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I S A National Electronics

{ Conference and Exhibitioa
nstrument September 29, 30, October 1, 1952 ‘

SHOW Marking the eighth annual National Electronics Conference, in

Chicago, sponsored by the local sections of IRE and AIEE and
three universities, are these advances: 75 exhibits, and 99 papers in
these 21 sessions.

IRE members are invited
to the Seventh National
Instrument Exhibit and
ISA Conference by the
Instrument Society of
America.

. Servomechanism Theory, Monday morning, September 29
. High Frequency Electron Tubes
Audio
. Industrial Measurements
Magnetic Amplifiers and Servo Applications, afternoon
Television
. Equipment and Components Reliability
. Waveguides
. Transistors, Tuesday morning, September 30
10. Radar and Radio Navigation
September 8-12 11. Circuits I
12. Components, Assembly and Measurements
13. Semiconductors, afternoon

Cleveland MunlClpGl 14: Memory Tubes and Tube Reliability
15. Circuits II
Auditorium 16. Computors, Wednesday mornine, October 1

17. Antennas

18. Electronic Instrumentation

‘ 19. Engineering Management, afternoon
20. Coumg and Recording Techniques

21. Delay Lines and H. F. Equipment

Sept. 19-20
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We have moved to larger quarters!

Conference
on

Communications

Sponsored by the The Hotel Sherman, at Randolph, Clark and LaSalle Streets, Chi-
Cedar Rapids Section IRE cago, Illinois will be the new site of the 1952 National Electronics
e Conference.
Exhibits L Papers
PuoceepinGs oF TiE |.R.E. September, 1952, Vol. 40, No. 9. Published monthly by the Institute of Radio Engineers, tac., at | East 79 Street, New York
21, N.Y. I’rice per copy: members of the Institute of Radio Engincers $1.00; non-members $2.25. Yearly sulmuhmon price: to members $9.00; to non
members in United States, Canada and U.S. [’osscssions $18.00; to non lll(lllbl rs in foreign countries $19.00, Fntered as second class matter, Octoher
26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3. 1879, Acceptance for mailing at a special rare of postage is provided for
in the act of -February 28, 1925, emlnduevl in {’ar u,rnph 4, Section 412, P. 1., and R.. authorized Ovtober 26, 1927

Table of Contents will be found following page 64A
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FLUOROFLEX'-T

for

\ W TEFLON

R with the
optimum performance
youw're looking for

& =

-

“Teflon” powder is converted into
Fluoroflex-T rod, sheet and tube under
rigid control, on specially designed
equipment, to develop optimum inert-
ness and stability in this material. You
can be sure of ideal, low loss insulation
for uhf and microwave applications...
components which are impervious to
virtually every known chemical...and
serviceability through temperatures
from —90°F to +500°F.

Produced in uniform diameters,
Fluoroflex-T rods feed properly in
automatic screw machines without the
costly time and material waste of cen-
terless grinding. Tubes are concentric
— permitting easier boring and ream-
ing. Parts are free from internal strain,
cracks, or porosity. This means fewer
rejects, longer service life.

Mail in the coupon for more data.

*Du Pont trade mark for its tetrafluoro-
ethylene resin. tFluoroflexr is a Resistoflex
registered trade mark for products made
from fluorocarbon resins.

RESISTOFLEX
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RESISTOFLEX CORPORATION, Belleville 9, N. J.
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: J .. SEND NEW BULLETIN containing technical dota and informotion on ]
! Fluoroflex-T :
H [}
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H COMPANY.... :
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Meetings
with Exhibits

® As a service both to Members
and the industry, we will en-
deavor to record in this column
each month those meetings of
IRE, its sections and professional
groups which include exhibits.

A

September 8-12, 1952

I.S.A. Seventh National Instru-
ment Exhibit and Instrument So-
ciety of America Conference, Cleve-
land Municipal Auditorium

Exhibits: Mr. Ricbard Rimback,
Mgr., 921 Ridge Avenue, Pitts-
burgh 12, Pa.

a

September 19-20, 1952

Cedar Rapids IRE Technical Con-
ference Roosevelt Hotel, Cedar
Rapids. Iowa.

Exhibits: Lauren K. Findley, Collins
Radio Co., Cedar Rapids, Iowa.

a

Sept. 29, 30, Oct. 1, 1952

National Electronic Conference
Hotel Sherman, Chicago, Ill.

Exhibits Manager: Mr. R. M. Krue-
ger, c¢/o Amphenol. 1830 South
54th Ave.. Chicago 50, Il

a

October 29-November 1
Audio Fair Hotel New Yorker, New
York, N.Y.
A

December 10, 11 & 12, 1952

Joint IRE-AIEE Computers Con-
ference Park Sheraton Hotel
Exhibits: Perry Crawford, 373 Fourth

Avenue, New York City.

A
February 5, 6 & 7, 1953

Southwestern IRE Conference

Plaza Hotel, San Antonio, Tex.
Accept Exhibits

a

March 23, 24, 25 & 26, 1953
Radio Engineering Show Grand
Central Palace, New York City
Exhibits Manager: Wm. C. Copp, 303
W. 42nd St., New York 36, N.Y.

A
May 11, 12 & 13, 1953

National Conference on Airborne
Electronics Hotel Biltmore, Day-
ton, Ohio.

Exhibits: Paul D. Hauser, 1430
Gascho Drive, Dayton 3.

I
|
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An unprecedented failure-free service based on the exclusive Sprague dry assembly proc-
record is the proof of the pudding on the ess, which prevents contamination of capacitor
i . -
quality of Sprague’s Black Beauty phenolic- -
molded paper tubular capacitors!

sections during manufacture. Not only is the

% insulation resistance of these capacitors ex-

And that's why service-conscious TV and radio ‘:: tremely high, but their capacitance stability
manufacturers are showing an increasing prefer- =

and retrace characteristics are unique. The

molded housings are non-flammable and
offer excellent moisture protection.

ence for these dependable capacitors which not only

prevent expensive in-warranty service calls but which

are insurance for years of set owner satisfaction.

Write on your company letterhead faor
The superiority of Sprague molded capacitors is

Engineering Bulletins 210-B ond 214-A.

PIONEERS IN ELECTRIC AND 4

COMPANY * NORTH ADAMS,

September, 1952

" ELECTRONIC DEVELOPMENT

MASSACHUSETTS
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Telephone Science Shares Its Knowledge

The Bell Telephone Laboratories Series of books is published
by D. Van Nostrand Company. Otber technical books by Lub-
oratories authors have been published by John Wiley & Sons.
Complete list of titles, authors and publishers may he obtained from
Publication Dept., Bell Telephone Laboratories. New York 14,

In their work to improve your telephone
service, Bell Laboratories make discoveries in
many sciences. Much of this new knowledge is
so basic that it contributes naturally to other
fields. So Bell scientists and engineers publish
their findings in professional magazines. and
frequently they write books.

Most of these books are in the Bell Telephone
Laboratories Series. Since the first volume was
brought out in 1926. many of the books have be-

B
B Colekid e i

List of Subjects: Speech and hearing, mathematics, transmission
and switching circuits. networks and wave filters, quality control.
transducers, servomechanisms. quariz crystals, capacitors, visible
speech, earth conduction. radar. electron beams, microwaves. was e-
guides, traveling wave tubes. semiconductors, ferromagnetism.

come standards. .. classies in their fields. Twenty-
eight have been published and several more are
in the making. They embody the discoveries and
experience of one of the world’s great research
institutions.

Bell scientists and engineers benefit greatly
from the published findings of workers else-
where; in return they make their own knowledge
available to scientists and engineers all over the
world.

BELL TELEPHONE LABORATORIES

Improving telephone service for 4merica prou

for individual achievement and recognition in

rides challenging opportunities
scientific and technical fields.
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This is why El-Menco Capacitors are designed for the
ultimate in reliability and are built with razor-edge
accuracy.

Lessons have been learned from surgery today
a doctor always allows a large margin of safety in
standard operations. For long life and freedom from
failure in your electronic applications every El-Menco
Silvered-Mica Capacitor is factory-tested at more than
double its working voltage.

For peak performance in compact torm . . . for higher
capacity values, which require extreme temperature
and time stabilization . . . there are no substitutes for
El-Menco Capacitors. Available for every specified
military capacity and voltage.

JOBBERS AND DISTRIBUTORS: For information

write to Arco Electronics, Inc., 103 Lafayette St.,
New York, N. Y.—Sole Agent for Jobbers and
BUSY??}!;S LO:T[YEOR‘}J{%AD Distributors in U. S. and Canada.
FOR CATALOG AND
. i E n E u
MOLDED MICA MICA TRIMMER

CAPACITORS

Rodio ond Television Manufocturers, Domestic ond Foreign, Communicate Direct With Factory—
THE ELECTRO MOTIVE MFG. CO,, INC. WILLIMANTIC, CONNECTICUT

PROCEEDINGS OF THE I.RE September, 1952
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Built for
the toughest
service....

Mallory Q Series
Wire Wound Controls

I vou need a wire wound control that will stand up under the

most severe conditions, here’s the answer to vour prulpl('m—

Mallory Series Q controls. ‘These new features make the ) series

your best choice for military and other exacting applications:

IMPERVIOUS TO MOISTURE AND FUNGUS: all in-ulation used in this control is made of
high resistance material which has  exeeptionally  low

moisture absorption . . . treated to prevent fungus growth,

WEATHERPROOF FINISH : nickel plated case, stainless steel <haft. and all other metal parts
will pass a 100-hour salt spray 1est.

LONGER LIFE: hard nickel-silver contaets withstand the wear of thousands of rotations.
SELECTION OF TAPERS: all standard JAN tapers are available,

In addition to these standard features. Q series controls can
be supplied in a number of special variations invaluable in
applications requiring complete waterproofing or extreme resis-
tance to vibration:
WATERPROOF SHAFT BUSHING: a waterproof gasket between shaft and bushing, sealed with
silicone grease, prevents leahage along the shaft,
WATERPROOF PANEL SEAL: gasketed seal prevents leaks at the point of panel mounting.

BUSHING LOCK: a split bushing, when tightened. prevents shaft rotation even under severe
shock and vibration,

Mallory carbon controls — with all . Similar

the construction features of the Series | Watts Diameter JAN Type

wire .wnund unit's —are also avail- ac 2 Whe!! RA1S

able in the Q series design. ar A - RA20

For full information on Q serics aMm 4 14" RA25 & RA30

controls, call or write Mallory today.

P.R.MALLORY & CO.Inc. SERVING INDUSTRY WITH THESE PRODUCTS:

Electromechonical —Resistors ¢ Switches * Television Tuners * Vibrators
Electrochemical—Capacitors » Rectifiers ® Mercury Dry Batteries

Metallurgical—Contacts® Special Metals and Ceromics Welding Materiols

MALLORY & CO., INC., INDIANAPOLIS 6,

INDIANA

OA I’R(
September, 1952
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“FOR FIRING SHELLS
OR RESISTANCE WELDS |

sy GUARDIAN

Jet pilots depend upon electrical controls for safe, maneuverable flying,
clear communications and precxsxon gunnery. Guardian Electric—makers
of all types of control stick grip switches and control panels—is a major
supplier to the U. S. Air Force. Guardian Relays, either open mounted or
hermetically sealed, are used extensively for airplane design, maintenance
and repair. Along production lines Guardian Relays control the current
for spot, projection, seam and other types of resistance welding. Reduced
maintenance costs, better welds, better ships in the air, better armament

. . . . SERIES 220 A.C.
result with Guardian Relays in action. RELAY

.,
[ .

AN-3312-1 D.C, AN-3324-1D.C. . Senes 595 D C. Series 610 A C.—615 D.C. Series 695 D.C.
Get Guardian's New HERMETICALLY SEALED RELAY CATALOG Now!

GUARDIANWGELECTRIC

1628-K w. WALNUT STREET CHICAGO ILLINOIS

A COMPLETE LINE OF RELAYS SERVING AMERICAN 1NOUSTRY

PROCEEDINGS OF THE [LR.E September, 1952
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TYPICAL APPLICATIONS IN WHICH CP DEHYDRATORS PROVIDE
YEAR 'ROUND TROUBLE-FREE AUTOMATIC SERVICE: —

-——
-—

® Purging and pressurizing transmission lines, wavegutdet and associated
apparatys. -

-—-—
-—-—
-
-—
— -

® Pressucizing—!

,,,,, enclosures.

® Fog prevention in precision optical systems.

-
-

® Corrosion prevention in precise servo amplifier assemblies. _ - ~

B
® For raising and maintaining the power hondling/cop‘baty of high volt-
age systems and apparatus and innumergble’oﬂner similar applications.

-
-

CP DEHYDRATORS OFFER THE/FDH.OW]NG UNIQUE FEATURES: -

- ”~
Llow dewgoinr"/operoting pressure up to 100 Ibs. per squdre inch
- . . . -
tully Gutomatic operation * continuous duty performapce * low noise
- “level * minimum vibration long service life with minimum maintenance

. PROCEEDINGS OF I'HE IRE

Neptember, 1935
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SEABORNE SERVICE

.

«eoCustom
Designed
forevery | :

-~ Government . ]

N

CP dehydrators are readily adaptable to the critical requirements

of the Armed Forces. Standardized parts permit rapid assembly

of equipments suitable for practically any specialized need

at minimum cost and without prolonged delay. Over a decade of CP
experience in dehydrator design and manufacture insures

products of long life and dependable service with an absolute
minimum of maintenance. Inquiries are invited.

COMMUNICATION PRODUCTS
COMPANY-Inc 4@l P

MARLBORO, NEW JERSEY
Telephone: FReehold 8-1880

DIPOLE ANTENNAS, SWITCHES, Q-MAX LACQUER AND CEMENT

PROCEEDINGS OF TIIE | .RE Septomber. 1952
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Operations Records Show...

... Eimac tubes are of the

highest electronic standards ‘

i

PAN AMERICAN-GRACE AIRWAYS, InC
(3 d ornices

CHRYSLER BUILOING - NEN TORK 1% N T

Eitel-McCullough, Inc.
798 San Mateo Avenue
San Bruno, California

Gentlemen:

Panagra operations records show that Eimac

tubes have averaged over 10,000 hours of service for

us in the ground stations serving ouT daily, deluxe

DC=6 EL InterAmericano flights down the west coast

of South America. Results in terms of efficliency,

econony, and all-around dependability have proven R L Aty
h Y o 3
to us that Eimac tubes are of the highest electronic ," >
- /4 o
standards. , > 1 VPR i3
Very truly yours, p ¢ g ) 1R
N i : e Y 3 M
sgrre
dnn B. Dittemore o iy
Assistant supt. of communicetions | SR

Pan /ikmericon-Groce Airways, Inc., pioneer South o =

American airline has served the west coast countries 1 ] : =
for 24 years. Find os Panagra has found —thot t :
employ Eimac tubes is to employ the best. °

Follow the Leaders to

EITEL-McCULLOUGH, INC. — T
S AN BRUNDO, CALIFORN]A

Export Agents: Frazar & Hansen, 301 Clay $t.. San Francisco. Californi
ia

10a
322
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HASH:

Recent experience indicates that Stackpole molded
iron cores and Ceramag® cores (ferrites) help materially
in minimizing “hash” and r-f interference when used in
the filter systems of electrical tools and equipment. Their
advantages include

v Less IR Drop because of lower d-c resistance

V Greater R-F Attenvation because of less
distributed capacitance

Concentrated Field with consequent reduction
in coupling to other colils

V Reduced Space Requirements

V Increased Inductance for a given amount of
wire ....or, conversely ....

V Less Wire for the same inductance

As one of the earliest pioneers in core production, and
backed with a complete line of materials, sizes, shapes
and production facilities, Stackpole welcomes the oppor-
tunity to cooperate in adapting suitable cores to particular
noise suppression problems.

Your inquiry entails no obligation and will receive
prompt, skilled attention. Write to Electronic Components
Division, Stackpole Carbon Company, St. Marys, Pa.

PROCEEDINGS OF TIIE L. Scptember, 1952
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w INTERFERENCE SUPPRESSION!

HIGH CURRENT
INDUCTANCE
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LOW CURRENT
INDUCTANCE




ample Precision Potentiometers
now available in 4 to 6 weeks

Better delivery than ever before of Faircehild Pre-
cision Potentiometers is the result of recently im-
proved facilities and additions to personnel. Now
you can expect delivery of sample standard units
with windings to meet your requirementsin 4 to 6
weeks after your final approved specifications are
received. The same reasonable prices prevail, too.

Enlargement and realignment of facilities

and personnel also enable us to start delivery of
production orders in 3 to 4 months after receipt

of your order.

Thus, when you look to Fairchild for vour
precision - potentiometer requirements you get
products built to the highest standards of qual-
ity coupled with sound engineering help that
starts with your idea and carries through to final

delivery,

HOW PRECISION IS DESIGNED AND BUILT INTO FAIRCHILD POTENTIOMETERS

1. Shaft is centerless-ground from stain-
less stecl to a tolerance of +0.0000,

0.0002 in. which, together with preci-
sion-bored bearings, results in radial shaft
play of less than 0.0009 in.

2. Mounting plate has all critical surfaces
accurately machined at one sctting to
insure shaft-to-mounting squareness of
0.001 in./in. and concentricity of shaft
to pilot bushing within 0.001 in. FIR.

3. Housing is precision-machined from

aluminum bar stock. Close tolerance of
this construction permits ganging up to
20 units on a single shaft with no cecen
tricity of the center cups, even though
only two bearings are used,
4. Windings are custom-made by an e
clusive technique. This, together with
precious metal alloy contacts results in
guaranteed accuracies of +0.5% lincar
and +1.0% non-lincar in standard type
potentiometers. Higher accuracies (to
0.059% ) are available in other types.

DO YOU HAVE CONTROL PROBLEMS?

Fairchild Sample Laboratory engineers are available to
help you with potentiometer problems. To get the
benefit of their knowledge and experience write today,
giving complete details, to Potentiometer Division, Fair-
child Camera and Instrument Corporation, Park Ave-
nuve, Hicksville, L. I.,, New York, Department 140-29H.

124

—LaireHiLp

PI/?'ECISIOIV POTENTIOMETERS
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COMPLETE, WIDE-BAND INSTRUMENTATION FOR
DISTORTION-FREE, FAST-PULSE MEASUREMENT!

WIOE BANT AWPLIFIA

b ] S vere #
o -oriAS

T PILSE COLARITY

SPECIFICATIONS

~hp- 4608 FAST PULSE AMPLIFIER

FREQUENCY RESPONSE: Closely matches Gaus-
sian curve. Hf 3 db point is approx. 140
me. Lf 3 db point is approx. 50 kc into
200-ohm load.

MAXIMUM OUTPUT VOLTAGE: High bios, ap-
prox. 125 v. negative open circuit, Nor-
mal bias (linear amplification) approx.
8 v. peak into 200-ohm load or 16 v.
peak open circuil, pos. of neg. pulses.

GAIN: Approx. 15 db into 200-ohm load.

INPUT IMPEDANCE: Approx. 200 ohms.

RISE TIME: Approx. 0.0026 psec.

DELAY: Approx. 0.016 usec.

DUTY CYCLE: 0.10 max. for 125 v. output pulse.

LINEARITY PULSE OPERATION: See Figure 1.

MOUNTING: Relay rack. 5%, " x 19”. 6" deep.

POWER SUPPLY: 115 v. 50/60 cps. 35 watts.

PRICE: $225.00 f.0.b. factory.

~hp- 460A WIDE-BAND AMPLIFIER

(Specifications same as Model 4608 except:)

MAXIMUM OUTPUT VOLTAGE: Approx. 8 v.
peak open circuit; 4.75 v. peak into 200-
ohm load.

GAIN: Approx. 20 db with 200-ohm load.

DELAY: Approx. 0.012 usec.

PRICE: $185.00 f.0.b. factory.

~hp—~ 86A ACCESSORIES

—hp— 46A-16A PATCH CORD — 200-ohms, 2’
long. $18.50.

_hp- 46A-168 PATCH CORD — 200-ohms, 6
long. $25.50.

—hp— 46A-95A PANEL JACK—For 200-ohm ca-
bles, low capacitance. 1% " dia. $7.50.

~hp— 46A-958 CABLE PLUG—For 200-ohm co-
bles, low capacitance. $7.50.

—hp— 812-52 CABLE—200-0ohm cable in lengths
to specification. Per foot $1.75.

—hp— 46A-95C 50-OHM ADAPTOR — Type N
connector for coupling 50-ohm line into
—hp- amplifiers. $15.00.

—hp- 46A-95D ADAPTOR—Bayonet sleeve for
connecting —hp— 410A VTVM to output of
460A/8 amplifiers. $15.00.

—hp- 46A-95E CONNECTOR SLEEVE—Joins two
46A-958 CABLE PLUGS. $7.50.

—hp— 46A-95F ADAPTOR—For connecting to
5XP CRT. $10.00.

~hp~ 46A-95G ADAPTOR—For connecting to
Tektronix type 511 oscilloscope. $12.50.

Dala subject to change without notice.

HEWLETT-PACKARD
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Here at last is complete instrumen-
tation for true amplification of fast
pulses at high power levels sufficient to
operate scalers or counting meters, cath-
ode ray tubcs, or to give more than 100
mc band-width to your present oscillo-
scope. New —hp— 460B Fast-Pulse Am-
plifiers, in cascade with ~hp— 4GOA
Wide-Band Amplificrs, amplify up to
125 volts, open circuit (limited duty
cycle). This permits full deflection of
5XP cathode ray tubcs, or 2-inch deflec-
tion of SCP tubes. Ultra-short rise time
of 0.0026 psec, combined with zcro
overshoot, insures distortion-frec ampli-
fication of pulses faster than 0.01 psec.

i ey

PEAK VOLTS OUTPUT

}.\

{oren crrcurr
-

PEAK YOLTS (nwPUT

ig. 1: Linearity of -hp- 4608 Fast-Pulse Amplifier

UP TO 90 DB GAIN IN CASCADE! AMPLIFIES
MICROSECOND PULSES! RISE TIME .0026 uSEC!
125-VOLT OPEN-CIRCUIT OUTPUT! GIVES OVER 100 MC
BANDWIDTH TO YOUR STANDARD OSCILLOSCOPE!

o | ) o

New -hp- 460B Am lifier, cascaded
with —hp— 460A provides linear ampli-
fication of 16 volts peak output and
pulse amplification of 125 volts output
(slight non-linearity). This combina-
tion provides maximum usefulness in
fast-pulse study for nuclear radiation
work, television or VHF research; for
increasing frequency range of your oscil-
loscope, or general wide-band labora-
tory amplification. In addition to the
above instrumentation, —bp— also offers
scries 46A accessories—a complete set
of 200 ohm cables, adapters and fittings
for inter-connecting amplifiers or patch-
ing to oscilloscopes.

Fig.2:(a) 0.01 usec pulse through -hp- 4608 Amplifier
(b) 0.02 usec pulse through 3 amplifiers in cascade

Get complete details. Write direct or see your -hp- sales representative.

HEWLETT-PACKARD COMPANY

21770 Page Mill Road ®

Palo Alto, California, U.S.A.

Sales Representatives in all principal cities,
Export: Frazar & Hansen, Ltd., San Francisco, New York, Los Angeles

INSTRUMENTS

MILLI-
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RUSH RECORDING ANALYZER...

I pRusH DEVELOPMENT CO rantte mUNs

Checks dialing

on Micro-wave

and Carrier Current
Equipment

® Brush Recording Analyzers save plotting
and testing time in applications everywhere.
Here, at a substation of the Bonneville
Power Administration, a Brush direct-
coupled dual channel amplifier and dual-
channel oscillograph record dialing pulses
for a maintenance check. The test immedi-
ately indicates any dialing troubles in the
system, and their nature. The Brush equip-
ment is also used to check relay operation,
and has been found essential to keeping the
micro-wave system “on the air”. Duplicate
Brush equipment is used to service com-
munication facilities in each Bonneville
maintenance area.

MEASURES ELECTRICAL VARIABLES ... CHART AVAILABLE INSTANTANEOUSLY

Brush Dire&t-C:l;alcd Ampli.
or Rac ounting,
o jMadcl BL-962.

This high gain, low-drifc D-C amplifier is designed for mount-
ing in a standard 19-inch rack. Other Brush amplifiers and
oscillographs are being designed for rack mounting. When
used in conjunction with Brush direct-writing oscillographs,
amplifier can be used to make recordings of many types qf
phenomena which previously required complicated intermedi-
ate equipment. Voltage gain gives one chart millimeter deflec-
tion per millivolt input. Frequency response is es‘senually
linear from D-C to 100 cycles per second. (Bulletin F-698)

For Bulletin 618 describing these instruments
write The Brush Development Co., Dept. F-33,
3405 Perkins Avenue, Cleveland 14, Ohio.
Representatives located throughout the U. S.
In Canada: A. C. Wickman Limited, Toronto.

14a
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" Brudt

DEVELOPMENT COMPANY

Direct-uriting Two-Channel
Magnetic Oscillograph
Model BL.202

The Brush Magnetic Oscillograph, used with the proper Brush
Amplifier, makes a direct chart recording of voltage or current
or of physical phenomena such as strain, pressure, acceleration:
torque, fo.rce. temperature, displacement and vibratjon. Either
dnrec'( inking or electric stylus models available. Gearshift
provides chart speeds of 5, 25, and 125 mm per second. An
auxiliary chart drive is available for speeds of 50, 250, and
1250 mm per hour. Accessory equipment provides e'vem
markers Where an accurate time base is required, or where
it is desirable to correlate “events. Photo shows t'wo-channel
model for recording of two phenomena simultaneously.

Piezoelectric Crystals and Ceramics
Magnetic Recording

Acoustic Devices

Ultrasonics -

Industrial & Research Instryments

PROCEEDINGS OF THE I.R.E
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Got a
really tough
capacitor
network
problem for us?

...let our network designers help you solve it!

‘ LIFE IN HOURS

CONSTANT K
-

100
1000
10000
100000

1 This curve results from actual life tests of
capacitor networks under pulsing conditions
in a radar modvulator. Service life, for varying
values of K", starts at 2 tenths of one hour
and stretches out to something over 40,000
hours {more than 4'2 years of continvous
operation at full-rated voltages.)

It's just one example of actual performance
data G-E engineers use in designing capacitor
networks for the job they must do.

GENERAL @3 ELECTRIC

PROCEEDINGS OF TIHE I RE eptember, 1952

Whether your problem deals with guided missiles—aircraft—land or
sea radar equipments, General Electric application and design engineers
can help you solve it. We’ve designed and built capacitor networks
for every type of pulse radar equipment since the inception of radar.

Take service life for example. You can specify a service life of
10,000 hours—or just 60 seconds. And we’ll deliver pulse networks
to match your requirements. Here’s why:

Since 1944 General Electric has been running continuous life
tests on many types of networks. We’ve established life limi-
tations, under varying conditions of temperature and voliage,
for all types of diclectrics, bushings, materials for coil torms
and treating processes.

Let us use this store of information and experience to solve your
capacitor network problems. Your inquiry addressed to your nearest
Apparatus Sales Office, or to Capacitor Sales Division, General Electric
Company, Hudson Falls, N. Y. will receive prompt attention.

General Electric Company, Schenectady 5, New York.

407-308




keeping communications ON THE BEAM

JK STABILIZED
H-7 CRYSTAL

FREQUENCY & MODULATION MONITOR
CRYSTALS FOR THE CRITICAL

The -7 erystal is in common use with two-
way police radio systems. Frequencey range: 3
to 20 mc. Water and dust-proof. it is pressure
mounted, has stainless steel electrodes. Just
one of many JK cryvstals made to serve EVERY

crystal need!

Monitors ony four frequencies onywhere between 25 mc ond
175 mc, checking both frequency deviotion ond omount of
modulotion. Keeps the "beom™ on ollocotion; guorontees
more solid coveroge, tool

Titne-Saver to Browl Cans,Life-Savens to Thousanads /

In a split second your police station and the farthest cruising prowl
car can respond as one man! Such “safety at your doorstep” is
possible only through compactly efficient two-way radio. JK crystals
and monitors are in constant use to keep police radio frequencies

reliably “"on the beam."

T,

THE JAMES KNIGHTS COMPANY

SANDWICH 1, ILLINOIS
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7 SR e e
TOUGH FOR ROUGH GOING!

T e ———————— _—

SPECIFICATIONS

- - 4
Hermatically sealed. Metal cose. Vitiified ceramic ‘
ond seals, pigtoll leads. Theroughly profected = mechan-
feally, olectrically, climatically, :

e At
2

v

Temperature Coefficient not exceeding 0003 ohm-
per ohm per °C. over temperature range of ~40°C. o
}-60°C. up to 15 megohms. Not exceeding L0005 ohm
per ohm per “C. up to 100 megohms. v |

Voltage Coefticient doss not exceed .002‘/.3"3‘]‘!‘.
"

Ing permanent change In resistance.
) i‘-;‘ ¢ s
LA

S

Paiy TR
Y
)

LA

Wilkor, the first licensee under Western Electric patents to pro-
duce carbon deposited precision resistors, takes another step
forward. Wilkor now offers hermetically-sealed Carbofilm
Resistors, the first fully-protected precision resistors available
on a production basis.

Primarily intended for circuits calling for the accuracy and
stability of wire-wound resistors, yet with the compactness of
carbon or composition-clement resistors. Excellent for measur-
ing-instrument applications; in test and lab equipment; in oscil-
lography and other critical electronic circuits; in electronic
computers and allied techniques; and now, in the encased,
hermetically-sealed construction, particularly in applications
where resistance values must be critically maintained over long
service life, regardless of climatic conditions.

TEMPERATURE COEFFICIENT OF RESISTANCE (TYPICAL)

TYPE CPH-1 ‘

1 e —————
Temperature ‘ 04
Coefficient 7
of Resistance | o 0
curves ~ T gz
y 32
typical of ST -m e e e e e e e o e
samples :'?'
{SM, T00v.) L
0 -0 -0 o 0 w0 w 0 e 10

TEMPERATURE IN ° CENTIGRADE

Literature on request. Let us collaborate in your precision-resistor requirements.

*Trade Moark

0Y0X coRPORATION

CLEVELAND, OHIO

W

AEROVOX CORPORATION ,“ HI;QS, pfvlsjcim‘;',‘:l >

.\ ~s .
¢ - L . NEW BEDFORD MASS. .%@N v £ 3
m.? 5 New York 17, N. Y. @ Cable; AEROCAP, N.Y. ® In Canada: AEROVOX CANADA LTD., Hemilten, Ont, JoneeEr no‘g‘ess:“l"oﬁa. lovills Ave, New Bedford, Mass. .
— . - . & r— 4 o N4y A 2
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“Designed for Application”

Delay Lines and Networks

The James Millen Mfg. Co., Inc. has been
producing continuous delay lines and lump
constant delay networks since the origination
of the demand for these components in pulse
formation and other circuits requiring time
delay. The most modern of these is the distrib-
uted constant delay line designed to comply
with the most stringent electrical and mechani-
cal requirements for military, commercial and
laboratory equipment.

JAMES MILLEN

MAIN OFFICE

Millen distributed constant line is available as
bulk line for laboratory use and in either flexible
or metallic hermetically sealed units adjusted
to exact time delay for use in production
equipment. Lump constant delay networks may
be preferred for some specialized upplivulinn's
and can be furnished in open or hermetically
scaled construction. The above Hlustrates sev-
eral typical lines of hoth tyvpes. Our engineers
are available to assist vou in vour de lay line
problems. ‘ ’

MFG. CO., INC.

AND FACTORY

MALDEN, MASSACHUSETTS, U.S.A.

184




S /AMC DISCAPS,

= . Specified and Used °
by Leading TV Makers

The list of satisfied RMC DISCAP customers reads
like the “Blue Book” of the TV industry. Few are
missing from this top level roster.

RMC offers a full line of by-pass as well as tem-
. b s 4 ;
perature compensating ccramic disc capacitors,

Engincers specify them for their uniform high
quality, low inhcrent inductance and small size.

Purchasing agents specify them because they can
depend on RMC to make delivery when needed.

RMC temperature compensating disc capacitors
(which meet the RTMA spec for class one cera-
mic capacitors) are designed to replace tubular

ceramic and mica capacitors at a lower cost, Send for Samples

and Technical Data

- —

S

c':f:a'l,c RADIO MATERIALS CORPORATION
CONDENSERS GENERAL OFFICE: 3325 N. Callfornia Ave., Chicago 18, lil.

FACTORIES AT CHICAGO, ILL. AND ATTICA, IND. |
Two RMC Plants Devoted Exclusively to Ceramic Condensers

PROCEEDINGS OF TE I.RE September, 1952 19A
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Shown Approximately Twice Size

Everything you need in standard terminal lugs
. « . or made to your own specifications!

C.T.C. has exactly the types and
sizes of terminal lugs you want . . . or
will quickly make them to your specifi-
cations in any production quantity.
Very likely you’ll find what you're
looking for in the broad C.T.C. line of
standard terminals. There are 28 dif-
ferent types, each available in varied
shank lengths.

C.T.C. standard terminals are of
silver plated brass, coated with water
dip lacquer to keep them chemically
clean for soldering.

In addition, combination screw and
solder terminals are available in 3
sizes, and a complete line of phenolic or
ceramic terminals can be furnished.

All materials, processes and finishes
meet applicable government specifica-

20A

tions. Finishes include hot tinned,
electro-tin, cadmium plate or gold
plate on special order In the event
standard terminals don't meet your
needs, C. T.C. offers a special consulting
service to solve your solder terminal
problems without extra cost or obliga-
tion.

CAMBRIDGE
CORP

PROCEEDINGS O THE k)

TH
ORAT

For all specifications and prices,
write to Cambridge Thermionic Cor-
poration, 456 Concord Avenue, Cam-
bridge 38, Mass. West Coast Manu-
facturers contact: E. V. Roberts, 5068
West Washington Blvd.,, Los Angeles
16 and 988 Market Street, San Fran-
cisco. California.

September. 19532
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CONSTRUCTIONAL HIGHLIGHTS
SY3WGTA

For high oltitudes: A. Cavity stem (potent
pending). B. Borrier base. C. Optimized lead
spacing. All three offer moximum isolation
and insulation of high-voltage leads for
stratosphere operation,

For ruggedization: D. Four-point mount
support. E. “Mouse-trap” filament tensioner
springs. F. Resilient superstructure cross
springs. G. Low-pass mechanicol filter be-
tween bose ond mount structure to absorb
high-frequency components of shock. H,
Cataphoretic-coated filoment.

Is your aircraft equipment climbing up...up
...up? Need an all-purpose rectifier — preferably
ruggedized — to meet the challenge? High-altitude
5Y3WGTA . . . also the original ruggedized fila-
mentary-type tube . . . is your answer.

At 50,000 feet* CBS-Hytron 5Y3WGTA offers you:
Same maximum current and voltage ratings (with safe
bulb temperatures) as the standard 5Y3GT at sea
level. Plus JAN-1A ruggedization to withstand de-
structive shock, vibration, acceleration, and impact.
And single-ended construction . . . convenient for both
new and older equipment. (The 5Y3WGTA is inter-
changeable with the 5Y3GT or 5Y3WGT.) Check the
3Y3WGTA s ratings . . . its rock-solid construction.

90,000 FEET UP! New CBS-HYTRON 6004
Climbing higher still? Plate con-
W 4

COMPARATIVE DATA
Max. Ratings SY3IWGTA 6004

ht 2:5::;"5 ;:r‘°?nfzpss‘:fraﬁﬁ?: ﬁ:rs: Operating alfitude 50,000 #.* 90,000 f1.*
I‘ P d Peak inverse plate voltage 1,400 vt 1,000 vtt
/ CBS-Hytron 6004 operates at Peak plate current per plate 400 mo. 400 ma.
90,000 feet — higher at adjusted Bulb temperoture 185°C 185°C
ratings — free from arc-over and JAN-1A ruggedized Yes No
at safe bulb temperatures. See Basing Single-ended Double-ended

comparative data for ratings.

MAIL TODAY
FOR COMPLETE DATA

SWMG SY ST AnC.

ROCN
LN QW\S\OW o% (,0\\\"«$\\ _NO

SALEM, MASSACHUSETTS

PROCEEDINGS OF THE I.RE September, 1952

*adjusted rating chart ovoiloble far higher oltitudes.t At 50,000 feet.Tt At 90,000 foet

-------—------—-------—--
HYTRON RADIO & ELECTRONICS CO.
Salem, Massachusetts

Pleose send me full data (including adijusted rating chart for higher altitudes)
on CBS-Hytron high-altitude rectifiers: SY3WGTA and 6004.

{plecse print)

]
!
!
i
: YOUR NAME
!
!
!

COMPANY

STREET ADDRESS

CITY AND STATE. .P‘
21a
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. « - provide DEPENDABLE ELECTRICAL CONTROL

Ohmite wire-wound resistors have earned a world-wide reputation
for dependability . . . the ability to give unfailing performance under

adverse operating conditions.
These fine units are available in the most complete line of types
and sizes on the market. Included are fixed, tapped. adjustable, non-
inductive, and precision units—in more than 60 wattage sizes and
18 tvpes of terminals, and in a wide range of resistance values.
For extra dependability, specify Ohmite resistors, overwhelmingly
the first choice of industry, today.
Write on company letterhead for catalog and engineering manual No. 40
Ohmite Manufacturing Co., 4862 Flournoy Street, Chicago 44, Illinois

- OHMITE.

IN WIRE-WOUND RHEOSTATS AND RESISTORS

22A 4
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@® Whenever DC is available,

Bendix will tailor a complete

power supply or motor from standard,

mechanical parts to provide the exact volt-

age —either AC or DC —called for by your equipment.
DYNAMOTORS — essentially DC transformers — will
supply one, two, or three DC outputs for direct appli-
cation to electronic circuits. Radio filtering and voltage
regulation are available. Compact, efficient units can
be provided with outputs of 10 to 500 watts.

INVERTERS — will produce an AC output for supply-
ing transformer-type power supplies or operating power
for servos, synchros,~etc. Standard models to work
from 28 volts and deliver 115 volts, 400 cycles, single
or three phase are available in ratings up to 2500 VA.

BENDIX AVIATION CORPORATION
RED BANK DIVISION
EATONTOWN, NEW JERSEY
‘Export Sales: Bendix International Division, 72 Fifth Avenve, New York 11, N. Y.

September, 1952

BendiX ROTARY
. POWER. SUPPLIES

DYNAMOTORS, INVERTERS, MOTOR GENERATORS
Designed to meet the EXACT Requirements of Each Application!

Frequency and voltage are closely
regulated in all models.

MOTOR GENERATORS —are available

for furnishing combinations of DC and AC
and for various special requirements.
MOTORS — for performing mechanical functions are
designed by Bendix engineers for the most efficient
utilization of space and power.
YOUR POWER SUPPLY PROBLEM will receive
prompt engineering attention at Bendix. Please send a
complete description of the performance required and
the condition under which the supply must work. You
will be answered with detailed information and specific
recommendations for the most practical solution to
your problem.

.

AVIATION CORPORATION
: > B ’

BPNER 25 3

| SRR

23a
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Guyed
Towers

each 643 feet high
servmg WFAA, Dallas and WBAP, Fort Worth

WFAA and WBAP divide time on two channels, 570 kc.
regional with a three tower directional antenna array, and
820 kc. clear with an omnidirectional single antenna. With
four Truscon Guyed Towers, each 643 feet high and situated
equidistant from Dallas and Fort Worth, a great metropolitan
and rural market is reached.

The tallest towers in the United States are of Truscon guyed
tower design and manufacture. Truscon posscsses many years
of engineering knowledge and experience in the steel AM-FM-
TV-MICROWAVE tower field. Truscon facilities for the complete
design and production of steel towers are modern and efficient.

Your phone call or letter to any convenient Truscon district office.

or to our home office in Youngstown, will bring
you prompt, capable engineering assistance
on your tower problems. Call or write today.

TRUSCON® STEEL COMPANY
1072 ALBERT STREET, YOUNGSTOWN 1, OHIO
Subsidiory of Republic Steel Corporotion

PROCEEDINGS OF THF I.R¥
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o« » &9 with a complete
g discussion of
hermetically sealed

TERMINALS and MULTIPLE HEADERS
il Reimnies ko

E-I STANDARD TYPES — Offering a quick solution to problems
relating to sealed terminals. Complete information on standard
sealed leads, standard multiple headers, octal plug-in headers and
end seals is contained in these helpful catalogs.

3. HERMETICALLY-SEALED STANDARD MULTIPLE HEADERS
2. HERMETICALLY-SEALED STANDARD TERMINALS

3. SPECIAL MULTIPLE HEADERS

4. SPECIAL PLUG-IN HEADERS

5. COLOR-CODED TERMINALS &. END SEALS

E-1 SPECIAL TYPES —Where applications indicate special de-
signs, custom seals to specifications can be supplied at economical
prices based on mass production methods. Recommendations will be
made without obligation on receipt of your drawings or rough
sketches. Please mention approximate quantities needed.

o
-

ENGINEERS AND DESIGNERS! Request your E-l handy file folder, now.

ELECTRICAL INDUSTRIES ° INC .

44 SUMMER AVENUE, NEWARK 4, NEW JERSEY
MANUFACTURERS OF SPECIALIZED ELECTRONIC EQUIPMENT

walRigs.
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How Superior Fabricates Tubing
1o gur 3out4ua pails. you need

Need a tubular part machined,
inside or out, at one or both ends?

Like to have it drilled trans-
versely at one or several points?

Want it to meet rigid dimensional
and metallurgical specifications?

You’re reading the right adver-
tisement for zﬁl of these are
Superior Specialtics.

guperior has the experienceid
men, the specialized, highly devel-
oped equipment, the floor space,
and the research facilities to pro-
duce quantities of drilled and
machined tubular parts  rapidly
and economically.

1’s a job we like to do and know
how to do. But ihere’s more to the
story than simple proiuction of
fabricated or semi-hinished parts,
or even top-quality tubing in any
analysis and many sizes.

Tlhe rest of the story is our
willingness, desire and abilitv 1o
work closelv with customers” de-
\elopmenl cngieers and l)l'()llll('l
designers. I'requently we are able
to materially assist in design of
parts, selection of analvsis. and
development of processes. Many
times we have been able 10 suggest
minor changes in shape or incthod
to ellect major econonnes  1n
assembly time and produet cost.

If you are a manufacturer or an
experimenter in electronics and
have a need for a tubular part of
any kind, c¢heck with us. We can
probably  help by giving vou
quantity production of the parts
you need. Write Superior Tube
Company, 2506 Germantown Ave.
Norristown, Pennsylvania.

[ = .
Cut and Annealed. I'xtensive cutting equip-
ment. hand cutting jigs. electronically con.
trolled annealers and other equipment,
much of it developed within our own
organization results in high speed, pre-
cision production of parts

b

Flanging. \utomatic flaring and flanging
machines are combined in Superior’s Jle

tronics Division with carefully trained pro-
duction and inspection personnel who

know how to do a job right and 1ake the
time to he sure

-

[xPanded_ Here i~ a part almost ready for
deliverv. Simple as it look~, it mav well
have heen the cubject of a <core of pera
l!nn\.’mtl atevery ~tage !In-prun(' considera
tion has heen the guality of the finished part

This Belongs in Your Reference File
... Send for It Today.

NICKEL ALLOYS FOR OXIDE-COATED CATHODES: This reprint de-
scribes the manufacturing of the cathode sleeve from the refining of the
base metal. Includes the action of the small percentage impurities upon
the vapor pressure, sublimation rate of the nickel base; also future trends

of cathode materials are evaluated.

Wﬁ" 7 &/'é

All analyses 010" 10 %"’ 0.D.

Certain onalyses (.035"" max. wall) Up 10 1%’ O.D. 5

SUPERIOR TUBE COMPANY e Electronic products for export through Driver-Harris Compony, Harrison, New Jersey ¢ Harrison 6-4800

PROCEF (S E D
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An automatic heat treat machine. Production is about 3 times thot possible
with manual methods while quality is held within very close limits.

CRUCIBLE
ALNICO KEEP COSTS DOWN .. ..

M AGNETS auntomatic productz'on that gives quality control

Alnico magnets have been getting smaller and lighter, thanks to pro-
duction techniques in use at Crucible. Automatie machinery cuts the
possibility of human error to a minimuin, so rcjections are low. This
helps to maintain stable price levels in the face of rising material and
labor costs. At the same time, Crueible’s rigid inspeetion standards
and attention to quality have developed a magnet with the highest gap

flux per unit weight of any oun the market.

Today, Crueible can offer lighter, magnetically stronger Alnico
magnets because of these automatic production teehniques developed
over the sixteen years that we have been produeing the Alnico alloys.
And behind our familiarity with permanent magnets lies more than
52 years’ experience with specialty steelmaking. Let us advise you
on your magnet problem.

CRUCIBLE first name in special purpose steels
5 guassof () sictoi; PERMANENT ALNICO MAGNETS

CRUCIBLE STEEL COMPANY OF AMERICA, GENERAL SALES OFFICES, OLIVER BUILDING, PITTSBURGH 30, PA.

STAINLESS * REX HIGH SPEED » TOOL *+ ALLOY * MACHINERY + SPECIAL PURPOSE STEELS
PROCEEDINGS OF THE LR.E September, 1952 27
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vV GAIN sYne swees
sTep ! sELECT ! COARSE
VEANIER ADJUSY FINE

RCA WO-56A

DUAL CONTROLS FOR "COARSE' AND “FINE'* ADJUSTMENTS

No hunting ar fumbling for controls whon adjusting
Vertical Amplifier Gain, Swoop Frequency, Sync In-
foctian, ond Horizontal Amplifier Gain.

Q

INTENSITY

»"GAIN

VEANIEA

FEATURING —

¢ Giaat, 7-inch cathode-ray tube.

* Direct-coupled, 3-stage, push-pull, verti-
cal and horizontal amplifiers.

* Frequency-compensated and voltage cali-
brated atteauators on both amplifiers.

* A set of matched probes and cables.
Panel-source of 3 volts peak-to-peak cali-
brating voltage.

* [Ideatical vertical and horizontal amplifiers
with equal phasc-shift characteristics.

e Retractable light shield for convenience
and visibility.

e New green graph screen with finely ruled
calibrations.

e Magactic metal shield enclosing CR tube
to minimize hum-pickup from stray ficlds.

SPECIFICATIONS —

* Deflection Seasitivity: 10 rms millivolts
per inch.

e Frequency Response: Flat within -2 db
from dc to 500 kc; within -6 db at 1 Mc
useful response beyond 2 Mc.

e loput Resistance and Capacitance: 10
megohmsand 9.5 uuf with low-capacitance
probe.

e Square-Wave Response: Zero tilt and over-
shoot using d¢ input position. Less than
2% tilt and overshoot using ac input
position.

* Linear Sweep: 3 t0 30,000 cps with fast
retrace.

® Trace Expansion: 3 times screen diameter
in vertical and horizontal axis, with 3
times Ceatering control.

o Size 13%” h, 9 w, 16%” d. Weight only
31 pounds (approx.).

ADVANCED SWEEP FACILITIES—

*  Preset fixed swecep positions for vertical
and horizoatal television waveforms.

e Positive and negative syncing for easy
lock-in of upright or inverted pulse
waveforms.

®  60-cycle phase-controlled sweep and syn-
chronizing.

28a

oY Gl

ONLY [?"
917

Suggested
User Price

TV scope for professionals

"
Complete with direct prabe, 10-megohm low-
copacitance probe, and ground cable.

Built for laboratory, factory, or shop use. the WO-56A combines the
advantages of high-sensitivity and wide-frequency range in a very small
instrument with a /arge cathode-ray tube.

Designed with the user in mind.
this new "scope can be depended upon
to provide sharp, brighe, large, and
accurate pictures of minute voliage
waveforms over the entire useful sur-
face of the CRT screcn.

The direct-coupled amplifiers are pro-
vided with ac positions so that measure-
ments can be made with or without the
effects of any dc component.

Square-wavereproduction isexcellent,
whether the application is low-frequency
TV sweep-alignment or observation of
high-frequency steep-fronted sync and
deflection waveforms.

The excellent linearity and fast retrace
of the sweep or time base are functions
of the Potter-type oscillator and the un-
distorted reproduction of the sawtooth
by the wide-band horizontal amplifier,
The preset fixed positions provide rapid
switching between vertical and horizon-
tal waveforms in TV circuits.

Truly, the WQO-56A is a most useful
and practical instrument for everyday
work in the fields of television, radio,
Exltra~sonics. audio, and a wide array of
industrial applications.

For' details, see your rCA Distributor,
or write RCA, Commercial Engineering,
Section I1X47, Harrison, N. J.

RADIO CORPORATION of AMERICA

TESY EQUIPMENT

PROCELDINGS OF THE I.RE

HARRISON. N. J.
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~ WITH INTERCHANGEABLE
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TYPE 850
SERIES

universal
specirum

analyzers

R-F SECTIONS

There’s no excuse for guess-work in r-f pulse
analysis. PRD’s spectrum analyzers pro-
vide the most up-to-date means for accurate
determination of microwave spectra. The
simple interchange of demountable r-f
panels permits operation at either S- or
X-band . .. or at other bands as additional

® ACCURATE R-F PULSE ANALYSIS
@ RADAR SYSTEM OSCILLATOR

ADJUSTMENT
@ DETERMINATION OF

MAGNETRON PULLING AND AFC
OPERATION

r-f sections become available. Of particular !
importance is the versatile arrangement of [
the microwave components, making pos- |

sible the independent use of the variable /
attenuator, frequency meter, mixer, and /
local oscillator for a variety of bench A
measurements. /

® WEAK SIGNAL DETECTION /

@ STANDING WAVE MEASUREMENT
BY HETERODYNE METHODS

@ PRECISE FREQUENCY
MEASUREMENT y

RESEARCH

& DEVELOPMENT COMPANY:in¢c

55 JOHNSON ST.,BROOKLYN 1, NEW YORK

WESTERN SALES OFFICE: 737 NO. SEWARD STREET, HOLLYWOOD 38, CALIFORNIA

PROCEEDINGS OF TIlI: I.RE September, 1952
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TV scope for

RCA WO-56A

DUAL CONTROLS FOR “COARSE" AND “FINE” ADJUSTMENTS

nCAaN

@

veoam SYNC 3weer
sTEP ! seLecy { COARSE
VERNIER ADJUST nne

No hunting or fumbling for controls when odjusting
Vertical Amplifier Gain, Sweep Frequency, Sync In.
fecton, and Horizontal Amplifier Goin.

VERNIER

FEATURING —

Giant, 7-inch cathode-ray tube.
Direct-coupled, 3-stage, push-pull, verti-
cal and horizontal amplificrs.
Frequency-compensated and voliage cali-
brated attenuators on both amplifiers.

A set of matched probes and cables.
Panel-source of 3 volts peak-to-peak cali-
brating voltage.

Identical vertical and horizontal amplifiers
with ¢qual phase-shift characteristics.
Retractable light shield for convenicnce
and visibility.

New green graph screen with finely ruled
calibrations.

Magnetic meral shield enclosing CR tube
to minimize hum-pickup from stray fields.

SPECIFICATIONS —
Deflection Sensitivity: 10 rms millivolts
per inch.
Frequency Response: Flat within -2 db
from dc t0 500 kc; within -6 db at 1 Mc
useful response beyond 2 Mc.
Input Resistance and Capacitance: 10
megobmsand 9.5 uuf with low-capacitance
probe.
Square-Wave Response: Zero tiltand over-
shoot using dc input position. Less than
2% tilt and osvershoot using ac input
position.
Lincar Sweep: 3 to 30,000 cps with fast
retrace.
Trace Expansion: 3 times screen diameter
in vertical and horizontal axis, with 3
times centering control,
Size 13%" h, 97 w, 164" d. Weight only
31 pounds (approx.).

ADVANCED SWEEP FACILITIES—

Preset fixed swecp positions for vertical
and horizontal television waveforms.
Positive and negative syncing for easy
lock-in of upright or inverted pulse
waveforms.

60-cycle phase-controlled sweep and syn-
chronizing.

217%

Suggested
User Price

professionals

Complete with diract probe, 10-megohm low-
capacitance probe, and ground cable.

Buile for laboratory, factory, or shop use. the WO-56A combines the
advantages of high-sensitivity and wide-frequency range in a very small
instrument with a /arge cathode-ray tube.

Designed with the user in mind.
this new "scope can be depended upon
to provide sharp, bright, large, and
accurate pictures of minute voltage
waveforms over the entire useful sur-
face of the CRT screen.

The direct-coupled amplifiers are pro-
vided with ac positions so that measure-
ments can be made with or without the
effects of any dc component.

Square-wavereproductionisexcellent.,
whether theapplication is low-frequency
TV sweep-alignment or observation of
high-frequency steep-fronted sync and
deflection waveforms.

The excellent linearity and fast retrace
of the sweep or time base are functions
ot_’the Potter-type oscillator and the un-
distorted reproduction of the sawtooth
by the wide-band horizontal amplifier.
The preset fixed positions provide rapid
switching between vertical and horizon-
tal waveforms in TV circuits.

Truly, the WO-56A is a most useful
and practical instrument for everydav
work in the fields of televiston, radio.
ultra-sonics, audio, and a wide array of
industrial applications. ’

For' details, see your RCA Distributor,
or write RCA, Commercial Engineering
Section I1X47, Harrison, N. Js

RADIO CORPORATION of AMERICA

TEST EQUIPMENT

PROCEEDINGS OF THE I.RE

HARRISON. N. J.
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TYPE 850
SERIES

PR =

universal
specitrum
analyzers

— WITH INTERCHANGEABLE
R-F SECTIONS

PROCEEDINGS OF TI1E LR.E

There's no excuse for guess-work in r-f pulse
analysis. PRD’s spectrum analyzers pro-
vide the most up-to-date means for accurate
determination of microwave spectra. The
simple interchange of demountable r-f
panels permits operation at either S- or
X-band . .. or at other bands as additional

® ACCURATE R-F PULSE ANALYSIS
©® RADAR SYSTEM OSCILLATOR
ADJUSTMENT
©® DETERMINATION OF
MAGNETRON PULLING AND AFC
OPERATION

r-f sections become available. Of particular
importance is the versatile arrangement of
the microwave components, making pos-
sible the independent use of the variable
attenuator, frequency meter, mixer, and
local oscillator for a variety of bench
measurements.

® WEAK SIGNAL DETECTION

® STANDING WAVE MEASUREMENT /

BY HETERODYNE METHODS

® PRECISE FREQUENCY (
MEASUREMENT  /

RESEARCH

& DEVELOPMENT COMPANY:iInc

55 JOHNSON ST BROOKLYN 1, NEW YORK

WESTERN SALES OFFICE: 737 NO. SEWARD STREET, HOLLYWOOD 38, CALIFORNIA

September, 1952

294




NEWS and NEW PRODUCTSA

September 1952

Discharge Capacitor

Centralab, Div. Globe-Union Inc., 900
E. Keefe Ave. Milwaukee 1, Wis., an
nounces the availability of a new type
ultra-high speed discharge capacitor which
has the characteristics of 30 feet of solid
coaxial transmission cable. The size of the
tube is 2 inches in diameter, 64 inches long.
When used in the same manner as the
coaxial cable, charged to 10,000 volts and
discharged across a spark gap, the capaci-
tor tube improves light intensity 900 times.

The capacitor tube is made of hi-K
ceramic (K-2000), silvered inside and out.
It has a capacitance rating of at least 0.024
uf (24,000 upf), and immersed in trans-
former oil is rated at a working voltage of
20,000 volts dc. The unit has a decay time,
peak to peak, of 2X 1077 second, a rise time
zero to peak, of 2X 1077 second, and 50
per cent of peak limits occur in a period of
1.8 X 1077 second. Leakage resistance is in
excess of 10,000 megohms, and dielectric
strength is approximately 35 volts per mil.
Other specifications can be obtained by
writing Centralab.

Centralab’s capacitor number is
DA778-001. The unit may be ordered
directly from the factory or through any
authorized Centralab distributor, net
price of $51.00 each, F.O.B. Milwaukee.

Germanium Diodes

A new range of tapered germanium
diodes featuring “polarity at a glance,” and
designed to replace many of the present
type electronic tubes such as detectors and
rectifiers, is now being manufactured by
Radio Receptor Co., Inc., 251 \V. 19th St.,
New York 11, N. Y.

LMM - hjmu

The unit consists of a germanium wafer
soldered to a nickel alloy cathode pin, and
an electro-etched tungsten whisker welded
to a nickel alloy anode pin, assembled into
a glass-phenolic body. The entire assembly
is positively impregnated with a poly-
ethylene compound using rhe vacuum-
pressure method.

The diode may be clip mounted by the
terminal pins, or soldered in by the copper-

30a

These manufacturers have invited PRO-
CEEDINGS readers to write for literature
and further technical information. Please
mention your 1.R.E. affiliation.

tin clad iron “pigtail” leads which are
welded into the pins.

Types available include the JAN pre-
ferred types, IN69, IN70 and IN81. No.
INO9 is a general purpose and vhf rectifier
unit. No. IN70 is a high voltage diode, and
No. IN81 is a medium voltage diode with
low back leakage near 10 volts. l.ow cost
commercial types are the IN48 and I1NS51
general purpose diodes, the IN64 T\
video second detector and IN6S dc re-
storer. High performance premium com-
mercial units include the IN52, IN63 and
IN75 which are distinguished by low back
leakage.

Subminiature Double Triodes

The new subminiature double triodes
types 6111 and 6112, have heen announced
by the Radio Tube Division, Sylvania
Electric Products Inc., 1740 Broadway
New York 19, N. Y.

Both of these tubes are suitable for
use at frequencies ranging up into the uhf
region.

Type 6111 is a medium-mu double
triode in a T-3 envelope, with character-
istics similar to those of type 6SN7GT and
may be used for similar applications,
within the 6111's ratings. Characteristics
of the new subminiature 6111 include:
Filament, volts—6.3; Filament, current,
ma—300.0; Plate, volts (Maximum)
150.0; Plate current, ma. (maximum)
22.0; Plate dissipation, watts (maximum)

1.1; Transconductance, micromhos—
5000.0; Amplification factor—20.0.

Type 0112 is a high-mu double triode
in a T-3 envelope with characteristics
similar to those of type 6SLYGT and may
be used for similar applications, within the
6112's ratings. Characteristics of the new
subminiature 6112 include:  Filament,
volts—6.3; Filament, current, ma 300.0;
Plate volts (maximum) - 150.0; Plate cur-
rent, ma. (maximum) 1.25; Transcon-
ductance, micromhos—2500.0; Amplifica-
tion factor—70.0.

PROCEFEDINGS OF TIE I.RE

Static Detector

Keithley Instruments, Dept. 206, 3868
Carnegie Ave., Cleveland 15, Ohio, has de-
veloped a highly sensitive static detector,
designated as Model 2005. The device
clips onto a Keithley vacuum tube elec-
trometer, providing a convenient coni-
bination for detecting and locating static
charges.

The new electrometer accessory con
sists primarily of two concentric tubes and
an aluminum rod. When clipped over the
HI terminal electrode of the electrometer,
the tubes provide shielding which gives
greater effectiveness to charges along the
cylinder axis.

Results are qualitative and observed
by noting the deflection of the meter
pointer. A wide range of sensitivity can he
attained by raising or lowering the inner
tube. With the tube lowered, a charged
pocket comb throws the pointer off scale
from a distance of 10 feet.

Ion Trap

A new low-priced clip-on ion trap of
simplified construction has just been an
nounced by Heppner Manufacturing Co.,
Round Lake, 1il. The new simplified stecl
construction lowers manufacturing costs
by fully utilizing for the first time the
maximum efficiency of the Alnico per
manent magnet. This makes Model T-312
the lowest priced ion trap available, ac
cording 1o the manufacturer.

Each trap is stabilized and tested on
special equipment designed by Heppner
for this specific purpose. Installation time
18 2 or 3 seconds. The smooth metal-ro-
glass contact permits casy adjustment.
Model T-312 stays put without wobble or
shift during shipment of (he completed
TV set. It is also light in weight, # ounce,
so the tube's neck cannot be harmed.
Gauss readings range from 25 (0 60,

(Continued on tage 36A4)
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LITTON INDUSTRIES NEWS

BETTER CONTROL OF COPPER OR ALLOY
BRAZING WITH LITTON HYDROGEN FURNACE

Litton Model 4400 Vertical Hydrogen
Furnace is designed for easily observed,
accurately controlled production-line
brazing of assemblies up to 612" in
diameter and 12” in length. Brazing is
performed in a hydrogen atmosphere
and work can be inserted into the open
bottom either mechanically or hydrau-
lically. Operating temperature range
permits copper brazing as well as all
types of gold-copper and silver alloy
brazing.

Prices, delivery information on request.

INDUSTRIES

SAN CARLOS, CALIFORNIA, U.S. A,

LITTON

2538

32a

Model 4400 Furnace is divided into
two chambers. The upper or brazing
chamber is equipped with radiant heat-
ing for maximum flexibility. The lower
or cooling chamber permits rapid cool-
ing to the freezing point of the metal or
alloy. The heating chamber has an in-
conel inner wall surrounded by 3" of
thermal insulation. Two replaceable
pyrex windows permit a clear view of
the work during the heating cycle. Tung-
sten heating rods are spring-loaded to
preserve tautness, and may be easily
replaced. The cooling chamber is a
double-walled cylinder of stainless steel
within which water is circulated.

In operation, work is raised into the
upper chamber, heated at the desired
rate or rates, and immediately lowered
into the cooling chamber. Since power
is applied only during the heating cycle
(normally less than one-third of load
ing, heating and cooling time), power
consumption is minimized.

SPECIFICATIONS —MODEL 4400
VERTICAL HYDROGEN FURNACE

Wark diameter, max. . . . &%h"

Work length, max. . . . . 127
Temperature, max. . . . . 1250°C
Voltage 1o maintain 1250°C . Approx. 22v
Kva 10 maintain 1250°C Approx. 23 kva
Overallheight . . . . . 75"

Overall diameter, heater . . 17"

Overall diameter, cooler . . 12

Heater elements: 15 Tungsten rods, .050" dia. x
40" fong, cannected in parallel.

Time ta raise furnace and work to 1000°C:
Apprax. 17 minutes,

GLASS
BAKING
OVENS

Litton Glass
Baking Ovens
are circular
and easily
mount in any
exhaust posi-
tion. Heating
is by Calrod
units and

Br=

S PROCEEDINGS OF THE I.R.E

ovens are designed for continuous op-
eration at 500°C. Oven models 2, 3 and
4 can be operated in either series or
parallel. Ovens range from 5" to 1234’
in diameter, and 12" to 18" in length.
Complete details and prices for all
models will be supplied on request.

MODEL 5301 BELL JAR

For smaller brazing problems, Litton
table-top Bell
Jars offer max-
imum con-
venience and
speed. Visibil-
ity through the
all-glass jar
simplifies
alignment and
positioning of
the work. Ver-
tical move-
ment of the
bell is light-
ened by a
counterweight
inside the sup-
porting col-
umn. Work
st>nd height is
variable, and
the heater rod
can be adjusted
and locked in
position.

