS
Sizte %" D. 1 %' — weight TOROIDAL INDUCTORS ~—
% ounce. Type TI.5 Fre Hi Q toroidsl colls
quency renge 1000 cycles

EAMETICALLY SEALED
COMPONENTS
Class A Grade | com-
ponents fo meet JAN.T-
27 specifications. Made
to customers require.
ments whare temperature
and humidity sre factors

type

tors,
termination
and

cydl
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NO. 1150 UNIVERSAL
RIDGE

for messurement of induc
capacitors
of resistive
reactive
of impedence:
un?- 20 cycles

o1 1% eccurecy

and de

components
Frequency
+ 20,000

1949

NO. 1210 NULL
VACUUM
VOLTMETER

Vacuum Tube Yolt
mater: Sensitivity .|
1, 10, 100 volts. lnput
impedance 50 m.?
ohms shunted by 20
mméd Frequency
tenge 20 cycles
20,000 cycles

NULL DETECTOR
Galn 94 D8, Selec
tive circuits for 0,
400, 1000 cycles, Fre
quency renqge 20
30,000 cycle

NO, 1100
A.C. POWER
SUPPLY

NO, 1060 YACUUM Auyalbable

laboratory in-
TUBE VOLTMETER el I
For use et audio, tuper- continuous
1onic end redio ‘uquon- variable out-
cles. Frequency renge put from .|
from 10 cycles to 1.4 volt to 100
megacycles. Input Im- volty @ &0

edance 50 megohmt
rnpuO capacity 15 MME
Voltage range from oot
to 100 volts, Frequency
range from 10 cycles to
2 meqecycles

cycles

21




4/%”’ 5"4’”&/4// of Performance for

Cathode-ray Oscillographs

HIGH-GAIN AMPLIFIERS

X- AND Y-AXES

Sensitivity: X-Axis, 50 millivolts rms per inch
(AC and DC). Y-Axis, 10 millivolts rms per
inch (AC and DC).

Frequency Response: DC amp. X and Y
{Axes, 0-100,000 cps within 10%: 0-300,000
icps within 50%. AC amp. X and Y Axes,
120-100,000: cps within 10%; 20-300.000 cps
‘within 50%.

iNo pattern “bop” even with sudden changes
in signal level. Excellent stability and mini-
mum microphonics and drift. Provision for
applying signals directly to deflection plates.
|

STABILIZED SYNCHRONIZATION

Sync limiting provided on recurrent sweep,
so that sweep length and synchronization
are mainfained as signal level varies.

EXPANSION OF DETAILS

Due to available deflection of over 4 times
full-screen diameter on both X and Y Axes,
performance equivalent to that of a 20-inch

[ ’ Full details of performance and applications are contained in q 12-

q ALLEN B. DU MONT LABORATORIES, INC.

D
c L

22A

u

cathode-ray tube is possible, with
the high resolution of a 5-inch
screen. Full positioning is avail-
able over this entire expanded
range on both axes.

RECURRENT AND DRIVEN SWEEPS

Variable from 2 to 30,000 cps. Sweep speeds
faster than 0.75 inch/psec. with fully ex-
panded time base. Provision incorporated for
sweeps of 10 seconds and slower through
the connection of external capacitors at front-
panel terminals. Sync amplifier with sync-
polarity selection is provided,

INTENSITY MODULATION

Z-Axis input ferminal on front panel is ca-
pacitively coupled to grid of cathode-ray
tube. 15 volts peak will blank trace fully at
normal intensity.

INCREASED ACCELERATING

POTENTIAL

Du Mont Type 5CP-A Cathode-Ray Tube in
the Type 304-H is operated at overall accel-
erating potential of 3000 volts, facilitating
use of long-persistence screens o take full
advantage of low frequency recurrent
sweeps, fast-driven sweeps, and DC ampli-
fiers. Type 304, a lower-price version, is also
available, operating at an overall accelerat.
ing potential of 1780 volts

M ONT
T o N, N E w JE

PNEVER BEFORE HAVE THESE
BEEN COMBINED IN ONE INSTRU
AND OFFERED AT SUCH LOW COST!

e

ADDITIONAL FEATURES

1

An engraved, permanently-mounted cali. |
brated scale greatly facilitates quenmarlve]
measurements. Mu-Metal magnetic shield af—l
fords maximum protection of cathode-ray
tube from effects of external magnetic fields. |
Du Mont Type 2501 Bezel permits attachment
of such accessories as Du Mont Types 271-A
or 314-A Oscillograph-Record Cameras.

MECHANICAL DETAILS

Height, 13'%2”; Width, 8%": Depth, 19”;
Weight, 50 Ibs. Housed in metal cabinet with
gray wrinkle finish. Panel reverse etched—
white on gray. ‘

TRIED AND PROVED

This oscillograph has undergone a most rigid
field test both in our own laboratories and

again in selected laboratories and institu-
tions throughout the country. In a great va-
riety of applications, every feature has been
given a thorough workout. The Type 304-H
is not a new instrument of unknown quality,
but definitely an oscillograph of TRIED AND
PROVED EXCELLENCE.

Type 304-H, $307.50. Type 304, $285.00.

page bulletin obtainable by writing to . ..

LABORATOR

[ 30 §




Whaid Yot
PANEL INSTRUMENT
Piottem 7

No matter what your panel instrument problem
is, Simpson Electric Company engineers will
be glad to help you solve it. Every day they are
confronted with individual design problems.

Behind every Simpson instrument is a world-wide P coce: cumneny
reputation for quality. Simpson movements have greater rug- \ .
P q Y' P g g \00 200

gedness and accuracy, because of the full bridge-type construc- MILLIAMPERES J;
tion and soft iron pole pieces.

When Simpson helps you with your problem, you benefit
from this world-wide reputation and the years of experience
of Simpson engineers.

Let Simpson engineers help you with your next instrument
problem and for your standard instrument requirements take

advantage of our large stock, available for immediate delivery.

5200-18 WEST KINZIE STREET, CHICAGO 44, ILLINOIS

s I M P So N E LE C TR I c c o M PA NY IN CANADA | BACH-SIMPSON, LTD., LONDON, ONTARIO
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BANTAM* ELECTROLYTICS

Type SRE Bantams™ are the smallest elec-
trolytics yet! Especially suitable for cath-
ode by-pass applications, screen filter
circuits and similar functions. Improved
processing and materials combined with
more efficient space utilization, means
smaller size and no reduction in life.

SMALL... smALLER. . . smatess

P AER
el
2 Operating Voltage . ... .- AL

® How small is small? The radio-electronic miniaturi-
zation trend poses the question. And here’s the Aerovox

3 Maximum Surge Voltage . .. ...

2?
4 Maximum Ambient Temperature

answer:
5 Duty Cycle . .......ooooooooe Smallin capacitors means the minimum size required
to meet actual performance requirementis. There must
6 Humidity . .. ... be no secrets as to the operating conditions. To give

YOu a true miniature capacitor, we must know the facts

7 Altitude . . . ... called for by the accompanying questions.

8 Shork ..o vedbimmiolve o How small is small? Let Aerovox engineers, with their

ke S T LR T WA latest techniques and production processes, give you
9 Terminals . ... the practical answer.

10 Mounting . ......---"" ® Submit your miniaturization or other capacitance re-

quirements for engineeringcollaboration andquotations.

¥Trade-marks

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS

EROVOX CORPORATION, NEW BEDFORD, MASS,, U.STADY
'Mfgqi}liftf?‘i‘uﬁn’ﬁt'ﬁﬁ:ﬁs} Export: 13 €. 40th ST., New Yorx 16, N

A4S ARRDVOX CANADALID. Haritron, oxp
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Typical bottling installation
showing Red Diamond Electronic
Crown Detector in operation.

Cover of confrol box re-
moved to show installation
of CLARE Type “C' Relay.

This electronic device warns of any interruption of the crown
supply in bottling operations. It is sold by Liquid Carbonic
Corporation of Chicago and manufactured by Industrial Re-
search Laboratories of Baltimore, Md.

A bottle feeler switch is inserted in the control grid circuit to
close the circuit when a bottle passes between the poles. If a
crownless bottle passes, an electronic tube momentarily oper-
ates the CLARE Type “C” Relay and an alarm sounds'for a
few seconds. Passage of the second crownless bottle causes the
CLARE relay to stop the machine on the second operation.

CLARE relays were selected by Industrial Research Labora-
tories for this important operation because of their long repu-
tation for accurate, long-life performance as components of
devices designed for trouble-free operation, day in and day
out. In larger plants, more than a million bottles per week
pass through the machine.

If you have a difficult relay problem, a requirement where ordi-
nary relays just won't do, why not take it up with our engi-
neers? CLARE sales engineers are located in principal cities.
They are experienced in the most difficult types of relay prob-
lems. We invite you to take advantage of their services. Call
them direct . . . or write to C. P. Clare, 4719 West Sunnyside
Avenue, Chicago 30, Illinois. In Canada: Canadian Line Mate-
rials Lud., Toronto 13. Cable address: CLARELAY.

CLARE TYPE " C" RELAY ’

- CLARE RELAY

First in the Industrial Field




ENGINEERED AND PRODUCED TO MEET

@
WW
#102 Reqular

COSMALITE ENSURES SATISFACTION

SPIRALLY LAMINATED PAPER BASE PHENOLIC TUBING

#46 COSMALITE is designed for application where
punching and stapling qualities are important. It is es-

pecially adaptable for threading or other requirements,

#SLF COSMALITE is designed for thin wall applica-
tions such as permeability tuners. It has unusual strength

and excellent electrical properties.

=96 COSMALITE is the standard for all radio and
television applications. It possesses excellent electrical
and mechanical qualities and meets coil form require-
ments with high electrical strength and minimum surface
leakage.

=102 REGULAR COSMALITE, designed for low mois-
ture absorption, low power factor, low surface leakage
and high dielectric strength. Especially suitable for use

with frequencies as high as the ultra high frequency
band.

#102 MODIFIED COSMALITE retains the excellent electrical properties of
#102 along with the mechanical and versatile advantages of =96 COS.
MALITE. Designed especially for high voltage applications where staples or

rivets are fastened on coil forms.

COSMALITE, backed by over 25
years of experience, equals or ex-
ceeds the performance of any
phenolic tubing available.
Consult us on your needs.

CANADA

WM. T BARRON, EIGHTH LUNE, RR »1
BRTRGEOLTAN OAKVILLE, ONTARIO
NEW YORK
NEW ENGLAND

% CLEVELAND C

6201 BARBERTON AVE.
PLANTS AND SALES OFFICES at Plymouth, Wise Chicago, Detroit. ©

CANADIAN PLANT. The Cleveland Contalner, Canado, L1d., Prescon Ontorio

ONTA

CLEVELAND

INER

2, OHIO

gdensburg, N Y Jomesburg. N.J.
ABRASIVE-DIVISION of Cleveland, Ohio

REPRESENTATIVES

R.T. MURRAY, 614 CENTRAL AVE. EAST ORANGE, N.)

E. P PACK AND ASSOCIATES, 968 FARMINGTON Ave
WEST HARTFORD, CONN
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Beat .. Heat .

specify

“NOFLAME-COR"”

N ' the TELEVISION hookup wire

b . by |

UNDERWRITERS
LABORATORIES B—

9 0 CENTIGRADE 600 VOLTS

Preferred more and more by particular manufacturers of television, F-M, quality radio and
all exacting electronic equipment. Available in all sizes, solid and stranded; over 200 color

I

combinations.
PRODUCTION ENGINEERS: Specify 'NOFLAME- COR'’ for maximum output and minimum re-
jects. This is not an extruded plastic and therefore losses from “‘blobbing’’ under heat

of soldering iron are avoided.

J Flame Resistant / High Insulation Resistance v/ Heat Resistant
v High Dielectric / Facilitates Positive Soldering v Easy Stripping

/ Also unaffected by the heat of impregnation—
therefore, ideal for coil and transformer leads

RUBBER 75°
PLASTIC

NOFLAME-COR’*__ 90’

““made by engineers for engineers”’

CORNISH WIRE COMPANY, inc.

1237 Public Ledger Bldg.,

605 North Michigan Avenve,
Chicago 11 15 Park Row, New York 7, N.Y. Philadelphia 6

MANUFACTURERS OF QUALITY WIRES AND CABLES FOR THE ELECTRICAL AND ELECTRONIC INDUSTRIES
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extreme precision, instant response
in remote indication and control

@

INDUCTION MOTORS: miniature
2-phase motors of the squirrel cage
type. Designed specifically to d
provide fast response to applicd

CIRCUTROL UNITS: rotary electro
magnetic devices for use as control
components in electronic circuits
and related equipment. Single and
polyphase rotor and stator
windings are available in several
frame sizes. Deviation from sine
accuracy of resolver shown is
0.3% of maximum output

GEARED MOTOR-DRIVEN
INDUCTION GENERATORS:
Small 2-phase servo motor in

combination with a compact gear-reducer control signals and maximum
and a low residual induction generator, torque at zero r.p-m. Unit shown
Motor has high torque/inertia ratio weighs 6.1 oz. and has stalled
and develops maximum torque at stall torque of 2.5 oz. in

Gear-reducer permits a maximum torque
output of 25 oz. in. and is available

SYNCHRONOUS DIFFERENTIAL UNITS:
in ratios from 5:1 to0 75,000:1,

electro-mechanical error detectors with
mechanical output for use in position or
speed contro!l servo systems. These torque-
producing half-speed synchroscopes are
composed of two variable frequency
synchronous motors and a smoothly
operating system of differential gearing.

SYNCHRONOUS MOTORS:
for instrumentation and other
applications where variable
loads must be kept in exact
synchronism with a constant
or variable frequency source.
Synchronous power output
up to 1/100 H.P.

Output: Speed : Torque up t0 1.0 oz. in.

VN
20 307\ W

-

TELETORQUE UNITS: precision
synchros for transmitting
angular movements to remote
points. Accurate within +1°
May be actuated by mechanisms
that produce only 4 gm. cm
(.056 oz. in.) of torque.

4

ADDITIONAL SPECIAL PURPOSE AC UNITS BY KOLLSMAN /

With the recent addition of new units to Kollsman's already widely diversified Hine. the
electronics engineer will find the solution to an even greater variety of instrumentation and
control problems. These lightweight, compact units offer the high degree of accuracy
and positive action essential in dealing with exact quantities. They are the product of
Kollsman’s long experience in precision instrumentation and aircraft control — and of con-

siderable work done in this field by Kollsman for special naval and military application. Most

on, address:
Kollsman Instrument Division, Square D Company, 80.66 45th Avenue Elmhurst. N. Y.

units are available at various voltages and frequencies. For complete informati

KOLLSMAN INSTRUMENT DIVISION

SQURRE ) COMPANY

ELMHURST, NEW YORK GLENDALE, CALIFORNIA
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FOR FILTERS
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FREOUINCY P RLOCYLLS
= Q32 38 37 38 M a0 e 2
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TOROID COILS

141" Dia. x 175" High.

HQB
TOROID COIL

2% L x 1%” W.x 22" H.

SUB-OUNCER
# TOROID FILTERS

L 1]

VARIABLE
INDUCTOR

1%” L x 1" W. x 14" K,

Filters employing SUB-OUNCER toroids and
special condensers represent the optimum
in miniaturized filter performance. The band
pass filter shown
weighs 6 ounces.

NEW YORX 13, N. Y.

150 VARICK STREET

e at: e m S PV Bt TR AP \IANNI, A, R A AapI Fe.AaD) SO0



| ))recision products
AN~

<4 CLOSE TOLERANCE
RESISTORS

(JAN and standard types)

Wire-wound precision resistors have characteristics
suitable formany exacting modern circuits. Shallcross
Akra-Ohm resistors meet these requirements and
are available in several types, shapes, and mount-
ing styles. They are noted for high stability, low
temperature coefficients, low noise levels, uniform-
ity, long life, and extreme accuracy in matched
pairs and sets. Ask for Bulletin R3.

PRECISE ELECTRICAL »
MEASURING INSTRUMENTS

Resistance Standards Decibel Meters
Decade Potentiometers Tone Generators
Decade Resistance Boxes Telephone Test Equipment

Bridges, Wheatstone Low-Resistance Test Sets

Bridges, Kelvin- Insulation Test Sets
Wheatstone Bridge Components

Bridges, Limit Write for Catalog No. 10.

| IAL RESEARCH AND DEVELOPMENT SERVICE
)

\_ Today's complex circuits frequently require the design development, and pro-

duction of highly specialized components, sub-assemblies, or instrum'ents which
fall outside the realm of stondard engineering or production facilities. The
Shqllcross Research Department has been specifically formed to hondle' such
assignments. Composed of electronic, electrical, instrument mechanical, and
chemical engineers of broad experience and backed with ,odequofe m‘odern
focilities, this unique service group combines a highly technical as well os an
intensely Procticol engineering-pro8uction viewpoint. We invite you to submit
your requirements for review and recommendation.
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< HIGH QUALITY
ATTENUATORS

Improved materials and production techniques for
Shallcross Attenuators have resulted in a line that
sets new higher standards of attenuation perform-
ance for practically every audio and communica-
lions use. Shallcross Audio Engineering Bulletin
No. 4 will be sent on request. -

CUSTOM-BUILT
SELECTOR SWITCHES

Shallcross builds single or multiple deck selector
switches having up to 180 positions. Test units have
given satisfactory performance at 250 volts 10 am-
peres and at 2500 volts 1 ampere A.C. Contact re-
sistance ranges from a low of 0.0005 ohms to a
maximum of 0.005 ohms depending upon the size
and material of the contact surfaces. You are in-
vited to outline your requirements on Shallcross
Specification Sheet No. 6.

>

HIGH-VOLTAGE

Test and Measuring Equipment

Shallcross high-voltage instruments
and corona-protected resistors pro-
vide maximum accuracy, safety, and
dependability in a broad range of
applications, from nuclear physics to
electrostatic generators, precipitrons,
power supplies, transmitters, and
many others. Write for Bulletin F,

COMPANY "Collingdale, Pennsylvania
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Raymond A. Heising was born in Albert Lea, Minne-
sota, on August 10, 1888. He was graduated from the
University of North Dakota in 1912 with the E.E. de-
gree, and he earned the M.S. degree from the University
of Wisconsin in 1914. He was awarded the D.S, degree
from the University of North Dakota in 1947 in recog-
nition of his contributions to science and engineering.

Dr. Heising has been associated with the Western
Electric Company and Bell Telephone Laboratories
since 1914. Though serving as patent engineer since
1945, he was a radio rescarch engineer for over thirty
years. From 1914 through 1917 he played a major role
in the original development of radiotelephony in the Bel]
System and contributed many firsts in this ficld. During
this period he developed the radio transmitters in the
Bell System tests at Montauk, Long Island, and Arling-
ton, Virginia, and for the radio telephone sets which were
used by the Signal Corps and the Navy in World War I.

After the war he participated in engincering pioncer
transoceanic and ship-to-shore radio telephone circuits.
He conducted or supervised much research work on

ultra short waves, clectror

rics, and piczoelectric devices

that underlie modern radijo.

The creator of Inany important inventions, covered
by more than 100 United States patents, he is best
known for the constant-current or Heising ‘modulation
system. Dr. Heising has published numerous papers in

the ProciEbiNGs oF THE
journals.

LLR.E. and in other technical

He joined The Institute of Radio Engineers in 1920 ~

and became a Fellow in

1923. Dr. Heising served as

President of the Institute in 1939; as Treasurer from

1943 through 1945; and
Board of Directors for a

has been a member of the
total of 17 years. He was

awarded the Morris-Liechmann Memorial Prize in 1921.
Serving on many Institute groups, he has been Chair-

man of the Admissions,

Sections, Constitution and

2 Py | P, . . .
Laws, Planning, Investment, and Nominations Com-

mittees. From 1943 throug
of the Office Quarters Com

for the sclection, acquisitio

stitute headquarters build

h 1946 he served as Chairman
mittee, which was responsible
n, and renovation of the In-
ing.



1949 PROCEEDINGS OF THE [.R.E. 1235
& - . %
Feedback

HENRY W. PARKER

With the passage of time, most arts and sciences are broadened in scope and tend increasingly to overlap marginally with related
fields. Further, in many instances they assume a social or political significance, hitherto lacking. Nuclear physics (and its child,
the atomic bomb) clearly show these trends.

As is described in the following guest editorial by a Senior Member of The Institute of Radio Engineers, who is a staff engineer
of Sylvania Electric Products Inc., the work of the IRE membership is in fields also showing these same tendencies, Communica-
tions and electronic engineering is proving to be a powerful tool for the understanding of some phases of the nature of man himself,
! oth as an individual and in his group relationships. The ultimate value of such basic contributions to the future guidance of man-
kind may indeed be staggering.—The Edilor.

Feedback is an old principle. The modern industrial age was born many years ago when
feedback was applied in the design of the steam engine valve mechanism and governor. The
more recent automatic ship's helmsman, developed by the mechanical engineering profession,
predates the acceptance of the feedback principle by radio engineers.

The milestone, in the mathematical development of feedback theory and its applications to
the electrical communication art, is the classical contribution described by H. Nyquist in the
Bell System Technical Journal, Volume 11, 1932, and by H. S. Black in the January, 1934, issue
of Electrical Engineering.

In the subsequent decade, it appeared that feedback was only a technical detail of particular
interest to the engineering specialists in electrical communications; but the fuller significance
of feedback was realized during the last war when the combination of already available electronic
apparatus and daring “imagineering” stimulated the rapid exponential growth of servomecha-
nisms, calculators, and control devices. When complex circuitry is equipped with reverberating
memory circuits, information storage circuits, calculating circuits, motor circuits, and circuits
which teleologically feed back a signal over a goal, these manifold electronic assemblies begin to
exhibit frustration, inhibitions, and learning ability.

