Proceedings

ot

the

A Journal of Communications and Electronic Engineering
(Including the WAVES AND ELECTRONS Section)

'R E

November, 1947

Volume 35 Number ||

Sylvania Electric Products, Inc.

ELECTROLYTIC SIMULATION OF CATHODE-RAY-TUBE CONDITIONS

The electrolytic tank shown above is used for plotting the electrostatic field of
cathode-ray-tube focusing and deflecting systems. A pair of deflecting plates,
many times normal size, is immersed in the electrolyte. The field is explored with
s probe. Potential rn:tcd up by the probe is measured on a vacuum-tube volt

imeter. The bank of five vacuum-tube voltmeters permits measurements at five
ipoints simultaneously for use in gun design and similar problems. A push button
on the carriage permits working dots on the plotting board behind the tank
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| MAKING TUBES IS EASY..
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B INCLUDING BOTH POSITIVE AND NEGATIVE GRID REGIBNS

W atch the operator manipulate quickly the switches and knobs of this new Hytron elec-
! tronic curve tracer. Like magic, graduated horizontal'and vertical scales flash onto the screen,
and he calibrates them in desired units by adjusting the marker pips. Effortlessly, he traces
the three basic characteristics curves (Ey-Ip, Ep-1I¢,, Ep-I¢;) — for a quick check or a photo-
graphic record. No slow tabulating and plotting of dozens of meter readings.

Because the grid potential is applied in a momentary, narrow pulse (monitored by the
smaller ’scope), the curves include the positive grid region so important in analyzing trans-
mitting tubes. Another advantage, missed with roughly plotted curves, is that the slightest
eccentricities in the curves are apparent. Improper tube geometry, for example, is immedi-
ately detectable,

A maze of trigger, phase-inverter, and sweep circuits, synchronizing pulse generators,
electronic switches, and regulated power supplies —the curve tracer’s principle of operation
is simple. Microsecond pulsing, electronic switching, and persistency of the oscilloscope
screen do the trick. What does this fancy gadget mean to you? Better, more uniform
Hytron tubes, because design and production control are easier, better. The new Hytron
curve tracer is another step forward to give you the best in tubes.

@ SPECIALISTS IN RADIO RECEIVING TUBES SINCE 1921
m @mn
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250 WATTS

Your money’s worth

and MORE!

... In every power range

Through the years, the experience of hundreds of
stations from coast to coast has proved that you get the
most for your money in Western Electric transmitters.

You get outstanding design by Bell Laboratories —
top quality performance — dependability — and rock
bottom operating cost.

You will want these things in your new AM trans-
mitter. Get full details from your local Graybar Broad-
cast Representative or write to Graybar Electric Co.,

420 Lexington Ave., New York 17, N. Y.

50 KW

o || | g

Wesftern Eleclric

— QUALITY COUNTS -
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This Single Instrument...!

SAVES EXPENSIVE ENGINEERING TIME, INCREASES
ACCURACY, ELIMINATES EXTRA EQUIPMENT

Here's the compact precision instrument that gives you the measuring
capacities and scope of 6 individual instruments, yet occupies bench space of
but one! This famous -hp- 205AG provides typical -hp- accuracy and ease of
operation (no zero-set, for example) for almost any test job from 20 cps to
20 kc. It delivers 5 watts power with less than 1.0% distortion at the commonly-
used impedance levels of 50, 200, 600, and 5000 ohms. Meter calibration, in
volts and db, is based on a 600 ohm level, to conform with RMA standards.
The instrument’s output voltage ranges from 150 volts to 50 microvolts.
Where input vacuum tube voltmeter is not required, the -hp- 205A is available.
This instrument is identical in other characteristics to the 205AG. And, for
supersonic measurements, the -hp- 205AH is provided. This instrument covers
a frequency range of 1 kc to 100 kc and is similar to the -hp- 205A. For full
details of any of these rugged, long-lasting -b p- instruments, write or wire today.

Hewlett-Packard Company < 1452D Page Mill Road « Palo Alto, Calif.

Attention FM Engineers!
Full information on the new —hp-
FM TEST EQUIPMENT
Available on Request
Write Today!

MAKE THESE MEASUREMENTS
WITHOUT EXTRA APPARATUS

Frequency Response
°
Audio Gain
L ]
Filter Transmission
Characteristics
L
Audio Frequencies
®
Voltage Measurements
[ J
Speaker Tests (No
amplifiers needed)
or
Drive Electro-Mechanical
Equipment

THESE -hp- REPRESENTATIVES ARE AT YOUR SERVICE

CHICAGO 6, ILL.: Alfred Crossley, 549 W. Rondolph St.,Stote 7444 « HOLLYWOOD 46, CALIF.: Normon B. Necly Enterprises, 7422 Melrose Ave., Whitney 1147

HIGH POINT, N. C.: Bivins & Coldwell, 134 W. Commerce St., High Point 3672 » NEW YORK 7,N. Y.: Burlingome Associates Ltd., 11 Park Place, Worth 2-2171