SPECIFICATIONS — MODEL 5301

BELL JAR

Base . . . . . . . . . 1MW x1ew”
Column height . . . | | 563"
Heater stand, height . . . . 23p"
Heater stand arm

(extended length) . . . . 10%"
Heater stand, vertical travel . 12
Work stand extensians . 27, 4", 6", 8"

and 12"

Jar diameter . . . | | | qq¢

Height . . . _ | | . | 24

Travel of jar e e . . 28%"

DESIGNERS AND MANUFACTURERS of:

Glos.sworking Lathes and Accessories.
VerhcolSeolingMochines.BurnerEquip»
ment, Precision Spatwelders, Oil Vopar
Vacuum Pumps, Glaoss Baking Ovens,
Vacuum Tubes and Tube Companents
Magnetrons, High Vacuum Molube Oil,
Micrawave Equipment.

September, 1952
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LITTON INDUSTRIES NEWS

BETTER CONTROL OF COPPER OR ALLOY
BRAZING WITH LITTON HYDROGEN FURNACE

Litton Model 4400 Vertical Hydrogen
Furnace is designed for easily observed,
accurately controlled production-line
brazing of assemblies up to 612" in
diameter and 12" in length. Brazing is
performed in a hydrogen atmosphere
and work can be inserted into the open
bottom either mechanically or hydrau-
lically. Operating temperature range
permits copper brazing as well as all
types of gold-copper and silver alloy
brazing.

Prices, delivery information on request.

INDUSTRIES

2538 SAN CARLOS, CALIFORNIA, U.S. A,

LITTON

32a

Modet 4400 Furnace is divided into
two chambers. The upper or brazing
chamber is equipped with radiant heat-
ing for maximum flexibility. The lower
or cooling chamber permits rapid cool-
ing to the freezing point of the metal or
alloy. The heating chamber has an in-
conel inner wall surrounded by 3" of
thermal insulation. Two replaceable
pyrex windows permit a clear view of
the work during the heating cycle. Tung-
sten heating rods are spring-loaded to
preserve tautness, and may be easily
replaced. The cooling chamber is a
double-walled cylinder of stainless steel
within which water is circulated.

In operation, work is raised into the
upper chamber, heated at the desired
rate or rates, and immediately lowered
into the cooling chamber. Since power
is applied only during the heating cycle
(normally less than one-third of load-
ing, heating and cooling time), power
consumption is minimized.

SPECIFICATIONS —MODEL 4400
VERTICAL HYDROGEN FURNACE

Work diameter, max. . . . 6%"
Work length, max. . . . . 12
Temperature, max. . . . 1250°C

Voltage to maintain 1250°C .
Kva te maintain 1250°C

Approx. 22v
Approx. 23 kva

Overall height . . . . . 757
Overall diameter, heater . . 17”
Overall diameter, cooler . . 127

Heater elements: 15 Tungsten rods, .050" dia. x
40” long, connected in parallel.
Time to raise furnace and woark to 1000°C:

Approx. 17 minutes.

GLASS
BAKING :
OVENS

Litton Glass
Baking Ovens
are circular
and easily
mount in any
exhaust posi-
tion. Heating
is by Calrod
units and

* PROCEEDINGS OF THE I.RE

ovens are designed for continuous op-
eration at 500° C. Oven models 2, 3 and
4 can be operated in either series or
parallel. Ovens range from 5" to 123/
in diameter, and 12" to 18" in length.
Complete details and prices for all
models will be supplied on request.

MODEL 5301 BELL JAR

For smaller brazing problems, Litton
table-top Bell
Jars offer max-
imum con-
venience and
speed. Visibil-
ity through the
all-glass jar
simplifies
alignment and
positioning of
the work. Ver-
tical move-
ment of the
bell is light-
ened by a
counterweight
inside the sup-
porting col-
umn. Work
stend height is
variable, and
the heater rod
can be adjusted
and locked in
position.

SPECIFICATIONS — MODEL 5301

BELL JAR

Base . . . . . . . L L 1 x 16w
Column height . . | | | sgu"
Heater stand, height . . . . 23n~
Heater stand arm

(extended length) . . . . 034~
Heater stand, vertical travel . 12*
Work stand extensions . 2”, 4", 6", 8"

ond 12"

Jar diameter . . . | | gon
Height . . . . | _ . | 24"
Travelofjar . . . ., . . 28"

DESIGNERS AND MANUFACTURERS of:

Glo;_sworking Lathes and Accessories,
VamcolSeolingMuchines,Bu'nerEquip-
ment, Precision Spotwelders, Oil Vopor
Vacuum Pumps, Gloss Baking Ovens,
Yacvum Tubes and Tube Companents,

Magnetrons, High Vacuum Molube Qit,
Microwave Equipment.

September, 1952
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A’_’ meeting

military requirements
for RELIABILITY

based on field and
R E L I A B L E production tests for

SHOCK e VIBRATION I
l

SUBMINIATURE TUBES ' FATIGUE ¢ 5000 HOUR LIFE

b k d b CENTRIFUGAL ACCELERATION
gRee y HEATER CYCLE LIFE

h e 3 : Y f HIGH TEMPERATURE LIFE
Thirteen Years o N
SUBMINIATURE TUBE DESIGN Usable in
AND PRODUCTION EXPERIENCE the UHF region
5 .- ) .—,’.___ — |
Heater Plate Grid Screen Amp. Mut. |
Type Description Volts | Ma | Voltsy Ma Volts Volts| Ma Factor Cond. g
CK5702WA | RF Amplifier Pentode | 6.3 | 200 | 120 | 7.5| R, =200 ohms| 120 | 2.5 — 5000
CK5703WA | High Frequency Triode | 6.3 | 200 | 120 [ 9.0 | R, =200 ohms| — | — 25 5000
1 CK5744WA | High Mu Triode 6.3 | 200 | 250 | 4.0 | R, =500 ohms| — | — 70 4000
|
T NEw | I
CK5783WA Voltage Reference Operating voltage approximately 86 volts between 1.5 and 3.5 ma.
CK5784WA RF Mixer Pentode 6.3 | 200 | 120 5.2 —2 120 35 — 3200
NEW
CK5787TWA Voltage Regulator Operating voltage approximately 100 vclts between 5 and 25 ma. l
NEW §
CK5829WA Dual Diode 6.3 { 150 Max. Peak Inverse 360 volts. I, =5.5 ma. per plate ]
NEW
CK6021 Medium Mu Dual Triode | 6.3 | 300 | 100 | 6.5 |R.=150 ohms{ — | — 35 5400 ‘
NEW
CK6110 Dual Diode 6.3 | 150 Max. Peak Inverse 460 volts. 1,=4.4 ma. per plate
NEW
CKe6l11 | Medium Mu Dual Triode| 6.3 | 300 { 100 | 85 [R, =220 ohms |— | — 20 5000
NEwW
CK6112 High Mu Dua! Triode 6.3 | 300 { 100 { 0.8 | R, =1500 ohms|— — 70 1800
CK6152 Low Mu Triode 6.3 | 200 | 200 | 125! R, =680 ohms | — | — 15.8 4000
: p\ Note: All dual section tube ratings (except heater) are for each section.

N 1 n Write for Raytheon RELIABLE Sub-

miniature Tubes Catalog R containing
" complete mechanical and electrical data
on these tubes.

RAYTHEON MANUFACTURING COMPANY RA\YE'I’[U/N

RAYTHEON MAKES ALL THESE .



ALL-METAL MOUNTS FOR VIBRATION ISOLATION AND SHOCK PROTECTION

for Airborne Electronic Equipments, Instruments and Controls

SERIES 831 UNIT MOUNTING BASE

Designed and manufactured in conformance with JAN-C-172A and included
specifications. ''Proof Tested”’ Construction. Employs four Series 7002 MET-L-
FLEX Unit Mounts and Bonding Jumpers. See Dwg. 8318 for details.

ﬁ SERIES 878 TWIN UNIT MOUNT ASSEMBLY
The assembly consists of two Series 7001 MET-L-FLEX  [gobinson Model| Lood Roting
Unit Mounts on a flanged tie-plote for attachment to Number Lbs. Eoch End
@ your own tray or mounting base. 51 and $-2 standard :;:; "/' i :,
e b Va
® bases incorporate this assembly. Special widths and o “/: ': > 0
° load ratings available. See Dwg. 878 B for details 878 4 2% 10 SV
878 S S to 10
® SERIES 892 UNIT MOUNTING BASE
[
Designed and manufoctured in conformance with JAN-C-172A ond
® included specifications. “Proof Tested”” Construction. Uses two Series 878
) MET-L.FLEX Twin Unit Mounts and Bonding Jumpers. See Dwg. 8928
° for detoils.
Robinson| Standard |load Range Weight
L Model No |Designation| in Pounds in Lbs.
PY Te92y | mrsy 812 125
8922 152 10 22 135
® 892 mIs -
-]
(2]

Bobinion | Standard |losd Eange [Wet in
Model No. | Desigretion inPounds Pounds
31t | mtare | 1024 2 40
8312 | mtalC | 10124 143
IEN Ol B, 10 24 S

Robinson MET-L-FLEX Engineeyed Mount- (21K t ‘;;" |

(218 10 24

ing Systems, Mounting Bases and Unit TN il ":1_‘ 160
Mounts are compact, rugged and effec- :::: - ' :::; | -
tive. They feature an exclusive all-metal 319 | m1a12)01 [ 223 770
resilient element, made of knitted stain- 93113 | mreu2)0? 40 80 170
. 0 9310s | MILNIIC 40 80 200
less steel wire, fabricated and com- 3105 E 100 T Cal )

pressed. This cushion provides wide
environmental tolerance with high built-
in damping, resulting in ""Sea level per-
formance at any altitude’’. Its non-linear
deflection characteristics permit optimum
performance under load variations of as
much as +50% of mean ratings. Auxiliary
MET-L-FLEX limiter pads afford addi-
tional protection against extreme over-
loads and impacts.

OGOOOGOQQOSGQOGO

Further "Plus Features'' exclusive with

e P
all MET-L-FLEX Mounts and Mounting @

bases are: negligible drift rate; wide tem-
perature tolerance (-90°C to +175°C); _
and amazingly long service life without SERIES 7001

maintenance. They completely lack these 4

fauvlts .und .weclknéssfzs inhe-rer.n to ® N“:?:::' R::SP:";‘:‘"::L N%:‘dbe:' n::::l‘;."::‘_

:::?‘":‘?'e:ir::lzrp"w""g organtc of 7001-H 3 10 3 7002.G A to 2%
7001.) Ya to 1V 7002-H —i] 272 10 6
The "Plus Features' of Robinson 7001 13 10 3 | 7002 44 to 10

Mountings, providing performance in 7001-L 2z 10 SV2 | 7002 S 10 122
excess of current specifications, pay off 7001-M S 1010 70021 10 1o 20
in maximum protection of the mounted © 7002-M 18 1o 40
equipment. 7002.P B 35 to SO
7002-R as to 75

For complete performance and con-
struction details, write for Technical
Bulletin EB-700 and the telephone num- I N so AVIATI I N c
ber of your local representative. -
TETERBEFORO, NEW SEY
‘\"ET-L-FLEY is the eopyrighted desig.
e F e Dy Bubinget %Zg M

PROCEEDINGS OF THE I.R.E. September, 1952




rlAMMARLYND

PRECISION-BUILT CAPACITORS

Hammarlund Capacitors, backed by 42 years of design,
engineering and production experience, are today recog-
nized by the military services, electronic manufacturers
and research engineers, as the finest quality capacitors
available. Since the founding of the Hammarlund Man-
ufacturing Company in 1910, it has designed and de-
veloped capacitors that today are standard in industry.
Millions of them are in use by almost every important
manufacturer of electronic equipment.

NOW AVAILABLE!

1952

CAPACITOR CATALOG

This detailed and illustrated 12-page
catalog is yours for the asking. It will
be a valuable addition to your library
of radio parts suppliers, for it includes
complete diagrams and electrical and
mechanical specifications covering the
broadest selection of standard variable
air capacitors available to the electronic
industry.
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FOR YOUR FREE COPY of the 1952
Hammarlund Capacitor Catalog write us
today. All capacitors listed in this cata-
log are stock items which can be pur-
chased from jobbers, dealers everywhere.

HAMMARLUND

MORE THAN 40 YEARS EXPERIENCE COUNTS!

THE HAMMARLUND MANUFACTURING CO., INC.
460 WEST 34th STREET » NEW YORK 1, N.Y.
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Special Delivery by Air...
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Parachuting ignal Corps jeep contain- The jeep's topside cuts a neat furrow ¢k rights the jeep. Under other
ing a Collins 18S transceiver upsets on into the soft earth and packs the inte- field conditions this would be accom-
landing. rior with dirt. plished by several soldiers.

:‘ —_— 7R \ ’
1 i o v " - L -
Protective board covering is removed Special shock mounts, a heavier dust Radio operator (back to the camera)
and the eight-foot whip type antenna cover and bracket reinforcements plugs ithe microphone and headsets into
released. strengthened the 18S. the transceiver.
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Antenna erected and power on, radio Answer of “receiving loud and clear” With contact established, jeep leaves
operator tunes transmitter and makes proves contact successful. pladform.
test call.

Tossing radio equipment from airplanes is not generally recommended as
standard operating procedure . . . but in recent demonstrations the U. S. Army
found the Collins 18S transceiver capable of taking such punishment.

The Collins Radio Company designs and manufactures Communications,
Broadcasting, Amateur and Aviation Radio equipment. Write for complete
descriptive literature.

‘\ S
For quality in radio equipment, it's . . . ——= eSS
i ——
COLLINS RADIO COMPANY, Cedar Rapids, lowa “/
11 W. 42nd St., NEW YORK 18 2700 W. Olive Ave., BURBANK 1930 Carpenter Blvd., DALLAS 2
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AUDIO TESTING

for designing, production checking,

research or “proof of performance”
FCC tests for broadcasters.
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A low-distortion source of audio fre-
quencies between 30 and 30,000 cycles.
Self-contained power supply. Calibra-
tion accuracy +3% of scale reading.
Stability 19, or better. Frequency
output flat within 1 db, 30 to 15,000

cycles.
MODEL 200 . . . . . . . $138

For fundamentals from 30 to 15,000
cycles measuring harmonics to 45,000
cycles; as a volt and db meter from 30
to 45,000 cycles. Min. input for noise
and distortion measurements .3 volts.
Calibration: distortion measurements
+ 5 db; voltage measurements +59, of
full scale at 1000 cycles.

MODEL 400 . $168

Combines RF detector and bridging
transformer unit for use with any dis-
tortion meter. RF operating range: 400
ke to 30 mic. Single ended input impe-
dance: 10,000 ohms. Bridging impe-
dance: 6000 ohms with 1 db insertion
loss. Frequency is flat from 20 to 50,000

cycles.
MODEL 404 $85

Speeds accurate analysis of audio cir-
cuits by providing a test signal for
examining transient and frequency re-
sponse . . . at a fraction of the cost of
a square wave generator. Designed to
be driven by an audio oscillator.

$10

MODEL 250

LINEAR
DETECTOR

J/
SINE WAVE
CLIPPER

The instruments of laboratory accuracy
Bulletin PR-92 gives complete details

Barker & Williamson, Inc.

237 Fairfield Avenve ¢ Upper Darby, Pa,

PROCEEDINGS OF THE I RE
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News—New Products

These manufacturers have invited PROCEEDINGS
readers to write for literature and further technical
information. Please mention your 1.R.E. affiliation

Continued from page 30A4)

Radar Tube

Development of a new electronic tube
which makes possible the operation of a
beacon radar from a single antenna, is
announced by Sylvania Electric Products
Inc,, 1740 Broadway, New York, N. Y

Previously, reliable heacon operatio
required the use of two separate antennae
one for receiving and one for sending.

This model, tvpe 6214, developed 10
meet the special requirements of heacor
radar, is capable of instantaneous opera
tion of the first pulse of 4 coded svstem of
pulses. Conventional \'I'R tubes often fail
to operate immediately when the trans
mitter starts, thus preventing proper
transmission for this period of time, pos-
sibly as long as several scconds

Fhe instant starting feature of the
new tube has been achieved by adding an
ignitor electrode 10 the end plate of the
tube. The power supply for this ignitor 1s
!dk('ll from the supply for the TR tube
ignitor.

Single Phone Headset

Recently approved by the CAA after
laboratory and tlight tests, a new single-
phone 1y pe headset has heen placed on the
market by Airphone Co., Suite 309, Calu
met Bldg., Miami, Fla

The umit is called “A\IRPHONE,” and
according 10 the CAA Type Certificate

Continued on page 444)
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New Model 802
Stable

Microwave

Oscillator

The LFE Model 802 Stable Microwave Oscillator provides a source of
highly stabilized microwave frequencies suitable for use as a local oscillator
for microwave measurements, or in any other applications where a high
degree of stability is required. A dial accurately calibrated directly in frequency
is an important feature. The main elements of the unit are a klystron oscil-
lator, a stabilizing monitor loop which consists of a calibrated dual-mode
reference cavity, a feedback amplifier and a self-contained power supply.

SPECIFICATIONS
Frequency Coverage Power Output
Model 802-X1: 8950 — 9325 Mc 5 milliwates
Model 802-X2: 9300 — 9650 Mc Output connection — 2" x 1" waveguide.
A range of frequencies can also be supplied in the umption
S band or above 9600 Mc in the X band. s Addinncdns

150 watts

Frequency Stability Size
During short time intervals: One part in }09 12%" high x 21%" wide x 15%" deep.
Long term drift: Less than 100 Kc from original The front panel is 103" x 19" and is designed for
frequency setting. rack mounting.
Dial Calibration Weight

Calibrated directly in frequency — 5 Mc per division. 75 lbs.

L
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For complete information, see your LFE engineering representative or write direct.
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The NEW Type 304-A, succeeding the world-famous
Type 304-H, is more than simply a new instrument —
more than a new combination of established circuits.

It represents a significant development in the science of
instrumentation. The Type 304-A,. a_true electronic
voltmeter, reflects a new concept of oscillography.-

THe Du Monr

-304A

The new Type 304-A is in every respect a true electronic volt-
meter. Every feature of the well-known Type 304-H has been re-
evaluated with this concept in mind. All the features that made
the Type 304-H so valuable as a qualitative instrument have been
preserved and augmented to enable not only qualitative analysts,
but rapid, accurate quantitative measurement of amplitude as
well.

AMPLITUDE CALIBRATION The novel amplitude calibrating system
of the Type 304-A permits signal measurements directly in volts
from the screen. Unlike electro-mechanical devices, the new Type
304-A is not restricted to measurement of sinusoidal signals — or
to peak-to-peak readings of voliage. The Type 304-A may be
used to measure any amplitude portion of the input signal, and
has a sensitivity of 0.1 p-p volt full scale, or 0.025 p-p volt per
inch.

NEW CATHODE-RAY TUBE A wholly new cathode-ray tube is em-
ployed in the Type 304-A. This tube, designated Type SADP-,
was specifically designed to permit accuracy of measurement.
This new flat-faced tube is precision-built to tolerances far more
stringent than is the practice in conventional gubes. The angular
alignment between x and y deflection systems is held to 90° +1°,
as contrasted to =*+3° in conventional cathode-ray tubes. The
various distortions and aberrations inherent in all cathode-ray
tubes are held to a minimum. The new design of'the clectron gun
and deflection-plate structure assures a deflection sensitivity as
much as twice that of cquivalent tube types, as well as a smaller
spot size, with no sacrifice in brilliance. Also incorporated is an
auxiliary focus control which reduces the effects of astigmatism

38a

to a minimum. Thus by the inclusion of this new tube and its aux-
iliary circuitry. an unusually fine, bright trace is achicved,
enabling a degree of resolution—and hence a degree of accuracy

heretofore impossible in instruments employing medium accei-
erating potentials.

HEATER REGULATION Regulation of the heaters of the Y-input
stages has been incorporated to promote stability of the amplifier.

SYNC LIMITING Sync limiting, on both recurrent and driven
sweeps, assures stable operation, even for varying synchronizing
levels, and freedom from horizontal jitter that might tend to inter-
fere with precise analysis.

ILLUMINATED CALIBRATED SCALE A new edge-illuminated scale
_cahbralcd m.fiflh inches, with every fifth line accentuated i;
Incorporated in the Type 304-A. Accentuated lines are numbered
so amplitude may be read directly.
L ] [ ] L ] L ] [

The Type 304-A represents one more step in the development —
by Du Mont —of the cathode-ray oscillograph from a purely
qualitative instrument to its rightful position as the most versa-
tile, most complete analytical device available,

vomastc price 1222

PROCEEDINGS OF THE I.RE September, 1952
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Calibrating the Type 304-A is as simple and easy as “‘zeroing-in" a vacuum-tube voltmeter,

TO CALIBRATE,- depress the front-panzl CALIBRATE
button to apply the squarewave voltage standard

10 the screen, Adjust the MULTIPLIER control near 1 so
squarewave pecks are at 0 ond 100. Amplitude may
now be read directly from the scale where 4 inches
vertically represents 0.1, 1, 10 or 100 volts, as determined
by the VOLTS FULL SCALE selector. Simply
depressing the CALIBRATE button returns the signal
applied to the Y-input terminals to the screen.

vVOLTS
FULL SCALE

MULTIPLIER

2 (XY
e
LI
()

SPECIFICATIONS:

CATHODE-RAY TUBE — New Flat-Face Type SADP-
ACCELERATING POTENTIAL — 3000 volts.

Y-AXIS: Deflectian Factar — 0.1 p-p volt full scale (equivalent to 0.023
p-p voit per inch). Direct to deflection plates. 32-39 p-p voits per inch.
Frequency Response (at all gain and attenuator control settings )
Direct Coupling: Flat at 0 to down not more than 10% at 100,000 cps
Capacitive coupling, down not more than 10% from 10 to 100,000 cps.
Down not more than 50 at 300,000 cps. Provision for balanced input
on 0.1 volt full-scale range
Undistarted Deflectian — More than 4 inches.

Expansion equivalent to 20 inches.

tnput Impedance to amplifier (single ended) 2 megohms, 50 wid.
(Balanced) 2 megohms, 35 uuf. Direct (balanced) 3 mecuohms, 20 wuf
(single ended) 1.5 megohms, 20 taaef.

X-AXIS: Deflection Factar through amplifier, 0.3 p-p voit/in. Direct
40-50 p-p volt/in
Frequency Respanse (at all settings of galn and attenuator controls)
Dircct coupling: Flat at 0 to_down not more than 10% at 100,000 cps.;
down not more than 50% at 300,000 cps. Capacitive coupling, down not
more than 10% from 10 to 100,000 cps. Down not morc than 50% at

300,000 cps.
B A
1

1 R
w |

2

‘\
'S
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L

vOLTS
FULL SCALE

PR

MULTIPLIER
2 LS,

MULTIPLIER CONTROL permits calibration of scales to other values,
For example, to calibrate for 200 volts full scale, the multiplier
control is adjusted near 2 so peaks of squarewave occupy space from
zero to 50. Amplitude may now be measured directly in volts simply
by multiplying the settings of the MULTIPLIER control (2) by the
product of the scale reading times the VOLTS FULL SCALE setting (100).
Use of the MULTIPLIER control extends the range of the Type 304-A

to 1000 volts of full scale. Use of precision attenuator, having 1%
resistors, permits the accurate calibrating standard to be inserted

in back of the attenuator without effect from tHe attenuator setting.

Undistarted Deflection = More than 4 inches. Expansion cquivalent
of 30 inches.

tnput Impedance — To amplificr, 2.2 megohms, 50 juef. Direct (single
ended 1.5 megohms, 20 jyf. Balanced, 3 mecgohms, 20 .

LINEAR SWEEPS: Sweep Frequency — Recurrent and driven sweeps con-
tinuously varlahle in frequency from 2 to 30,000 cps. Maximum sweep
writing rate, 1”/psec. Provision for sweeps of extra-long duration,
14 sec. of sweep sccured for cach uf of external capacitance.
Synchronizatian - from signal of cither polarity.

Sync Limiting —on both driven and recurrent sweeps.

VOLTAGE MEASUREMENT — Squarcwave standard applicd for calibration
by front pancel push button.

Valtage Range: VOLTS FULL SCALE, 010 0.1, 1, 10, 100 volts, Mufti-
plier: x1 to x10. Overall accuracy, 5%.

INTENSITY MODULATION — 15 volts blanks beam at normal intensity
settiags.

CALIBRATED SCALE — Variable illumination. Numbered calibrations for
Direct Amplitude measurcment,

PRIMARY POWER — 115 or 230 volts, 50400 cps. 110 w.

PHYSICAL CHARACTERISTICS — Metal cabinet with grey wrinkle finish,
Dimensions: height 1312, width 8%”, depth 19%4”, Weight 50 1bs,

T o2 Oseittigrpty

Write for technicol bulletin A-04-A for complete details.

INSTRUMENT DIVISION ALLEN B. Du MONT LABORATORIES, INC., 1500 MAIN AVE., CLIFTON, N. J.
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CUT CORES
SQUARE

>N
Uy No‘p

Anything You May Need in
TAPE-WOUND CORES

RANGE OF MATERIALS

Depending upon the specific
properties required by the applica-
tion, Arnold Tape-Wound Cores
are available made of DELTAMAX
... 479 MO-PERMALLOY . ..
SUPERMALLOY ... MUMETAL
..4750 ELECTRICAL METAL. ..
or SILECTRON (grain-oricnted
silicoo stcel).

RANGE OF SIZES

Practically any size Tape-Wound
Core can be supplied, from a frac-
tion of a gram to severa! hundred
pounds in weight. Toroidal cores
are available in fiftcen standard
sizes with protective nylon cases.
Special sizes of toroidal cores—and
all cut cores, square or rectangular

40A

cores—are manufactured to meet
your individual requirements.

RANGE OF TYPES

In each of the magnetic materials
named, Arnold Tape-Wound Cores
are produced in the followin;.r,
standard tape thicknesses: .012",
.008"”,.004"”,.002", .001", .0005",
or .00025", as required.

Appliedtions

MAGNETIC AMPLIFIERS

PULSE TRANSFORMERS
CURRENT TRANSFORMERS
WIDE-BAND TRANSFORMERS
NON-LINEAR RETARD COILS
PEAKING STRIPS ... RREACTORS.

waD 3063

THE ARNOLD ENGINEERING (CoMPANY

SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION -

General Office & Plant: Marengo,

PROCEEDINGS OF TIIF | R E
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FREED . 7cifnen

“PROD°U°CTS OF EXTENSIVE RESEARCH"

5

' - MINIATURE MINIATURE
TRANSFORMERS Yopoio  §
INDUCIDRS w 9

& p No. 115U
L. UNIVERSAL BRIDGE>>

PULSE
MODULATORS

SLUG TUNED
DISCRIMINATORS

tn:ou:ncv -
INDICATOR

HIGH
FIDELITY
TRANSFORMERS

FREEDSEAL
TREATMENT

No. 10208
| MEGOHMMETER

. No. 1180 ke

} AC. SUPPLY .
»- s NO. 1040 VOLTMETER Al

. VOLTAGE RANGES: .001 volts to 100 volts in five ~- e
E o ranges (.01, .1, 1, 10, and 100 volts tull scale). G, 2
& oo = R oe ACCURACY: 2% on full scale on dll five ranges, on
< . o sinusoidal voltages.

FREQUENCY RANGES: 10 to 200,000 cycles, .1 db.
variation from 20 cycles to 150,000 cycles: .50 db.
variation from 10 cycles to 200.000 cycles.

INPUT IMPEDANCE: Equivalent to 500,000 ohm resist-
ance in parallel with a 15 MMF. condenser.
STABILITY: Effect of variation in line voltage from
100 volts to 125 volts is 1%. Effect in changes of tubes
is less than .5%.

METER: 4" suppressed zero 1 MA meter protected

’ No. 1110A against overloads. :
INCREMENTAL POWER SUPPLY: The instrument is entirely self-con- N No. 1170 -
$OUCTANCE BRIDGE tained and operates on 100-125 volts, 50-80 cycles. D.C. SUPPLY .
; Total consumption, 40 Watts. L

- DIMENSIONS: 47 High, 5% Wide, 97" Long.
WEIGHT: 12 pounds.

SEND FOR COMPLETE TRANSFORMER AND INSTRUMENT CATALOGS

[FREED TRANSFORMER (0., INC.

1720-8 WEIRFIELD ST., BROOKLYN (RIDGWOOD) 27, N. Y.

EXPORT DIVISION:—458 BROADW AY N.Y.C. 13 N.V.
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| )recision products
A

<4 CLOSE TOLERANCE
RESISTORS

(JAN, Mil, and standard types)

Wire-wound precision resistors have unique char-
acteristics suitable for exacting modern circuits.
Shollcross Akra-Ohm resistors meet these require-
mentsand are availablein many types, sizes, shapes,~
and mounting styles. They are noted for high stabil-
ity, low temperature coefficients, low noise levels,
uniformity, long life, and extreme accuracy in
matched pairs and sets. Ask for Bulletins R3-C, L-27.

PRECISE ELECTRICAL »
MEASURING INSTRUMENTS

Resistance Standards Megohm Bridges

Decade Potentiometers Tone Generators

Decade Resistance Boxes Telephone Test Equipment
Wheatstone Bridges Low-Resistance Test Sets
Kelvin-Wheatstone Bridges Galvanometers

Limit Bridges Ayrton Shunts

Write for Cotalog No. 10

IAL RESEARCH AND DEVELOPMENT SERVICE

Todc?y's complex circuits frequently require the design development, and pro-
duction c:’f highly speciolized components, sub-ossemblies, or instrum'en's which
fall outside the realm of stondard engineering or procl:luction facilities. The
Shc?llcross Research Deportment has been specifically formed to hcndle. such
assignments. Composed of electronic, electrical, instrument, mechanicol, and
chemical engineers of brood experience and bocked with 'cdequo'e m:)dern
fociliﬁes, this unique service group combines o highly technical as well as on
intensely practical engineering-production viewpoint, We invite you to submit
your requirements for review and recommendation, ’

o PROCELDINGS OF TIIE I.RE.
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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-
tions use. Shallcross Audio Engineering Bulletin
No. 4 will be sent on request.

CUSTOM-BUILT P
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
ond material of the contact surfaces. You are in-
vited to outline your requirements on Shallcross
Specification Sheet No. 6.

T —

HIGH-VOLTAGE
Test and Measuring Equipment

Shalleross kilovoltmeters, kilovolt-
meter multipliers, and corona pro-
tected resistors provide maximum
accuracy, safety and dependability
for high-voltage measurement. They
are widely used in standards labora-
tories, and with X-ray equipment,
precipitrons, electrostatic generators,
and other high-voltage sources. Write
for High-Voltage Bulletin L-7.

COMPANY o
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Couple with
S.S.WHITE

How to give
your equipment

True
Fingertip Tuning

FLEXIBLE SHAFTS

A radio and television set buyer is always on the lookout for
features that increase his viewing or listening comiort and
pleasure. So, it's worthwhile considering this simple, eftective
way of providing your equipment with a method of control
which puts the tuning knobs right at his fingertips where he
doesn’t have to bend, stoop or squat to manipulate them.

All that's required is an S.S.White flexible shaft coupling be.
tween the tuning knobs and their respective circuit elements
or switches. This allows the knobs to be placed in any desired
location, regardless of the location of the elements. They can
be mounted on the top, on the side, in the front or the back of
the cabinet. They'll work equally well in any position, because
S.S.White flexible shafts are specifically designed to give
smooth, responsive control around turns or bends and over
any distance.

What's more, S.S.White shafts are easy to install, require no

alignment or adjustment and retain their original sensitivity
throughout the life of the equipment. For further details,

WRITE FOR THIS FLEXIBLE SHAFT HANDBOOK
It contains 256 pages of facts and engineering
data on flexible shaft construction, selection and
application. Copy sent free if you request it on
your business letterhead and mention your
position.

) [
THE m INDUSTRIAL DIVISION
DENTAL MFGC.CO. Dept. G, 10 East 40th St.
NEW YORK 16, N. Y.

Western District Office - Times Building, Long Beach, California

News—New Products

These manufacturers have invited PROCEEDINGS
readers to write for hiterature and further technical
information. Please mention your |.R.E. affiliation

(Continned from page 36A4)

(TC-1-R-12-1), it may be used by sched-
uled airline, commercial and private pilots
and radio operators, as a replacement for
the old type headphones.

t The “AIRPHONE? consists of a speci-
ally designed miniature earphone similar
to those used in hearing aids, but more
rugged in design. The earphone is attached
to a supporting, individually fitted ear-
piece by means of a snap fastener. Com-
ponent parts include a personal volume
control with lapel clip, and a ’L-35 plug

The complete assembly weighs only 23}
oz., but is 12 times more sensitive than
conventional headphones. It is used with
only one ear, leaving the other clear for
cockpit conversation. Price for complete
unit, including postage and carry case
$20.98.

Portable-Pack and Semi-
Fixed Main Station FM
Communications Unit

Mogens Bang & Co., 125 Gates Ave.
Montclair, N. J., announces the availabil
ity of new F\l equipment manufactured
by Storno, Copenhagen, Denmark.

The Pack-Set (Type BQP 45) com
prises a broadband FM-transmitter, in
tended for modulation by a high-quality
dynamic microphone, and a narrowband
F>M-receiver for reception of instructions
I'he set may be carried by hand, over the
shoulder, or on the back. It is divided in
two parts, clamped together. The upper
case contains the transmitter receiver, and

the lower the power supply. The complete
umt s water-proof to ensure operation
under any climatic condition. Transmitter
and receiver are working in full duplex on
a common antenna, The front panel is
furnished with sockets for microphone,
headphone and antenna, a modulation
control, a bass cut-off control and a
squelch control. Transmitter and receiver
are automatically switched-on by inserting
the associated plugs. Operation Range: 1
10 25 miles.
(Continued on page 50A4)
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for Stock Hermetically Sealed Components

MINIATURE AUDIO UNITS...RCOF CASE

Type MiIL Pri. Imp. Sec. Imp.  DCin Response Max. level  List
No. Application Type Ohms Ohms Pri., MA = 2db. (Cyc.) dbm Price
H-1 Mike, pickup, line to grid TF1A10YY 50,200 CT, 500 CT* 50,000 0 50-10,000 + 5 $16.50
o H-2 Mike to grid TF1A11YY 82 135,000 50 250-8,000 +21 16.00
H-3 Single plate to single grid TF1A15YY 15,000 60,000 0 50-10,000 + 6 13.50
¥ H-4 Single plate to single grid, TF1A15YY 15,000 60,000 4 200-10,000 +14 13.50
° DC in Pri.
° H-5 Single plate to P.P. grids TF1A15YY 15,000 95,000 CY 0 50-10,000 + 5 15.50
H-6 Single plate to P.P. grids, TF1A15YY 15,000 95,000 split 4 200-10,000 +11 16.00
RCOF CASE . e i Pri
";:i';‘t‘:‘" e 25/64)  ® #7  Single or P.P.plates to line __ TFIAI13YY 20,000 CT 150/600 4 200-10,000 121 1650
e "1'6‘/,6“ . H-8 _ Mixing and matching TFIAIGYY _150/600 600 CT 0 50-10,000 + 8 1550
Mo:nt.n' i ‘13' 2z, #9  82/41:1 input to grid TFIALOYY 150,600 1 meg. 0 200-3,000 (4db) __ +10__ 16.50
iR vorvrgrare.1 19 s H-10 10:1 single plate to single  TF1A15YY 10,000 1 meg. 0 200-3,000 (4db.)  +10  15.00
Screws ..............4-40 FIL. grid
Cutout . s 7/8 Dia, ® H-11__ Reactor TF1A20YY 300 Henries.0 DC, 50 Henries-3 Ma. DC, 6,000 Ohms. 12.00
Unit Weight ..1.5 02. .
L ]
C—
L ]
[ ]
. COMPACT AUDIO UNITS...RC-50 CASE
S Type MIL Prl. imp. Sec. Imp. DC in Response Max. level  List
. No. Application Type Ohms Ohms Pri., MA = 2db. (Cyc.) dbm Prics
. H-20  Single plate to 2 grids, can TF1A15YY 15,000 split 80,000 split 0  30-20,000 412 $20.00
s also be used for P.P. plates
H-21 Sié\gle plate to P.P. grids, TF1A15YY 15,000 80,000 split 8 100-20,000 +23 23.00
. OC in Pri.
RC-50 CASE . H-22  Single plate to multipie line TF1A13YY 15,000 50/200, 8  50-20,000 +23 21.00
Length 2 125/500°*
Width ... H-23  P.P. plates to multiple line TF1A13YY 30,000 split 50/200, 8  30-20,000 +19 20.00
Height L] 125/500** BAL.
" ! . H-24  Reactor TF1A20YY 450 Hys.-0 DC, 250 Hys.-5 Ma. DC, 6000 ohms ... 15.00
ounting ... 65 Hys.-10 Ma. DC, 1500 ohms.
Screws ... o
Cutout ... . .
Unit Weight ............8 02, °
L ]
" SUBMINIATURE AUDIO UNITS...SM CASE
L ]
° Type MIL Pri. Imp. Sec. Imp.  OCin Response Max. level  List
. No. Application Type Ohms Ohms Pri., MA = 2db. (Cyc.) dbm Price
. H-30_ Input to grid TF1A10YY 50°°* 62,500 0 150-10,000 413 $13.00
H-31 gir;gle plate to single grid, TF1A15YY 10,000 90,000 0 300-10,000 +13 13.00
L] g
SM CASE ° H-32  Single plate to line TF1A13YY 10,000°*°** 200 3 300-10,000 +13 13.00
° H-33  Single plate to low TF1A13YY 30,000 50 1 300-10,000 +15 13.00
Length .. impedance
Width ........ e H-34  Single plate to low TF1A13YY 100,000 60 .5 300-10,000 + 6  13.00
Height ... . impedance
Screw ... . H-35  Reactor TF1A20YY 100 Henries-0 DC, 50 Henries-1 Ma. DC, 4,400 ohms. 11.00
Unit Weight —— Y} .
' s
. - * -
;[ah,:e’:ipne:!':nn‘deo'v:'::::noe': . : 200 ohm termfnat!on can be used for 150 ohms or 250 ohms, 500 ohm termination can be used for 600 ohms.
Obviously, o transfarmer with ** 200 ohm termination can be used for 150 ohms or 250 ohms, 125/500 ohm termination can be used for 150/600 ohms.
© 15,000 ohm primary imped- ° **+ can be used with higher source impedances, with corresponding reduction in frequency range. With 200 ohm source
ance con operate from o tube ° secondary Impedance becomes 250,000 ohms ... loaded response is —4 db. at 300 cycles. !
representing o source imped. *+escan be used for 500 ohm load ... 25,000 ohm primary impedance ...1.5 Ma. DC.

once of 7700 chms, etc. In
oddition, tronsformers con be
uied for opplications differ-
ing considerably from those
shawn, keeping in mind thot
Impedonce ratio is constont. /
Lower source impedonce will y
improve response ond level
rotings . . . higher source im-
pedonce will reduce frequency
ronge ond level roting.

150 VARICK STREET j NEW YORK 13, N. Y.

EXPORT OIVISION: 13 EAST 40th STREET, NEW YORK 16, N. Y. CABLES: ""ARLAB"
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Accurate — Portable— AVAILAB LE

The Type H-12

This compact, self-contained unit, weigh-
ing only 43 1bs., provides an accurate
source of CW or pulse amplitude-modu-
lated RF. A well-established design, the
Type 12 has been in production since 1948.
The power level is 0 to —120 dbm, con-
tinuously adjustable by a directly cali-
brated control accurate to *2 dbm. The
frequency range is controlled by a single
dial directly calibrated 10 “19/. Pulse
modulation is provided by a self-contained
pulse generator with controls for width,
delay, and rate; or by synchronization
with an external sine wave or pulse gen-
erator; or by direct amplification of ex-
ternally supplied pulses.

Gold Plating of the oscillatar cavity and tuning
plunger assures smaoth action and reliable performance
over long periods. Generous use of silicone-treated
ceramic insulation, including resistor and capacitor
terminal boards, and the use of sealed copacitors,
transformers, and chokes, insures operation under con-
ditions of high humidity for long periods.

UHF SIGNAL GENERATOR

900-2100 Megacycles

Built 10 Navy specifications for research
and production testing, the Type H-12
Signal Generator is equal to military
TS-419 U. It is in production and avail-
able for delivery.

Price: $1,950 net, f.0.b. Boonton, N. J.
Type H-14 Signal Generator

(108 (0 132 megacycles) for testing OMNI
receivers on bench or ramp. Checks on:
24 OMNI courses, left-center-right on
90 150 cps localizer, left-center-right on
Phase localizer, Omni course sensitivity,
operation of TO-FROM meter, operation
of flag alarms,

Price: $942.00 net, f.o.b, Boonton, N. J.

WRITE TODAY for descriptive litera-

® ® ture on A.R.C. Signol Generators or air-
rc ' a l° bon'\c LF nnd VHF communication and
l novigation equipments, CAA Type Cer-

CORPORATION-BOONTON, N. J.

tificoted for tronsport or private use.

Dept. 2 Dependable Electronic Equipment Since 1928
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PHENOLIC CARTRIDGE

HERMETICALLY SEALED Diometer Y to 17
Diometer 3/16" to V-1/47 Length. ... 12" to 127
Length 9/16" to 107 Current: holf.wove. . 1.5 mo to 60 mo
Current: holf.weve. . 1.5 mo fo 60 mo Voltoge: DC owtput 20 volts to
Voltoge: DC output 20 volts to 10,000 volts

11
P00malis EL SEGUNDO
CALIFORNIA
2 .
o s
"/V 3
SELENIUM DIODES W
Diometer........ 100" to 0.300”
Length........... .210" to 0.250"
Output Voltoge. .. ... .20V to 8ov
Output Current...2M0 vo to 1.5 ma

Temperoture Ronge l-50°C 1o 100°C

A recent month’s production POW Owned and managed by En-

included Rectifiers to supply K gineers who are specialists

40 microamperes, 1,000 volts, c d in the design and manufac-
onsiille

ture of Selenium Rectifiers,
Submit your problems for
analysis and we will be glad
to offer our recommendations.

INTERNATIONAL RECTIFIER

General Offices: 1521 E. Grand Ave., El Segundo, Calif. - Phone: EI Segundo 1890
Chicago Branch Office: 205 West Wacker Orive « Phone: Franklin 2-3889

and Rectifiers with a capacity
of 140,000 amperes, 14 volts.

single ¥k ni stack
produced

49A
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News—New Products

These manufacturers have invited PROCEEDINGS
readers to write for literature and further technical

HIGH PRECISION
’ﬂ;ermlsforswrce

ecision SO

information. Please mention your |.R.E. affiliatien.
Continued from page 44A4)

The FN-Receiver (Type RX46) is in
tended for reception of the signals from
the pack-sets or the relay transmitter, It is
continuously tunable over the entire band
88-108 Mc. It has built-in power supplies
for both ac mains and 12 Volt dc. Either
can be selected from a front panel equipped
with an AF-level control, a meter with
associated switch, terminals for connection
to a telephone line, and sockets for power,

made to

your order for

resistance values

size

antenna and headphone. The level control
allows audio output from +12 dh to —12
db in steps of 3 db and from —12 1o

db with increasing intervals. Zero db cor-
responds to 2.6 volts across 600 Ohms
equal to 100 per cent modulation 70.775
volts equals 30 per cent modulation). The
meter arrangement allows control of all
important tensions and currents.

\n automatic frequency-correcting ne
work is employed, eliminating the normal
temperature drift and thus keeping the
receiver tuned-in on the transmitter fre-
quency. The receiver is intended for 19
inch rack-mounting. For portable use it
can, however, be delivered in a mahoga

temperature
coefficient

Q‘ mountings

Typicol opplication
in capsule form for
temperature sensing
of hydraulic oil.

quality

Widely useful as temperature measuring elements and as

binet
liquid level sensors, these temperature responsive resistors The  Talk-Back  Transmitter  Type
I'X46-1 is used for giving orders and i

structions to the persons carrying the pack
sets. 11 is sufficiently powerful to mair
tam the contact outside the range of the
pack-transmitter in orcder to secure that
the instructions are carricd through unde
any circumstances. Four-spot frequencie
are available allowing individual contac
with four groups of pack-sets without dis
turbing the others. The transmitter is «
10 wart phase-modulated FM-transmitter
intended for operation on four crystal
controlled frequencies within 300 ke in the

are built by Bendix-Friez under a system of quality controls
set up to meet exacting military standards of accuracy. You
can count on them as the very best obtainable, whether pur-
chased from stock or made 10 your own specification. Ask

for a list of applications.

STANDARD TYPES IMMEDIATELY AVAILABLE

e A 1 band 88 102 Mec. Built-in power supplies
. X o / [+] *J .

Size [inches) @ +30°C. (@ 0°C. @ -30°C. allow operation on either 220-volt ac
e muins or 12 volt dc. The transmitter mav

140 x Y% 45 ohms 86 ohms 194 ohms be modulated either from a carbon micro
- — phone or from a telephone line with usual
.040 x 1.5 12,250 ohms 26,200 ohms 65,340 ohms line level. The front panel is equipped with

——] sockets for power, microphone and ar
018 x 1.5 35,000 ohms 82,290 ohms 229,600 ohms tenna, as well as terminals for telephone
- — line and ground. Selector switches are pro-

FRIEZ INSTRUMENT DIVISION of
1324 Taylor Avenue ¢ Baltimore 4, Maryland

Write for details to Dept. C

Export Sales: Bendix International Division, 72 Filth Ave, N. Y. 11, N. Y.

50a
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AVIATION CORPORATION

PROCEEDINGS OF TIE I.RE

vided for power and the four-spot frequen-
cies. .\ meter with associated switch allows
control of all stages as well as the antenna
urrent. A special tuning knobr for the
power amplifier is provided, since tuning is
dependent on the antenna conditions. The
transmitter is intended for 19-inch rack
mouniing, but may also be delivered in a
mahogany cabinet.
Continved on page 60.4)
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"Help Protect Your Product...
" Your Profit . .. Your Reputation

1
2 a3
A ARl ot o ko L R "v*t:‘.ﬁJ

Knows LINE OF FUSES

for: TELEVISION INSTRUMENTS
RADIO CONTROLS
RADAR AVIONICS

38 year’s service to American homes, farms .. pj‘“
and industry is behind every fuse that bears the
A COMPLETE LINE OF FUSE CLIPS,

BUSS trademark. Your customers have confidence
in BUSS.. . . they know the BUSS name represents BLOCKS AND HOLDERS
fuses of unquestioned high quality.

To maintain this high standard each and
every BUSS fuse is tested in a highly sensitive
electronic device that rejects any fuse that is not
correctly calibrated — properly constructed
and right in physical dimensions.

It’s easy to select a BUSS fuse that’s right
for your fuse application. The complete BUSS
line includes: Dual Element (Fusetron slow
blowing type fuses), Renewable and One-Time
types — available in all standard sizes, and
many special sizes and designs.

1F YOU HAVE A PROTECTION PROBLEM
— We welcome requests for help in selecting the
fuse or fuse mounting best suited to your
conditions. Submit sketch or description showing
type of fuse contemplated, number of circuits,
type of terminals, and the like. Our staff of fuse
engineers is at your service.

BUSSMANN Mfg. Co. (Division of McGraw Electric Co.)
University at Jeflerson, St. Louis 7, Mo.

DPlease send me bulletin SFB containing complete facts on
BUSS small dimension fuses and fuse holders.

NAMIC....cooeeeeecrenssessesescesserssssssssasssssasaasssnsansnsens
Fo r M o r e ,n fo r m u " o n TRl e ceeeaiiesessnnsascssinsansssssssnss sssnssansnnasasassssssssssanassssssasasasssnssnnanesasen
CLIP THIS HANDY COUPON NOW.. .. Company........ccccemmeanees Rem—
AAIesS....coevieieeeneeiienianaese e nesesesasas
BUSSMANN MFG. CO., Division McGraw Electric Company City S ZONCneneieiecncceiemisessins e OB v tenn s scensnssenass 952

University at Jefferson St. Louis 7, Mo.
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SEE AN IMPROVEMENT
FOR YOUR PRODUCT HERE?

Fhoto-micrograph of
a section of Rubatex
Closed Cellular Rub.
ber shows the dense
stzucture of individ-
ually sealed cells
which give Rubatex
its superior qualities
not possessed by ordi-
nary sponge an

having open cells

INSULATOR LIGHT WEIGHT

> 4 7}'(
N~

: . I
/I\\\ 77"\§'.
SHOCK v

ABSORPTION BUOYANT SANITARY

If your problem is vibration isolation, sealing, gasketing,
shock absorption or packaging — RUBATEX’s excellent
characteristics will help improve your product.

[— ——————————————
R U B A I E x Rubatex engineers will be glad !o—l

|
work with you.” Write and tell us your !
] problem. Send for catalog RBS-‘ZSI. !
Dept. IRE.9. ubatex Division, Great |
|
|

CLOSED CELL RUBBER | Gime:r@can Industries, Inc., Bedfora,
rginia.
_______________ 4
5 PROCEEDINGS OF THE 1.1t September, 1952
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493'.” Gpl Leads the field with FULL

Compare

THESE CAMERA FEATURES
WITH ANYTHING
ON THE MARKET TODAY

¢ Three Compact Units

* Equal Flexibility in Studio
or Field

e push-button Lens Change

o Right or Left Hand Focus Knobs

 {ris Control at Camera and (CU

o Iris Indication at Camera
and CCU

® Turret, Focus and Iris Controls
from remote location if
desired

* High Resolution Integral
View Finder

® Four-section Integral

I
,/ provides PAN
/

TILT
FOCUS
LENS change

IRIS adjustment
...from 1000 feet away...

Now, with the GPL Remote Con-
trol Pedestal, your cameraman can
work at full efficiency a fifth of a
mile from his camera ... make any
lens or focus adjustment instantly
...control pan and tilt with a pan
handle that works as if it were phys-
ically attached to the camera... or,
at the touch of a button, swing the
camera to any of six pre-set posi-
tions, with lens and focus auto-
matically correct. As with all GPL
camera chains, the CCU operator
has full control of iris setting to as-
sure finest picture reproduction.
This remote control makes pos-
sible the location of cameras where
they could never be placed before—
for better coverage in auditoriums,

at sports events, in the center of
“round-table” discussions. For mili-
tary or industrial use it offers out-
standing advantages.

Use Remote Control Now —
or install it later

All GPL cameras are adaptable
to the new remote control pedestal,
yet there is no cost premium. Equip
your studios now with TV’s finest
camera chain, add remote control at
any time later on. Before you make
any camera investment, be sure to
investigate GPL—the industry’s lead-
ing line, in quality . . . in design.

Write, Wire or Phone
for specifications and complete details
on GPL cameras and GPL remote control.

I NCORPORATED

General Precision Laboratory

Filter Wheel PLEASANTVILLE NEW YORK

IV Camera Chains * TV Film Chains * TV Field and Studio Equipment * Theatre TV Equipment
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CUT 90% OF RADIU AND TV SET SULDERING WITH

Cut costs! Use Sylvania stamped circuits and dipped
solder sockets in your radio and television sets. Elimi-

nate expensive hand-wiring . . . the danger of wrong

connections and cold soldering joints.

Sylvania engineers are ready to develop stamped cir-
cuits for your TV Tuners and TV IF Amplifiers. Or
prepare loop antennas for your radios .

completely

Figure 1. The complete wiring of this 8-tube
Electronic circuit was die stamped in one
operation. Its 90 connections soldered in an-
other,

Figure 3. Sylvania Loop Antennas have wide
acceptance and ore surprisingly low in cost.
They assure better reception.

prefabricated panels with stamped wiring, and special
sockets and terminals for hot dip soldering for all your
clectronic equipment. Sylvania socket terminals and
components are electrically connected to the circuit in
one single soldering operation!

For complete details write to: Sylvania Electric
Products Inc., Dept. A-1309, Warren, Pa.

Figure 2. This is the reverse side of stamped
circuit shown in figure 1. Both sides of the
circuit were stamped in one operation.

Figure 4. Television IF Amplifiers are of high,
vniform quality. These stamped inductances
have no variation with heat change, and have
a relatively high “Q’.

SYIVANIA

Sylvania Electric Products Inc.

RADIO TUBES; TELEWISION PICTURE TUBES; ELECTRONIC PRODUCTS; ELECTRONIC TEST EQUIPMENT FlUOR[SC[Nl TUBES, FIXTURES, SIGN TUBING, WIRING DEVICES; LigHT

54a

1740 Broadway, New York 19, N. Y.

¥ BULBS; PHOTOLAMPS; TELEVISION SETS
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SPECIFICATIONS
LINEARITY: £ 0.5% of total resistance.
MAXIMUM OPERATING SPEED: 100 rpm.
ACCELERATION: Will withstand 50G steady slate
acceleration in best axis.
VIBRATION: Will withstand 0.06° double amplitude
sinusoidal vibration from 10 to 55 cps in best axis.
AMBIENT TEMPERATURE: Will function mechanically
from —54°C. to 4+ 71° C.
MOMENT OF INERTIA: 2 x 10~—‘0z-in.? (approx.)
TEMPERATURE COEFFICIENT OF RESISTANCE)
.0006/° C. Max.

o

Following Microtorques® are available from stock in
quantities of six or less:

STARTING TURNS OF WIRE
RES. OHMS TORQUE TYPEZ TYPE9 CURRENT®® PRICE**

IN-OZ. MA,
250 .006 350 450 57 $45.00
1,000 004 500 650 28 $40.00
2,000 .004 100 750 20 $40.00

MIC ROTOR Q UE* 5.000 1003 300 1200 1" $40.00
POT ENT iIoOM ETER " 10,000 003 1000 1300 10 $40.00

25,000 003 1,000 1300 7 $45.00
You are now assured immediate delivery of the st be detrated 1or SmLleTEmr IR oR L0z 0
Microtorquc* Potentiometer. As a new service to osoprices apply to quantities of six or less. For quotation on larger
. quantities or specialtypes, please write
customers, a complcte SIOCk Of resistance va]ucs as Above Microtorques® are avallable in the following fwo types
listed, is maintained to assure immediate de]ivery :yplu'I 27:)"':!: 10° Electrical Rotation, Mechanical Rofation Limited
. y internalstops
for prototypes, experimental work or emergency Tyaes:354= HinsEloctriestAptaEn, Mociny it
production. The Microtorque* is the solution where Beushdoss ooty o e
e 4 . e Glannini also ' i s of various types, including
remote lndlcatmg, low torque (003 oz. m.), non-tineat functions, and tapped windings
jewel bearings and instrument quality are required.
Other Giannini Potentiometers that are available
on special order; soon to be stocked. ) /’i’
7 7 /]{7 4 R
j 7 o

¢ /{'I/y’/’/ } /

yputt

ronad OV o

‘U““‘.:\-‘oquw bo
-

~
ineof 00 :
2 o078 she begnl“““‘.v \on9-

(%
w giame'® orque:
s Tl hms:
56%\2 100,000 ¢

Foremost manufacturer of toroidally-wound potentiometers.
Where linearity, stability, rigidity, power
P dissipation and precision are required,
/ G .u nn i ni toroid windings are outstanding performers.

*MICROTORQUE—"T .M. REG. 1952

INSTRUMENT QUALITY

POTENTIOMETERS

G. M. GIANNINI & CO., INC. PASADENA 1, CALIF. EAST ORANGE, NEW JERSEY
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However you compute

L

-

IRC BT RESISTORS
ARE FIRST

/<By whatever factor you consi

important, IRC filament type BT resistors lead -

-

the industry. The next time you specify insulated
composition resistors remember—it pays to

do business with the leader. Most people do.

IF QUANTITY PRODUCTION
INDICATES LEADERSHIP—

remember more IRC BT
resistors are used in radio
and TV sets than ony other
brand. During the last five
years IRC supplied 40% of
the resistors used in radio
and TV set production.

IF QUALITY STANDARDS
DENOTE LEADERSHIP—
remember IRC Advanced
Type BT resistors meet and
beat rigid JAN-R-11 speci-
fications. Nearly all producers
of government equipment
have tested and approved
IRC's, advanced BT resistor.




leadership

IF GLOBAL ACCEPTANCE
REFLECTS LEADERSHIP —

remember IRC fllament
type BT resistors are favored .

in every major market of the
world. Licensee plants in Canada,
England, Denmark, Belgium, ltaly
and Australia produce IRC BT's

for international electronics.

{F DEPENDABLE DELIVERY
REPRESENTS LEADERSHIP—

remember IRC's long record of strike-

free labor relations protects your
assembly lines. Dependable delivery
of Advanced Type BT resistors is fur-
ther assured by IRC’s financial ability
o maintain large stocks of wanted

ranges and to draw from foreign

IF RESEARCH AND
ENGINEERING TESTIFY
TO LEADERSHIP—
remember IRC BT resistors are

produced by the largest resistor manufac-
turer in the world. The finest accumulation

licensees when demand warrants it.

of resistance know-how has been pooled
in the perfection of these filament type

resistors.

Smallest insulated resistar
available anywhere  This coupon brings you full data on IRC BT Resistors

o
-—-—————_—-——————————————————-

INTERNATIONAL RESISTANCE COMPANY
405 N. Braad Street, Philadelphia 8, Po.

Please send me full data on IRC Advanced Type BT Resistors:— l

Also name ond address of nearest IRC Distributor who can furnish

speedy delivery of BT resistors in small quantities.

NAME _

TTLE

COMPANY __

ADDRESS

ity
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PRECISION ENGINEERING
IN ELECTRONICS

Telemetering and Data Handling Equipment
Special Components

GROUND STATION EQUIPMENT

Installations for reception and all forms of handling and reduc-
tion of data from pulse width and FM/FM radio telemetering
systems ® Custom-engineered and custom-built to hold equip-
ment to a minimum consistent with accuracy, operation ease,
reliability ® Functional mounting of components assures ser-
vicing ease — and Hexibility for ready unit expansion with any
of the following:

® Speciolized receiving equipment automaltic missing pulse inser.

® Magnetic tape field storage ond tion.

playback ® Oscillographic film reader, with

® Regenerative integrator for PM line center finder

signals ® Tabuylated numerical output
® Channel selector for PW systems
with automatic zero and channel
sensitivily adjustments, ond @ Graphical output

® Punched card output

DATA HANDLING EQUIPMENT

Automatic or semi-automatic devices tor marked reduction of
time, expense, man-power usually required to place volumes of
recorded data in final usable form @ Input data — film records
varying DC voltages, magnetic tape recordings, etc — processed
point by point, at high rates, with automatic correetion for zero
drift, scale factor, and measuring system non-linearities ® Out-
puts available as continnous plots on filin or paper, with scale
and time coordinates, as DC voltages, as pulse coded signals for
remote transmission, or as clectrical indications for existing
tabulating and card punching devices ® All systems custom-
designed for accuracy and economy; custom-asseml)le'd from
special purpose components devised in continuous engincering
of data handling systems.

®-—ascop |

we erOovIOL Avn( LEVER o rOU MOVE TwE WOSLD

Your Inquiries Are Invited ® Write or Telephone

Applied Science Corp. of Princeton
P. O. Box 44, Princeton, N. J.  PlLoinsboro 3-4141

58a

PULSE WIDTH RADIO TELEMETERING

‘4
PW /PM Small, rugged units particularly suited to vehicular use
where many dilferent variables must be continuously transmitted.

® 30 data channels ® 30 cps sampling rate @ Vibration —Y3 in. at

©215.235 me Corrier.  ®1% system occuracy 90 €P* )
crystal controlled e /3% linearity e ‘S‘;:g 2\efnfwo(packogg

@ Based on RDB telemet. ® 0-5 volt DC inputs
ering standards

® 3% in. diam.; 17 in.
® 60 g sustoined accel-  length; 7 Ibs. weight

® 4 wott RF power out- eration ® Primary power 28
put ® —40" to +60°C volts, 3.5 amps

Note: Also ovailable without dynamotor. Transmitters available
separately. Integral subcommutator if more channels are desired

m7 zx’&‘__cum:l ,

M s PRt — e

PW/FM For higher power output, with space no factor. Stable,
highly reliable over long distances. Components readily access-
ible for replacement to extend unit life.

»

® Based on RDB telemet- @ 1% system accuracy @10 k¢ oscillator sup-
ering standards ¢ %% linearity ply for AC pickups in-

® 215.235 mc Carrier F cluded

o Max. drift — .04%  ® 03 volt DClinputs o 4y 0 e 30 in.

© 10 wott RF power out- ® 60 g sustained accel- combined length; 17
put eration Ibs. combined weight
® 30 data channels ® Vibration: Y4 in. ot 60 @ Primary power 28

@ 30 cps sompling rate cps volts ot 5.7 amps.

Note: Model PAD-1 Power Amplifier-Dynamotor unit may be
added fo inc-ease fransmitter power to 40-50 wotls. Transmit.
ter of Transmitter-Dynamotor packages available separately.

T — . SS— S G GEEE S SR GG GREND AU S S 1

HIGH-SPEED ROTARY SAMPLING SWITCHES

ASCOP designs and monufactures switches 1o your most difficult
ond exacling requirements. Here are o few typical examples

. TYPE T Built to withstand vibration |

] \ shock, temperature and altitude ex-
tremes. Switching designed for  air-
borne radio telemetering systems. DC
motors lor 27, 12, and 6 volts. Up to 4

poles, cach with 30 contacts. Sampling
speeds from 0.1 to 20 rps.

TYPE U Custom-designed for limited
space applications. Complete with DC |
drive motor, yet only 1 in. in diameter.
A single pole samples 32 fixed contacts
at the rate of 100 rps.

TYPE L For high performance with

spacc secondary. Single pole samples

120 fived contacts at rates up to 30 rps. |
Connection to external drive through
% in. steel shaft running in scaled ball
bearings. Special contact material for |
long scrvice-tree life. t

TYPEV For precision in sampling speed
plus long lite. Synchronous drive motor
permits selection of single pole sampl-
ing of GO fixed contacts at many rates
from 1 rps. to 1 rev, per day. Adapt-
able, (hrough variety of mountings and
terminals, for use as a component of
industrial instrumentation systems,

PROCEEDINGS OF THE I.RE. September, 1952
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"~ pigrunE TUBE
/| REQUIREMENTS,

1959 TV RECEIVERS
/

“Sales wants a no-glare
image, with needle-sharp
focus. .. how can | provide
both features 2"

G-E CYLINDRICAL-FACE TUBES BANISH GLARE,
WHILE PRESERVING PICTURE DETAIL!

Now available, a picture tube with a vertically straight face! Spherically convex tubes, when tilted, cannot deflect all light down and away.

ROOM LIGHTING IS DEFLECTED DOWN!
Light from ceiling lamps, table lamps,
or windows is bent to the floor. Here
a G-E Cylindrical is shown from the
side in normal tilted mounting position.
No light beams reach the viewer's eyes.

INTERNAL REFLECTIONS AREREDUCED! The
inner, or screen face of a G-E Cylindrical
is stippled. Stippling wards off reflec-
tions, yet permits a picture surface which
is fine-grained and uniform. The image
has highest quality and rich contrast.

FOCUS AND DETAIL MAINTAINED! Tube’s
outer face is smooth and polished. Con-
sequently, there are no glass-surface ir-
regularities to refract and magnify . . . as
can be the case with etched-face tubes.
Viewers see the image in sharpest focus.

An extensive line of G-E Cylindrical-face Picture Tubes offers
you the right type for that new TV chassis you're designing.

Phone . . . wire . . .

write for complete information!

Tube Department, General Electric Company, Schenectady 5, N. Y.
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SUB-MINIATURE INDICATOR ASSEMBLIES

A great aid to your miniaturization program

MOUNT IN 15/32"” HOLE
ALL LENS COLORS
Easy lamp replacement

with any midget flanged
base lamp types

) Hcs,

&y
linnm.’