That “robots with inverse feedback have purposes that define their behavior” is the observa-
tion in Rosenbleuth, Wiener, and Bigelow in Philosophy of Science, Volume 10, 1943. Recog-
nizing that philosophy is shaken to its roots by the power of the feedback concept, Professor
F. S. Northrop in Science, Volume 107, 1948, advanced the idea that the feedback principle
could be extended to the field of human relations.

Further, recognition of the feedback principle by the biophysicist has raised the curtain of
mystery on how, in the animal, the reflex neural nets allow superb performance with mediocre
parts. One choice morsel of the biologists’ observations is the responsive pulse timing of the
heart beat by means of a reflex feedback circuit which has a time delay in one of the branches
that can be actuated by a thought!

The adopted feedback specialty of the electronic enginecr is now being kidnapped by all of
the professions. It is not a particular at all, but a universal principle in disguise.

Feedback is a universal principle which governs a purposeful assembly of parts, whatever
they may be. Evolution has selected the survival of the organizations which have the best
feedback. Biologically this means that the organization chosen for survival is one which has
learned to think with the whole body. The magnitude of the wisdom of our forefathers who
designed the Constitution of the United States and the Bill of Rights can be appreciated in its
feedback aspect, which was purposcly introduced to abolish tyranny forever from this Western
world. The feedback aspects in our governing structure include the declaration of rights, the
power of recall and impeachment and the referendum, the petition, the power of a free press, and
the power of public opinion.

By the aid of these feedback principles we have, in the United States, a living organization
which translates the desires of the clectorate to the best advantage for all. It is, therefore, ‘
eminently well fitted for survival in competition with simple primitive and tyrannical systems.

Without the aid of feedback, a stable amplificr may be designed by wastefully and brutally
enforcing low resistance; but the result is low gain. On the other hand, similarly fallacious is the
mislcading assumption that if all parts were perfect, the assembly would be perfect and feedback
would be unessential. The feedback principle is the champion challenging the unnatural master
patterns that would engulf the world.

- : S &
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Pulse-Multiplex System for Distance-
Measuring Equipment (DME)*

CHARLES ]J. HIRSCHt, SENIOR MEMBER, IRE

Summary—Distance-measuring equipment (DME), developed
for the USAF and CAA, providing automatic distance indications for
aircraft navigation is described. Distance is measured with respect to
a ground transpondor beacon by the length of time elapsing between
the transmission of a pulse ‘‘interrogation” signal from the aircraft
and the reception of a similar pulse ‘‘reply” from the beacon. Traffic
to and from several beacons is channeled by a combination of fre-
quency and pulse-pair coding wherein each signal consists of a pulse
pair of distinctive spacing. Circuits are described that recognize only
pulse pairs whose leading edges are separated by the proper time in-
terval (of the order of 10 to 25 microseconds). Data is presented of
the extent to which such pulse pairs can be used to permit several
transpondor beacons, within overlaping service areas, to operate on
common interrogation and common reply frequencies when serving a
multiplicity of interrogator-responsors of the automatic searching and
tracking type.

While the equipment described operates with only 52 channels,
the experience obtained with this equipment has been used to
standardize internationally the same channeling method on 100 chan-
nels.

I. INTRODUCTION

HE DISTANCE-MEASURING EQUIPMENT

has been adopted for international standardiza-

tion for air navigation. It is a unit of the rho-theta
system of navigation wherein an airplane locates itself
with respect to the origin of a polar co-ordinate system
by means of (1) an airborne DME interrogator-re-
sponsor which gives him his distance (rho) from a DME
ground transpondor beacon, and (2) an omnirange re-
ceiver which gives him his azimuth (theta) with respect
to a vhf omnidirectional range station. The D)ME
ground beacon and the omnirange station are both
located at the origin.

Each DME ground beacon requires one frequency for
interrogation and another for reply. Pulse multiplex, as
applied to DME, is a method of channeling using pulse-
pair coding which permits the use of each frequency by
several beacons, instead of limiting the use of each
frequency to only one beacon. The saving in the num-
ber of frequencies can then be used (1) to allow wider
tolerance in the frequency stability of the equipment be-
cause the total spectrum available is divided into fewer
frequencies, or (2) to effect saving in spectrum.

The 52-channel equipment herein described was de-
signed and built for the USAF and the CAA. Many
units have been tested in hundreds of flights. The
DME adopted internationally will make use of 100
channels.

* Decimal classification: RS526. Original manuscript received
by the Institute, January 24, 1949; revised manuscript received,
July 19, 1949. Presented, IRE Long Island Section, Garden City,
N.Y., May 12, 1948.

Tl}q&search Division, Hazeltine Electronics Corp., Little Neck,
L. 1., N.Y.

II. PrRINCIPLE OF OPERATIONS

The function of the airborne distance-measuring
equipment (DME) is to measure its distance from a
ground transpondor beacon. The principle of operation
of the pulse multiplex DME system is shown in block
diagram form in Fig. 1. An airborne interrogator-re-
sponsor (known as I-R) transmits a train of interroga-
tion signals through a nondirectional antenna. Each
signal of predetermined frequency consists of a pair of
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Fiz. 1—Block diagram showing operation of
pulse-multiplex DME.

consecutive rf pulses, which are separated from each
other by a predetermined time spacing. This interroga-
tion signal is picked up by the receiver of the ground
transpondor. The time scparation between the two
pulses comprising the signal is examined by -a decoder.

Fig. 2—Airborne pulse-multiplex DME showing control box,
Interrogator-responsor, antenna, and distance indicator.
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If the time spacing is acceptable, the beacon replies with
a pair of consecutive rf pulses of predetermined fre-
quency, which also have a characteristic time separa-
tion. The reply is received by the airborne receiver. The
time scparation between the two pulses of the reply
signal is examined in turn by the decoder of the airborne
receiver. If that spacing is acceptable, the time clapsed
between transmission of the second interrogating pulse
and receipt of the second reply pulse is measured, trans-
lated into a distance voltage, and displayed on an in-
dicating meter.

An actual airborne equipment is shown in Fig. 2
which shows the I-R, the nondirectional antenna, the

Fig. 3—Ground transpondor beacon showing construction.

distance indicator, and the control box. The ground
transpondor is shown in Fig. 3.

I1I. NATURE OF THE CHANNELING SIGNAL
(FOR 52 CHANNELS)

Pulse multiplex combines frequency and pulse-spacing
channeling.

A. Frequency Channeling

Thirteen interrogation frequencies are used in com-
bination (i.e. cross-banded) with 13 different reply fre-
quencies to form 13X13 =169 combinations of which
only 52 are used to allow guard bands between adjacent

Hirsch: Pulse- Multiplex System for Distance- Measuring Equipment
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channels. No two beacons share the same combination
of interrogation and reply frequency. For example, in-
terrogation frequency fi is used by four beacons whose
reply frequencies are fi4, fie, fis, and fa, while the four
beacons having reply frequency fix are challenged by
interrogation frequency fi, fa fs, and fi. In this case,
while each frequency is used by four beacons, any one
combination of frequencies is used by only one beacon.

B. Pulse-Space Channeling (also called moding)

To prevent an aircraft from interrogating the other
three beacons which share the interogation frequency of
the desired beacon, the interrogating signal consists of
two consecutive pulses of distinctive time separation
(10, 15, 20, or 25 microseconds). Each beacon has
its own distinctive spacing. Thus no two beacons share
the same combination of interrogation frequency and
pulse spacing. Likewise to prevent the three beacons,
which share a common reply frequency with the de-
sired beacon, from interfering with the desired reply,
the replies also consist of pulse pairs so that no two bea-
cons have the same combination of reply frequency and
pulse spacing.

C. Triple Uniqueness of Each Channel

To summarize, no two beacons share the same com-
bination of (1) interrogation and reply frequencies, (2)
interrogation frequency and interrogation pulse spacing,
(3) reply frequency and reply pulse spacing. Therefore,
acceptable codes, accidentally created by echoes, can-
not cause an aircraft to “latch” on the wrong beacon
because these codes would be on the wrong frequency.

D. International Standards

The recently adopted international standards are
based on the performance of this equipment and expand
the channeling scheme by using 10 interrogation fre-
quencies, 10 reply frequencies, and 10 pulse spacings.

4150V +150V
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10.000 10
n REAY-PULSC
ODER BLOCKING
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- PLATE OF GASG

Fig. 4—Operation of decoder.
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[V. OPERATION OF DECODER

Pulse spacings are recognized by a “decoder,” an
example of which is shown in Fig. 4. In this particular
case, the desired pulse spacing is 10 microseconds. The
pulse pair to be examined is impressed directly on the
inner grid of tube V-2 and, through a delay line which
delays each pulse by 10 microseconds, on the outer grid
of the same tube. The plate current is cut off by biases
on both grids. Current will not flow unless both biases
are relieved. This occurs when the second pulse, which is
undelayed, coincides in time with the first pulse which is
delayed by 10 microseconds. This coincidence occurs
only when the pulse spacing and the delay are the
same. Fig. 5 shows the tolerance of an actual decoder
sct to recognize spacings of approximately 10 micro-
seconds,

TH
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Fig. 5—Decoder performance curve tolerance in pulse spacing of
a typical decoder set to accept 10-microsecond spacing.

In this equipment, a magnetostriction delay line was
used with delays of 10, 15, 20, or 25 microscconds se-
lected by means of a switch. The same delay line was
used to create the interrogation spacing.

V. OVER-ALL SYsTEM TIMING

The timing of the DME system is shown in Iig. 6,
where the abscissa shows elapsed time. The interroga-
tion consists of a pair of pulses separated by time inter-
val d (line 1 of Fig. 6). It is received, detected, and de-
coded by the beacon after transmission time / (lines 2,3,
and 4). Since the signal is recognized after receipt of the
second pulse, all timing is referred to it. The beacon
replies, after a delay equal to 8 with a pair of consecutive
pulses spaced by a time interval d, (line §). This reply is
received, detected, and decoded by the aircraft receiver
(lines 6, 7, and 8). Meanwhile a time-measuring saw-

PROCEEDINGS OF THE [.R.E
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tooth voltage was started at a time of emission of the
second interrogation pulse (line 9), but this voltage was
not cffective until after the delay time 8 because it was
negative until that time. The timing sweep generates a
narrow and a wide gate (approximately 10 and 20 mi-
croseconds respectively, which correspond to one and
two miles), as shown on line 9, which straddle the re-
ceived signal. The time of generation of the gates is
determined from memory of their previous location
(in time) from preceding interrogations and replies.
There is an average of 30 interrogations per second.
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Fig. 6—DME over-all system timing.

Zero distance is computed after the fixed time delay é.
This delay allows the transpondor beacon to be located
away from the point of desired indicated zero distance,
such as a runway touchdown point, by subtracting the
time corresponding to that distance from the built-in
delay (thereby keeping the total effective delay con-
stant).

VI. TRACKING AND SEARCHING CIRCUITS

The operation of the tracking and searching circuits
depends upon the fact that each desired reply is always
received a fixed time interval after the Interrogation
and can be made to coincide with a gate generated at
that time. Interference, being random, only occasion-
ally occurs at that time. The gate will, therefore, contain
a preponderance of desired signals. The circuits are-

shown in simplified form in the block diagram in Fig. 7.

A. Tracking

Let us first assume that the equipment has found and
is tracking a signal which has been received and decoded
so that the tracking switch is closed. A de voltage, pro-
portional to the distance, and read on a voltmeter, ap-
pears across the cathode resistor of the range follower.
This voltage is an amplified version of the voltage ap-
pearing across the storage capacitor in the input of the
dc amplifier. The voltage on this capacitor depends on
which of the two rectifiers is conducting. If the upper

!

R



194y

rectifier conducts more often than the lower one, then
the range voltage becomes more positive which cor-
responds to increasing range. Each rectifier is fed from
the decoded reply signal through a gated amplifier.
The two gates originate at the same time'but one gate is
longer than the other, as shown in line 9 of Fig. 6, and
at the lower right-hand corner of Fig. 7. The amplifier
which is gated by the narrow gate has a much higher
gain than the amplifier which is gated by the wide
gate. If, then, the signal is received in the narrow gate
(as well as the wide gate), the charge on the capacitor
becomes less positive and the range voltage is decreased.
Conversely, if the signal is received in the wide gate
only, the charge on the capacitor becomes more positive
and the range voltage increases.

The two gates are generated when the timing saw-
tooth voltage (line 9 of Fig. 6 and the right-hand part
of Fig. 7), which is triggered by the second interrogation
pulse, is equal to the range voltage whose value is
proportional to the distance. This equality is deter-
mined by applying the sawtooth timing sweep to the
plate of the “gate-trigger” diode whose cathode is con-
nected to the range voltage. The “gate-trigger” diode
conducts when the sweep slightly exceeds the range
voltage. This generates a trigger voltage which triggers
the narrow- and wide-gate generators. The output of
these generators in turn gate the two video amplifiers
which feed the two rectifiers. The range voltage sta-
bilizes itself to that value which results in the incoming
reply pulse straddling the narrow and the wide gates.
Due to the excess of gain of the narrow-gate amplifier,
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the leading edge of the reply pulse lies inside the narrow
gate but very close to its lagging edge.

B. Searching

When the signal is lost for more than the memory
time (5 seconds in this case), the search relay K, con-
nects the range follower to the search sweep generator
(through the dc amplifier). This causes the output of
the range follower to sweep through voltages cor-
responding to distances of zero to 115 miles in approxi-
mately 10 seconds. Since there are 30 interrogations per
second, 300 interrogations are required to explore 115
miles. The gates are, therefore, generated at a progres-
sively great distance (115/300=0.4 miles) after each in-
terrogation. Each wide gate explores a 2-mile increment
(see Over-all System Timing). Therefore, the replies to
2/0.4 =5 interrogations may be received at any one
distance. If enough replies are passed by the video am-
plifier which is gated by the wide gate, the relay K,
connects the range follower to the storage capacitor,
thereby resuming tracking.

The memory circuits are so designed that memory is
not restored until tracking is maintained for a minimum
time. This prevents momentary interruptions of search,
caused by interference, from unduly increasing the
search time which would be the case if the full memory
were applied each time that the search is interrupted.

VI1I. INCREASE IN TRAFFIC DUE ToO “BUNCHING”

A spacing acceptable to the decoder can be created
by chance from two single pulses, which may each be-
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long to a separate pulse pair having spacings which are
not accepted by the decoder. This occurs when the two
pairs are received by chance in such a time sequence
that one pulse of one pair is followed by a pulse of the
other pair after the time required by the decoder. This
is shown in Fig. 8. In this figure, a decoder is set to recog-
nize pairs having a spacing of 15 microseconds. It re-
ceives and ignores pair 4 and B which are separated by
10 microseconds, and pair C and D which are separated
by 20 microseconds. However, pulses B and C are sep-
arated by 15 microseconds and form an acceptable pair
which is accepted by the decoder.

— tOpy ek 1By —ot 25us
SiGNAL# I ESEUO00SICNAL l. 81N 02
ol oy p—
| N # I
fe—sPacing =
ACCEPTAOGLE
«{ TO DECODER - S
SPACING NOT ACCEPTABLE
To 0ECODER
TIME —»

Fig. 8—Creation of false signals by bunching.

A. Bunching of Interrogation Pulse Pairs

This chance combination of unacceptable pulses into
acceptable pairs results in the beacon being called upon
to reply to more interrogations than are actually
emitted. Fig. 9 shows the ratio n'/n of effective (n')
toactual (n) interrogations as a function of (1) ¢, the
number of beacons per interrogation frequency,,and (2)
n, the number of interrogations per beacon per second.

7’6 +8000 |/
| |

NOTES

d: 1.5 X 10 SECOND « PULSE
WIDTH

ne ags NUMBER OF AIRCRAFT

e MULTIPLIED BY AVERAGE
INTERROGATION RATE

EFFECTIVE NUMBER OF INTERROGATIONS PER INTERROGATION
1% 8d(C 1%nsa

I 2 3 4 s 6 T 8 9 10 u
C,+ INTERROGATION MODES PER
INTERROGATION FREQUENCY — o

Fig. 9—Increase in effective interrogations per interrogation (n'/n)
due to “bunching” as a function of (1) the number of beacons
(modes) per interrogation frequency, and (2) the number of valid
interrogations per beacon, n.

Example: If there were four beacons (i.c., ¢ =4) which
share the interrogation frequency and each beacon is

PROCEEDINGS OF TIIE LR.E.

interrogated by 100 aircraft each of which challenges
its beacon 30 times per second (i.e., =100 X 30 = 3,000)
and cach aircraft is within range of all beacons, then
cach beacon behaves as if it were challenged by 1.32
times as many'aircraft.

B. Beacon Reply Efficiency

The beacon requires a certain recovery time ¢, (also
called dead time) to recover after it replies to an inter-
rogation. An interrogation which is received while the
beacon is recovering from a previous interrogation is
ignored so that the number of replies is usually less than
the number of interrogations. The ratio N/n of replies
to interrogations is called “reply efficiency” and is equal
to

N/n=1/(1 + »'t,)

wliere »n’ is given in Fig. 9. N/n is also the probability
that any one interrogation will elicit a reply from the
beacon. Fig. 10 shows the reply efficiency (curves
marked A4 and concave downward) as a function of ¢,
the number of beacons per interrogation frequency;
and 7, the number of aircraft interrogations per beacon
per second. Thus in the example given above, the
transpondor beacon reply efficiency is 72 per cent.

NOTES

¢:17X10-* SECOND : GATE DURATION
d:1.5%10-¢SECOND: PULSE DURATION

1 100X 10-* SECOND : BEACON DEAD TIME

ty

1
Ry
(B} N'F+ UNDESIRABLE REPLIES, IN GATE, PER EFFECGTIVE
INTERROGATION = gFy —— o=

(A) N :BEACON REPLY EFFICIENCY: DESIRED REPLIES
" PER EFFECTIVE INTERROGATION:

—
28

s 10 1 20
C=MODES (BEACONS) PER FREQUENCY

Fig. 10—Beacon reply efficiency and interference as a function
of the number of beacons on each frequency.

The curves of Figs. 9 and 10 make the assumption”

that all beacons are within interrogation and reply
range of all aircraft. Since the 52 beacons will be dis-
tributed over a 500-mile square, this assumption is seen
to be ultraconservative.

C. Bunching of Reply Pulse Pairs

The paired pulses of a transpondor’s reply may also
‘combinc with those of another transpondor into form-
ing, by chance, a pulse pair whose spacing is accepted
by }he airborne decoder of an aircraft which is interro-
gating a third transpondor. This results in increased
interference. If there are F pairs per second of proper

B
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spacing which occur as the result of (1) replies of the
desired transpondor to interrogations of other aircraft
trafficking with the same transpondor, and, in addition
(2) the chance forming of the desired pulse spacing as
described above; then a gate which is open for g seconds
will capture, on the average, N=gF unwanted decoded
replies per interrogation. This value of N, the average
number of unwanted fruit pulses captured by a gate
having a duration of 17 microseconds for each interroga-
tion, is shown as Fig. 10 (curves marked B and concave
upward) as a function of ¢, the number of transpondors
sharing each frequency, and of n, the number of interro-
gations on each transpondor. These curves show that
for the example given above, 100 interrogations will
result in an average of 7 unwanted replies being cap-
tured by the gate.

To summarize, (1) if each beacon shares its interroga-
tion frequency with three beacons -and its reply fre-
quency with three other beacons, (2) each beacon is in-
terrogated by 100 aircraft (i.e., 400 aircraft per fre-
quency), and (3) all aircraft are in range of all beacons;
then each 100 interrogations by each aircraft will result
in an average of (a) 72 desired replies, (b) 7 undesired
replies, and (c) 21 blanks.

D. Effect of Bunching on Airborne Equipment Performance

In order to evaluate these results and to determine
the amount of interference through which the airborne
equipment is capable of operating, the ultra severe test
indicated in Fig. 11 was performed.

fLicTaonc suiice 3y ontes 7 28 ATE8a4¢ 8aw0OM Mat(
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30 1a7(a808TI0N
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Fig. 11—Test of DME immunity to interference. Test results: On
opening S 25 times, search was initiated, 6 times in no more than
5 seconds, 11 times in no more than 6 seconds, 8 times in no more
than 7 seconds; on closing S; 25 times, full 115-mile search was
successfully completed, 1 time in no more than 14 seconds, 5 times
in no more than 15 seconds, 6 times in no more than 16 seconds, 3
times in no more than 17 seconds, 4 times in no more than 18
seconds, 6 times in no more than 19 seconds.

The airborne interrogator emits interrogating syn-
chronizing signals, at the rate of 30 per second, to
trigger the pulse-pair generator into replying with a
signal consisting of a pair of pulses having the spacing
(10 microseconds) accepted by the airborne decoder.
The synchronizing signal is transmitted through switch
S, which is closed for 150 microseconds at an average
random rate of 3,300 times per second. In other words,
the switch is closed 50 per cent of the time (150X 10—¢
% 3,300 =0.5) so that the pulse pair generator 4 replies
at an average rate of 15 reply pulse pairs per second,
simulating a beacon reply efficiency of 50 per cent. (Note
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that the previous example gave a beacon efficiency of
72 per cent.)

The output of “pulse-pair generator 4” is mixed with
that of the pulse-pair generator B which is triggered
at a random rate of 15,000 replies per second, each reply
consisting of a pair of pulses having the spacing (10
microseconds) accepted by the airborne decoder. This
results in each gate (which had a duration for this test
of 20X 10% seconds) capturing 20X 107%X15,000=0.3
interfering replies. Stated in other words, an average
of one interfering reply will be captured every 1/0.3
=3.3 challenges. (Note that the previous example re-
sults in each gate capturing only 0.07 interfering re-
plies.)

Performance was determined by opening switch S
until the search was initiated. The actual memory time
(set for 5 seconds) in the absence of interference until
search is initiated was noted. (An excessively large
amount of interference from pulse generator B might
create enough of the “pseudo desired signal” to delay
or even prevent the initiation of search.) As soon as the
search was initiated, switch S; was closed and the time
required to complete a successful search of 115 miles
was noted. This was adjusted to 15 seconds in the
absence of interference. Excessive bunching of inter-
ference may and does cause the search to end prema-
turely but the search is immediately resumed since the
bunching of interfering pulses does not last long enough
for the memory circuits to become active. However,
these false interruptions of search result in increasing
the total search time. Search was initiated 25 times by
opening switch S; with the following results:

The longest delay in initiating search was 2 seconds
(i.e., the memory was increased to 7 seconds). The
longest time required to search 115 miles was increased
by 4 seconds (i.e., the total search time was 19 seconds).
Two searches had to be repeated.

In other words when the signal was lost, momen-
tarily, neither the initiation of search nor the search
time were unduly delayed by interference conditions
which resulted in 30 per cent of the challenges elliciting
false replies and only 50 per cent of the challenges re-
sulting in the desired reply.

VIII. EQUIPMENT CHARACTERISTICS
A. Ground Transpondor Beacon

1. Pulse duration—1.5 microseconds

Pulse spacing—10, 15, 20, or 25 microseconds

Reply delay—75 microseconds

Peak power—35.0 kw

Transmitter (reply) frequency—one of 13 fre-
quencies in 1,087.5- to 1,215-Mc band

6. Receiver (interrogation) frequency—one of 13

frequencies in 960- to 1,087.5-Mc band

Ko

7. Reply sensitivity—86 db <1 volt open circuit
8. Seclectivity
3-db bandwidth 4.4 Mc
30-db bandwidth 8.5 Mc
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9. Image ratio—S52 db
10, Intermediate frequency—60 Mc

B. Airborne Unil

1. Challenge repetition frequency—30 per second

2. Transmitter (interrogation) frequency—same as

beacon receiver frequency

3. Peak power—3 kw

4. Receiver (reply) frequency—same as beacon
transmitter frequency

5. Search sensitivity—90 db <1 volt open circuit
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6. Sclectivity
3-db bandwidth
30-db bandwidth
7. Image ratio—57 db
8. Intermediate frequency—60 Mc

5.0 Mc
10.0 Mc

C. Anlenna

1. Airborne—nondirectional—one-half
wavelength, vertically polarized

2. Ground—nondirectional—four
wavelengths, vertically polarized.

A Michelson-Type Interferometer for Microwave
Measurements”
BELA A. LENGYELf}

Summary—The optical Michelson interferometer is modified by
replacing one of its branches by a directional coupler and a wave-
guide. The instrument serves many purposes, among Which are:
precision wavelength determination, the measurement of dielectric
constants of materials available in sheet form, the determination of
reflection from laminated sheets at normal incidence, the study of
metal-loaded dielectrics and of parallel-plate metal lens media. An
instrument operating at 3.2 cm is described.

I. INTRODUCTION

N THE CLASSICAL Michelson interferometer,
I[ the beam of light is split by a half-reflecting mirror.

One part of the beam travels a fixed path, the other
a variable one, the two beams are reunited and produce
the well-known interference patterns. In the optical in-
strument, the two paths are very similar, in fact, the
only essential difference is in their length.

A scaled-up model of the optical interferometer for
use in the centimeter region has been built by other
investigators mainly for demonstration purposes.!
When an interferometer is constructed with the purpose
of obtaining quantitative measurements in the micro-
wave region, it is not necessary to make the branches of
the interferometer similar. The branch that supplies
the reference signal can be replaced by a waveguide.
This modification provides the instrument with greater
flexibility than the completely optical arrangement.
The basic feature of the instrument is that it compares
phase and amplitude of an approximately plane wave
with that of a reference signal.

The principal applications of the modified Michelson
interferometer include precision wavelength measure-
ments, the measurement of dielectric constant, and at-
tenuation in dielectric materials available in the form

* Decimal classification: R310XR200. Original' manuscript re-
ceived by the Institute, December 17, 1948; reylsed manuscript
received, April 25, 1949. Presented, 1949 IRE National Convention,
New York, N. Y., March 7, 1949. .

t Naval Research Laboratory, Washington, D. C.

1 C. L. Andrews, “Microwave optics,” Amer. Jour. Phys., vol. 14,
pp. 370-382: Novembher-December, 1046

of uniform sheets, and the study of phase delay and re-
flections in the parallel-plate or metal-loaded media.

II. DESCRIPTION OF EQUIPMENT

The schematic diagram of the modified instrument is
shown in Fig. 1 and a photograph in Fig. 2. As in Michel-
son’s instrument, the incident beam is split by a half-
reflecting mirror O, but only one of the resulting beams
is used. This beam reaches the receiving horn H, after
two reflections and is then united with a signal from the
transmitter led through a waveguide and a variable
attenuator. The signals are fed into opposite branches
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Fig. 1—Schematic diagram of the modified Michelson interferometer.

of a magic tee, one of the remaining arms being con-
nected to the detector, the other to a matched load.

.Thc silvered brass plate M serving as the movable
mirror is mounted on a lathe bed and is constrained to
move in the direction of its normal. Its displacement is
measured with a micrometer or a dial indicator gauge
mounted on the lathe bed.
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111. APPLICATIONS

The simplest application of the interferometer is to
the measurement of wavelength. This is convenient for
wavelengths in the 3-cm band and shorter, the maxi-
mum usefulness of the instrument being in the high-

Fig. 2—Photograph of the modified Michelson interferometer.

frequency end of the microwave spectrum where other
methods of wavelength measurement become increas-
ingly difficult. As the reflector 3 is moved, maxima and
minima alternate in the detector, the distance of ad-
jacent minima corresponding to a reflector displacement
of A/2. An accuracy in the determination of A of 0.0003
cm can be achieved in the 3-cm band.

The interferometer is well suited to the rapid de-
termination of the dielectric constant (specific inductive
capacitance) of materials available in the form of large,
reasonably uniform sheets. The simplest method of
measurement is applicable to sheets which are only
moderately reflecting and absorbing.

The amplitudes in the two branches of the interferom-
eter are first equalized by the adjustment of the at-
tenuator for the highest SWR, then the position of the
plate M for a minimum signal in the receiver is ob-
tained. Next the dielectric sheet is introduced at Dy and
the displacement of M (toward O) required to restore a
minimum is noted. This displacement is a measure of
the phase delay caused by the introduction of the di-
electric sheet in the path of the rays. It can be used for
the computation of the dielectric constant k or the index
of refraction n=+vk=1efe,. A shift of the minimum
position by A/2 corresponds to a shortening of the
optical path by A. When multiple reflections within the
sample are neglected, the change in optical path length
caused by the introduction at normal incidence of a
sheet of thickness d and index of refraction n is (n —1)d,
therefore

A
1+ —-

=
I

(1)
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\When 7>1.5, the multiple reflections between the
two faces of the sheet are no longer inconsequential and
the value of n calculated from (1) will be in error unless
the sheet happens to have a thickness which is an inte-
gral multiple of the quarter wavelength in the sheet.
The index of refraction n can still be calculated from 4,
d, and \, but the exact equation connecting these quan-
tities is a transcendental one. In this case, the approxi-
mating method of Redheffer,? proposed in connection
with a similar measurement, enables one to calculate »
with a reasonable degree of facility.

A disturbing feature of an experiment of this type is
the fact that, in the case of a highly reflecting sheet, a
considerable fraction of the energy incident on the sheet
is multiply reflected between D, and M to produce a
complicated pattern of standing waves. The results of
the mecasurement will then be dependent on the posi-
tion of the sheet with respect to the horns. Tilting the
sheet at an angle will lessen this difficulty.

When the material to be measured is highly reflecting,
it is practical to employ the interferometer as the free-
space analogue of the von Hippel shorted-line instru-
ment. The dielectric sheet is then not placed at D, but is
firmly held in contact with the metal mirror as shown at
D.. Again the shift of the position for minimum is ob-
served. In this manner, it is possible to calculate the
distance of the first minimum of the electric field from
the face of the dielectric sheet. Von Hippel's method re-
quires this distance xo and m, the amplitude SWR, for
the calculation of the complex propagation constant in
the sheet. On the interferometer, m is determined by
moving the sample sheet and the metal mirror and keep-
ing the detector fixed.?

It is necessary to point out, however, that while a
high SWR is easily obtained in an empty waveguide or
coaxial line, such is not the case for the interferometer.

- This fact limits the application of von Hippel’s general

method, since the accurate measurement of the loss
tangents requires a high SWR in the empty instrument.

While in the case of low-loss materials, the measure-
ment of loss tangent by the von Hippel method is thus
precluded, by a modified procedure, the interferometer
lends itself to a rather direct determination of the same
quantity. Two measurements have to be made with the
dielectric sheet in different positions but the mathe-
matical complications of the original von Hippel method
are avoided. One of the measurements to be made is a
direct determination of the power reflection cocfficient
of the dielectric sheet at normal incidence. This meas-
urement, which is of great practical usefulness in itself,
is performed as follows: A sheet of the size of the metal
mirror M is cut and is mounted in place of M. Appro-

* C., G. Montgomery, “Technique of Microwave Measurements,”
vol. 11, Rad. Lab. Series, McGraw-Hill Book Co., Inc., New York,
N. Y., 1947; p. 597.

8 In the case of the interferometer, it would be more proper to call
m the maximum-minimum ratio.
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priate measures arc taken to prevent reflections from
behind this sheet. Having previously adjusted the at-
tenuator for equal amplitude in the two branches at the
receiver, the S\WWR m is observed with the dielectric sheet
replacing Af. The ratio of reflected power to the incident

power is then
1 — m\?
1+ m

Having measured the magnitude of the reflection co-
efficient of a sheet, the attenuation of the waves passing
through the sheet can be determined by measuring the
power transmitted through it. The transmitted ampli-
tude l Tl is measured with the sheet at D,. It is calcu-
lated from maximum-minimum determinations. n the
same manner as | R| is. The fractional power dissipated
in the sheet is then

1~ | R[> | T
1—|R|?

The basic feature of the interferometer is that it permits
the measurement of the magnitude and the phase of a
wave transmitted through a given sheet when the sheet
is placed in the position D, and the measurement of the
magnitude and phase of a wave reflected from the same
shect when the sheet is put in the position normally oc-
cupied by the metal reflector M.

The interferometer is particularly suitable for the
study of laminated radome materials, of parallel-plate
media of nominal dielectric constant less than one, and
of loaded or artificial dielectric materials intended for
microwave lenscs. These media cannot readily be placed
in a waveguide; all measurements are naturally per-
formed in free space.

IV. DisicN Data

An instrument of the type described was constructed
carly in 1948 at the Naval Rescarch Laboratory, pri-
marily for the study of artificial dielectric materials. Ap-
plications to other materials available in sheet form
followed.

The instrument operates around 3.2 cm. Transmitting
and receiving horns are flared to 15 by 12 cm and are
located about 50 cm from the center of the half-silvered
mirror. The metal mirror is about 30 by 30 cm. In its
operating range, it is located entirely within the first
Fresnel zone of both horns. The half-silvered mirror is
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larger than the metal mirror, in fact its dimensions are
such that diffraction effects due to its finite size are
negligible. Provision is made for the quick alignment of
the instrument by optical means.

V. EVALUATION

The principal advantage gained over the fully optical
type interferometer is that, in the modified instrument
here described, it is possible to insert a sheet of material
in the path of the variable beam without introducing it
into the path of the reference signal and without seri-
ously disturbing the observations by the presence of
signals reflected from the sheet. Were the sample intro-
duced somewhere between the half-reflecting mirror O
and the metal mirror M, reflection from the front sur-
face of the sample would interfere with the measure-
ment of the radiation transmitted through same. The
possibility of accurate adjustment of the reference sig-
nal level is another advantage. A disadvantage is the
frequency sensitivity of all circuit elements: this is ab-
sent in the Mlichelson interferometer operating with
mirrors only.

The limitations of the microwave interferometer are
somewhat different from those operating at optical fre-
quencies. The measurement of mechanical displace-
ments to the required accuracy can be accomplished
easily in the case of centimeter waves. Diffraction and
scattering become the factors that limit the performance
of the instrument. Another limiting factor is the pres-
ence of unwanted reflections. There are limitations in-
herent in the transmitting and receiving antennas,
which are not reflectionless and which do not produce a
narrow beam such as is commonly available in optics.

The principal drawback of the instrument is that it
does not permit the production of a SWR as high as
would be desirable for some applications. With a square-
wave-modulated signal and a bolometer as a detector,
the level of the minimum signal is about 33 db below
that of the maximum. With the continuous-wave source
and a spectrum analvzer as detector, the minimum can
be made lower and a maximum-minimum ‘spread of
more than 45 db can be obtained. -~

Studies are underway to determine the exact limita-
tions of a system operating on C\W and to compare the

performance of the modified Michelson interferometer ~

with the scaled-up model of the original optical one at
1.25 cm.

CR2Ne=D)
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Power Meter for Communication Frequencies*

R. L. LINTON, JR.{, MEMBER, IRE

Summary—An instrument for measuring the power delivered to
an antenna at communication frequencies is described.

INTRODUCTION

OMMUNICATION facilities aboard naval ves-
(! sels must provide continuous coverage of ex-

tremely wide portions of the radio frequency
spectrum. Space is at a very high premium and traffic
handling capacity is very demanding in its require-
ments. Shortwave transmitters are required to deliver
power to load impedances spreading through the widest
imaginable gamut of magnitudes and phase angles.

It was desired that some convenient means be made
available to determine, with nominal accuracy, the
power of actually being fed to an antenna. The following
rough specifications were set up as desirable of achieve-
ment in the development of the projected instrument:

Frequency range: 2 to 20 Mec.

Power range: 1 to 500 watts.

Portable, rugged; easy to use.

Low reaction on the test circuit.

Suitable for use in connection with loads of from a
few ohms to 2,500 ohms, of any phase angle.

6. Accuracy: within 25 per cent.

S (> £ 1D 5=

THEORETICAL DISCUSSION
Analysis of the Problem

An rf load Z with a phase angle —¢ radians, is fed
with a current I/¢. The voltage E appears at its ter-
minals. The power passing into the load we think of as

P = EI cos ¢. (1)

Let two complex voltages be delivered by a sampling
device:

=
Il

k.E/e (2)
i k;’LU_L_. 3)

=
Il

l.et E, and E; be combined into the parameter
p=FEEcos(p+t¢— ¢ = khElcos(d+ ¢ — 6. (4)

Define the difference between the phase shifts of (2)
and (3) as

* Decimal classification: K245, Original manuscript received
by the Institute, March 28, 1949; revised manuscript received,
August 15, 1949,

t Formerly, Antenna Laboratory, Division of Electrical Engi-
neering, University of California, Berkeley, Calif.; now, Dalmo
Victor Company, San Carlos, Calif. The work described in this paper
was made possible through the support extended by the U. S. Navy
Bureau of Ships, under Contract R{)Obsr-S‘MOl.
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S=1—c¢ (5)

Then p of (4) relates to P of (1) thus:
p/P = kokicos (¢ + 8)/cos ¢. (6)

Cos (¢+8)/cos ¢ is the apparent power factor nor-
malized against the power factor of the load. The be-
havior of this function explains the inherent difficulty
involved in any attempt, so far discovered, to monitor
rf power. It is extremely difficult to make 8, the phase
error angle, sufficiently small to prevent large errors in
indication when the power factor is small.

The Directional Coupler Loop

As a means of obtaining the samples of (2) and (3),
consider the loop proposed by Early.! Let the loop be
rotatable about a line through its midpoint, lying in its
plane. When the loop is brought close to the transmis-
sion line, the voltage appearing between one terminal
and ground will be E.+E;, the sign of the second mem-
ber depending upon whether the terminal is nearer the
generator or nearer the load.

The loop is assumed to have the following parameters:
R; and Ry’ are terminations with stray capacitances to
ground of C; and Cy farads, respectively. Ci and C;
are the total capacitances of the loop, respectively, to
the high side of the transmission line and to ground.
For purposes of analysis these are lumped at the center.
L, and R; are, respectively, the total scries inductance
and the internal resistance of the loop. A is the mutual
inductance between the loop and the high side of the
transmission line. The following relationships may be
derived:

(a) From (2):
kell’ (wR;;Rz,Cl)/(RS + R3’) = prCly (7)

where R, represents the parallel combination of R; and
R
(b) From (3):

ki~ (wMR3)/(Rs + Ry). (8)
(¢} From (2):
e~ /2 — arctan wR,(C1 + C2 + C3 + (')
= n/2 — arctan wR,C, ()

where the sum of all the C)/

() From (3):
(~ w/2—arctan w|lz— Ry (R3'C4' - R3C3) |/ (Rs+ R3")
x/2—arctan w[Ly— Ry’ (t' —1a) )/ (Ra+Ry')

is represented by C.

(10)

111, C. Early, “A wide-band directional coupler for wave guide,”
Proc. 1.R.E., vol. 34, pp. 883-887; November, 1946,
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where the products of R and C are represented by ¢.
(e) From (5), (9), and (10):

d=~arctan w[RsRy'C— L+ Ry (' —13) )/ (Rs+ Ry').  (11)

However, if the time constants of the terminations of
the loop, #3 and ¢y’, can be balanced to within S per cent,
the last expression in the numecrator of (11), R'(ty' —1s),
may be neglected:

o~ arctan w(R3R3'C — Ly)/(Rs + RY). (11"

When § is brought to zero, in an effort to approach
ideal indication, and R solved for, we obtain

Ri= VL,/C. (12)

Indication

As a means of monitoring E,+E,, consider a 1N38
germanium crystal rectifier in series with a resistor and
microammeter.

Some function of the microammeter current 7 will
correspond to the desired voltage magnitude:

fG) =|E. + Ei|. (13)

By open circuiting and short circuiting the load ter-
minals of the power meter and measuring the rf line
voltage and current, the following functions are ob-
tained:

fo=f/ke=|E.+ E,| k. '(14)
fi = f/ki = | Ee £ E| /k.. (1)
Define still another function as shown,
Fo=(ff)/4 (16)
From (14) and (15), (2) and (3):
Fp=| E,tE;|*/(4k.k,)
= |k 2E2 £ 2k b, EI cos (¢o+8)+ k212 /(4k.k).  (16')
Define the ratio:
Ry = ki/k,; ) (17)
then (16’) becomes:
F, = E?/4Ry + 1/2 EI cos (¢ + 8) + I*Ry/4.  (1%)

Then, where the superscripts indicate the sign to be
taken in (18),

F,* — Fy = EI cos (¢ + 5). (19)
The change of sign in (18) may be accomplished by
rotating the loop.
Shunting Effect

Under very low power factor conditions the output
impedance of the transmitter and the input impedance
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of the line will form a parallel tuned circuit. C, will then
shunt a very high impedance, seriously affecting the
transmission conditions.

Frequency Correction
Substituting (13), (7) and (8), where R, is taken
equal to Ry, into (16'):

F, = 31}/ (w®RsMCy). (16")

If the calibration, F,, is run at some radian frequency
we, then at some other frequency, w:

Fo(w) = (wo/w)?Fy(wo). (20)

Hence, for a model calibrated n the middle of the
frequency range:

P = (6/fm)*(Fp* — F;). (21)

Wave-Form Errors

On the basis of very rough assumptions,? the possible
effect of the peak reading characteristic of the crystal
circuit on the indication of the meter can be shown to be:

N
p~2 Z nen,

n=2

(22)

where p’ represents the per cent error and e, the per
cent harmonic content, of order n, of the rf wave. The
precise effect of the wave form will depend on the rela-
tive phase of the various components as well as the
nature of the behavior of the load with frequency.

REsuULTS

The results achieved with the power meter are as
follows:

1. Frequency: 2 to 20 Mec.

2. Power: Below one to 200 watts.

3. Extremely portable, rugged, and simple to operate.

4. Shunting Effect: Equivalent to about 7 micro-
microfarads to ground. 2

5. Impedance and PPower Factor: 5 to 1,000 ohms and
down to 0.1 power factor.

6. Accuracy: Roughly 30 per cent over the above
range of conditions.
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% Load assumed resistive and the peak voltage output equal to the
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Microanalysis of Gas in Cathode Coating Assemblies’
HAROLD JACOBSt anp BERNARD WOLK{

Summary—A study of gases evolved from oxide-coated cathode
assemblies was made during degassing and activation conditions. It
was found, first, that the volume and nature of gases evolved from
uncoated nickel cathode sleeves were practically independent of the
three different cleaning methods used; and, second, that hydrogen-
fired cathodes liberated slightly larger quantities of hydrogen when
heated in vacuum. The release of hydrogen from nickel cathodes
was not instantaneous, but was observed to continue even after two
and one-half hours of continued heating at 900° C. Br.

When a similar analysis was made of gases liberated from nickel
sleeves coated with alkaline earth carbonates, the evolution of hy-
drogen was reduced considerably, but with a corresponding increase
of CO.

The chemistry of the gas condition in the tubes during cathode
degassing is shown to be related to the speed of exhaust.

I. INTRODUCTION

Y HE PROBLEM of finding the relative values of
T those factors that affect electron tube life, whether

detrimental or beneficial, is one with which tube
engineers have been concerned for many years. Two
related variables that generally have been considered as
having a direct effect on tube life! are: initial activation
conditions, and the evolution of gases.

Therefore, a program was set up in which tube per-
formance was studied in relation to the gases that
evolved when the various parts were heated. Along with
this work, an attempt was made to find any correlation
that might exist between these gases, thermionic emis-
sion, and life.