= =]

= N
1 .

llcmnm” Complete blackout I J

ACTUAL uy or semi-blackout TET] ACTUAL

SIZE > SIZE
NON-DIMMING dimmer types MECHANICAL
OIMMER

No. 8-1930-621
No. 11-1930-621

THESE ASSEMBLIES LOGICALLY REPLACE
LAMPS NO. 319, 320, and 321

l.! | "'
NOT £— OR
THIS THIS

PLASTIC PLATE (EDGE) LIGHT ASSEMBI.I'ES?i

REPLACE
WITH THIS

AIR FORCE and BUREAU of AERONAUTICS
MIL-L-7806 DRAWING MS-25010

DIALCO No. TT-51 (Red filter-black top)
.'or, No. TT-51A, complete with No. 327 Lamp

ALSO MADE \\ \\ [ 1

)

—

:i‘_r{‘

o

with other filter colors
and with light-emitting
top (for indication)

ALL OF THE ASSEMBLIES ILLUSTRATED
ACCOMMODATE LAMPS NOS. 327, 328, 330, and 331.
ANY ASSEMBLY AVAILABLE COMPLETE WITH LAMP

SAMPLES ON REQUEST — NO CHARGE

Foremost Manufacturer of Pilot Lights

The DIAL LIGHT COMPANY of AMERICA

60 STEWART AVENUE, BROOKLYN 37, N. Y. HYACINTH 7-7600

ACTUAL SIZE
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News—New Products

These manufacturers have invited PROCEEDINGS

readers to write for literature and further technical

nformation. Please mention your |.R.E. affiliation
Continued from page 50A4)

Range Calibrator

Tel-Instrument Co., 50 Paterson Ave.,
lcast Rutherford, N. J., announces the
availability of a new range calibrator
(Type 2010), specifically designed for pro
duction testing and calibrating of radar re
ceivers. This instrument embaodies several
very basic circuit features which obsolete
the TS-102/AP range calibrator for ap
plications requiring accurate pulse repeti
tion rates and absolute freedom fron
marker jitter.

Type 2010 offers: crystal-controlle
pulse rates of 200 to 2,000 pps, derived
from a 327.80 kc marker crystal by the use
of a binary divider system, “Master”
“Slave” operation permitting the use of a
number of calibrators for multi-position
test systems, narrow and stable 500 yard
marker pulses, and a completely regulated
power supply for operation from 105-125
v, 100 w 50-60 cps.

Motor Starting Capacitors

\ new line of motor starting capacitors
designed to operate under adverse condi-
tions has been announced by the Illinois
1616 N.

Condenser Co.,
Chicago 22, 111

Throop St

Built-in features of these capacitors
include low power factor and wide tem-
perature range. Shock proof construction
assures long life under severe vibration

Connecting terminals and foil are of
heavy construction and corrosion proofed

Lvery unit is fully guaranteed for a
period of one year.

Fhese electrolvtic motor starting
capacitors for 50-60 cps operation are sup-
plied in round aluminum containers with
msulating sleeve.

The capacitors are available in a wide
range of capacities in voliage rating from
24 10 220 vac

Complete details may be secured b
writing the manufacturer.

Continned on page 76A4)

September, 1952




 EVACUATING

-~

".':',\" ~§ »nt

(L€ for your copy of Hermetic's
new 32-page brochure, the most
complete and informative pres-
entation ever made on hermetic J

) GAS FILLING

N

fi-Terminal Header is made
with a central gkhaust tube through which a
relay enclosyfe may be exhausted without
additional holes in the can or
¢ complete assembly can then be
filled inert gas. such as helium or dry
nitroggh. The exhaust tubing is soft-annealed.
thin-#alled and hot tin dipped to facilitate
pipching off and sealing.

On the bottom side of the header. the tub-
ing is flush with the ceramic, thus allowing
maximum space inside the can. The length
of the tubing extending through the top may
be increased to meet specific requirements.

Ceramic-Metal, Multi-Terminal Headers with
exhaqust tubulations are also avdailable in
Hermetic Seal’s 800 Series. 750 Series and
600 Series.

cover.

For your requirements in hermetic seals, for
information and help in planning a product,
consult the one and only dependable source
for quality seals and be right every time.

EEDINGS OF THE [.RE September, 1952




electronic wire and cables
for standard and special applications

Whether your particular requirements are for standard or special
application, choose LEN Z for the finest in precision-manufactured

electronic wire and cable.

- GOVERNMENT PURPOSE RADIO AND
INSTRUMENT HOOK-UP WIRE,

plastic or braided type, conforming to Government
Specification JAN-C-76, etc., for radio and instruments.
Solid or flexible conductors, In a variety of sizes and
colors.

\

RADIO AND IHSTRUMENT HOOK-UP WIRE,

Underwriters Approved, for 80° C., 90° C. and 105° C,
temperature requirements. Plastic insulated, with or
without braids.

RF CIRCUIT HOOK-UP AND LEAD WIRE

for VHF and UHF, AM, FM and TV high frequency cir-
cults. LENZ Low-Loss RF wire, solid or stranded tinned
copper conductors, braided, with color-coded insula-
tion, waxed impregnation

g 7707 ———

SHIELDED MULTIPLE CONDUCTOR CABLES

Conductors:“Multiple—2 to 7 or more of flexible tinned
copper. Insulation: extruded color-coded plastic.Closely
braided tinned copper shield. For: Auto radlo, indoor
PA systems and sound recording equipment.

SRR RN RN
R R R R
}r\»}z % LR L

NARBNY S OGS
L LR
D »‘o(o‘»» R

SHIELDED COTTON BRAIDED CABLES

Conductors: Multiple—2 to 7 or more of flexible tinned
copper. Insulation: extruded color-coded plastic. Cable
concentrically formed. Closely braided tinned copper
shield plus brown overall cotton braid.

N

N

e

SPECIAL HARNESSES,

cords and cables, conforming to Government and civilian
raquirements.

e T

SHIELDED JACKETED MICROPHONE CABLE

Conductors: Multiple—2 to 7 or more conductors of
stranded tinned copper. Insulation: extruded color-
coded plastic. Closely braided tinned copper shield.
Tough, durable jacket overall. =

JACKETED MICROPHONE CABLE

Conductors: Extra-flexible tinned copper. Polythene
insulation. Shield: 36 tinned coppér, closely braided,
with tough durable jacket overall. Capagity per foot:
29MMF.

TINNED COPPER SHIELDING AND
BONDING BRAIDS
Construction: ¢34 tinned copper braid, flattened to

various widths. Bonding Braids conforming to Federal
Spec. QQ-B-S75 or Air Force Spec. 94-40229.

PA AND INTERCOMMUNICATION CABLE

Conductors: #22 stranded tinned copper. Insulation:
textile or plastic insulated conductors. Cable formed of
Twisted Pairs, color-coded. Cotton braid or plastic
jacket overall. Furnished in 2, 5, 7, 13 and 25 paired, or
to specific requirements. -

Lenz Electric Manufacturing Co.

1751 N. Western Ave., Chicago 47,

Ilinois
Our 48th Year in Business

cords, cable and wire for radio « p. a. « test instruments « component parts

PROCEFEDINGS OF TIE I.R.} »




For Industrial Electronic Designers.....

A NEW WAY TO GET
GREATER CIRCUIT RELIABILITY!

ow, when designing equipment, you can
- Vfreely specify 5-Star Tubes knowing they
7ill be available in quantities when you need
hem. Greatly expanded G-E output offers
ou ... for the first time . . . an assured
upply of these famous types that are designed
nd built for highest reliability.

“ake advantage of 5-Star availability, to
levelop new clectronic circuits that excel in
heir dependable performance . . . in freedom
rom tube replacements . . . in lower
naintenance needs.

5ain the benefits of

» Buyer preference because your equipment
is more dependable.

» Lower designing costs! 5-Star Tubes come
to you uniformly predictable in performance.

» Lower manufacturing costs in your plant!
Fewcr rejects from tube causes mean
fewer units to be reworked.

» Lower warranty-servicing costs on your
equipment in users’ hands.

Prompt study of G-E 5-Star advantages will
strengthen your competitive position and
soint the way to important savings. Ask for
‘he facts . . . by return mail, or visit from a
5-E tube engineer! General Electric Company,
Tube Department, Schenectady 5, N. Y,

| Booklet ETD-548 contains a cross-reference i

table of ratings and characteristics for ap-
| plication use when substituting 5-Star Tubes
! for standard types. Wire or write for it! |

SsSTARMUBESE

PO

When designing new circuits, most of your tube needs can be met with high-reliobility
5-Star types now in production...as the prototype-vs.-5-Star list below demonstrates.

STANDARD TYPES REPLACE WITH THESE 5-STAR TYPES

2C51 GL-5670— h-f medium-mu twin triode.

2D21 GL-5727 — thyratron.

5Y3-GT GL-6087 — full-wave rectifier.

6AKS5 GL-5654— sharp-cutoff r-f pentode.

6ALS GL-5726 —twin diode.

6AQ5 GL-6005—beam power amplifier.

6AS6 GL-5725—dual-control sharp-cutoff r-f pentode.

6AUb GL-6136—sharp-cutofl pentode.

6BA6 GL-5749—remote-cutoff r-f pentode.

6BE6 GL-5750—pentagrid converter.
GL-6135—medium-mu triode.
GL-6137 —remote-cutoff r-f pentode.
GL-6201—high-Gm medium-mu twin triode.
GL-5814—medium-mu twin triode.

GL-5751—high-mu twin triode.

GL-6072—low-noise medium-mu twin triode.

GL-5686—beam power amplifier.

GENERAL ELECTRIC
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HORIZONTAL-OUTPUT TYPES
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8 types to fill your deflection-system needs

RCA now offers these eight volume-type,
deflection-system tubes having perform-
ance range to take care of most circuit re-
quirements efficiently and economically.

Vertical-Output Tubes: The RCA-654
is a miniature medium-mu triode for
circuits operating from the boosted
B-voltage supply and is capable of sup-
plying ample deflection for kinescopes
having diagonal-deflection angles up to
70 degrees and operating at voltages up
to 18 kilovolts. The RCA-12BH7 is a
miniature twin triode used in similar
circuits having more modest deflection-
voltage requirements and permits the
economy of using one triode unit as the
vertical oscillator,

Horizontal-Output Tubes: The RCA-
6BQG6-GT beam power tube is capable

ELECTRON

of fulfilling most requirements for hori-
zontal deflection and high voltage in re-
ceivers having B voltages in the order of
230-300 volts. RCA-25BQG6-GT, the
same as the GBQG-GT except for its 25-
volt, 0.3-ampere heater, is for use in
receivers having series heater strings.
The huskier RCA-G6CDG6-G has the re-
serve power desired in deluxe receivers
operating at high voltages up to 18
kilovolts.

Damper Tubes: The RCA-6W4.GT
has the high perveance needed for effi-
cient operation and good linearity in
horizontal-deflection circuits. The RCA-
6AX4-GT features higher heater-cathode
voltage ratings so that a separate heater
supply is not required. RCA-12AX4-GT,
identical with the 6AX4-GT except for
its 12.6-volt, 0.6-ampere heater, is for use

TUBES

PROCEEDINGS OF THE I.R.E.

in receivers having series heater strings.

Applicatian Notes: Application Notes
covering ‘‘Design Considerations for
Minimizing Ripple and Interference Ef-
fects in Horizontal-Deflection Circuits,”
and “‘Horizontal-Deflection-Output and
High-Voltage Transformer RCA-230T1
for 18-Kilovolt Kinescope Operation”
are yours for the asking. For your copies
~—and data on these RCA tubes for deflec-
tion systems—write RCA, Commercial
Engineering,Section1R47,Harrison,N.J.

For additional information on using
these RCA tubes in your circuits contact
the nearest RCA Field Office.

FIELD OFFICES: (East) Humboldt $-3900, 415 S.
Sth Street, Harrison, N. J. (Midwest) Whitehall
4-2900, 589 E. lllinois Street, Chicago, Illinois.
(West) Madison 9-3671, 420 S. San Pedro Street.
Los Angeles, California.

RADIO CORPORATION of AMERICA .-

HARRISON. N.J.
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Chairmen of New IRE Professional Groups

G. T. ROYDEN

Commu~ications Group

G. I'. Royden was horn on June 20, 1895, in Fort Clark,
Tex. He received the B.A. and engineering degrees in 1917 and
1924, at Stanford University, Calif.

From 1919 to 1925, Mr. Royden was associated with the
Navy at the Mare Island Navy Yard, Calif., where his assign-
ments included the development of frequency measurement
techniques. In 1925, he joined the Federal Telegraph Company:
to develop a radio receiver for operation on alternating current,
suitable for reception of broadcast stations.

\When the Mackay Radio and Telegraph Company was
organized to operate Federal's radiotelegraph station in 1927,
\r. Royden became division engineer at the San Francisco
office. In 1936 he returned to Federal in Newark, N. ], and in
1946, he transferred to the engineering department of the
Mackay Company in New York, where he has remained

\ number of patents have heen issued in Mr. Royden’s
name in the fields of radio receivers, direction finders, antennas,
modulators, and quartz-crystal-controlled oscillators.

Mr. Royden joined the Institute in 1919 as an Associatc,
transferred to Member in 1927, and was elected Fellow of the
IRE in 1933, He was Chairman of the IRE San Francisco Sec-
tion in 1933 to 1934, and has served on numerous IRE Com-
mittees and the IRE Board of Directors.

Mr. Royden is a member of the American Institute of
Electrical Engineers and Sigma Xi.

L. HL. MONTGOMERY

MimcaLr ELECiroNics Grouy

L. H. Montgomery was born on January 18, 1907, in Nash
ville, Tenn. He entered the radio field by joining the technical
staff of Station WSM, Nashville, in 1925 remaiming with that
station up to the present

In 1929, Mr. Montgomery was instrumental in the design
and building of sound cquipment for the Vanderbilt 1 niversity
stadium. In 1937 to 1938, he assisted in the re<earch and manu
facture of degenerative feedhack amplitiers for RC\, and in
1939 and 1941, Mr. Moutgomery: partic ipated in the design and
building of several broadcast stations. \= . radio cliss imstructor
at Vanderbilt in 1942 to 1943, he later became an electronics
consultant at the medical school there, Tn this work he designed
and constructed special electronic equipment for medical re-
search at the school and Nanderbilt Hospital, \t present, he s
a research assistant working in the field of neurology in the
anatomy department at the medical school

In addition to his other dutics, Mr Montgomery is vice
president in charge of the electronics manufacturing department
f'f the \l(-tal I'roducts Company in Nashville, has been consult
ing engineer for a number of stations in the Southeastern states
and is chief facilities design engineer for WS\ and \WSAL-TV '

Mr. Montgomery was associated with the Institute in 1927
and l).ccame a Senior Member in 1950 He is a member of the
;\r.nerncan Institute of Electrical Engineers committee on elec-
trical techniques in medicine and biology, and Sigma Xj.

Sepleniber
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The Engineer in World Affairs

FLiery W. STONE

In this world, the attaining of satisfactory results depends upon at least two basic factcrs. One of these fac-
tors involves the implements and supplies needed to produce the results. The other factor includes the purpose ‘
and skill of the user of the available tools and materials.

Engineers have skilfully and commendably developed the first of these essential elements. But in many and
important instances, mankind has so far deplorably failed to provide either the moral purpose or the intelligent

application of available instrumentalities.

The resulting problems are clearly set forth in the following guest editorial from a Fellow of the [RE, who is
I’resident of the American Cable and Radio Corporation, and a Rear Admiral of the United States Naval Re- |

serve,— The Editor.

three centuries, engineers have
probably had greater influence than any other
group of men, not excluding politicians; yet, the
average  engineer seldom  considers the broad
or if he does, he tends to nus-

IFor the last

aspects of his work
understand them.
The tield of communications will illustrate my

point. After Samuel . B. Morse perfected his tele- -

graph svstem in 1844, the westward expansion of
the United States went hand in hand with teleg-
raphy. The world’s most extensive international
network was an important factor in building the
world’s greatest empire—the British. The eco-
nomic development of our Latin American neigh-
bors was immenscly stimulated by the southward
extension of the United States cable service, which
gave to many countries their first telegraphic con-
tact with the outside world. The growth of tele-
graphic communication helped to reduce the price
of service for all. For example, between the United
States and Argentina, the price per word went
from seven dollars and fifty cents, in 1891, to
twenty-seven cents in 1952,

But communications have done more than help
build nations, empires, and trade; they have deeply
influenced the social, political, and military or-
ganization of the world around us, and have
shaped our lives as individuals, as well. For if there
is any one trend in the world more important than
another today, it is the rise of centralized author-
itv; a thing wholly impossible in its present scope
without modern communication networks.

Our dwindling-importance as individuals might
be accepted more gracefully if there were any
reason to believe that the world is becoming a
better and more peaceful place in which to live.
Unfortunately this is not the case. We know from
painful experience that cable and radio circuits
and broadcasting stations, while they physically
bind the world together, do not necessarily con-
tribute to understanding even among free nations,
and still less between the free and Soviet portions
of the world.

It used to bhe fashionable to say that if the heads
of governments could just sit down and talk with
one another, there would never be another war.
But in our time we have seen international rela-
tions plumb new depths while the efficiency of in-
ternational communications achieved new heights.

This points up the fact that communication
facilities, like any other engineering product, are
merely tools of men; the benefits to be derived
from their use depend on how we use then. In the
last analvsis, the fate of man rests on men—not on
material considerations or facilities,

And so it is that we as engineers can never he
content with our achievements merely as engi-
neers, or relv on them to save the world in spite of
human frailty, We are fortunate that, living in a
democracy, we count politically as well as scien-
tifically, and can help determine how our creations
shall be used. It is up to us to make the most of
this priceless opportunity, lest ruthless men en-
slave us with the help of our own inventions.
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The IRE Professional Group System’

N PROFESSIONAL ORGANIZA-

TIONS, trade associations, and even in

industry, we hear the term “splinter
group” or “splinter organization.” Gener-
ally, what is meant is that a small group of
an old and established organization splits
off and sets up its own operation.

Such action is, to a large extent, gener-
ated by the attitude of the older organiza
tion toward change. The old or parent or-
ganization may fail to recognize the birth
of a new idea, a new profession, a new busi-
ness, and in some instances, a new horizon.

Business, and especially big business, has
recognized this phenomenon of birth and
growth. It has applied several curatives, or
perhaps they should be termed “organiza-
tional opportunities,” one of which is called
decentralization.

There is nothing really new in decentral-
ization. It is simply the wrapping up in one
package, like-things, products, functions,
and perhaps even men and philosophies.

Nature herself practices decentralization
in perhaps the most extreme form. The idea
is that when something has been nourished
or developed to a point where it should stand
on its own feet, then it should do so.

There are many different aspects of de-
centralization. With human beings, the
parental care may continue through the life
of the parents although the child may, to all
intents and purposes, make his own way. In
the animal kingdom we have the example of
the survival of the fittest.

Decentralization as applied by industry
merits a further examination. In this in-
stance, a decentralized unit deals with items
that are related in engineering, manufactur-
ing, and distribution. That is, industry
would not decentralize a unit including both
diesel engines and receiving tubes.

A decentralized unit in industry must
conform with the basic over-all policies
established by the parent organization. Gen-
erally such policies are few in number and
are broad in nature, i.e., fiscal, labor, com-
munity relations, legal, and the like. Most
frequently, such policies are to be used as a
guide, and are an indication of what has been
found desirable in the past.

[t is probably safe to say that American
industry would not have reached its present
heights if the principal of decentralization
had not bheen employed quite generally.
Decentralization in industry not only per-
mits grouping like-products, but permits
men mutually interested in such products
to work out the destination of the business
in which they are interested. More impor-
tant, itallows the parentorganization to as-

* Decimal classification: R060. Original manu-
script received by the Institute, April 25, 1952. Speech
given at the President’s Luncheon of the 1.R.E. Na-
tional Convention, New York, N. Y., March 4, 1952.

General Electric Co., Electronica Park, Syra-
cuse, N. Y

W. R. G. BAKER,f FeELLOW, IRE

sign the authority and fix the responsibility,
and permits the men concerned to accept
the accountability.

By now [ suppose you are wondering
what all this, in general, and decentraliza-
tion, in particular, has to do with the Pro-
fessional Group System.

Let us first look at our Institute. Origi
nally, when radio was wireless and the mein-
bership was very small, there was a mutual-
ity of interest, which | suppose one could
say was point-to-point communication bascd
on telegraphy.

As our industry developed, and wireless
became radio and radio turned into elec-
tronics, then what happened to the Insti-
tute? The Institute grew to aboit 30,000
members, scattered all over the world. The
mutuality of interest based on one particular
application was replaced by thousands of
products and many, many different types of
services.

This, then, is the almost ideal type of
climate to develop splinters: a large parent
body, great diversity of interests within its
membership, and the desire of men inter-
ested in the same product, system, or ap-
plication to work together in the particular
section of the electronics field with which
they are mutually concerned.

At this point we should ¢xamine the In-
stitute's structure to determine if any part
of the existing organization would be useful
in solving the problem. For example, could
the present technical committee system he
used?

Actually, these technical committees are
primarily concerned with the functions of
standardization and definitions. These func-
tions themselves are of great importance to
the industry, and represent a direct respon-
sibility of the Institute. We could il afford
to divert any effort from these primary ol-
ligations.

Other professional organizations have
technical committees whose major task is to
obtain papers and operate symposia. Such
committees perform only minor standard
izing functions. The Institute has no com-
parable committee system.

Just a few days ago I read an article by
Dr. Karl T. Comipton on the founding of the
American Institute of Physics. | would like
to quote from thisarticle. “In the late 1920's
another problem presented itself to the
American Physical Society. This was the
emergence of groups of physicists who felt
that the main current of interest in the
American Physical Society was not meeting
their particular professional requirements.
These groups undertook to establish new
societies and new publications devoted to
their important special interests. Conse-
quently, the American Physical Society was
concerned over the centrifugal tendency to
separate the basic science of physics into a

number of independent groups. Very natu
rally, each of these groups had its own finau
cial problems of publication.”

The article goes on to say that, as a re-
sult of a study of the problem “the American
Physical Society, the Optical Society of
America, and the Acoustical Society of
America co-operate in establishing the
American Institute of Physics.”

‘The fact is that, through the operational
plan indicated by the quotations ahove, a
solution was found to the problem of splin-
tering. That is not to say that in certain
instances splintering is not a beneficial
action nor that this particular solution is
applicable to the resolution of all such prob-
lems. Perhaps in this particular instance wd
might say that the splinters were collected
under one roof.

Now let us consider the I.R.E. Profes-
sional Group System.

First let me say that [ had nothing to do
with originating the idea or, in fact, with the
initial planning which was necessary to im
plement it. So far as | know, the idea orig-
inated with Dr. R. A. Heising, aided and
abetted by Dr. W, L. Everitt.

If we are to apply the principles of de-
centralization, as developed by industry, to
the Institute and the PProfessional Group
System, two important fundamentals must
be established. First, the Professional
Groups must operate under, and conform
with the basic policies of the Institute. The
control of the Professional Groups must not
be such as to stifle the initiative of the
groups, yet it must be such as to prevent
any adverse effect on the reputation, pres-
tige, or standing of the Institute as one of
the outstanding professional hodies in the
world.

Second, the authority delegated by the
Institute to the Professional Groups must
Le balanced by the acceptance on the part
of each group of the responsibility and ac-
countability.

That these conditions have been met is
due in large part to the wisdom, patience,
and judgment of the Executive Committee

The structure of the P’rofessional Group
Svstem is very simple. Each Professional
Group comprises a group of I.R.E. members
with a mutuality of interest in some particu-
lar aspect of electronics. The Chairman of
cach group is a member of the Professional
Group Committee. The Chairman of the
Professional Group Committee is a member
of the Executive Committee of the Institute.

The form of organization shown in Table
Fresults in a close interlocking of all the ele-
ments vital to the development of the I'ro-
fessional Group idea.

The general direction of the Professional
Groups and the supervision of the policies
established by the Executive Committee is
at present executed by the Professional
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Group Commniittee. Since the Chairman of
the Professional Group Committee is a
member of the Executive Committee, he
functions as a direct liaison between these
two committees. As the Professional Group
System grows, it may be desirable to estab-
lish a Co-ordinator of Professional Groups
who, as a member of the Executive Com-
mittee, will be concerned primarily with
policy matters relating to the Professional
Groups. Such an arrangement would permit
the P’rofessional Group Committee and its
chairman to devote their entire attention to
operating matters.

Perhaps the most effective way to show
the present status of the I’rofessional Groups
is by a tabulation of some of the more per-
terinent data in Table II.

[ have not attempted to give information
on the operating details of the Professional
Group System since information on each
group is available. [ do want to point out
that the Professional Group System is still
very much in the developmental state. The
development has been slow, as perhaps it
should be, in order that we may make the
minimum of mistakes and grow soundly.
There remain to be resolved many prob-
lems in both the operations and policy
areas.

Some of the more important of these
problems are:

1. The policy and operations problem
concerning the relations of the Insti-

tute, the sections, the Professional
Groups, and DProfessional Group
Chapters.

2. The fiscal policies applying to the
Professional Groups and their Chap-
ters. This involves assessments and
other means of obtaining group funds.

3. The publication policies relating to
the PROCEEDINGS, group transactions,
group newsletters, and symposia
transactions.

4. The policy relating to advertising in

group publications.

‘The operational problems related to

symposia, cspecially where a sym-

posium is a joint activity with some
other organization.

wn

There are many minor operational prob-
lems, most of which are under development
by the Institute Headquarters. To imple-
ment this work the Technical Department
has set up a separate organization headed
by an assistant to the Technical Secretary.
The sole purpose of this organization is to
serve the Professional Groups and to con-
centrate on the solution of the many prob-
lems that arise almost daily.

In conclusion, let me repeat that the
Professional Group system is distinctly in
the formative state. It is important that its
development proceed as aggressively as is
consistent with sound and conservative In.
stitute policy. The development of the Pro.
fessional Group System is, in my opinion, of
sufficient importance to the Institute to

justify more than a casual interest on the
part of every member of the Institute of
Radio Lngineers.

Professional Group Chairman is a
member of Executive Committee

G-1 AUDIO

G-2 BROADCAST TRANSMISSION SYSTEMS
G-3 ANTENNAS & PROPAGATION
G-4 CIRCUIT THEORY

G-5 NUCLEAR SCIENCE

G-6 VEHICULAR COMMUNICATIONS

G-7 QUALITY CONTROL
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High-Frequency Crystal Units for Primary

Frequency

Standards”

A. W. WARNERT, MEMBER, IR

I'his paper is published with the approval of the IRE Professional Group on [nstrumentation

Summary—A new approach to the design of crystal units for
primary frequency standard use has resulted in crystal units in the
3- to 20-mc frequency range characterized by high Q and low
capacitance in the series arm of the equivalent electrical circuit.

By utilizing the overtone frequency of specially shaped AT-cut
quartz plates, both Q and the rate of impedance change with fre-
quency are enhanced together, and in addition the stability with
time of the crystal unit is increased because of a larger frequency-
determining dimension. Additional characieristics of the crystal units
include small size, stability under conditions of vibration and shock,
and low-temperature coefficient.

Crystal-oscillator stabilities of one part in 10" per month have
been achieved without recourse to stabilized circuits.

EFINEMENTS in crystal-unit processing tech-

QL niques during the last decade have made it

™ desirable to re-examine the quartz-crystal fre-
quency spectrum in search of designs which show
promise of maximum frequency stability. Desirable fea-
tures would include small size, ability to withstand
phivsical shock (including portability). and ability 1o be
mass produced,’ all with no sacrifice in precision as a
Irequency standard.

It is common practice to obtain good frequency sta-
bility by emploving a large piece of quartz in the shape
of a bar, plate, or ring oscillating at a relatively low fre-
quency, usually 0.1 mc. These quartz plates, bars, or
rings must be supported by ingenious devices which
minimize energy loss through the mounting, in order to
maintain the high Q necessary for a frequency standard.
These mountings include resonant wires, cords, pins.
and rods. fastened to or supporting the quartz at nodal
points. The result is often that the vibrating system on
which the frequency stability depends includes such
materials as solder, steel, silver, and the like, and varia-
tions in frequency occur because of migration or shift of
these materials with time and circumstances.

High-frequency, shear-type crystal units, such as the
AT and BT cuts, are well suited 10 overcome these lin
tations, for the edges of the crystal plate can be made
dormant by proper shaping of the quartz plate and have

* Decimal classification: R214. Original manuscript received by
the Institute, January 17, 1952; revised manuscript received, May
14, 1952. This work is the result of fundamental studies undertaken
during 1949 and early 1950 to determine if the high-frequency plated
crystal unit could be used as a primary standard.

t Bell Telephone Laboratories, Inc., Murray Hill, N

U There is no known method of communicating a frequency ac-
curate to | part in 10% or better from one place to another hundreds
of miles away; therefore, the need for many primary frequency
standards, which use a time standard as a reference, usually the
mean ~olar day or a derivative thereof.

[he Fditor |
l

support. wires ridgedly fastened  thereto. Inadditon

they are small in size and are a type that s normally

manufactured in large numbers.

A development project was established to determine
the ultimate practical primary  Irequency  standard
crvstal unit of the high-frequency shear type, with the
following objectives in mind, in the order of importance

1. Raise Q 1o 107 or more, for good circuit isolations

2. \chieve an ultimate frequency stability ol 5 parts
in 10 per day, comparable to the finest frequency
standards now in use.

3. Preserve the same production techniques estab
lished for the manufacture of the plated cervstal
unit.?

4. Achieve a temperature coetticient of frequency less

than 1 part in 107 per degree centigrade, to simplify

oven design and construction.

5. Shorten as far as possible the initial aging period

2 monihs to 1 vear now required for most primary
trequency standards).

6. \djust the frequency to within 1 evele per megacy
cle of the intended operating frequeney, to remove
the burden of adjustment from the associated
circuit.

-1

Use an impedance level to match available trans
mission lines and transformers, i.e., 75 to 300 ohms

.

Fig. 1\ typical overtone crvstal anit for frequency standard use,
with the cover removed 10 show the stmplicity of design

I'he results to date of this development can be seen in
Iig. 1, showing the small size and simplicity of a typieal
crvstal unit; Lig. 2. showine . tvpical frequency versus

FROAL Sykes, High-frequency plare i
N . ated Bigl ~t
Proc. LRIE., vol. 36, pp. 4 7. nm.n)‘, 1948 FUMGIE: Grgeos]. nvni!
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Fig. 2 \ging data taken on a crvstal unit, oven, and simple oscilla-

tor with reference to the Bell Telephone Laboratories primary
frequency standard. An accuracy of | part in 10® was held for 7
months

time curve of one of the ervstal units in a one-stage oven
and simple circuit; and I'ig. 3, showing a detailed graph
of the aging of one ervstal unit for the first 3 wecks after
it was made. Qs between 1 and 3 million are readily
produced and resistance values are between 100 and 150
ohms at 5 mc.

It is the purpose of this paper to describe brietly the
design principles and some of the problems associated
with the development of the high-frequency cryvstal unit
for primary frequency standard use and to show the
method of solution in some cases.

FREQUENCY 5 MC
OVERTONE -]

5 RESISTANCE 100 OHMS

z Q 2.6x10°

2 sai - DATE OF MFG. 7/ 9/51

¥ L] —

W -490 7 T 1

-4 |

3 -500 T ——

o 4

2850 e

- )

3 &-520 e

[o]

]

« i 830 pent

22—640 ! it

L. 4

S8 550 | { + 4+ g |

w | |

oZ NS S S e ST (B¢ N5, S A [ R SN 2 [N
10 12 14 16 18 20 22 24 26 26 30 | 3 8

JuLyY AUGUST

1981

Fig. 3—Aging data taken on a crystal unit alone, showing a change
in frequency of about § parts in 10'° per day, 2 weeks after manu-
facture.

The design principles are briefly as follows: (1) A
spherical contour, to he explained later, is generated on
one side of an otherwise conventional plane-parallel
quartz plate. The effect of this contour on the finished
crystal unit is to restrict the characteristic mechanical

Warner: IHigh-Frequency Crystal Units for Primary Frequency Standards

1031

vibration to the center of the crystal plate, effectively
isolated from the mounting wires. This results in greatly
increased Q, increased inductance, Li; and lower se-
ries resonant resistance, K, where Q, L;, and R; are
as shown in the equivalent electrical circuit of Fig. 4.

(5 1
r = ~  where
Cl 2(f¢ - ,fn‘
L R Cy
Co
1t
1€
f, = series resonant frequency,  f. = antiresonant frequency
r 1
L, = since w,? = (2rf,)? = w, = 2]
! Clwyz ’ ( f' Ll(kl ’ f
5 erl
Q= since (0 =
Cow, K, R,
At series resonance,
dX.
=21/, \. = crystal reactance.
dw
OVERTONE OPERATION
r % n® where n = overtone order
1
Iy % w3 and Co% for w, constant
n
Ry nd for Q and w, constant
At cut quartz,
n1670 .
fr= ; ke, t = thickness in mm.

Fig. 4—Equivalent electrical circuit and characteristics, z;pplical)lc
to the design of high-frequency overtone crystal units.

(2) The high Q thus achieved allows the use of overtone
operation? without excessively high values of Ry, result-
ing in a thicker crystal plate which is more easily cali-
brated to frequency and affected less by contamination.

The problems were mainly: (1) to remove the un-
wanted effects of grinding and lapping the quartz plate,
(2) to reduce the ever-present contamination of the erys.
tal plate effectively, (3) to produce compact, pure, pre-
cise gold Alms, and (4) to achieve a better temperature
coefficient of frequeney through closer control of the
crystal-plate orientation with respect to its crystalo-
graphic axis.

To climinate the unwanted effects of grinding and
lapping (i.e., loose, strained, or powdered material and
cracks, fissures, scratches, and the like), it was found
necessary to polish the quartz plate optically. In this
way it is possible to ohserve that the faulty material

3 Overtone operation as used in this article refers to the operation
of the ervstal plate on one of its odd approximately harmonicall
related overtones. Phe crystal plate hehaves very muoch s lhnugK
it were a stack of » fundamental plates, n being the overtone order
At a given frequency, the thickness of the crystal plate is almost
directly proportional to the overtone employed.
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has been removed. By optical means even the smallest
scratches, called “strakes,” may be readily seen on a
polished plate, and a continual check kept on the finish-
Ing process.

The polished surface is also more easily kept clean
since the contaminants are not imbedded and can be
removed Dy relatively short exposures to the commonly
used solvents. The polished plates also have less surface
area than lapped plates so that the mass of foreign ma-
terial per unit volunme of quartz is less, by a ratio of as
much as 5 to 1.

The method of depositing the gold electrodes onto the
quartz plates may be divided into two phases: first, the
production of a base clectrode common to all units and
deposited on a whole group of crystal plates at one time;
and second, the addition of a precise amount of gold to
each crystal unitindividually, so that the series resonant
frequency of the crystal will be correct. The first phase
is readily accomplished since conventional vacuum sys-
tems and relatively high temperatures may be em-
ploved. A predeterminerd weight of gold is evaporated
in a vacuum onto the clean, masked, surfaces of the
quartz plates. FFor the final addition of gold to bring the
crystal to the desired frequency, the frequency of the
crystal unit must be continuously measured to deter-
mine the correct weight of gold, to an accuracy equiva-
lent to about 1/100 of a microgram. The use of high
temperatures is ruled out and the time of pumping must
not be excessive since only one unit may be adjusted at
a time. The apparatus for this second phase was de-
signed for extremely rapid pumping, with large ducts
and small, easily degassed chambers for the evaporation
process. An elaborate system of traps was added to re-
duce the possibility of foreign material contaminating
the gold film, and multiple chambers were used so that
the pumps would never be idle. All controls are auto-
matically operated electrically for speed and safe opera-
tion. The result is the production of a compact, pure,
gold electrode with a high order of precision.

The problem of a better temperature cocfficient was
solved by better X-ray measuring equipment and quartz
processing methods capable of accuracies to better than
2 minutes of arc.

As pointed out above, a spherically contoured crystal
plate is used in the design of these crystal units. Spe-
cifically, an A T-cut, contoured, overtone crystal plate
is used, and Fig. 4 gives some useful equations to relate
physical crystal unit characteristics and equivalent elec-
trical characteristics. The shaping consists of a convex
spherical contour generated on an otherwise conven-
tional plane-parallel, crystal blank. The inductance L,
and Q as a function of the radius of curvature of this
type of shaping are shown on Fig. 5 for a 9-mc, third
overtone crystal unit. As the contour first departs from
flatness, the Q is improved (because the energy loss
through the mounting is less) and the inductance Li is
little affected. But as greater contours are employed, the
effect on the inductance becomes much greater and the

September
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Fig. 5 Variation in Q and inductance with the degree of contour
¢n a4 9-mgc, third overtone crystal unit.

rate of improvement in Q tapers off. Since @Q=wl,/R;,
the result is that the resistance Ky is a minimum at some
particular value of contour where the increase in in-
ductance balances the increase in @, as shown in Fig. 6
IFip. 7 1s a design chart giving the radius of curvature to
obtain this minimum R, for a frequency range of 2 to 30
mc and operation on overtones 1 to 9. [t should be borne
in mind that thesc values of contour for minimum R, are
for a particular design and that crystal-plate size,
mounting, electrode size, and the like all affect, to some
extent, the point at which the balance between L, and Q
previously referred to, is obtained.

The principal reason for choosing that point of mini-
mum impedance is to allow the use of a high-order over-
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Fig. 6—Variation in series resonant resistance with the degrec of
contour on a 9-mc, third overtone crystal unit.

tone‘without exceeding the desired impedance dictated
?)y circuit conditions since the crystal unit impedance
increases with the cube of the overtone. For a given fre-
quency, an overtone mode crystal plate is thicker,
higher in Q, more stable, and more easily adjusted to

AL
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frequency as the overtone order is increased. Therefore,
a higher and more beneficial overtone may be used if
the crystal plate is ground with the contour of lowest
impedance.

In summary, by designing the crystal unit so as to
take advantage of optimum overtone, contour and sur-
face finish, as well as advanced manufacturing tech-
niques, performance has been made 10 to 1,000 times
Letter in all respects, i.e., Q, aging, frequency tolerance,
and temperature coefficient. The crystal unit still retains
much of the original plated crystal-unit design, basically
the same type of tools and techniques set up for lapping,
plating, mounting, and adjusting conventional high-fre-
quency plated crystal units being used. The result is a
new and valuable primary frequency standard crystal
unit that is small, rugged, and more adaptable to mass-
production techniques.

A Coaxial Power Triode for SO-KW Output
up to 110 MC*

R. H. RHEAUMEY, MEMBER, IRE

Summary—The introduction of all coaxial ring-seal terminals, a
thoriated cathode, a re-entrant anode with integral coolant jacket,
and a novel assembling technique has facilitated the development
of a new power triode for 50-kw rf output up to 110-mc frequency.
Increased power output ratings are available at lower frequencies.
The bandwidth is suitable for television broadcasting.

Design requirements are reviewed for optimum electrode geom-
etry, heat-dissipating ability, minimum lead inductance, high rf con-
ductivity of the vacuum seals, and other desiderata for high-power,
high-frequency service. Mechanical features are described, and the
circuit performance of the tube is discussed for lower frequencies as
well as the vhf region.

INTRODUCTION
ARIGOROUS ANALYTICAL METIHOD is not

available for designing high-frequency, high-

power triodes completely from basic physical
and mathematical considerations. Several different
avenues of approach are explored, and the derived in-
formation is judiciously correlated to arrive at the de-
sired design objectives. Some fundamental requirements
are:

1. Electrode dimensions must be small in the direc-
tion of wave propagation compared with a wave-
length for uniformity of applied potential. Other
dimensions must not be large enough to induce
spurious oscillations.

2. Electrode dimensions must also be made small to

* Decimal classification: R334 Original manuscript received by
tltuézlnsmut(-, April 12, 10951 ; revised manuscript received, April 23,
952.
t Hanovia Chemical and Manufacturing Co., Llectrical Division,
100 Chestnut St., Newark 5, N | Formerly, Machlett Laboratories
Inc., Springheld, Conn.

minimize electrode capacitances, especially since
electrode spacings must be reduced for minimum
transit-time losses and maximum perveance.

3. Grids and anodes must have high heat-dissipating
capability, and cathodes must be able to supply
adequate emission for space-charge operation with
a minimum of heating power.

4. Electrode leads and terminals must be designed for
minimum inductance and for optimum coupling
into grid-separation concentric lines.

5. Rf conducting surfaces, including vacuum seals,
must pass very large charging currents without
overheating. Excessive diclectric heating of in-
sulation must be avoided.

HiGH- I rEQUENCY DrsIGN OF THE ML-5681
A. Significant Dimensions

Fig. 1 is a section view taken along the principal axis
of the ML.-5681. The multistrand, free-hung, thoriated-
tungsten cathode has a vertical length of about 6 inches,
or A\/16 at 110-mc frequency. This 1s an empirically
established dimension, one quarter of a quarter wave-
length, short enough to ensure uniform instantancous
potential along each of the electrodes even at the short-
est wavelength. The effective cathode-grid spacing is
approximately one eighth of an inch, and the grid-
anode distance is about three times as great. The grid is
a molybdenum helix spot-welded to a set of vertical
molybdenum stays which are spaced equally around
the grid-bolt circle. The largest diameter of the tube is
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8 inches, or one-quarter the diameter to excite the 110-
mc TE; mode of osaillation. This would be the lowest
frequency spurious mode encountered in concentric cir-
cuitry. The grid and anode terminal flanges are separated
by 3] inches of glass, and the associated kovarglass seals
are 63 inches in diameter,

GETTER
TERMINAL
T+ FILAMENT
_l TERMINALS
H
0. ¢ v
N
GRi0 3
TERMINAL -
275! T
' [
==
]
1
'
]
| {
i % ANOOE
] TERMINAL
] NS
!
'
ANOOE
]
INTEGRAL ANODE
WATER JACKET —~__ ! /
.LY_J
]
SEAL-OFF
TUBULATION
WATER wATER
ouTLET T—"ALE

L T 1
o 1 2 3 4 8 s
INCHE S

Section view along the principal axis of the

Fig. 1
M1L-5681 power triode.

B. Anode Cooling

\VWith the full-rated plate dissipation of 75 kw, the
anode heat-tlow density of the M1.-5681 is roughly twice
that of earlier tubes. 1t has been accomplished by com-
bining several design principles:

1. using a large number of equally spaced cathode
strands to distribute the heating more uniformly
over the total anode surface,

2. emploving a heavy-wall copper anode to prevent
the formation of hot spots,

3. taking advantage of the integral coolant jacket to
obtain optimum coolant How characteristics over
the anode surface,

Uniform heat distribution and cooling of the anode
must be achieved without impairing its structural
strength. Referring again to IMig. 1, a family of parallel
spiral partitions is inserted in the cooling jacket, in
contact with both the bafile and the anode surface, with
cach spiral spaced equally from its neighbors around
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the anode circumference, and with a pitch of approsi
mately two-thirds of one revolution along the entire
length, The anode atself remains smooth and s not
grooved or modified in any way. The advantages of this
construction are
1. Alternate hot and cold bands of moving liquid in
the coolant jacket are eliminated by properly di-
recting the flow
2. A uniform depth of hiquid passage and velocity of
flow arc obtamed.
3. The mechanmical strength of the anode s entirely
prescrved
4. Uneven cooling at the ends of the anode is ¢limi
nated
5. Larger increments of temperature of the cooling
liguid mayv be used with correspondingly greater
anode heat dissipations,
With a flow of 25 gallons per minute of cooling water at
an entering temperature of 20°0C7, andible steam hissing
does not occur unul 70 kw are being dissipated on the
anode, compared with 35 kw for a plain jacket

C. Grid Design

Overheatng of prids from f charging currents, as well
as electron bombardment heating, may occur in high
triodes.  Charging  current s

frequency, gh-power

directly proportional to frequency,
I 2 fC 1. (1

AU 110 me with E=8-kv swing between grid and plate,
the charging current is 200 rms amperes. Most of this
current flows up the grid stays, so they are made as
large and as numerous as possible. Since the charging
current will be densest at the foot of the grid, the junc
tion with the grid terminal flange is of massive design
for good electrical and thermal conduction, as may be
scen in Fig. 2 (sce page 1035).

The distance between adjacent grid helix turns has
to be made at least as small as the cathode-grid spacing
o maintain satisfactory grid contrdl, Therefore, a rela
tvely fine molvbdenum wire and short pitch are used
for the helix.

D. Cathode Structure and Perveance

he MI.-5681 cathode is a free-hung  multistrand
ll_loridtul—lung.slcn cage suspended from the lower ends
of the two large, concentric copper cvlinders which are
the cathode terminal leads, as shown in Fig. 1. This
construction eliminates the necessity for . spring
loaded central supporting mast and allows an unusually
f”luso cathode-grid spacing. Single-phase heating power
15 used, with alternate filament strands connected n
phase opposition to minimize magnetic foree distortions
The rated heating power, 2.7 kw, provides a usable
peak emission current of 65 amperes.,

The following relation hetween mstantancous plate
current and electrode potentials s approximately true
for class € operation of a space-charge limited triode.

-
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where A is cathode area,
d., is cathode-grid spacing,
k is a constant,
} e, is instantaneous plate potential,

e. is instantaneous grid potential,
u is amplification factor, measured with slightly
negative grid
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Fig. 2—MI.-5681 grid-cathode assembly.

To achieve large values of i, with small e, and e the
“perveance” factor, kA /d.? must be made as large as
possible. ‘I'his objective is attained in spite of high-
frequency size limitations upon A by minimizing d.,. In
this way a higher frequency ceiling, larger power out-
put, improved bandwidth, better plate efficiency,
smaller diclectric loss, and lower driving power are ob-
tained than with former tubes.
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To take full advantage of high perveance it is essen-
tial for the cathode to emit enough electrons to main-
tain space-charge limited operation at all times. In this
regard the thoriated-tungsten cathode of the ML-5681
has certain advantages over equivalent pure tungsten
cathodes:

1. A higher cathode electron emissivity may be used,

1 amp/cm? compared with 0.5 amp/cm?.

2. Less hecater power is needed to supply the same
total clectron emission.

3. Less grid heating occurs from cathode radiation
since the thoriated filanent runs about 600°C
cooler than pure tungsten and requires less total
heating power.

T'he magnitude of the amplification factor is not very
critical for optimum class C operating characteristics,
although too low a p will result in excessive loss of driv
ing power in the grid bias while too high a u will cause
undesirable driving power loss through grid bombard-
ment at high output levels. The magnitude of p which
lhas been selected for the ML-3681, twentv-three, is be-
lieved to be a reasonable compromise hetween these two
power-gain limiting conditions.

FE. Terminal Lead Inductances

By wrapping copper sheets around adjacent pairs of
tube terminals and inserting the probe of a megacycle
meter through a small hole in the copper, it was found
that the grid-anode self-resonant frequency was 167 mc
and the grid-cathode self-resonant frequency was 147
me with both cathode terminals strapped together. The
effective grid-anode and grid-cathode lead inductances
are therefore approximately 0.014 ph. Accordingly, the
A/4 mode may be utilized at, and even above, 110 mcin
both input and output concentric lines; this is advan-
tageous for physical compactness of the circuit, for low
energy storage, and for ample frequency bandwidth.

When M1.-5681s are used with ordinary lumped con-
stant circuitry at low and medium frequencies, these
small lead inductances will render the neutralization of
grid-anode capacitance less frequency-sensitive, and the
tendency of input admittances to increase with rsing
frequency will he less rapid than with earlier types of
power tubes.

F. Vacuum Seals

Ordinary ?-inch diameter, kovar-glass vacuum seals

will pass up to 30 rms amperes at 40 mc without seri-
ouslv overheating the metal-glass junctions; 6}-inch
seals such as those of the ML-5681 at 110 mc would
therefore be expected to handle 200 amperes, but the
actual grid-anode charging current at 110 mc will be 260
amperes. Therefore, the entire area of contact hetween
metal and glass of the grid-anode seals is gold-plated to
reduce rf resistance and heating at the higher frequencies

The larger of the grid sealing rings consists of two
decp-drawn kovar parts shaped to it into cach other
for the purpose of forming a silver-soldered, metal-to-
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metal final scal instead of the conventional glass-to-

glass type. With ordinary glass-to-glass final scals, the

necessary heat for softening is applied by a gas torch
over internal parts which have been previously cleancd
or outgassed. It is difficult to prevent oxidation within
the tube even though an internal protective atmosphere
1s employed. The glass must be anncaled afterward to
remove working stresses, at the risk of de-aligning glass
supported electrodes. \WVith metal scals, on the other
hand, no annealing is necessary because all glassed parts
have been previously heat treated. The final seal is made
by induction heating in a protective atmosphere within
a bell jar; owing to the poor heat conductivity of the
kovar the adjacent tube parts remain cool and stress free.

G. Electron Transit-Time Effect

Ilight time of electrons between parallel planes under
space-charge limited conditions may be expressed :!

d 113
” o . .
17" = 6.6 X 10 (J ) usec, 3)
where d is the distance between the planes in centimeters
and J is the electron emissivity of the cathode plane in
amperes/cm? For the ML.-5681, T becomes 4.5% 10 !¢
seconds or 0.3 radians in the cathode-grid region at 110
mc. Equation (3) emphasizes the importance of high
emissivity cathodes and small cathode-grid spacings in
high-frequency, high-power tubes. I'ig. 3 shows the com
puted effect of electron transit time upon the output
power of this tube with frequency.
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Fig. 3—NIL-5681 correction of power output with
frequency (transit-time effect).

H. ML-5681 Mechanical Features

Tubes fulfilling the previously outlined high-fre-
quency, high-power design principles are smaller and

'H. D. Doolittle, “Design Problems in Triode and Tetrode
Tubes for 1".H.F. Operation,” Machlett Cathnde Press, Machlett
Laboratories Inc., Springdale, Conn., vol. 6, p. 11; 1949,

engaged from its socket merely by tw
60 degrees and lifting it straight upwa

A new one is inserted by reversin
matically

in Fig. 5.

or rir I.RI. September
lighter in weight than medium frequency tubes of
equivalent power, as miay be seen from I9g. 4. Both
tubes iHustrated are capable of 100-kw rf output at 20
mc. The MI.-5681 is oniv 18 inches long, 8 inches in

diameter, and weighs only 43 pounds. Tt may be dis-

L@ &

Fig. 1—Size comparison of the MIL-5681 with an equivalent
medium-frequency tube.

Fig. 5—\lethod of inserting an MI.-5681 in its mounting socket

isting it through
rd about an inch.

h g the process, auto-
making the only water connection, as shown
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CIRCUIT PERFORMANCL

Constant current characteristics derived from pulsed
measurements are given in Fig. 6. As a result of this
tube’s high perveance, it will be seen that relatively
small increments of grid voltage are required for large
increases of plate current at constant plate potential.

Prototype models of this tube were oscillated at Bell
‘Telephone Laboratories up to 45-kw power output at
100 mc in a grid-separation coaxial circuit. Difficulties
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Fig. 6—~ML-5681 constant current characteristics.

with high-dissipation water loads at very high frequen-
cies prevented further testing up to 50 kw and 110 mc.
Other engineering groups who are currently studying
performance of the M1.-5681 may wish to publish addi-
tional results at a later date.

In the 15-18-mc region, a pair of these tubes have
been tested as push-pull plate-modulated power ampli-
fiers in an international short-wave transmitter operat-

Rhéaume: A Coaxial Power Triode for 60 KW-Output up to 110 M C
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ing at a carrier level of 100 kw. Good stability was
achieved, with a plate efficiency of 70 per cent, even
though less than optimum excitation was available for
the specified tube-plate voltage. Parasitics appearing as
harmonics of the carrier frequency up to 60 mc or higher
were suppressed by means of single-turn inductors at
the grid terminal Hanges.

Factory testing is performed in a general-purpose
Hartley power oscillator at a frequency of 1 mc. While
no concerted effort has been made to establish circuit
parameters for optimum plate efhiciencies, values up to
78 per cent have been recorded.

An approximate class C analysis indicates that the
M1.-5681 should be a good broad-band linear amplifier
for television broadcast bands two through six, giving
50-kw synchronizing peak-power output with 10 kw of
driving power.

CONCLUSION

. 1t is not convenient to design high-frequency, high-
power triodes rigorously from basic mathematical and
physical considerations. However, it has become pos-
sible to fabricate commercially a wriode capable of 50-
kw rf output up to 100-mc frequency with a bandwidth
suitable for television broadcasting. The introduction of
all coaxial ringseal terminals, a thoriated cathode, a re-
entrant anode with integral coolant jacket, and a novel
assembling technique have facilitated the achievement
of such desiderata as a minimum physical size and
weight, low interelectrode capacitances and small lead
inductances, superior grid and plate heat-dissipating
cap.ability, with improved cathode electron cmissivity,
perveance, and rf seal conductivity. it has also been
possible to achieve very good mechanical features.

Tubes designed in this way for optimum high-fre-
quency, high-power service are also likely to give better
performance in the medium- and low-frequency regions
than earlier tubes which were designed with only these
latter purposes in view.
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Inverted Magnetron*

JOSEPH F. HULLT, MEMBER, Iri

Summary—A radically different type of magnetron is described
in which the positions of the cathode and the anode segments are in-
verted from those in ordinary magnetrons. The direction of curvature
of the interaction space of this magnetron is therefore opposite that
of conventional magnetrons. Electronic efficiencies of 50 to 80 per
cent have been measured on these structures and static input im-
pedances as low as 60 ohms have been observed on high-power puise
tubes. Sound scientific basis is provided for the use of the parallel-
plane magnetron interaction space in new microwave devices.

INTRODUCTION

VHIS PAPER deals with a radical variation of the
magnetron oscillator. The conventional magne-
tron, as used today, consists of a rugged cvlindn

cal cathode surrounded by a set of equally spaced anode
segments. These segnients are connected to some radio
[requency resonant tank circuit in such a wav that thi
phase difierence between adjacent segments is ordi-
narily m electrical radians. Only a few vears after the
magnetron had become a high-power microwave ra-
dar tube did it occur to workers in this field that it
might be possible to build a magnetron consisting of
a large cvlindrical cathode with the emission coating
on its inner surface, inside of which, suitably spaced,
would be the anode segment structure and tank eir-
cuit resonant cavity or cavities. \n ohvious advantage
of this construction is the same as that of inversion (or
turning “imside out”) of any tyvpe of electron tube:
namely, increasing the cathode-emission surface area
Also, in this case there would be an increase of anode
area presented to the cathode since the anode segments
are locared outside, instead of inside, the resonant cav-
ity structure. However. the most important reason for
investigating the inverted magnetron is to study the be-
havior of a high-density space-charge cloud under the
influence of magnetron-type RIEF fields when the con-
figuration of the interaction space is radically different
from that of a conventional magnetron oscillator.
Inversion of the magnetron, however, is not as simple
in theory as inversion of a tube with simpler electron
trajectories, such as the triode or tetrode, since a much
more complicated interaction between the rotating
space charge and the electromagnetic field presented by
the anode segments must take place. In fact, earlier at-
tempts to operate inverted magnetrons have heen essen-
rially unsuccessful. Several suggested reasons for these
failures have been given. One is that the interaction of
the electrons with the fields was unfavorable in the case
of the inverted magnetron, thus forbidding oscillation.
Another suggestion is that when the multicavity vane-
tyvpe magnetron was turned inside out the mode separa-

* Decimal classification: R355.912.1. Original manuscript re
ceived by the Institute, February 11, 1952; revised manuscript re-
ceived May 23, 1952, .

t Signal Corps Engineering Laboratories, Fort Monmouth, N. ]

tion decreased and the tank circutt ethereney decreased
so much that the tube would not oscillate. The experi
ments of the author indicate that the latter explination
of previous fatlures is the more plausible since inverted
magnctrons with new and different types of resonant
cavities, which do not sufter from inversion, have bheen
found to operate stably and with reasonably high efhi
Clency.,

Two previous papers'? have analyzed and demon
strated the practicability of using the conventional sin
gle-cavity anterdigital magnetron in the simplest mode
Due to the fact that the mterdigital magnetron 1s
single-cavity resonator and the vane-type magnetron
1S a4 multicavity resonador, 11 s casy to show why the
mterdigrtal magnetron structure, but not the vane-ta pe
magnetron, can be inverted without detrimental effects
\dequate
mode separation in vane-tvpe magnetrons is ordinarih

on mode separation and circuit efficiency,

achieved by means of straps which connect alternate
vane tips together. The effectiveness of strapping is
greatest for the shortest strap length. For the inverted
vane-tvpe magncetrons the vane tips are relatively i
aparr so that the strapping is ineffective and sutficient
mode separation is therefore dithicult to achieve. In the
mterdigital magnetron, o single-cavity resonator, the
number of modes is essentially independent of the num
ber of anode segments. Therefore, a large-diameter can
ity can be built with a Lirge numiber of segments and a
large anode area having sufficient mode separation.

DESCRIPTION OF T E AT REMENTAL TUBES

The prototvpe of the tube used in these experiments
is shown in Fig. 1. Two s alloped copper discs. 4 and B
are mounted on and brazed 1o a hollow center post, C.
To the outer surfaces of the discs arc attached an inter
leaving set of tingers, I, which form the anode segments.
In the simplest and lowest frequency maode of oscillation
of this cavity, the radio-frequency magnetic field lines
are concentric with the center post. The magnetic flux
density is maximum at the center post, decreasing to its
smallest value at the t1ooth structure.
immediate vicinity of 1he tooth structure the electric
ficld exists in ‘lhc axial direction onlv. and is zero at the
Center post. increasing 1o s
tooth structure. Since the

Except in the

maximum value at the
fingers are attached alter
nately to the top and hotrom plate. the fingers present
a plus-minus, or © mode potential distribution. 1o the
cathade. Other higher-order,
which mav exist in this cavity
variations of the fields.

higher-frequency modes
have sinusoidal angular
In-all the higher-order modes

LF Huallband AW, Rundade. =1 i
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the magnetic held threads through the tooth structure
so that a considerable portion of the fields exist outside
the cavity.

To prevent electromagnetic energy leakage out of the
cavity in the cavity mode, the folded choke, G, is pro-
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Fig. 1. Cross-scctional view of essential elements of a single-cavity

inverted interdigital magnetron. T'he main vacuum envelope and
coaxial output scal are external to all the parts shown.

vided on both ends of the cavity. To prevent leakage of
the clectrons axially along the dc magnetic field lines,
11 end hats, F, at cathode potential, screen the inter-
action space from the outer portion of the tube.

Many different methods could be used to couple
power out of this magnetron, but the method chosen
for these cxperiments was a toop, L, connccted to the
inner conductor of the coaxial line whose outer con-
ductor is the hollow center post. \Water cooling is pro-
vided through the other end of the hollow center post
which is separated from the vacuum by the plug, P.

A longer anode with a large capacity for heat dissipa-
tion can be made by properly stacking a number of cavi-
ties as shown in Fig. 2. The anode bars, D, now replace
the fingers, and each bar joins alternate discs together.
Adjacent bars connect opposite scts of discs so that, at
resonant frequency, the hars present the desired 7 mode
potential distribution to the cathode. In order to pre-
vent radio-frequency unbalance between opposite sets
of anode bars, there must be an odd number of cavities.
Water cooling and power-output coupling are provided
in the same manner as in Fig. 1. Iig. 3 is a photograph
of one of the tubes used in the experiments.

Desiay CONSIDERATIONS

In designing this magnetron it was necessary to de
termine the cavity dimensions for the desired resonant
wavelength and external @, as well as the correct in-
teraction space dimensions for the desired operating

voltage, anode current magnetic ficld, and clectronic

[ll: Tnverted Magnelron
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efficiency. The calculations for the resonant wavelength
and external Q were very similar to the analvsis of
the conventional interdigital magnetron which is well
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Fig. 2 Cross-sectional view of a stacked inverted

interdigital magnetron.

known .+ The equation for resonant wavelength in the
mode of zero angular variation in the cavity is given by

Jo(K JERTD i
ry — Ny
2#7;26 A ’ o \'U(I\'lr.) ’ : ) (l)
ach 2mry ) Jo(K 1
.’](I\]fl - B \]Klr,)
1\ u(l\]r,)

Fig. 3 A partially assembled single-cavity inverted magnetron
vaed for basic study of magnetron space-charge behavior.

(A list of symbol definitions is given at the end of this
paper.) A graphical solution of this cquation for a wide
range of parameters is given in Iig. 4.

¥ Ladi, “Eigenfrequenzen  des E-typus cines Kapazitats-
belasteten Zylindrischen Viohlanmes, ™ Hele. Phys. Adta, vol. XV,
o asciculus Sextus, pn. 429 -430; 1944

CLFL Hulland L.\, Greenwald, op. cit.
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‘The external Q for the mode with no angular variation
in the fields mav be calculated from (2)

w?l?
wh [Zo + : :Il"""t(’t 1) + hac) l:./u(Klr,)

0. -
/l 2/\’]2 li.,l(klr,)

The interaction of the electron stream with the radio
frequency helds is essentially the same as in the parallel-
plane magnetron since the curvature of the tooth struc-
ture is not great. Therefore, to obtain design equations
the cathode and anode radii and the number of anode
scgments were allowed to approach infinity in the well-

—
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Fig. 4—Resonant wavelength equation plot for inverted interdigital
magnetrons in the mode of no angular variation.

known Hartree magnetron starting-voltage equation for
conventional magnetrons. The following relationship
between operating voltage, V, and magnetic field, B, was

ohtained:

vV 2B

Vo Bo
where Vo=2s5"?m/e is the lowest possible anode op-
erating voltage and By =2sfm/de is the lowest possible
magnetic field for oscillation. The maximum electronic
efficiency is given by
Vy
}

N e(max) = 1 —~

It may be seen that the lowest value of magnetic field
for oscillation, B,, is dependent only on the frequency
and d/s, the ratio of cathode-anode spacing to the dis-
tance between tooth centers. The optimum value of the
parameter, d/s, was determined experimentally to be
between 0.7 and 1.0 for the inverted magnetrons de-
scribed in this paper. In order to realize a reasonable

Seplember

electronic efficiency, the tube was designed so that the
ratio V/ Vo was about 10

J K 1
0(} ) \(/\m):,
, K ) I\O(I.(l’l (2}
|J‘\ 1 4
V(K.
TRl ")]

A total of 10 inverted magnetrons have been built, 8
of which opcrated with over-all efficiency over 30 per
cent. ‘The first of these were the single-cavity type
shown in Fig. 1, with tvpical dimensions as follows:

anode radius 1.27 cm
a (number of segments 2

d (cathode-anade spacing) 0.198 cm
s (distance between segment centers) 0.250 cm
center-post diameter 0.64 cm

~

The modes of this cavity were found at the following
frequencies:

cavity mode

2,730 mc
first-order mode

3,100 inc

When three cavities were stacked together to make a
cavity of the type shown in | 1. 2, the first three modes
were found at essentially the same frequencies as the
modes in a single isolated cavitv. This showed that
longitudinal modes were sufficientiv removed in fre-
quency so that they were unimportant. Stacking to-
gether as many as six cavities did not bring the fre
quency of longitudinal modes within the frequency
range of the first three cay ity modes. (Radio-frequency
unbalance due to use of an even number of cavities was
permitted while checking higher-order modes.) T'vpical
dimensions of a multicavity magnetron used in these
experiments are as follows:

number of cavities 3
anode radius 1.9 cm
a (number of segments 32
d (cflth')de-dnud spacing) 0.292 cm
s (distance hetween segment centers 0.374 cm
center-post diameter 1.02 cm

I'he modes of this magnetron were at the following fre-
quencies:
cavity mode
first-order mode
second-order mode

2,800 mc¢
3,100 inc
3,400 ¢

I'he cathodes which were used were all of the oxide-
coated type with a nickel base

insulated tungsten heater wir
surface of the emitter sleeve.
oxidized 18-8 stainless steel.

» and were heated by an
¢ wound on the outside
I'he end hats were made of

EXPERIMENTAL R ESULTS

I'he highest over-all efficiency attained with a single-
cavity mnverted magnetron was §1 per cent. The meas-
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ured circuit efficiency of this tube was 68 per cent and
the electronic efficiency of this tube 75 per cent. A per-
formance plot of a typical single-cavity tube is shown
in Fig. 5. This performance plot was taken with 5-per cent
duty-cycle pulse so that the operation was essentially
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N
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Hull: Inverted Magnelron
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Fig. 5 Performance plot of a single-cavily inverted interdigital
magnetron. A =12 cm. Duty cycle 5 per cent.

continuous wave except for anode dissipation and cath-
ode back-bombardment. A\ power output of 1,500 watts
was obtained at 2,500 mc and 5!-per cent efficiency. It
may be secen that the low-current operation of this tube
is approximately the same as that of conventional mag-
netrons with regard to the cutoff characteristic. This
tube also was operated continuous wave with a power
output of 300 watts at an over-all efficiency of 35 per
cent, and it also was operated on 0.001 duty-cycle pulse
with 50-kw power output and 30-per cent over-all ef-
ficicncy. A Ricke diagram was also taken with 0.05
dutv-cycle pulse operation. The frequency instability
region and pulling figure were the same as for a conven-
tional magnetron with the same Q. and line length.

A tube of the type shown in Iig. 2 was also built and
operated with 0.0005 duty-cycle pulse. An over-all ef-
ficiency of 35 per cent was ohserved at 0.25-mw output.
This tube was operated demountably with no bakeout,
and the efficiency and power output were limited by gas
gencrated during the pulse. A power output of 0.42 mw
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was obtained with an anode voltage of 10,000 volts, 160-
amperes anode current, and 2,000 gauss.

CONCLUSIONS

It has been demonstrated on more than a half-dozen
inverted magnetrons that over-all efficiencies between
25 and 55 per cent and electronic efficiencies between 50
and 85 per cent may be achieved. Circuit efticiency and
adequate mode separation may be achieved with in-
verted magnetron cavities if the interdigital-type reso-
nator is used. Either a single-cavity resonator or a
plurality of stacked resonators may be used.

In comparison with the conventional magnetrons, the
inverted magnetron structure at a given frequency al-
lows larger cathode emission surfaces to he used. In-
verting the cavity structure also provides for greater
anode surface since the outer surface of a toroidal cav-
ity structure is greater than its inner surface. This re-
duces the surface dissipation density on the anode.

Due to the fact that a relatively low anode voltage
and high anode current are required, it may be possible
to operate a high-power pulse inverted magnetron di-
rectly from a gas modulator tube without any pulse
transformer.

Most important of all, it has Licen demonstrated that
high electronic efficiency can be achieved in a magne-
tron interaction space whose curvature is opposite that
of the conventional magnetron. These experiments indi-
cate that the electronic efficiency of a planar magnetron,
neglecting end effects, is comparable to that of con-
ventional magnetron oscillators. This provides sound
scientific hasis for designing devices utilizing the planar
magnetron interaction space with high-space charge,
such as pulse magnetron amplifiers.

Sympol DEFINITIONS

All svmbols used in this paper and not listed here are
standard in the mks system of units.

r, =radius of center post
A =cavitv-resonant wavelength
r.=mean radius of tooth structare
a =number of teeth, or scgments
h =axial length of the cavity from one end surface to
the other
¢ =total equivalent capacitance between adjacent
teeth in the tooth structure per tooth
A =loop area
L =loop inductance
2z, = characteristic impedance of output line
s =circumferential distance hetween segment cen-
ters
f = frequency of oscillation
m = mass of the electron
e = charge of the electron
d = cathode-anode spacing
V, = lowest possible operating anode voltage
B, = lowest possible magnetic field for oscillation
K) = 27I'A




1042 PROCEEDINGS OF T 1R -

Septeniher

s s *
Accuracy of Bolometric Power Mcasurements

HERBERT J. CARLINY, SENIOR MEMBER, 1RE AND MAN SUCHERT

Summary—When the RF power distribution along a bolometer
wire differs from the low-frequency power distribution, the substitu-
tion method of measurement may give an error unless certain special
conditions are satisfied. These conditions are most closely fulfilled,
in practice, by a convectively cooled wire whose length to diameter
ratio is very large. The possible error for the case of a Wollaston wire
mounted in air at atmospheric pressure is analyzed and compared
with that obtained with wires mounted in vacuo. It is shown that the
air-mounted Wollaston wire is subject to a smaller error than are the
evacuated units and that this advantage increases as the wire length
becomes an appreciable fraction of a wavelength. It is conciuded that
Wollaston wire bolometers, when properly designed and mounted,
can be used to measure cw power over a frequency range extending
into the millimeter wavelength region with an accuracy approaching
that of low-frequency measurements.

[. SUBSTITUTION METHOD OF POWER MEASUREMENT

N POWER MEASUREMENTS at uhf and micro-
wave trequencies, a bholometer is often used to
absorh the RF power. The RIEE power heats the ho-
lometer and produces a change in its resistance. This
resistance change then serves as an indication of the R
power absorbed. In the substitution procedure, the R
power IV is measured by replacing it with a measurable
amount of low-frequency power 17, which produces the
same resistance change. T'he two types of power are then
assumed equal to each other.
The equivalence of bolometer resistance when low
frequency power is substituted for R17 power mav be ex-
pressed mathematically as follows:

'/‘L dx [’ dx m

[ 2wpa(p, x)dp Y f 2mrpa(p, v)dp
g 7

where the bolometer is a wire of radius ¢ and length L,
having a dec conductivity function o with RI¥ power in
the bolometer and a dc conductivity function ¢ with
low-frequency power only in the bolometer. The func-
tional dependence of the conductivities ¢ and ¢ on the
radial co-ordinate p and axial co-ordinate x is governed
by the steadv-state distribution of temperature in the
bolometer under RIEF and low-frequency heating, re-
spectively.

The question of the radial temperature distribution
in the wire mayv be quickly disposed ol. Gainsborough'!
has shown that the maximum temperature difference in
the cross section of the wire, whether under low-{re

* Decimal classification: R245.2. Original manuscript received by
the Tostitute, November 29, 1951 revised manuscript received, \pril
9, 1952. Given at the joint IRE-URSI meeting at Ithaca, N. Y, on
October 9, 1951. The work presented here was sponsored by the Rome
Air Development Center, Griftiss Air Force Base, Rome, N. Y., un
der Contract \F-30 (120)-490.

t Microwave Research lustitute, Polviechnic [nstitute of Brook
lyn, Brooklyn, N. Y. . L

1C Gainshorough, “Some sources of crror in microwave milli-
wattmeters,” Jour. IEE (London), pt. [11, pp. 220-238; Tuly, 1948,

quency or RE heating conditions, must he less than
w/2rk, where w is the power per unit length (watts per
( I/Il,‘ and kis the heat conductivity of the metal in watts
per em per degree Co\ typical Wollaston wire holometer
having . power input of 60 mw per e, corresponding
1o a temperature rise of about 200°C above ambient
will, according to this formula, have a radial tempera-
ture variation of less than 0.02°C or less than one part
in 10%. Feenberg? has shown that i a tungsten wire
dissipating 50 watts at 3,000°C the de resistance under
RI heating ditiers by only 1/30 per cent from the value
under de heating. Thus, for all practical bolometers, the
radial temperature distribution is extremely uniform
\ccordingly, the resistance of the wire is a function only
of the lengthwise distribution of temperature and (1)
may he simplified to
. i

AR ' Ar(x)dx / Ar(x)dy = AR, (2
where Ar(x) is the change in dc resistance per unit
length due to RI© power I superimposed on some fixed
low-frequency bias power in the bolometer and A7(x) is
the change in dc resistance per unit length due 1o the
replacement of the RE power Ly an additional amount
of bias power I In practice, the procedure frequentls
followed is to retract a portion of the low-frequency bias
power after the RE power has been applied so as to
maintain a constant bolometer resistance as indicated
by a balanced Wheatstone bridge. Equation (2) docs
not necessarily imply that the total RIF power in the
bolometer equals the total low-frequency power used to
replace it when the resistance change resulting fron
cach of these is the same. That is

AR = AR

does not necessarilv imply that

o1, !
1] [ wixldx { w(vidy ", 3)

where w(x) is the RE power per unit length and @(x
is the low-frequency power per unit length which s
substituted f()_r it Clearly, (3) will he satistied identically
when AR=AR if the RIF and low-frequency power dis-
tributions @ and @ are the same. However, if the two
distributions arc different, it hecomes necessary 1o eval
wate separately the two integrals of (3) to determine the
error. ‘This error is given

W=
! "W ()

SRR Feenberg, “The Frequency Dependence of 1he I'ower-Re-
sistance Relation i Hot Wire \\ timeters, ™ Sperry Gyroscope Co
Great Neck, .1, \N. Y., Report No. 5220-108: Narch 10 1043
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a positive algebraic sign meaning that the power read-
ing is high.

I1. PHYsICAL 13ASIS OF SUBSTITUTION ERRORS

in order that a metallic bolometer wire be free of sub-
stitution errors, it is sufficient that it satisfy the follow-
ing criteria:®

1. The temperature rise at any point along the wire
is proportional to the power dissipation at that point.

2. The proportionality factor is independent of the
length co-ordinate.

Since the resistance is a linear function of the tem-
perature, the two criteria stated above define an error-
free bolometer whose resistance per unit length is the
came linear function of power density everywhere, regaid-
less of how the power is distributed. Such an ideal
holometer will have an absolutely uniform distribution
of temperature for a uniform distribution of power. the
temperature falling abruptly to the fixed ambient tem-
perature prevailing at the ends. Morcover, the point-hy-
point rise in temperature above ambient will, in general,
faithfully refiect the distribution of power along the
wire. In addition. the total resistance change of such a
wire will be lincarly related 1o the total power input.
Conversely, the degree to which a bolometer approaches
the above ideal is qualitatively indicated by the uni-
formity of its temperature distribution under low-fre-
quency bias power heating and by the linearity of its
steadv-state resistance-power relation.

These two characteristics -uniformity of tempera-
ture and resistance-power linearity -depend on the
relative importance of the following processes in the
cooling of the bolometer: metallic conduction of heat
along the wire, flow of heat from the surface of the wire
by conduction through the surrounding medium (re-
ferred to as convection® in this paper), and radiation.

If radiation is the predominant bolometer cooling
process, then considerable nonlinearity errors are pos-
sible when a standing wave of RIF power cxists on the
wire ' However, most bolometers used in practice, he
cause of their small diameters (1 to 10u) and low operat
ing temperatures, have neghgible radiation loss and are
thercefore almost entirely free of error from this source.
For example, in the case of a 1 micron diameter Wol-
laston wire in air. the radiation loss is less than 1 per
cent of the convection loss up to the temperature of
melting platinum (1,774°C)

\ thin bolometer wire mounted in an evacuated en-
velope is almost entirely cooled hy metallic conduetion
and exhibits a temperature distribution under de heat
ing conditions which is essentially parabolic rather than
constant in character. Such a bolometer is subject to a
significant substitution error if the RE power distribu

11 ] Carlin, “Broadband holometric n
wave nower,” Radio and Teleie News,
tion: 1y, 1919

T his conduction process constitutes “convection” as defined by
Langmuir, the expression “forced conveetion” heing reserved for the
enoling of the wire by currents in the surrounding fluid medium
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tion differs appreciably from the uniform dc power dis-
tribution which produces the same resistance change.
Bleaney,® Gainsborough,! and Broc® have treated this
type of holometer and show that substitution errors as
high as 35 per cent are possible if the bolometer is ap-
proximately a half wavelength.

A thin wire bolometer mounted in air is predomi-
nantly cooled by convection. Except for end effects, the
convective cooling along the wire is substantially con-
stant. Moreover, the convective process is characterized
by a temperature-power relationship which is nearly
linear. Thus, the two criteria stated are approximately
satisfied and small errors are therefore to be expected for
this case. The remainder of this paper presents a quan-
titative evaluation of the substitution errors which may
occur when a convectively cooled Dbolometer of the
Wollaston wire tyvpe is used for power measurements.

111, SUBSTITUTION ERRORS IN CONVECTIVELY
CoorED THIN WIRE BOLOMETERS

The following solution for the substitution errors con-
sists of two distinct parts. In the first part, the error is
computed as though the convective cooling werc a
strictly linear process, that is, the heat loss by convec-
tion is assumed as linear in temperature rise above am-
bient. \n error arises from the fact that some metallic
conduction of heat takes place along the wire «nd that
the convective cooling through the surrounding air is
not strictly radial, particularly near the ends of the
wire. In the second part, the heat loss by metallic con-
duction is neglected and the convective cooling is as-
sumed to be strictly: radial butr at the same time ap-
propriately nonlincar in the temperature rise. This
nonlinearity will also produce an error.

From these two separate solutions, the bounds for the
total error can be stated. By this technique, a very dif-
ficult nonlinear houndary value problem is simplified so
that a useful numerical solution is obtained.

A. Solution of [leat Equation with Linear Convective
Cooling

\ccording to the well-known theorv of Langmuir,’
the convective cooling of a thin wire takes place In
conduction of heat through a stagnant air sheath of
finite diameter surrounding the wire. The diameter of
the Langmuir sheath is a function of the wire diameter,
heing about 1T mm at atmospheric pressure for a 1
cron diameter wire. This is comparable to the length of
the wire itself for many Wollaston wire holometers.

T'he steadv-state heat balance equation takes the
following form:

d*0
ks = + v ="w(x), (5)

* B. Bleaney, “Radio-Frequency Power Neasurements by Bolom
cter Lamns at Centimeter Wavelengths,” Jour. 1EE (lLondon), pt.
A, vol 93 pp. 1378 1382,

f 1 Broc, “Measurement of low power at centimetric wave-
|t~vugth~,l" Onde Elec., vol. 30, pp. 108-120; March, 1950 (in French).

[. Langmui

Phys. Rev., vol. 34, p. 401; 1912,
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where the first term on the left-hand side represents the
loss of heat per unit length by metallic conduction along
the wire and the second term the heat loss per unit
length by radial convection (neglecting for the moment
any axial flow of heat in the surrounding lLangmuir
sheath). The right-hand side represents the excitation
power input per unit length. The symbols in (5) are de-
fined as follows:

0(x) = temperature risc above ambient at point x
measured from the midpoint of the wire in
degrees

k=heat conductivity in watts per cm per °(
=0.70 for platinum

s =cross-sectional area of wire in cm?

y=convection constant in watts per cm per
°C23X 104 for wires 1 to 3 microns in diam-
eter

u=empirical exponent for convection loss term.

To first approximation, x4 may be taken as unity to
give a convection loss linear in temperature rise. (The
radiation term has been omitted since the discussion is
confined to thin wires.) If we(x) represents low-fre-
quency (bias) heating, it is given by

wo(x) = i0270(1 + a0(x)), (6)
where

1o=Ilow-frequency Dbias current in amperes

ro=resistance in ohms per cm at ambient temperature

a = temperature coefficient of resistivity in ohms per
ohm per °C=0.0037 for platinum.

For an impressed power as defined by (6), the solution

of (5) is
6(x) = 10°ro [1 ) cosh cx] 0

Y — aig’ro cosh ¢l

where

v — aig’ro I
R e

and [/ =L/2, the half length of the wire, and where the
ends of the wire as well as the periphery of the cylin.
drical L.angmuir sheath are assumed at ambient tem-
perature. Even for relatively large bias powers, the term
atolre has a small effect on the value of ¢, and its omis-
sion does not significantly affect the calculated bolo-
meter error. Therefore, in all computations, the change
in power distribution resulting from the change in bolo-
meter resistance with temperature is disregarded and
the approximation shown ahove for ¢ is used.
Following the discussion of Section I, the fractional
substitution error may be defined as the ratio of the dif-
ference between the true RF power and retracted bias
power to the true RF power. It can be shown that ina
linear system this ratio is also given by
) ol
B, ®
AR’

OF THI. [.R.]. September

where AR and AR are the respective changes of the ho-
Jometer resistance corresponding to an amount of Rl
power 117 and replaced by an cqual amount of hias
power 7.

AR’ can be computed from the temperature distribu
tion which results when the low-frequency replacement
power W' is applied, with constant powcr density Pgper
unit length, so that I PolL. This temperature cis
tribution is given by (7), as moditied by omitting the
second-order term, afo?ry, from the denominator, as
atready discussed. Similarly, AR is obrained from the
temperature distribution which exists along the holom:
cter when the RIT power I is introduced. In this case,
the distribution of temperature is obtained from the
solution of (5) where the forcing function, w(x), is an
appropriate RI" power distribution. It will be assumed
that this power distribution is of the form

2P, ,
w(x cos? (2wx/N), (9)
1 + sin ¢/¢

where x is the length co-ordinate with the mid-point of
the wire as origin and X is the wavelength of the applied
frequency. liquation (9) corresponds to the power re
sulting from a standing wave of RIF current with cur-
rent loop at the niid-point of the wire. The amplitude
factor of (9) is <uch that

~ L 2/)
" ’ _ cos? (2rx/N) = Pol = TW'. (10)
Jo 1+ sin¢/eé

It can he shown* that the occurrence of a current maxi-
mum at the wire mid-point corresponds to the case of
maximum error. Proceeding in the manner outlined
above, the substitution error of a bolometer wire, which
is cooled both by metallic conduction and purely radial
convection, 15 given as a function of the electrical length
of the holon-eter, ¢ =27 L/\, by

cos ¢ tanh ¢!

o
: s ¢/¢ a
T T ey I — tanh /e
: — tann ¢i/c¢
BE= . - ——1. (N
1 4 sin ¢/¢

In the preceding analysis, curvature of the heat-flow
lines in the surrounding Langmuir sheath was neglected,
but the metallic conduction loss was included. Actually.
this latter term, because of the extreme thinness of the
wire, is small in relation to the convection loss. IFor ex-
ample, ks/v, for a 1 micron diameter wire is approxi-
mately 0.5X10~% Accordingly, in the ensuing treatment
of the error due to the curvature of the heat-flow lines.
the wire will be represented as a filament of zero thick-
ness along which heat is generated with a distribution
corresponding to a dc or RI forcing function. The wire
is surrounded by a sheath of stagnant air whose diame-
ter is approximately a thousand times the wire diame
ter. The wire is therefore represented as the axis of a
closed cylindrical box, with ends infinitelv close to the
circular end plates of the box and thermally insulated
from them. The box is filled with a homogc;neous con-

AL
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ducting medium and all walls are at ambient tempera-
ture. In representing the wire and its surroundings in
this fashion, loss of heat by conduction along the wire,
by radiation, and by convective currents in the sur-
rounding medium is neglected; loss by conduction
through the air alone is taken into account. Since the
thermal problem is described by Laplace's equation in
the air medium, an clectrostatic analogue to this prob-
lem is a line charge situated in & homogeneous diclectric
with boundary conditions as shown in Fig. 1. The
strength of the heat source per unit length is cquivalent
to the electric charge per unit length, the temperature
rise above ambient to the electrostatic potential, the
heat-flow lines to the clectric field lines, and the ther-
mally conducting medium to the homogeneous dielectric.

Referring to Fig. 1, it should be noted that the
houndary conditions are severe, inasmuch as the entire
plane normal to the wire at its ends is fixed at ambient
temperature. This results in a greater axial component
of heat flow than would he the case if the end plates
were not constrained to he at ambient temperature;

d. = =
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temperature) distribution on and outside the bolometer
wire is concerned, the line charge may be used in place
of the charged thin cylinder.

The procedure for evaluating the error by means of
the electrostatic analogue parallels exactly the one de-
scribed in connection with (11). In the present case, the
temperature change 8 at any point x at a distance “a”
from the axis due to an impressed power w(x’) along the
wire is given by the expression?®

0(u, x) =

T i . (mrx)A fL (x') si (mrx')d '
— 2 sin o w(x’) sin x',
L .2 /5 o L

where

(12)

x is the axial co-ordinate of the point at which the
temperature rise 0 is evaluated

x’ is the axial co-ordinate of the point at which power
w(x’) is generated

7 is an integer

(13)

_nmh
#7)

therefore, the errors computed from this analogue are
somewhat pessimistic.

The validity of representing the bolometer wire as a
filament rather than as a thin cylinder on the surface of
which the charge distribution is placed is easily justified
in view of the extreme thinness of the wire. Thus, if a
uniform distribution of charge is assumed on the fila-
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Fig. 1—Electrostatic analogue for an intinitesimally thin heated wire
surrounded by a stagnant air sheath. Finite line charge on axis of
closed cylinder.

ment, the radial component of the electric displacement
at a distance from the axis of 0.001 L (corresponding to
the surface of a wire 2 microns in diameter and 1 mm
long) is constant within about 1 over 99 per cent of the
wire length. This means that so far as the potential (ie.,

b is the radius of the cylindrical box
Jo and H," are respectively zero-order Bessel and
Hankel functions of the first kind.

The origin of co-ordinates is here taken as one end of
the wire instead of the mid-point.

The impressed power, w(x’), is either a uniformly dis-
tributed low-frequency power W’ of amount Pg per unit
length, so that W'=P,L, or an equivalent amount of
RF power in the form of a standing wave of power, de-

scribed by the expression
2rx’ ¢
cos? [— =—), (14
: ( A 2) G

2P,
1 4 sin ¢/¢
where the amplitude factor has been chosen to give
equality of RF power W and substitution power W' as
in (10).

The above distribution of RIT power corresponds to a
current maximum at the mid-point of the wire and gives
the maximum error.

Upon performing the indicated integrations for both
the low-frequency and RF cases, the following expres-
sion is ohtained for the fractional error as a function of
the electrical length of the bolometer wire, ¢ =2xL/\,
using (8):

w(x') =

* For this solution, thanks are due L. Felsen of the Microwave
Research Institute, who obtained it by application of the character-
istic Green’s function technique. Thanks are also due to L. Sweet of
the Microwave Research Institute for his computational assistance.
An alternate, but more slowly converging, expression may be ob-
tained by into;ﬁmting the solution for a point charge in a cylinder,

.Smythe, “Static and Dynamic Electricity,” p. 174

giveninby W.
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PR n? 1 4 sin ¢/ ¢ H , (15)
5 =0l
. n* ’
where values of L <04\, but gives somewhat smaller errors
1 cus ¢ 1 1 for L>04N,
B, = B + _E“ [ " — 20/7 4 7¢/7rj|. (16) Curves 1 and 2 of Fig. 2 were obtained for a Wollaston

In Iig. 2 are plotted curves of holometer error as a
function of L/X. Curve 1 gives the calculated error when
metallic conduction of heat along the wire is taken into
account, ignoring the axial component of heat-tflow lines
in the surrounding air (11). T'he caleulated error when
bhoth the axial and radial components of the heat-llow
lines in the surrounding air are considered (13), but neg-
lecting any metallic conduction of heat almost caoin-
cides with Curve 1. The sum of these two errors is plotted
as Curve 2. This curve, therefore, constitutes an upper
bound on the total error which may result from the si-
multancous operation of both mechanisms of longitudi-

i [ T 1 1
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L/)\ s RATIO OF BOLOMETER LENGTH TO WAVELENGTH

Fig. 2- Curves of error for a cosine-square type RE power distribu-
tion. Curve 1| represents the error due to metaltic conduction of
heat along the wire, but with the anial low of heat in sarrounding
air neglected. Cuarve 1 s practically indistinguishable from the
curveof error due to axial flow of heat in surrounding air, hut with
metallic conduction neglected. Curve 2 gives the arithmetie sum
of the above two types of error, representing an upper bound for
the error due to total lengthwise conduction of heat. Curve 3
represents the error for a bolometer cooled entirely by metallic
conduction. Curves 1 and 2 are for a Wollaston wire, 1 micron in
diameter and 1.5 mm long, in air.

nal heat conduction, and it is reasonable to suppose that
the actual error will he somewhat less than the arithme-
tic sum of the two. Curve 3 represents the error (de-
pendent only on electrical length) in a bolometer wire
cooled entirely by metallic conduction (e.g., a bolom-
cter mounted in an evacuated envelope) as given
by Bleaney.® Broc's? curve agrees with Bleaney's for

9 1. Broc, loc. cit. This is because Broc used Wollaston wires in in-
completely evacuated envelopes (1072 to 1074 mm Hyg), where a finite
heat loss by convection could still occur. Thus, the value of ¢! for a
1-micron diameter wire, 3 mm in length (as used by Broc), is about
2.5. This value, when used in (11), results in a 25-per cent error for
L=0.5\ as compared with a4 30-per cent error it convection loss is

entirely neglected. For values of L 04X the small amount of con-
vective cooling does not materially affect the error.

wire of representative dimensions, 1 micron in diameter
and 1.5 mm in length. The characteristic constant, ¢f, of
such a bolometer is approximately 17 and determines
the error shown in Curve 1. The temperature distribu-
tion of this bolometer under low-frequencey bias condi
tions is shown in IFig. 3. This curve was computed from
(7) for the case of metallic conduction and radial convee-
tion. The temperature distribution computed from (12,
which takes into account axial heat flow, is similar in
charactes. The temperature distribution in a bolometer ©
cooled or.Iv by metallic conduction is shown for pur-
Poses of (‘()In]).ll‘i\(rll.
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Fig. 3 Caleulated temperature distributions for uniformly heated
bolometer wires. Fraction of maximum temperature rise above
ambient plotted against length co-ordinate expressed as g frac-
tion of half-length 1. Upper curve computed for a Wollaston wire,
Poeron in diameter and 1.5 mm long, in air, /=17,

B. Solution of Ileat Lquation with Nonlinear Convective
Cooling, Neglecting Conduction

It is well known from empirical data that Wollaston
wire bolometers exhibit i resistance-power characteris-
tic which follows an exponential Taw of the form

AR = AW (7)

for ranges of power which approach the burn-out value.
In this equation AR is the total de resistance change
produced in the holometer by the heating effect of an

amount of bias power T, while A4 and » are characteris-

tic constants of the holometer.

The above equation may he very simply derived from
the bolometer heat-halanee cquation by recognizing
that the predominant heat loss takes [)':l;‘(' by convee-
tion through the surrounding air, .

| ) Thus, dropping the
metatlic conduction term in (

- S), but retaining the ex-
p'nncnt #in the convection term, the heat-balance equa-
tion mayv be written as

V0" = w, (18)
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assuming also that the convective loss is constant along
the bolometer, an assumption which is justified by the
nearlv constant temperature along the wire under bias
conditions, as shown in IFig. 3.

In general, w is a function of the length co-ordinate,
so that the total resistance change will depend on how
the power w is distributed. Solving for 8 in (18) and re-
membering that

r = ro(1 4+ af), (19)
the total resistance change becomes
L w Hu
AR { arg ( ) dx. (20)
. Y

For a low-frequency bias power of @ per unit length,
20) becomes

_ 7 \1s
AR aR..( ) :
vl

where W = @L. the total bias power. On comparing (21)
with (177, the following identifications can he made:

(22)

(21)

1/
| allo (ylL)ts.

equation (22) affords a « onvenient means for evaluating
« and v. The bolometer static resistance-power charac-
teristic is plotted on log-log paper, as has been done for
two different bolometers in Fig. 4, and the exponent v
and constant 4 are directly obtained from the plot. The
excellent straight-line fit of the data in Fig. 4is in itself
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and 7y as obtained from Fig. 4 with the values to be ex-
pected from the data of Langmuir.”

TABLE 1
M
From From From From
Lang stalic Lang static
muir's character- muir's character-
data istic data 1stic
Bolometer 1 1.21 I | 0.9x10+ 2.4X10
Bolometer 2 14211 1.15 1.0X104 1.4X10

The experimental values of ¥ agrec as to order of
magnitude, with the calculated values being 1.4 to 2.6
times larger than the latter. This is in part due to the
deviation of the observed value of u from Langmuir’s g,
(cotumn 1) and to the fact that l.angmuir’s data was ob-
tained for wires much thicker than \Wollaston wires and
much longer in relation to the diameter of the stagnant
air sheath surrounding the wire which is postulated by
lLangmuir.

A\s has already been pointed out, the fact that u devi-
ates from unity is responsible for a type of error which
has been referred to as arising from bolometer “re-
sistance-power nonlinearity.” If the RI" power distribu-
tion is nonuniform, an error results which depends on
the ratio of RIF power to total bias power as well as on
the degree of nonuniformity of the RF power distribu-
tion. This follows from the fact that a point on the
holometer where the power density is greater than the
average loses proportionately more heat by convection
than it would if the power density were less.

Applving the definition of (4), the error has been cal-
culated for two nonuniform power distributions, one
triangular, the other rectangular, in order to obtamn a
quantitative notion of the relative magnitude of the
nonlinearity error as compared with the errors discussed
in the preceding section. These two distributions are
shown in Iig. 5, superimposed on the residual bias power
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after withdrawal of the bias power required to keep the
total dc bolometer resistance constant. It is seen that
a cosine-square type of power distribution for a one-half
wavelength bolometer lies intermediate between the
triangular and rectangular distributions, being very
close to the triangular. Two different values of » were
used, 0.9 and 0.8, although the former is more typical
for Wollaston wires than the latter. The error is nega-
tive for these distributions and the power reading will
be low. Upon performing the necessary operations in
(20) the error (4) may be given by the following expres-
sions:

| ([
E lar) = -1, -1 23
(triangular) ol 1) } (23)

2 .[(1+q)~'+1

1/v
E (rectangular) = ‘ ] — 1} -1,  (24)
q 2

where ¢ is twice the ratio of the RIF power IV to the resid
ual bias power.

These errors are shown in Figs. 6 and 7 plotted
against M, the ratio of RF power to the initial bias
power. In practice, this ratio rarely exceeds 1/3. FFor a
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Fig. 6—Calculated resistance-power nonlinearity error as a function
of ratio of RF power to initial bias power for triangular distribu-
tion of Fig. S.

bolometer with »=0.9 (which is a typical value) and
M=1/3, the indicated error is less than 1 per cent for
the triangular distribution and less than 2 per cent for
the rectangular distribution. These two distributions
correspond to a half wavelength bolometer with a full
variation of RIF power along the wire, and therefore the
indicated errors are extreme. For smaller electrical
lengths, the nonlinearity errors are negligible compared
to those resulting from the lengthwise flow of heat which
were discussed in the previous section and shown in
Fig. 2.

CONCLUSIONS

It has been shown that the portion of the bolometer
substitution error caused by resistance-power nonlinear-

September

ity is small compared with the error caused by the
lengthwise flow of heat. For thin wires (1 to 3 microns
in diameter), the portion of the error arising from axial
flow of heat in the air surrounding the wire is essentially
a function only of bolometer length. Curve 1 of Fig. 2
represents this contribution to the error for a thin wire
1 mm long. Longer wires will give even smaller errors.
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Fig. 7—Calculated resistance-power nonlinearity error as a function
of ratio or RF power toinitial bias power for rectangular distribu
tion of Fig. 5.

Fig. 8 summarizes the error which is due to metallic
conduction and radial heat low for a holometer mounted
in air at atmospheric pressure. The curve of Iig. 8 re
lates the bolometer length, expressed as a fraction of a
waveleagth, to L/d, the ratio of bolometer length to
diameter, when the error due to metallic conduction and

WiVELENGTH
° >
- > M

oF Cugonncn ‘p. w1

ERROR LESS THAN 2% IN THIS REGION

LoAsRaT)

L

00 000
L@ ReTi0 OF BOLOWLTEA LENGTH TO DIIMETFR

Fig. 8—Maximum permissible L. /X for varying L/d to limit error aris-
ing from metallic conduction and racial convection to no more
than 2 per cent. Computed for Wollaston wires, 1 to 3 microns
in diameter.

radial heat flow is equal to or less than 2 per cent. If the
bolometer length is an appreciable fraction of a wave-
length, a bolometer mounted in an evacuated envelope
has a substantiallv greater error than a convectively
cooled element of similar dimensions.

Based on the analysis presented in this paper, it is
concluded that Wollaston wire bolometers, when prop-
erly designed and mounted, afford a means of measuring
cw power, over a frequency range extending to the milli-
meter wavelength region, with an accuracy approaching
that of low-frequency measurements. '
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Identification of Tornadoes by Observation
of Waveform Atmospherics’

HERBERT 1. JONESt, SENIOR MEMBER, IRE AND PHILIP N. HESS], ASSOCIATE, IRE

Summary—Research on the characteristics of atmospherics
peculiar to tornadoes has been in progress at the Oklahoma Agri-
cultural and Mechanical College since 1947. It has been discovered
that high-energy thunderstorms which develop into tornadoes gen-
erate discharges with a preponderance of frequencies in the 200- to-
400-kc band. The number of these discharges increases as tornado
time is approached.

[. INTRODUCTION

HE RESEARCH on tornado identification and
Ttracking was undertaken at Oklahoma Agricul-

tural and Mechanical College in the hope of devel-
oping some method by which cognizance of such storms
might be established in sufficient time to permit a warn-
ing to be effective. From the time that the project was
started in 1947, the author made an effort to obtain ac-
curate information concerning the characteristics of the
tornado type of storm.

As such evidence accumulated, it became extremely
probable that the atmospherics resulting from tornadoes
would possess characteristics which would be different
from atmospherics resulting in other types of storms.
This conclusion was supported by other known condi-
tions relevant to this tyvpe of storm. The available en-
ergy in an incipient tornado type of cumulus cloud must
be considerably greater than that for an ordinary type
of cumulus cloud from which a thunderstorm develops.
The energy producing the initial whirl, and permiting
the devclopment of the characteristic funnel, must nec-
cssarily be enormous. The updraft in the inner chimney
can be conceived as made up of air currents of consid-
erably higher velocities, both before and during the
formation and progress of the funnel, with a resulting
increased rate of separation of electrical charges, which
in turn suggests higher electrical potentials, more energy
to dissipate in each lightning discharge, and a definite
increase in the number of strokes.

For an effective study of atmospheric wave shapes,
it was necessary to have linear amplification over a
broad range of frequencies. In order to conserve filmn, it
was considered essential to have a camera that would
be operated automatically by the incoming atmospheric.

It has been noted that the great majority of lightning
strokes in the vicinity of tornado cloud formations oc-

*» Decimal classification: R553.3. Original manuscript received by
tlggzlnstitute, July 19, 1951; revised manuscript received May 19,

t Department of Electrical Engineering, Oklahoma A.and M.
College, Stillwater, Okla.

1 Departmentof Electrical Engineering, University of Minnesota,
Minneapolis, Minn.

cur in a small area which includes the tornado funnel.
Since charge flows along an ionized air column between
the cloud and earth, these lightning strokes may be
thought of as vertical, grounded radiators of electro-
magnetic energy.

Observation has shown that the radiation from light-
ning strokes contains frequencies ranging from visible
light to the very low radio frequencies. Therefore, any
analysis of the electromagnetic wave at a distance from
the radiating element must be considered on a single-
frequency basis.

When Sommerfeld's equation is used to determine the
frequency range of the atmospheric detection equip-
ment, it is found that the various frequencies will be at-
tenuated at different rates. 'The low frequencies diminish
at a rate proportional to the reciprocal of the distance,
while the higher frequencies diminish at a rate propor-
tional to the reciprocal of the distance squared. Fig. 1
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is a plot of the ground-loss factor versus distance for a
low-frequency wave and a medium-frequency wave.
This fact has a definite bearing on the type of detection
equipment necessary, as will be shown later.

[1. Thi: ATMOSPHERIC DETECTION APPARATUS

The atmospheric detection apparatus, as shown in
Iig. 2, consists of a detecting element, an amplifying
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clement, a recording device, and an instantancous direc-
tion finder. Since these elements have different pur-
poses, they will be discussed separately.

- ——— = = - ——
I ANTENNA 180V |
| CATHODE o 8 |

FOLLOWER BATTERY
| B I
! [

- 6v.
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TRIGGER I VIDEO
Lo ! i I
ciRCUIT 'I' 1 awpLFIER ?
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RELAY
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O‘; 1 STROB LIGHT CABLE
i
TRIGGER INPUT CAMERA
0SCILLOSCOPE LIGHT 80X
Y INPUT 1’
b

1

Fig. 2—Cabling diagram for atmospheric detector.

A. The Detecting Element

The detecting element consists of a vertical antenna
coupled to a cathode follower. The cathode follower is
designed to have a very large input impedance to match
the high impedance of the short antenna. This imped-
ance match is necessarv to prevent attenuarion and
phase shift at the lower frequencies. It was originally
thought that compensation amplifiers would be needed
to aid the cathode follower in obraining a flat response 1o
the imput signal at the lower frequency limit. However,
the analysis of the arriving wave showed that the vari-
ous frequency components under consideration would
be attenuvated by varying amounts. Thus a flat re-
sponse would still fail to present an accurate waveform
of the radiation from the lightning stroke. This is of
slight importance since a difference in waveforms is be-
ing sought and all lightning is subject to this varying at-
tenuation rate.

B. The Amplifying Element

Since compensation amplitiers were found to he un-
necessary, the amplifving clement consists merelv ol a

Or 11HE TR I September
one-stage video amplifier of conventional design, and
the vertical deflecting amplifiers of the recording os-
cilloscope. Both of the amplifier sections have a flat
response hetween the limits ol 40 ¢ps and 2 me. The out-
put of the video amplitier is fed to the oscilloscope and
to the trigger circuit through a 50-ohm coaxial cable.

C. The Recording Device

The recording svstem consists of an oscilloscope, an
automatic camera, and the necessary control circuits
Associated with the recording system is a trigger circuit
whose function is to initiate the sweep on the recording
oscilloscope, unblank the direcrion-tinder cathode-ray
tube, tlash i strob hght to illuminate a clock and a date
device, and operate the automatic camera.,

F r — =

PUSH PUL FULL wavE PULSE RELaY
o >~
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SINGLE  SHOT PULSE contRoL RELAY R
UL AMPLIFIER RELAY CONTAL®S "%v
VBESies ) ! - (MeKE)  gracacfe

DIRECTION FINDER

GATE  CiRCUIT i

FFigo 3 Irigger circuit.

he trigger cireuit is shown in | 1ir. 3. It consists of .
push-pull input amplificr coupled to i duodiode so that
a negative pulse will appear at the diode out put regard
less of the polarity of the incoming atmospheric. T his
circuit was included hecanse the polarity of the incom
ing tornado atmospheric mav be cither positive or newa
tive. This pulse is amplified and used to trigger a
single-shot multivibrtor Square waves from the mul
tivibrator arc used to unblank the direction-tinder cath
ode-rav tube and 1o cause 4 relav tube to conduct . clos
ing a double pole, double-throw relav, These square
waves have a period of approximately 500 msec.

The relay contacts are used 1o open the circuit 1o the
recording oscilloscope, 1o apply voltage to the strob
light, to ground the input to the multivibrator, and to
close the camera relav. The first OPEration 18 Necessir
ro prevent other atmospherics from mterrupting the
multivibrator cvele and 1hus interfering with the cor
rect operation of the automatic re

The automatic recording camera is a4 maodified 353-mm
motion-picture camera with an {2 lens fixed-focused at
2 feet. The film advance mechanism is modified 10 com
plete one cycle of operation, thay 18, advance the film
one frame when actuated by rotary solenoid. In turn

cording camera
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the rotary solcenoid is controlled by the aforementioned
camera relay. Thus, an arriving atmospheric will trig-
ger the multivibrator which will cause the camera relay
to close and remain closed for 500 msee: a period of
time long enough to allow the camera rotary solenoid
to complete one cyele and advance the film one frame.
The inertia effect of the camera mechanism is sufficient
to allow the waveform to be photographed and the os-
cilloscope to go dark before the film begins to advance.
A\s a result there will be no blurring of the image.

The camera lens is enclosed in a light-tight box with
the oscilloscope, the clock, the date device, and the
strob light. Since the scope sweep and the strob light
are triggered only by the arriving atmospheric, no shut-
ter on the camera is necessary.

The schematic diagram of the camera and strob light
control circuits is shown in Fig. 4. In order to show all of
the atmospheric waveform, a small delay line was in-
Juded between the video amplifier and the vertical
detlection amplifiers in the oscilloscope. This delay com-
pensates for the delay in the sweep triggering caused by
the trigger circuits,
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Fig. 4+ Relay circuit.
11]l. RESULTS FOR SEASON OF 1950

\t appronimately 6:20 Py, on June 9, 1950, a tor-
nado funnel was reported about 60 miles west of Still-
water, Okla. ‘The detection equipment had been in
operation several hours before and after the eritical
time. 1t was noted that the triggering of the equipment
was very rapid at this time, in fact, almost continuous.
Ihe trigger volume control was set ata very low value
Representative waveforms of the storm are shown in
sequence in the photographs of Figs. 5 and 6. It was
noticed in the middle of the afternoon, by visual obser-
vation, that an occasional high-frequency atmospheric
of high amplitude would show up. The number of these
high-frequency atmospherics increased as the critical
time of 6:20 pa. was approached, By 7:00 .M., the
number of these high-frequency atmospherics had de-
creased markedly and only showed up occasionally from
10:00 e, until midnight. Tt was estimated that for a

Jones and Hess: Identification of Tornadoes by Observation of 11'aveform Atmospherics
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25-minute period, while the funnel was active, the ratio
of high-frequency atmospherics to ordinary atmospher-
ics was about 1-to-1, while before and after the time of

Fig. 5— Tornado, June 9, 1950, cro sweep 20k.

activity of the funnel, it was 1-to-15or 1-10-20. This con-
dition also held for the next afternoon, June 10, when a
whirl started to form over the tracking station. Observ-
ers from the town said that the funnel actually came

Fig. 6 Tornado, fune 9, 1950, cro sweep 20k,

down about a tourth of the way. Again the relay went
wild, and the preponderance of the high-frequency com-
ponents was noticeable, Fig. 7 was taken during the
progress of this storm. Figs. 8 and 9 are pictures of at-
mospherics taken during a thunderstorm which oc-
curred a number of hours prior to the tornado of June 9.
These waveforms are typical of records taken during a
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large number of ordinary thunderstorms. It is signifi-
cant that no high-frequency components appear during
thunderstorm conditions. The " authors have spent

Fig. 7—Tornado, June 10, 1951, cro sweep 20k.

many hours at the scope during thunderstorm activity,
and have yet to observe a high-frequency component
during this type of storm. It is significant that the high-
frequency components appeared only during periods of

Fig. 8—Thunderstorm, June 9, 1950, cro sweep 20k.

tornado activity. Observations during the relatively in-
active tornado season of 1951 confirmed the results ob-
tained in 1950,

September

1V. PROGRAM FOR 1952

The records for tornado activity in 1950 and 1951
cover only a few storms, most of these being of low in-
tensity. Conclusions drawn from these records must be
substantiated by future results. Apparently the high-
encrgy conditions that exist as the tornado situation
builds up are manifested by the high-frequency com
pounents. Just when these high-energy levels are first at-
tained depends on the meteorological conditions. During
the season of 1952, it is planned to start observations at
the first sign of thunderstorm activity, as predicted b
meteorological methods, and to continue the observa
tions until the situation is terminated. In this way there
will be obtained a complete record of the atmospheric
activity for a number of thunderstorms, and, it is hoped,
for a number of tornadoes. These results can then be
correlated with meteorological observations and should
give a better understanding of tornado phenomena

It would be interesting to know just how the violent
high-frequency activity isgenerated during the existence
of the funnel. It has been suggested by one authorit
that there may be a special type of generator in the whirl
itself. This is a problem for the future which will neces
sitate special equipment in a portable laboratory, pos-
sibly airborne

A new approach to the problem of tornado trac king
will be attempted during the tornado season of 1952
The United States Signal Corps has provided a 3-cn

Fig. 9— Thunderstorm, June 9, 1950, cro sweep 20k.

radar and atmospheric direction finder to augment the

present equipmcnt. It is expected that these additions
will contribute materiallv to the final solution.

CTR2NEEETD
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Cosmic Radio Noise Intensities in the VHF Band®

H. V. COTTONY{, SENIOR MEMBER, IRE AND J. R. JOHLERT, ASSOCIATE, IRE

Summary—During 1948 and 1949, the National Bureau of
Standards conducted continuous, broad-directivity measurements
of the cosmic radio noise intensities at frequencies between 25 and
110 mc. Their purpose was to evaluate the importance of this noise
from the standpoint of its interference with radio communication.
The results show a regular daily variation in noise corresponding to
the movement of the principal sources of cosmic radio noise across
the antenna receiving pattern. This normal cosmic noise intensity
pattern was found to be constant within the limits of the accuracy of
the measurements. It was found convenient to present the results in
terms of daily maxima and minima which bracketed the daily varia-
tions. No measurable change in these limits was observed in the
course of these measurements.

Besides the normal cosmic radio noise, periods of abnormal high
noise levels, generally associated with periods of unusual solar ac-
tivity, were observed and recorded.

1. INTRODUCTION

T FREQUENCILS below approximately 30 mc, at
A which long-distance radio communication is nor-
- mally carried on, terrestrial radio noise is likely
to determine the minimum useful signal strengths. The
terrestrial radio noise or “static” is generated in the
tropical thunderstorm areas and propagated by iono-
spheric transmission. At the upper end of the hf band
where dependable ionospheric propagation ceases, the
terrestrial radio noise intensity rapidly decreases and
scems to disappear altogether. However, radio noise
¢manating from extra-terrestrial sources, known as
“cosmic radio noise,” constitutes one of the limiting
{actors for radio communication in the upper portion of
hf and in the vhf bands. This type of radio noise was
identified by Jansky in 19312 as a characteristic hissing
noise apparently originating at a fixed point in space
near the center of our galaxy. Subsequently, a number
of other observers, notably Reber?4887 investigated
the distribution of cosmic noise with frequency and di-
rection in space. Fig. 1 (on the following page) is a sky
map showing the contours of noise intensities from the

* Decimal classification: R113.413. Original manuscript received
by tlhczlnqlitute, May 23, 1951; revised manuscript received, April
30, 1052.

t National Bureau of Standards, Washington 25, D. C.

1 K. (5. Jansky, “Directional studies of atmospherics at high fre-
quencies,” Proc. LLR.E., vol. 20, pp. 1920-1932; December, 1932,

1. (. Jansky, “Electrical disturbances apparently of extra
tl(s)rr({c,tri;.l origin,” Proc. LR.E., vol. 21, pp. 1387-1398; October,

33.

2G5, Reber, “Cosmic static,” Proc. 1.R.E., vol. 28, pp. 68-70;
February, 1940,

+ ;. Reber, “Cosmic static,” Proc. LRUIZ,, vol. 30, pp. 367-378;
August, 1942,

¢ ;. Reber, “Cosmic static,” Astrophys. Jour., vol. 100, pp. 279~
287; November, 1944

¢ (3. Reber, “Solar radiation at 480 mc/sec,” Nature, vol. 158,
p. 915; December 28, 1916,

1 (5. Reber, “Cosmic static,” Proc. LRI, vol. 36, pp. 1215-1218;
October, 1948,

different portions of the sky as determined by Reber
using directive receiving equipment at 160 mc.

In addition, Southworth® and Reber, independently,
found that the sun itself is a radiator of noise in the ra-
dio-frequency spectrum. The intensity of this noise is
considerably in excess of that to be expected on the basis
of thermal radiation by a black body at the temperature
of the sun’s surface (6,000°K). By convention, the term
«cosmic radio noise” includes both the solar radio noise
originating in the sun and the galactic radio noise which
arrives from interstellar space.

Since the date of Reber’s early measurements, con-
siderable work has been done on the astronomical as-
pects of these phenomena, both in the field of physical
measurement of noise intensities and in the realm of
speculation as to the nature and the character of the
noise itself. The references 9 to 13, 15, 16, and 21 give a
representative sample of the work accomplished to date.
The importance of the cosmic noise to radio communica-
tion was discussed in some detail by Norton.!

In order to investigate the diurnal, seasonal, and fre-
quency characteristics of cosmic radio noise as it would
affect the operation of hf and vhf radio-commuaication
systems, a program of measurements was initiated at
the National Bureau of Standards in 1946. During 1947,
some preliminary measurements were performed and re-
ported upon by Herbstreit and Johler.:1* Continuous
measurements were begun in March, 1948. A description
of the work, including equipment and some data, was
presented by Johler at URSI-IRE meetings on May 3,
1948 and November 1, 1949 in Washington, D. C.

This paper presents a more complete description of
the equipment than heretofore presented, the data on
cosmic noise collected to January 1, 1950, and a discus-
sion of the results obtained from these data.

8 G. C. Southworth, “Microwave radiation from the sun,” Jour.
Frankl. Inst., vol. 239, pp. 285-297; April, 1945,

» J. G. Bolton, “Discrete sources of galactic radio frequency
noise,” Nature, vol. 162, pp. 141-142; 1948.

10'],S, Hey, S. J. Parsons, and J. W. Phillips, “An investigation of
galactic radiation in the radio spectrum,” Proc. Royal Soc. A., vol.
192, pp. 425 445; 1948.

1y S Hey,S. J. I’arsons, and J. W. Phillips, “Solar and terrestrial
radio “disturbances,” Nature, vol. 160, pp. 371-372; September 13,
1047.

1 M. Ryle and D. D. Vonberg, “Solar radiation on 175 mc,”
Nature, vol. 158, p. 339; Septenber 7, 1946,

13 1), F. Martyn, “Temperature radiation from the quiet sun in
the radio spectrum,” Nature, vol. 158, pp. 632-633; November 2,
1946.

WIS, A. Norton, “Propagation in the M DBroadcast Band,”
“Advances in Electronics,” Academic I’ress, Inc., New York, N. Y.,
vol. 1; 1948,

1 ] \W. llerbstreit and J. R. Johler, “Frequency variation of the
intensity of cosmic radio noise,” Nature, vol. 161, p. 515; April 3,
1948.

w J, V. Ilerbstreit, “Cosmic Radio Noise,” “Advances in Elec-
tronics,” Academic Press Inc,, New York, N. Y., vol. 1, 1948.
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Fig. 1 Sky map showing the contours of cosmic 1

o INSTRUMENTATION

The design of the receiving equipment [or cosmic ra
dio noisc measurements presents special requirements:
(1) high gain, (2) low internal noise, and (3) high degrec
of gain stability. High gain is required because the cos-
mic radionoise ficld strengthsare relatively low compared
with the normal atmospheric radio noise values, and
ilso because the cosmic noise is measured at higher
frequencies where the antenna delivers lower power to
the receiver. Low internal noise is a consideration he
cause the voltages to L.e measured are lower and, with
the present knowledge of receiver design, the internal
noise rapidly increases with frequency. Both of these re-
guirements were met by the use of special two-stage
jreamplifiers in conjunction with modified commercial
receivers. High degree of gain stability was necessary in
order to obtain the desired degree of accuracy in the re
sults, of the order of 1 dbh. This was met by emploving
well-regulated power supplies and by housing the equip-
ment in a shelter the temperature of which was main-
tained constant to within +3°F.

The antennas used for measurements were half-wave,
horizontal dipoles one-quarter wavelength above ground
oriented in the east-west direction. In order to permit
a direct comparison bhetween the results obtained at dil-
ferent frequencies, all antennas were erected and ori-
ented in an identical manner.

RICAT ASCENSION

whio noise abserved by Grote Reber on 160 me.

Fig. 21is a block diagram which shows the interconned
tons hetween the major components of the equipment
Fhe preampliticr-converter units include two stages of
preamplification using the cascode ¢ire uit.Using this cir
cuit. it was found possible to obiain 4 noise figure of 2 at

T e and proportionately better values at lower fre
quencies
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and 1the calibrading cquipment

Fig. 3 illustrates the principle of ¢

] s . . A alibration. 2\ type
C\'-172 noise diode is mounted

across the terminals of
. Fhe dengih of each dipole is adjusted for
!l:l“-\\‘«l\'t‘ resotance. The length of the metal stub is ad
justed to tune out the capacitance of the diode and the
terminals. When calibrating., (he dipole elements are re
moved and replaced iy g resistor, R
tude to the rddhation resisg

cach dipole.

v equal in magni-
ance of the dipole. The space

current /o through the diode s varied I varving the
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filament current. The diode is then a source of shot noise
current i, which flows through the resistor R,. The value
of the shot noise current in amperes is given by the re-
lationship

it = 2el,Af, (1

where e is the charge of the electron, 1.602X1071
coulomb, and Af is the bandwidth over which measure-
ments are made in cveles per second.

160 Owi BALANCEO TWANSWHSSION LinE 10 MECEIVER

TEMPERATUAE L W70 SHOT NOISE (W00, C¢ 172

Z

L LEMGTH OF OWOLE AD.USTED FOR
nEsouncy asacr &

s
- e (' i g % ) o
______ {8 ---t <~ T’}_, - - - -
“~ s I DPOLE ELEMENTS, 1IN PLACE FOR
s S 117 WEASUREMENT, REMOVED FOR
H T¥? 1 CALIBRATION
H 33z
-9 3
: 2
H -
H : 33 | QUMY CALBRATING RESISTOR,
: o 1 "AEVOVED FOR MEASUREMENT, %0
z T ;3; | PLACE FOR CALIBRATION
b3 z
& $%:%
- Tisd
&
N |
& B LA
& L2
¥ { 1

e S g

TO FILAMENT POWER SUPPLY O TO 10 VLTS OC,
\ 250 YOLTS ABOVE GAGUNO POTESTIAL

Fie. 3\ ~implitied view of the dipole antenna used to measure cos-
mic radio noise intensity, showing the method of absolute cali-
bration cmploved. The diagram is not to scale. Impedance
matching stub is not shown.

The open-circuit voltage developed across the termi-
nals of the dummy antenna resistor is then equal to 17
given in volts by the relationship

V2 = 1kTR.Af + 2el,R2), (2)
where B is the Boltzmann constant, 1,37 X10°% joules
per degree I and 7" is the absolute temperature of
the calibrating resistor, degrees K. (For purposes of
numerical computations, 77 is assumed to be equal to
300°K or, approximately, 80°F.)

The first term on the right side of the equation is the
Nyquist's term, giving the mean-squared voltage due to
the thermal agitation of the electrons within the cali-
brating resistor. 718

11 is convenient to express the intensity of the noise to
be measured in terms of the fictitious temperature 77 at
which the resistor R, must he to develop equal noise
voltage thermally.

Then
ST RAS = 4RTRAS + 2el,R2Sf
and
oy e 3)
2k

17 §. B. Johnson, “Thermal agitation of eleetricity in conductors,”
Phys. Rev., 2nd ser., vol. 32, pp. 97-109; July, 1928,

1}, Nyquist, “Thermal agitation of clectric charge in conduc-
tors,” Phys. Rev., 2nd ser., vol. 32, pp. 110-113; July, 1928.
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Using type CV-172 diodes, which can, without burn-
ing out, carry a space current of 100 ma, it was possible
to calibrate up to effective temperature T” of approxi-
mately 60,000°K. For R, of 100 ohms and for 10-kc
bandwidth, this equals approximately 1.8 uv. This was
adequate for normal comic radio noise measurcments.

111. UNITs EMPLOYED FOR PRESENTING
THE RESULTS

It has been a generally accepted practice among the
physicists interested in the cosmic-noise measurements
1o express the intensity of such noise in terms of tem-
perature, degrees K, at which a resistor would generate
thermally an equal available noise power. This, to a
considerable extent, is a matter of convenience since,
using temperature units, neither source impedance nor
bandwidth employed need be specified. Such representa-
tion is legitimate only when the noise voltages being
considered are random in character. Since this paper is
intended for engineers interested in evaluating the inter-
ference value of cosmic noise, the results were also con-
verted to terms of power intensity in watts per square
meter and those of field strengths in microvolts per
meter. The conversion to power intensity is accom-
plished by the use of the Jeans-Rayleigh black-hody
radiation Law,

8rkT2Af

c?

(4)

where P is the power radiated by a black body in the
frequency interval Af, in watts per square meter, f is the
frequency at which the measurements are being made,
in cyeles per second, and ¢ is the velocity of propagation
in meters per second, 3 X108,

This expression gives the power radiated by a black
body in both planes of polarization. The black-body
radiation is randomly polarized so that the power is
cqually distributed in each plane. Since the receiving
dipole is sensitive to only one plane of polarization, it
would receive only half the power radiated by a black
bhody. Henee, the true power received by the dipole is
half of that given by the above relationship. For a band-
width of one cvele per second and when frequency f is
in megacveles, this becomes

P =191 X107 XfXT (5)

The electric field strength is obtained directly from
power intensity by the relationship

77;_2 =P X7 (0)

where £ is the electric field intensity, in volts per meter,
and Z, is the characteristic impedance of space, 376.7
ohms. 1 £ is expressed in microvolts per meter for a
bandwidth, Af, of 1,000 cycles per second, and frequency
f, is in megacyeles per second, then

Forme = 2.68 X 1078 X f X +/T. ©))
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IV. RESuLTS OF MEASUREMENTS —NORM AT
Cosmic Rapio Noisg

In the course of the two years’ measurements, it was
found that the normal cosmic radio noise intensities
have a very regular diurnal pattern. Fig. 4 presents a
typical record of one week’s measurements. As all nicas-
urements described here, this record was made with the
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Fig. 4—A typical record of one week’s measurements on four fre-
quencies with five receiving systems plotted to a common tem
perature scale.

dipoles oriented in the east-west direction. I'his orienta-
tion makes the system more sensitive to radiation from
low angles in the southern and northern directions and
less sensitive to low-angle radiation from east and west.
The most intense source of galactic radio noise is lo-
cated near the constellation of Sagittarius. At the lati-
tude of Washington, 39°N, this source attains its high-

or THE [.R.I. September
est clevation above the horizon at approximately 25°
due south. Therefore, such orientation of the antenna
may be expected to produce higher maximum noise in-
tensity than the north-south orientation of the antenna.
At the same time the reduced sensitivity of the antenna
to low-angle radiation coming from cast and west leads
one to expect that when the major sources of galactic
noise are cast or west of the meridian the response of the
cast-west oriented antenna would be lower than that of
an antenna oriented north and south, and it may have a
lower minimum. This difference in maxima and minima
was confirmed by Herbstreit'® experimentally.

Ifig. 4 shows that in early April, 1949 the maximum
noise intensity was recorded on all frequencies at
approximately 0600 EST, while the minimum was ob-
served at approximately 2200 LST. These times cor-
respond to 1900 and 1100, sidereal time, respectively.
By reference to Iig. 1, it can be seen that the maximum
corresponds to the time when the constellation of Sagit
tarius is just west of the nieridian and the constellation
of Cygnus is approximately the same distance east of
the meridian; the antenna is thus in a position to re-
ceive the maximum of energy from the two sources. At
sidercal time of the minimum, 1100, the skv is rela
tively free of the more intense sources of cosmic noise.

It was found convenicnt to present the data obtained
during the twenty-two months of measurements b
plotting the daily normal maxima and minima, in this
wayv presenting the normal upper and lower limits for
the noise. T'he vearly averages of daily maxima and
minima are presented in Table I in degrees K, in micro

TABLE 1
AVERAGES OF NORMAL DAILY MAXIMA AND MINIMA FOR 1948 AnD 1949

1948
(March-—December)
= e ‘!Il
. 3 &
e * 2T 35
£ <= D= =
D w0l 2T & Z
R =5 &g = o
= 0 o i3 < 2
= == B8 s 2
5 ss 2 & 2
L
L
8 =8 & & ¥
x 1020
25-mc normal daily maxima 41,800 0.137 5.00 0.7 181
25-mc normal daily minima 19,800 0.094 2.38 1.0 176
35-mc normal dailv maxima - = = -
35-mc normal daily minima - — — o =5
50-mc normal daily maxima 7,320 0115 3.52 0.3 231
50-mc normal daily minima 3,440 0.079 1.65 0.3 240
75-mc normal daily maxima 2,790 0.107 3.01 0.5 218
75-mc normal daily minima 1,230 0.071 1.33 0.6 182
#1  110-mc normal daily maxima 1,160 0.101 2.70 0.6 185
#1  110-mc normal daily minima 510 0.067 1.19 0.9 14
#2  110-mc normal daily maxima
over ground 1,250 0.105 2.90 34
#2 110-mc normal daily minima
over ground 450 0.063 1.05 32

#2  110-mc normal daily maxima
over mat
#2  110-mc normal daily minima
over mat -

1949
January —December) (1248-1989)
g 2 E £

.‘E‘_" ; : ~ =y > > =

Q 2 e = '3:?- 3 >~: 0
28 o e g o —F’; S Eze 5 >
8 59 E£E = 3 ¢ 26 §E ’-E' g
25 58 £ ¢ < 2P E3 Eg ¥ 2
28 = 5w 8 5 5E A% ba 4 =
SE 3T EE 3 % Eg z- g2 2 s
g2 £8 &% Z 2 S £8 2% & 2
34,700 0.125 517 . e

! 125 417 0.8 304 37,300 0.130 448 - 485
16,600 0.087 1.99 0.8 308 17.700 0. 090 213 — 484
16,500 0.121 3.88 04 109 16,500 0.121 3.8 0.4 109
8,430 0.08 1.98 0.4 112 8,430 0.080 198 04 112
7,550 0.117 3.63 0.3 260 7440 0116 3.5 500
3,510 0.080 1.69 0.4 274 3350 0079 167 514
3,490 0.119 3.77 04 235 3160 0 113 341 453
1,580 0.080 171 0.6 222 1,430 0.076 1.55 404
1,300 0107 3.02 0.6 207 1,230 0.10

530 0.068 1.23 0.9 200 20 000K %g? %?3,
1,380 0.110 3.21 — 126 1,380 0.110 3.21 0.6 100

600y 0.072 1.39 113 57000071 1,32 1.0 145

1,310 0,107 3.04 0.6 &3 1,310 0.107 3.04 06 83

560 0.070 1.30 0.8 7 560 0070 1.30 0.8 71
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volts per meter for 1,000-cps bandwidth, and in watts
per square meter per cycle per second bandwidth. Sta-
tistical analysis of the data showed that the distribution
of the observations is very nearly normal. The standard
deviations obtained as a result of this analysis are pre-
sented in columns 4, 9, and 14 of Table I. Examination
of the tabulated values of standard deviations shows
that the standard deviation for any frequency in either
vear never exceeds 1 db, and generally is considerably
smaller.