The purpose of this program was outlined as follows:

1. To determine the nature of the gases evolved, in
order to provide suitable getter materials for particular
gases.

2. Todetermine the time at which these gases appear,
so that activating and bombarding schedules might be
varied to produce optimum conditions.

3. To observe whether some gases when introduced
during activation period enhance thermionic emission,
and, if any were found, to investigate a means for simu-
lating such conditions on rotary exhaust so that the de-
sired effects could be produced.

The investigation which is reported here began with
a study of gases coming from the following parts: (a) the
unprocessed nickel cathode slceve itself, (b) the cathode
sleeve processed in various ways, and (c) the coating
plus the cathode sleeve and heater.

I1. UNcoaTED NickeEL CATHODES

The initial phase of the work concerned only the cath-
ode and heater parts, in which the cathode sleeve was

* Decimal classification: R 331. Original manuscript received by
the Institute, January 18, 1949; revised manuscript received, April
18, 1949. Presented, 1949 1RE National Convention, March 9,
1949, New York, N. Y.

t Sylvania Electric Products Inc.. Kew Gardens, L. [.,, N. Y.
' Effect of operating time on electrical characteristics.

uncoated. Four different lots of uncoated sleeves were
studied. One lot was unprocessed. The other lots were
prepared in three different ways as follows: (1) de-
greased, (2) hydrogen fired, and (3) electropolished.

The cathode sleeve employed in all of the foregoing
work is of the lock-seam variety, having a major diame-
ter of 0.084-inch, minor diameter of 0.034 inch, and
length of 28.5 mm. The wall thickness is 0.0025 inch. A
spectrographic analysis of the nickel material showed
the presence of Fe, Co and Mg in quantities anywhere
from 0.1-1 per cent; Al, B, Ca, Mn in still smaller con-
centrations (0.01-0.1 per cent); and Pb and Si present
as a faint trace (0.001-0.01 per cent).

After various treatments on exhaust, the gases evolved
from the parts were collected and quantitatively ana-
lyzed.?

Tubes were mounted and sealed in pilot-line produc-
tion, using the lock-in stem.

Discussion

The gases evolved from 6.3-volt tungsten heaters
coated with Al;O; are recorded in Table [. It is interest-

TABLE 1

ANALYSIS OF GAsEs IN FILAMENTS
(Heated to from 1000°C. Br.-1100°C. Br.)
(A1,0; coated tungsten wire)

Additional

§-Hour Heating
Average 2-Hour Heating
3 tubes 2 tubes
Total amount of gas 3.08+0.31 1.44
in liter microns
% CO, 21.4+£1.9 0
% H, 45 95.0
% Oq 0 0
% CO 0 0
% N3 31.6 5.0

ing to note in observing Tables II and III that the mate-
rials from which the most gas evolved during the first
half-hour of heating were the hydrogen-fired nickel
sleeves.

The percentage of hydrogen yield seems quite high,
even for the unprocessed and degreased specimens. It is
interesting to note, too, that the only nickel sleeves
which did not show carbon dioxide and oxygen, ie., an
oxidizing influence, were the degreased slecves.

The unprocessed sleeves showed some CO; and Oq, as
did the hydrogen-fired parts, though to a lesser extent.
It is possible that this result is due to grease contamina-
tion, since degreasing seems to have eliminated the CO,
and O, yield of the material.

2 Saul Dushman, “Vacuum Practice,” chap. 9, John Wiley and
Sons, Inc., New York, N. Y, 1949,
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TABLE 11

UNcoATED NIcKEL CATHODES $-Hour HEATING AT 900°C.
(Plus 3 minutes at 1000°C.)

Unprocessed  Degreased  Hydrogen- Electro-
Average Sfired Polished
5 tubes 5 tubes 6 tubes S tubes
Total amount 9.59+0.87 8.22+0.67 11.2+0.51 10.1 +0.33
of gas in liter
microns
% H.0 trace trace trace trace
% CO? 54 +13 0 6.0 +2.1 7 £2.5
% Hy 412 +£22  47.7 +£24 52.0+1.8 39.9%5.6
o Oz 7.2 £0.44 2.8+0.04 1.5*
% CO 351 +0.7 425 +21 282+1.6 422424
% N, 11.1 +0.5 9.8 +£0.85 89+1.1 11.1+1.9
* Found in only two out of 5 samples.
TABLE 111
UNCOATED NicKEL CATHODES
(Additional 2-hour heating at 900°C.)
Unprocessed  Degreased Hudrogen- Electro-
Average fired Polished
2 tubes 3 tubes 2 tubes 2 tubes
Total gas 7.76+0.05 5.60+0.31 8.61 +0.0 5.91+0.21
in liter
microns
% COy 5.2 +0.0 0 4.9140.0 0
»Hs 91.0 £0.8 97.65+0.05 92.5 +1.1 98.0 +0.15
% 04 0 0 0 0
» CO 0 0 0 0
% N, 3.7 £0.7 2.35+0.05 2.6 £1.1 2.0 +0.15

In the second group of materials (shown in Table I11)
in which gases were collected for two hours at 900°C.
after the previous half-hour period, the larger quantity
of gas can be attributed to hydrogen. The fact that it
takes a much longer time to drive the hydrogen out of
the nickel than it does for any of the other gases is new
information, as far as the authors have observed.

The reasons for this slow evolution of hydrogen is not
known, but it is possible that hydrogen can form a com-
pound with some of the impurities, such as iron, in the
nickel cathode sleeve, and that much more thermal en-
ergy would be required for exhausting the compound
than for diffusing hydrogen out of the nickel.

IT1. Ox1DE-COATED NICREL CATHODES

Following the study of gases in cathode nickel, an-
other series of tests was initiated to determine the nature
and quantity of the gases evolved during breakdown
and subsequent prolonged heating of oxide-coated cath-
odes. The intention here was to approach more closely
the problems involving tube life, initial emission, and
the appearance of gases in tubes.

Method

The cathodes used in this phase of the work were of
the same lot previously analyzed and reported. These
cathodes were unprocessed prior to coating, and the
coating used was a standard mixture of triple carbonate
suspended in nitrocellulose lacquer.
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Tubes were prepared, using a cathode coated to a
diameter of 0.04440.001 inch, and containing 8.5 to
9.5 mg of material. Results are shown in Table 1V.

Results

The heating schedules used in this phase of the work
follow a definite set of purposes. The elevated tempera-
ture (1000°C. Br.) was required in order to break down
the alkaline earth carbonates as in (1)

Ba Ba
Sr }CO3—| Sr J]O + CO, 1. (1)
C Ca

The 900°C. Br. treatment which was then given to
the cathode represents an attempt to approximate the
aging and operating conditions.

From Table 1V, column A, it can be seen that of all
the gases liberated during the breakdown process, CO,
is the largest single component. This was expected, but
the total quantity of gas was so great that the McLeod
gauge was too small to determine this quantity exactly.
However, the approximate figure of slightly greater than
400 liter microns was obtained. The individual com-
ponents of the gas mixture were obtained by an analysis
of a portion of the total sample.

Columns B and C record the composition of the gases
evolved during a heating period of one-half hour after
cathode breakdown had taken place. For data in column
B, the system was previously closed to the pumps during
the three-minute breakdown schedule, whereas the data
in column C were obtained for the same half-hour period
but with the initial breakdown gases immediately
pumped off. Thus, a convenient method was available
for noting the effects of retarded evacuation on the na-
ture and quantity of CO, and H,0, and an equally ab-
normal total lack of H, and O, gases. From previous
work on uncoated nickel sleeves (Table I1) it was found
that the bulk of the gas evolved in the same half-hour
period was Hyand CO, along with a small quantity of O,
and CO,. It is, therefore, evident that in the presence of
a large excess of CO, a series of reactions takes place, as
in (2):

CO., + H, = H,0 + CO. (2)

In column C, with less residual CO, during the half-
hour aging at 900°C. Br., there is found a normal trace
of H,0, a smaller quantity of CO,, and a large quantity
of Hz.

Data in columns D and E show that initial slow re-
moval of gases has only a slight effect on the gases
evolved during the subsequent two hours of continued
heating.

Only in the earlier stages of activation and aging does
the speed of removal of gases change the nature of the
gases surrounding the cathode.

With an early and rapid removal of gases, column C
can be expected to show more Hz and more CO on a per-
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centage basis, and with a slow exhaust (column B), the
atmosphere can be expected to tend more to H:O and
CO..

In addition, another point is of interest. Comparing
Table 111 with columns D and E, it is found that in the
two-hour period, i.e., longer life period, more total gas
(7.76 £0.05 liter microns) escapes from the uncoated
cathode than from the coated cathode (5.45 and 5.78,
respectively). This difference may be due to the suppres-
sion of gas evolution by the formation of oxide inter-
faces at the cathode.

For instance, in the case of N2, which is relatively in-
ert, a smaller quantity was released in the two-hour pe-
riod from the coated than from the uncoated cathodes.
This theory seems to be consistent with the fact that
oxidation increases the hot tensile strength of nickel,
and it may be expected, then, that as hot tensile strength
is increased, diffusion is decreased.

Discussion

\When the study of gases evolved from oxide-coated
cathode assemblies was completed up to the point of de-
gassing and activation conditions, it was found, first,
that the gases evolved from uncoated nickel cathode
<leeves were qualitatively practically independent of the

Gas evolved in

Gases evolved from
first & hour of

coated cathodes

Jucobs and Wolk: Microanalysis of Gas in Cuthode Coating Assemblies
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three different cleaning methods of factory processing
commonly, used, and, second, that hydrogen-fired cath-
odes liberated slightly larger quantities of hydrogen
when heated in vacuum. In addition, the release of hy-
drogen from nickel cathodes was not instantaneous, but
was observed to continue even after 2} hours of contin-
ued heating at 900°C. Br.

When a similar analysis was made of gases liberated
from nickel sleeves coated with alkaline earth carbon-
ates, the evolution of hydrogen was reduced consider-
ably, but with a corresponding increase of CO, indicat-
ing the reaction (see (2)):

CO4(g) (excess) + Ha(g) = H:0(g) + CO(g).

The gas condition in the tubes during cathode de-
gassing was shown to be related to the speed of exhaust.
The lower speed of exhaust produces a condition leading
to the right side of (2), and a high exhaust speed pro-
duces conditions tending to retard the reaction to the
right.

1V. EFFeECTS OF GASES ON THERMIONIC
EMISSION

As the third step in this investigation, a procedure
was set up to determine the effects of some of these gases
on thermionic emission.

Gases evolved
during a 2-hour
period following

Guses evolved
during a 2-hour

Gas evolved in
first & hour of

heated to 1000°C. heat treatment heat treatment period of heat a treatment simi-
Br. for 3 minules at 900°C. Br. at 900°C. Br. treatment at lar to that de-
900°C. Br. scribed in Col. D
A B3 Ct D3 Es
Total gas yield in
liter microns >400 LM 34.2+3.1 5.43 LM +0.31 5.45LM$0.2 5.78 LM £0.0
H,0 trace 12.29%+0.9 trace trace trace
CO, 95.4% +0.3% 71.4%+2.6 12.0%+5.6 4.89,+0.8 0
H, trace 0 37.3%+3.2 91.1%+1.5 94.6% 10.6
0, n 0 0 0 0
CO 2.7%+0.89, 15.5%+1.C 44.0%+5.0 0 0
N, 1.6%+0.1% 1.2%+0.15 6.7%+0.8 5.2%=*1.5 5.4%+0.6
* All values shown represent averages.
3 System closed from the pumps during initial breakdown.
¢ System open to pumps during initial breakdown.
TABLE V
EMissioN FROM GAS-CONTAMINATED Ox1DE-COATED CATHODES
Sample Number 1 2 3 4 5 6 7 8
o Emission Current (Temperature limited)
Contaminating Gas
Control 2.1ma 2.0 ma 1.9 ma 2.5 ma 2.2ma 1.7 ma 2.5ma 2.5 ma
Oxygen 8 pa 4 pa <1pa <1 pa — - — —
Hydrogen 2.2 ma 2.1 ma 3.0 ma 1.6 ma = — - —
CO, 14 pa 30 pa 12 pa —
H,0 1 pa 2.5 pa 2.5 pa — —
cO 2.0 ma 15.0 22.0 ma* 5.0 ma* 5.4 ma* 2.0 ma 2.0ma

ma* 15.0 ma*

* Some tubes did not appear to saturate, indicating a gassy condition. Further activation in some cases resulted in tubes which saturated
Letween 2 and 5 mils. This was characteristic only of CO contamination.
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In order to test thermionic emission, standard diodes
were made up using partially opened cylindrical nickel
anodes, and were tested on the gas analysis system. For
details of the exhaust schedule used, see Appendix I.
The method of preparation of the gases is described in
Appendix II.

Resulls

The saturation plate currents recorded in Table V
show the effects of the contamination of oxide-coated
cathodes by the different gases. (The testing procedure
is given in Appendix 111.) Molecular hydrogen does not
appear to exert any enhancing influence on the emission
level, and the oxidizing gases, such as O,, CO, and 1,0,
markedly destroy the cathode activity. Furthmore, CO
not only results in no enhancement, but also appears to
be the cause of a gassy condition. Only after additional
activation and degassing do these latter tubes respond
with a saturation level of two to three mils.

Discussion

In general, it was found that the oxidizing gases have
a detrimental effect on the emission. Both oxygen and
water vapor appear to have a somewhat more harmful
effect than CO,. An interesting feature, also, is the fail-
ure of a reducing gas, such as hydrogen, to enhance
cathode emission when it is introduced during the pe-
riod of cathode activation. As indicated in previous
work, the cathode sleeve itself supplies about 4 to 5 liter
microns of hydrogen during the first half hour of activa-
tion. In the present work, however, 20 to 50 liter microns
of hydrogen was used. In effect, this means that even
with an increase by a factor of 5 of the hydrogen em-
ployed during activation, no difference in the emission
level could be detected.

It is well known in actual practice that the use of hy-
drogen or carbon monoxide flushing results in a consid-
erable oxide cleaning up of anode and grid surfaces,
thereby providing higher emission. But such a method
is an indirect one, and as far as the direct or primary ef-
fects on emission are concerned, no initial enhancement
due to heating the cathode in low pressures of either 11,
or CO; was observed.

In connection with the use of CO, a further observa-
tion should be made. There was in some instances a
gassy condition that developed in tubes previously
treated with CO. It is difficult to account for this con-
dition in a definite manner, but it was noted that after
heating the cathode in carbon monoxide, a considerably
longer length of time was required for degassing than
when the cathode was processed by heating in other
gases. This would indicate that some secondary chemi-
cal process had taken place. One of the possibilities
which could be pointed out is the formation of barium
carbide in the following manner:

3Ba + 2C0O — BaC, 4+ 2Ba0O (3)

PROCEEDINGS OF THE [.K.I.
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on further heating
BaC,; + 2Ba0) — 3Ba 4 2CO. (4)

There is relatively little information on barium car-
bide in the literature, but there is some information on
calcium carbide which can be applied.® It is pointed out
that calcium carbide melts above platinum at approxi-
mately 2300°C., indicating an exceedingly stable com-
pound. If reactions occur, such as in (3) and (4), and if
barium carbide is as stable as calcium carbide, then a
considerable length of time for the reactions to go to
completion could be expected. This theory is to some
extent verified by the type of gases that were found to
be coming off during the measurements of emission. By
raising the liquid air to the condensation trap, it could
be demonstrated that this gas was uncondensable,
thereby precluding the existence of water vapor or car-
bon dioxide. Since the gas persisted even upon heating
the palladium tube, it was demonstrated that the gas
was not hydrogen. After so much processing, the gas
could not have been nitrogen, since previous work on
gas analysis indicated only a negligible amount of N,.
Only two gases remained—oxygen and carbon monox-
ide. Since the poisoning was not permanent and a good
level of emission resulted after the gas was removed, it
can be concluded that the gas was not oxygen. Thus, the
remaining possibility is that the gas was actually CO. If
it were simply adsorption, one would expect the gas to
be very quickly released, but since the gas persisted de-
spite high temperatures, certain chemical reactions
must have taken place. One of the possibilities is there-
fore indicated in (3) and (4).

V. CoNncLusION

The speed of exhaust appears to be a very important
factor from the point of view of activation of the cath-
ode coating. This is due to the fact that the gases which
are liberated from the cathode during breakdown, if
given sufficient time, react with each other to form new
compounds. Specifically, it was found that there exists
an cquilibrium equation as follows:_

CO2 (excess) + I, = CO + H,0,

and that the formation of the products on the right will
be favored by slow exhaust speeds, while rapid pumping
suppresses the reaction to a great extent.

.'!‘hc gases most detrimental to emission are the oxi-
dizing gases, CO, being the least harmful. Reducing
g_ascs‘, such as H,, introduced during the activation pe-
riod in pressures from § to 20 microns appear to have
no cn'hanci.ng cffect on emission. \When oxidizing gases
were introduced into the system during the activation
of one tube, other tubes which were sealed on the mani-
fold exhibited the effect of poisoning when processed

c * W. Segerblom, “Properties of Inorganic Substances,” Chemical
atalog Company, Inc., New York, N. Y., p. 38: 1927.
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later, although the gases had been removed previously.
Although no quantitative data are presented here, this
poisoning by gases, perhaps occluded on the glass, was
observed for long periods of time. (It can, therefore, be
expected that an equivalent condition could occur when
sudden leaks develop during Sealex operations.)

Although hydrogen is useful in removing oxide from
the various tube elements around the cathode, it can be
quite troublesome when applied to hydrogen firing of
cathodes. Such cathodes have been found to evolve
quantities of hydrogen, even after two hours of heating
at 50 per cent above rated filament voltage. Since cath-
odes without a tube-processing history of hydrogen fir-
ing also seem to yield hydrogen after prolonged heating,
a hydrogen gettering material would have considerabhle
usefulness.*

APPENDIX |—EXHAUST SCHEDULE

1. The tubes were baked out at 350° to 400°C. for 30
minutes.

2. The plate was degassed with rf at 900°C. for §
minutes.

3. E; of 14 volts was applied for 3 minutes. (The
tube contained a 6.3-volt indirectly heated cath-
ode.)

4. The filament voltage was turned off and the tube
exhausted for 3 mintues.

5. E; of 9.5 volts was applied and the plate was si-
multaneously rf heated to 900°C. Br. for 3 min-
utes.

6. Liquid air was applied to the mercury pump trap.
7. E;of 9.5 volts was maintained for an additional §
minutes.

8. The system was closed off from the pumps and 20

microns of contaminating gas was admitted. The
filament was heated while the gas was being intro-

duced.

9. Heating of the cathode was continued at 9.5 volts
E, for an additional 5 minutes in the presence of
the gas.

10. The system was opened to the pumps, thus ex-
hausting the vacuum system, and the cathode
was kept heated for a period of 20 minutes.

11. The plate was again heated by rf during the last
5 minutes of the 20-minute schedule in step 10.

12. The filament voltage was turned off.

* The nickel material used in making cathode sleeves is melted
under an atmosphere of hydrogen by the manufacturer.

APPENDIX || —PREPARATION OF THE GASES

1. Oxygen: This gas was introduced by the heating of

silver oxide.

2. Hydrogen: Hydrogen was introduced by appl);ing a

gas flame to an electrically heated palladium
tube until the McLeod gauge indicated the
proper pressure.

3. Water Vapor: By heating the platinum wire lo-

cated in the Toepler pump section of the ap-
paratus, the combustion of oxygen and excess
hydrogen could be initiated to form water. This
water vapor was condensed in the cold trap prior
to its use by means of dry ice and methanol.
When it was released for contamination of an
oxide cathode, its pressure was observed on a
Pirani gauge which was previously calibrated for
water vapor.

t. CO,: Carbon dioxide was stored for future use by

means of the liquid air trap condensation of the
cathode breakdown product.

5. CO: The preparation of carbon monoxide was

somewhat more complex in that an additional
cathode assembly was required. A tube contain-
ing a flag getter and a coated cathode was sealed
to the gas analysis system so that it was exter-
nal to the regular manifold section. After thor-
ough degassing, its getter was flashed and im-
mediately thereafter the cathode was broken
down. The combination of the CO, thus released
with the free barium yields CO according to the
following reaction:

Ba+Co; (excess)—Ba0+4-CO. (5)

The CO was then collected in the Toepler pump
prior to its release for contamination of the
cathode as described in Appendix 11, Step 8. The
excess CO, in (5) was condensed by the liquid air
trap.

The total time for cathode activation was thus in
the order of 30 minutes. The control tubes were
given the same treatment and activating time, ex-
cept that in Step 8 no contaminating gas was in-
troduced.

APPENDIX [II—TESTING PROCEDURE

. After exhaust processing mentioned above, two

minutes were allowed to elapse before bringing E;
up to 4 volts, and an additional 2 minutes for tem-
perature equilibrium to be established.

. Plate voltage was slowly increased to 150 volts

(maximum) and behavior of the filament current
recorded.

CTINE=TO
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On the Theory of Axially Symmctric Electron Beams

in an Axial Magnctic Field®

A. L. SAMUELY, FELLOW, IRE

Summary—One of the more perplexing problems in the design
of klystrons and traveling-wave tubes has been the formation of well
collimated electron beams. An axially symmetric form of an electron
beam is proposed in which the space-charge repulsive forces are just
balanced by magnetic focusing forces so that the beam may be made
as long as desirable without any change in its cross section. The equa-
tions governing the existence of such beams are derived.