It is a generally accepted assumption that the inten-
sity of the galactic radio noise, at least when averaged
out over the visible area of the sky, is constant. If this
were so, the variations in the measured values of cosmic
noise intensity must be attributable to errors in meas-
urements, or are due to absorption by the ionosphere.
To verify this, an effort was made to evaluate the ac-
curacy of the measurements by estimating or comput-
ing the errors from the various sources. The analysis
itself is too lengthy to be presented here in full; how-
ever, a summary of the results is presented in Table I1.
The table shows that the root-sum-square error from all
the sources considered is of the same order of magni-
tude as the standard deviation of the measured values.
This confirms the assumption that the variations in the
measured values of cosmic radio noise are not the result
of variations in the phenomenon being measured, but
are introduced by the instruments and methods used in
measurement. _

Examination of the cosmic radio-noise data, averaged
month by month, revealed no sign of absorption by the
ionosphere at frequencies of 50 mc and higher. The 35-
mc equipment was operated for too short a period of
time for any conclusion to be made for this frequency.
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However, 25-mc equipment showed definite signs of
variations attributable to the ionospheric absorption.
Because of the earth’s movement around the sun, the
times of daily occurrence of the maximum and minimum
cosmic radio-noise intensity change, being approxi-
mately four minutes earlier each succeeding day. Thus,
the time of the maximum coincides with noon at
approximately December 31, while the time of the mini-
mum coincides with noon at approximately Septem-
ber 1. The 25-mc records reveal that around November
and December in either year, when the maximum is
measured at the time of maximum ionospheric absorp-
tion, the daily maximum values of cosmic-noise inten-
sity are lower than at other times of the year. The daily
minimum values of cosmic radio noise have a corre-
sponding trough around September and October when
the daily minimum is observed in the late morning
hours. By using the departures of monthly mean values
of daily maxima and minima from the annual mean
values, root-mean-square errors were computed for var-
iations due to ionospheric absorption. These errors ap-
pear in line 9 ot Table II.

In Fig. 5 the cosmic noise intensities in microvolts
per meter for 1,000-cps bandwidth are presented to-
gether with the atmospheric radio-noise data. The lat-
ter were derived from the National Bureau of Standards
circular No. 462, “lonospheric Radio Propagzation,”
June 25, 1948. It should be noted that the early tenta-
tive values of cosmic radio noise intensities presented
in that circular were in error, being 9 db too low. The
cosmic noise values in this figure are normal daily max-
ima and minima averaged over the 22 months of meas-
urements. Included are also some observations, curve E
made in the Arctic in 1947, of atmospheric radio noise,

TABLE 11
ESTIMATES OF THE MAGNITUDES OF ERRORS, IN DECIBELS, IN THE MEASURED VALUES OF COSMIC RADIO NOISE

25 mc

35 Mc 50 mc 75 mc 110 mce
Sources of Errors — - - — — - — :
Max Min Max Min Max Min Max Min Max Min

1. Inaccuracies in reading re-

corder chart 0.05 0.08 0.06 0.08 0.05 0.07 0.08 0.17 0.08 0.17
2. Changes in sensitivity of

equipment 0.30 0.28 0.24 0.26 0.25 0.25 0.28 0.39 0.43 0.70
3. Inaccuracies in reading cali-

brating diode current 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.02
4. Errors in the measured val-

ues of radiation resistance® 0.21) (0.21) 0.21) (0.20) (0.20) (0.19) (0.19) 0.17) (0.106) (0.09)
§. Variations in radiation re-

sistance with weather 0.21 0.21 0.21 0.20 0.20 0.19 0.19 0.17 0.16 0.09
6. Variations in absorption by

the ground 0.20 0.20 0.20 0.20 0.20 0.19 0.18 0.16 0.15 0.08
7. Variations in temperature +0.00 +0.00 +£0.00 +£0.01 +0.01 +0.02 +0.02 +0.04 +0.04 +0.10

of calibrating resistor** ¥0.05 F0.05 F0.05 F0.05 F0.05 F0.05 F0.05 F0.04 F0.04 F0.02
8. Interference nil nil nil nil nil nil nil nil nil nil
9. Absorption by ionosphere 0.62 0.74 nil nil nil nil nil nil nil nil
10. Na.tural. fluctuation in ga- unknown unknown unknown unknown unknown

latic noise unknown unknown unknown unknown unknown

Root-sum-square error due

to all random effects 0.75 0.85 0.39 0.39 0.34 0.38 0.39 0.49 0.49 0.74

Mean standard deviations

(From Table I) 0.75 0.90 0.40 0.40 0.30 0.35 0.45 0.60 0.60

0.90

* Errors in measured valuea of radiation resistance are systematic and are not included in the summation.
** The two errors due to this cause are in opposite direction and their difference is used in the root-sum-square summation.
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in vif and i bands. In addition to the cosmic and atimos
pheric noise there is plotted the noise ficld intensitics
produced by black-body radiation at the temperature
of the earth’s surface (taken to equal 300°K or, ap-
proximately, 80°1"). However, this noise does not neces-
sarily exist at that level of intensity since most of the
surroundings, notably the ground itself, depart consid-

: S S = s

FREQUENCY, MESACICLES PFR SECONL

Fig. 5. Comparative intensities of radio noise of natural origin in the
spectrum of radio frequencies.

A—Average daily upper and lower limits of the normal cosmic
radio noise field intensities.

B-—Noise field intensities corresponding to internal noise of well
designed receiver (derived from Norton and Omberg!?).

C—Noise field intensities (in one plane of polarization) produced
by “black-body” radiation at 300°K (80°F).

D—U'pper and lower limits of atmosphere radio noise intensities.
Derived fromn the National Bureau of Standards Circular No.
462. Also radio propagation unit report RI’U-5.

E—Atmospheric radio-noise intensities measured in Arctic (Cot-
tony?%).

erably from being perfect black bodies. Also, the sur-
rounding objects including the ground occupy onty half
of the sphere. I'ig. 5 also shows, for comparison pur-
poses, the noise field strengths, curve B, corresponding
to the internal noise of well-designed receivers. This lat-
ter curve was obtained from the empirical relationship
presenting best available noise figures for a range of
frequency which appeared in a paper by Norton and
Omberg.'® Fig 5 displays the fact that for a well-de-
signed, high-gain, low-noise receiver, cosmic radio noise
may well present the limit to communications up to
approximately 200 mc. For receiving systems using
directive antennas the interference value of cosmic noise
may be important at a considerably higher frequency

1 K. A, Norton and A. C. Omberg, “The maximum range of a
radar set.” Proc. I.R.E., vol. 35, pp. 4-24; January, 1947,

2 H. V. Cottony, “Observations of Atmospheric Radio Noise in
Arctic Regions,” Memorandum Report; January 15, 1948. (Not pub-
lished, not available for distribution.)

OF THL (R September
for such times as the direction of the maximum sensi
tivity of the antenna coincides with the direction of the
more intense sources of cosmic radio noise.

Herbstreit,'s in reporting the early phases of this
work, attedpted to correct for the absorption by the
ground. He found it necessary to add approximately
1 db to the measured results at 25 mic and 1.7 at 110 mc
to obtain the incident noise intensities. During this pro-
gram of measurcnmients, an attempt was made to verify
these deductions by operating two 110-mc receiving
systems, one over the ground, the other over a metallic
screen. No significant difference was observed in the
results. A review of Herbstreit’s computations and a
measurement of the ground constants showed that the
relative diclectric constant of the ground at Sterling,
Virginia was 23 rather than the assumed 4, and that the
actual distribution of noise sources resulted in retlection
at more nearly a grazing angle than with a uniform dis-
tribution of noise sources assumed by lerbstreit. Both
of these factors contributed to a significantly lower re-
computed value of absorption by the ground. It is now
estimated that at 110 mc the absorption by the ground
should lower the observed noise intensity by approx
imately 0.65 db. At lower frequencies the correction is
still smaller. Because the corrections are only estimates,
and since the possible error is of the same order of may
nitude, these corrections were not applied to the results
in this paper.
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Fig. 6 ~\ariation of cosmic radio noise intensity with frequency.

One of the aims of this invest igation has been to deter
mi.nc. with some accuracy, the frequency law of cosmic
noise intensity. Iig. 6 presents the comparison of noise
intensities with frequency graphically in the three sets
of units. The graphs are plotted to a logarithmic scale
in cach case. The intensities are averages for the dura-
tion of the measurements.
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It can be seen that when the intensities are ex-
pressed in terms of temperatures of equivalent black-
body radiation, they vary inversely as the 2.3 power of
the frequency, when in terms of electric field strength,
inversely as the 0.15 power and, when in terms of power
intensity, inversely as the 0.3 power. Moxon,? who
investigated the variations of cosmic radio noise inten-
sity with frequency in the range of 40 to 200 mc, found
the intensity {expressed as temperature of equivalent
black-body radiation) to vary inversely as the 2.7 and
as 2.1 power of the frequency in the plane of galaxy and
away from the plane of the galaxy, respectively. Com-
parison of daily maxima and minima obtained in this
investigation does not disclose any indication of differ-
ence in the frequency law of radiation.

V. RESULTS OF MEASUREMENTS— \BNORMAL
PHENOMENA

In addition to the normal cosmic radio noise intensi-
ties characterized by their regularity, there have been
observed from time to time abnormal phenomena which
in all olserved instances appear to be associated with
solar disturbances. Two such observations are described
here as illustrative of such phenomena.

Fig. 7—Transcribed records of abnormal cosmic radio noise obtained
during a period of high solar activity. (A) Broad directivity
measurements of cosmic radio noise on 25, 50, 75, and 110 mc.
(B) Dircctional measurement of solar radio noise on 480 mc.
(*) Normal level of cosmic radio noise.

I'ig. 7 presents the cosmic noise measurements made
on August 4 8, 1948. On those dates a large group of
sunspots travelled across the face of the sun passing
close to the center of the solar disc. This phenomenon
was accompanied by an enhanced level of cosmic noise.
The figure shows two sets of observations. The upper
portion of the figure presents the transcribed record
made by the equipment described in this paper on the
frequencies of 25, 50, 75, and 110 mc. The lower por-
tions of the figure present the transcribed record made
by a radiometer located near the site of the cosmic-
noise equipment and operated by Reber in connection
with solar-noise studies. This radiometer consisted of a
480-mc receiver with a directive antenna consisting of
a dipole located in the focus of a 25-fnot parabolic re-

21 A Moxon, “Variation of cosmic radiation with frequency,”
Nature, vol. 158, no, 4021, pp. 758 -759; November 23, 1946.

flector. It is automatically directed at the sun in the
daytime. The radiometer measures the relative level of
solar activity as evidenced by the intensity of radio-
frequency radiation from the sun.

The two sets of records show that, while the broad
directivity measurements show considerable increase in
the noise in the middle of the day, amounting to several
times the normal noise power level, the radiometer
shows only a moderate increase in the noise level in-
tensity accompanied by relatively short-duration, high-
intensity bursts. An examination of the detail of the
noise records shows that there is a close qualitative cor-
respondence between the bursts of noise as recorded by
the radiometer on 480 mc and those recorded by the
broad-directivity equipment. This indicates that in each
case the noise is apparently of solar origin. However,
the general increase in noise is greater in the case of
broad-directivity measurements. Since the broad-
directivity receiving systems receive the radiation from
a relatively great area in the sky, they are relatively
insensitive to radiation from a small area unless the
intensity of radiation from that areca is very high. Thus
a quiet sun, assuming equivalent black-body radiation
temperature of 1,000,000°K at radio frequencies, would
produce a maximum increase in the measured noise in-
tensity equivalent to approximately 10 to 15°K, which
is below the resolving power of the equipment. The fact
that the broad-directivity equipment at 25-110 mc is
affected to a greater degree by the solar radiation than
the relatively directive equipment pointed at the sun
at 480 mc may be explained by the fact that the radia-
tion from a disturbed sun is far more intense at the
lower frequencies or that, possibly, the radio noise is
generated in the vicinity of the earth although induced
by solar emission.? In cither case the phenomenon in-
vites further investigation.
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Fig. 8. Transcribed record of sudden ionospheric disturbance of
May 7, 1948, with the accompanying solar bursts plotted to a
common temperature scale.

Another type of disturbance recorded by the equip-
ment is illustrated by Iig. 8. This presents cosmic
noise measurements of May 7, 1948, These show a series

2 [1, \". Cottony, “Radio noise of ionospheric origin,” Science,
vol., 111, no. 2872, p. H; January 1950.




1060 PROCEEDINGS OF THE 1.R.I.

N

of sudden bursts of noise beginning about 1300 LS
and lasting for approximately one hour. These bursts
of noise are also accompanied by a sharp drop in noise
at 25 mc and, to a lesser extent, at 50 me. It is believed
that this drop in cosmic noise intensity at lower fre-
quencies is caused by increased absorption in the iono-
sphere. The period of increased absorption is, in this
case, of a few minutes in duration. On the same dav, a
few hours later at approximately 1700 ST, there is a
record of a lesser noise burst on 75 and 110 me with a
simultaneous sudden decrease in cosmic noise intensity
on 25 and 50 mc. In this case there are no noticeable
bursts of noise at the lower frequencies. However, it may
be a phenomenon similar to the first, the lack of the
noise bursts being possibly explainable by the more
oblique path of radiation from the sun which lengthened
its path through the absorbing medium. This type of
phenomenon is invariably associated with sudden
ionospheric disturbances, a phenomenon which was first
reported in 1935 by Dellinger.?® # The sudden iono-
spheric disturbances (SID)) consist of failures in radio
communication due to disappearance or fading-out of
all signals presumably due to high absorption in the
ionosphere. Their connection with eruptions on the sun
and the normal presence of bursts of nonatmospheric
radio noise were likewise noted by Dellinger. On Nay 7,
1948, three SID were observed at Washington, ID. C.
at 1000 to 1025, 1248 to 1440, and 1704 to 1755 ES'T".
These coincide with the periods during which intense
bursts of noise on 75 and 110 mc and drop in noise on

2 J. H. Dellinger, “A new cosmic phenomenon,” Science, vol. 82,
no. 3028, p. 351; October 11, 1935.

# ], H. Dellinger, “Sudden disturbances of the ionosphere.”
I'roc. 1.R.E., vol. 25, pp. 1253-1200; October, 1937.

September

25 mc were noted on cosmic radio noise recorders. I'he
phenomenon illustrated by the observations of May 7,
1948 appears to be distinct in character from that ob
served in August 5-8, 1948; but both are apparently
closelv conneeted with solar disturbances.

\'[. CONCLUSIONS

On the basis of the two years’ radio noise measure-
ments in the viht band the following conclusions are
reached:

1. I'he normal cosmic radio noise in the vhi band, al-
though rclatively low in intensity, may, under condi-
tions of good receiver design and proper antenna match,
be the limiting factor to communications.

2. With the present knowledge of receiver design and
for broad-dircctivity antenna systems, the cosmic radio
noise may be the hmiting factor to communication in
the vhi band up to approximately 200 mc.

3. l'or receiving systems employing directive an
tennas the range of diurnal variation in cosmic radio
noise mtensity may be expected to he much greater
than that measured with the broadly directive antenna
svstems described here. linder these circumstances, if
the direction of the signal to be received coincides with
the direction to the more intense sources of the galactic
radio noise, the frequencies at which the cosmic radio
noise can be the limiting factor may be considerably
higher than 200 mc.

4. Under the condition of abnormal solar activity
which 1s not an infrequent phenomenon, the level of
the radio noise is greatlyv enhanced, and may, on occa
sion, be expected to present serious interference to radio
communication in the vhi range.

CRE2NEZT D

The Effective Bandwidth of Video Amplifiers”

N DEALING WITH problems concern-
ing video amplifiers with very wide band-
width, the bandwidth as defined in the

usual way does not seem to be useful for
characterizing the utility of the amplifier for
pulses and video reproduction. The attempt
is made to derive an “effective” bandwidth
which takes into account the phase char-
acteristic but is, within certain limits, inde-
pendent of the direct shape of the ampliture
characteristic.

* Decimal classification: R363.4. Original manu-
script received by the Institute. February 28, 1951;
revised manuscript received April 7, 1952. In print
for publication in the Transactions of the Royal In-
stitute of Technology, Stockholm, Sweden.

t Runebergsgatan 6, Stockholm, Sweden.

F. J. TISCHER?

This “effective” bandwith, which is de-
termined directly from the complex transfer
function on the steady-state basis, is defined
as the bandwidth of an “ideal” amplifier,
giving the same steady final state and the
same rise time of the transient response if
excited by an unit step signal. I'he effective
bandwidth as a new figure of merit can re-
place the double indication of handwidth
and rise time, as usually applied heretofore.

As most amplifier coupling networks are
“minimum phase-shift” networks, the phase
characteristic is at the same time defined by
the amplitude characteristic, and it is there-
fore sufficient to know this characteristic in
order to determine the effective bandwidth.

I'his i§ very important in the case of ampli-
fiers with very wide bandwidth, because the
unplitinde of amplification is the only value
that can be measured in a comparatively
simple way at all frequencies. The values of
the effective bandwidth for some theoretical
standard transfer functions give a good idea
o.f the values that can be expected in prac-
tice for amplifiers with normal transfer func-
tions and influence of phase distortions.

_ The improvement of the effective band-
width by compensation of the phase error
and the possible reduction of the number of
stages of an amplifier in cascade coupling,
constant gain being assumed, and the limits
of this iprovement are also investigated. \
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Interaction Between Surface-Wave T ransmission I.ines”
ALAN A. MEYERHOFF{, ASSOCIATE, IRE

Summary—An important question connected with surface-wave
transmission lines is the interaction between them or with other
wires which act like surface waveguides. An analysis is made of two
parallel lines with the provision that the coupling is small. When the
two lines are identical, there is maximum interaction, and under
suitable conditions, complete power transfer from one line to the
other occurs. The analysis is supplemented by typical examples.

I. INTRODUCTION

7 NE OF THE PROBLENMS connected with sur-
@ face-wave transmission lines of the type de-

scribed by Goubau!? is the interaction between
two such lines. This interaction may be of consequence
when therc are two active lines parallel to each other,
as in the case of transmitter and receiver antenna
feeds for radio relay, or when there is another wire
line, perhaps a telephone line, parallel to an active
surface-wave line. In cither case, we impose the restric-
tions that the distance between the two lines is large
compared with their diameters and that each line 1s in
the form of a highly conductive wire with a dielectric
coating. The first restriction allows us to assume that
the coupling is brought about only by the longitudinal
electric ficld components and that the field associated
with one line is essentially constant in the vicinity of the
other line. The second restriction enables us to find
casily the parameters of surface waves on the isolated
lines by the method given by Goubau. Then the corre-
sponding parameters when interaction is present can be
expressed in terms of small deviations from these pa-
rameters.

Il. ANALYSIS

Consider first two infinitely long lines without losses.
If the lines are separated enough, the longitudinal elec-
tric field component associated with one line can be
considered constant over the cross section of the other.
The corresponding radial electric field component is neg-
lected since its only cffect is to cause a slight modifi-
cation of the symmetry of the field. Furthermore, the
impressed displacement current in the dielectric is small
compared with the current in the conductor as long as
the coating is not very thick.

* Decimal classification: R117.1. Original manuscript received by
the Institute, June 29, 1951; revised manuscript received May 8,
1952. Presented in abridged form at the 1951 IRE National Con-
vention.

t Signal Corps Engineering Laboratories, Fort Monmouth, N. J.

1 (5. Goubau, “Surface waves and their application to transmis-
sli(rpsxlolilws," Jour. Appl. Phys., vol. 21, pp. 1119-1128; November,

950.

2 (5. Goubau, “Single conductor surface-wave transmission lines,”

I'roc. [.R.E. vol. 39, pp. 619-624; June, 1951,

With these considerations we proceed to an analysis
of the surface waves existing on the system of two lines
indicated in Fig. 1. For each line acting alone, the radius
of the conductor @, the outer radius of the dielectric
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Fig. 1—Two parallel surface-wave transmission lines.

coating @', and the dielectric constant € of the coating
are sufficient for the determination of the propagation
constant k. This is related to the quantity v appearing
in the expressions for the field components outside the
line,

h
E, = A — M (jyr)eitor=ha
Y
E. = AHO(I)(]‘,Yr)ei(wt—h:) (l)
2
”° = A Hl(l)(j,yr)ei(wt hz)'

wpy

by the relation, h*=k*+7? where k is the free-space
propagation constant.

In order to find the propagation constants of surface
waves of the system of two lines and to find the relative
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amplitudes in the two lines for each such wave, we di
vide the total or actual field, Ep, I/, within and in the
vicinity of one line, say line 2, into a primary ficld, E,.,
I p. due to the actual current in line 1, and a secondry
field, Es, Ils, due to the actual current in line 2 itself.
The primary field and the total field, Ly, Hy, existing
when line 2 is present, individually satisfy the source
free Maxwell's equations

v X Ilp - jwfoEp =)
V X Ep+ joullp = 0

VX ly — jweEr = 0 @

V X Er + joully = 0.

Since Ly =Ep+Lsand Hp=1[[p+ 113,
V X lls — jweEs = jw(e — €) Ep; (3)
VX Es+ joulls = 0, 4)

where ¢ may be complex to account for conductivity.
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Fig. 2—Enlarged section of line 2.

In order to obtain a relation between the currents in
the two lines, consider the enlarged section of line 2
shown in Fig. 2. Equation (4) is integrated over a sur-
face S of the cross section of the dielectric coating ex-
tending longitudinally a distance 8z

September”

iwp.fllg'da-i-f(V X Eg)-de = 0. (5)
s

The integral of /g is proportional to the current in
line 2, I, ‘The integral of Logis transformed into a line
integral along the boundary of S. Actually, we are ex-
pressing Faraday's induction law. The evaluation of the
latter integral is carried through by the use of the
houndary conditions at the inner and outer surfaces of
the diclectric coating so that [gy is expressed everywhere
on the path of integration in terms of surface-wave
components which, in turn, are related to 1y and 1y, the
currents in the lines. The result of this evaluation, the
details of which are given elsewhere,® is

112" | A
In ( ) (k, i)
az / 2rwe,

1 ¥ u
In (0.899a,’ J / -
2" - b

M
HoD(Gy'dyl, = 0, (6
M‘ =& (y'd)i

”

where £ 1s the propagation constant of the actual hield
2

Y=k and ki =w\ e, Using (47) of footnote ref-
erence 1, neglecting 4" with respect to £2 and rearrang
ing terms, we obtain the equation

jwdl UGy d) T 4 I-Z In (0.899"ay’)

RES
: 2 Ill ((,.8()‘7-_-02’)] ]2 =40
Y
A similar relation is obtained by treating line 2 as the
primarv. Then
anly + ayals
aa1ly + aanl, 0, (8

- ), 7

wher

o

o =
aii = 2 In (0.899"q, 2—~1n(0.89v,a/), |i=1,2]
Y

and

dy2 = day Jrlly W (jv'd).
(9" pertains to the svstem of two lines while 4y and 5.
are the parameters for the isolated lines).

, I‘:(‘|U<lti()I]S (7) and (8) are solved in the Appendix f()r,
¥'. There are two solutions: 71" close to v, and 4 close
to v2. Thus the system mav have two surface waves, to
cach of which corresponds ; current in each line. The
expressions obtained for the evaluation of 7' and v,
are ¥"=v2(141.), where

" .
P A|: A.{ ‘I\Ies\.{erhol'f, “lnterac}mp between surface-wave transmis-
mes. " Signal Corps  Engineering  Laboratories Technical

Memorandum No. M-1376; May, 195]
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2

"o b.[-df-s(l——cl;,-) + In s;f], when fou| >0 0

= - i'i'(1 — 47).

2 /‘ ai*bb;
when I O'ifl <1, (10)

n= (-1 N ;11)9‘ when o, =0 (11)
and

po= (—1)#! ‘ , when o;; = 0 and ay = a’.  (12)

The s's, n's, 0’s, b's, and ¢’s are defined in (17) and (19).
In a given case some question may arise as to whether
(9) or (10) should | ¢ used. In most cases the two expres-
sicns reduce to nearly the same value for values of !a;,-l
near 0.1, but in extreme cases, when the coupling is high,
the transition value is somewhat greater for the Lest
approximation.
The current ratios are obtained from (7) and (8)
[j a;;

[i,j=1,20r2,1]-
[l a;j

I:ach expression should be evaluated for one of the
two values of ¥'. We take the expression [;/I; to mean
the ratio for the wave characterized by v¢'. As in the
Appendix, a;, and a;; are replaced by their approximate
cquivalents, n:b; and ¢, respectively. Then

e s (13)

f-quation (13) holds for any ¢;;. o =0, it reduces, with
(11), to

I; i 'b;
2 (-1 "‘/—b—,-, (14)

orif o;,=0and ¢/ =a’’,

I;
= (—1)%. (15)
[l

So far the analvsis has been carried through for the
dissipationless case. To include dissipation we assume
that the field distribution over any cross section is un-
disturbed. Then the attenuation with respect to this
undisturbed field is computed in much the same way as
it is done for a single line. Equations (58) to (62) of
footnote reference 1 are used with the proper values of
v'. The approximation introduced by this procedure is
not serious as long as the lines are not so far apart that
a cross section is no longer an equiphase plane over an
arca including both lines, However, this method doces
not take into account the contribution to the power of
the second and fourth integrals in the expression,

V= fE, X H\*-do + fE, X Hy*-do

+ sz X f]z*'do' = sz X Hl*'do'-

for the propagating power.
I1l. APPLICATIONS

Since we have solved only for the case of infinitely
long lines, the conditions at the launching site must be
taken into account. Furthermore, both the amplitude
and phase of the currents of each wave may be chosen
at will for some value of 2, the co-ordinate in the direc-
tion of propagation. Normally, the excitation is done by
launching a wave by means of a horn on onc line, say
line 1. The current in line 1 has a certain value and the
current in line 2 at this plane is nearly zero. Knowing
the current ratios for the two waves and the total cur-
rent in each line at the plane of the launching site, we
can compute the individual current in each line for cach
wave. In order to have these currents at this plane we
should, technicaily, provide the correct field distribution
over an infinite cross section, perhaps by a suitable di-
pole distribution. The horns provide a close approxi-
mation to the major part of the correct field, and the
radiated power associated with this approximation is of
no more consequence than in the excitation of a single
line.

Let us consider some special cases. In the case where
the lines are identical, the currentratios from (15) are
41 for one wave and —1 for the other, and the two
waves, under the above excitation conditions, have equal
amplitudes. That is, for one wave the currents are in
phase in the two lines and for the other the currents are
180° out of phase. At the plane of the launching site all
the power is associated with line 1, Since, by (12), the
two waves have slightly different phase velocities, even-
tually, at some distance from this plane the currents in
line 1 cancel while line 2 has all the power. The power
continues to shift Letween the two lines. \We shall sce
later, however, that in practical cases the distance re-
quired for a complete shift is very large. If the propaga-
tion constants of the isolated lines are equal but the
radii are different, there is still a complete energy shift.
BBy (14) the current, I, is greater than I, for each wave
if @) is smaller than a;’. If, in this case, we excite line 1
with a certain current, when the current reaches a maxi-
mum in line 2, the total there will be greater than the
original current in line 1, Iowever, by (57) of footnote
reference 1, the power ratio is still unity.

As an example, assume that the two lines are identi-
cal, a=0.1 cm, a;=0.105 cm, e=3, tan § =8 X107, the
conductor is of copper, and the frequency is 3,300 mc,
These lines might be, except for uncertainty about the
loss factor, enameled wires. Some of the results of this
example are plotted in Fig. 3. For this case of identical
lines where one is excited with a certain current, I, at
2=0, at some value of z, say /, this same current exists

=
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in line 2 and there is no current in line 1. The curve of [
in Fig. 3 shows the distance required in kilometers for
one complete transfer as a function of d, the separation
of the lines in centimeters. In the usual situation the
separation might be 100 cm. Then [ is more than 14 km.
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Fig. 3—The propagation distance ! required for complete energy
transfer versus separation d, and the total current ratio versus d
for three line lengths L.

If the lines are used as antenna feeds, say 30 mecters
long, very little energy will be transferred while propa-
gating along this length. The ratio of the total current,
Is, in line 2 to the total current, I, in line 1, 1,500, 3,000,
and 6,000 cm from the launching site is plotted in deci-
bels in the other three curves of Fig. 3. The curve for the
3,000-cm length, for instance, shows that for 100-cm
separation the secondary current is about 50 db below
the primary current. This value has been verified ex-
perimentally.

Another way to reduce the coupling to line 2 is to
make the two lines different from each other. A surpris-
ingly small change from the identical case decreases the
current ratios considerablv. For example, a change in
the dielectric thickness of one line of two-tenths of a
per cent reduces the current ratios, if the separation is
150 e¢m, from 100 per cent to a little over 1 per cent.
However, the maximum value of secondary current is
achieved much sooner than in the case of identical lines.

Thisexample, as a whole, demonstrates some interest-
ing facts about two-wire waves. As was mentioned be-
fore, of the two waves, one has currents in phase and the
other has currents 180° out of phase in the two lines.

OF 111 1R September
The latter is a two-wire wave, but the current ampli
tudes for this wave are equal only when the hnes are
identical. In this symmetrical case, the imtial conditions
can casily be adjusted to provide only this wave. But
when the lines are at all different, the current ratio for
the out-of-phase wave 1s no longer unity, and it becomes
impossible to maintain this wave with equal amplitudes
in the two lines. Thus, we see that the ideal two-wire
wave is a special case of surface waves along two lines.
requiring perfeet symmetry.

The question now arises, is it possible to put to prac-
tical use the phenomenon of complete power transfer?
Theorctically, for long-distance transmission where the
field extension is made large to admit of very low attenu
ation, the wave could be launched on a line, running
parallel to the long hine for the distance required for
complete power transfer, having the same propagation
constant as the long line but a smaller field extension
and thus a smaller required horn size. However, for ans
reasonable reduction in horn size, the auxiliary line
must assume impractically small diameters. Neverthe
less, the phenomenon mav be useful when a line .l
ready in service for some other purpose is to be used s
a surface-wave transmission line, and it is not possible to
place horns directly on this line for tapping some of the
energy from an active line

As another example, consider a long line with a radius
of 1. cm and a loss of 3 db per mile at 200 me, having
parallel to it & No. 12 enameled wire, used perhaps as a
telephone line. With a separation of 1 meter, the maxi
mum current i the enameled wire, if the transmission
line is excited, is about one-tenth the current in the ex
cited line. The current in the primary associated with
the normal wave there is reduced by less than 1 per cent,
and the additional attenuation caused by the presence
of the enameled wire is 0.16 dby per mile compared with
the 3-db per mile attenvation for the undisturbed lone
line. Thus, the enameled wire hus very little effect on
the transmission. If these lines are on telegraph poles, it
would be easy to separate them even more than 1 meter
if we desired to reduce the disturbance further.
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V. ApPPENDIX

For a solution to exist for the ratios of the currents in

(7) and (8), the determinant of the coefficients must
vanish, i.e.,

al'l'afy' e 0’,,’2. (16)

Equation (16) is to be solved for ¥'. We define

v.?
Sij 1+ 0, v I’.-J- 1, 20r2, 1]' (17)
_YIIT \

1+ 7 : 18
7.2 ( )
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1 + 21n (0.897;(1.”),
and

(19)

¢ = — jrHoW(jyd).

With the assumption, valid in all practical cases, that
7:<1, a,; reduces approximately to »;b; and a;; can be
evaluated at ¥’ =+,. There are several cases:

Case I, |ai;| >0

Here a;; can be evaluated at ' =+,. Then (16) re-
duces to

2.6.(2(1 = s5;.) In (0.89y;a/) + In si,] = ¢,
which, with (17) and (19), becomes (9).

Cuse I, la,,-l«l
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This time both o;; and 7; are small, so that aj; is
evaluated in the same manner as a,y, and we have

7:bi(ni + 0:)b; = ¢,
the solution of which is
Tdet
a.-,-zb.-b,-:l'

U"'[1+1/1+
N = 2 -

The minus sign is chosen in (10) because 5; must be zero
when ¢; is zero (no interaction). The other root gives the
relation existing between v;’ and v, equivalent to using
the other value of i.

(20)

Case IIl, 0;;=0; and Case IV, 0,;=0 and a,' =a,.

These follow directly from (10). The difference in the
exponents of (11) and (12) is due to the fact that b; is
negative. The minus sign is arbitrarily assigned to the
root for i=1.

Part III—Investigations of High-Frequency Echoes®

H. A. HESS, ASSOCIATE, IRE

Summary—A high-frequency sky-wave propagation experiment,
carried out on November 19, 1944 by the Institute of Physics,
Luftkriegsakademie, Gatow, in co-operation with the Deutsche
Reichspost, is described. Signals of duration of 10 to 12 msec were
transmitted at 0.5-sec intervals from DLO, Rehmate (near Berlin).
on 19,947 kc so that echoes which travelled repeatedly around the
earth might be studied. The signals were simultaneously observed
and recorded with a cathode-ray oscillograph on moving film at
Randers, Denmark, 480 km, and at Gatow, 50 km, from the trans-
mitter. The time intervals measured ranged from 0.1376 to 0.1384
sec between first and second circuits, and are shown graphically
together with their individual amplitudes. Periodic fades of the
echoes are correlated with multiple paths of propagation and the
vertical motions of the ionospheric reflector. The high field intensity
of repeated signals is evidence of strong focusing of the hf energy
since the propagation seems to occur in a narrow great-circle beam
I[ ported hf echoes which occurred in long-distance

ionospheric propagation between 10 and 20 mc,
during the years 1941 to 1945, at the minimum of the
sunspot cycle. These echoes were characterized by a
rather long time interval, since indirect or reverse sig-
nals reached the receiving position along the opposite
great-circle path; moreover, repeated circuits of direct
and indirect signals were frequently observed. The ac-

[. INTRODUCTION
N HIS PREVIOUS PAPIERS!? the author has re-

* Decimal classification: R112.4. Original manuscript received by
the Institute, June 13, 1951; revised manuscript received, April 22,
1952. For Parts [ and II, sce H. A. Hess, “Part I—investigations of
high-frequency cchoes,” vol. 36, pp. 981-992; August, 1948 and H. A.
Hess, “Part [[-—investigation of high-frequency echoes,” vol. 37, pp.
986~989; September, 1949,

1 Service de Prevision lonosphérique militaire (France), (17b)
NEUERSHAUSEN, Kr. Freiburg i. Brsg., French Zone, Germany,

t H. A. Hess, “Investigations of high-frequency echoes,” Proc.
I.LR.E., vol. 36, pp. 981-992; August, 1948,

2 H. A. Hess, “Investigations of high-frequency cchocs

yart 11,”
Proc. LLR.E., vol. 37, pp. 986 989; September, 1949, :

curacy of the measured time intervals was 5.107% sec,
and the individually measured values for comp'ete cir-
cuits of the earth were between 0.1376 and 0.1381 sec.
In a recent publication of the author® an account is
given of investigations of those signals which travelled
once, twice, and three times around the globe. During
the winter 1949 to 1950, approximately the maximum
of the sunspot cycle, measurements of this kind were re-
peated by Kootwijk-Radio, lolland.* The radio fre-
quencies used varied between 10 and 22 mc, and the
measured time intervals were between 0.137 and 0.139
sec, to an accuracy of 10~% sec. During the past maxi-
mum no measurements were made which surpassed an
accuracy of 10~* sec; therefore, no conclusions can be
reached about the stability of the average value of
0.13778 sec for a complete circuit. This problem is of
utmost interest because, after essentially changed iono-
spheric conditions, displacement of the optimal fre-
quency spectrum for occurrence of round-the-world
echoes and different effective Fp-layer heights should be
expected,

II. OBSERVATIONS AND MEASUREMENTS

On November 19, 1944 short signals were sent out
each half-hour for a 5-minute period from the hf com-
mercial station DLO, Rehmate (near Berlin) on 19,947
ke, starting at 0655 to 0700 and closing at 1025 to 1030
GMT. The transmitting power was 40 kw, and a direc-
tional aerial toward the northeast (Japan) was used to
suppress reverse circulating signals. The transmitted
signals were simultaneously observed at Randers, Den-

3H. A. Hess, “Studien an mehrfachen Kurzwellenumliufen,”
Fernmeldetechn. Z., no. 7, pp. 243-248; July, 1950.

¢ A. 1. de Voogt, “l.es échos radioélectriques autour de la terre,”
Onde Elect., no. 283, pp. 1-5; October, 1950.
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mark 56°31’N, 10°02°E, and at Gatow 52°27'N,
13°11’E. For the experiment at Randers a long wire
aerial of 7\ at 20 mc directed from northeast to south-
west was used to give maximal amplitudes of repeated
circuits.

Fig. 1 is an original record made on November 19,
1944, 0855 GMT, at Randers during the period of maxi-
mum occurrence of multiple echo circuits, in which are
shown successively the principal or detour signals and
the first and second circuits during an interval of 3.5 sec.
No direct signal could be received at Randers, 480 km
from the transmitter, since the skip zone extended to
2,000 km at this time. The first arriving, indistinct, weak
signal was like a scattered reflection which had detoured
approximately 4,000 km and had been reflected from the
ionosphere outside of the skip zone, as found in the au-
thor's earlier investigations.® The strongest signal was
the first circuit. It was followed by the second circuit
after 0.138 sec, and the third circuit appeared on a few
film records after the same interval. At Gatow, 50 km
from the transmitter, the direct signal was received with
a rather strong intensity, immediately accompanied by
scattered reflections, and the first circuit was received
0.13778 sec after the direct signal. Second and third
circuit signals were not observed at Gatow, evidently
because the level of local disturbances was stronger than
at Randers, and suitable antennas were not used for the
reception. The signals of DI.O were modulated about 50
per cent with 900 cps, which made possible further con-
clusions, since the marked distortion of the signals con-
nected with sclective fading is frequently perceived. The
lengths of the individual circuit signals seemed to be
equal within a fraction of 1 msec, while signals formed
by scatterings are frequently characterized by a length
much greater than that of the circuits.

Dircct signals; detour signals; first, second, and third
circuit signals are, if present, recorded on film every 0.5
sec. All time-interval measurements are referred to the
start of the individual signals to avoid errors due to the
continuous tluctuations in the amplitudes and the defor-
mation of the signals.

Fig. 2 shows a graphical evaluation of four films re-
corded at intervals of 30 minutes during the optimal
occurrence of the echoes, giving the time intervals be-
tween the first, second, and third circuits, and their rela-
tive amplitudes. The measurements indicate a variation
of the time intervals hetween 0.1376 and 0.1385 sce, and
variations up to 0.5 msce characteristically occur in the
0.5-scc period. The average value of the time interval
between the first and second circuit was 0.13784 scc at
0756 GAI'T, and rosce uniformly to 0.13805 sec at 0927
AT The amplitudes of the circuits show strong fluc-
tuations with different high minima and maxima. It was
found occasionally that the intensities of first and sec-
ond circuits were approximately the same, while the
average amplitudes of the first and second circuits were
in the ratio 3 to 1,

SH.ON Hess, “Untersuchungen an Kuezwellen-chosignalen,
I Teil,” Z. Naturf., vol. 2(a), ne. 9, p. 528; September, 1947,

IHess: Part [11— Investigations of High-Frequency Echoes
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Fig. 2—Graphical illustrations of the measured time intervals be-
tween first and second circuits and their amplitude ratios.

In Fig. 3 are shown postulated propagation paths for
the circuits for November 19, 0900 GMT, when the
Berlin-Randers line was approximately perpendicular

Fig. 3 Propagation on a spherical sector within the echo girdle on

November 19, 0900 GMT.

to the great circle line of the twilight zone. The signals
sent out from Berlin with a directive antenna to the
northeast (Japan), toward the direction of the twilight
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zone, reached Randers from the southwest (South
America). This was confirmed by experiments with in-
dividual directive antennas. On the route of about
41,300 km around the globe, the circuit signal had evi-
dently deviated from its original direction since it was
received both at Berlin and at Randers. A smaller de-
viation is to be expected for those multiple circuits
which must have travelled within the space between
Berlin and Randers on a serpentine path around the
globe. Considering the general ionospheric conditions
near the twilight zone, it is evident that the propagation
of the circuits never occurs along only one path; a beam
of great circle lines, starting from Berlin, cutting the
antipodes, and returning to the transmitting position,
probably exists. Evidently, strong focusing is effected
at the antipodes and at the transmitting position. In
consequence of its insignificant deviation from the great
circle line, Randers, 480 km distant from DBerhn, is con-
sidered to be situated within the focusing zone.

The fact that the intervals between the individual cir-
cuitsdiffer by only a half millisecond issurprising, butcan
be explained by means of geometrical optics® if very low
angles of arrival are assumed in skyv-wave propagation.

Divergence of F;olh

F - Layer height 5'5-0 krf’o' ! Number o! hops A
km : 1 1 1
i e o -
: VL j,’,f '/‘ e - 17
/ l/ 1 e g
A% e 18
A o e
/’ //:’/ AT
~ > P
250 /./ﬂl Py -
4
5 d ‘/‘ // p T 1
AN giirZeipyze
N A LA 7 e
A S / 14
Yid { s £ rA
ace 137 138 139 Millisec

Time interval

Angle of efevation

Fig. 4—Time intervals of circuits at 11 to 19 hops between the
Fo-layer and earth’s surface, layer-heights 200 to 300 km, and
angles of arrival between 0° and 6°:

Fig. 4 shows the ratio between the circuit period and
the height of the retlecting Fi-layer at 11 to 19 hops
around the earth. The angles of arrival (measured be-
tween the horizon and the point of the ionospheric re-
flection) are also indicated, as is the range of the periods
of a complete earth's circuit, 0.1376 to 0.1381 sec, which

¢ K. Rawer, “Quelques effets importants de I'optique géométrique
de I'ionosphére,” Rev. Sci. (Paris), vol. 86, no. 3296, p, 481; 1948.

September

was found by many hundreds of individual measure-
ments. The graphs illustrate the possibility of a com-
plete circuit with 11 to 15 hops with an Fy-layer height
hetween 260 and 280 km; angles of arrival between 2°
and 5° may be expected for this case.

The small variations of the time interval between the
first and second circuits observed on November 19,
1944, 0800 to 0930 GMT, are probably caused by the
movement of the ccho girdle, which during the morning
moves from southwest to northeast, at noon from cast
to west, and during the afternoon from southeast to
northwest.

All reflected sky waves are characterized by phase
shifts because of the continuous up-and-down move-
ment of the ionosphere. The values of the so-called
Doppler shifts depend on the velocity of the ionospheric
laver, the angle of incidence at the ionosphere, and the
number of ionospheric retlections. The phase shifts are
the causc of periodic amplitude fluctuations if interfer-
ence is obrained due to multiple parhs of the propaga-
tion. The curves of I'ig. 2 probably manifest these facts.

An experimental fact of importance may be men
tioned relative to the fading period and signal ampli
tudes. One always has to wait for favorable amplitudes
in order to make a photographic record. These condi
tions were usually obtained within a few minutes. The
average recorded amplitudes of the circuits, therefore,
exceeded the actual average. A maximum in echo
strength means the accidental near-equality of the
phases of many of the numerous interfering wave com-
ponents.

I11. ConcLusIONS

The periodic fading and distortion of the modulation
of signals which tiavelled once or twice around the
globe indicate propagation by multiple paths between
ionosphere and earth's surface. An analysis of the signals
in terms of individual wave components corresponding
to the various paths of propagation was impossible
because of the very great number of such components
and the extremely small time difference between their
arrival. With regard to the possibility of later ex
periments using short pulses, separation of the various
pa_lths is doubtful. The strikingly high field strength
ot repeated circuits is mainly caused bv the effect
of multiple paths at different hops between the iono-
sphere and earth's surface, and bv strong focusing
of the radiated hf energy in a narrow beam of great cir-
cle lines within the echo girdle. The neasurements were
carried out during the minimum of the eleven-vear sun
spot cycle, when 20 mc was approximatelv t.he maxi-
mum usable frequency for ordinary-ray F,-retlections.

CT2EEET0O
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The Electric Polarizability of Apertures of
Arbitrary Shape”

SEYMOUR B. COHNY, SENIOR MEMBER, IRE

Summary—An electrolytic-tank method of measurement de-
veloped in a previous paper has been used to obtain extensive data
on the electric polarizability of apertures of various practical shapes.
These shapes include rectangular slots, rounded slots, crossed slots,
rosettes, and dumbbells. The measured values are presented in this
paper in both graphical and tabular form. The accuracy is believed to
be of the order of one or two per cent.

[NTRODUCTION

N A PREVIOUS PAPER by this author, a tech-

nique for accurately measuring the magnetic and

electric polarizabilities of apertures was described
and extensive magnetic-polarizability data were given.!
Similar data are now available on electric polarizabili-
ties, and are presented in this paper.

The significance of the magnetic polarizability M and
the electric polarizability P is discussed in the paper re-
ferred to above, and a number of other references are
listed there that show how these two parameters may be
used in the calculation of electromagnetic coupling be-
tween any two regions separated by a thin wall contain-
ing an aperture small compared to a wavelength. The
measurement technique, which utilizes an electrolytic
cell, is fully described in the earlier paper, and the neces-
sary formulas are derived for the electric polarizability
as well as the magnetic polarizability.

In addition to the applicability of the electric polariz-
ability data to aperture design, the data may also be
used to compute the effective permeability of an array
of thin conducting obstacles. The method is described
in another paper by this author.?

MEASUREMENT TECHNIQUE

The electrolytic cell utilized for electric-polarizability
measurements is shown in Fig. 1. The inside dimensions
are 6 X 6 X 6 inches, and the height of the solution is
maintained at approximately 5} inches. The two shaded
walls are internally plated with rhodium, while the re-
maining walls are nonconducting lucite. A thin non-
conducting obstacle having the shape of the aperture
for which data is desired is suspended by two fine nylon
threads at the center of the solution in a plane parallel

* Decimal classification: R282. Original manuscript received by
the Institute, April 3, 1952; revised manuscript received June 6, 1952.
The work described in this paper was performed as a part of a pro-

ram of research under Contract No. DA-36-039-sc-166 for the Squier
Signal Laboratory, U. S. Army Signal Corps.

t Sperry Gyroscope Co., Great Neck, Long Island, N. Y.

18, B. Cohn, “Determination of aperture parameters by electro-
lytic-tank measurements,” Proc, I.R.E., vol. 39, pp. 1416-1421; No-
vember, 1951. Also see vol. 40, p. 33; January, 1952.

7S, B. 'Cohn, “The electric and magnetic constants of metallic
delay media,” Jour. Appl. Phys., vol. 22, pp. 628-634; May, 1951,

Fig. 1—Electrolytic cell containing a thin
nonconducting obstacle.

to the conducting surfaces of the cell. The obstacles are
cut from polystyrene sheet 0.005 inch thick, and are
attached to the threads by a minimum quantity of
cement. The electric polarizability is computed from the
measured data by means of the following formula:

th R| - Rz
P = ~<A >) (1)
4 R,

where @, b, and k are the dimensions of the conducting
solution in centimeters (Fig. 1), R, is the resistance of
the cell with an obstacle in position, and R; is the re-
sistance with the obstacle removed. The electric polariz-
ability P has the units cm?, and applies to an aperturce
having the same shape and size as the obstacle. lFor fur-
ther details on measurement technique, the author’s
previous paper should be consulted.!

Measurements were first made on a series of circular
obstacles of various diameters in order to determine the
maximum diameter for which the effect of proximity to
the cell walls could be neglected, The theoretical value
for an isolated circular aperture in an infinitely thin con-
ducting wall is P/d*=1/12=0.08333. . . . The experi-
mental curve shown in Fig. 2 crosses this value at about
d=2.75 inches. For larger diameters the mecasured
points are decrcased by the proximity effect. For smaller
diameters the values are increased by the finite obstacle
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thickness. These effects are seen to Le very small, how-
ever, since the measured curve is within 0.5 per cent of
the correct value from d=2.0 to 3.2 inches. As an ex-
ample of the effect of thickness, one obstacle 2.5 inches
in diameter and 0.015-inch thick was tested and found
to have a value of P/d? one per cent more than that ob-
tained with the same diameter obstacle 0.005-inch thick

0.12 I
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| - e
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Fig. 2—Measured electric polarizabilily as a function of size for cir-
cular and square obstacles in a 6-inch cubical cell.

The curve for a series of square obstacles 0.005-inch
thick is also given in Fig. 2. It is believed that this curve
crosses the correct value, as in the case of the circles.
Since the correct value is not known in advance, it will
be assumed that the crossover point occurs for a square
whose dimension d is such that the length 2.75 inches
lies midway between d and the diagonal length /24
This leads to a value d =2.3 inches and P/d*=0.1137.
The deviation from this value does not exceed 0.5 per
cent for d between 1.8 and 2.6 inches.

For other shapes of obstacles it is assumed that cor
rect results are obtained if the obstacles are made to
fit the composite boundary formed by the superposition
of a circle of diameter 2.75 inches and a square whose
side is 2.3 inches. (This type of construction is illus
trated in Fig. 5 of {ootnote reference 1.) It is believed
that the error resulting from this assumption is very
small and can be neglected.

THE ELECTRIC POLARIZABILITY [DATA

The measured data are given in Figs. 3 and 4 for rec-
tangular and rounded slots, crossed slots, rosettes, and
dumbbells. The following theoretical formula for a nar-
row slot is also plotted in Fig. 3:

™
P =—lw, w/l K1, (2)

16

where w and [ are dimensions defined in the tigure. The
agreement with the curves for rectangular and rounded
slots is good for w/l up to 0.15, but the theoretical for-
mula is increasinglv in error for wider slots.
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Fig. 3 —Measured electric polarizability of rec-

tangular and rounded slots.

It is of interest to note that for w/l small, P/I for
the crosses is approximately twice that for the rounded

slot, while for the rosette, the ratio is approximatels

four. This is to be expected since each cross consists of

two intersecting rounded slots while each rosette con
sists of four intersecting rounded slots. This corre

spondence holds verv closelv for the crosses for w/l up

to at least 0.35, while for the rosettes it holds well onls
for w/! less than 0.1.
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I'ig. +—Measured electric polarizability of cross,
rosette, and dumbliell aperrures.

I'he curve in Fig. 4 for the dumbbell aperture applies
to a bar width equal to one-tenth of the total length,
and would differ somewhat for anv other width. One
would expect the electric polarizability of the dumbbell
to be approximatelv cqual to the sum of the clectric
polarizabilities of two circular apertures plus that of a
slot. The following empirical formula, which is based on
th.is hypothesis, agrees within 2 percent with the curvein
Fig. 4. and should give good results for other bar widths.

w
7 4 (/ w) o (3)

I'he dimensions /, w, and v are defined in Fig. 4.

\
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Points taken from the curves are listed in Table I for and has been found to be capable of very high accuracy.
the five aperture shapes tested. It is believed that these The simplicity and economy of the method has made
values are accurate within 1 or 2 per cent. possible the accumulation in this paper of a large amount
of data on practical aperture shapes not amenable to
theoretical calculation. This data, together with the
magnetic-polarizability data obtained previously by a

The electrolytic-tank method for measuring the elec-  similar method, should increase significantly the utility
tric polarizability of an aperture has been tested against of Bethe’s small-aperture coupling theory in the design
the theoretical formulas for a circle and a narrow slot, of microwave devices.

CONCLUSION

TABLE 1
VALUEsS OF P/P

w/l= 0.1

0.15

0.25 0.3 0.4 0.5 0.75 1.0
Rectangle 0.0019 0.004t 0.0070 0.0147 0.0370 0.0731 0.1137
Rounded slot 0.0019 0.0041 0.0070 0.0143 0.0325 0.0585 0.0833
Cross 0.0039 0.0085 0.0144 0.0217 0.0293
Rosette 0.0090 0.0209 0.0357 0.0508 0.0633

Dumbhell* 0.0019 0.0058 0.0117

*Width of bar=0.1l.

Multi-Element Directional Couplers®
S. E. MILLERTY, MEMBER, IRE AND W. W. MUMFORDT, FELLOW, IRE

Summary—It is shown that the backward wave in a directional 1
coupler is related to the shape of the function describing the coupling
between transmission lines by the Fourier transform. This facili- J
tates the design of directional couplers for arbitrary directivities over Zio ? o . 1 £ ? Zi0
any prescribed frequency band. Tightly coupled directional couplers A t
are analyzed in simple terms, and it is shown that any desired loss | 1 (%)
ratio, including complete power transfer between lines, may be !
achieved. The theories are verified using waveguide models operating
at 4,000, 24,000, and 48,000 mc, and it is indicated that the work is
applicable to many types of electrical and acoustic transmission lines. {

T[\HIS PAPER presents a theoretical approach
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which facilitates the handling of directional cou- '
plers using any number of coupling elements from -+

two to an infinite number. In addition there is pre-

sented a simple theory accounting for some of the per- Fig. 1 Dircctivity derivation.

formance characteristics of tightly coupled directional

couplers. Observations on a model having less than +Lrz

3.db coupling loss over an 18-per cent frequency band Ir = KF L ¢(z)dx, (1

are to be given, as well as observations on models hav- -

ing higher losses, where

Consider first the case of loose coupling. Fig. 1 shows ¢ $2rLINg)

diagrammatically two identical transmission lines each F=—

of which is parallel to the direction of propagation, along 2210

the x-axis. The region in which coupling exists between

the two lines is confined to the interval —L/2 to +L/2.

F'he variation of coupling between the lines is described

by the function ¢(x). The coupling may be either con-

tinuous or a series of discrete couplings. On the assump-

X=0 +

The factor K represents the fraction of the total induced
current which travels forward in the undriven line. K is
a measure of the directionality of the coupling on a dif-
ferential length basis. The sum of all the backward

. .. . . A current clements, referred to the planex = —L/2,isgiven
tion of an exciting wave traveling to the right in line Ly ' I fon 15
number two, the sum of all the forward current ele- .
ments, referred to the plane x=+1L/2, is given by Y :
i /2,18 ¢ ) Iy = (1 — K)F P(x)e iU Phosgy . . . | (2)
* Decimal classification: R310.4. Original manuscript received by LIz

the Institute, June 4, 1951; revised manuscript received May 11,

1952. PPaper originally presented at the March, 19 D i e gt 5 .
(unvon'.i")m riginally p n at the March, 1951 IR} National i‘he ratio of the forward to the backward current is, of

t Bell Telephone Laboratories, Inc., Holmdel, N. J. course, the dircctivity,
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Directivity

As long as the phase of the coupling function ¢(x) does
not change between —L/2 and L/2, the forward cur-
rent clements all add in phase. However, the hackward
current elements add in a form of destructive interfer-
ence. The backward current expression has the forni of
the Fourier transform,' thus permitting the use of ex
perience gained with the time and frequency domain
relations in designing directivity characteristics. An-
other body of experience which bears on this problem is
to be found in antenna design work. It turns out that
the relation between the principal beam and the minor
lobes of an antenna is related to the current excitation
along the antenna in the same way that the directivity
of a directional coupler is related to the shape of the
coupling function. Of particular note in this regard is
the work reported by Dolph® which can be interpreted
to provide the optimum taper of coupling for mini
mizing the required coupling length in order to achicve
a given amount of directivity over a broad hand.
Consider a familiar example. Suppose the coupling
between the two transmission lines is uniform over the
interval L, as in Fig. 2. Then the directivity is given by
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Fig. 2-—Computed directivity for constant amplitude and
phase of coupling.

the inverse ol the familiar sinu/u function with
w=2wL/\,. The directivity is perfect for L/\, =1, 1,
1.5, and so on. However, the minima in directivity fall
off as L/\, and a coupling interval of approximately
three wavelengths is required in order to get broad-band
directivity on the order of 25 db. There are a number
of ways in which higher directivity can be obtained
over a broad-band in a shorter length interval, two of
which will be used as illustrations.

! The theoretical Fourier transform relation for the backward
current was pointed out (after the authors had completed their
work) by Folke Bolinder in a letter to the editor, Proc. I.R.E., vol,
39, p. 291; March, 1951. Also, the theoretical capabilities of dis-
tributed coupling in improving directivity characteristics were con-
sidered in sonie unpublished work of the late Arnold E. Bowen.

2 C. L. Dolph, “A current distribution for broadside arrays which
optimizes the relationship between beam width and side-lobe level,
Proc. [.R.I., vol. 34, pp. 335-348; June, 1946.
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Suppose the coupling function is a linear taper as
shown in Iig. 3. Then the locus of minimum directivity
points falls off as (L/X\;)? and a coupling interval on the
order of one wavelength long produces broad-band
directivity in excess of 25 db. At a length slightly
greater than two wavelengths, 35-db directivity can be
maintauned over a very broad-band.
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Fig. 3 Computed directivity for linear taper
form of coupling.

I'ig. 4 illustrates another way of achieving high direc-
tivity in a relatively short-length interval which is ap-
plicable when the bandwidth of interest is on the order
of 40 per cent or less. This is frequently the case in wave-
guide work. This complex function, ¢(x), may be
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Fig. 4-Computed directivity for two constant-amplitude
couplings superposed.

thought of as resulting from the linear superposition of
two identical constant-amplitude coupling functions of
equal length but displaced from each other along the
x-axis. The net result is that there are two frequencies
where infinite directivity should be observed and can
be chosen independently. In this figure a choice has
been made to place the infinite directivity points at
L/N,=0.67 and 0.87. As a result, the directivity is
greater than 30 db over approximately +10-per cent
band. The mean length of the coupling interval is ap-
proximately 0.8 wavelength.

-
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Let us now examine some results of observations. Fig.
5 shows a jig used for measuring the directivity of a
number of coupling arrangements in the frequency re-
gion near 4,000 mc. Coupling is achieved through holes
in the small side of a rectangular waveguide. The com-
mon wall of the adjacent waveguides is made in the
form of an insert which can be easily replaced during
the course of the experiment.

In an attempt to realize uniform coupling between
waveguides, one is tempted to use the rectangular slot
as shown in Fig. 6. Without careful thought, one 1s
likely to expect this slot to provide coupling between the
lines on a differential length basis. The resulting direc-
tivity should then be the sinu/u form of directivity
curve as previously shown. This is not the way the slot
actually works. What actually happens is that the slot
itself acts as a transmission line more or less inde-
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pendently of the adjacent waveguides. The wave runs
along the slot from end to end with a high coefficient of
reflection at the slot ends. Even when the slot is made
several wavelengths long, where the theoretical directiv-
ity exceeds 20 db, the observed directivity is of the
order of +5 db and the arrangement is characterized
by high standing waves presented to the exciting wave.

In the coupling arrangement illustrated in Fig. 7,
wires have been soldered at equal intervals along the
length of the slot. The traveling waves which tend to
form in the slot are localized between wires and, in ef-
fect, discrete couplings located at the center point be-
tween wires are produced. The theoretical and observed
results associated with this insert are given in Fig. 8.

The solid curve marked by x's shows the theoretical
directivity for the slot shown when a very large number
of wires is placed at equally spaced intervals. This is a

Fig. 6—Open slot coupling insert.
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Fig. 7—Constant amplitude coupling inscrt,
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Fig. 8 Observed versus computed directivity for constant amplitude
coupling. Number of holes varied from 2 to 16.

case of continuous coupling, and this curveis the portion
of the sinu/u curve in the vicinity of 3,930 nmc, where
L/\,=%. When fewer wires are used, the theoretical
directivity changes very little, and for as few as 3 wires,
giving 4 equally spaced holes, the theoretical curves lie
so close to the case of continuous coupling that they
have not been drawn. With only one wire in the slot,
there results 2 quarter-wave long holes with a center-
to-center spacing of approximately one-quarter wave-
length. The theoretical directivity in this case is the
familhar cosine function and is drawn with x’s and a
dashed line. Consider now the observational results.
With 15 equally spaced wires (16 holes) the resulting
directivity is shown by the solid line at the right. The
peak of directivity is displaced from the theoretical peak
by approximately 7 per cent in guide wavelengths.
After the removal of every other wire, producing 8
holes, the observed directivity is given by the dashed
line. After the removal of every other wire again, pro-
ducing 4 holes, the measured directivity is shown by the
curve identified by circles. We observe that the directiv-
ity is essentially independent of the number of holes in
the range of 8 or more holes per wavelength. For this
range of 4 to 16 holes, the coupling loss is observed to
be between 25 and 50 db and the loose coupling assump-
tion under which the theoretical directivity is derived is
actually justified. llowever, when alternate wires are
again removed, leaving only 2 holes, the coupling loss is
approximately 10 db—definitely not loose coupling. The
observed peak in directivity is then shifted approxi-

mately 8 per cent in the longer wavelength direction
from the theoretical peak. The shape, however, is very
similar to the theoretical one.

Fig. 9 shows the observed directivity when the length
of the slot and the number of holes are maintained con-
stant, but the height of the slot is varied. Directivity
should be independent of the amplitude of coupling
and therefore independent of the height of the slot. The
data given in Fig. 9 confirm this. The approximate
coupling loss for each slot height is shown at the right.
It is found that the current coupling is approximately
proportional to the slot height, as one might expect. This
characteristic makes it possible to build directional cou-
plers using moderately complex coupling arrays without
experimentation regarding hole size versus coupling loss.
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Fig. 9—Observed directivily for constant amplitude coupling when
height of slot is changed.

Fig. 10 shows a coupling arrangement composed of
two uniform couplings of the same length displaced
with respect to each other along the longitudinal axis.
Instead of using separate slots, however, a single slot
has been used where the height is proportional to the
total amplitude of coupling desired at the particular
point. Fig. 11 shows the calculated and observed re-
sults. The calculated directivity based on continuous
coupling is shown by the solid line marked with circles
For the model shown in Fig. 10, in which 22 holes were
used, the observed coupling loss is 42 db and the ob
served directivity is as shown with the solid points.
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. % IR Ay <

Wz sl

Fig. 10—Insert with two constant amplitude coupling functions superposed.
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When alternate wires are removed, the loss drops to
8.6 db and the directivity observed is given by the
srosses and dashed curve. The agreement between the
sbserved and calculated directivity curves seems good
svidence that the current coupling loss is proportional
to the height of the slot. Other experimental evidence
indicates that this is very nearly true as long as the
oupling per hole is weak.
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Fig. 11—Observed versus computed directivity for
insert of Fig. 10.

Iig. 12 shows the lincar taper form of coupling array,
and the experimental and theoretical results are given
in Fig. 13. The computed directivity based on continu-
ous coupling is given by the dot-dash line with circles.
The two peaks of directivity are the result of employ-
ing the linear taper plus a constant amplitude over the
entire length, as shown in the sketch. The observed loss
using 56 holes is 30.5 db and the observed directivity
under this condition is given by the solid line with solid
points. Lxccpt for a shift in frequency, the observed
characteristic is quite similar to the computed one and
directivity in excess of 35 db is observed over a fre-
quency band of approximately 15 per cent. When
alternate wires in this arrav arc removed, leaving 28
holes, the coupling loss is 15.7 db and the directivity is
given by the crosses and the dashed line. When alternate
wires are again removed, leaving 14 holes, the observed
loss is 5.6 db and the observed directivity is given by the
solid line with circles. In this condition, there are ahout
7 holes per wavelength and a loss which is quite low.
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Fig. 13—Observed versus computed directivity for
insert of Fig. 1

Therefore, the departure from the theoretical directivity
is not surprising. It is, however, interesting to note that
the directivity is in excess of 28 db over a band exceed-
ing 20 per cent.

In designing the models just described for use at 4,000
mc, no information on the particular waveguide was
used except the guide wavelength which is calculable
precisely from the dimensions of the guide. Therefore,
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Fig. 14 -Observed versus computed directivity for a 24,000-mc
directional coupler.

the approach should be applicable directly to other
waveguide sizes and other frequency ranges. This has
been illustrated by building directional couplers at
24,000 and 48,000 mc.

Fig. 14 shows the observational results on a 24,000

HH\H \.\\\\H\'.