) INTRODUCTION
" ll IGH-CURRENT electron beams are of con-

siderable importance in connection with many
clectronic devices such, for example, as klystrons,
traveling-wave tubes, and electron-wave tubes. These
devices all employ axially symmetric beams of electrons,
and, in general, require that the beams be projected for
considerable distances without significant changes oc-
curring in the cross-sectional area of the beam, or in the
cross-sectional distribution of current and potential.
The properties of clectrom beams, both with and
without axial magnetic fields have been studied by a
great many workers.!™" Three genecral classes, of solu-

* Decimal classification: R138. Original manuscript received
by the Institute, February 4, 1949; revised manuscript received,
May 13, 1949. Presented, 1949 IRE National Convention, New York,
N. Y., March 10, 1949. This work was done in the Electron Tube
Research Laboratory of the University of Illinois and was sup-
ported in part by the United States Navy, Office of Naval Research
under Contract N6-ori-71 Task XIX. Reproduction in whole or in
part is permitted for any purpose of the United States Government.
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tions have been obtained. The first class is restricted to
situations in which space-charge forces can be neglected
with the result that the laws of clectron optics apply.
Solutions of the second class attempt to make a first-
order correction for space-charge forces. A final class of
solutions is to be noted in which certain nonphysical
constraints are introduced, the more usual being the
assumption either that there is an accompanying flow
of positive ions or that there is an infinitely strong mag-
netic field.

Contrasting with these approximate solutions, it is
possible to obtain a rigorous solution for the necessary
and sufficient conditions which must be met if the radial
distribution of current and potential in a beam are to
remain unaltered along the heam.¥ These conditions are
capable of physical realization and their consequences
prove to he extremely useful and interesting.

For an electron beam to be stable, the forces acting on
the electrons in the beam must be in equilibrium
through the beam. If we wish to have a “uniform beam,”
the second time derivatives of the electron co-ordinates
must vanish. One starts then by writing the Lorentz
force equation in cylindrical co-ordinates and by equat-
ing the three components #, #, and z to zero. This places
restraints on the permissible values of the electric and
magnetic fields. Additional conditions can then be im-
posed, not on the charge distributions but rather 1. on
the magnetic ficld to conform with the requirement that
the field be producible by ficld coils that are entirely ex-
ternal to the region occupied by the heam, and 2. on the
magnetic-field conditions at the cathode from which the
clectrons are obtained. A final condition is imposed by
Poisson’s equation which must be satisfied subject to
the prescribed houndary conditions fixed: by external
electrodes, Under these conditions, one can obtain a
solution in which only physically realizable restraints
arc imposed and in which the current density and volt-
age conditions within the beam come out of the solution.
rather than being a part of the assumed conditions.
This constitutes the complete solution of the steady-
state conditions in the uniform portion of the beam.

We shall consider two special cases, the first in which
we have a tubular beam inside of a conducting cylinder,
and the second in which we have a tubular beam sur-
rounding a metallic conductor. The solution for a solid

bl P Bnllouiq, “A theorem of Larnior and its importance for elec-
trons in magnetic fields,” Proc. N.E.C., vol. 1, pp. 489-499. Also
published in Phys. Rev., vol. 67, pp. 260-266; April, 1945. The mag-
netic field resulting from the motion of charges within the beam and
all relativity corrections are ignored in the present treatinent. These
approximations introduce negligible error if the beam voltage is less
than something of the order of 10,000 volts.
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beam may be obtained from the first case by letting
the inner radius of the beam go to zero and the case in
which there are metallic conductors both inside and out-
side the tubular beam may be handled by superimposing
the two special cases. In a similar fashion, the parallel-
plane case is obtained by letting the radius of the beam
go to infinity.

A practical solution to be complete must also include
a specification of the conditions within the beam in the
region where the three components of acceleration are
not zero. This requires a more general treatment of the
force equation, again subject to assumed boundary con-
ditions along the edge of the beam. The equation gov-
erning electron trajectories within the beam may be
derived in differential form and the solution of this
equation obtained by numerical means. In a comple-
mentary paper by \Wang,' solutions are given for the
shape of electron beams in which the electrons oscillate
about equilibrium conditions. \WWang’s analysis is limited
to solid beams in a uniform magnetic field and considers
the motion of edge electrons only, while the present
solution is for the equilibrium conditions within the
beam and for the more general case of a tubular beam.

M ATHEMATICAL FORMULATION OF PROBLEM

The Lorentz force equation for axially symmetric
fields can be written in cvlindrical co-ordinates as

e J
o= —[B o can]
m ar o
. ) e 04, ¥ o0
m+2m=—{}——+—~—0mq (2)
m Jz r Or
e 04,
3= — ——[E, + r0—] (3)
m Jz

where 7, 8, and z are the usual cylindrical co-ordinates,
E, and E, are the radial and axial components of electric
field and A, is the only component of the magnetic
vector potential which need be specified to define an
axially symmetric magnetic field.’® Mks units will be
used.

By multiplying (2) by r and integrating, the usual
equation for the conservation of angular momentum is
obtained.

This takes the form

¢
1 — —rde = (4)
m

s Dr, C, C. Wang is a research engincer with Sperry Gyros
Co., Great Neck, L. I., N. Y. . perty Tryroseope

18 Ag noted earlier, we ignore the components of A resulting from
the current of the beam itself. We are at liberty to define the di-
vergence of A in any way we choose, since the curl only enters into
the force equation. In what follows we will assign Ay a value of zero
at the beam axis. 4, and 4, components, if they exist, will have to be
constant and independent of the co-ordinates in order for the field
to be axially symmetric.
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where ¢; is a constant for any one electron trajectory.

Replacing (2) by its equivalent in the form of (4) and
considering 6 as an ignorable co-ordinate, we can obtain
equations for the electron trajectories in the r, z plane.

UnirForM FIELD CONDITIONS

Limiting ourselves for the present to the uniform
region of the beam in which we may assume that #, 8,
5 are zero and in which there is a uniform magnetic field
so that A, is independent of z and proportional to 7, we
can write from (1)

m R
E, = —r6* — 2r04, (5)
e

where A, is the value of Ap at a unit radius; i.e.,
Ao = r4d 0- (6)

Since the value of 8 is specified by conservation-of-
angular-momentum considerations, (5) may be taken
as being the defining equation_for the radial electric
field E,, and through Poisson's equation as specifying
permissible charge distributions within the beam. Par-
ticular solutions will result depending upon the choice
of constant ¢; in (4).

Eliminating 6 from (5) by means of (4) and (6) we can
write

m [ e 2 &1 e
E,=——f<—+——Ao>—27(—2—+—A0>Ao. (7)

e 2 m r m

Since there can be no axial or angular components of
clectric field, Poisson’s equation can be written as
1 d p
— — (+E)) = — —
€

r dr

(8)

and the potential at any point in the beam is similarly
given by

d)=—fE,(11’+Cz (())

where the constant ¢ is fixed by the boundary condi-
tions. Given the charge distribution p the axial current
density distribution is given by

J = pi. (10)

The value of # can be calculated in terms of ¢ and 6
from conservation of energy considerations expressed as
) e
32 = 2 — ¢ — (r8)? (11)
m
where it is assumed that the potential ¢ is measured
with respect to a single cathode from which all of the
¢lectrons originate.
‘I'he problem then reduces to that of choosing a physi-

cally realizable and resonable value for ¢, in (4) and
then carrying out the indicated steps.
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TuBUuLAR BEAM wiTH AN EXTERNAL CONDUCTOR

Consider the case of a tubular beam of outer radius 7,
and inner radius 7, as shown in Fig. 1. For the moment,

Conducting cylinder
at a potential of 9,

Region occupied by
the electron beam

FFig. 1—Cross section of a tubular electron beam
with an external conductor.

we will assume that the beam just fills a cylindrical
conductor so that the potential at the radius 7, may be
taken to be ¢, as fixed by the conductor. The potential
within the beam will sag as a result of the space-charge
effect with the maximum field existing at the outside at
radius r, and dccreasing to zero at the inner radius r,.
We would like to choose the constant ¢; and the value
of 4oin (7) in such a way as to make the right-hand side
of the equation zero at r=r, and a maximum at r=r,
(so as to accommodate the maximum amount of, space
charge), and to have the resulting equation hold for all
electrons. The requirement that E,=0 at r=r, fixes the
value of ¢; as

e
= ——Aof’uz. (]2)
m
Substituting this value in (7) we find that
e ra\*
E, = ——Ao’rl:l —<~>]. (13)
m r

Before proceeding with the solution, it will be in-
structive to consider what this choice of ¢, implies.
Equation (4) now may be written as

[ ,‘19 € Ta 2
9——-—=——Ao<—> (14)
m r m r
which for the uniform-field region becomes
e 7a
0=—Aol:l—(—>’]. (15)
m 14

At 7, the angular velocity is zero, as previously noted,
while at 7, the value is

vl (3))

Since the electrons will have originated at a cathode
with zero angular velocity, the entire cathode area must
be in a region where the value of 74, is constant and

(16)

OF TIIE |.R.\X November
equal to Aor,® This means in effect that all of the mag-
netic flux which lies within the radius r, in the uniform-
field region must thread through a hole in the cathode
and all of the rest of the flux which lies outside the
radius r, in the uniform-field region must surround the
cathode, for otherwise, (14) will not apply to all elec-
trons. This situation is illustrated in Fig. 2. Of course it
would be possible to carry out a solution for the case
where some of the flux threads through the cathode
surface, but we will find that the present solution is of
greater interest.

Iren pole piece
Annular cathoue

Flux lines

— T

o = - —
\ 7
//A / Region occupied

>~ Ly bearm
showr dotted

lron pole piece

Fig. 2—The manner in which the magnetic flux must thread through
the cathode to satis{y the assumptions made in the solution.

Another consequence of our choice of ¢, is that the
beam does not rotate as a unit; instead, the electrons
revolve in a laminar manner, the innermost electrons
proceeding directly in the z direction with successive
layers rotating at higher and higher angular velocities.

The solid beam obtained by letting 7,—0 is the excep-
tion. In this case the beam rotates as a unit with an
angular velocity given by

(17)

and all of the flux must surround the cathode.
Proceeding with the solution by introducing the
value of E, from (13) into Poisson’s equation, we find

that
e ra\*
- ze_A,,z[] +(_)].
m r

!n general a nonuniform charge distribution is re-
quired, the exception being the solid-beam case.
Introducing the value of E, from (13) into (9) and

l(;tting the potential ¢ equal ¢, at the radius 7, we find
that

(18)

. 1 e ra rat
$p — — —Aozl:fb’—f’-f- - ] (19)
2 ’2

m

b =

which at the inner radius reduces to

1 e ra\2?
e !
2 m 143

. = (20)

|
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The original assumption that the beam just filled the
containing cylindrical conductor can now be relaxed
and the potential of the external conductor ¢, can be
expressed in terms of ¢s, @a, and the radii. The situation
is illustrated in Fig. 3. Integrating p over the cross sec-
tion, the total charge per unit length is given by

[ Ta C
q = 2me —Aozrbz[l - (—-)]
m b

Conductor at a
potential of 9,

(21)

&)

Fig. 3—A tubular beam with its outside radius less than the
radius of the surrounding cylinder.

Region occupied
by beam

which may be written

rbz + ru2
g = reton = 00 2 03).

'bz — fa

(22)

Applying Gauss's law, the electric field in the region ex-
ternal to the beam is

g 40 — 9o) (M) (23)
r rp? — r,?
and the potential is
rs? 4+ ra? 4
b = 60+ 461 — 2) (7 ) In—-  (24)
re: — ta ry

For the external electrode at a radius r. this becomes

r bz + 'az)

O = ¢p + Hodo — ¢a)< (25)

In— -

sz — Ya Ty

The electric field and the potential for the entire cross
section of a typical beam are shown in Fig. 4. Three

in arbitrary units

Valuve of @ and -f

fa b g

Distance from axis

Fig. 4— Radial variation of potential and electric field for
the case illustrated in Fig. 3.
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regions are to be distinguished; 1. the region between
the beam and the external cylinder, 2. the region oc-
cupied by the beam, and 3. the region inside the beam.
Elementary considerations require that the electric field
and the potential be continuous across the boundaries
between these three regions. The slope of the electric-
field curve is discontinuous because of the discontinuity
in the charge density.

As usual, the solid-beam case may be obtained by let-
ting r,—0 giving for the potential in this case

1 e
b = ¢p — — — Ag2[rs? — r?l (26)
2 m
and for the center potential
1 e )
P =P — — — Ao*rs?. (27)
2 m
Solving (15) for (r6)? we have
e \? ra\*7*
(r8)? = (—> A.,m[l_ — (—) ] (28)
m r
Substituting (19) and (28) in (11)
e e 2 ra 2712
I P T N
m m rs
or finally by making use of (20)
e 1/2
5= (2 —¢.,> . (30)
m

The axial velocity # is found to be independent of r
and to be the same for all electrons!'” This fact is of
great practical importance in many applications and is
a consequence of our particular choice for the constant
in the angular-momentum equation.

The axial component of current density may be writ-
ten in units of ¢, and A, by making use of (18) and (29)
as

J = 267;' Aoz[l + (%)i‘ {Zidn,
()T O

or it may be simplified by introducing the value of ¢a
from (20) giving

Y o+ ()]

Finally the total current can be obtained by integrat-
ing (31) over the beam area, giving

e ra\* e
l = 27!’6—-1102752[1 - (‘—) ]{2 ""d’b
m s m

17 [t can be shown_that ¢ =constant is the only solution that
Iea.ds to £ =constant, if all electrons are to rotate about the heam
axis.

(32)
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e 2 ra 272y 142
(Ean) - ()T e
m 7y
which again can be simplified to

I=4vV2re <1m>

9
1/2 ry” + raz

¢a”2(¢b - ¢u) 2 (34)
Ty

— 2
The corresponding equations for the solid-beam case

are obtained by replacing ¢, by ¢ and by letting r, =0.
When written in perveance form, (33) becomes

I 2 o e 1/2
["’—'2] = 21re<—> Q22 — Q2]r2 (35)
S22 Lyt + 7.2 m
where
r.\?
()]
e 1/2 s (3())
Q= (m) PRI h
Maximizing (35) with respect to Q, one finds that
I sz —_ 7,,2
[ (—>] =254 X 10-¢  (37)
¢b312 700 aF Gt max
and the optimum value of Qs
4\1/2
Qopt = (—) : (38)
3
The corresponding value of ¢, is given by
a 1
o L. 59
o 3

A plot of (35) in practical units of amperes, volts, centi-
meters, and gauss is given in Fig, 5.

BEAM STABILITY

The problem of beam stability requires some further
discussion. We have developed the concept of a tubular
electron beam, immersed in a uniform axial magnetic
field in which the electrons individually revolve around
the common beam axis with just the required angular
velocity to balance the space-charge forces. We have
shown that such a solution is mathematically possible
and that it leads to a situation in which the axial veloc-
ity is independent of the radius and hence is the same
for all electrons. We must now inquire into the stability
of such a charge distribution when subjected to minor
perturbations.

Two types of possible instability bear investigation,
the first in which most of the beam is well behaved and a
small number of electrons are displaced from their
equilibrium position, and a second in which the entire
beam is distorted from its equilibrium condition. We
will consider these separately.

Consider a single electron within the beam which fails
to conform to the equilibrium conditions by having too
low a value of 4? and by having corresponding value of
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#? as required by considerations of conservation of
energy and of angular momentum. A brief analysis
shows that such an clectron will oscillate radially
through the beam, moving at a constant radial speed

6{ . - _!,

facusrnq factor ir centimeters Ggauss and val!s"‘

Perveance fector in Micropervs

Fig. 5—Normalized curve giving the required magnetic field as a
function of the beam perveance, voltage, and radii for a tubular
electron beam with an external conductor as shown in Fig. 3
The symbol B, refers to the axial component of magnetic flux

+#o while in the region occupied by the beam and being
subject to restoring forces while in other regions. The
radius at the inner limit of excursion is

N fo

n=, frit|——| - (40)
e
2 — 2 — A
{ m Ji m
and the value of #in the inner region is
. e rad — 1t
Fe=— Adg—— . (41)
m r?

The equations governing the motion of the clectron in

. —
the region external to the beam are somewhat more com-

plicated because of the electric field in this region. Un-
der some circumstances, the limiting radius may be
greater than the radius of the external cylinder in which
case the electron will be collected and thus removed
from the beam. The fact that no restoring force acts on
the electron when it is in the region occupied by the
beam is rather interesting but should not be considered
as evidence of instability since this obscrvation is true
only in the limiting case when the charges displaced
have negligible cffect on the total space charge.

A second situation to be considered is that in which all
of the electrons have an # component when the beam
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radii are those given by our defining equations and the
value of % is correspondingly altered. The solid-beam
case has been considered in detail by \Wang. His an-
alysis shows that the beam radius will vary along the
beam in a cyclic manner about an equilibrium radius
corresponding to the conditions which we have treated.
For the tubular-beam case, two interesting variations
can occur, the one in which the inner and outer radii
swell and shrink together, and the other in which they
vary in opposite directions. Detailed study will show
that both types are stable. This aspect of the problem
will not be pursued further as it is adequately treated
in Wang's paper.

TuBULAR BEAM WITH AN INTERNAL CONDUCTOR

The equations for the tubular beam with an inner
conductor are obtained in a similar fashion. In this case,
the value of ¢, for (4) becomes

[
L= — Aorb’
m

(42)

and the electrons rotate in the opposite direction. Now
all of the flux which lies within the radius 7, in the uni-
form field region must thread through the hole in the
cathode. The same independence of # with 7 is obtained
and similar equations (with suitable interchanging of
the roles plaved by 7, and r,) are obtained.

TUBULAR BEAM WITH BOTH AN INTERNAL AND
AN ExXTERNAL CONDUCTOR

For some application, a tubular beam may be required
for use with both an external and an internal conductor.
The solution for this case can be obtained by fitting a
solution for the external-conductor case to the solution
for the internal-conductor case along a common radius
for which the angular velocity is zero for both solutions.
Electrons inside this radius will revolve in the opposite
direction to those outside of it, but all must have the

Elﬁ!!l!=|
Noe @,
Fig. 6—A tubular beam with both inside and outside conductors.

same value for 3. Rewriting the cquations in terms of
the symbols shown on Fig. 6, we have

1 e (re2 — r3?%)?
b = P4 — - A¢? ! )

2 m 742

(43)

and also
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1 e (ra2 — r2%)?
b= ¢ — — — 4o’ LEIS e (44)
2 m 722
so that
1 e (rs? — r®)(ré®rs® — r3t)
(bo— ) = — — Agt ————————= (45)
2 m 742722

where the magnetic vector potential at the cathode must
be given by

(Ao)c = r3do.

For the most applications it would be convenient to
have ¢s=¢,. Under these conditions, the relationship
that must hold between the radii is

(46)

r; = rars.

(47)

However, in the most general case, any desired value of
é4 and ¢, may be used as long as (45) and (46) are satis-
fied. The values of ¢4 and ¢2 in terms of ¢s and ¢, are
set by

_ ‘2 2
ﬁa_=1+4¢4 ¢a<'4 +r3)ln_r_s (48)
b4 b4 ry? — 13t 74
and
_ 2 2
ﬂ=1+4¢z ¢3<73 +,2)ln2- (49)
(' ) b2 r3? — 15t r

THE CASE IN WHICH § NEVER GOES TO ZERO

In the interests of completeness, it should be pointed
out that the case where 8 is always of the same sign and
does not go to zero can be obtained directly from the
internal and external conductor case. If any portion of
the beam for the case shown in Fig. 6 is removed and
the potentials on the electrodes altered to provide the
same potential at the newly created edge of the beam as
existed there previously, then the remaining portion of
the beam will be stable as before, and will require the
same value of magnetic flux. It should be noted that dis-
tributions for the single-confining-electrode case are
stable only if the value of 6 is zero along the free edge of
the beam (where E,=0).

MULTIVELOCITY BEAMS

We will now consider the conditions within a uniform
heam having multiple-valued eclectron velocities. Such
heams are employed in tubes of the so-called electron-
wave type.

Consider the situation in which all of the electrons
originate from two different cathodes which are at dif-
ferent potentials, but which are both in magnetic-field-
free regions. To make the problem definite, we will re-
strict the discussion to a tubular beam with only an ex-
ternal conductor.

Two cases are to be distinguished, one in which the
value of 4, is the same for both cathodes and a more
general case in which this is not so. In the first case, we
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note that (12) to (22) inclusive still apply if p is now
taken to be total charge density. We can assign the
charge density p to the two beam components in any
desired way even to the extent of assuming different
radial distributions. However, the more reasonable case
would be one in which the two components have the
same radial distribution which we can symbolize by
writing

(50)
(51)

Pa = ap
ps= (1 —a)

where the subscripts a and 8 refer to the two compo-
nents. Care must be taken toremember that the electron
velocities may or may not be related to the values of ¢
depending upon the assumed cathode potentials. This
difficulty arises in connection with (23). If we define
potentials with respect to the cathode emitting the a
designated electrons we may write

e 1/2
v (2 0)
m

and if we call the potential of the second cathode ¢,

(52)
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we also have

e 12
"
The current density of the a heam is similarly
e \?? r.\*
Jo=2V2 ae(- ) Ao’qs.."’l—l + ( )] (54)
m L r

while the current density of the 8 heam is

3/2 ra\!
Ts=2\2(1—a) <_c_) Ao ¢y)”?|:| ——»( , ) ] . (35)
m

If the two cathodes are not at the same value of 4,
useful solutions can still be obtained in which the inner
radii of two beam components are not identical. If the
inner radii are required to be the same, the beam condi-
tions become somewhat more complicated. As this does
not appear to be a useful arrangement, the solution will
not be pursued.

One can conclude that multiple-valued velocity beams
can be analyzed by our present methods and that such
heams exhibit the same general properties.

Modes 1n Interdigital Magnetrons*
JOSEPH F. HULLt anp LEWIS W. GREEN\VALDI

Summary—The increasing interest in pill-box-cavity interdigital
magnetrons has led to the desirability of a set of design equations by
which the resonant wavelengths and external Q’s for the various
modes of these magnetrons may be calculated. This paper presents
these equations and their derivations, and shows how the results
check the experimental observations.