Fig. 12—Insert with linear taper plus constant amplitude coupling.
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Fig. 15—48,000-mc directional coupler.

mc directional coupler wherein the coupling array wasa  imposed on a constant amplitude of coupling. The cal-
linear taper superimposed on a constant amplitude of culated directivity based on continuous coupling is
coupling. The total coupling interval is approximately 4 given in Fig. 16 by the solid line and circles. The
guide wavelengths and the observed loss for 20 holes served directivity using 24 holes is given by the

was 9 db. The calculated directivity based on continu- points and dashed line. The coupling loss is 14 dI

ous coupling is given by the circles and the solid line The results given so far have shown what can be done
The observed directivity is given by the solid points and  with equally spaced discrete couplings using amplitude
dashed line. tapers. Fig. 17 shows a coupling array which is easier to
Fig. 15 shows a directional coupler made for operation s
at 48,000 mc. The inside dimensions of the waveguide
are 0.094 by 0.188 inch. The length of the coupling ar-
ray is 1.32 inches, approximately 4 guide wavelengths. =2
< ) 3 . s 12 HOLES. 15.2 DB LOSS
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E 25| =—-e-— OBSERVED (24 HOLES) wlz_lveguu:es}abovc 50,000 mc. The amplitude of the cou
hing and the spacin g :
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& 50 apered. This is done by tapering the spacing between
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0.0?71" PG The theoretical treatment of directivity already given
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5 | _ | as a guide good dlrectlyltles can be achieved with losses
a7 28 29 50 as small as 5 db. Consider now the tight-coupling case. \

FRAGEESGH IN He00- MECACYELES * Measurements on this model were made possible through the

Fig. 16— Observed versus computed directivity for co-operation of A. G. Fox, Bell Teleph i
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Fig. 18 illustrates two identical lossless transmission
lines symmetrically located about a means of continuous
coupling. This coupling is assumed directional in the for-
ward direction within a length interval in which negligi-
ble power is transferred between the lines. The effect
of the coupling on the traveling waves in the two lines is
given by the relations

dE,
— = — aFy + akFa; 4)
dx
dE,
— = + ak, — aka. (35)
dx

‘The solution for the case where an input signal of
magnitude unity is impressed on line 1 and no input is
applied to line 2 is given by the relations

Ey=3(1 4 ) (6)
Ep = 3(1 — e29), (7)
LINE 2

4 ’ t
CONTINUOUS COUPLING O PER UNIT LENGTH

4
v ¢ ' |
\J LINE 1

|
|
|
!

L

Fig. 18—Tight coupling relations.

The magnitude and relative phase of the waves on
the two lines are shown in Fig. 19. The ordinate of the
lower chart represents the magnitude of the wave on

00 K
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l2ax] IN RADIANS

Fig. 19 Amplitude and phase of waves in a tightly coupled

directional coupler.
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either line, and the abscissa represents an integrated
coupling magnitude: the product of coupling per unit
length « times the distance x over which coupling is
maintained. The driven-line wave magnitude declines
co-sinusoidally and the undriven-line wave magnitude
increases sinusoidally as the coupling is increased. Com-
plete power transfer between the lines takes place,* and
repeats cyclically as long as coupling is maintained. The
coupling may be broken at any point where the waves
in the two lines have a relation which it is desired to
preserve. Thus, hybrids with any desired loss ratio may
be readily formed.

‘The upper chart shows the phase of the wave in each
line relative to that which would prevail in a wave
traveling in a similar transmission line without coupling.
The driving wave experiences a phase advance, whereas
the wave in the side line is delayed for small couplings.
This delay in the side line wave goes to zero at the point
where complete power transfer occurs. Note that there
is always a 90° phase difference between the two lines.

A physical picture of the power transfer is obtained
from Iig. 20, which represents two transmission lines

Vy \ 7]
Vp=0 —— —
{l LI
|: M ETC
| L
|
I 1t
P Ll Ll
Ep=1.0 — —_—
[ ] E2

Fig. 20—Diagram for illustrating discrete coupling relations in
tightly coupled directional couplers.

and two discrete couplings. Energy transferred from the
lower line to the upper line at the first coupling experi-
ences a 90° phase delay. This energy travels along the
upper line to the second coupling and part of this energy
returns to the lower line, with a further phase delay of
90°. Thus, energy which goes from the lower line to the
upper line, and back to the lower line at a later coupling
point, arrives in the lower line out of phase with the
energy which traveled straight through in the lower line.
A summation of such components eventually results in
cancellation of the wave in the lower line.

Quantitative relations may be written for the sum of
the forward wave components after an arbitrary num-
ber of discrete couplings. These relations help to answer
the question, “How many couplings of a certain speci-
fied loss cach are required to obtain the desired loss to
the side arm?” The relations answering this question
are plotted in IFig. 21. The abscissa is a number of coup-
ling units, the ordinate is loss per coupling unit, and the
parameter along the curves is over-all net loss to the
side-arm output. For 10 coupling units, a 3-db net loss
to the side arm is produced by making the loss per coup-
ling unit equal to about 22 db. Experimentally, very low
losses have been observed.

Fig. 22 shows three inserts used in the 4,000-mc test

¢« R. I.. Kyhl, M.I.T. Radiation Laboratory Series, vol. 11, Chapt.
14, p. 887.
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Fig. 21—Chart showing the relation between number of coupling
units, loss per coupling unit, and over-all net loss to the side arm
in directional couplers.

Jig to realize low losses. The simylest array is the serics
of uniform-sized holes uniformly spaced at the top of the
figure. The taper used is the same one previously demon-
strated in connection with loose coupling work; the
lower insert is the result of placing in tandem two identi

cal arrays, eachof which resulted from the combination of
several uniform coupling functions. All three of these
inserts gave less than three quarters of a db loss to the
side arm over an 18-per cent frequency band, and over
15-db directivity. The directivity and loss for the linear
taper arc given in Fig. 23. The loss {from input to side
arm was not centered in this band, being 0.75 db at
3,737 mc and 0 db at 4,475 mc. The directivity was more
than 20 db at any point in the frequency band.

b Tosummarize, theoretically any predetermined band-
width and arbitrarily large directivity can be achieved

using the approach outlined, without previous knowl

edge of coupling versus hole size. Coupling losses less

PROCEEDINGS OF THIL IR}

September

than 0.1 db are achievable and the technique appears

applicable to frequencics in excess of 50,000 mc.
Whereas the theory has been illustrated using wave-

guides, it is apparent that it is applicable to open-wire,
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Fig. 23—Olserved directivity for middle insert of Fig. 22.

coaxial, dielectric, lumped element electrical, or acous-
tic transmission lines.

In conclusion, the authors would like to express ap-
preciation for the valualle assistance given in this work
bv Mr. E. L. Chinnock

Fig, 22—Inserts used to demonstrate complete power transfer between lines.
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Nonsynchronous Time Division with Holding
and with Random Sampling’

J. R. PIERCE{, FELLOW, IRE AND A. L. HOPPERY, SENIOR MEMBER, IRE

Summary—There is a general type of system in which an indefi-
nitely large number of transmitters can have access to any of an in-
definitely large number of receivers over a medium of limited band-
width. In these systems, signal-to-noise ratio goes down as more
transmitters are used simultaneously. This paper describes a par-
ticular system which sends samples by means of coded pulse groups
sent at random times. The signal-to-noise ratio is good in the ab-
sence of interference and the effect of interference is minimized by
holding the previous sample if a sample is lost. An experimental sys-
tem worked satisfactorily and gave close to the predicted signal-to-
noise ratio. Such a system might be used to provide communication
and automatic switching in rural telephony, or for other applications.

INTRODUCTION
THIS PAPER deals with a particular type of non-

synchronous time-division multiplex communica-

tion system which has been devised and tested by
the authors. The first part of the paper discusses the
advantages of systems of this general class and explains
why a particular system was chosen for investigation.
The second part describes the system in detail and pre-
sents experimental results and compares them with the
simple theory. The third part discusses a possible ap-
plication of this type of system.

BACKGROUND AND 1)ESCRIPTION
OF SYSTEM

Part |

Some years ago Shannon pointed out in unpublished
work that conventional multiplex communication sys-
tems distinguish among channcls by sending, in each
channel, only signals which are orthogonal to any sig-
nals which may be sent in any other channels. This is
true in frequency-division multiplex, because signals in
nonoverlapping bands of frequencies are truly orthog-
onal functions of time in the sense that the integral of
their product over an infinite time is zero; thercfore, the
channels carried by such signals can be completely scpa-
rated. The pulses used in an ordinary time-division sys-
tem are truly orthogonal functions, and the channels
carried by different sets of pulses can be completely
separated.

The difficulty with truly orthogonal functions is that
a channel of given capacity can be divided into a limited
number only of channels of a given lesser capacity if the
signals in any channel are to be orthogonal to all signals
in all other channels. For instance, if one has a frequency
band of 40 kc, he can assign 10 specific 4-kc channels to
10 different talkers. There is nothing new left to assign
to an eleventh talker, and an eleventh talker cannot usc
the same band of frequencies without switching, that

* Decimal classification: R460. Original manuscript received by
the Institute, November 15, 1951; revised manuscript received June
12, 1952.

1 Bell ‘T'elephone Laboratories, Inc., Murray Hill, N. J.

is, without destroying the access to the channel of one
of the 10 existing assignments. The same thing is true of
ordinary pulse systems.

Shannon then made the suggestion that there might
be assigned to channels not functions from a truly or-
thogonal set but functions from an approximately
orthogonal set.! He pointed out as an example that
there is an infinite number of noise signals in a given fre-
quency range which over a long period of time are ap-
proximately orthogonal.

The use of approximately rather than truly orthog-
onal functions would of course necessarily result in
some cross talk or “noise,” but there would be compen-
sating advantages. By use of approximately orthogonal
functions, one could make a communication system
with the general properties described in connection with
Fig. 1.
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Fig. 1—System in which channels are assigned ap-
proximately orthogonal functions of time.

In the sort of system shown in Fig. 1, a number of
speech or other signal channels Sy, Sz« - - S, are acted
upon or modulated by coders Gy, C; - -+ Ca. These
coders need not be synchronized in any fashion. The
outputs of the coders go to a common medium, shown
in Fig. 1 as a line. This common medium might, how
ever, be a radio-frequency channel, either directional or

1 Fhe general relation of this to Zator coding should he noted.
Zator coding is dealt with in various publications of the Zator Co.,
79 Milk St., Boston 9, Mass.
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nondirectional, a wire line, a waveguide, or any other
transmission medium, The signals from the coders may
be injected into the medium at one location, as at a mul-
tiplex terminal at one end of a transmission line, or at a
number of locations, as from airplanes, automobiles,
military vehicles, and the like. Decoders D, D, . -D,
are connected to the common medium. Decoder D, for
instance, can be adjusted to respond only to signals
from coder Cj, and the like, giving an output Sy’, pro-
portional to the input S;.

An important feature of such a system is that al-
though the channel capacity of the common medium
may be such as to allow simultaneous use of only a lim-
ited number of the channels S; - - - S., for instance 50,
yet many more distinct coders and decoders, for in-
stance 1,000, can have uninterrupted access to the
medium. Thus, without any switching, the common
medium is at all times available to transmit any 50 out
of the 1,000 possible channels. These figures are of
course chosen only for the purposc of illustration. As an
increasing number of channels are placed in simultane-
ous use over the common medium, there is a gradual
degradation of quality.

There are a number of ways in which this sort of
performance could be achieved. One way has been men-
tioned: the use of random or noise waveforms as carriers.
This necessitates the transmission to or reproduction
at the receiver of the carrier required for demodula-
tion. Besides this, the signal-to-noise ratio in such a sys-
tem is poor even in the absence of interference unless
the bandwidth used is many times the channel width.
The ratio of signal power to noise power in the absence
of interference is approximately equal to the ratio of
total bandwidth to channel bandwidth. Other systems
using pulses have been described in the literature.??

In the system discussed here, the signal to be sent is
sampled at somewhat irregular intervals, the irregular-
ity being introduced by means of a statistical or “ran-
dom” source. The amplitude of each of the samples is
conveyed by a group of pulses, which also carries infor-
mation as to which transmitter sent the group of
pulses. A receiver can be adjusted to respond to pulse
groups from one transmitter and to reject pulse groups
from other transmitters.* \When a pulse group is ac-
cepted, the amplitude of the sample which it carries is
stored as a voltage on a capacitor. The voltage across
the capacitor is the input to the output filter. When an-
other pulse group is accepted, the voltage on the ca-
pacitor is changed to conform to the amplitude of the
new sample, and the voltage is then held constant until
another pulse group is accepted, and so on,

?E. Labin et gl U. S. Patents Nos. 2,108,079; 1946; 2,410,350
(1946), 2,425,066, 1947. .

®W. D. White, “Theoretical aspects of asynchronous multiplex-
ing,” Proc. L.R.E., vol, 38, pp. 270-275; March, 1950. ,

4 Codes and coincidence circuits in receivers have been used in
radar beacons. See, A. Roberts, “Radar Beacons,” M.1.T. Radiation
Laboratory Series, McGraw-Hill Book Co., Inc., New York, N. Y.,
vol. 3, chapt. 5; 1947. The coincidence circuits there described are less
powerful than the discriminating circuits we have used.
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If a pulse group from one transmitter sufficiently
overlaps a pulse group from the desired transmitter, the
combined “distorted” pulse group is rejected, and at the
receiver a sample is lost. \When a sample is so lost, volt-
age across the capacitor will be in error by the difference
between two successive samples.

If the overlap is not sufficient to cause loss of the sam-
ple, another sort of error may be introduced by distor-
tion of the sample amplitude. A third kind of error can
result from the production of a code group assigned to
one transmitter by an accidental combination of signals
from other transmitters. These latter two kinds of error
can be reduced at the expense of increasing the number
of lost samples by making the requirements for the ac-
ceptance of a code group very precise.

The same average sampling rate is used for all trans-
mitters. If the sampling intervals were equal, overlap-
ping of pulse groups from two transmitters would be
followed by further successive overlappings until the
sampling times drifted out of phase. This would result
in the loss of a series of successive samples. By sampling
the signal at somewhat irregular intervals, which we
may call random sampling, loss of groups of successive
samples is avoided. Listening tests show that a random
loss of samples is less objectionable than a periodic loss
of series of successive samples.

The advantages of this particular system are as fol
lows

(1) The signal-to-noise ratio is good in the abisence of
interference.

(2) In the presence of interference the noise is pro-
portional to signal.

(3) Interference hetween transmitters is unintelligi-
ble noise.

(4) Holding of the previous samiple in case a sample
is lost reduces the noise dye to interference for some sig-
nals, including speech.

(5) There is no limit to the number of assignments
which can be made. The use of the same mean sampling
rate for each transmitter is necessary to achieve this.

PART I I—EXPERIMENTAL SysTEM

As built for these experiments the system uses pairs of
equal and opposite video pulses, amplitude modulated,
to carry and identify samples. By time separation of the
two pulses of the pair, the transmitter introduces a code
which permits recognition by the proper receiver. The
receiver accepts or rejects this code by comparing the
amplitudes at four taps along a delay line. Acceptance
enables a gate which transfers the pulse amplitude to a
storage capacitor and following filter to reform the origi-
nal audio wave. \When another transmitter happens to

interfere with the correct one, the gate is disabled and
no sample is transferred.

General Description

A simplified block diagram of the two transmitters
and the receiver used in these experinients is shown in

-
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Fig. 2—Simplified schematic. :

Fig. 2 and a simplified picture of the corresponding wave
shapes is given in Fig. 3 to show briefly the operating
principles of the system. It is assumed that transmitter
#1 has its code switch set for a relatively long code, such
as Ty in Fig. 3(d), while transmitter #2 is switched to a

relatively short code, such as T in Fig. 3(h). The re- () | 1 | S S N A 1 ‘

ceiver is set to accept the T code by the spacing of taps l l | l :

on its delay line and to reject all others. (c) — il el “ |
To illustrate the principle of operation with the aid of e T,

Figs. 2 and 3, it ispassur:ed that transmitter #1 is op- (a) Jr—Jr—”lr—] el .

erating continuously with a 1,000-cps sine-wave input 1

which holds the associated voice relay operated. 11ence (e) - oo 0 e S S _of M D

the input wave (a) is randomly sampled by pulses (b) !
to produce modulated pulses (c). These pulses are then
paired by the delay line and made equal and opposite by
the combining amplifier, resulting in the transmission
of modulated and coded pulses (d) to the common
medium. A low pass filter is used between the modulator
and delay line for pulse shaping.

As shown at (e), transmitter #2 is assumed to be in-
active at first hecause of lack of speech input. Hence
only pulses coded by T, are present on the common
medium (j). Since the receiver is set for this code, it
correctly recognizes each pulse pair operating the gate
by pulses (k) to produce samples of wave (j) as at (/).
The voltage across the storage capacitor neglecting the
dc component is a step wave as shown at (m). As shown
at (n) the resulting filtered output at this time is prac-
tically undistorted

However, at time (e’) the speech input to transmitter
#2 has built up to a point where its voice relay operates
(time of operation assumed small for illustrative pur-
poses). This causes wave (e) to produce modulated
pulses (g) similar to those of transmitter #1. However,

d i b
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Fig. 3—Typical wave shapes.
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Fig. 4—-Transmitter.

the code switch in this case is set for 7% so that pulse
trains (d) and (h) can be distinguished by their respec-
tive codes, T, and T%.

Both transmitter outputs (d) and (h) appear super-
imposed on the common medium and at the gate input
as shown at (j). Because of the different sampling rates
and modulation of the two transmitters their outputs
may combine to produce a wide variety of interferences.
Two simple examples of interference are shown at j/ and
j'’. At j' the positive pulses of the two transniitters co-
incide and add in phase. At j/ the negative pulse of
transmitter #1 is subtracted from the positive pulse of
transmitter #2.

The recognizer continuously monitors wave (j) as it
passes down the receiver delay line and decodes it by
means of five taps properly spaced along the line. Each
time equal and opposite pulses spaced by T (and posi-
tive before negative) are detected, a pulse (k) is trans-
mitted to operate the gate. However, because of the
interferences noted alove no gate enabling pulses are
sent at (k') and (k’'). The gate output (l) is the same
as before, except samples are now missing at (/) and
(I'"). Likewise, the step wave (m) and filtered output
(n) are distorted because of the missing samples. The
undistorted waves are shown by the dashed lines.

Delay Line

Identical delay lines are used in both transmitter and
receiver. The lines have a total delay of approximately

10 wsec and a characteristic impedance of about 250
ohms. Taps are located } usec apart.

Transmitter

The transmitter is shown in Fig. 4. The source of er-
ratically timed pulses is shown in the left hall of this
figure. A 2DD21 thyratron \'1 was found to be fairly satis-
factory although some selection was necessary and the
plate-load resistor had to be adjusted for “best-looking
noise” as observed on an oscilloscope. Two out of five
samples would give up to 1-volt peak-to-peak noise out
put with a relatively small output of discrete frequen-
cies. T'win triode V2 increases the noise voltage to about
8-\.'olts peak to peak as required bv the following cir-
cuit.

The primary pulse source is blocking oscillator V'3
which is triggered at a random rate by the noise source
previously described. Since its output varies considera-
bly with the repetition rate, for random sampling it is
necessary to add one-shot multivibrator V4. The out-
put of this stage when difierentiated and clipped pro-
vides erratically timed pulses of constant amplitude to
the grid of modulator \'8.

The audio input is connected to the cathode of modu-
lator V8 and also through amplifier V5 to a voice-op-
erated relay. This relay operates during talk spurts to
decrease the bias on one-shot multivibrator V4, allow-
ing it to produce pulses. In the absence of audio input,
V4 is biased off and no pulses are transmitted.

-
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It is important that the pulses delivered to the com-
mon medium be shaped so as to be as nearly noninter-
fering as possible, that is, of zero amplitude except dur-
ing the pulse interval. Referring to Fig. 5, (a) shows a
short impulse about 0.4 usec long at the base which ap-
pears at the plate of the modulator tube and is applied
to the input of the low pass filter. This filter consists of
two sections designed on the basis of a constant resist-

«© (0]

Fig. 5—Transmitter wave shapes—lu sec timing dots. (a) Plate of
modulator tube. (b) Output of filter. {c) Delay-line terminal 4.
(d) Delay-line terminal 40.

ance of 250 ohms. The first section resonates at 1.4 mc
while the second resonates at 1.7 mc. Fig. 5(b) shows
the output of the filter which is a jagged wave due to the
transmission of frequencies above the frequency of max-
imum attenuation. However, a few sections of the delay
line effectively suppress these frequencies and give an
over-all characteristic which closely approximates a
Gaussian cut-off. The corresponding desirable wave
form, shown in Fig. 5(c), is relatively free of undershoots
and overshoots. Nevertheless, these undershoots and
overshoots do become worse as the wave travels down
the delay line. The wave shape at the far end of the line
is shown in Fig. 5(d).

As shown in Fig. 4, the combining amplifier is of the
push-pull cathode-coupled type using pentodes V6 and
\'7. A control is provided at the grid of \'7 to permit ad-
justing the pulses of a code pair to be equal in amplitude.
T'o avoird having to adjust this control each time the
code selector switch is operated, resistors R1 to R10 are
chosen to compensate for the attenuation of the delay
line. A common medium amplitude adjustment is also
provided to maintain the proper amplitude for optimum
recognition margins in the receiver.

Receiver

The basic problem is to enable a gate cach time a de-
sired pulse pair is received unless it is interfered with by
pulses from another transmitter. FFor example, we might
recognize the desired pair whenever the pulses were
cqual and opposite, and each had zero slope as observed
at two properly spaced taps on the delay line. This

Pierce and Hopper: Nonsynchronous Time Division with Holding and with Random Sampling

1083

method suffers because of the distortions in practical
differentiating circuits and the timing uncertainty when
the gradual slope near the pulse crests is the criterion.
‘This led to the idea of checking at four points along the
delay line as shown in Fig. 6. In effect, this recognizer
uses the delay line for a kind of distortionless differen-
tiation, and by operating on the steeply sloping sides of
the pulses allows a high degree of timing discrimination.
It also has the advantage of producing a desirably short
pulse at the mixer output for operating the gate.
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Fig. 6—Recognizer.

The action of the recognizer may be understood by
referring to IFig. 6. The desired pulse pair is shown by
the wave at (a), with 71=4 psec. Let us assume that
this wave has traveled down the delay line shown at
(b). Then at the instant shown by the relation of (a) to
(1h) the voltages measurable at the various taps on the
delay line will be proportional to the amplitude of the
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wave above. At this instant the voltages at taps a, b, ¢,
and d are related as

Va Vs Vg Va. (n

This relationship may be established by three simul-
taneous cqualities, such as v,= —v,, v,= —v, and v,
= —v.. A fourth equality, v,= —v,, may be added for
symmetry. This is done by checking for zero voltage at
the midpoint of resistances connecting a-¢, a-d, b-c, and
b-d as shown at (c). These four midpoints are checked
for zero voltage by connecting them through diodes to a
push-pull cathode-coupled amplifier as shown at (d).
This causes a positive voltage output at d’ at any time
when any of the four points deviate from zero voltuge.
If we assume that the wave shown at (a) travels down
the delay line shown at (b), the 6AKS output will ap-
pear as shown at d’. This wave when amplified and in-
verted for disabling the control grid of the 6.\56 mixer
is shown at (e). The center portion of this wave resem-
bles the letter “W.” The zero output at “X” in the “\”
wave indicates the time coincidence shown between (a)
and (b). At slightly earlier and later times the “\\"”
wave has amplitude due to unbalance of the four mid
point voltages ac, ad, and so on. Four microseconds
earlier pulse N was caused by the negative pulse of wave
(a) crossing taps d and ¢. Four microseconds later pulse
P is caused by the positive pulse crossing taps a and b.
Thus the zero at “X” in the “\V” wave is a unique rec-
ognition indication of the desired pulse pair, that is,
when the interpulse spacing 17 equals the intertap delay
T,. For all other pulse pairs there is no zero point “X”
in the “W” wave.

To avoid false recognition when there are no pulse
voltages present on any of the four taps, the suppressor
grid of the 6.AS6 mixer is enabled by a pulse derived
from an additional tap on the delay line. This tap may
be located to correspond to the first (that is the nega-
tive) pulse of the desired pair as shown in Fig. 6(b).
When amplified and inverted, the wave presented to the
suppressor grid is as shown at (f). \WWhen G; is enabled
and G is not disabled, as at time “X,” a pulse appears
at the plate of the 656 as shown at (g).

Suppose that a pulse from another transmitter inter-
feres with the wave in Fig. 6(a). It will obviously dis-
tort the wave at one or more of the four sampling points
so that equality (1) is not satisfied. This will prevent a
zeroat “X” in the “\\'” wave so that the gate will not be
enabled. However, if the interfering pulse happens to be
equal and opposite to one of the pulses at (a) and spaced
by 73, there will be a zero in the “W?” wave. But there
will be no corresponding enable pulse as there was at
(f) because the first pulse of this unwanted pair is posi-
tive instead of negative.

Of course two or more interfering transmitters might
occasionally produce a pulse pair which is indistin-
guishable from the desired code shown at (a). However,
an evaluation of this type of interference is beyond the
scope of the present experiments.

September

The actual arrangement of the receiver circuit s
shown in Fig. 7. IFor best signal-to-noise performance,
hoth pulses of the par are sampled for feeding the gate
input. The negative pulse is taken directly from the de-
lay line while the positive pulse is inverted by 17, and
then mixed at the input to cathode follower V4. By stag-
gering the two sample taps slightly with respect to the
desired code, a fairly flat-topped wave is available at V4
as the gate input. This minimizes the noise due to varia
tions in the exact time at which the gate operates due to
variations in the amplitude of the wave in Fig. 6(g). 1'or
best recognition of pulse pairs in the presence of modu-
lation the amplitude of pulses on the receiver delay line
should be of the order of 10 volts. To obtain this, a 418\
tetrode is used as buffer amplifier V1 with a step-down
transformer feeding the delay line. Shunt feed to the
transformer primary minimizes pulse distortion.

The performance of the recognizer is greatly improved
by adding adjustable capacitors at points b-¢c and a-d .
as shown in I'ig. 7. 1n this way phase shifts are intro-
duced to compensate for the distortion of pulses during
transmission. (Some distortion is due to a change in
pulse length, amplitude, and preceding and succeeding
undershoot and overshoot as the pulses travel down the
transmitting and recciving delav lines.)

Pentodes \'2 and \'9 are used to raisc the level of the
enable and disable pulses to suitable levels for applica
tion to the grids of the mixer. The cathode follower half
of \'3 permits driving the 6AS6 suppressor from a low
impedance source. The other half of V3 inverts the mixer
output so as to present & positive pulse to trigger onc
shot multivibrator 17,. ‘The latter’s function is to insure
an “all-or-nothing” gating pulse in the presence of modu-
lation and interference. ‘I'he multivibrator output is dif-
ferentiated and appiied to the gate transformer by the
driver half of \'4. The other half of \'4 is a cathode fol-
lower which applies the sample pulse at low impedance
to the input of the gate

The gate is operated for only § usec cach time a sam
ple is taken, so to charge the storage capacitor fully the
gate resistance must be verv low. or example, if the
total charging resistance is 500 ohms and the capaci
tance is 300 mmf, the time constant will be 0.15 usec.
When the gate is unoperated, however, its resistance
must be very high because the time between samples
varies between 100 and 250 usec (allowing for random-
ness and a missed sample) so that the last sample of the
step wave must be held until the next sample is received
to minimize distortion. If the resistance is 10 megohms,
.1he discharge time constant s 3,000 usec, which results
in a moderate slope of the steps appearing across the
storagc ca.pz}cilor shown in Fig. 3(m). \s the storage
capacitor is increased, the steps become flatter, but the
high-frequency response of the svstem becomes poorer
because of the longer charging time constant. Based on
listening tests with one interfering transmitter, 300 mmnf
appears to be a good compromise value. The steps mav }
be made to slope either up or down (or all toward the

e
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ixis as shown in Fig. 3(m)) by means of the STEP
SLOPE adjustment since this establishes the unop-
srated gate input potential to which the stored charge
leaks.

Two other adjustments are provided for optimizing
the gate operation. One sets the total dc bias while the
other adjusts the diffcrential bias on the two diodes. A
special pulse transformer is used in which the two sec-

10 —_——————
ondaries are balanced and shielded from the primary. f4=1000 CPS
Thermionic rather than germanium diodes are needed R | | '
because of the importance of high back resistance. In o——FH———+—+ Tt 1
addition, direct coupling is used betwceen the storage Y ! ! ;
capacitor and the filter amplifier input to minimize leak- o i ‘ ek l ;
age. A low pass filter climinates the sampling frequen- o : L !
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of the system is down 3 db at 3,000 cps. z Wl Z ‘ Imm;m}rens

z : =
Signal-to-Noise Ratio “ sop— Y - [ s } |
|

The results of 1,000-cps signal-to-noise measurcments 35 e I S GE S |
at the output of the system are shown in Fig. 8, in which ol T TRANSMITTER
noise plus distortion is plotted as a function of total out- [ >N AT 820 T
put. Tests were made both with and without an inter- 45 a | 1
fering transmitter using a 213 noise-measuring set with -50 v STy | - ]

-2% ~20 -1 -10 -5 o 5 10

“F1A” line weighting.® To obtain the noise plus distor-

* Fhis weighting takes into acconnt the frequency characteristic
of present telephone equipment. It is standard for measurement of
noise on message Circuits,

- TO OTHER
L~ RECEIVERS
Y ¥
2v 8v
2v V o
s~ —5 —
s - -
AN N
/. (200000 3 DELAY LINE * PULSE TRANSFORMER WITH SECONDARIES
3 s BALANCED & SHIELDEO FROM PRIMARY
o e ML > S_— - — -
[ it I I =
it Id ] D [ SAMPLE(=), 4 va ve
—_
| w va 'V v3 Yy 2C%t 12a07
o - Vi 2 6AKS Y2 2C51 SAMPLE CATHODE FILTER  LOW-PASS
| ; 4alea < ENABLE PULSE ENABLE CATH. FOLLOWER AMPLIFIER  FILTER
{ m:::sn o bc 1 AMPLIFIER FOLLOWER o H, 1
e M LG % Wi @7 L [ 1 +1s0v +150v Y o
7 < < < 1 ,_ < )
400A Y A 400A < g 30 : 1 S
e [ ; 5 < _‘v V"g" 6455 < —
2 .. ac . . § +150V Gate v}
@® L, oo d vV H T
] 400A : - = I
: bd o L "
-150v 260 ¢ 2= 1 < S SS
T0 U 4L 1 1 1
TRANSMITTERS 0 ) . s
od = H
N . A . 5 STOR-
5l rat] A 5oV =150V ¥ NGE
SAMPLE (+) 1 a2 — CAP
STEP SLOPE |
i AUDIO «
¥ 150V GAIN
9 +150V
M L
: . LA < L
e g s = , :
}_/ s l 1_-“— m )_—l
1 =l g < 1IN !
i -y . \ 4 l - [ AUDIO
Y . P 4 4 LgE . . ,TRANS-
< A 4 4 FORMER
Lo 2wy i e ==
SAMPLE (+) 1 ,/L. 3 . - o5
A < S <
e b 11 : ga
5 $ < 2
CLIPPER ] 0
150V == J Blas | S A
vi2 v? va v9 vI0 v3 Vi va Vi3
6Ca 6AKS  BAKS 6AKS 6AS6 Y2 2¢% 2C51 Y2 2¢51 eca
SAMPLE PUSH-PULL DISABLE MIXER ENABLE ONE-SHOT GATE DRIVER  AUDIO
INVERTER CATHODE COUPLED  AMPLIFIER PULSE MULTIVIBRATOR AMPLIFIER
AMPLIFIER INVERTER
Fig. 7—Receiver.

tion readings, the 1,000-cycle signal was fed around the
complete system from input to output with the proper
attenuation and phase shift to cancel the signal at the
output.

It is interesting to note how the noise and distortion
increase along with the signal when both transmitters
are operating. This sort of behavior is to be expected

-50 -45 -40 -3% -30
OUTPUT IN DECIBELS
REF. {0 DB) - MAX UNDISTORTED OUTPUT

Fig. 8—Signal, noise, and distortion relative to maximum undis-
torted output. Output in decibels. Ref (0 db) =max undistorted
output.
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when the effect of missing samples is considered. As
shown in Fig. 8, the maximum signal to background
noise ratio is about 42 db. However, the maximum sig-
nal to (maximum signal noise-plus-distortion) ratio is
only about 20 db. This is in fair agreement with a cal-
culated value of 21.8 db obtained in the Appendix.

A rough idea of the interfering effects of a number of
transmitters is obtained by driving the interfering one
at rates which are various mulitiples of 8 kc while the
signaling transmitter operates with jitter as before. Kach
simulated added transmitter degrades the signal to back
ground noise ratio by roughly 3 db. Thus with five simu
lated interfering transmitters this ratio drops from 42 db
to about 30 db. [deally, interfering transmitters should
not produce noise in the absence of signal unless over-
lapping pulse groups combined accidentally to form the
receiver's code. As this cannot have occurred in the test
described, the increase in bhackground noise described
above indicates imperfect functioning of the receiver.

Listening tests were conducted in which each trans-
mitter was fed from its own tape recorder while the re-
ceiver was arranged to accept signals from either one
or the other. In general the operation of the second
transmitter did not interfere with intelligibility at nor-
mal talking levels although the transmission was judged
to be below toll quality. The “loss-of-sample” distortion
causes a certain “rasping” quality of speech. \Vhen
more interfering transmitters are simulated as described
above, the distortion becomes progressively worse as
expected. It appears that speech inrtelligibility would
still be tolerable with somewhere between five and eight
active interfering transmitters.

PART | [1—POSSIBLE APPLICATION OF SYSTEM

For what use might a system of the type described be
particularly suited ? Simply as an illustration, let us con-
sider how it might be used in connection with rural
telephony'.

Fig. 9 indicates the form a local exchange might take.
It consists of a number of subscriber stations with direc-
tive antennas pointed at a central omnidirectional re-
peater station. Izach subsscriber transmits on a common
transmitting (requency f; and receives on a common re-
ceiving frequency f,. Subscriber transmitter powers are
adjusted so that the omnidirectional repeater receives
signals from all subscribers at approximately the same
level. It amplifies the received signal pulses, changes
frequency from f, to f,, and reradiates omnidirectionally.

The system inherently provides both for talking and
for automatic switching. Each subscriber is assigned a
specific number or pulse code group, as, for instance, 2,
or, perhaps preferably, 3 equal amplitude pulses spaced
by times T and 7%.% In the case of 3 pulses in a code
group, cach subscriber will be provided with two dials

¢ For I+ T; ranging from 2 units to 15 units, this provides 108
separate code groups. Thus, a delay line 15 pulse lengths long could
be used to generate or select any of 105 code groups.
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by which the T\, T3, that is, the code group or number
of his transmitter and receiver, can be set simultane-
ously to any allowable number (17, 7%; or code group).
Fach subscriber is assigned his own number, to which
his transmitter and receiver revert when his hook 1s

down
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Fig. 9—Use of nonsynchronous system in rural telephony.

IZach subscriber’s receiver is on all the time. With the
hook down, the bell rings when the receiver receives
pulses corresponding to the subscriber’s number. The
subscriber’s transmitter emits pulses when (1) the hook
is up and (2) either a ring button is pushed, or the sub-
scriber is talking,

To make a call, subscriber \ raises his hook and dials
subscriber 13's number. 11e then presses a ring button
which causes his transmitter to emit pulse groups cor
responding to subscriber B's number. Subscriber 1B's
bell rings. Subscriber 3 raises his receiver. A and 13 can
now talk, both using the number of the called party
that is, subscriber 13.

Among the “subscribers” there may be one or more
operators or apparatuses at distant exchanges, to pro-
vide for communication between local exchanges.

We will note that a third subseriber C can talk to
both the called and calling partics by dialing the called
party’s number. Subscriber C cannot reach a calling
party by dialing the calling party’s number. This might
tend to reduce ean esdropping somewhat; but eaves
dropping is still possible, as indeed it is now in rural
party lines. We should also note that there is no busy
signal, and that when the called party is talking on an
other code he simply does not hear or respond to a call
ing party’s signal.

There are many other possible uses of such a svstem,
civilian or military, either with or without the use of a
repeater. For instance, such a svstem might be used to
communicate with or between mmoving vehicles or ships.
For such service, svnchronous time-division multiplex
seems to be ruled out because a number of paths of
changing delavs are involved. At the same time, fre
quency division may be made difficult by the excessive
linearity requirements which it Irposes on repeaters
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that must amplify simultaneously signals of very dif-
ferent amplitudes.

In the rural telephony example, all pulses received
come from a common transmitter (the central omnidi-
rectional frequency-changing repeater). The outputs of
all transmitters can be adjusted to give the same signal
level at the repeater, and hence pulses from all trans-
mitters have about the same amplitude. In the experi-
mental system described, pulses from both transmitters
had the same amplitude.

Ii there is no central repeater, or if transmitters move
with respect to the central repeater, pulses from one
transmitter may be hugely greater than those from an-
other transmitter. Under these circumstances, informa-
tion could be conveved by frequency modulation of the
radio frequency of the pulses. In this case the pulses
could be limited somewhere in the receiver so that the
strong and the weak pulses would come to have com-
- parable amplitudes. Through this limiting, strong
pulses would be lengthened with respect to weak pulses.
This means that strong signals would tend to cause more
interference than weak signals because the pulses of the
strong signals would last longer than the pulses of the
weak signals. In comparing pulses in a group, equality
of pulse length rather than equality of pulse amplitude
could be used in deciding whether or not several pulses
helong to one code group.
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APPENDIX
A. Fraction of Samples Lost

\When a pulse from an interfering transmitter falls
“on” a pulse of the desired transmitter, a desired pulse
group will be lost, and this will cause the loss of one or
more samples, depending on how many samples the
pulse group carries.

\What does “on” mean? Mathematically, a pulse of
limited bandwidth never quite decays to zero. Further-
more, the nearness of spacing of pulses which will cause
rejection depends on the sensitivity of the comparison
circuits. Very sensitive comparison circuits will reject
many samples whose amplitudes are only a little in cr-
ror hecause of interfering pulses, but will allow few dis-
torted samples to pass; less sensitive comparison circuits
will accept more of the samples, but in doing so they will
pass some distorted and hence “noisy” samples. Just
losing samples causes noise; accepting badly distorted
samples causes noise. There is some best compromise.

Consider a video pulse. Suppose that B is the band-
width, say, to the 6-db down point. Experience shows
that the length 7 of the pulse at the “base” (from where
it is near zero to where it is near zero again) is about
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1

=K

B (A1)

For radio-frequencey pulses, of course, we will have

2
T =

B, bt

where B, is the radio-frequency bandwith. We will as-
sume that one pulse interferes with another if its center
falls within the time interval 7.

Now, consider N transmitters operating simultane-
ously, each emitting 2 W/m pulse groups a second. Here
W is half the sampling rate (the limiting audio band-
width) and m is the number of samples per pulse group.
Let n be the number of pulses in a pulse group.

The total time per second occupied by one transmitter
is

2Wn

m

occupied time per second = 7 (A3)

The number of pulses emitted per second by inter-
fering transmitters is
2Wn

interfering pulses per second = — (N — 1).
m

(A4)

Hence, the number of lost samples per transmitter
(m times the number of lost pulse groups) is
lost samples per second, for one transmitter
4 Wt

(N = Dr. (AS)

m

As the number of samples per second is 2, the frac-
tion a of samples lost is

2Wnt

(N — D)z (A6)

a =

Let us assume a radio-frequency system, and use rela-

tion (A2)

2

a=4 (N —1). (A7)

m
It is of course optimistic to regard W as the audio-
frequency bandwidth; the audio-frequency bandwidth
will be appreciably less than IV in any practical system.
In the case of the experimental system, approximately

B = 600,000 sec™! (video band)
W 5,000 sec!

n=2

m = |

N =2.

We should use (since B is the video band)

n?
=2 (N -1
* Bm( ),
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whence
a = 0.067.
B. Noise Caused by Lost Samples

In random sampling systems the previous sample is
held if a sample is lost. For a given fraction of samples
lost, the signal-to-noise ratio depends on the nature of
the signal. In the noise measurements made, the signal
was a sine wave. In treating this case let us assume that

(1) successive samples are never lost;

(2) the received samples are sin 2rWt/2r Wt waves,
which have a uniform frequency spectrum up to a fre-
quency W and no frequencies above this;

(3) the filter through which the samples pass has an
amplitude response F(f) which is zero above f= W;

(4) the signal is a sine wave of peak amplitude V;

(5) the error signals (missing pulses) constitute a
noise of flat frequency distribution.

According to (1), if we lose a sample we utilize, in-
stead, a sample in error by the difference between two
successive samples, which we will call a. l.et 4 be the
amplitude of the signal. Then

V?.
A? = B1
) (B1)
and
o s
a? = V'{ff [sin 2mft — sin 2nf(t — 7T) |2t
0.
a = 2V?sin? nfT
a? = 2V?sin? (xf/2W). (B2)

Here 7 1s the sampling interval which is iw.
The samples constitute a signal of a single frequency
f, and give a mean-squared output

AYF(N)™.

By assumption (5) the samples give 1 mean-squared
output

«H{(F(f)?),
where
@iy = [ @iy (13)
W .J,
Ilence, the noise-tn-signal ratio will be
L - GO
\/S = da sin? (zf/21V) ) (B4)

We should now observe that this result is independent
of sample shape if we assume F(f) to be the over-all
audio response including effects of both sample shape
and filter, since we can regard the audio filter as merely
changing the shape of the sample in a linear manner.

CTOE=TO

OFr T IR L. Sepleniber

We should note that quite difterent results would be
obtained for signals with different statistics. Thus, if we
retain assumption (1) and replace the rest by an assump-
tion that all received samples add on a power basis and
if we assume that any sample value lying between + |
and 7 is equally tikely, without regard for previous
samples, we find that

2a (BBS)

mstead of (134).

l.et us make a comparison between (134) and (135).
Suppose that in (134) we assume f= 1,000 and 11"= 5,000,
and assume a tlat response from 0 to 5,000. Then (B4)
gives

VS = 0. 38«

while (B5) gives
V/S = 2a

This comparison merely serves to show that some sig
nals suffer less than others when a missing saniple is re
placed by the preceding one. In the case of a sine wave
of period large compared with the sampling period, th
amplitude does not change much in a sampling period
and the distortion or “noise” is small. In any case, we
should note that the noise to signal ratio is dependent
only on the fraction of missing samples and not on the
signal level.

The values f=1,000 and 1V = 35,000, assumed above,
are typical of the experimental svstem. If we assumed a
flat audio respense from 0 to 5.000 cveles, we would have

(F))r,
(F(N)
In the first part of the Appendix, & was estimated as

0.067. Hence, for this flat band we estimate the noise-to-
signal power ratio as

(0.38)(0.067) = 0.025,

corresponding 10 16 db.

Actually, an output filter narrower than 5,000 cvoles
was used in the experimental system, and furthermore
noise was measured with a 213 noise set using F1A line
weighting. Using the over-all frequency characteristic of
the svstem filter and the line w cighting (filter),

(K
F(NH)?
Using this value, the noise-to-signal power ratio is

(0.38)(0.067)(0.26) = 0.0066,

corresponding to a signal-to-noise ratio of 21.8 db. The

large-signal signal-to-noise ratio measured for the case
above was 20 db.

6.
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A Compact Broad-Band Microwave Quarter-
Wave Plate”

ALAN J. SIMMONST, ASSOCIATE, IRE

Summary—Differential phase shift between two orthogonal TE,
waves in a circular hollow waveguide is achieved witha reflectionless
array of capacitive pins. Using transmission-line theory, an analysis
of such a structure is made and, under the assumption that the pin
susceptance varies with frequency as jwC, a broad-band 3-pin array
acting as a quarter-wave plate may be designed. Such an array,
which is only one inch long at X-band, has been tested. A voltage
ellipticity ratio of less than 1.1 and vswr less than 1.2 is maintained
over a 12-per cent band.

[NTRODUCTION

ARIOUS METIHODS of obtaining in round

\\\/ waveguide a 90° phase difference between two

modes in space quadrature have been described

in the literature.!? The method used here makes use of

a cascade of three capacitive pins which load the wave-

guide for one mode. Such a cascade will be frequency

censitive hecause of the element spacing, and the varia-

tion of susceptance with frequency. However, these two

effects may be made to compensate each other over a
frequency band.

ANALYSIS

Consider the waveguide to be for one mode a loaded
line as shown in Fig. 1. (It is assumed that the screws
act as shunt clements if their diameter is small com-

+ —= —_— —_l._. l + —
Vio i | B, | iB B/ Vo, Io
' | l
- [, -){4- —Z,'_'- !

[ -21 -__—_q
Fig. 1 Susceptance-loaded transmission line.

pared to @ wavelength.) Using network theory a trans-
mission matrix may be found expressing Vi and I; as
lincar functions of g and 742

l"\] [lu 112][",]
i Iy 3o Iy '

* Decimal classification: R118.2 X R310. Original manuscript re-
ceived by the Institute, June 8, 1951 revised manuscript received,
April 28,1952,

t Antenna Rescarch Branch, Radio Division I, Naval Research
I.thoratory, Washington 25, . C.

G. .. Ragan, “Microwave ‘Transmission Circuits,” Rad. Lab.
Series, McGraw-Hill Book Co., Inc., vol. 9, pp. 309-378; 1948,

T A, G, Fox, “An adjustable waveguide phase changer,” Proc.
1.1C.E., vol. 35, pp. 1489-1498; Decembher, 1947,

C. G Montgomery, R.H. Dicke, and E. M. Purcell, “Principles
of microwave circuite,” Rad. f.ab. Series, McGraw-Hill Book Co.,
Inc., vol. 8, p. 103; 1948,

(1

where

’

B/ . B
ty, = cos 28l — —— sin 28l — — sin I, cos Bl}’ (2a)
Yo Yo

(2b)

tie = jZ0 <sin 28 — }f sin BI; sin ﬁl,').
0

3 is the propagation constant and Z, and Y, are the

characteristic impedance and admittance of the un-

leaded line.

For arbitrary phase shift 6, and a matched line, we
want the loaded section of line of length / to have an
electrical length 28I4+6 with the characteristic imped-
arce unchanged. This is equivalent to requiring

;1 = cos (281 + 9) (3a)
tis = jZosin (28! + 0). (3b)
Solving (2) and {3) gives us

B sin 280 — sin (28 + 8)

—_—_ (4a)

Yo sin Bl sin Bl,’

BY B sin @ cos BI; — (1 — cos 8) sin B, (4b)

Yo sin @I, sin (28! + 6)

An equation for B,/ Y, may be obtained by exchanging
/;y and ;" and By and B, in (4b). Now let 0=90° =1’

1
RECION OF
T BROADBANDING

1
100 90 80 10 60

50 40 30 20
Lt
Fig. 2—Plot of (1a) and (4b) for 0=490°and I, =1=1

=1 Then By=B". A plot of (4) under these conditions
is shown in Fig. 2. Note that in the region 70°>81>45°
hoth curves have positive slope for increasing values of
N (decreasing Bl).

I'he curves in Iig. 2 indicate the desired variation of
B/ Yo and B,/ Y, with frequency. We next assume that
cach pin approximates a lumped capacity. Then

ey oo —— .
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! oriented at 45° to an incident, linearly polarized wave
5 Ao A 4 1 e nRRntg ek .. :d beyond
—=K\—=K — / —_— (5a) and the ver (voltage ellipticity ratio) mecasured beyon
Yo Aot Mo 1 Ao? the screw section by means of a rotatable probe.
Voo o
Bl . ] xc ! - U
7. = Ko =Ky ' (Sb) | 0O 094"
Y, Aol Ao/ Aol 093"
/ A2 oar % ﬂ "0 185"

where K and K, are constants of proportionality and
A. is the waveguide cutoff wavelength, a normalizing
constant.

A plot of the factor NA./Ae? versus Ao/A, shows that
for a region 0.75<X¢/A.<1 this assumed variation of
B/Y. and By/Y, has positive slope with increasing
wavelength. Thus, the variation of B/ ¥, and B,/ Y, re-
quired in Fig. 2 can be approximately met over a range
of frequencies.

To find the best value of /, equate the assumed varia-
tion of B/ Y, and B,/ Y, ((5)) with the desired variation
((4)), which gives

2 M —
¥ Ao?  sin 28] cos 2;31, (62)
AN, sin? Bl
Ao® 1
K, = — (6b)
A, sin Bl(cos ﬁl + sin ﬁl)

It is desired to find the value of / which will make K
and K; most nearly constant over a range of values of
No. To do this, the right-hand members of (6a) and (6)
may be plotted versus Ao/A. for various values of I/,
as a parameter. It can then be scen that both K and K,
have stationary values for a value of I/A,=0.25 and for
values of A/ between 0.80 and 0.90. These values de-
termine the broad-band design.

EXPERIMENTAL PROCEDURE

For an experimental check, a section was built as in
Fig. 3. Each shunt element was made up of a pair of ad-
justable screws entering from opposite sides of the wave-
guide. To find the proper insertion a simple experiment
was performed in which the standing-wave ratio intro-
duced into a matched line by a single pair of opposed
screws was measured. The susceptance versus insertion
depth was then calculated.

The section was placed with the plane of the screws

¢ Ibid., p. 169

0388" =0 388"’;

Fig. 3—Wuavcguide section; schematic, showing
calculated dimensions.

Results are shown in Fig. 4. It was found that if cach
screw insertion was increased approximately 0.004 inch
a somewhat flatter cllipticity characteristic was ob-
tained, This adjustment was needed, it was thought, to
compensate for cffeets neglected in the above theory,
such as the series reactance of the pins, the coupling be-
tween adjacent pairs, and slight deformations of the
pipe from perfect circularity.

1S ;
\
\ ]
\ .
14 * v A
= NN cuan s foure @
= \
w ] g '\37. o
= %
= )
= 12F Q\. “
15 v
‘ i
PINS INGEXTZ gpa !
T4 ————1—DEEPER THAN M FIGURE 3 Ay
_ ‘ b vsuR
2 i'.\ T PINS I1E
= ]
0 A VA W N VER
w ST \S ;

E T !
LGN R
\ /_o-- '

Igb b c\ [
I ]
, K //Av VSuR
! \ —— _u_ﬂ— PINS L "E"

rRELUENC! (KNMES)

Fig. 4(a) and (h)—V oltage ellipticity and voltage standing-wave
ratios versus frequen(‘y
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Fundamental Aspects of Linear Multiplexing’

L. A. ZADEH?t, MEMBER, IRE AND K. S. MILLER], MEMBER, IRE

Summary—A linear multiplex system is defined as one in which
the separation of signals belonging to different channels is achieved
by the use of linear, time-variant or time-invariant, filters. It is
shown that a fundamental property of such systems is that the sets
of signals associated with their respective channels are linear and
disjoint. Conversely, signals that belong to linear and disjoint sets
can be transmitted simultaneously and separated at the receiving
end by means of linear, generally time-variant, filters. It is shown
that frequency-band compression cannot be achieved with a linear
system.

In geometrical terms, the extraction of signals belonging to a
specified channel may be regarded as the projection of the signal
space on the manifold corresponding to the channel in question
along a complementary manifold. The filtering process is formulated
in analytical terms via the A-domain technique. Methods of syn-
thesizing linear multiplex systems of other than the conventional
frequency- or time-division types are indicated.

I. INTRODUCTION

; ULTIPLEX COMMUNICATION SYSTEMS
M mav be divided into two basic categorices. linear
svstems and nonlincar systems. A multiplex
system is linear or nonlinear according as the scparation
of signals belonging to different channels is effected by
lincar or nonlincar filters. 1t is synchronous or asynchro-
nous, depending on whether the signal-separating filters
ire time-variant or time-invariant.

The conventional time- and frequency-division mul-
tiplex systems, as well as the system based on the use of
orthogonal functions,! fall into the category of linear
svstems. On the other hand, most of the code multiplex
ind asvnchronous? svstems fall into the category of non-
lincar systems.

talk and interchannel interference, and other factors of
practical importance. Thus, the present paper consti-
tutes a preliminary investigation of some of the funda-
mental aspects of linear multiplexing, not a detailed
study of various types of lincar multiplex systems.

I1. Basic THEORY

For simplicity of analysis, it will be assumed that the
system has only two channels, which will be designated
by I and I1. This restriction is not an essential one, and
it does not detract from the generality of the results.

A functional diagram of an idealized multiplex sys-
tem is shown in Fig. 1; 1,(f) and u(2) represent two pos-
sible messages, the set of all such messages constituting
the message set (space) M. The messages u(f) and
us(t) are operated upon by the modulators M, and M,
respectively, resulting in the signals :(¢) and va(t). These
signals are added, and their sum v() =9,(t) +v(t) is
transmitted through a common channel to the recciver.

Disregarding the noise, distortion, and delay, the re-
ceived signal is identical with (). At the receiving end,
o(t) is processed by two filters Fy and Fy, which, ideally,
yield the transmitted signals vi(t) and va(f). These sig-
nals are operated upon by the demodulators D, and
D, whose function is to transform the signals »(t) and
vs(t) into the transmitted messages #i(!) and uy(t), re-
spectively. Needless to say, in practice u(¢) and u2(1)
are obtained after some time delay and, in general, with
some distortion,

The modulator M, transforms the message set I into

______ u

r U, Vi '

| M, F D, ‘ °

I MessaGe | \ 4

! { MODULATORS + CHaNNEL FILTERS DEMODULATORS

: SeT | U, Vs 5
oL —= ‘ ——0

 I—— Mz Fa Da

Fig. 1—Functional diagram of a typical two-channel multiplex system.

The purpose of this paper is to examine some of the
basic theoretical aspects of lincar multiplexing in the
light of function space representation of signals. No at-
tempt will be made to deseribe or analyze particular
multiplex systems in detail, or to compare their per-
formance in regard to bandwidth requirements, cross

* Decimal classification: R460. Original manuseript reccived by
the Institute, October 11, 1051,

t Columbia University, New York 27, N. Y.

+ New York University, New York 53, N Y.

1N, Marchand and H. R. Tolloway, “Multiplexing by Orthog-
onal Funetions,” IRE Conference on Airborne [lectronics, Dayton,
Ohio: May 23, 1951. See also, “Analysis of dot-sequential color tele-
vision,” Proc. T.IRE., vol. 39, pp. 1280-1287; October, 1951,

1 W. ). White, “Theoretical aspects of asynchronous multiplex-
ing,” Proc. T.R.E., vol. 38, pp. 270 275; March, 1950.

a set Sy, which consists of all possible signals #,(2) in
channel . Similarly, M, transforms I into a set Sg,
which consists of all possible signals v(¢) in channel I1.
These two sets give rise, collectively, to a set S, which
consists of all possible signals v(¢), v(t) =u(t) +v2(8), at
the receiving end of the system. Clearly, the sets Sy and
Sp are subsets of .S,

The sets in question assume a familiar form in the
casc of a frequency-division multiplex system. [lere the
set S consists of all signals which do not contain fre-
quencies outside of a band, say from f to f2 cps, while
S, comprises thosc signals which do not contain fre-
quencies outside, say, fa to fi cps, with f3>f2. The set S,
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then, consists of signals whose {requency content is con-
fined to the bands f; to f; cps and f; to fy cps.

In general, the signals v;(1) and v,(f) are of a random
nature and the sets S, and S, are ensembles, i.c., sets
with a probability measure. However, the statistical
structures ol S, and S, are seldom well defined and are
usually lacking in stability. For this reason, it is ex
pedient to treat S, and S; simply as sets, and not as
ensembles.

The principal components of a multiplex system are
the filters /7, and Fa, whose function is to extract the
transmitted signals o,(f) and v,(r) from the received sig-
nal v(t), v(t) =v:1() +v2(2). The establishment of some of
the basic properties of these filters is the main concern
of the following discussion:

Since the filters F; and F; have similar functions, it
will be sufficient to consider just one of them, say F,.
Using the symbolic notation

y=Fx (1)

to indicate that y(f) is the response of a filter F (at
rest) to a signal x(f), the operation performed by F, may
be written

1"1(1)1 + 1'2) = ¥;. (2)

This relation expresses the fact that, ideally, the filter
Iy vields the signal v,(¢), without anyv distortion or de-
lay, by operating on the sum of 3,(f) and v(1).

It is evident that (2) should hold for any signal v,(f)
belonging to .5;, and any signal »(f) belonging to S..
Thus, a more complete statement of the function of the
flter F) is

I",(v; -+ vz) = (3)

for all v; in S) and all v5in .S,.

It is quite clear that (3) cannot possibly be satisfied
unless the sets S, and S; possess some rather special
properties. Two sets of signals, S, and S,, will be called
linearly separable if there exists a linear filter F, satisfy-
ing (3). Clearly, the sets of signals associated with the
channels of a linear multiplex system must be linearly
separable.

A question of basic importance is: Under what con-
ditions are two sets of signals linearly separable? An
answer to this question is formulated in the sequel.

First, it will be shown that S, and S; must be linear
sets. In mathematical terminology, a set is called linear
if it contains every finite linear combination of its cle-
ments. Thus, if " and v’’ are any two clements of a sct
S, then § is a linear set if av’+bv’"’, where a and b are
arbitrary constants, is an element of S.

A simple example of a linear set is the set of signals
which do not contain frequencies higher than, say, fo
cps. Clearly, if »’(t) and v’’(1) are two such signals, then
av’(1)+bv''(1) is also a signal of the same type.

The fact that S; and .S; must be linear sets is ecasily
established. Thus, (3) may equivalently be written in
the form

Or THE LRI September
]"ﬂh v for all V) in S] (4)
Fiu, =0 forall vainSe. (5)

It (4) holds for v,” and »'" which are mmembers ot Sy,
then it also holds for av,’+4 bv’’, where ¢ and b are
arbitrary constants. Consequently, avn’+bv,"" is a mem-
ber of 81, and hence Sy is a linear set. The same reason
ing applies to S, T'hus, a necessary condition for lincar
separability is that .S, and Sz should he linear sets.

Next, it will be shown that Sy and Se must be disjoint
sets, that is, should not have any clement in common
except the null signal o(f)=0. Suppose that a signal
v(f) #0 belongs to both 5 and Se; then, according to
(4) the response of 19 to this signal is o(t). But, accord
ing to (5) the response is zero. In consequence of this
contradiction, a nonzero signal o(¢) cannot belong to
both 8, and .S, which imphes that the sets S; and
are disjoint

To summuarize, linearly separable sets of signals have
two fundamental properties: (a) linearity and (b) dis
jointness.

An important question which arises at this point is
Are these two properties suthcient? In other words, iarc
two sets of signals S; and Sz linearly separable -and
hence usable in a linear multiplex system- -provided
only that they are lincar and disjoint? 1t will be shown
in the next two sections that the answer to this question
i in the affirmative, with one generally unimportant
qualification concerning the physical realizability of the
filters Fy and F, Thus, it appears that, in so far as
linear multiplex systems are concerned, the onlv essen
tial properties that S, and S; need possess are those of
linearity and disjointness.

The practical significance of this conclusion stems
from the fact that one can readilv construct a large
variety of sets of signals which are linear and disjoint,
and which, conscquently, can be emploved for svnthe
sizing various tvpes of linear multiplex svstems other
than those of the conventional time- and frequency -
division types. Thus, the designer of a multiplex syvstem
finds at his disposal a number of different types of
systems of which he can choose one hest suited for his
purposes. It is well to emphasize, however, that of all
possible linear multiplex svstems, those employing fre
quency- and time-division, although not necessarily the
best in ail importunt respects, are certainly the simplest
in both conception and design.

I GLoMETRICAL INTERPR ETATION

Many aspects of multiplexing are greatly clarified
when considered in the light of geometrical representa-
tion of signals. In applving the geometrical approach,
a signal 2(/) is represented as a vector v in a vector space
(signal space) X. Since the use of the geometrical ap-
proach in communication theory is of rather recent
origin,® it might be helpful to precede the application of

3 C. E. Shannon, “Communication i the presence ]
. ' ! > > of noise
Proc. LR.E., vol. 37, pp. 10-21; Lanuary, 1049 S .

&



1952 Zadeh and Miller: Fundamental Aspects of Linear Multiplexing 1093

this approach to linear multiplex systems with a few
words of introduction. Detailed treatments of function
spaces can be found in the literature of mathematics*®
and physics.57

Consider a signal v(t) defined over the infinite inter-
val — = <t< . When v(t) is represented as a vector v
in a signal space Z, the co-ordinates of v are, roughly
speaking, the coefficients of a suitable resolution of v(¢)
into a sct of component signals. In particular, when v(¢)
is a band-limited signal of band fo, the co-ordinates of
v mayv be taken as the values of v(¢) at regularly spaced
sampling instants 1/2fy seconds apart.

A linear set of signals, such as S), corresponds in the
signal space to a linear manifold Z,, which is a linear
subspace of Z. Familiar examples of linecar manifolds
are straight lines and planes in the three-dimensional
space. Naturally, one cannot visualize a multidimen-
sional linear manifold. However, thinking in “three-
dimensional” terms is very helpful since many of the
properties of multidimensional linear manifolds can be
inferred from those of straight lines and planes.

[t was shown in the preceding section that linearly
separable sets of signals are (a) linear and (b) disjoint.
If S, and S, are two such sets, the corresponding mani-
folds =, and =, in the signal space 2 are likewise linear
and disjoint. In geometrical terms, this means that 2,
and X, are linear manifolds which do not intersect each
other excep.t at the origin. A simple example of such
manifolds is furnished by two straight lines passing
through the origin. Another example is that of a plane
passing through the origin and a straight line (also pass-
ing through the origin) which does not lie in this plane.

For purposes of visualization, it will suffice to use a
two-dimensional diagram of the signal space I, as
shown in Fig. 2, with the tacit understanding that =
actually is infinite-dimensional. In a two-dimensional
diagram, the manifolds 2, and Z; assume the form of
two straight lines emanating from the origin. The sig-
nals #1(1) and vy(t), belonging to S, and S, respectively,
correspond to the vectors » and v, in Z; and Z,. The
sum signal v(t) =2:(t) +2(t) at the receiving end of the
multiplex system corresponds to the vector v=v+1,,
the resultant of v, and v,.

At the receiving end, the filter Fy is supposed to ex-
tract the signal »(t) from the received signal w(f)
=)+ v(t). Geometrically, the problem is that of
finding 21, given v and knowing that » and 2, lic in 2,
and 2y, respectively. The solution of this problem is
clear; oy is obtained by projecting v on 2y along 2, [t
can readily he shown that the same solution applies in
infinite=dimensional signal spaces. Thus, the operation
i erformed by the filter [y may be interpreted in geo-

M. Frechet, “Les Espaces Abstraits,” Gauthier-Villars, Paris;

$F. ). Murray, “Linear ‘Transformations in Ililbert Space,”
Princeton University Press, Princeton, N [ 194]

¢ J. von Neumann, “Mathematische Grundlagen der Quanten-
mechanik,” Dover Publications, Inc., New York, N. Y.; 1943,

7 1{. Weyl, “Theory of Groups and Quantum Mechanics,” Dover
Publications, Inc., New York, N. Y.; 1949.

metrical terms as the projection of the signal space Z
on the manifold 2, (representing the set of signals S, in
channel I) along the manifold ¥, (representing the set
of signals S» in channel I1).