SymMBOL DEFINITIONS

All symbols used in this paper and not listed here are
standard in the mks system of units.
ky=2m/\
ro=radius of outer cylindrical wall of cavity
re=mean radius of tooth structure
a=number of teeth
Ar =radial tooth thickness
A¢ =angle between adjacent teeth
d =axial length of the cavitv from one end
surface to the other
C =total equivalent capacitance between ad-
jacent teeth in the tooth structure per
tooth
n=mode number, or the number of sinus-

* Decimal classification: R339.2. Original manuscript received by
the Institute, May 10, 1948; revised manuscript received, April 13,
1949.

I Evans Signal Corps Engineering Laboratory, Belmar, N. J.

Formerly, Evans Signal Corps Engineering Laboratory, Belinar,
N. J., now dec

oidal variations of the fields around the
cavity
S=1loop area
Ty, = magnetic-field intensity at the outer cv-
lindrical wall (rms) (location of the loop)
Vi =induced loop voltage (rms)
L =loop inductance
I;=loop current (rms)
Zo=characteristic impedance of output line
@ =numerical coefficient which is equal to 2,
whenn=0and 1 whenn>0 .
¢:=angle between output loop and current
maximum
M =fraction by which the radial component of
magnetic flux is constricted as it threcads
through the tooth structure. M is equal to
the ratio of the total area of the tooth
structure between end surfaces atthe
mean tooth-structure radius to the total
area of the apertures between teeth
¢ =factor by which the true capacitance be-
tween teeth is greater than the capaci-
tance as calculated when fringing is neg-
lected
G see description after equation (16)
4, B,and D = field amplitude-determining constants-
which cancel out in resonant wavelength
and external Q calculations.
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INTRODUCTION

NTERDIGITAL MAGNETRONS are not new.
}[ One of the earliest papers on interdigital magne-

trons was by Gutton and Berline! and appeared in
1938. Benedict and others have developed a glass-en-
closed, external-cavity, interdigital magnetron? which
gives a peak pulse power output of 80 watts at 40 per
cent efficiency. Crawford and Hare have developed an
all-metal interdigital magnetron?® which givesa continu-
ous-wave power output of 50 watts at about the same
frequency and efficiency. Crawford and Hare present a
resonant wavelength equation which is entirely empiri-
cal and is, therefore, restricted to interdigital magnetron
structures which are not radically different from those
which were discussed in their paper. It is the purpose
of this paper to present a more general treatment of this
problem by the use of Maxwell’s field equations. Furth-
ermore, this treatment enables one to calculate the
fields within the cavity and thus to calculate the degree
of coupling required for a desired value of external Q.

RESONANT WAVELENGTH CALCULATION

Fig. 1 is an interdigital magnetron cavity of the con-
ventional type. For this discussion, it will be assumed

g INTERACTION SPACE

=3
[107

i
|
Fig. 1—Interdigital magnetron cavity.

END SURFACE

TOOTH STRUCTURE

that d and r, are shorter than a half free-space resonant
wavelength. It will also be assumed that the number of
teeth a is much greater than the order of the mode #. It
will also be assumed that the cathode is absent.

Briefly, the approach to the problem of the electro-
magnetic waves in this cavity is to solve Maxwell's
equations in the toroidal region within the cavity, neg-
lecting high-order modes which are beyond cutoff. The
proper boundary conditions are applied at the end sur-
faces and outer cylindrical walls. At the tooth structure,
the fields inside and outside the cavity are matched and
the currents, induced by the magnetic field, which flow

1 H. Gutton and S. Berline, “Research on the magnetrons: SFR
ultra-short-wave magnetrons,” Bull. Soc. Franc. Elec., vol. 12, pp.
30-46; 1938.

1 . D. O'Neill, “Separate cavity tunahble magnetrons,” Electronic
Ind., vol. 5, pp. 48-50, 122-123; June, 1946.

3'F. H. Crawford and M. D. Hare, “Tunable squirrel-cage mag-
t;g;?on—the Donutron,” Proc. [.R.E., vol. 35, pp. 361-369; April,
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into the tooth structure are equated to the product of
the potential between adjacent teeth and the equivalent
capacitive susceptance between teeth.

Solutions of Maxwell’s equations in cylindrical co-or-
dinates assuming a propagation constant v in the posi-
tive Z direction are well known.* For transverse magnetic
waves, the axial component of magnetic field is zero, and
the following equations describe the fields in cylindrical
cavities

E., = RF(g)ets—o (1)
F(9) = D cos (n) )
R = ATL(Kor) + BNA(K.7) (3)
E, = — : <1 %—‘) (4)
K2 or
1 D
g - (7 %) ®
Hy= — ! (jwel a—[-"—‘) (7
K.? ar

where
Kc2 = 72 + K]z and K]z = w’me..

If v assumes any value other than 0 or £ « it may be
seen from (4) through (7) that for a given sign of

E, « H, (for a given value of n) (8)
E, = H, (for a given value of n). 9

At the end surfaces of Fig. 1, E, and E, must be zero
because these are conducting surfaces. In order that in-

dividual waves satisfy the conditions that E,=E,=0 at

the end surfaces when v #0, all the fields within the cav-
ity must vanish. However, if for each value of n, waves
of equal amplitude travel in opposite directions their
E, and E, components may cancel at these end surfaces,
but, this would require that d be a half guide-wave-
length. Since we are assuming that d is less than a
half free-space wavelength, waves having values of ¥
other than 0 must exist within the cavity in a cutoff
condition. It will be assumed that these waves existing
beyond cutoff contribute to the equivalent capacitance
of the tooth structure and redirect the main ficld com-
ponents to conform to the shape of the tooth structure.
By an argument similar to that used above, the trans-
verse clectric waves will be similarly considered.

When v =0, however, the boundary conditions of E,
and E, are automatically satisfied. Equations (8) and
(9) are not valid when y=0 so II, and H, are not neces-

¢S. Ramo and J. R, Whinnery, “Fields and Waves in Modern
Radio,” John Wiley and Sons, Inc., New York, N. Y., 1944; pp. 326,
327.




1260 PROCEEDINGS OF TIHE I.RE. November

sarily 0. The assumption will be made that the fields
within the cavity, for any given mode number n can be
expressed by (1) through (7) with ¥y =0 and K,=2m/\.
Tosatisfy the boundary conditions at the outer cylindri-
cal wall, E, will be set equal to 0 when 7 = ro. This gives

E, = AD cos (ng) [J (Kr) IlKra) (K )] (10)
s = ? n = T————— iV, r
Y N (Ko ’
(]— n
Iy = —jAD cos (n¢) _[Jn—l(K]f) — —Ju (K1)
I Kyr
) (Mot — 2wk ))] (1)
A’n(K]rO) " v Klf " v
jn
I, = — AD sin (n¢) [J,.(K,r)
O)}.“f
Ja(K
_ MN,.(KV)]. (12)
Nn(Klfo)

Before the boundary conditions at the tooth structure
are applied, it will be instructive to observe the fields in
a simple drum-shaped cavity with no tooth structure.
It may be seen from (10) that the condition of resonance
is that

27I'fo

J,.(Klfo) = 0, or )\,.,1 =

n.l

whe:e P, is the Ith root of the nth order Bessel func-
tion. The magnetic-field distributions in the transversc
magnetic modes in short cylindrical cavities are well
known, since the magnetic-field distributions are the
same as in circular waveguides operating in the trans.
verse magnetic modes at cutoff. The Ty, T, T,
and T'M; are of most importance in this case. Now con-
sider the addition of a tooth structure to this simple cav-
ity. The fields will become distorted and the resonant
wavelength will change. For example, the magnetic field
lines in the T'M; mode will become like those of Fig. 2.

Fig. 2—Magnetic field lines in an interdigital magnetron cavity
in M =1 mode.
Removal of the portion of the end surfaces that cover
the interaction space completes the transformation from
the simple cavity to the interdigital Imagnetron cavity.

Continuity of current at the tooth structure requires
that the total current entering the tooth structure he
cqual to the product of the potential hetween adjacent
teeth and the equivalent capacitive susceptance between
those teeth. The charging current will be considered con-
sist of two components: namely, a radial component—
caused by the angular component of magnetic field—
which flows from the end plate into the tooth structure,
and another component caused by the radial component
of magnetic field which threads through the tooth struc-
ture. Use will now be made of the relationship that for
radio frequencies, the magnetic-field intensity at the
surface of a plane perfect conductor is equal in magni-
tude, and is perpendicular to, the linear current density
flowing on the conductor.® Referring to Fig. 3, the radial
component of current flowing from inside the cavitv into
the tooth structure per tooth due to I/, is

2mr,

Ir/moth - [Ié

o

Fig. 3—NMagnetic field and current components near the base
of a tooth in an interdigital magnetron cavity.

The second component of charging current may be
readily visualized in Fig. 3. Because the radial compo-
nent of magnetic flux at the tooth structure-must thread
through the apertures between the teeth, currents must
flow on adjacent edges of the teeth. This current at any
angle ¢, is

I¢l = Afl]rljl. -

The current at the other side of a tooth at an angle

$2=¢1+4¢ is
I¢’ = Af[[".ll.
An expression will first be derived assuming that (a)
the.magncmc field in the interaction space is essentially
radial at the inner surfaces of the tooth structure with

no substantial net-current contribution. This corre-
sponds to the assumption that the end surfaces do not

¢ See p. 283 of footnote reference 4.

<4
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I
lextend over the interaction space and that no currents
Iflow on the outside surface of the cavity. Then a second
lexpression will be shown on the assumption that (b) the
lend surfaces extend over the interaction space forming
a definite boundary, and the effect of the fields within
the interaction space will be taken into account. Since,
in the practical tube, the end surfaces only partially
cover the interaction space, the true result will lie be-
|tween these two results. The practical result will be
|shown.
Under assumption (a) it may be seen from Fig. 3 that
the total current entering the tooth structure per tooth
is

27!'7[
IT/tooth=Ir+I¢1—]¢, = II¢+MA7(H,1—II,,)
27r, ol
= H, — MAr A¢.
a dd
But
27!'7[
A =
a
Therefore
27, oH,
IT/u)oth 5 —— [II¢ — MAr ] (13)
a ¢

If Vis the potential between teeth and jwC is the ad-
mittance between teeth, the charging current per tooth
is also given by

]T/woth = ijV- (14)

The voltage between adjacent teeth will be assumed
to be equal to the line integral of the electric field from
one end plate to the other at that point. Therefore

V= Ed. (15)

Combining (13), (14), and (15) and substituting the
appropriate values of E,, II,, and a11,/d¢ from (10),
(11), and (12) one obtains the following expression for
resonant wavelength

IIull and Greenwald: Modes in Interdigital Magnelrons

1261

partially closed such as by hollow pole pieces, etc., G
lies between 1 and 2. A practical value of G has been
found to be 1.5.

For the cavity mode, (n=0), (16) reduces to

]o(Kxfo)
) — ——— No(K1e
A <21rr,261> - JolKor) No(K1ro) ) (17)
277, aCd - —_ ]o(Klft)_ )
Ji(Kyro) — N_o(KTJ Ni(Kyro)

)N.(K. 0

No (X, 7o

Jo (K, 1o}

9, 1K, )=

Fig. 4—Graphical solution of equation (17).

Although (17) is transcendental, it may be readily
solved over a very wide range of parameters by means of
Fig. 4. Equation (16) is also transcendental, but because
of the form in which it is presented, it may be solved
very accurately without any cut and try procedures.
Since the term containing the Bessel functions in (16) is
small compared to 1 for a very wide range of parameters,
it may be considered only as a correction term. There-
fore, A can be calculated, neglecting the correction term
and will be within 5 per cent of the correct value. This
approximate value of X is then substituted into the cor-
rection term and X is then recalculated taking this term

Tna(Kare) — REST0) N (Ko
oy 2maCl L M BT T (K »
MAr G aCd Jn(Kiro) :
€1 + —> ]n(Klft) e a— Nn(Klft)
fis L] n Nn(Kl"o)

G is equal to 1 when it is assumed that the interaction
space is completely open at the ends and no currents
flow on the outer surfaces of the cavity. When it is as-
sumed that the ends of the interaction space are closed

| by an extension of the end surfaces, G becomes

Kty Jaoa(Kare)
n  J.(Kiro)

¥ which to a good approximation cquals 2 when Ky, is
| less than 1. When the ends of the interaction space are

into account. This yields a solution accurate to 0.1 per
cent. It is interesting to note that when the correction
term in (16) is neglected and straightforward approxi-
mations are made in expressing the parameters in terms
of the tooth-structure dimensions, the following expres-

sion is obtained
ad + 27nr,
n)\ = ———
1.57(
MnAr
£

(16a)
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This equation assumes that the gap between teeth is
equal to the distance from the end of a tooth to the op-
posite end plate. ¢ is the factor by which the true capaci-
tance between teeth is greater than the capacitance as
calculated when fringing is neglected. Since the quantity
in the denominator of (16a) is found to be about 2 for
most interdigital magnetrons, it is not surprising that
the empirical formula

ad + 27r,
2

observed by Crawford and Hare?for the first-order mode
should check so many experimental tubes. It must be
remembered, however, that the term in the denominator
of (16a) is not independent of the tooth-structure param-
eters. Therefore, considering it constant is completely
in error as borne out by fact that the Crawford and Hare
formula gives a wrong prediction of direction of tuning
of the donutron in the first-order mode.?

EXTERNAL Q CALCULATION

The external Q of a cavity is defined as follows:

Energy stored in Cavnly
) SR
Power output

cxternal Q = Q, (18)

For the sake of simplicity it will be assumed that the
power is coupled out by means of a loop.

The total loop voltage is equal to the difference be-
tween the voltage induced by the changing flux through
it, and the product of loop current and the loop imped-
ance. Taking II as the reference vector, the rms loop

OF THE 1.R.E November
Therefore
Suy2w? | I 4, Iz
Vi = e
1+
Zo?
The power delivered to the output line is .
K] Stutwt | 1 |2
Py = l S K ‘ %0 | (19)
Z(; (l)2142 i
Lo+ ——
Zy

The energy stored in the cavity must now be caleu-
lated. Since the clectric field is 90° out of phase with the
magnetic field as seen from (10) and (11), it follows that
if the stored energy in the clectric field is calculated at
the instant of time when it is maximum, that encrgy
will be the total stored energy of the cavity.

If 72, is the rms clectric field, the peak clectric-field
energy stored per radian in the cavity at an angle ¢ is

fo
Uk jradisn = txr/f rk2dr.

re

The peak electric-ticld energy stored in the tooth
structure per radian is

a
U tiragion = C(I,) 3d? —

™

Integrating the sum of these two functions around the
cavity the following expression for the total stored en-
ergy in the cavity is obtained

o N J,.([\'lro) 2
Ur = atlA’D’{re;f r| Ju(Kyr) — —— ‘\-“(Klr):I dr
re A n(l\ l,O) )
— | Ja rg) ——— .\, r .
2 i7e A\'n(l\_lro) 17 ‘ ( )
voltage is given by a=2when n=0and ¢=1 when #>0.
The term containing the integral may be simplified to
B oll,, . the following expression without introducing apprecia-
V[ = oM - ]wl;L .
ble error in the final result
J(Kyr 2 —r)y -
But m{,,[, (K = 2tKoro) \..mm)] L')} ,
N.(Kyro) 2 |
Vi all,, o . o
= — and l =w| e Sul)sututmg this expression into (20) and combining
Zo equations (18), (19), and (20) the following expression is
- obtained for external Q: |
w?l? K 1ro) 2
wad [Zo + merr(ro — r0) + rlozC:I |:J (Kyr)) — ————— N (K yry)
- Zo . n(Kl"o)
Q: = TN - (21)
252K12 COS2 (n¢1) I:J,._l(Klr()) -_——-— N,.__ 1\ '
N..(Klro) l( 170) ~
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TABLE 1

EXPERIMENTAL RESULTS. FOR CAVITIES 1, 2, AND 3: Ar=0.08 cM, 7, =0.56 cM, aC=2.34uuf, d=0.76 cM, M=19, L=0.282X10"® Hy. For
CAVITIES 4, 5, AND 6: Ar=0.1 M, r,=0.576 cM, aC=3.72uuf, d=0.47 cM, M =230, L=0.174 X108 HY. Zo =52 OHMS FOR ALL
CAVITIES. G \WaS AssuMED To BE 1.5. THE ENDs OF THE INTERACTION SPACE WERE OPEN FOR ALL READINGS

Cavity Parameters

n=0 Cavity mode ” n=1
o ] ' |
C?\V{;)’ | o S ” Aealo l Ameas | Qz calo Qz mese H Aol Ameas ' Qz calo Qz meas
i {294 o 0.295cm: || 12.9 | 12.96 | 101 | 1045 | 8.3 8.3¢ | 164 | 157
2 2.54 0.290 14.7 14.80 211 | 238 | 8.67 [ 8.77 [ 360 345
3 3.18 0.295 16.0 16.02 370 400 [ 8.93 9.10 580 485
4 1.01 0.182 12.8 12.55 121 116 i 7.96 8.30 138 115
5 2.54 0.179 14.6 14 .40 302 320 8.31 8.74 402 ‘ 300
) 3.18 9 15.91 485 | 8.56 620 440

0.182 15.

¢ is the angle between the current maximum and the
loop (Fig. 2). Ordinarily ¢, will be either 0 or m/2 corre-
sponding to the black and red mode respectively in the
paper by Crawford and Hare. WWith mode favoring or
suppressing devices, however, the angle ¢; is arbitrarily
fixed.

EXPERIMENTAL RESULTS

Considerable data has been taken which substantiates
(16), (17), and (21), some of which appears in a previous
paper.® More than 40 resonant wavelength and external
Q measurements have been made on 12 different inter-
digital magnetron cavities in the cavity and first-order
mode with the ends of the interaction space open and
closed. The parameters r, ro, «C, d, S, and M for these
cavities varied by aTactor of 2 to 1 or more.

The results on 6 typical cavities appear in Table I.
The discrepancies between measured and calculated val-
ues are seen Lo be relatively small except for the Q values
when n=1 and the cavity length d is small. Care was
taken in measuring the Q values to climinate errors. IFor
example, the output line was uniform and there was nc
glass in the output line. The errors in the Q values when
n =1 are attributed to effectively larger loop area due to
the opening in the coaxial output line where the loop
joins the inner conductor. It can be shown that this
should affect the n =1 mode more than the cavity mode
(n=0), and should be much more pronounced when the
cavity length is small, since the dimensions of the coaxial
line remained the same.

In order to climinate errors in calculations of tooth
capacitance, this quantity was measured on a bridge to
an accuracy of within 2 per cent. Because of special con-

s J. F. Hull and A. W. Randals, “Iligh-power interdigital magne-
trons,” Proc. I.R.E., vol. 36, pp. 1357-1363; November, 1948.
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struction loop inductances could be determined to an
accuracy of within 4 per cent by flux-plotting tech-
niques.

CONCLUSIONS

From (16), (17) and (21) the resonant wavelengths
and external Q's of interdigital magnetrons of pill-box
cavity type may be calculated for various order modes.

Although a certain amount of indeterminateness ex-
ists in the resonant wavelength calculations when 7 is
greater than 0 because of the open ends of the interac-
tion space, the practical value of the constant G which is
determined by this boundary has been determined for
typical cavities. The theoretical value of G when the in-
teraction space ends are closed has been verified experi-
mentally.

It may be noted from Table I that the external Q for
n=0and n=1 are of the same order of magnitude. If the
loop reactance is small compared to the output line im-
pedance, the external Q's of the n =0 and n =1 mode dif-
fer by a very small percentage.

It is to be pointed out that the assumptions in the
derivation of these equations did not take into account
currents flowing outside of the cavity due to cathode
coupling.® If the impedance presented to the tooth struc-
ture by the cathode is infinite, no correction for this ef-
fect is necessary. If this impedance is finite, it may be
taken into account by means of the equivalent cathode
circuit theory presented in the previous paper.*

Correction of the resonant wavelength equation for
distortion of the fields within the interaction space by
the cathode has been neglected because the ‘effect is
small. Typical resonant frequency changes due to inser-
tion of the cathode are 3 per cent, being a frequency de-
crease for the cavity mode, and a frequency increase
when >0,

CRODE=T0O
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The Solution of Steady-State Problems in FM’

BERNARD GOLDf, MEMBER, IRE

Summary—If a physical network is approximated by a poly-
nomial, the output wave may be expressed in terms of the deriva-
tives of the input wave. This fact may be used to advantage in the
solution of steady-state problems in FM, when the sideband method
is impractical and the quasi-steady-state method invalid.

If the range of approximation of the network function coincides
with the nonnegligible part of the spectrum of the input wave, and if
an orthogonal polynomial is chosen as the approximating function,
then a practical method of solving steady-state FM problems can
be established. In this paper, such a method is established, the
various problems related to its validity are investigated, and exam-
ples of the method are demonstrated.

I. INTRODUCTION

HE TWO WELL-KNOWN methods of dealing
Twith steady-state FM problems are:

1. The sideband method whereby the FA wave
is expressed as a Bessel function summation.

2. The quasi-steady-state (or instantaneous fre-
quency) method, which assumes that the impedance of
the network changes instantancously with the fre-
quency.

The sideband method is rigorous, and if the modula-
tion index is not large, practical. For large modulation
index, however, the number of sidebands become so
large that the labor involved in computing a result is
prohibitive,

The quasi-steady-state method allows for much
simpler computation, but leaves unanswered questions
concerning its validity.