0
Fig. 2—Geometrical representation of the filtering process for
the case where Z; and Z; are linear manifolds.

This geometrical interpretation is helpful in several
respects. In particular, it suggests a simple way of char-
acterizing the filter Fi. As a convenient illustration,
consider a four-dimensional signal space in which the
co-ordinates of a point represent the values of the cor-
responding signal at four equispaced sampling instants,
and suppose that the manifolds Z, and Z; are two plancs
passing through the origin. Assume that the planc X
is specified in terms of two vectors with components
(ku, kgl, k;”, k41) aﬂ(] (klz, kzz, kaz, ku) Wthh it C()lltﬂillS,
and that 2, is similarly specified by two vectors whose
componcnts are (km, kzs, k:;a, k.n) and (ku, kz;, ku, k.“).
With these vectors, construct the matrix

|l by ki ks ki ||
koy kae  kaz ko
, (6)
kyy ki kas  ka H
|| kg ko kiz Ry

whose columns are the vectors in question.

In geometrical terms, the filter Ffy takes the received
signal v(¢)—represented by a four-dimensional vector
v—and projects it on the plane Z, along Z,, thus yield-
ing the signal ¢1(¢) in channel I, Regarding v and v, as
column matrices, the transformation of  into v, may be
written in a matrix form

n = Wy, )

where the 4 X4 matrix Wi constitutes, in effect, a matrix
representation of the impulsive response of the filter
I The elements of W) can readily be found by making
use of the fact that, geometrically, W, represents the
projection of 2 on 2y along ¥, ‘Thus, one obtains the
following expression for the general element of Wi
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Wigh = 2 kaky . (8)
Aol

Here k; is the general element of the matrix £, and
kijVis that of the inverse of k. It can casily be verificd
that, given the vector v=v,+v;, where v, and v, arc
vectors in =) and ¥,, one obtains the vector v, by per
forming the matrix operation

Wi 9)
This is equivalent to operating on the sum signal v with

a filter F; whose impulsive response (in matrix form) is

W,

N Q)

Fig. 3-—(a) Casc where 7, can be extracted from v, +rv.. (b) Case
where v cannot be extracted from v, +v,.

At this point it is worth while to digress brieflv and
consider the case where the manifolds ¥, and I, are
nonlinear.® Suppose that the two-dimensional diagram
of the manifolds in question is of the form shown in
Fig. 3(a). Here X, and Z; represent the loci of the tips

® A somewhat more detailed discussion of this case is given in
L. A. Zadeh, “Some basic problems in communication of informa-
tion,” Trans. N. Y. Acad. Sci., vol. 14, pp. 201-204; March, 1952.

or 11l LRI September

of v, and vy, [Uis clear that, given the sum v=v+n, and
the manifolds X, and 2, one can determine 7, by plot-
ting the locus of v—v.’, where v, 1s o vector in 2y, and
finding the intersection of this locus, I, with %,
Thus, the extraction of 7y is achieved essentially by solv
ing a svstem of simultancous equations defining X, and
I for the co-ordinates of

In the case under consideration, the filtering opera

tion
Fiwv =1, (10)

which maps X onto Xy, is nonlincar. In this connection
an important observition is that o can, in principle, be
extracted from the sum 9,4, (although in some ciases
the result may not be unique) provided the sum of the
dimensions of 2, and X; does not exceed that of the
signal sp'u“ (In the example under consideration,
Y, and X5 are one-dimensional and ¥ i1s two-dimen
sional.)

Now Sl||)|)()bc that Iy has the same form as in Ig
3(a), but X, 1s two-dimensional. This case is illustrated
m | 1g, 3(h). Here, the shaded area represents the pos
sible locations of the tip of v, In this case, it is quitc
evident that, given the sum 2 =94, one cannot c¢x
tract o; by any operation, linear or nonlinear. More gen-
L".l”\', it appears that if the sum of the dimensions of
Zp and Zs exceeds that of ¥, a signal v, cannot be ex-
tracted from the sum g4, by the use of a continuous
(lincar or nonlincar) operation.

One important condclusion which stems from  the
above discussion is that it is impossible to achieve band
width compression with a linear multiplex syvstem. More
specificatly, consider 1 message set which consists of all
signals of bandwidth not exceeding fo and defined over
a long time interval 7 The dimension of the message
space is 2fo 7, and correspondingly the dimension of the
manifolds I, and X, in the signal space T is likewise
2foT. Since the dimension of X should not be less than
the sum of the dimensions of S, and ., the dimension
of X should be greater than or equal to 4fo7". This im
plies that the bandwidth of the common channel cannot
be less than 2fo, which is the sum of the bandwidths of
component channels. Consequently, the common chan
nel bandwidth cannot be less than twice the bandwidth
of message set, so long as the system is designed to
transmit any ])«)ssnl)lc message in the message set, 1.c.,
any signal of bandwidth not exceeding fo.

IV ANALYTICAL FORMULATION

The fltering process discussed in the preceding two
sections can be formulated in analvtical terms by em
ploving the technique of resolution of signals into a
suitable set of component signals.?

Brietly, the conventional frequency analysis of a sig
nal v(?) is based on the resolution of #() into a set of com-

0L, \ Zadeh, “\ general theory of lincar signal transmission
systems,” Jour. Frank. Inst., vol. 253, pp. 223-312; April, 1952,
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plex exponential component signals. The resolution is
expressed by the Laplace integral

1
: _fe“l'()\)d)\,
27!’_] (e

where {e“} represents '% a sct of exponential component
signals; \ is the complex frequency; Cis a straight line
parallel to the imaginary axis; and V(A) plays the role
of a weighting function. The function V(\) is formally
given by the (bilateral) Laplace transform of (f)

o) = (11)

V(N = f”e Mp(t)d!, (12)

where et is the kernel of the transformation.

More generally, v(f) may be resolved into a set of
component signals {k(t; M)} of some suitable but other-
wisc arbitrary form. Correspondingly, the expression for
#(t) in terms of the component signals reads

o(l) = f k(L M)V (NN, (13)
¢

where N plays the same role as in (11). The weighting
function V() is called the spectral function of v(¢) rela-
tive to k(t: N). The set of functions {k(t; )\)} defines a
so-called N domain, of which the time and frequency
domains arc special cases. Thus, when k(¢; \) =8(t—M),
where 8(f—X\) is a unit impulse, A =time, the associated
A domain is the time domain, and V(A) is identical with
#(N). On the other hand, when k(f; ) =¢*!/27j, N =com-
plex frequency, the associated N domain is the frequency
domain, and V()\) is the Laplace transform of v(t).

Returning to the consideration of linear multiplex
svstems, it will be noted that the conventional time-
and frequency-division methods of multiplexing are par-
ticular cases of what might be referred to as “N domain
division.” The term “division” implies that a set of sig-
nals | k(t; N) | corresponding to some set Ay of values of
N is assigned to channel I, while a disjoint set of com-
ponent signals corresponding to some nonoverlapping
set A, of values of A, is assigned to channel 1. In the
particular case of frequency division, the sets Ay and 4.
consist of two nonoverlapping frequency bands, and the
component signals are of the form ¢*/27j. On the other
hand, in the case of time division, A, and A; consist of
nonoverlapping  time intervals, and the component
signals are unit impulse functions 8(f —X\).

By using the notion of A domain, the linearity and
disjointness of two sets of signals can be conveniently
formulated in terms of the spectral functions of the sig-
nals in question. Thus, if A; and A; arc two nonover-
lapping sets of values of A (on the contour C), then two
sets of signals .Sy and S, are linear and disjoint if the
spectral function of any signal in .Sy vanishes for N not
in Ay, while that of any signal in .S, vanishes for A not in

1 The braces are used bere and clsewhere to denote a set of
functions. Thus {e*] represents a set of functions e, each function
corresponding to a value of X on the contour €
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A.. In other words, the spectra of these signals do not
overlap in the associated X\ domain. This mode of char-
acterization of linear and disjoint sets of signals is
analogous to that commonly used in the case of the
frequency domain.

The sets 4; and A, may be regarded as the “bands”
occupied by channels I and 11, respectively, in the asso-
ciated X domain. If B, is the “bandwidth” of channel I,
i.e., Lebesgue measure of 4;, and B, is that of channel
11, then the total “bandwidth” is the sum of B; and Bs;
that is,

total “bandwidth” = B = B, 4+ B.. (14)

In the case of frequency division, (14) reduces to the
statement that the total bandwidth of the system (in
the conventional sense of bandwidth) is the sum of the
bandwidths of component channels. Similarly, in the
case of time division, (14) reduces to another obvious
statement, namely, that the total transmission time is
the sum of transmission times for individual channels.
More generally, (14) implies that, in a multiplex system
based on division in some domain, the total “band-
width” occupied by the system in this domain is equal
to the sum of “bandwidths” of component channels.
Since any linear multiplex system is, in one way or
another, based on division in a A domain, it can be con-
cluded that the “bandwidths” of component channels
combine additively in some A\ domain. In particular, in
the case of a frequency-division multiplex system, the
bandwidths combine additively in the frequency do-
main; while in the case of a time-division system, the
“handwidths,” i.e., transmission times, combine addi-
tively in the time domain.

In the preceding section, the fltering operation per-
formed by F, was characterized in geometrical terms as
the projection of the signal space = on Z, along Z,. In
what follows, the filtering process is treated from a
different point of view based on the resolution of signals
into a set of component signals {k(t; M) }.

A linear system such as Fy can be characterized in a
variety of ways. One convenient mode of characteriza-
tion involves a so-called characteristic function® Ki(t; N),
which is defined as the response of Fy to k(t; N)—both
regarded as functions of time involving \ as a parameter.
For example, in the time domain k(¢; N\) =8(¢t—\) and
the associated characteristic function is the response of
Fy to 8(t—X\), that is, the impulsive response of Fy. Thus
in the time domain K,(¢; N) =1W,(t, N), where Wi(t, N)
denotes the impulsive response of Fy.

Consider now a multiplex system in which the “band”
occupied by channel 1 in some specified X domain, de-
fined by Jk(t; M)}, is a set 4, of values of X (on the con-
tour C). The filter Fy should pass, without distortion or
delay, all component signals k(¢; N) in which X belongs
to Ay, and reject all those in which X (on C) does not be-
long to A,. IFrom this it follows at once that the char-
acteristic function K(t; N), which is the response of Fy
to k(f; N), is given by
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"lc(l; A), forXin A4, |

Ki(t; N &
' o, for A not in A4,J

(15)

It is more desirable to characterize the filter F, in
terms of its impulsive response W, (¢, §), i.e., the response
to a unit impulse §(f—£). 1t can readily be shown? that
the relation between the impulsive response and a char-
acteristic function is

9 = [ K@ oa, (1)

where £71(N; #) is the inverse of k(t; N). [The inverse of
k(¢ N), YN 1), is related to k(4; N\) by the equation

[ renrosoa = s - . (17)
C

The inverse of k(t; \)=e*/2mj is k7'(N; {) =¢ . Simi-
larly, the inversc of k(£; ) =8(t—X\) is k~'(N; 1) =8(t—N). ]

To obtain the expression for the impulsive response of
I, it is sufficient to substitute the expression for
Ki(t; N) (15) into (16). This vields

Wi, £) = f Bt N E(N; BN, (18)

where the integral 1s taken over the set A4,, ie., the
“band” of channel 1. This result provides the desired
expression for the impulsive response of F,. Once Wi(¢, §)
has been obtained, the fHilter Fy may be svnthesized di-
rectly in the form of a tapped delav-line filter with time-
varying weights.

The familiar cases of the time and frequency domains
will serve to illustrate the calculation of W,(¢t, £) from
the general expression (18) derived above. First, con-
sider a frequencyv-division system in which the band 4,
is the frequency interval —wo=<w=w,. In this case,

jat

k(t; \) = —»
(G 5

w1

A = jw (19)

and
YN 1) = eivt, (20)

Substituting these expressions in (18) vields

1 jwo
Wi, &) = ) f eivte 18] (juw)

L) jwo

B sin wo(f — f). 1)

w(t — &)
which will be recognized as the impulsive response of a
conventional low-pass filter with zero phase shift in the
pass band.

Next consider a time-division system in which the
band A4, consists of intervals of length £, which are uni-
formly distributed with period T, on the t-axis. In
other words, A, consists of values of A satisfying the
inequalities
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nTo < N<nlo+ to, n 0, +1, +2, - - (22)

In the casc under consideration, k(¢; N) and 27'(N; 1)
are expressed Dy

Kt \) = 8(t — N) (23)

and
BN ) = 8(t — N). (24)

Substituting these in (18) gives

W, £ f (1 — NN — E)dN, 25
J Ay
which simplifies to
Wit ) =68(t — §), foréin.ty. 20

0, for¢notin A4,

Physicallv this represents the impulsive response of a
switch which is closed periodically every Ty seconds for
to scconds. Needless to sav, this is the usual form of the
filter Fyin the case of a time-division svstem.

It will be noted that the impulsive response of the
filter Fy in the case of a frequency-division system does
not vanish for t<£ This implies that Fy is not phys-
ically realizable since the impulsive response of any
physical system is zcro for t<£. However, W,(t—8, £)
where 3 1s a constant, mayv be made as small as desired
for t<& by making g sufficiently large. Thus, one can
approximately realize a hlter I7* whose impulsive re-
sponse is 117(¢t— B, £). The filter Fi* would vield the same
output as Iy, but with a time-delay g.

The same problem is usually encountered in connes
tion with other types of linear multiplex svstems. Thus,
in general, 11,(t, ) as given by (18) does not vanish for
t<§. Cansequently, it is necessary to introduce a suffi-
ciently long time delay 8 and realize approximately a
filter F4* whose impulsive response is 1V,(1—8, £). This
can always be done provided that IW,(1, £) approaches
zero uniformly as t— £ approaches nxnus mhnity. With
this generally unimportant qualification, one can state
that the filter /) is physically realizable to within a con-
stant time delay, with as small an error as desired.

It should be noted that the general expression for
Wh(t, £), obtained above, includes that expressed by (8)
as a special case. Thus, (8) may be regarded as a par-
ticular case of (18), in which f and X assume the discrete
values identified by the subscripts 7 and J. The matrices
k and k7' are discrete forms of E(f; \) and its inverse
k7Y(N; 1), respectively. Finally, in (8), the summation
over the subscripts associated with the manifold on
which the projection takes place, corresponds to the
integration over the set A, in (18).

V. SYNTHESIS OF A LINEAR Mg TIPLILX SYSTEM

The conventional multiplex svstems utilize essen
tially two types of linearly separable signals: (a) signals

i ]

'y
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which occupy nonoverlapping “bands” in the time do-
main (time division) and (b) signals which occupy non-
overlapping bands in the frequency domain (frequency
division). A\ question which naturally arises is: How
can one synthesize, at least in theory, a system in which
the signals occupy nonoverlapping bands in some do-
main other than the time or frequency domains?

The preceding discussion suggests two approaches to
this problem, one analytical, the other geometrical. In
the analvtical approach, one chooses a suitable (con-
tinuous or discrete) set of component signals gen-
erated by a function k(¢; N), and then assigns a set
A of values of N to channel I and a nonoverlapping set
A, to channel II. Correspondingly, the impulsive re-
sponse of the filter Fy (at the receiving end of channel 1)
is obtained from (18), while that of the filter F; (at the
receiving end of channel 11) is obtained from the same
expression, except A, is replaced by A,. Finally, the fil-
ters Fy and F, are approximated to within a constant
time delay by physically realizable filters Fi* and Fp*.

The chief difficulty in this approach is that, at pres-
ent, the inverse functions k—(\; ¢) are known for only a
relatively small number of k(¢; ) functions, and of these
not all are of practical interest. The removal of this
dithiculty requires an expanded catalogue of various
tyvpes of k(¢; N) functions and their respective inverses.

The geometrical approach, although similar in prin-
ciple to the analytical approach, is better adapted than
the latter for numerical work, and has the advantage of
furnishing a visual picture (in three-dimensional space)
of the multiplex process. In employing this approach, one
sclects some suitable (linear and disjoint) manifolds 2,
and X, in the signal space Z, and assigns them to chan-
nels I and 11, respectively. A vector 7 in I, represents
a signal #;(/) which may be transmitted over channel 1.
Similarly, a vector »; in Z; corresponds to a signal v,(¢)
in channel I1. At the receiving end, the separation of
signals is accomplished by projecting the signal space Z
on the manifold Z; along Z,, which yields the signals
belonging to channel I, and by projecting 2 on Z, along
2., which gives the signals in channel 1.

In practice, in employing the geometrical approach it
is expedient to divide the infinite time interval
— = <t < =« into a succession of reasonably short time
intervals 7', each of which corresponds approximately to
a finite-dimensional signal subspace. T'o illustrate this
procedure, suppose that each such subspace is approx-
imated by a four-dimensional subspace of . Assume
that the manifolds Z; and Z; in this subspace are two
nonintersecting plancs, of which 2y is defined by two
vectors ky=(ky, ka, ki, ky) and ky=(ki2, kxn, ki, ke),
while 2y is similarly defined by ks = (kia, ko, kas, kaz) and
k‘ (ka k'My kah k")-

A signal »1(2) in 2 may be represented as i vector
of the form

U = wiky + asky,

(27)
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where oy and a; are arbitrary constants. Similarly, v
may be wiitten as

vy = azks + auky, (28)

where a3 and ay are likewise arbitrary constants. By as-
signing numerical values to a1, a2, a3 and as, one ob-
tains two four-point signals »; and v,. Repeating this
process, not necessarily with the same k vectors, one ob-
tains two trains of four-point signals which, collectively,
constitute a pair of linearly separable signals #(f) and
vo(t) defined over an arbitrarily long interval.

The separation of these signals is achieved by project-
ing cach four-dimensional subspace on I, along Z, by
the use of the matrix equation (9). By repeating this
operation for each four-point interval, one can extract
a composite signal »,(f) (consisting of a train of four-
point signals), from the sum of #(¢) and v;(¢). The same
procedure (with the roles of Z; and Z; interchanged)
is followed for the extraction of »(¢) from the sum of
9 (2) and v.(f).

v
F, '
Vi+V;p
A\
(a) by

Fig. 4—Lincar transformation of a multiplex system.

It will be noted that many different types of multi-
plex systems can be obtained from a given prototype
system through a process of linear transformation!
which is illustrated in Fig. 4. The prototype system is
shown in [Fig. 4(a), while the derived system is shown
in Fig. 4(b). In the latter system, L represents a linear
network, generally of a time-variant type, and L-!
stands for the inverse system. It is seen that, if the sets
of signals associated with channels I and 1 in the proto-
type system are Sy and Sz, the corresponding sets in the
transformed system are L(S1) and L(S;), where L(S)
represents the set of signals resulting from operating
with L on the clements of S.

It should be remarked that this method of derivation
is applicable regardless of whether the prototype multi-
plex systent is lincar or not. It is essential, however, that
L be a lincar network,

L, A Zadel and I1K0S, Miller, “Generalized ideal filters,” Jour.
Appl. Phys., vol. 24, pp. 223 -228; February, 1952.
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A Method for the Construction of
. o 3 *
Minimum-Redundancy Codes
DAVID A. HUIFFMANT, ASSOCIATE, IRE

Summary—An optimum method of coding an ensemble of mes-
sages consisting of a finite number of members is developed. A
minimum-redundancy code is one constructed in such a way that the
average number of coding digits per message is minimized.

INTRODUCTION
@Nh IMPORTANT NMETHOID of transmitting

messages is to transmit in their place sequences

of symbols. If there are more messages which
might be sent than there are kinds of svmbols available,
then some of the messages must use more than one sym-
bol. If it is assumed that each symbol requires the same
time for transmission, then the time for transmission
(length) of a message is directly proportional to the
number of symbols associated with it. 1n this paper, the
symbol or sequence of symbols associated with a given
message will be called the “message code.” The entire
number of messages which might be transmitted will be
called the “message ensemble.” The mutual agreement
between the transmitter and the receiver about the
meaning of the code for each message of the ensemble
will be called the “ensemble code.”

Probably the most familiar ensemble code was stated
in the phrase “one if by land and two if by sea.” In this
case, the message ensemble consisted ot the two indi-
vidual messages “by land” and “by sea”, and the message
codes were “one” and “two.”

In order to formalize the requirements of an ensemble
code, the coding symbols will be represented by num-
bers. Thus, if there are D different types of symbols to
be used in coding, they will be represented by the digits
0,1,2, - - -, (D—1). For example, a ternary code will be
constructed using the three digits 0, 1, and 2 as coding
symbols.

The number of messages in the ensemble will be called
N. Let P(z) be the probability of the ith message. Then

N

2. P(i) = 1. (1)

te=1
The length of a message, L(7), is the number of coding
digits assigned to it. Thercfore, the average message
length is

Law = 3 PO)LG). @)

1=1

The term “redundancy” has been defined by Shannon!
as a property of codes. A “minimum-redundancy code”

* Decimal classification: R53i.1. Original manuscript received by
the Institute, December 6, 1951.

t Massachusetts Institute of Technology, Cambridge, Mass.

' C. E. Shannon, “A mathematical theory of communication,”
Bell Sys. Tech. Jour., vol. 27, pp. 398—403; July, 1948.

will be defined here as an ensemble code which, for a
message ensemble consisting of a finite number of mem-
Lers, N, and for a given number of coding digits, D,
vields the lowest possible average message length. In
order to avoid the use of the lengthy term “minimum-
redundancy,” this term will be replaced here by “opti
mum.” 1t will be understood then that, in this paper,
“optimum code” means “minimum-redundancy code.”

The following basic restrictions will be imposed on an
ensemble code:

(a) No two messages will consist of identical arrange

mernts of coding digits.

(b) The message codes will be constructed in such a
way that no additional indication is necessary to
specify where a message code begins and ends
once the starting point of a sequence of messages
1s known.

Restriction (b) necessitates that no message be coded
in such a way that its code appears, digit for digit, as the
first part of anyv message code of greater length. Thus,
01, 102, 111, and 202 are vahd message codes for an en
semble of tour members. or instance, a sequence of
these messages 1111022020101111102 can be broken up
into the individual messages 111-102-202-01-01-111-102.
All the receiver need know is the ensemble code. Tlow
ever, if the ensemble has individual message codes in-
cluding 11, 111, 102, and 02, then when a message se-
quence starts with the digits 11, it is not immediately
certain whether the message 11 has been received or
whether it is only the first two digits of the message 111.
Moreover, even if the sequence turns out to be 11102,
itis still not certain whether 111-02 or 11-102 was trans-
mitted. In this example, change of one of the two mes-
sage codes 111 or 11 is indicated.

C. E. Shannon' and R. M. Fano? have developed en-
semble coding procedures for the purpose of proving
that the average number of hinary digits required per
message approaches from above the average amount of
information per message. Their coding procedures are
not optimum, butapproach the optimum behavior when
N approaches infinitv. Some work has been done by
Kraft® toward deriving a coding method which gives an
average code length as close as possible to the ideal when
the ensemble contains a finite number of members.
However, up to the present time, no definite procedure
has been suggested for the construction of such a code

2 R. M. Fano, “The Transmission of Information,” 1
g . f tion,” Technical
Report No. 65, Research Laboratory of 12 90N
bridge, Mass.. 1949, y of Electronics, M.I.T., Cam-
*L. G. Kraft, “A Device for Ouantizing G , ,
Amplitude-modulated Pulse-." Flectrical | ::.;inlol::"{)g:"hngil:] \(]0;1';“‘
Cambridge, Mass.; 1049, n
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to the knowledge of the author. It is the purpose of this
paper to derive such a procedure.

DERIVED CODING KEQUIREMENTS

Foranoptimum code, the lengthof a given message code
can never be less than the length of a more probable
message code. If this requirement were not met, then a
reduction in average message length could be obtained
byvinterchangingthecodesfor the twomessagesinquestion
in such a way that the shorter code becomes associated
with the more probable message. Also, if there are sev-
eral messages with the same probability, then it is pos-
sible that the codes for these messages may differ in
length. However, the codes for these messages may be
interchanged in any way without affecting the average
code length for the message ensemble. Therefore, it may
be assumed that the messages in the ensemble have been
ordered in a fashion such that

P(Yyz Pz --- 2PN —1)z P(N) 3
and that, in addition, for an optimum ccde, the condition
LN SLR2)g---SL(V-1)=LWN) 4

holds. This requirement is assumed to be satisfied
throughout the following discussion.

It might be imagined that an ensemble code could
assign ¢ more digits to the Nth message than to the

N —1)st message. However, the first L(N —1) digits of
the A'th message must not be used as the code for any:
other message. Thus the additional ¢ digits would serve
no useful purpose and would unnecessarily increase
L.». Therefore, for an optimum code it is necessary that
L{N) be equal to L(N—1).

T'he kth prefix of a message code will be defined as the
first k digits of that message code. Basic restriction (b)
could then be restated as: No message shall be coded
in such a way that its code is a prefix of any other mes-
sage, or that any of its prefixes are used elsewhere as a
message code.

Imagine an optimum code in which no two of the mes-
sages coded with length L(N) have identical prefixes of
order L(N)—1. Since an optimum code has been as-
sumed, then none of these messages of length L(N) can
have codes or prefixes of any order which correspond to
other codes. It would then be possible to drop the last
digit of all of this group of messages and thereby reduce
the value of L,,. Therefore, in an optimum code, it is
nccessary that at least two (and no more than D) of the
codes with length L(N) have identical prefixes of order
L(N)-1,

One additional requirement can be made for an opti-
mum code. Assume that there exists a combination of
the D different types of coding digits which is less than
L(N) digits in length and which is not used as a message
code or which is not a prefix of a message code. Then
this combination of digits could be used to replace the
code for the Nth message with a consequent reduction
of L... Therefore, all possible scquences of L(N)—1
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digits must be used either as message codes, or must
have one of their prefixes used as message codes.

The derived restrictions for an optimum code are
summarized in condensed form below and considered in
addition to restrictions (a) and (b) given in the first
part of this paper:

() LO)SL@R)S--- SLWNV—1)=LN). (5

(d) Atleast two and not more than D of the niessages
with code length L(N) have codes which are alike
except for their final digits.

(e) Each possible sequence of L(NV) —1 digits must be
used either as a message code or must have one of
its prefixes used as a message code.

OptiIMUM BINARY CoObE

For ease of development of the optimum coding pro-
cedure, let us now restrict ourselves to the problem of
binary coding. Later this procedure will be extended to
the general case of D digits.

Restriction (c) makes it necessary that the two least
probable messages have codes of equal length. Re-
striction (d) places the requirement that, for D equal
to two, there be only two of the messages with coded
length L{N) which are identical except for their last
digits. The final digits of these two codes will be one
of the two binary digits, 0 and 1. It will be necessary to
assign these two message codes to the Nth and the
(N —1)st messages since at this point it is not known
whether or not other codes of length L(N) exist. Once
this has been done, these two messages are equivalent
to a single composite message. Its code (as yet undeter-
mined) will be the commoon prefixes of order L(NV) —1 of
these two messages. Its probability will be the sum of
the probabilities of the two messages from which it was
created. The ensemble containing this composite mes-
sage in the place of its two component messages will be
called the first auxiliary message ensemble.

This newly created ensemble contains one less mes-
sage than the original. Its members should be rearranged
if necessary so that the messages are again ordered ac-
cording to their probabilities. It may be considered ex-
actly as the original ensemble was. The codes for each of
the two least probable messages in this new ensemble
are required to be identical except in their final digits;
0 and 1 are assigned as thesc digits, one for each of the
two messages. [<ach new auxiliary ensemble contains
one less message than the preceding ensemble. Each
auxiliary ensemble represents the original ensemble with
full use made of the accumulated necessary coding re-
quirements.

The procedure is applied again and again until the
number of members in the most recently formed auxili-
ary message ensemble is reduced to two. One of each of
the binary digits is assigned to each of these two com-
posite messages. These messages are then combined to
form a single composite message with probability unity,
and the coding is complete,
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TABLE 1
OrtiMUM BINARY CODING PROCEDURE

Original
Message
Ensemble 1 2 3 4 5

Now let us examine Table 1. The left-hand column
contains the ordered message probabilities of the ensem-
ble to be coded. IV is equal to 13. Since each combination
of two messages (indicated by a bracket) is accompanied
by the assigning of a new digit to each, then the total
number of digits which should be assigned to each origi-
nal niessage is the same as the number of combinations
indicated for that message. For example, the message
marked *, or a composite of which it is a part, is com-
bined with others five times, and therefore should be
assigned a code length of five digits.

When there is no alternative in choosing the two least
probable messages, then it is clear that the require-
ments, established as necessary, are also sufficient for
deriving an optimum code. There may arise situations
in which a choice may be made between two or more
groupings of least likely messages. Such a case arises, for
example, in the fourth auxiliary ensemble of Table I.
Either of the messages of probability 0.08 could have
been combined with that of probability 0.06. However,
it is possible to rearrange codes in any manner among
equally likely messages without affecting the average
code length, and so a choice of either of the alternatives
could have been made. Therefore, the procedure given is
always sufficient to estahlish an optimum binary code.

The lengths of all the encoded messages derived from
Table I are given in Table 11.

Having now determined proper lengths of code for
each message, the problem of specifying the actual
digits remains. Many alternatives exist. Since the com-
bining of messages into their composites is similar to the
successive confluences of trickles, rivulets, brooks, and

0.20 0.20 0.20 0.20 0.20 0.20 0.20

0.18 0.18 0.18 0.18 0.18 0.18 0.18 | 0.18 0.18
—0.18 |
—0.14 | 0.14 0.14)

Message Probabilitics

Auxiliary Message Ensembles

6 7 : 9 10 1 12
1.00
»0.40 0.40

0.20 0.20 0.20
—0.20 0.20 0.20/

0.18 0.18

.10 010 0.10 0.10 010 | 0.10 | 0.10/
0.10 010 0.10 0.10 0.10 0.10 | 0.10
10 010 010 010 0.10 | 0.10
—0.10 | 0.10)
0.08 008 | 008 0.08/—
| —0.08 | 0.08
0.06 0.06 | 006 | 006 0.06/-
0.06 0.06 | 0.06 | 0.06]
0.04 004 | 0.04 | 0.04
*0.04 0.04 | 0.04] |
0.04 004 | 004
0.04 0.04} |
—0.04/—
0.03
0.01/-

creeks into a final large river, the procedure thus far de
scribed might be considered analogous to the placing of
signs by a water-borne insect at each of these junctions
as he journeys downstream. It should be remembered
that the code which we desire is that one which the in-
sect must remember in order to work his way back up
stream. Since the placing of the signs need not follow
the same rule, such as “zero-right-returning,” at each
junction, it can be seen that there are at least 2!? dif-
ferent ways of assigning code digits for our example.

TABLE 11
RESULTS OF OPTIMUM BINARY CODING PROCEDURE

| Po |

1 L) | PG)LG) Code

1 0.20 2 0.40 10

2 0.18 3 ! 0.54 000

3 0.10 3 0.30 o011

4 0.10 3 0.30 110

5 0.10 3 | 0.30 111

6 0.06 4 0.24 | 0101

7 006 | 5 ' 030 | 00100

8 0.04 | 5 0.20 | 00101

9 0.04 5 0.20 01000

10 0.04 5 | 0.20 01001

]1; 0.04 | 5 ' 0.20 00110

12 0.03 6 0.18 | 001110
0.01 | 6 0.06 | 001111

Lax=3.42

The code in Table 11 was obtained by using the digit
0 for the upper message and the digit 1 for the lower
message of any bracket. It is important to note in Table
I that coding restriction (e) is automatically met as long
as two messages (and not one) are placed in each
bracket.

&,
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GENERALIZATION OF THE METHOD

Optimum coding of an ensemble of messages using
three or more types of digits is similar to the binary
coding procedure. .\ table of auxiliary message ensem-
bles similar to Table I will be used. Brackets indicating
messages combined to form composite messages will be
used in the same wayv as was done in Table 1. However,
in order to satisfy restriction (e), it will be required that
all these brackets, with the possible exception of one com-
bining the least probable messages of the original ensem-
ble, alwavs combine a number of messages cqual to D.

[t will be noted that the terminating auxiliary ensem-
ble alwayvs has one unity probability message. Each pre-
ceding ensemble is increased in number by D—1 until
the first auxiliary ensemble is reached. Therefore, if Ny
is the number of messages in the first auxiliary ensemble,
then (\Vi—1)/(D—1) must be an integer. However
. Ni=N—ny+1, where ng is the number of the least prob-
able messages combined in a bracket in the original en-
semble. Thercfore, ng (which, of course, is at least two
and no more than D) must be of such a value that
(N—mny)/(D—1) is an integer.

In Table [Il an example is considered using an en-
semble of eight messages which is to be coded with four

PROCEEDINGS OF THE [.R.E.
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digits; nq is found to be 2. The code listed in the table is
obtained by assigning the four digits 0,1, 2, and 3, in or-
der, to each of the brackets.

TABLE 111
OrrimMuM CopING PROCEDURE FOR D=4

Message I’robabilities |

Original
Message Auxiliary Ensembles L(9) Code
| Ensemble
’ 51.00 |
1 x—*0.40 |
0.22 0.22 | 0.2z 1 1
0.20 0.20 | 0.20(— 1 2
0.18 0.18 0.18) 1 3
0.15  0.15) | 2 00
0.10 0.10 2 01
0.08 0.08(— 2 02
—0.07 \
0 05} i 3 | o030
0.02/— [ 3 031 i
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Coding with Linear Systems”
JOHN P. COSTASYt, ASSOCIATE, IRE

Summary—Message transmission over a noisy channel is con-
sidered. Two linear networks are to be designed: one being used to
treat the message before transmission and the second to filter the
treated message plus channel noise at the receiving end. The mean-
square error between the actual transmission circuit output and the
delayed message is minimized for a given allowable average signal
power by proper network design. Numerical examples are given and
discussed.

[. INTRODUCTION

7T VHE PROBLEM to be considered here is that of

[ message transmission over a noisy channel. As
shown in Fig. 1, a message function, fa(¢), is to be
«ent down a channel into which a noise function, f.(¢),
is introduced additively. The resultant system output
is represented by fol£). In most communication systemns,
the opportunity exists to code the message hefore its in-
troduction into the transmission channel. Recently,

|
p)

Wiener, Shannon, and others have considered codinge”

processes of a rather complex nature wherein the mes-
sage function is sampled, quantized, and the resulting
sample values converted into a pulse code for transmis-
«ion. Although this technique may be quite useful in
many instances, its application will be restricted by the
complexity of the terminal equipment required. In this
disenssion, the coding and decoding svstems will be lim-

* Decimal lassification: RS31.1 X RT3, Original manuscript re-
ceived by the Institute, April 16, 1951; revised manuacript received

May &, 1952,
t General Eleetric Co,, Electronics Park, Syracuse, N Y.

ited to linear networks. In Fig. 1, network [H(w) will
be used to code the message before transmission and
network G(w) will perform the necessary decoding. Net-
work II{w) must be designed so that the message is
predistorted or coded in such a way as to enable the de-
coding or filtering network G(w) to give a better system
output than would have been possible had the message
itself been sent without modification.

n (1)

]
i '
H 1
I ) " L] o — 1)
]
]
! )
! !
| NOISY TRANSMISSION
: CHANNEL |
L o
Fig. 1-—"Transmission system.

Before going further, a criterion of performance must
be chosen for the transmission system. That is, some
mecasurable quantity must be decided upon to enable
us to determine whether one particular network pair
I (w) —G(w) ismore satisfactory than some other pair. No
single performance criterion can be expected to apply in
all situations and no such claim is made for the mean-
square error measure of performance which is to be used
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here. Wiener' and Leec? have used the mean-square cri-
terion extensively in the past although Lee¢ has shown
in an unpublished memorandum that many other crior
criteria can be handled mathematically. The mean-
square error, &, of the system of Fig. 1 is dchned b

> 3 1 d g
€= tm | ()~ fult — ()

~T

For a given transmission delay a, networks //(w) and
G(w) must be designed so that the mean-square differ
ence between the actual system output, fo(f), and the
delaved message, f.(f—ca), is minimized. The complete
derivation for the design of the optimizing networks will
appear in a forthcoming report® of the Research Labora-
tory of lectronics, M.1.'T., and onlv the final results of
this report will be discussed here.

IT. Oprristey Nertwork Pair

If,in Fig. 1, the optimum network pair H(w) —G(w) is
used, the mean-square error will be the minimum pos-
sible for the specified delav «, and this error will he de
noted by Emin. If the delay is increased and the new mini
mum error is computed, it will be found to be smaller
than before. That is, the minimum error will be smaller
the larger the allowable syvsteni delav, In the limit when
the delay time becomes infinite, the smallest possible er-
ror obtainable using linear networks will result. This er-
ror is called the irremovable error and is indicated by
€:x. That is,

Eie = Eninl@) ior « 2 (2)

Thus, an optimum network design based on a long
(theoretically infinite) delay will result in the best svs-
tem performance. The irremovable error is an important
item since it represents the ultimate possible perform-
ance of the system of Fig. 1.

Before proceeding to the optimum-design equations
for the coding and decoding filters, certain assumptions
and constraints must be introduced. The power-density
spectra of the message and noise are assumed to be
known and will be indicated by

¢,..(w) = power-density spectrum of message function

Su(t)
P,..(w) = power-density spectrum of noise function
Sa().
The message and noise in this discussion are assumed to
be independent (uncorrelated) variables. Finally, a con-
straint must be placed on the average signal power
at the input to the transmission channel. Since
| H(w)| ®,,.,(w) represents the power-density spectrum of

! N. Wiener, “The Extrapolation, Interpolation, and Smoothing
of Stationary Time Series with Encineering Applications,” John
Wiley and Sons, inc., New York, N. Y.; 1949,

2Y-W Lee, *Application of Statistical Methods to Communica-
tion Problems,” Technical Report No. 181, Research l.aboratory
of Electronics, M.I.T., Cambridge, Mass.; September, 1950.

#J. P. Costas, “Coding with Linear Systems.” Technical Report
No. 226, Research Lahoratory of Electronics, M.I.T., Cambridge
Mass.; February 20, 1952,
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the transmitted signal, the average signal power, P,,.,

will be given by

‘ 1H{w) l"‘l',,m.(w)dw Pidar 3)
Consider now that some arbitrary network is chosen for
H(w). Under the condition of a hixed (but not necessar-
ily optimum) coding network, the best decoding net-
work, G(w), will be given by

11 )(,;mm(w e«

’
H{(w) 24 pn(w) + Punlw)

Glw « “. (4
The irremovable svstem error which will result when an
arbitrary I/(w) 1s used in conjunction with a G(w) de-
signed according to (4) 1s given by

Hfix ‘. Prasnlw) Prn(w
r

dw. (5)
Il(w ?d’mm(w) + (l)'l'l(w)

The optimum coding network may now be found by
solving for that If(w) function which minimizes (5
while satisfyving the power constraint (3). This optimum
H(w) function can he shown to be given by

H{w [Y /P (@) (@) — Bon(w) ]/ Pn(w) (62

and
| H(w)]? = 0. (6b)

Equation (6a) holds for all values of w which make the
right-hand side positive; for all other w, (6b) must be
used. The constant vy is adjusted so that the power con
straint (3) is satisficd. The irremovable error which will
resuit from optimum linear coding may be found by
substitution of (6a) and (6b) into (5). The irremovable
error for the case where no coding but only optimum
filtering at the receiver is used mav be found by setting
H(w) equal to a constant in (5). This constant must be
chosen to satisfy (3).

Note that only the magnitude of the transfer function
of the coding network is involved in (5) and (6). The
phase contribution of //(w) is not important since the
decoding network, G(w), as given by (4), provides the
necessarv phase correction.

Il NusmEeRicaL ExXaMPLES

To illustrate the use of the above equations, two ex-

amples will be given and discussed. A white noise spec:
trum shall be assumed where

P,(w) = a2 ©))

I'he message function, Sa(t), will be assumed to have a
power-density spectrum given by

8/=
¢mm(w) = - - (8)
w? 4 B2
and the average power, Pyye, of (3) shall be taken as
unity. Two cases are 1o be considered :

s




Case [ a?2=1/108r;
Case 1l a?=1/283.

For Case I, (6a) holds for all w out to w=28.458, and
'6b) must be used for all frequencies higher than this
sutoff value. The irremovable error without coding is
‘ound to be 0.302, and with optimum coding it is re-
luced to 0.285. The spectra involved are plotted in Fig.

). Note that the coding network attenuates both the

CASE T

€, * 302.%0 COOMG

1 o -

203, 0OPMMUM CODING
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Fig. 2 Power spectra and coding network transfer
function; Case I.

frequencies below w=p and above about w=78. The
power saved in these bands is used to boost the middle
range of frequencies.

Case 11 differs from the above in that the noise level
has been raised by a factor of 5. Fig. 3 shows the changes

Coss I

* 377, NO COOING

&" %49, OPTIMUM CODING
12 ] N
Pl
10} /
. r'd
A Lem-
rro to)
nn
o 3 e = /
T 4
. —
all
.
-)
» \‘ /';.0
Y v
; A' . : ‘, - : 4 - -
. . *
“n
Fig. ¢ Dower spectra and coding network transfer

function; Case I1.
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in the coding network which are required to combat the
severe channel noise. Note that the cutoff frequency has
dropped to about w=23.258 and that a boost is given to
all frequencies below about w=2.58. The improvement
in irremovable error is rather small, dropping from 0.577
with no coding to 0.545 with optimum coding. A deci-
bel gain versus log w plot of the optimum coding net-
works for the two casesisshown in Fig. 4 for comparison.

oo~
- CASE U - ~
nlwli - N 1 \\
08 'Femee—me—o— P
- N \
[+] ’,7 T
[ S - \ \
2 \ \
case 1 \ :
! 1
1
| \
1
i |
) )
I 1
. )
'
| '
1
| 1
' I
| |
]
- ]
l )
3 e —
1 2 3 4 35 61830 [ 3 4 356768

“
Fig. 4—Frequency plot of |F/(w)| in decibels for Cases I and II.

IV. CoNcCLUSIONS

The rather moderate improvement in system per-
formance resulting in the above examples is due in part
to the use of linear coding and decoding networks. In
addition, the particular noise and message spectra as-
sumed do not demonstrate fully the advantages to be
gained by optimum lincar coding. Less well-behaved
spectrum functions would have resulted in a greater im-
provement in system performance in the case of optimum
coding as compared to straight message transmission.
In most cascs, a coding network which is a fair ap-
proximation of the optimum nctwork as given by
(6a) and (6b) will usually yield a performance sufh-
ciently close to optimum for all practical purposes. The
performance of any given coding network can be
checked by a substitution of its system function [after

normalization with respect to the power constraint (3)]
into (5).
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Notes on Methods of Transmitting the Circular
Electric Wave Around Bends”

S. E. MILLERT, MemBER, 1R

Summary—The tendency for energy to be converted out of the
circular electric wave in bent round pipe may be avoided by one of
three general approaches: (1) by removing the degeneracy between
TEq and TM,, (2) by converting to a normal mode of the bent guide
at both ends of the bend, and (3) by utilizing dissipation in the un-
wanted modes to prevent power transfer to them. All three ap-
proaches are discussed. Normal attenuation in round pipe should
be effective in moderating straightness requirements. Elliptical
guide and special waveguide structures may be used to negotiate in-
tentional bends; bending radii in the range one to 1,000 feet appear
acceptable at 50,000 mc for waveguides 3/8-inch to 2 inches in di-
ameter, respectively.

INTRODUCTION
]l glﬂ(.‘h‘l\"l‘l.\' PUBLISHIZD DATAY indicate that

transmission losses on the order of 3 db per mile
have been observed using the circular electric

Fig. 1—Round waveguide bent in one plane.

wave (TEy) in straight round pipes. The question im-
mediately arises, what can be done about bends? I'he
theoretical effects of propagating the circular electric
wave in curved round pipes have been studied.? 345 This

* Decimal classitication: R118.2, Original manuscript received by
the Institute, November 27, 1951; revised manuscript received, April
24, 1952,

t Bell Telephone Laboratorics, Holmdel Radio ILaboratory,
Holmdel, N. J.

1S, E. Miller and A. C. Beck, “Low loss waveguide transmis-
sion,” given orally at the March, 1951, IRE National Convention.
To be submitted to the PROCEEDINGS. )

2 M. Jouguer, “Effects of the curvature on the propagation of
electromagnetic waves in guides of circular cross-section,” Cables and
Trans. (I’aris), vol. 1, no. 2, pp. 133-153; july, 1047,

3W. |, Albersheim, “Propagation of TEq waves in curved wave-
guides,” Bell Sys. Tech. Jour., vol. 28, no. 1, pp. 1-32; January, 1949.

+S. 0. Rice, Unpublished Memorandum.

5 M. Jouguet, “Wave propagation in nearly circular waveguides:
transmission-over-bends devices for 11, waves,” Cables und Trans.
(Paris), vol. 2, no. 4, pp. 257-284; October, 1948.

paper summarizes the problem and desc ribes alternate
solutions
CHARACTI RISTICS OF A BENT Rousp Guini
WITH 7[5 IEXCITATION

When a pure 712y wave in round guide is propagated
into a curved section (g, 1), theory which is based on

|/
N

T T
CENTER  _ ENTER {1 \7r S
OF E

UJRVA‘;’URE /V\
Y

a (b)

Fig. 2 EFlectric field directions for the 773, and
7ML modes.

O
CURVATURE

no dissipation ?% shows that energy is transferred fron
the T/hg mode to the 7.4/ mode. At an angle 6.,

f; XJ . N 3\

6 )32 W (radians), (1)
where a is the waveguide radius and Ag is the free-space
wavelength, the power emerging from the bend is en-
tirely in the T, mode, with orientation as in IFig.
2(a). At other bend angles, 4, the amplitudes of the
TLo and 70" waves emerging from the bend into
straight pipe may be expressed (for input normalized to

unity) as follows
& )
Cos( > (2)
2 0

1 124 . 0
M0 amplitude sin (r ) . (3
2 0

7'y amplitude

his behavior is sketehed in Fig. 3. There is a 90° time
phase difference hetween transverse magnetic intensitics
of Ty and T°M " components at the bend output

MPLITUDE
2
Q
o

o ¢ QC 6c 26 36,
2 BEND ANGLE, 6

Fig. 3—TE, and T, wave amplitudes
versus bend angle.

. I'he behavior of a section of curved line in terms of its
mput and output waves, as given above, is independent ¥
of the bending radius for gradual hends. The reason lies
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in the fact that the TEq wave is degenerate with (and
therefore has the same phase velocity as) T My, one of
the modes which is coupled to the TEq mode by the
bend, This may be stated more quantitatively in terms
of the coupled transmission-line equivalent of the bent
round waveguide, Fig. 4. When the coupled lines are

™,,
C—e Py,
)
UNIFORM
COUPLING
(BEND REGION)
) U N B B
Py e—e — Pg

—
Fig. 4—Coupled transmission-line equivalent of the
bent round waveguide.

_ dissipationless and have the same phase velocity, it may
be shown that

Pu .
= sin? (cx)
A (4)
I)
%= cos? (cx), ()
Py

where ¢ is the coupling per unit length and x is the length
co-ordinate. Thus the bend output is uniquely deter-
mined by the product of path length and coupling per
unit length. The path length varies as the bending
radius, and the coupling per unit length varies inversely
4s the bending radius for gradual bends; hence the
product of coupling path length times coupling per unit
length is dependent only on the total bhend angle.

An alternative description of the wave propagation
in the bend region itself may be given in terms of modes
which are orthogonal in the bend region. The TEq and
7M. modes of straight circular pipe are not normal
modes of the curved region. When a pure TEq wave is
impressed on the input of the curved region, the energy
divides cqually into two of the normal modes of the
curved region. Because familiar mathematical functions
do not describe simply the propagation effects in the
curved region, the solution for these effects 1s obtained
by perturbation theory and the curved region’s normal
modes are described in terms of combinations of the nor-
mal modes of straight circular pipe.

The two normal modes of the curved region which
are excited equally by pure TLoy bend input are?

Mode Propagation Constant

. ) 2 o a
(T h + TMY') i (1 — )2 + (6)
Ao V2 3.83R

. 2w ) a
('/‘]‘401 ) ](Al’]ll’) 1 (1 V:)”'l 5 ]) (7)
o V2 3.83R

in which ¥ is the ratio of free-space wavelength to cutoff
wavelength in straight circular pipe. Each of these nor-
mal modes contains equal anounts of energy in the
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TEo and TMy'’ field distributions; the time phase dif-
ference hetween the TEq and TAL,'’ transverse mag-
netic intensities is either 0° or 180°.

After traveling in curved pipe through an angle 6, the
phase difference between the (TEu+TMy'"') and
(TEq—TMy"’) modes is

2r /240  2.32a0

— = (radians.)
M 3.83 Ao

®)

The mode T My, whose oricntation is given in Fig.
2(b), is normal in both straight and bent circular pipe
(to the second order of approximation), and has a propa-
gation constant of

27

iD= )1
)\o(

in both curved and straight pipe.

DISCRETE ANGLE-BEND SOLUTION

The most elementary solution to the problem of tak-
ing the circular electric wave around bends is to use a
total bend angle of 20., 46.—or nf., n an even integer.

L

w & o
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0.6
0.5

0.3
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0.08 —

TEq) LOSS AT BEND OUTPUT IN DECIBELS

0.06
0.05

0.03 \
i | |
2 16 20 24 28 32 36
FREQUENCY CHANGE IN PER CENT

0.02

]

Fig. 5 —Theorctical bandwidth of discrete angle bends.

As shown in Fig. 3, at these angles the energy is back n
the Ty wave. The limitations of this approach are
twofold: (1) Only certain specific bend angles are al-
lowed, certainly a severe restriction in most practical
installations, and (2) the frequency bandwidth of the
solution is limited since 8, (1) is a direct function of No.
Iigz. § shows the energy loss for the T/iq wave in bends
of 20, and 40, as a function of departure from midband
frequency. lFor bandwidths of +5 per cent or less, the
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loss may be tolerable, but at +25 per cent or more
bandwidth (which the waveguide itself is certainly capa-
ble of handling) excessive bend losses occur.

SOLUTION BY DEGENERACY REMOVAL

In most types of transmission lines, geometric changes
of the type associated with bends, impedance level
changes, or even mode-type transformations may be
made without undesired effects provided the transition
per wavelength along the axis of propagation is not too
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Fig. 6—The effects of degeneracy removal on transmission through
bends. (a) TEu™ bend output. (b) TMy’™ hend output.

large. This is the familiar tapered transmission-line ap-
proach. \Why, then, is it that a very gradual bend is as
bad as a more rapid bend in causing TE loss? The
answer lies in the fact that the bend couples TEy to a
mode T'M,, which has the identical phase velocity. 1f we
remove this degeneracy, we create a situation in which
a gradual bend causes less foss than a more rapid bend
because the components of energy transferred from
TEo to TAM,' at different locations along the axis of
propagation no longer add in phase.

The change in transmission effects, which result when
the degeneracy is removed, can be analvzed on a
coupled transmission-line basis as sketched in Fig. 4.
We consider onlyv the TEy to T°M,; coupling in a bend
and assunie the coupling coefficient between these
modes is not altered by the structural modification
which removes the degeneracy. This value of coupling
coefficient is

1.16a

R

)

which, when used in (4) and (5), will give the same
amplitude for TEq and TM,,"" as (2) and (3) for the
output of curved circular pipe.

September

In the altered guide in which the degeneracy has been
removed, the propagation constant of at least one of the
modes must he other than the circular pipe value, and
the modes should be given new designations. We shall
designate the moditied T/l wave as Tlkg™ and the
modified TA7,,"" wave as T,

Considering the dissipationless case only for the pres-
ent, it is found that an index of transmission perform
ance in the curved modified line s

Ba™ B (10)

where Bo” and g;"" are the phase constants of the
TEg™ and 1M, waves, respectively, in straight
modified hne. The amplitudes of 7127 and T M "'™ at
the end of & curved section of modified line are plotted
in Iig. 6 (a) and (b) for several values of the parameter
(10). The abscissa is the bend angle, expressed as multi

ples of the extinction angle 0. for circular guide of the
same radius,

Iig. 6 shows that the energy exchange between modes
1s still periodic as a function of bend angle when the
degeneracy is broken, but the maximum energy lost
from TFo is reduced as the ratio (10) is made large

Iig. 7 shows the amplitudes of 7.0/,,""™ and TEq™ at
the bend angle where maximum energy transfer has
taken place, as a function of the ratio (10).
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Fig. 7 Bend-output wave amplitudes at the bend angle of maximum
conversion versus 3,™ — 8"’ ¢

In order to relate the ratio (10) to physical quantities,
it Is convenient to rewrite (10) as

2rR
1.16a

)

(V1 (vo) ™ *° v vi”' ™)), 1
which gives the ordinate for Fig. 7 in terms of the v's,
which are the free space to cutoff wavelength ratios for
the TEy,™ and TAf,,"’™ modes in straight modified pipe.
When the TE, and T'M, modes are far from cutoff,
as is the case in low-loss waveguides, »’&1 and (11) be

comes
TR .
1 16a ((m 0= (e 2)' 12
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Consider an example to place order of magnitude. For a
50,000-mc wave in 2-inch diameter pipe, a 0.5-per cent
lifference in cutoff wavelength between TEq and Ty
would vield a ratio (12) of 20 for a bending radius of
2,960 feet, corresponding to less than 0.05-db maximum
loss to TEo, (at worst bend angle); a pipe length of 4,650
feet would be required to negotiate a 90° bend.

FFor guides far from cutoff, as in the case chosen, the
allowable bending radius (1) varies inversely with the
T Eq — T M, cutoff wavelength difference, (2) varies in-
verselv as the ratio A¢?/J%, and (3) decreases as the ac-
ceptable TEy bend loss increases (see Fig. 7, noting
(30,” — Bu'’™) /¢ varies directly as the bending radius R).

In principle, the problem of transmitting the circular
clectric wave around bends can be solved by breaking
the TI, — T M, degeneracy; the question is, how much
increase in Tlg™ versus Tlig heat loss will occur when
the waveguide has been altered to remove the degener-

¢+7 To answer this we must consider a specific struc-
ture

ELLiPTIC \WAVEGUIDE SOLUTION

Onc wav of removing the TEq — T My, degeneracy is
1o deform the walls of the circular waveguide. An elliptic
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Fig. 8 The effect of eccentricity on the difference hetween the cut-

off wavelengths of T, and T M, in elliptic waveguide.

guide is an example of such a deformation, on which
there is available some information in the literature. We
are interested here in small amounts of eccentricity, and
need to know cutoff wavelengths and attenuation con-
stant very accurately. The work of Chu® did not provide
the desired information, and hence the computations
reported herein are based on new derivations made by
Gray of the Bell Telephone Laboratories.

* Lan Jen Chu, “Electromagnetic waves in elliptic hollow pipes of
mietal,” Jour. Appl. Phys., vol. 9, pp. 583; Scptember, 1938,
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For the TEq™ mode in a slightly elliptic guide, Gray
determines that the cutoff constant is

1 k2 4+ 10
ko™ = k(l + 'Z'ez + - -64-—e4> yhie (13)

where & =3.8317 and e is the eccentricity. The TMy'
mode of round guide may divide into two modes in
elliptic guide, depending on the location of the major
and minor axes of the cross section relative to the bend-
ing radius. For the “even” wave Gray finds

k' k<1+ : °+k2+14 *) (14)
" — — " e P
. 8 256
and for the “odd” wave
3 k? 4+ 62
k“/lm = k(] + 32 + e‘l> -V - (]S)
8 256

The I'Lg™— TMy''™ cutoff wavelength difference is
plotted in Fig. 8, based on (13) and (14). For an cc-
centricity of about 0.3 there is a 1 per cent cutoff wave-
length difference. Fig. 9 shows that an eccentricity of
0.3 corresponds to an approximately S per cent differ-
ence between the major and minor axes of the ellipse.
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Fig. 9—Elliptic waveguide eccentricity versus the
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it is important that no new degeneracy with TEq be
created by going to the elliptical cross section, and Gray
finds that is the case.

“The heat loss for the TEq™ wave is given by Gray as’

R( p? [<]+l .
na \y/1—v* 4e

N ket 1412 ke
oy —— ,
16752k ¢ ]+ 32

oag, ™

\/I-'vz). (10)

1 Terminology is that of S. A, Schelkunoff, “Ilectromagnetic
waves,” D. Van Nostrand Co., New York, N. Y., 1043.
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The relation between eccentricity and Thg™ loss in
straight elliptic guide is plotted in Iig. 10. An eccentric-
ity of 0.3 results in 25 to 35 per cent more heat loss
than in circular guide, with little dependence on prox-
imity to cutoff.

The allowable bending radius may now be caleulated
for a preselected maximum bend loss as a function of
increased heat loss due to ceccentricity. The steps are as
follows: The ratio (By™ -Bu''™)/c is obtained from Fig.
7 for a preselected T'Eq™ loss due to bending at the
angle of maximum conversion ; for (Bu™—Bu’'™) /¢ equal
to 20, this bend loss is 0.043 db. Then for the sclected
condition, the ratio (11) is determined, from which the
bending radius mayv be calculated as a function of ec-
centricity. The increased heat loss due to eccentricity is
also known ((16) and Fig. 10), so the bending radius
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Fig. 10—The increase in TE, heat loss due to waveguide ellipticity
for 1 inch or ¢ inch guide radius and a frequency of 50,000 mc.

may be plotted directly as a function of increased heat
loss due to eccentricity. The results are given in Iigs. 11
and 12 for guides of 2-inch and 2-inch diameter oper-
ated at 50,000 mc.
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Fig. 11—The allowable bending radius versus the associated increase
in TE, heat loss in clliptic guide, with maximum bend loss as a
parameter, for a 2-inch diameter guide at 50,000 mc.

In the 2-inch diameter low-loss guide, bending radii
on the order of 250 to 1,000 feet may be tolerated, de-
pending on maximum bend loss accepted, at a penalty
of a 50-per cent increase in heat loss above the value for
a circular cross section. In the g-inch diameter, which
might be used in short runs, a bending radius as low as
one foot may be tolerable,
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in TEo heat loss in elliptic guide, with maximum bend loss as
parameter, for a }-inch diameter guide at 50,000 mc.

Fig. 13 shows allowable bending radius versus wave
guide diameter for 50,000-mc operation and for an eccen
tricity of 0.3, with maximum bend loss as parameter.

Dissipation in the guide walls, which will he discussed
in a subsequent paragraph, alters the elliptic guide bend
performance for very large bending radii, but does not
detract from its usefulness in avoiding bend losses.

The above analysis shows that clliptic waveguides
present one solution to the bend problem. To avoid
losses due to accidental deviations from straightness, the
long line may be given some ellipticity. If more rapid
bends must be negotiated, a guide of greater ellipticity
might be employed in the bend region only, with suita-
ble tapers in straight sections adjacent to the bend.
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Fig. 13—The allowable bending radius versus guide diameter, with
maximum bend loss as a parameter, for clliptic guides of eccen
tricity e=0.3 and a frequency of 50,000 mc.

ALTERNATE METHODS OF REMOvVING
THE DEGENERACY

In general, any alteration in the circular guide which
affects the TEq and TM,, waves differently will remove
the degeneracy and thus becone a potential solution to
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the bend problem. One such alteration is to put circular
corrugations in the wall transverse to the axis of propa-
gation, forming a structure similar to the familiar
sylphon bellows. This corrugated guide has circular
symmetry and a cross section as sketched in Fig. 14.

AR R A Y
u"i@: !:':vfz\ L
WREYY 5

» 5 -

AXIS OF
PROPAGATION

| P,

Fig. 11—Flexible waveguide for transmitting TEa
around bends (due to King).

The remarkable TEq transmission characteristics of
this structure were first discovered by King of the Bell
Telephone Laboratories. He finds that the circular
electric wave undergoes bend losses of 0.1 db or less for
bends as large as the critical angle. The spacing SO
(Fig. 14) is made a small fraction of a wavelength so
that TEa propagates very nearly as though in a solid
pipe of radius “a,” whereas the T4/, wave experiences
additional loading due to the radial grooves of length
«].7 Thus the degeneracy is removed. The mechanical
flexibility of this structure, combined with its ability to
transmit TFEq in bends, make it very attractive in cer-
tain applications.

NORMAL MobE SOLUTION

Another approach to the hend problem is to utilize
one of the normal modes of curved round guide There
are many such modes, but the ones most closely related
to TEy are TMy' (Fig. 2(b)) and TEan+TMy''. The

L)
y &

The normal-mode bend solution.

Fig. 13

general layout would be as sketched in Fig. 15. A mode
transducer would be placed at both ends of the curved
region to transform TEa to one of the curved region’s
normal modes. Thus bends of arbitrary length could be
negotiated. The question arises whether it is possible to
perform the mode transformation.

The TMy'’ mode may be formed from the TEy wave
using a section of bent round pipe of total angle 8, as
given by (1). The 7'My’ mode may, in turn, be formed
by rotating the polarization of the TM,'' wave in a
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section of straight elliptic guide whose major and minor
axes are inclined at 45° to the initial polarization of the
TM,'' wave® A combination of a 8.-angle bend and a
suitable length of elliptic guide therefore constitute a
TEq to TMy,' mode transformer for use in the layout
of Fig. 15. All elements of this arrangement lie in one
plane.

As an alternative, the section of elliptic guide may be
climinated from the mode transducer by making the
f.-angle bend in a plane perpendicular to the plane of
the arbitrary bend, thereby presenting the arbitrary
bend with an input wave of My’ which is a normal
mode of the curved region. This reduces the mode trans-
ducer to a simple §.-angle bend, but puts the elements of
the bend (the mode transducers and arbitrary bend) in
a three-dimensional arrangement between the two
straight guides which it is the objective to join.® In prac-
tice this method would be awkward.

: \ TEor 2 iTMy;
-8 N oA
g R

} .

PHASE 3
CORRECTCR — ~

TEort TMY-— oXO
()

=Q o)

TEn
/){' o -
CENTER 43 8. )
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A-A / T'\lﬁnln
!
(b)

Fig. 16— Mode transducers applicable in the configuration of Fig. 185.
(Zl) T[’;m to (Toni TMu”) mode transducer. (b) TEol to TMHI
mode transducer.

| .
S+
2

Fig. 16 shows two transducers from TEy to normal
modes of the bend region wherein all elements are in a
single plane. In Fig. 16(b), the first transformation is
from TEq to TM,,'’ in a 0.-angle bend, followed by a
rotation of the polarization by means of a longitudinal
diametral dielectric sheet to convert TMy'! to TMy,'.
The function of the dielectric sheet is the same as that
of the section of elliptic pipe mentioned above, but may
be more easily controlled in practice.

Fig. 16(a) shows a TEy to (TEu+TMy'’) trans-
ducer. The 0./2 bend divides the input TE, wave into
equal powers in TEy and TM),’’ waves; but this is not
the normal mode of the bend region because there is a
90° time phase difference between the TEy and T'My,"’
transverse magnetic intensities, instead of the required
0° or 180°. This is indicated by the designation TEn
+4T'My'’ on the sketch. However, by introducing a 90°

;_L—
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delay difference between the T'Ey and TM," compo-
nents in a section of straight pipe, the (TE,, + TM,')
wave is created. This 90° phase correction is accom-
plished in the Fig. 16(a) layout by a longitudinal dia-
metral diclectric sheet, which should be many wave-
lengths long to avoid mode conversion effects, and
should be of such dielectric constant and thickness to
avoid retlection at the ends.