Carson,! has expressed the total response as an infinite
series, the first term of which is the quasi-steady-state
response. He has also obtained an approximate result
involving the quasi-steady-state result plus one correc-
tion term. Gladwin,? van der Pol,® Jaffe,* and others
have made use of, or slightly extended this result.
Franz%, by treating the network function as a Fourier
series, has obtained a general result and has also estal-

* Decimal classification: R148.2X510. Original manuscript re-
ceived by the Institute, December 6, 1948; revised manuscript
received, March 31, 1949. The work described in this paper was ac-
complished at the Microwave Research Institute of the Polytechnic
Institute of Brooklyn, under the auspices of the Office of Naval
Research.

t Avion Instrument Corp., New York, N. Y.

' J. R. Carson and T. C. Fry, “Variable frequency electric circuit
theory with application to the theory of frequency modulation,”
Bell. Sys. Tech. Jour., vol. 26, pp. 513-541; October, 1937.

2 A. S. Gladwin, “The distortion of frequency-modulated waves
by transmission networks,” Proc. L.R.E., vol. 35, pp. 1436-1445;
December, 1947.

3 B. van der Pol, “The fundamental principles of frequency
modulation,” Jour. TEE (London), p. I, vol. 93, pp. 153-159;
May, 1946.

¢D. L. Jaffe, “A theoretical and experimental investigation of
tuned circuit distortion in frequency-modulation systems,” Proc.
LR.E,, vol. 33, pp. 318-334; May, 1945.

*W. J. Frantz, “The transmission of a frequency-modulated
wave through a network,” Proc. L.R.E., vol. 34, pp. 114-125; March,
1946.

lished a validity condition for which the quasi-steady-
state method holds.

In his paper, Franz gives the reason for choosing, as an
approximation to the network function, a Fourier series.

“The power and real exponential series were avoided
because such scries increase without bounds outside the
chosen interval as the argument becomes large . . . the
products of the side frequencies and the value of the
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
interval."”

It will be shown later that if the network function is
approximated by a polynomial over a given range, then
for all practical values of the parameters, the product of
the polynomial and the sidebands outside the range of
approximation is still negligible. Assuming that this is
true, then the method to be described makes possible a
general formulation of the problems, that is, the solution
obtained applies to any type of modulating signal.

The sideband method affords a practical solution
only when the number of sidebands is small. The quasi-
steady-state methods affords a solution when the audio
frequency is low, or the deviation is low. Furthermore,
no simple criterion exists for the determination of the
validity of this procedure.

Thus, a gap exists. It is proposed to help fill this
gap by a method involving a polynomial representation
of a physical network.

I1. PoLyNoMIAL METHOD OF SOLUTION

The admittance of a given network may always be
expressed as the sum of its real and imaginary com-
ponents. If, in addition, as is true in many cases,® the
real part is an even function of frequency and the
imaginary part an odd function, then the former may
be expressed as an even polynomial and the latter as an
odd polvnomial. Thus

N N
Y(Z) = Z (12"22" + IZ 02,,.“22"'“.

n=0

(1)

Now, the current output may always be written as an
inverse Fourier transform.” Thus

. 1 e
i()) = — f V(2)Y(Z)eidz
2rJ
where

’ V(z) :—fmv(t)e““dt‘.

C-

(2)

¢ The solution will be carricd through for these cases. However,

the1prol)le|x| 1s not more complicated if no such assumption is made.

N.F. Gardnerand J. L. Barnes, “Transients in Linear Systems,”
John Wiley and Sons, Inc., New York, N. Y., vol. I; p. 99.
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If, in addition, the spectrum of the input wave lies
within a finite band, say #w., then in accordance with
(1) and (2)

1 N we
i) = — 2, a,,,f V(Z)ei*Z*dZ
2r ne=0 —we
N we
+ 1Y asm f V(2)ei*ZHdZ, (3)
ne=0 —e
Also, since
1 o
v(t) = —f V(Z)e'*tdZ 4)
2rJ e
then
dv(?) i wa(Z) iz g7 (5)
= — e
dt 2rJ _we
dmo(t) (@) e )
= V(Z)ei*ZndZ. (6
e 27 f_u, @ )

It is thus seen that the output, as given by (3), can be
expressed in terms of the derivatives of the input wave.
In fact, the output may immediately be written as
follows

agw® + ap® — apw® — anp®

+ a@® + ap® — -

i(t) =
(7)
where

dmy

‘v(") == .
dt~

Equation (7) is the final formulation of the general
problem. What must now be done is to:

1. Set up a convenient system of obtaining the besc
polynomial approximation to a given network.

2. Investigate the possible restrictions to its validity
and determine the boundaries of practicality of this
method with relation to the sideband and quasi-steady-
state method.

3. Apply the procedure to a given network. A
singly tuned circuit will be used to demonstrate the
method. It should be pointed out, however, that once
the constants of the polynomial are obtained, then the
result has the same form for any network. This is ap-
parent from (7) where it is seen that £(¢) is a function
only of the polynomial constants and the input signal.

I1l. TECHNIQUE OF POLYNOMIAL APPROXIMATION

A real network function is completely defined by
specification of its real and imaginary components.
Furthermore, an approximation of these may be ob-
tained to within any degree of accuracy desired. This
approximation has heen formulated by (1) and consists
of a polynomial representation.

The following must bhe defined.

1. On what basis may the degree of the polynomial
be determined?
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2. How may the constants of the polynomial be de-
termined in the simplest manner and to give the most
accurate approximation?

To answer these questions, it is necessary to investi-
gate the spectrum, or sideband distribution. First, it is
convenient to introduce a few definitions.

B =modulation index

p=audio frequency

D =deviation

a=bandwidth of network (3 db point)

n =number of significant sidebands.

The following identities hold:

w=D/a
D=pB
l=np/a.

The parameter [, which is the ratio of the width of
the sideband spectrum to the defined bandwidth of the
network, is the sole factor in determining the degree of
the polynomial required (except for the shape of the
particular network function), for it defines precisely
the range over which the representation is to be valid.
From the above definitions,

nw

n

(8)

l
or —
w B

Since n is dependent entirely on B, it is possible to
tabulate !/w as a function of B only. This is done in
Table I, for a few values of B.

TABLE |
B l/w
0.2 15
1.0 4
2.0 3
3.0 2.33
5.0 2
10.0 1.7
15.0 1.6
25.0 1.4

Table I is based on known tables of Bessel functions.
For instance, for B=1, 4 significant side frequencies
appear; thus =4 and [/w=n/B=4.

Thus, it is necessary to specify only w and B in order
to carry through the problem.

Now the question of the determination of the poly-
nomial constants should be investigated.

1. The most practical means of calculating the poly-
nomial constants is on the basis of the least square ap-
proximation. This method insures that the magnitude of
the area hetween the actual and approximating curves
is a minimum. Stated mathematically, if f(x) represents
the actual function and S(x) the approximation, then

!
f [f(x) — S(x)]dx is a minimum. RN
J

2. If an orthogonal sct of functions is chosen as the

approximate representation, then this automatically in-
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sures that the least square approximation holds true.
By an orthogonal set is meant the following. Let

S = '(b' .
(x) z:, a,®.(x) (10)
Then, if
c 0 for r s
f b, (%) Bu(x)dx = (1)
. 1 for r =3

S(x) is the development of the orthogonal set ¢,.

There are many sets of functions which satisfy
orthogonality conditions. ’robably the most well known
is the ordinary Fourier series. For our purposes, the
Legendre polynomial is the most adequate. It is denoted
by P.(x) and has the following property:

" x
> CP, <7) with
re=1

'+§ x .
C, ~—1—w[f(r) (1)“ (12)

The Legendre polynomials may be found in standard
texts.

4. The great advantage of using an orthogonal poly-
nomial can be summarized in two statements.

(a) There is no need to solve ponderous simultaneous
equations. ,

(b) The values of the constants ¢, are not interde-
pendent. Thus, in order to make the representation
more accurate, there is no necessity to retrace the previ-
ous steps. Each succeeding term makes the entire poly-
nomial more accurate.

S(x)

IV. GENERAL FORMULA FOR SINUSOIDAL MODULATION

The current response () will now be formulated for
the case of pure sinusoidal modulation. The input
voltage v(t) is given by

v([) = ¢'Bsin pt (13)

It may now be noted that the polynomial expansion
of Y(Z) (as given by (1)) could have been made with
respect to the ratio of frequency to bandwidth instead

of with respect to frequency. That is, in (1), let
a,=b./a"
Then, (1) becomes
N b2“71 N by r 220t
vz =2 ——+i (14)
e ) a N a

If this last formulation is used instead of (1), then the
following replaces (7).
bﬂ)(” b y(2) b;v"’

- .

a a? al

i(t) = bov® + (15)
This last formulation is more convenient to use.

In the Appendix are tabulated the first 9 derivatives
of v(¢). Using this and (15), the final result mav he
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written as follows:
i(t) = R+ iXeBomp

R=Ag+As cos 2pt— By sin 2pt+ A4 cos 4pt— By sin 4pt
+Aq cos 6pt— By sin Opt

X =4, cos pt+ By sin pi+A; cos 3pt+ B, sin 3pt
+A; cos Spt+ By sin Spt+ A7 cos Tpt

LAY c<5+ 15 1 )
4 R R — PR
+b‘w<x+2m> N6 &pr 2p

(16

lo—bo+

35 35 63
*”“’””(Eﬁfm 8B 2/3°>
bow? 15 10
A’:?H‘w‘(' +W5> <3 o 2/%)
+wa<l‘+313 231 )
RANTR T T
bow 7189 1701
A= g e (m*m) (55t 5
bewt 1 133 byw*
A= +bgw“<—+~~—> Ag=-—
32 16 1652 128

o < S 1Y, 7<105+35+ (>3>
[ S ——db—— wl —+—4+—
YRR Y 2m> "\328 B aps

63 1575 735 255
+b9w9< -+ >

168 1657 285 2B
. 565w6+b"w7<gl4+17“5> +b9w9< 03 693 3885)
4B 8B 453 168 483 4B
/§6=21b7‘w74+b9u9< 2 +1323> g v bow?
328 168 ' 1653 28
A |=b1w+b3w"<i+i> + bswh <i+—ls—+i>
1 pe 8 4B
N
64 4B 4B+ B
+b9u,9<.gs_ .;SE:S_ B§+.§é+i>
128 3252 8B4 4Bs ' ps
Ag= ﬁzﬁ—{—bau;f’(i_*_ E-_>+ ) <21+ S +ﬂ>
1 16 4B2 64 287 1B
(200 5o
64 3282 1654 48
bsw® 9 861 6951
ST <7 '/;>+° <64+32/si+|6/;‘>
4, ( 9 -31) A9=b9w9
56 3282 256
/;._’.’

3
b o
o <2B +1s=> +bs

+B s( 335 +l()5 1
w ——
" \16R 2ns+m)

6<15+15+1>
Y &B 283 js
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B;=i i‘i‘_*_b‘wo(_?s__*_is_)
e 168 ' 2B?
+bs‘ws< i +’7—§§‘ ’4—§§‘>
16B 8B* 2B°%
‘;s=15b°w°+bsws< = +5_2§> Bv=bsw8< 7 >
16B 16B 8B? 16B

It should be noted that the number of harmonics
contained in R and X is equal to the degree of the
polynomial, whereas, in the sideband method, the
number of harmonics is equal to the number of side
bands.

V. INVESTIGATION OF ACCURACY AND VALIDITY

Two questions must be asked in this respect.

1. Does the known error in the polynomial approxi-
mation serve as a good indication of the error in the
output? '

2. Under what conditions is the contribution out-
side the range of approximation negligible, and non-
negligible?

The first question is answered on the basis of linearity
considerations. It follows immediately from an examina-
tion of the inverse Fourier transform that there is a
linear relationship between the error in the polynomial
and the error in the output.

In order to answer the second question, it is necessary
toinvestigate the behavior of the products of sidebands
and the polynomial outside the region of approximation.
It is desired, therefore, to obtain an expression for
Bessel functions which is valid for values of the order
slightly greater than the argument and remains valid
as the order is increased and the argument remains
constant. Such an expansion is given in Watson® for a
Bessel function of order n.

1 35
— ——coth?«a
en(tanh a—a) 8 24
Jatn sech @) ~—————— + - (17
) \/2rn tanh ¢ wtanha )
Making the substitution B=n sech a
———coth?a
cB(sInha—aoolba) 8 2
J Boosh o( B)~ +.-.].(18)

V2w Bsinha

Keeping B constant and varying a is equivalent to
keeping the modulation index constant and varying the
order of the Bessel function. It is to be noted, also, that
the above expansion is not valid for very small values of
a, since coth a becomes very large. However, we are
interested in investigating the rapidity of convergence
for values of cosh a of the order of 15 and greater. In
that range, the expansion (18) can be represented quite
accurately by the first term, becoming more accurate as
a is increased.

B sinh a

‘94; G.N. Watson, “Bessel Functions,” Cambridge University Press,
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If two values of a are chosen, with a;>a,;, and the
ratios of the corresponding Bessel functions taken, this
is
MB_)_ — eB(.inh a3—a3 cosh s3—sinh aj1+ay cosh a1
J B cosh- ay(B)

X /(sinh a;)/(sinh as).

The expression within the brackets in the exponential
is always negative over the range of validity of the ex-
pansion, and becomes more negative as the ratio of
as to a; increases. Thus, the ratio of the Bessel functions,
denoted by r;, may be written

(19)

r1 = e ‘B\/(sinh a,)/(sinh ay). (20)

Now the ratio of an nth degree polynomial for two
values of the frequency corresponding to a, and a,, is
given by (if only the nth term of the polynomial is con-

sidered)
(pB cosh a2>" (cosh a,)"
o p B cosh a, "~ A\coshay/

cosh az\ " /sinh ap\!/?
r = nrrqs = e 8 " .
cosh a, sinh a,
To obtain quantitative ideas as to the value of r, let
us investigate ¢ more closely. Therefore

tanh a;
— a4 cosh a,[ - 1]

as

tanh a,
+ a, cosh a.[ - 1].

a,

(21)

Thus

(22)

{ =

(23)

As a; becomes larger, the value of tanh a,/a; becomes
smaller compared with 1, and, if a, is kept constant

tanh ay

- 1]. (24)

t = ag cosh a2 + ¢, cosh a,[
a

On the basis of (22), it follows that r goes to zero as
a, increases, or, as the order of the Bessel function in-
creases. This fact removes doubt as to the over-all
validity and leaves open only the question of possible
errors. For very small values of B, the sideband method
is preferable to the polynomial method. Thus, we may
arbitrarily set up a boundary of practicality of the latter
method. Let us choose B =7 as this boundary. Further-
more, since it has been shown that the contribution far
outside the range of approximation must be negligible,
we need only investigate the comparative magnitudes of
two sidebands relatively close to each other and close
to the range of approximation. For instance, for a;=2.5
and a,=1.5, r becomes (for a 10th order polynomial)
approximately equal to e~%, which is surely negligible.
Other numerical examples bear out the first one, namely,
that for B =7, the contribution outside the range of
approximation may be ignored. Further, when it is
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realized that just outside the region of approximation
the polynomial representation is still not too inaccurate,
it is safe to ignore the possible errors.

VI. REMARKS

IFigs. 1 and 2 give the results of calculations applied
to singly-tuned circuits and a comparison of the results
obtained by various methods.

1
Zi
B I [ S

—.8 [ —+ I U SR———
Y \\ ]V B

—
— af}— \ I 4—4 . S

—
| t ‘
- I | I S . ]
°. 8 1.6 24 ] 52 Pr—w i i
| (RADIANS) [
T 1 g

—-4—*» I .I + {
—t—— -+t s
--.GT- I —+— 1
— ——1 4
1 +
L:.LZ]. i I L 1

Fig. I—Response of singly tuned circuit to sinusoidal FM (w=
B=1); plots of instantaneous frequency, 4 sideband mclhod
B polynomial method, C quasi-steady-siate method.

Fig. 2—Response of singly tuned circuit to sinusoidal FM (w=4,
B =20); plots of instantaneous frequency, 4 sideband method,
B polynomial method.

Most networks used in actual systems do not have
the good fortune to be represented by a simple analytic
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111
expression. Such networks are best treated from a
graphical point of view. The method of polynomial rep-
resentation lends itself to these networks just as casily
as does the simple tuned circuit. Instead of the Legendre
polynomial, we could make use of the Tschebyscheff
polynomial. The advantage of the latter lies in the
fact that it is orthogonal with respect to a finite sum as
well as with respect to an integral. Thus, the con-
stants may be determined simply from a knowledge of
the location of a finite number of points on the graph of
the network function.

The procedure used in obtaining the constants of the
Legendre polynomial is valid for any network whose
function is analytically defined. The procedure used
in obtaining the constants of the Tschebyscheff poly-
nomial is valid for any network whose function is
graphically defined. In all cases, (16) gives the re-
sponse of the network to sinusoidal FM.

APPENDIX
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Fed by a Coaxial Line”

CHARLES H. PAPASY, ASSOCIATE, IRE, AND RONOLD KINGT, SENIOR MEMBER, IRE

Summary—The input impedances for conical antennas fed by
a coaxial line have been computed for several flare angles. A graph
of the auxiliary functions {.(x) is included to facilitate impedance
calculation for any large flare angle.
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Specifically, the problem consists of determining the
impedance which a wide-angle conical antenna of length
a and flare angle 0, presents to a coaxial line with an in-
finite flange (Fig. 1). Its solution is formulated by con-

SPHERICAL CAP

Vs ~
/ ‘\AY CONICAL ANTENNA
/ \
/ r MATHEMATICAL
H

/ \( HEMISPHERE

| \
— Wkis

290

JUNCTION/

2

‘/-COAXIAL LINE

Fig. 1—Spherically capped conical antenna fed by coaxial feed line.
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sidering two regions: the antenna region, p,SrSa,
6,0 < (w/2), and the radiation regionr2a, 00 = (r/2).
The nonvanishing components Ify, Es, and E, of the
magnetic- and clectric-field vectors are expanded in
series of eigenfunctions appropriate to the two regions
and the unknown constants of the expansions are de-
termined by forcing the anninilation of /24 over the
spherical cap and the continuity of /1, and Eg across the
mathematical surface r=a, 0, 0= (n/2). At the junc
tion between the antenna and line, the higher nonpro-
pagating modes are neglected from the start, but since
it is assumed that the characteristic impedance of the
antenna is equal to that of the line, the difference be-
tween the input impedance of the antenna and the
equivalent impedance which the antenna presents to
the end of the line is capacitive and assumed to be
negligibly small. The formal solution finally appears in
the form of an infinite set of simultancous equations.
The equations are quite unmanageable, but when it is
noticed that, for large values of flare angle, the comple-
mentary modes in the antenna region can be neglected
in comparison to the TEM modes (one outwardly prop-
agating, the other reflected from the surface r=q,
0,<0=<(m/2)), the problem reduces to the evaluation of
the reflection coefticient of the TE M wave.

IMPEDANCE ForMmULA

Within the limits of the above-mentioned approxi-
mations, it is found that the input impedance of an an-
tenna! of length a and flare angle 8, is given by

1 — B/«
in — [ — (])
1 4+ B/a
where
o
Zo=060In col;. .
60 = 2n+1
14i— Y ———— [Pa(cos 0o) }%.(ka)
; Zona n(n+1)
— = 2ika " 2 +1 7 ) o (3)
“ = n
]+7 o L I)n cos § 2n k
Izorgl n(n—{-])[ ( 0) |2 a(ka)
and
@ (ka)
(n(k(l) = ] (4)

n
Hoy®(ka) — — h,'P(ka)
ka

ho? is the spherical Hankel function of the sccond kind,
and P, (cos 08) is the Legendre polynomial of order .
The summation in (3) is over odd integral values, Z, is
called the characteristic impedance of the antenna, 8/«
is the ratio of the amplitudes of the reflected and out-
wardly propagating T"EM waves in the antenna region,
and {a(ka) is a complex auxiliary function of the real
variable ka (ka =2w +free-space wavelength). It should
be emphasized that (1) accurately predicts the equiva-
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lent impedance which the antenna presents to the end
of the coaxial line only when the characteristic imped-
ance of the feeding coaxial line; i.e., 60 In py/p, where p;
and py are the radii of its outer and inner conductors, is
made cqual to the characteristic impedance of the an-
tenna (2), and the flare angle is large. It is clear that
there must be an upper bound to the admissable flare
angles since, as the flare angle increases, the bhend at the
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Fig. 3—Imaginary part of the zeta function b.(x) versus x.
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junction becomes more severe thereby making the
higher nonpropagating modes there far from negligible.
From experimental results (Fig. 4), it is safe to choose
30° as the lower bound for 6.

RESULTS

Using (4) the auxiliary functions {a(x) = ga(x) +17ba(x)
have been computed for various values of » and x (Figs.
2 and 3). With the aid of these computed functions,
B/a and Z, can be evaluated for an antenna with length
ka and flare angle 6, from (3) and (2) respectively. Sub-
stituting the values of 8/a and Z, thus obtained into
(1) yields the input impedance as a function of 8, and ka.

For 6, =30°, 40°, 55°, 70°, the input impedances were
computed for values of ka ranging from 0 to 8 (Figs.
4,5, 6,and 7). It is seen that the input resistance curves

100 : - I
TN INPUT RESISTANCE
/ N | :
80b———+— _*._—_-:. — == AP= A S—
i -1 7L~ 7
N -
/ ~l_~ | cHARACTERISTIC
! | I RESISTANCE
60} = — 4 !
r 7' ‘
+
/ | |
‘o . - —— . S
\.\ |
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\
of—ff— A\ |-
INPUT REACTANCE
» \ . ~
% o T —t — - .
° s’
A
- |
| f |
-20}—— { I G B |
! r
40— — -T | i
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-80 -+ — - o -
[ N T B e
' |
-100 1 r -L |
| ] |
| | |
3 4

w
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(o] 1 2 7 8
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Fig. 4—Input resistance and reactance versus the parameter ka for
8o=30°, solidline indicates calculated values; broken line, meas-
ured values.

rise from zero and perform damped oscillations about
the characteristic resistances, and the imput reactance
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curves start at large negative values and then perform
damped oscillations about zero ohms. For 8= 30° the
remarkably close agreement between the calculated and
measured impedance® is seen.
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Fig. 7—Input resistance and reactance versus the parameter
for 8o =70°.

% Harvard Radio Research laboratory Staff, “Very High, Fre-
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An Analysis of Distortion Resulting trom
. *
Two-Path Propagation
IRVIN . GERKS%, SENIOR MEMBER, IRE

Summary—It is shown that the nonlinear distortion caused by
two-path propagation for the case of amplitude modulation is a result
of overmodulation in the resultant signal. This distortion becomes
severe only when the time delay on the secondary path is large and
the amplitudes are nearly equal. In the case of an FM system, the
instantaneous frequency of the resultant signal has sharp, spike-
shaped variations which reach large amplitude when the signals are
of nearly equal strength. It is shown that an averaging process occurs
in the receiver tending to minimize distortion when the discriminator
is so designed to as respond linearly to a very wide frequency devia-
tion. Such distortion may be quite small when the transmitter
frequency deviation is made large. When the discriminator range is
too nariow, the distortion is increased, especially for wide-band
systems. A discriminator range of several thousand kilocycles may
be necessary to achieve optimum suppression of distortion.

INTRODUCTION

T HAS LONG been common knowledge that the ar-
I[ rival of a signal at a receiver over two or more paths

of different and variable length may cause not only
fading, but also severe distortion of the modulating
wave shape.'™® No effort will be made here to reyiew the
conditions which give rise to multiple-path propagation.
Itis sufficient to indicate that, in the case of propagation
by way of the ionosphere, one or more secondary paths
may exist with a delay time as great as a millisecond.
Recently it has been recognized that multiple-path
propagation often occurs in the vhf and uhf bands, es-
pecially at large distances.* In this case the relative de-
lay time is much shorter, however, probably never ex-
ceeding a few microseconds. It will be shown that the
distortion caused by sccondary paths becomes severe
only when the relative delay is great enough to cause a
modulating-frequency phase lag of several degrees.

The distortion associated with multiple-path propaga-
tion was first recognized and studied in connection with
systems employing amplitude modulation.!=3% A con-
siderable degree of relief has been secured through the
use of diversity reception, steerable antenna arrays, and
single sideband systems. More recently it was observed

* Decimal classification: R148.2. Original manuscript received
by the Institute, July 2, 1948; revised manuscript received, May 13,
1949. Presented, 1949 IRE National Convention, New York, N. Y.,
March 9, 1949.

t Collins Radio Company, Cedar Rapids, lowa.

! R. Bown, D. K. Martin, and R. K. Potter, “Some studies in
radio broadcast transmission,” Proc. I.R.E., vol. 14, pp. 57-131;
February, 1926.

? R. K. Potter, “Transmission characteristics of a short-wave
telephone circuit,” Proc. I.R.E., vol. 18, pp. 581-648; April, 1930.

1].C. Schellen%{, “Some problems in short-wave telephone trans-
mission,” Proc. L.LR.E., vol. 18, pp. 913-938; June, 1930.

¢ Kenneth A. Norton, “Propagation in the FM Broadcast Band,”
Advances in Electronics, vol. 1, Academic Press Inc., New York,
N. Y. pp. 381-421; 1948.

* Charles B. Aiken, “Theory of the detection of two modulated
waves by a linear rectifier,” Proc. I.R.E., vol. 21, pp. 601-628;
April, 1933.

that a similar, and often more severe, form of distortion
occurs in frequency-modulation systems.®? Various
writers have presented studies to indicate the nature of
this effect in FM reception.®=!! In the analysis to fol-
low, the previous work will be briefly summarized, and
it will be shown that the distortion in FM systems can
be considerably reduced by the proper choice of receiver
characteristics. For the sake of simplicity, the treatment
will be limited to the case of two propagation paths, a
single modulating frequency, and a ratio of signal ampli-
tudes near unity.

AMPLITUDE MODULATION

It will be assumed that two signals are similarly am-
plitude-modulated, and that one is delayed by a time
At relative to the other. These signals are applied to an
ideal AM receiver, which is assumed to be responsive
only to the instantaneous amplitude or the envelope of
the resultant of the two signals. Let signal 1 be repre-
sented by

el = (1 + mg, sin pt) sin wt, (n
and signal 2 by
er = Ea[l + m, sin p(t — Al)] sin w(t — AL).  (2)
Then
e=¢+ e
= [F:(1 + m, sin pt)
+ Es cos B{1 + m, sin p(t — A)} ] sin wt
— Exsin {1 + mg sin p(t — Al)} cos wt (3)

where S8 =wAt. The two quadrature components of (3)
may be combined to yield the envelope of the wave:

E? = Ex[(1 + mgsin pt)? + 62{ 1 + m, sin (pt — 2a)] ~
+ 2bcos B(1 4 m, sin {1+ masin (pt — 2a) 1 4)

N Mu:;ra)y G. Crosb‘y, “Frequency modulation propagation charac-
ten?tlcs, I RoC. [.R.E., vol. 24, pp. 898-913; June, 1936.

Murray G. Crosby, “Observations of frequency-modulation

})r(})paglz:)t;?n on 26 megacycles,” Proc. LR.E,, vol. 29, pp. 398-403;

uly, .

cau:elt\lhll);rlarrriullts:p g‘o:ringtop, . “F:eguency-modulation distortion

ipa ransmission,” Proc. 1.R.E. 5 5 =

891; December, 1945, won < B ig 8 6 5T Sk

sys:eﬁis'I(;.uel\lgyersit"‘N%nlinearity in frequency-modulation radio

multipat ion,”

256268 Mar 1946.p Propagation,” Proc. I.R.E., vol. 34, pp.

. ’°rlgor P’!usc, “Investigation of frequency-modulation signal

mtelI; erence,” Proc. I.R.E., vol. 35, pp. 1054-1059: Cctober, 1947,

lamiCLéOI};"ﬁ;g\.un:bau zlmd J. Granl'yr;d, “The possibility of transat-
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where The resultant signal is
E
- E’ <1 e = E,(sin wyt + b sin wal), (10)
1
pAL where b= (E,/E;) <1. The instantancous frequency of
=== this signal is given by:

Since distortion is observed to be most severe when the
carrier fade is deepest, we need investigate only one
case, namely, 3=(2n—1)w, n=1, 2,3, -+-,cosf=—1.
For this case, we have

E=Ei[14mq sin pt—b{ 1+ m, sin (pt—2a) }]

] e 1 (e o (t+6>] (5)
=FEi(1— Ma 4/ ——— s1n d
A )[ me g/ Ty Y
where
bSinZa
tan = ———— -
1 — b cos 2a

This envelope may be subjected to harmonic analysis to
determine the magnitude of the various harmonics of
the modulating frequency p. It will suffice here to indi-
cate that (5) represents a reduced carrier of amplitude
E.\(1—=b) modulated with an effective index

, /‘/1+ 4 sin? a
My, = My - .,
(1—0)*

It is apparent that m,’ may greatly exceed unity when
sin a is large. For the case where sin a=1, we have

me=m(55)
m, = m,\ ——}.
1—-9b

Thus, when a=0.9, m, =19m, Furthermore, the ef-
fective modulation index varies widely with frequency,
since a is proportional to p. We see that distortion in this
case results essentially from a great increase in the ef-
fective modulation index at certain frequencies. How-
ever, so long as sin « is kept very small or At is limited to
values on the order of 1 microsecond, the distortion may
generally be neglected for values of b less than about
0.95. Thus, little distortion may be expected on most
tropospheric propagation paths when amplitude modu-
lation is employed. '

(6)

(7

Casi: oF Two UNMODULATED SIGNALS APPLIED
T0 AN FM RECEIVER

The trcatment of the behavior of an ideal FM re-
ceiver under conditions of multipath propagation is best
introduced by assuming two unmodulated signals with
an arbitrary frequency difference impressed upon the
recciver and investigating the output of the receiver.!o:1!
It will be assumed that the receiver is totally unrespon-
sive to any amplitude variation of the resultant signal
and that the output is exactly proportional to the devia-
tion of the instantancous frequency from some fixed
value.

Let the two signals be represented by

€ = E, sin wl

(8)
)

ey = Ez sin wal.

1 + b’ + Zb CO; (wl - wz)t

b4 b W] — W
ﬂ=fr+M[ o beos )Lﬂ, (11)

where Af=f,—fi is the beat frequency. Here E, is as-
sumed to be larger than E,. If we had assumed £, <E,,
we would have obtained

b? 4 b cos (w1 — w2t :I 12)
1 4 b2 + 2b cos (wy — wa)t] (

’»'=f2—Af|:

By the usual methods of harmonic analysis, (11) and
(12) may be reduced to

fim fu AFS (= 1)"bm cos nwr — wo)t

n=1

(13)

f.- = f2 — Afi (—' 1)"+lb" ¢os n(w1 == wz)l.

ne=]

(14)

Since the harmonic series contains no constant term, the
average value of the frequency over a beat-frequency
cycle is seen to be identically equal to the frequency of
the stronger signal. Hence, if the beat frequency and its
harmonics fall outside the limits of the frequency band
accepted by the receiver, the receiver output is con-
trolled only by the frequency of the stronger signal. The
weaker signal is completely suppressed, however closely
the ratio b approaches unity. If the beat frequency or
any of its harmonics fall within the band accepted by
the receiver, the weaker signal contributes a noise out-
put, the root-mean-square value of which is proportional
to

_i',; - 2n
N,m._\/§ Eb, (15)

where 7o, Af <cutoff frequency of receiver. Since the
noise output is proportional to the beat frequency, such
noise may be appreciably mitigated by the use of high-
frequency de-emphasis in the receiver. It is found that,
in a receiver having a cutoff frequency of 4,000 cps and
a standard de-emphasis circuit, the maximum value of
the noise output for 5=0.9 is about 33 db below the
level corresponding to 75 ke frequency deviation. This
occurs for a 4,000-cycle beat frequency.

Equations (11) and (12) show that the instantaneous
frequency varies in an unsymmetrical manner about its
average value. As b approaches 1, the denominator ap-
proaches zero at the point where cos (wy—wa)t=—1, and
a very sharp, narrow spike occurs in the frequency
curve. The excursion at this point is ordinarily so great
that the frequency range of the discriminator is ex-
ceeded and peak clipping occurs. The result is that the
positive and negative loops of the curve no longer cancel
in the discriminator output, and the output may be
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profoundly influenced by the weaker signal, even for
beat frequencies far outside the recciver band. Hence,
the receiver loses its fidelity of response to the stronger
signal only, even though the beat-frequency noise may
be unaflected. That is, peak clipping may occur only for
the high beat-frequencies beyond the receiver accept-
ance band.

Substituting cos (w;—w)t=—1 in (11) and (12), we
get

fimin = fi — —bA—/' (16)
1—%
/:’mnx=f2+—ﬂ' (17)
1 -9
The total pgssible frequency excursion is
fi max — fimin =Af<1+—2b—>= l‘t{)A/- (18)
1 — b 1 -5

For a presumed transmitter deviation of 75 kc, the
maximum beat frequency is 150 kc and the maximum
excursion in the discriminator is 1Y times this value, or
2,850 kc, for b=0.9. Since a discriminator is ordinarily
designed for a range of only 150 k¢, we see that a con-
ventional receiver is unlikely to yield the fidelity of re-
sponse to the stronger signal previously mentioned when
b approaches unity.

Casi oF Two SIGNALS SIMILARLY IFREQUENCY
MODULATED AND APPLIED TO AN FNl RECEIVER

Various writers have presented an analysis for the
case of two propagation paths and a single modulating
frequency.®~!® For the sake of convenience, the method

00— T T
o ———————— + + -
200} —t + + -+ . 4 It ‘
- = = tm3inm
\ —— = 0mr
130 ————+ T -+ t t T
00— -+ + + + ~ 4 + + 1
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is summarized here. Let signal 1 be represented by

) = I’;l sin ¢| (19)
and signal 2 by
€2 = Ez sin ¢2 (20)
where
¢1 = w! + mysin pt
The resultant signal is
e = E\(sin ¢ + b sin ¢3) (23)

where b= (/2,/12,) <1. In this case the instantancous fre-
quency of the signal e is given by
wi = w + D cos pt + 2D sin a sin (pt — a)
b + b cos {B + 2my sin « cos (pt — a) |
I:l + b2+ 2bcos {8 + 2mysina cos (pt —-‘a)}:|
=w+4 D cos pt + wy

(24)

where D =transmitter angular frequency deviation
=pmy
pAL
a = —
2
B8 = wit
wq = distortion component of w;.

The distortion term may be written

Fig. 1—Instantaneous frequency of the distortion term relative to modulating frequency plotted ov:
B 537 and B =10, and for b=0.9, 8 =(2n—1)x. When the ordinates are multiplied by lheyml:)dulali:; el’:e(()::xi:cw
shape of the distortion component in the output of an ideal FM receiver prior to filtering. 4

B[ b’—f—bcos{B—{-Bcos(pt—a)} :I
we= P 1+b2+2bcns{6+Bcos(pt—a)}
-sin (pt — a), (25)
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where 8=2m, sin a. A plot of equation (25) is shown in
Fig. 1 for the case where B=(2n—1)r, b=0.9, and
B =3r or 10m. It is seen that the beat frequency is both
amplitude and frequency modulated by the frequency
p. Large values of B, corresponding to large modulation
index and large values of sin a, produce a high beat fre-
quency over most of the modulation cycle, so that the
averaging process formerly mentioned may be used to
eliminate the effect of wg to a large extent if the discrimi-
nator responds faithfully to the spikes.

The distortion term ws may be resolved into a Fourier
series in order to show the harmonic content and com-
pute the effective value of the distortion.?® The result
is

wqg = pB[ f: (—1)"+1b" cos nB Jo(nB) sin (pt — a)

n=1

+ i Z (—=1)~*+r+1h" cos nfB Jo(nB)

Ne=] re1l

gsin (2r + 1)(pt — a) — sin (2r — 1)(pt — a)}

4+ 33 (= 1)~+1bn sin nB Jara(nB)

ne=l r=0

Asin (2r + 2)(pt — @) — sin 2r(pt — a)}]. (26)

For the sake of simplicity, only the case will be con-
sidered where the carrier fade is deepest, i.e., where B is
an odd multiple of 7 radians. This produces a spike in
the wave shape even for small values of B and yields the
most severe distortion for small values of modulation
index and of phase delay a. For this case

sin n8 = 0
cosnf = (—1)",
and (26) reduces to

wqg = — [JB[ > bJo(nB) sin (pt — a)
ne1

% L

+ Z Z (—1)’b"]zr(nli){sin Q2r+ 1)(pt — a)

ne=l re]

— sin (2r — D)(pt — a)}]. (27)

This may also be written

wd= —pli[ i b"{]o(nB)+]g(nB)} sin (pt—a)

ne1

- ib"{-h(”k)'*‘.h(nlf)} sin 3(pt—a)

n=1

+ Y b*{Ju(nB)+JTo(nB) | sin S(pt—a)— - ] (28)

nel
or
2J1(nB)
nB
it 6J(nB
— Z bn _2(_—)
n=1 n

= 10J4(nB
+an—‘(;—)sins(p¢—a)—-.

el n

sin (pt — a)

wd = —PB[Zb"

nel

sin 3(pt — a)

] (29)
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The infinite-series coefficients
ud 2J1(nB
Ay = BY bn ) (29a)
nesl nB
2 6J3(nB
Ay = BY b 8/ ) (29b)
nesl nB

etc., were computed from tables of Bessel functions®
with arguments up to 100 and in some cases asymptotic
formulas were used to determine the Bessel functions
for arguments up to 200. The results are shown in Fig.
2. It is seen that the amplitude of the harmonic varies
in a quite irregular manner with the parameter B =2m;,
sin @ In general, the amplitude of the harmonic in-
creases with its order for a given value of B. The
strength of the high-order harmonics is not surprising,
when one considers the extreme sharpness of the spikes
in the wave shape.

To illustrate the nature of the distortion produced in
an FM receiver, we will first assume an ideal receiver
with a perfect amplitude limiter and with a discrimina-
tor which has a sufficiently large linear range so that all
variations of instantaneous frequency are converted to
corresponding amplitude variations without change of
wave shape. Moreover, it will be assumed that the de-
tector and audio-frequency amplifier respond uniformly
to all modulating signals with frequencies from 300 to
4,000 cps and effectively suppress output at frequencies
outside this band. The combined effect of the harmonics
which fall within the receiver pass band will be assumed
to be given by the root-sum-square value. That is,

vo
il = > A2

vl

(30)

where vo is the highest harmonic which falls within the
receiver pass band. Such a combination is shown in Fig.
3.

a—

— ¥ Tt [ S
8—

Fig. 2—The first four coefficients 4, appearing in (29) plotted as a
function of B for b=0.9 and 8= (2n—1)x. When the ordinates are
multiplied by the modulating frequency, these curves show the
amplitudes of the corresponding harmonics in the distortion term
of the receiver output prior to filtering.

of Harvard University,

12 Apnals of the Computation Laborator
i ambridge, Mass.; 1947

vols. 111-V1, Harvard University Press,
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Equation (24) shows that the desired receiver output
is proportional to the transmitter frequency deviation
D. Hence, the relative distortion is given by

A

my

relative distortion = ~—— (31)
D
Fig. 4(a) shows how this relative distortion varies with
the transmitter frequency deviation for various values
of a, which is one-half the modulating-frequency phase
delay angle, when the modulating frequency is hield con-
stant. It is seen that the distortion is roughly independ-
ent of a for large values of frequency deviation. For
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Fig. 3—Curves showing the combined harmonic amplitude effective
in various frequency ranges as a function of B for =0.9, 3=
(2n—1)x. When the ordinates are multiplicd by the modulating
frequency, these curves show the effective distortion output
in a receiver with a pass-band of 300-4,000 cps.

small values of frequency deviation, a reduction in sin «
produces of a very pronounced reduction in distortion.
However, even a value of sin « as low as 0.02 (a =~ 1°)
vields distortion in excess of 20 per cent for a frequency
deviation less than about 4,000 cps. Fig. 4(b) shows how
the relative distortion varies when the modulating fre-
quency varies and sin « is held constant at unity. This
illustrates the tendency for the highest modulating
frequency to yield the greatest distortion, even though
only the first harmonic is passed by the receiver. This,
coupled with the normal tendency for high-frequency
sound components to be relatively weak and yicld low
transmitter deviation, emphasizes the need for trans-
mitter pre-emphasis of the higher audio frequencies to
minimize distortion. The trend of the curves in Fig. 4
leads to the conclusion that quite undesirable distortion
may occur at carrier minimum when the frequency
deviation is less than about 10 kc. With a suitably de-
signed receiver, reduction of distortion can be achicved
at the expense of increased channel bandwidth.

Fig. 4 shows a sharply increasing harmonic distortion
with small decreasing value of frequency deviation. It
may be shown that, for the case treated (8 an odd mul-
tiple of = radians),

(32)

lim (relative distortion) = 2 sin «
B0
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Fig. 4—Relative distortion appearing in the output of a receiver with
a pass-band of 300-4,000 cps as a function of the maximum trans-
l]l)llll(‘r frequency deviation for the case where B=0.9, 8= (2n—

m.

As the modulation approaches zero, the higher harmon-
ics disappear and the distortion term contains prin-
cipally a fundamental-frequency component. Therefore,
with very weak modulation the distortion term wg may
merely increase the apparent modulation level without
causing appreciable nonlincar distortion. A somewhat
similar effect was found to exist in AM systems. How-
ever, inan I'M system the nonlincar distortion builds up
rapidly at first with increasing modulation and then de-
creases, whereas in an AM system nonlinear distortion
may be absent until overmodulation occurs and will
then build up rapidly for further increase in modulation
level.

The general effect of insufficient range in the discrimi-
natoxt to accommodate the frequency range given by
(18) is to increase the distortion. This has already been
dcm‘onslratcd on the basis of a weaker unmodulated sig-
nal interfering with a stronger signal. A study of Iig. 1
s.ugg?sts that for large values of B, that is, high modula-
tion index and long dclay time, the wave is rich in high
harmonics of large amplitude, which are naturally in-
audible or can be eliminated with a filter. Clipping of the
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spikes with a discriminator of inadequate range impairs
the tendency of positive and negative loop areas of the
curve to cancel and thus augments the magnitude of low
harmonics. The effect is somewhat analogous to the
detection of a high-frequency modulated wave with a
rectifier. It appears, then, that much of the nonlinear
distortion observed in FM systems with multipath
propagation is attributable to nonlinearity in the dis-
criminator, especially in the case of wide-band systems
where very large spikes may occur in the wave shape.
It should be noted that no increase in bandwidth of
the rf amplifier is required, since this portion of the re-
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ceiver may be assumed to be linear and responsive to
each signal individually. It is assumed also that limiter
action is unimpaired, even when the carrier amplitude
fades to a minimum.

It may be further noted that the foregoing analysis
tends to indicate a method for reducing common-chan-
nel interference between two FM signals which are of
nearly equal strength and which may be similarly or
differently modulated. In case of dissimilar modulation,
it is, of course, necessary to assure that the same signal
always remains the stronger of several arriving simul-
taneously at the receiver.

Theoretical Study of Pulse-Frequency Modulation”

ARNOLD E. ROSSt, SENIOR MEMBER, IRE

Summary—In this paper, we study the pulse-frequency modula-
tion method in pulse communication.

We do not restrict ourselves to the c