A very attractive TEy, to TM),’ mode transducer has
been designed by Morgan and evaluated experimentally

Fig. 17—\ TEq to T, mode transd wer (due to NMorgan).

by King, both of the Bell Telephone Laboratories. I'he
structure, sketched in IFig. 17, consists of a half-circular
cylinder of low-loss dielectric material whose dielectric
constant relative to that for free space (i.e., ¢,) is very
nearly unity. For a length “/” of this half-circular cylin-
der such that

2,073\,

= (17)
e — 1

where Ao is the free-space wavelength, Morgan deter-
mines that a TEqy incident wave is completely con-
verted to T3/, The orientation may obviously be made
so that the transducer output is TA;,’ at the start of
the arbitrary bend. Morgan has also found it possible
to make the transformation TEy to TEe+ TM,,’" in a
structure similar to Fig. 17 under certain conditions.

The structure of Fig. 17 may he emploved in place of
the 6./2-angle bend in Fig. 16(a), the length required
being one-half that given by (17).

One disadvantage of all of the “normal-mode” solu-
tions described above is that the mode conversions
necessary at the ends ot the bend are frequency sensi-
tive. Bandwidths on the order of those shown in Fig. §
are about what might be expected of this general ap-
proach.

THE DisstpaTiON SOLUTION

The TEq to TMy' mode conversion which takes
place in a curved round guide has the forn: sketched in
Fig. 3 only in the limit of zero dissipation. We seek to
describe here the effect of dissipation.

One way of showing the effects of dissipation is to
consider how ideal mode filters alter bend performance.
Suppose in the illustration of Fig. 18 the bend angle 3
were equal tof. and no mode filters were used. Then, as
described in the first section of this paper, the bend out-

September

put in TEy would be zero—complete loss of signal. Sup-
pose we now insert at the half angle 8/2 a mode filter
with no loss to TEy and complete absorption of 7°M,,

MODE
s (‘j FILTERS
TEo S ) 4’ INSERTED
~
J)
N N1 a \/) -
- )
B N
2 \
N
[ oy
B,
3
¥ ' g
BEND
QUTPUT

IFig. 18 Sketch tor illustrating the effects of mode
filters in a hend.

(such a filter has been approximated in practice).! I'hen
the TEq output of the first 8/2-angle bend plus mode
filter would be (2)

1 =«
cos( ) 0.707 (18)
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Fig. 19—The effect on TE, bend loss due to mode filters in the
configuration of Fig. 18.

for unit T'E,, wave as the bend input, and there would

be no T'Ml,; output from the mode filter. At the output
of the second half of the bend, the TEy amplitude

would be
m
cos? (4) = ().35, (19)
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Thus by adding dissipation to T'M,, only, the 8.-angle
bend loss has been decreased from infinite loss to 6-db
joss. For the condition of “»” T°M,, mode absorbers in-
serted at equal intervals along the 6.-angle bend, it may
be shown that the TEg bend output is

COS"+1 (,_ l .,M>‘

(n 4+ 1)2
This function has been plotted in Fig. 19. As the number
of TM,, mode absorbers is increased without limit, the
TEg bend loss approaches zero. For an arbitrary bend

of angle “8” and “n” equally spaced mode filters, the
amplitude of the T/g bend output is

COSs : ( . )
(n 4+ 1.2

Fig. 19 also shows this relation for the bend angle
B=0./4.

There are structures which make use of dissipation to
transmit the circular electric waves around bends with
low loss, a few of which are sketched in Fig. 20. The
characteristic which these structures have in common
is very high transmission loss for the modes to which
energy tends to be transferred and very low transmission
loss to the circular electric waves. The ability of the
structure of Fig. 20(¢) to transmit TEq around bends
was first observed by Fox at Holmdel. King has also
shown experimentally that structures of the form of
Fig. 20(a) may be used to avoid bend losses.

Having found that dissipation may be used to avoid
T Eq bend losses in special structures, we may inquire
whether or not dissipation in ordinary circular pipe will
have an effect in reducing T'Eq bend losses. The attenu-
ation constant for 1Al in 2-inch diameter pipe at
50,000 mc is nearly 50 times the attenuation constant
for TEg in the same pipe; thus the structure inherently
has the general property needed to avoid hend loss by
means of dissipation.

The effects of dissipation in smooth lines have been
determined using the coupled transmission-line analogy
of Fig. 4. It has been determined that the amplitude of
the TE, output of a bend is?

('Yl - ‘)‘2)

‘ ]
100 - - =H|fedts
TEg, [ 2 2\'/(,_,,l — 72)2 — 462

[1 PSS,
— | €
+ 2 2/ (1 — )t — 4¢?

(20)

(21)

(22)

where
¢ = coupling per unit length along bend
x =length of pipe in the bend

vi=ant B
=TEn propagation constant

® The author has in preparation another paper in which the cou-
pled transmission-line theory will be given in more detail, in a form
applicable to many other problems as well as this one.
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v =an+1iBu

=T M,, propagation constant
n=—3Qic+vi+v)+1i \/(_‘_)‘_1:_‘72_)2—_462

ro= —3Q2ic+yi4+v2) — 3V (ni—712)*— 4
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Fig. 20— Structures for negotiating bends using dissipation to pre-
vent TEy loss. (a) Longitudinal diametral resistive sheets. (b)
Longitudinal resistive rods. (c) Closely spaced copper rings in a
Lossy housing.

The TEq and T M, propagation constants v and 7z are
for straight circular guide. 1t is assumed that the cou-
pling “c” is unchanged by the presence of dissipation and
is given by (9). Because of the degeneracy, the imagi-
nary part of the propagation constant is the same for

TM" and TEo], an(l
(y1 —v2) = (@01 — an). (23)

When (oo —an)? is very large compared to 4¢? so that

Vv — 1) — 4 ~| a0y — an, (24)
the TEq amplitude given by (22) approaches
Frpy ™~ e
" , o + Bu
7y >~ — agyp — 1 C+7'2—. (25)

Thus, the principal effect of a bend is to modify the

imaginary portion of the propagation constant, pro-
vided that the ratio
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|
agp — agy

(26)

(4

is suitably large. For any given value of (aor —an1), (26)
may be made as large as desired by making the value of
¢ small, i.e., the bending radius large. (See (9).)

I'ig. 21 shows the TEg bend loss versus hend angle
with the ratio (26) as a parameter: the bend loss is con-
sidered to be the actual TE,, bend output compared to
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Fig. 21—TEq bend loss versus bend angle, with

ag—an’’ as a parameter.

the TEq output from the same length of straight pipe.
‘T'he curve for (an—au)/c equal to zero is the dissipa-
tionless case given by previous authors. For (ag —am)/c
greater than one, the bend loss becomes appreciably less
than predicted by theory based on no dissipation; for
(a0 —ay1)/c =100, the loss in a critical angle bend is
under 0.15 db instead of the infinite loss predicted by
dissipationless theorv. In practice, smaller ratios (26)
are likely to be encountered, however. In I'igs. 22 and
23 the bend loss is plotted versus bending radius for
some waveguides of interest at a frequency of 50,000 mc.
Note that the total bend angles for which these curves
apply is different, depending on the pipe diameter. Re-
ducing the guide size reduces the hend loss at a rapid
rate, because (1) the bend loss is less for guides nearer
cutoff at the same fraction of a eritical angle hend (as
shown in IMigs. 22 and 23) and (2) the critical angle be-
comes larger as the guide size is reduced.

For a critical angle (18.3°) bend in a 2-inch diameter
guide, a bending radius of 35,000 feet is required to re-
dluce the bend loss to 1 db. In a 1-inch diameter guide,

this 18° bend with a bending radius of 35,000 feet would
produce under 0.15-db bend loss (Iig. 22).

It may not be too difheult to maintain unintentional
deviations from straightness within 5§ feet in 500 feet,
in the form of an arc of a cirele, and this condition corre-
sponds to a bending radius on the order of 50,000 feet.
This corresponds to a value of (we — ayy)/c of almost 20
in a 2-inch diameter pipe at 50,000 me. 1t would appear,
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Fig. 22—TE,; bend loss versus bending radius for a } 6. bend in sev-
eral round guides operated at 50,000 me. The reduction in b
loss for large bending radii is due to dissipation in the walls.

therefore, that the losses due to deviations from straight
ness will be significantly reduced (compared to the pre
dictions of dissipationless theory) because of inherent
loss in the circular guide walls.

Intentional bends might be made in a radius on the
order of 5,000 feet, which approximates the curves used
on-a high-speerl railroad. T'his corresponds to a value of
(o —ay1)/c of about 2 in a 2-inch diameter pipe, and
the bend losses become undesirably large. One alterna
tive is to go to a 1-inch diameter pipe, thereby raising 6.
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Fig. 23—TEo bend loss versus bending radius for a O.-angle bend in
several round guides operated at 50,000 me.

from 18.3% to 36.6° and also raising (ag —ayy)/c from
about 2 to 7.2. This would reduce the bend loss to
around one db for a 20° bend. Another alternative in-
volves the use of mode filters in the manner described
in connection with Figs. 18 and 19. If an ideal mode
filter were added every 100 feet along a bend of radius
5,000 {cet, the bend would he divided into segmeits
0.,6 cach (for a 2-inch diamcter pipe), resulting in a
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bend loss of about 0.04 db per 1.15° of bend. The ulti-
mate attractiveness of this approach, compared to the
“normal-mode” or “degeneracy-removal” approach, de-
pends on how closely an ideal mode filter can be ap-
proached in practice; TEq loss in the mode filter will, of

course, limit the number of filters which can be added
profitably.

CONCLUSION

The tendency for energy to he converted out of the
circular electric wave in bent round pipe may be
avoided by one of three general approaches: (1) by re-
moving the TEq — 7'M degeneracy, (2) by converting
to a normal mode of the bent guide at both ends of the
bend, and (3) by utilizing dissipation in the unwanted
modes to prevent power transfer to them. Methods (1)
and (3) may be used singly or in combination for avoid-
ing extreme straightness requirements on normally
straight sections of line and for negotiating intentional
bends.

Normal dissipation in solid round copper guide should
he effective in moderating straightness requirements,

OF THE I.R.E. 1113

but does not appear to make possible an attractive
bending radius for intentional bends. Other waveguide
structures, such as those of Fig. 20, may enable the
dissipation approach to solve the intentional bend prob-
lem.

Removing the degeneracy by making the pipe ellipti-
cal increases the normal heat loss for the modified TEn
wave, and the tolerable bending radius is a compromise
with this heat-loss increase. For a heat-loss increase of
about 50 per cent, the tolerable bending radius is on the
order of 300 to 1,000 feet (depending on the bend loss
tolerated) for a 2-inch diameter guide operated at 50,000
me. A transition from a circular guide in straight runs
to a slightly elliptic guide for intentional bends is one
way of avoiding the increased heat loss of the elliptic
guide for the majority of line mileage.

Removal of the degeneracy and the dissipation ap-
proach offer no serious limitation of bandwidth,

A number of methods of converting to a normal mode
of the bend region appear to be available, all of which
appear to be limited to bandwidths on the order of 10
per cent.

An Improved Theory of the Receiving Antenna’

RONOLD KINGT, SENIOR MEMBER, IRE

Summary—The theory of the center-loaded receiving antenna is
improved by introducing the expansion parameter of King and
Middleton, and generalized to take account of a load consisting of a
two-wire line with finite spacing. First-order formulas for the dis-
tribution of current are obtained, together with approximate second-
order formulas for the complex effective length of the antenna. Theo-
retical results are compared with experiment.

INTRODUCTION
r l AH 15 integral equation for the cylindrical, center-

loaded receiving antenna in a linearly polarized

clectric field of arbitrary orientation was formu-
lated by Hallén! and reformulated and extended to the
elliptically polarized field by Harrison and King.? In
these analyses the integral equation is solved by itera-
tion using an cxpansion parameter introduced by L. V.
King? and independently by Hallén, viz., 2=2In(2k/a)
where his the half-length anda the radius of theantenna.
The numerical evaluation of the distribution of current

« Decimal classification: R120. Original m:mnspript rc_(‘ci\'(-d |>y
the Institute, November 28, 1951 revised manuscript received April
21, 1952, .. . . .

t Croft Laboratory, Tarvard 1 niversity, ( ambridge, Mass,

. Hallén, “Theoretical investigations into transautting and
receiving antennae,” Nova Acta (Uppsala) scries 4, 11, pp. 1 41; No-
vember, 1938, .. - .. .

2 (. \W. Harrison, Jr., and R. King, “.I h® receiving antenna in a
plane polarized field of arbitrary orientation,” I'roc, L.R.E., vol, 32,
p. 35; January, 1944, L. .

3 L. W King, “On the radiation field of ':1 plcrfcctlj' conducting
base-insulated cylindrical antenna over a per ectly conducting plane
earth,” Phil. Trans. series A, vol. 236, pp. 381-422; November, 1937.

and of the complex effective length by King and Harri-
son is based on a first-order formula in which terms of
the order 1/Q are retained and the load at the center of
the antenna is lumped.

Since the definition of the effective length involves
the simultancous definition of impedance in a manner
to make this identically the impedance of the same an-
tenna when center-driven, the analysis of the receiving
antenna depends on the determination of the imped-
ance of the driven antenna. It has been shown consist-
ently in experimental investigations by D. D. King,
Conlev, Tomivasu, and especially by Hartig and by
Hartig, King, Morita, and Wilson* that the measured
impedance of a cylindrical antenna is in good agreement
with the Hallén theory provided this is carried out at

+ D. D. King, “The measured impedance of cylindrical dipoles,”
Jour. Appl. Phys., vol. 17, p. 844; October, 1946. Cruft Laboratory
I'echnical Report No. 2, Tlarvard University, Cambridge, Mass.;
October, 1910,

P. Conley, “Antennas and open-wire lines,” pt. I11, ibid., vol. 20,
pp. 1022; November, 1949, Cruft Laboratory Technical Report No.
35; March, 1948.

K. Tomiyasu, “Antennas and open-wire lines,” pt. 11, bid., vol
20, p. 892; October, 1949. Cruft Laborator 'I’e(':h ical l'{ 1 .
o1 _[unc, i y nical Report No.

E. O. Hartig, “(‘n_'culur Apertures and their Effects on Half-Di-
pole Impedances,” Cruft lLaboratory Technical Report No. 107;
June, 1950.

E. O. Hartig, R. 'I\'iug, T. Morita, and D. G. Wilson, “Meas-
urement of antenna impedance using a receiving antenna,” Proc.
I:R.h.‘, vol. 11, pp. 1458-1460; November, 1951. Cruft Laboratory
Technical Report No. 94; December, 1949.

-
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least to a second-order solution using the expansion
parameter ¥ introduced by King and Middleton.¢ A
first-order solution using the parameter §2 is not ade-
quate quantitatively. Results obtained from first-order
and approximate second-order analvses of the center
loaded recciving antenna following the procedure of
King and Middleton have been reported,” but without
a description of the hasic theory.®

The theoretical®* and experimental investigations of
the impedance of a cvlindrical antenna center-driven
from an open-wire line (or base-driven from a coaxial
transmission line) with a finite spacing of the con-
ductors have demonstrated the importance of transmis-
sion-line end-effects and of coupling of the transmission
line to the antenna near their junction. The ideal theo-
retical impedance Z, of an antenna center-driven by a
discontinuity in scilar potential may be interpreted
operationally as the extrapolation to zero line spacing
of the measured, apparent impedance Z,, on a line with
a finite spacing that is reduced progressively. The ap-
parent impedance Z., terminating a line that is end-
loaded by an antenna is obtained from the theoretical
impedance Z; of the antenna (as determined theoreti-
cally with a separation 28 between the adjacent ends),
in corjunction with a suitable terminal-zone network
of lumped elements.® Since the same apparent imped-
ance Z,q is involved in the analysis of the receiving an-
tenna when loaded by a transmission line with finite
line spacing, it is evident that Z; and the appropriate
terminal-zone network must he known if the current or
the power in the receiver or other load at the end of the
transmission line is to be determined.

OuTiLINE OF THE TiiEORY

The gencral analvsis for the current in a cylindrical
antenna follows that in the earlier analyses? except that
a general parameter W (defined as proportional to the
approximately constant ratio of vector potential to
current on the surface of the antenna) is used instead
of @=2In(2h/a), and integrals are extended from —J
to —d and & to & instead of from —h to h. The resulting

¢ R. King, and D. Middleron, “The cylindrical antenna, current
and impedance,” Quurt. Appl. Math., vol. 3, pp. 302-305; January,
1046: vol. 4, p. 199; Julv, 1046.

¢ Ibid., “The thin cylindrical antenna; a comparison of theorics
Jour. Appl. Phys., vol.'17, p. 273: April, 1946,

7 R. King, “Graphical Representation of the Characteristics of
Cylindrical Antennas,” Cruft Lahoratory Technical Report No. 20
October, 1947.

T. Morita, “Nleasurement of current ancd charge distributions on
cylindrical antennas,” I’roc. LR, vol. 38, p. 898; August, 1950,
Cruft Laboratory Technical Report No. 66; August, 1950.

8 This theory is developed in mimeographed form in Chapter 1V,
“Notes on Antennas,” Cruft Laboratory, 1949. It has been repro-
duch and extended by S. H. Dike in Technical Report No. 14,
Radiation Lahoratory, Johns Hopkins University (June, 1951) un-
der the title “Difficulties with I'resent Solutions of the Hallén Inte-
gral E.qualmn." This report is discussed eritically in the reference
given in footnote 12.

* R. King, “Antennas and open-wire lines,” Jour. Appl. Phys., pt.
I, vol. 20, n. 832; September, l"H‘), b g

1OURS I\'mg.. and K. Tomiyasu, “Terminal impedance and gen-
eralized two-wire line theory,” Proc. 1,R.E.. vol. 37, p. 1134; October
1949. Cruft Laboratory Technical Report No. 74; April, 1949,

or 1l I.R.I. Septeniber
expression for the even current at a point z along a re-
ceiving antenna with an impedance Z; and an effective
load Z s (which inctudes end and coupling effects) is

Zy

/ U , { (Z) v (z) l u (6/ — . Sin q ) ’} (])
: i A ’
: { ! ! 74 +5 " AN e A

8
where
) Jdm €os qoh cos Bo(z — 8) — cos gyz cos By(h — b
us(z) .
' $ol cos Bo(h — 8) + Ay/V + -
1 . )
v [m15(2) cos Bod + p1a(z) sin Bub] 4
)
cos Bu(h — 8) + A/ + o
j2n fsin Bo(h — 2) + My(z)/¥ + - - '
7'6(3) =

Co | COS 30(/] = 6) REYYA'4
L I< cos /B sin 6, 4
Bo = 2m/\; g

The first-order functions 4,5, M,,(z2), myu(z), and p(z
and corresponding higher-order functions with subsc; ipis
2, 3, and so on, are integrals obtained in the iteration.
The first-order functions may be expressed in terms of
tabulated generalized sine and cosine integrals. The
angles ¥, 0, and 0,=m/2 —6. are illustrated in Fig. 1

Bo cos 8. 5

TC
TRANSMITTER

14

0
3

'

Fig. 1—Center-loaded receiving antenna in linearly
polarized feld.

The real expansion parameter ¥ is the magnitude at
s=gz, of

W(z) ( [ { )g(:, 2 )K(z, 2')dz’, (6)

]

where z, is an appropriate reference point. 'or 84 < 27
2, =0."" The kernel in (6) is

"It is shown in the reference given in footnote 12 that for cleg
trically short antennas the expansion parameter is best defined by
¥(0) =¥ (h) instead of ¥(0).
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R

V(=54 a? (8)

is the distance from the point on the surface where the
vector potential is defined to the element of integration
dz’ at 5’ along the axis. The function g(z, 2’) is the ratio
of the current at 2’ to the current at z. [t is given by

R =

gz 2 = 9)

where S is the factor of v5(s) in (1). If the same method
were followed as in the analvsis of the center-driven an-
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Fig. 2 —\ctual and cquivalent transmission line.

tenna,’ (6) would be integrated using (9) with the zeroth
order values of us(z) and v;(z) as obtained from (2) and
(3). However, the distribution function (9) obtained in
this manner is a function not only of the ratio h/a and of
Boh, bhut of the angle g and the load impedance Zps. Ob-
viously, it is not practicable to use a different distribu-
tion function for the same antenna when its orientation
or its load is changed. Since the expansion parameters
determined from (6) in extreme cases differ relatively
little, #nd since the over-all accuracy of a given order
of solution is not sensitive to small changes in the ex-
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pansion parameter, it is satisfactory to use the same
expansion parameter for a given antenna for reception
and transmission. Accordingly, the parameter®® ¥ as de-
fined for the transmitting antenna is used,

First-order distributions of current in receiving an-
tennas under a variety of load conditions have been
computed from (1), with §=0 and represented graph-
ically.” An extensive comparison of the theoretical
curves with measured values by Morita'® shows good
agreement.

Since the impedance of the center-loaded receiving
antenna in the equivalent series circuit is also the im-
pedance of the same antenna when center-driven, the
same terminal-zone networks may be used to take ac-
count of end and coupling effects.*” A typical circuit
is in Fig, 2.

Tuge CoMPLEX EFFECTIVE LENGTH

By application of Thévenin’s theorem at the junc-
tion of the antenna and the line or other load, the cur-
tent I; into the load Z;is given by

I = Vi(Zrs = ©)/(Zs + Z14), (10)

where V3(Z.s= ) is the open-circuit voltage main-
tained by the external ficld across the terminals of the

130
a0

125 o]
120} -005
sk -0.0
110 b { -015
4y £
105 -020
100 -0.25
0.95 -0.30
0.90 -03%
0.8% -0.40
0.80 -045

Fig. 3-—The function s =s3"" +jsy’.

antenna when the load is disconnected so that Zp;= o,
and Z; is the impedance of the antenna looking into
these terminals. This voltage is

VolZps = ») = — E cos y-2h,5(02), (11)

where the complex effective length of an antenna of
length 2k is defined by

2’1 ,‘(02)

2
[u,(a)z, + —;—° sin qo6] /Bosin 0, (12)
0
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IFor 6=0),

260[1 ,,-(02) Zo"o(())/sil] 01 (1 ;)

It can he shown that (12) may be expressed as follows:

/1”(02) = /1,(02)5‘5 — dsin 02, (]4)

where s, is a complex function which is represented
graphecally in Fig. 3 (see page 1115). Note that the term
d sin f,, which is subtracted on the right in (14), is the
effective half-length of a short, end-loaded antenna of
actual length 26, that is, of the section of conductor
which is missing at the center of the antenna owing to
the hnite spacing of the transmission line or the finite
physical length of the load.

In (13), u4(0) is proportional to the current at the
center of an unloaded receiving antenna and Z, is the
impedance of a center-driven antenna. Since it has been
shown'® that the first-order distribution of current in an
unloaded receiving antenna is a good approximation,
and since uo(0) and Z, are by definition completelv in
dependent quantitics, a combination of first-order (0
and second-order Z, should lead to an effective length
that is comparable in accuracy with the second-order
impedance. The complex effective length

he(02:) = hoe = b + jh, (15
is plotted in the form h./No, h.''/No, and he/No, with
Boh as variable and cos 8, as parameter for Q=2/u(2}h «

10 in Figs. 4(a), 4(b), and 4(c). It is plotted in the
complex plane with 8o/ as running variable and cos #., 1«
parameter in |'ig. 5.
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With numerical values of the complex effective lengths
available, the voltage Vi(Zpg=®) of the generator in
the equivalent series circuit for the receiving antenna
mav be determined in both magnitude and phase re-
f(-rr’ml to the clectric field of the distant transmitter.?
The magnitude of the effective length .\vith the L:Ie(‘tfi(‘
ficld parallel to the antenna (02=1r/g) is shown in I'ig.
6(a) and (b) for values of Qeorresponding toh/a =175, 260,
000, 14,000, and «. T'he zeroth-order curve (2= »)is a
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Fig. 8-—Normalized effective length for h/x=0.589.

fair approximation for thin antennas that are not too
long. For electrically short antennas (8oh < < 1), the first-
order cffective length in Fig. 6(b) was verified using an
accurate formula."

The directional properties of the receiving antenna
arce illustrated in Fig. 7 where the zeroth-order magni-

12 R. King, “Theory of Electrically Short Transmitting and Re-
ceiving Antennas,” Cruft Laboratory Technical Report No. 141;
March, 1952. Accepted for publication in the Jour. Appl. Phys., but

the Appendix with the critical discussion referred to in footnote 8 is
omitted.
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tude of the effective length is plotted as a function of
8.=0,—90° with Boh as parameter. These zeroth-order
curves are good approximations even for quite thick
antennas if ok does not approach =. When Soh exceeds
m, minor lobes occur and sharp nulls are replaced by
minima as illustrated for 8o/ =3.7 in Iig. 8.

Note that according to the reciprocal theorem the ef-
fective length of a receiving antenna is the same as the
vertical field factor for the same antenna when driven.

ICXPERIMENTAL MEASUREMENT OF THE
FrrEcTIVE LLENGTH

An experimental determination of the magnitude of
the effective length lh,(ﬁz)l was carried out by Morita
and Taylor. The apparatus consisted of a receiving an-
tenna erected vertically over a large, highly conducting
screen and base-loaded by a coaxial line terminated in
its characteristic impedance R.. A constant electric field
E parallel to the antenna was maintained by a distant
transmitter, and the relative power to the load was
measured as a function of the length / of the antenna.
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Fig. 9—Normalized effective length of receiving antenna as measured
by Morita and Taylor as a function of /x,. Corresponding values
of @=2In(2k/a) are shown together with theoretical curves for
the normalized effective length for two values of Q.

Using (10) and (11), it follows that
| ha®) | ~| 14200 + 20) |, (16)

where Zy=R;+jX; is the impedance of the antenna.
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Since the current in the matched hine, and hence in the
load, 1s given by

VPR, (17)

it follows that the magnitude of the effective length per

| 73]

wavelength is
| hes(02)/No| ~ V(PL/RI(Ry + R)? + X7

Since R, is known and P as a function ol 1/XNg has been
measured, the relative value of | 7.4(82) /Xo| as a function
of h/ho can be determined from (18) using the measured
value of the apparent impedance. T'he radius b of the
sheath of the coaxial line is sufficiently small so that
Ziwa= 75 Using measured values of P, R, and \; and
with R.=65.9 ohms, the normalized effective length of
the antenna was determined and plotted in IFig. 9. Cor-
respondingly normalized theoretical curves taken from
Fig. 6(a) and (b) arc also shown. In the experimental de
termination, /#/a for the antenna varied as the length
was decrcased ; the theoretical curves are computed for
constant A /a. 1t follows that a continuous direct com-
parison is not possible. However, using the value of 9
=2In(2h/a) shown at the bottom of Fig. 9, it is seen
that the general agreement for corresponding valucs of
Q is quite good.

18)

Power ix THE Loan, DIRECTIVITY, EFFECTIVE
("ROSS SECTION

Fhe power transferred to the load of a receiving i

tenna s
Pr= 31.2Res = Y15 R, 19

where Is=1. is given by (10) with (11). This power is
maximized in so far as adjustment of the load is con
cerned when Z; is the complex conjugate of the an-
tenna impedance Z;. In this case

I 11,3(92)]; cos J/ =

PLmnz - 20
2R;
This mav be expressed as follows:
Nolv cos ¢ 2
])Lmaz ,)(0'." Bﬁh)v (21)
8n{o
where
o | Bohes(82) |2
D(oz. Bo/l) o | Po 6( 2) . (22)

™ R

The diniensionless directivity or gain detined in (22)
is plotted in Fig. 10 as a function of Boh with 6;=7/2
=0, using l/le(ez)/)\o as given in Fig. 6 and second

13 Note that the effective dissipation cross section of the antenna
with a conjugate-matched load is equal 1o the reradiating or scattering
cross section and is given by ay;, =0rad = (N2/47) D (6., Boh).

Itis evident that (22) maybe expressed in the form he=kAov/DR;,
where k=1-+/4r{, and the load resistance Ry, is substituted for the
equal antenna resistance. This formula does not mean that the effec-
tive length of a receiving antenna is a function of its load. It is seen
from (12) or (13) that k. depends only on the dimensions and orienta-
tion of the antenna. It is the power 10 the load that depends on the
load, not the effective length.
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order resistances for R;=R,. For Bok < /2 the corrected
resistances as determined from the exact analvsis for
the electrically short antenna'? are used. Curves for a

i
]
’
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0(9,, Bgh)
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Fig. 10—Gain or dircctivity of receiving antenna parallel
to the incident electric field.

range of values of 8; are in Fig. 11. The maximum value of
D(8,, Bok) (which gives Pr maxmax OCCUTS when Boh is near
4 and when 8,=7/2 or 8,=0. The magnitude of this
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Gain or directivity of receiving antenna with its
orientation angle 0, (Fig. 1) as parameter,

Fig. 11
power 1s greater for thicker antennas. Note that the
powes to a matched load is almost independent of & for
Boh £0.5. However, owing to the high capacitive rcac-
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tance and very low resistance of short antennas, a con-
jugate match is difficult to obtain for them, and losses
in the matching network may exceed the power to the
load. The minor extremes and the general behavior of
the curves in Fig. 10 near resonance are noteworthy.
Since small changes well within the possible error of
second-order resistances and first-order effective lengths
can modify greatly the detailed structure of the curves
near resonance, the minor maximum and minimum may
be much less significant; in particular, the decrease
slightly below 1.5 in the latter appears questionable.

EXPERIMENTAL DDETERMINATION OF THE
POWER IN THE L.OAD

An experimental determination of the power in a con-
jugate matched load ideally requires the direct meas-
urement of the power dissipated in an impedance
Zus=2Zs*. Since it is difficult to adjust Zis accurately
for each length of the antenna, an essentially equivalent
and more convenient and accurate procedure is to make
use of a load given by Z ;3= R, for the transmission line.
By determiniug the relative effective length of the an-
tenna in terms of the power to R. and substituting the
values of hs(0;) so determined in (22), a quantity pro-
portional to the power transferred to a load that is the
complex conjugate of the impedance of the antenna may

09

08—

o7

X3

05

KD (0, Boh)

03}

o2 P

s
a5 Ah

T
07 nx, 08

T
0 o1 02 03 oa 0s 06

Fig. 12—Measured normalized gain of receiving antenna.
Data of Morita and Taylor.

be computed. Using the experimentally determined val-
ues of the normalized effective length given in Fig. 9,
the normalized relative directivity KD(f,, Boh) as deter-
mined by Morita and Taylor are in Fig. 12.
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If account is taken of the fact that //a is not con-
stant, the general shape of the curve in I'ig. 12 is in good
agreement with the curves in Fig. 10 except for smali
values of Boh where the experimental method fails. Note
that the location of the maximum value of D(f,, Boh)
agrees with theory. Moreover, and in agreement with
theoretical predictions, a definite irregularity in the
form of a minor maximum occurs near resonance. The
amplitude of this oscillation in the otherwise smooth
experimental curve is smaller than for the correspond-
ing value of h/a in the theoretical curves, hut the general
behavior is correctly given. Using the method of conju-
gate match, similar results were obtained by Dike and

#§, H. Dike, and D. D. King, “The Cylindrical Dipole Receiv-
ing Antenna,” Technical Report No. 12, Radiation Laboratory, Johns
Hopkins University, Silver Springs, Md.; May, 1951. A Cruft Laho-
ratory Technical Report discussing Dr. Dike’s measurements criti-
cally is in preparation.

Septeniber

King', except that their results do not confirm the minor
maxinum near resonance.

Cox~crLusioN

‘I'he theory of the center-loaded receiving antenna (or
hase-loaded antenna over a conducting plane) has been
improved by ohtaining an approximate second-order re-
sult using the expansion parameter of King and NMiddle-
ton. Account is taken of the finite separation of a trans
mission-line load. Theoretical curves for effective length
and for maximum power to the load (directivity) are
compared with measured results with satisfactory
agreement.
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Cross Polarization of Scattered Radio Waves”*
A. H. LAGRONET, SENIOR MEMBER, IRE

Summary—The polarization of the signal reaching a receiving
antenna by the scattering mechanism proposed by Booker and
Gordon! is investigated. Equations are presented which give the re-
sponse of dipole antennas oriented horizontally, vertically, and
axially,’ relative to a linear polarized source. The relative response of
the three antennas is calculated for selected values of the scattering
parameters and a comparison made with the measured response of
similar antennas to a 102.6-mc signal arriving over a path length of
147 miles.

]. INTRODUCTION

N A PREVIOUS PAPER.? the author developed a

method for computing the total radio energy arriv-

ing at a receiving point by the scattering mechanism
proposed by Booker and Gordon.! In the previous work,
no attempt was made to analyze the polarization of the
total reccived encrgy. The present paper extends the
analvsis to include a studv of the polarization of the
scattered racdio energy reaching the receiver. The re-
sponses of antennas with horizontal, vertical, and axial
orientation are presented for a signal originating at a
transmitter with linear polarization.

* Decimal classification: R113.308. Original manuscript received
by the Instirute, May 23, 1051; revised manuscript received March
25, 1952. This work was sponsored under the Office of Naval Research
Contract N3ori 136, P. O. 1.

t Electrical Engineering Research Laboratory, University of
Texas. Box I, University Sta., Austin 12, Tex.

tH. G. Booker and \V. I-. Gordon, “A theory of radio scattering
in the troposphere,” PRoc. 1.R .12, vol. 38, pp. 401-412; April, 1950.

? See Section 1V for detailed description of these orientations.

AL LaGrone, “Yolume integration of scattered radio waves,”
Proc. LRI vol. 40, p. 54; January, 1952.

Y A\CHL LaGrone, W. H. Benson, Jr., and A. V. Straiton, “Attenu-
atior: of radio signals caused by scattering,” Jour. Appl. Phys., vol.
22, pp. 672-674; May, 1951.

Numerical integration is performed for a selected sct
of values of the scattering parameters to give a measur
of the cross polarization which may be expected. These
results are compared with similar measurements made
on a horizontally polarized 102.9-mc signal arriving
over a path length of 147 miles.

1. DisctssioN OF ASSUMPTIONS

The equations presented in this paper are based on a
number of assumptions which are made to simplify the
solution as much as possible and which still approximate
actual conditions. The assumptions involved are as fol
lows:

(1) Refraction is taken as standard and straight-line
propagation over a smooth earth of 4/3 radius used

(2) Secondary scattering is negligible and no loss of
energy in the incident heam occurs as the result of
scattering.*

(3) The scale-of-turbulence and the mean-square de-
viation of the index-of-refriaction are the same through-
out all regions of the sky.

(4) The sky is evenly illuminated over the important
scattering region by a transmitter with a linear polariza
tion. The receiving antennas are dipoles with normal
radiation characteristics.

(5) Only direct radiation from the scattering centers
is considered. The efifect of ground reflections can be
included, if desired, by considering the radiation pat-
tern of the receiving antenna and its image as a receis
ing unit. This, of course, assumes that the distance be-
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tween the antenna and its image is small as compared
to the distance to the scattering center so that 8 and X
in (1) are approximately the same for the two antennas.
(6) In the numerical example, which is compared
with the field-measured data, conditions are assumed
which approximate those of the field measurements.

I1I. MAGNITUDE OF THE SCATTERED SIGNAL

The magnitude of the power scattered per unit solid
angle, per unit incident power density, and per unit
macroscopic element of volume is deduced by Booker
and Gordon! to be

(0, x)=— (Be/e)*(2x1/N)?

- 1 —— sin? x = in2
M1+ { (@=i/N) sin 36} 2]° sin? x=G sin*x, (1)

where € is the average permittivity, Ae is the departure
of the permittivity from its average value, [ is the scale-
of-turbulence, X is the wavelength, 6 is the angle be-
tween the direction of incidence and the direction of
scattering, and X is the angle between the direction of
the electric field vector and the direction of scattering.

I\". ScATTERED PowER RECEIVED FROM A UNIT
SCATTERING \'OLUME

Let three identical dipoles at R (Fig. 1) be oriented as
follows: (a) one horizontal and normal to line TR, (b)

UNIT SCATTERING VOLUME

IN VERTICAL PLANE TPR DIRECTION OF

PROPOGATION

8
e \, DIREGTION OF
X SCATTERING

TRANSMITTER RECEIVER

Fig. 1—Scattering geometry with unit scattering volume in a vertical
plane passing through the transmitter and receiver.

one in the vertical plane and normal to line TR, and
(c) one lying along the line T'R. These will henceforth
be referred to as the horizontal, vertical, and axial di-
poles, respectively. The subscripts &, v, and a will be
used to identify them in equations.

The elementary dipole induced in the unit scattering
volume will, in general, he so oriented as to produce a
field at the receiver which will have horizontal, vertical,
and axial components as these are defined for the di-
poles above. With this svstem of dipoles, then, it can
be shown that the power received by the dipoles will be

AGdn

[C, cos? 0 sin?é + C, cos?é
2
4

[/Vh =

+ 2+/C\C, cos 8 sin & cos §), )
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4Go. _
W, = [C1 cos? 8 cos? 5 + Ca sin? &
143
— 2+4/C,\C; cos 8 sin & cos 8], 3)
AGoa
a = [} 5
w > [C1 cos? 6] )
where

A =cffective area of dipole,
on, ¢,, and ¢. =dipole radiation characteristics,

d=arc tan [tan B cos a],

«a =elevation angle at receiver (Fig. 1),

B =angle of tilt of the plane TPR from the
vertical plane (Fig. 2),

C,=power-density component associated
with the electric-field-intensity compo-
nent in the plane T'PR (Fig. 2) incident
on the unit scattering volume at P,

C,=power-density component associated
with the electric-field-intensity compo-

" nent normal to the plane TPR (Fig. 2)

incident on the unit scattering volume
at P,

r =distance from the unit scattering vol-
ume to the receiver (Fig. 1).

PLANE TPR—

P VERTICAL PLANE THROUGH
-~ T AND R

; /
SCATTERING VOLUME

R

Fig. 2—Scattering geometry with unit scattering volume in plane
TPR tilted at the angle g with respect to the vertical plane passing
through transmitter and receiver.

V. NUMERICAL EXAMPLE

An example of cross polarization is computed by nu-
merical integration for (I/\) =4. The source is assumed
to radiate a signal which is polarized normal to the
plane TPR (Fig. 1) and to evenly illuminate the im-
portant scattering region of the sky. Several approxi-
mations are possible for (I/\) =4 which do not seriously
affect the final solution, but because of space limitations,
cannot be given in detail here. The final equations
which were used to compute the total scattered power
received by the dipoles are given below with the results
tabulated in Table 1.

/2 [} an
Py = 1’.f f 6 — 0. dodp (5)
fm—rws2s) 8, D

L
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R o a, The field-measured data are shown in Figs. 3 and 4

Py =&, f ’ @ — 0m) 7)—d0d/3 (6) for the period November 13 through November 28,
v 1950. The abscissas of the points represent hourly

P, = P, "2 e j % o dadpdf ) median values of the horizontal signal and the or(lin<ftcs

Vbmerizel g, Sap D composite hourly median values of the axial or vertical

P, =power radiated per unit solid angle by the source
(P, was set equal to unity in the numerical ex-
ample).

on = G[cos? 0 sin* B + cos? B + 2 cos 0 sin? 8 cos? B
o, = G|cos® 0 cos? B sin? B8 + cos? B8 sin? 3
- 2 cos 0 sin? 8 cos? ﬂ]
0. = G[cos? 0 sin? B sin? a.
The subscript m denotes minimum value of the angle
(value at grazing, Iig. 1).

TABLE 1

RELATIVE SIGNAL STRENGTHS FOR SCATTERING
wiTH (I/\) =4

Signal Level in dh Relative to Horizontal Dipole
Signal at Various Distances from Transmitter

Dipole 25 miles | 45 miles | 75 miles 125 miles | 205 miles
Horizontal 0.0 0.0 ! 0.0 00 0.0
Vertical 37.2 36.1 31.6 32.6 297
Axial 28.4 27.7 26.7 25.4 23.6

VI. FiiLp M EASUREMENT oF CROss-
IPOLARIZED SIGNAL

To test this theoretical analysis, field-strength meas-
urements were made on radio station KPRC-FM,
Houston, Texas. Three identical dipoles and measuring

oOr

SIEZMAL —~ DB ABOVE | pWM/KW

8

axiaL €

22 s | e i 1 " | i I 1 ! i J
8 4 44 +8 +12 +16 +20 +24

HORIZONTAL DIPOLE SIGNAL - OB ABOVE | uV/M/KW

Fig. 3—Axial dipole component of scattered wave.

equipments were set up to record simultaneously and
continuously the power reccived on horizontal, vertical,
and axial dipoles as these are defined in Section 1V.
KPRC-I'M broadcasts a horizontally polarized signal of
102.9 mc from an antenna located on top of a tower 342
feet above local terrain. The receiving dipoles were 32
feet above local terrain and 147 miles from the trans-
mitting antenna.

signal. The straight lines are the weighted least-square

LY/ MKW

VERTICAL DIPOLE SIGNAL - DB ABOVE
& = :

8 ~
20|
zzl 4 —L 4 L e - 4 —d — - - — -

8 4 ) +4 +B8 +12 + 16 +20 +24

HORIZONTAL DIPOLE SIGNAL - DB ABOVE | uV/M/KW

Fig. 4—Vertical dipole component of scattered wave.

lines. The weight given each point was the number of
hours of data represented by the point.

Iig. 5 is a plot of the hourly median signal for a sing!
day. Each point represents a single hourly mediin
signal.
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Fig. S—Axial and vertical dipole components of scattered wave.

V1. COMPARISON OF 1'HEORETICAL AND
FIELD-MEASURED DaTa

The numerical example in Section V was computed
for (I/N) =4. This confined the major scattered field to
small values of 6 and meant *hat the scattered signals
were coming from near the horizon. Under these condi- =
tions, and with the receiving dipole characteristics as
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assumed, the axial and vertical signals were found to be
approximately 25 and 32 db, respectively, below the
horizontal signal.

The field measurements shown in Figs. 3 and 4 show
the axial and vertical dipole signals varying from 29 and
25 db, respectively, below the horizontal signal during
strong signal periods to 13 and 10 db, respectively, be-
low the horizontal signal during weak signal periods.

A comparison of the ficld measurements with the
numerical example reveals that the axial and vertical
dipole signals are interchanged in their relative magni-
tudes. On a few days, such as shown in Fig. 5, the verti-
cal signal did drop below the axial signal for long periods
of time. The fact that the rclative magnitudes are inter-
changed is not too surprising, however, as a small verti-
cal component is known to be propagated in the direc-
tion of Austin by KPRC-FM. Such a component would
contribute materially, by the scattering process, to the
signal received on the vertical dipole while producing
relatively little effect on the horizontal and axial dipole
signals. This could account for the difference noted in
the measured and computed signals. No axial compo-
nent could be propagated; hence, no effect similar to
this could Le associated with the axial dipole signal.

Measurements made by this laboratory in December,
1949 and January, 193> on KPRC-FM, Houston,
Texas and WFAA-I'M, Dallas, Texas show conclusively
that, under strong signal conditions, the major part of
the signal comes from the horizon and that, under weak
signal conditions, a significant part of the signal does
not come from the horizon. The measurements were
made using a conventional dipole and a directive an-
tenna (double dipole) with both horizontally polarized
and pointed in the direction of the transmitter. In com-
paring the signals received by the two antennas, it was
noted that the ratio of the signals received was a func-
tion of the signal level. For strong signals, the measured
ratio was the normal gain of the directive antenna, in-
dicating that the signals were arriving horizontally and
from the direction of the transmitter. For weaker sig-
nals, however, the signal ratio in decibels decreased
linearly with the strength of the signal received by the
directive antenna, indicating that the signals were not
all coming from the horizon in the direction of the trans-
mitter, but were coming from a rather large area of sky.

The strong signals in the field-measured data would
then appear to have come from near the horizon and
should compare with the signals in the numerical exam-

4 A. W. Straiton, . F. Metcalf, and C. W. Tolhert, “A <tudy of
tronasnheric scattering of radio waves,” Proc. I.R.E., vol. 39, pp.
643-648; Junc, 1951
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ple for (I/\) =4. Figs. 3 and 4 show the axial and vertical
signals to be at least 25 db below the horizontal signal
under the strong signal conditions, which does indicate
some agreement with the numerical integration values.
Cross-feed in the system at these signal levels, however,
prevented an accurate measurement of the axial and
vertical dipole signals and made it impossible to use
this criterion to distinguish between scattered signals
and those due to internal reflections or reflections from
elevated layers.

Rough calculations were made for (I/A)=0.08. In
this case, the significant scattering region is extended to
large values of 8. These calculations show the axial and
vertical dipole signals to be only 8 and 10 db, respec-
tively, below the horizontal signal, Table II. This would
correspond to the case of the weak signals which come

TABLE II
RELATIVE SIGNAL STRENGTH FOR SCATTERING
witit (//A) =0.08

Signal Level in db Relative to Horizontal Dipole
Signal at Various Distances from Transmitter

Dipole 25 miles | 45 miles | 75 miles | 125 miles | 205 miles

Horizontal 0.0 0.0 0.0 0.0 0.0
Vertical —-10.4 —-10.3 —-10.3 —10.2 —-10.2
Axial - 7.9 — 8.0 — 8.0

— 8.0 — 8.0

from a rather large area of the sky. Under the weak sig-
nal conditions the field measurements show very good
agreement with the numerical example as vertical and
axial signals were found 10 and 13 db, respectively, be-
low the horizontal signal.

XII. CoNncLUSION

1. A formula is presented for calculating the scattered
power received on horizontally, vertically, and axially
polarized dipoles in terms of the scattering parameters.

2. Cross polarization in the scattered wave is rela-
tively unimportant for (I/\) large, as shown for [/A=4.
In view of this, it is evident that no significant cross
polarization in the scattered wave would be expected at
microwave frequencies. As (I/\) decreases, the extent of
cross polarization in the scattered wave increases;
hence, the extent of cross polarization is an indication of
the magnitude of the scale-of-turbulence.

3. The stronger scattered signals come principally
from near the horizon and indicate larger values for the
scale-of-turbulence with negligible cross polarization.

4. Experimental results confirm the existence of field
components at the receiver which were not preséntin
the transmitted wave,

CTOET0
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C d
JOI'I'CSpOIl cnce
Sweep-Frequency Oblique-Incidence Leeg
Ionosphere Measurements o0
over a 1,150 km Path* a: 00 ]
The National Bureau of Standards has : oS
been conducting a sweep-frequency tinie- P i1 !
delay-measurement experiment Letween ¢ 500 f—1 ‘
Sterling, Virginia, and St. Louis, Missouri. . S ’
Equipment has been installed to permit s =90 i f“._/"/l
simultaneous pulse transmission and re- = 300 a
ception at both ends of the 1,150-km path as s ) ,
well as vertical-incidence virtual height-
versus-frequency recording at the path mid- oo =
point, which is located near Batavia, Ohio.
Although it is too early to draw definite 1 4 6 7 8 9 I 20 25

conclusions from the work, it is felt that the
accompanying display of two undisturbed-
day records may be of interest. Referring
to Fig. 1, the upper print contains plots of
equivalent path length versus frequency
for pulsed signals received at Sterling from
St. Louis. It also contains plots of virtual
height-versus-frequency made at vertical
incidence with the same equipment. Con-
sidering the oblique-incidence records, the
following points are of interest: (A) E-layer

FREQUENCY — m¢

Fi

g. 2—Corresponding vertical-incidence recordings made at Batavia. Ohio. Both records made on

September 4, 1951 at 11:30 aAM.

check the accuracy of the transinission-
curve method' of obtaining oblique-incidence
maximum usable frequencies from vertical-
incidence data. Asan illustration, the follow-
ing data have been scaled from the records
shown:

1200 - 2
G x
1100 - T -
1000 — 2 $ B -
e 18C
900 —— ~— (Y ¥ 5 —_——
2 \ - - 6
x 800 W) Y N
Z 700 == ~— 0 3
o }a ._‘k' ’ ' d
L 600 .
2 500 5 1 0 &
2 400 ")‘:J %00
s ,
> 300 - -
200t AL/ '
100 —pr =
O it !
3 6 8 10 12 4 16 20 3 25

FREQUENCY — W(

Fig. 1—Oblique-incidence and vertical-incidence recordings made at Sterling, Virginia

transmission, with a maximum usable fre-
quency of 12.7 mc; (B) (C) F;-layer trans-
mission, with an ordinary-wave maximum
usable frequency (B) of 11.6 mc; (D) (E)
F:-layer transmission with an ordinary-wave
maximum usable frequency of 10.3 mc; (F)
two-hop Fi-layer transmission; (G) two-
hop Fi-layer transmission; (H) sporadic-E-
layer transmission. The traces at (J) are of
local, vertical-incidence reflections.

Fig. 2, a conventional ionosphere record-
ing of virtual height versus frequency made
at vertical incidence at Batavia, Ohio, con-
tains the following: (A) E-layer ordinary
wave, with critical frequency of slightly
less than 3 mc; (B) 7/, ordinary wave, with a
critical frequency of 4.7 mc; (C) (D) F.-
layer reflections, with an ordinary-wave
critical frequency (C) of about 6 mc.

The two records described above were
made on September 4, 1951, at 11:30 a.m.

One purpose of the experiment is to

* Received by the Institute. February 18, 1952.

! N. Smith, “The relation of radio sk){\vave trans-
mission to lonosphere measurements,” Proc, 1.K.E
vol. 27, p. 332; May. 1939.

TABLE 1
t | Maxintum
| Maximwm Usable Fre-
| Usable Fre- | quency from
quency Scaled|  Midpoint
Layer ifrom Oblique- | Data and
Imcidence Transwmis-
Records ston-Curve
| Caleulation
E ordinary 12.7 12.9
Fy ordinary 1.6 11.0
F; ordinary 10.3 10.2

It will be noted that a fair agreement has
been obtained between the observed and
calculated maximum usable frequencies. The
results are not to be considered conclusive
because of possible height-scale errors in the
vertical-incidence records.

P. G. SuLzer

E. E. FErgusoN

Central Radio Propagation Laboratory
National Bureau of Standards
Washington 25, D, C.

A Note on ‘‘A Precision Decade
Oscillator”*

My attention has been drawn to an arti-
cle by Edwards, entitled “\ Precision
Decade Oscillator.™ It is of particular inter
est to me because my company, Muirhead
and Company, Ltd., which in 1938 pro-
duced a commercial RC oscillator using
Wien bridge network, has been engaged in
the manufacture of precision decade oscilla
tors since 1940,

The original suggestion of a decade oscil-
lator came from \Wigan, who was then at the
Ministry of Supply and was interested in
variable-frequency oscillators having a fre-
quency accuracy and stability of a few
tenths of 1 per cent.

Our aim was to produce an oscillator
covering the range 1 cps to 100 k¢ on 4
dccade dials in 1 ¢ps steps up to 10 ke and
10 cps steps up to 100 kc. The frequency
accuracy achieved was 0.1 to 0.2 per cent
over thc major portion of this range.

As a result of preliminary work, it be-
came obvious that when resistance decades
were used over a range of 10,000 to 1 the
effect of amplificr output impedance became
significant. Wigan then introduced an addi-
tional resistance R, into the RC network, as
shown in Fig. 1, where 4 represents an

g5t 5
Inansl
- |

Fig. 1

amplifier with output impedance K, and
zero phase shift between mput voltage E;
and open-circuit output voltage E. The two

* Received by the Institute. December 26, 1951

! C. M. Edwards, “A precision decade oscillator
for 20 cycles to 200 kilocycles,” Proc. 1.R.E.. vol. 39,
pp. 277-278; March. 1951,
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R’s are assumed equal to one another as are
the two C’s. It can casily be shown that the
frequency of oscillation we with unity loop
gain and R, equal to zero is given by

1

wp =

Ra

RC.t/l -+ R

Thus, if we is to be accurate to 0.2 per
cent, either the factor R4/R must not ex-
ceed 0.4 per cent or the series R must be re-
duced to offset the effect of R4. Trimming
the individual series resistances R in this
way is practicable when the range of R is
10:1, as in the oscillator described by Ed-
wards, but becomes awkward and cumber-
some when a range of 10,000 to 1 is used.

If, however, the resistance R, is made
equal to R4/2, the frequency wo is given by

=1/RC, which is the desired condition.
U'nder these circumstances the network re-
duces to that shown in Fig. 2, and it is
clear that E, is then in phase with E,.

< < <
——WWW—— AN {1 =
%‘72
$% ¢
g(){:
1
Fig. 2

The advantages derived from this addi-
tional resistance are considerable. It makes
possible the use of comparatively low R and
high C in the RC network, and avoids the
necessity for separate trimming of the indi-
vidual resistances or the stray capacitances
associated with the various positions of the
decade switches. Also, this resistance can be
used to cancel out, to a limited but very
useful extent, the effect of phase shift in the
amplifier at the higher frequencies. For this
purpose the resistance R, is set somewhat
higher than its theoretical value, Since the
influence of this resistance on the oscillation
frequency increases as the main tuning re-
sistances R are reduced, its effect is negligi-
ble at low frequencies but beneficial at the
higher frequencies where amplifier phase
shift may be of significance. ) )

In the oscillator the main tuning resist-
ances vary from 200 ohms to 2 megohms.
They are 0.1 per cent wire-wound nonreac-
tive types, except for the highest values
which, of course, affect only the lowest frg-
quencies. In practice, the resist.ancc Ri' is
adjusted until proper decading is obtal.ne_d
for the first decade dial, and thereafter it is
only necessary to trim up the main tlfnir!g
condensers to bring the actual frequencies 1n
line with the indicated frequencies.

In addition to good frequency accuracy
and stability, other advantages of thc. dec-
ade oscillator are its ready repeatability of

*setting and the availability of highly accu-
rate incremental changes in frequency either
in minute or large steps.

Apart from the 1 cps to 100 kc oscillator,
to which reference has been made, various
other instruments using the same principle
have been manufactured during the last ten
years. One of these is a decade oscillator
covering the range 100 cps to 40 kc associ-
ated with a transmission measuring set for
measuring gains and losses. This is a porta-
ble instrument arranged to work from nor-
mal ac mains or a 12-volt accumulator, and
was designed in conjunction with the Min-
istry of Supply during World War II for the
maintenance of Army carrier telephone cir-
cuits in the field. A later development is a
new decade oscillator covering the range 0.1
cps to 20 kc.

Many hundreds of decade oscillators of
various types have been manufactured by
my company, and are in service in England
and in other parts of the world. Experience
gained with them has proved the high accu-
racy and stability of this type of instrument,
and has shown that their field of use is ex-
tremely wide and varied.

J. A. B. DavIDsON

Chief Engineer, Electrical Laboratories
Muirhead and Company, Ltd.

Elmers End

Beckenham, Kent

England
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A Stable Amplitude-Modulated
Microwave Generator*

In the course of an experimental investi-
gation at a frequency of 9,300 mc, it became
desirable to have a low-power, amplitude-
modulated, radio-frequency generator of
good frequency stability. The most com-
monly used radio-frequency generator for
such an application consists of a reflex-
klystron oscillator that is amplitude-modu-
lated by a square wave applied to the re-
flector. This system has a number of inher-
ent disadvantages; in particular, a rather
elaborate regulated-power supply is re-
quired, and it is usually necessary to allow
about a two-hour warm-up period before the
frequency is stable. These disadvantages
may be avoided by the use of a somewhat
different systen.

The cavity-stabilized reflex-klystron sys-
tem, developed by Pound,! has very good
frequency-stability, and it does not require
an claborate power supply. It is not con-
venient to amplitude modulate the klystron.

* Original manuscript received by the Institute,
June 11, 1952. This work was done at Cruft Labora-
tory, Harvard University, Cambridge. Mass.

¥ R. V. Pound, “Frequency stabilization of micro-
ma,vse tlnci_lllatou.” Proc. LLR.E., vol, 35, pp. 1405-

;194

It is possible, however, to use the stabilized
klystron to generate a cw signal and then to
modulate this signal by means of a crystal
detector (Type 1N23B). In this way a very
stable generator was assembled. The system
requires only a one-minute warm-up period
for most applications. There is a slow drift
in amplitude for about five minutes, but
after that time the stability is sufficient for
very accurate measurements. It should be
mentioned that the crystal modulator ab-
sorbs some power and that the maximum
modulation is about 50 per cent. The avail-
able power is accordingly somewhat less
than that of the first-mentioned system.

5 CLE—— l

Fig. 1—Spectrograms showing the reduction of fre-
auency pulling of a klystron 723/AB by use of a
Pound stabilizer. (a) No crystal modulation; no
stabilization. (b) 1,000-cps crystal modulation; no
stabilization. (c) 1,000-cps crystal modulation;
Pound stabilizer.

‘The modulated crystal tends to influence
the frequency of the klystron oscillator. As
a point of interest, some photographs were
taken of the frequency spectrum with and
without the stabilizing system. These photo-
graphs, with the pertinent data, are given in
Fig. 1. It is clear from the data that the
Pound stabhilizer greatly reduces frequency-
pulling.

T. E. RoBERTS, JR.

School of Electrical Engineering
Georgia Institute of Technology
Atlanta, Ga.
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Herbert J. Carlin (M'47-SM’50) was
born in New York, N. Y. in 1917. He at-
tended Columbia University, where he re-
ceived the B.S. de-
gree in 1938 and the
M.S. degree in 1940,
In 1947 he was
awarded the D.E.E.
degree from Brook-
lyn Polytechnic In-
stitute.

From 1940 to
1945 Dr. Carlin was
associated with the
Westinghouse Com-
pany as a design en-
gineer in the power-
system relay section of the meter division,
and has written several papers on power-
system protection. He joined the Micro-
wave Research Institute of the Polytechnic
Institute of Brooklyn in 1945, and has inade
contributions in the field of microwave net-
works and microwave power measurements.
He holds the position of research supervisor,
and lectures in the graduate school at the
Institute.

Dr. Carlin is a member of the A.1.LEE.,
A.AAS, Tau Beta Pj, Sigma Xi, and Eta
Kappa Nu.

H. J. CarLIN

Seymour B. Cohn (S'41-A’'44-M'46-
SM'51) was born in Stamford, Conn. on
October 21, 1920. He received the B.E. de-
gree in electrical en-
gineering from Yale
University in 1942;
the M.S. degree in
communication engi-
neering in 1946, and
the Ph.D. degree in
engineering sciences
and applied physics
in 1948, both from
Harvard University.

From 1942 to
1945 Dr. Cohn was
employed as a special
research associate by the Radio Research
Laboratory of Harvard University, also
representing that Laboratory as a technical
observer with the U. S. Army Air Force in
the Mediterranean Theater of Operations.

Since March, 1948 Dr. Cohn has been
employed by the Sperry Gyroscope Com-
pany, and now holds the position of re-
search engineer in the Microwave Instru-
ments and Components Department.

Dr. Cohn is a member of Tay Beta Pj
and Sigma Xi, and is serving on the Papers
Review Committee of the IRE,

SEvyMmour B. Coun

John P. Costas (S'46-A’51) was born on
September 16, 1923, in Wabash, Ind. He ob-
tained from Purdue University the B.S. de-
gree in electrical en-
gineering in 1944,
Two years were then
spent in Naval Serv-
ice as radar officer in
which time Dr. Cos-
tas attended the
Harvard and M.1.T.
Radar Schools. He
returned to Purdue
and obtained the
M.S. degree in elec-
trical engineering in
1947. In 1951 he oh-
tained the degree of D.Sc. from M.I.T.

Dr. Costas is presently employed as a
member of the Electronics Laboratory staff
of the General Electric Company.

Joun P. Costas

H. V. Cottony (M'45-SM’'51) was born
in Nizhni-Novgorod, Russia, on March 27,
1909. He received the B.S. degree in electri-
cal engineering from
Cooper Union Insti-
tute of Technology in
1932, the M.S. degree
in electrical engineer-
ing from Columbia
University's  School
of Engineering in
1933, and the E.E.
degree from Cooper
Union in 1946.

From 1935t01937
Mr. Cottony was a
research engineer for
the Sonotone Corporation. From 1937 to
1941 and, again, from 1945 to the present he
has been employed at the National Bureau
of Standards as a physicist and radio engi-
neer. His most recent work at the Bureau
has involved radio-noise measurements and
antenna studies.

During the period 1941 to 1945 Mr. Cot-
tony was on military duty at the Office of the
Chief Signal Officer and at the Signal Corps
Laboratories, where he served successively
as assistant officer-in-charge of the Aircraft
Radio Section; project officer for radar AN/
I'PS-3; officer-in-charge of the Antenna and
Mechanical Design Section; and chief of 1the
Thermionics Branch.

Mr. Cottony is a member of AIEE, Tau
Beta I’i, and Mu Alpha Omicron
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H. V. Cortony

H. A. Hess (A'49) was born in Kirch-
heim-Teck, Wuerttemberg, Germany, on
June 15, 1910. He attended the Stuttgart
Technical University from 1930 to 1933
and the University of Jena from 1933 to
1935. The following two years he was a
scientific assistant at the Heinrich Hertz
Institute, Berlin, and received the Dr. Phil.

Nat. degree from the Friedr. Schiller 1'ni-
versity of Jena in 1937.

During the period 1938 to 1940, Dr. Hess
was employed in the
research laboratories
of the Telefunken
Company, Berlin. In
1941 he became a
technical assistant at
the German Patent
Office, Berlin, and in
1941 he was obliged
to serve as a civilian
employee of the Luft-
kriegsakademie, Ber-
lin-Gatow. lle did
research in hf propa-
gation in Denmark from 1942 to 1945,
Since 1950, Dr. Hess has heen employed at
the Service de Prévision lonosphérique Mili
taire (France) at Freiburg.

H. A. Hess

°,
oo

Philip N. Hess (S8'50-A’51) was DLorn
February 18, 1926, in Minot, N. D

After two years as a radio technician i1
the U. S. Navy dur-
ing World War 11
Mr. Hess attended
North Dakota State
College, receiving the
BB.S. degree in electri
cal engineering in
1949. He then joined
the staff of the elec-
trical engineering col
lege at Oklahoma
Agricultural and Me
chanical College as
an instructor.

During his work at Oklahoma A and M
Mr. Hess was associated with the tornado
identification and tracking project and re-
ceived the M.S. degree in 1950. He then be-
came an instructor of electrical engineering
at the University of Minnesota where he is
currently engaged in research in the field of
nonlinear mechanics. ™

PuiLie N. Hess
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Andrew L. Hopper (A'$2-M'46-SM'51
was born on January 11, 1906 in Mahwah,
N. J. He received the E.E. degree from
Rensselaer Polytech
nic Institute in 1928.

Since that date
Mr. Hopper has been
engaged in various
arcas of communica-
tions rescarch and
development, mostly
for Bell Telephone

v Laboratories.  This
m work has been in

such a variety of

A. L. HoppEr fields as machine

switching, telegraph,
radar, proximity fuses and, more recently,
the transcontinental microwave radio-relay
system. At present he is engaged in micro-
wave repeater research.
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David A. Huffman (S'44-A"47) was born
in Alliance, Ohio, on August 9, 1925, He re-
ceived the B.E.E. and M.Sc. in E.E. degrees

from the Ohio State

University in 1944
and 1949, respec-
tively.

From 1944t0 1946
Mr. Huffman served
as a radar mainte-
nance officer aboard
the destroyer U.S.S.
Duncan. From 1947
to 1950 he was an in-
structor in the de-
partment of electri-
cal engineering at the
Ohio State University, during which time he
was also in charge of a classified electronics
project with the 0.5.U. Research Founda-
tion. In 1950 he was associated with an Air
Navigation Development Board psycho-
logical planning group, and in 1951 with the
Physical Science Laboratory, State College,
New Mexico.

At present Mr. Huffman holds the Inter-
national Business Machines fellowship for
work in automatic control systems at the
Mas