DENVER 10, COLO.: Ronold G. Bowen, 1886 S. Humboldt St., Spruce 9368 » TORONTO 1, CANADA: Atlos Radio Corp. Ltd., 560 King St. West, Waverley 4761
DALLAS S, TEXAS: Eorl W. Lipscomb, 4433 Stanford Strect, Logon 6-5097

, PROCEEDINGS OF THE LR.L. November, 1917 3a

R e s el S R



4A

RF HEATING TUBES
DESIGNED and PROCESSED
ESPECIALLY FOR
RF HEATING PURPOSES
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To Machlett Laboratories the tube needs of the RF heating industry have

" been a challenge — no less than they have been a source of deep concern

to the industry itself. The electronic heating industry has now grown to

such importance as to require—and merit — the best the electron tube

industry can produce. ..and here the “best” must mean tubes designed

and processed especially for its needs, not “hand-me-downs,” no matter

how high in quality, from communications or other fields.

For this reason. ..

MACHLETT LABORATORIES
e 8%1’&1@%/ lo T 1notnce

their initial step in a planned program
to provide the RF heating industry
for the first time
with a line of tubes designed, processed,

and serviced exclusively

for its use

Machlett Laboratories’ announcement several months
ago of RF Heating Tube Types ML-5604 and ML-5619
constituted the first tangible recognition by the tube
industry of the special requirements of the electronic
heating field. These tubes, featuring above all else an
unquestioned ability to handle — without penalty to
life or performance —the most severe load mis-match-
ing and the unusual physical conditions inherent in
industrial service, marked the beginning of a new con-
cept of service to this growing industry. Unmatched in
mechanical ruggedness, they embody materially

heavier sections, sturdier grid, cathode and terminal
construction, and principles of tube design and process-
ing which assure better performance and longer life

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

TS RRR——
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AN IMPROVED WATER JACKET
FOR BETTER TUBE PERFORMANCE

Machlett’s new water jacket, available for
all Machlett RF Heating Tube types, em-
bodies the first fundamental improvement
in water jackets since their initial use with
electron tubes. With this new jacket, it is
simple to remove a tube and replace an-
other in less than five seconds. No tools
are needed; simply a twist of the wrist and
the jacket is open, another twist and it is
sealed — without danger to the tube, with-
out leakage, without trial and error—a
perfect seal every time.

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

To the RF Heating Equipment manufac-
turer these Machlett electron tubes and
accessories will provide the first real free-
dom from “tube worries” and assure user
satisfaction. They will contribute to
demonstrating the effectiveness and econ-
omy of electronic heating. Priced only
slightly higher than the standard com-
munication tubes generally sold for this
purpose, they will prove lowest in cost
through better performance and materially
longer life.

MACHLETT LABORATORIES, INC,
Springdale, Connecticut

n

AUTOMATIC SEAL WATER JACKET. No tools
needed to open and close the new Machlett
water jacket. No worry about tube break-
age or water leakage. Jacket cannot be
opened unless water pressure is off, nor
closed unless tube is properly seated. Your
hand opens and closes a perfectly sofe seal
with just a single twist,
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ML-5619 RF HEATING TRIODE,

woter cooled with automatic seol
jacket, or for forced-oir cooling

{ML-5604).

Maximum Input........oieane

Maximum Plate
Dissipation (ML-5619) ....

Maximum Plate
Dissipation {ML-5604) ...

wHy

ML-5658 RF HEATING TRIODE
Moximum input ... 60 KW
Moximum Plate Dissipation.. 20 KW
{Will replace Type 880 without equip-
ment madificotions}

Avtomotic seol woter focket os shown.

ML-5667 FORCED-AIR COOLED
TRIODE, avallable for water cool-
ing ML-5666, with automatic seal

jocket,

Moximum Input

Moximum Plate
Dissipation (ML-5667)

Maximum Plote

Dissipation {ML-5666)
{Will reploce Types B89A ond 889RA
without equipment modlficotions)

Write for complete technical
doto on this new line of tubes
and occessories. A Machlett
Application Engineor will gladly
vitit you at your requost,

20 Kw
. 7.5KW

12.5 KW

Y- 1 1 1 . 1 °r 0 1]

ML-5668 WATER-COOLED RF
HEATING TRIODE, ovailable with
ovtomotic seal jacket.

Maximum Input 28 KW
Moximum Plote Dissipation.. 20 KW
(Wil roploce Types 892 ond 892R
{by ML-5669) without equipment modi-
ficotion:)

@ACHLETD

S0 Years of Electron Tube Experience




6a

.« - INCREASES ELECTRONIC PRODUCTIQN

INCE its recent introduction, Revere Free-
S Cutting Copper has decisively proved
its great value for the precision manufacture
of copper parts. Uses include certain tube
elements requiring both great dimensional
precision, and exceptional finish. It is also
being used for switch gear, high-capacity
plug connectors and in similar applications
requiring copper to be machined with great
accuracy and smoothness. This copper may
also be cold-upset to a considerable defor-
mation, and may be hot forged.

Revere Free-Cutting Copper is oxygen-
free, high conductivity, and contains a small
amount of tellurium, which, plus special
processing in the Revere mills, greatly in-
creases machining speeds, makes possible

closer tolerances and much smoother finish.
Thus production is increased, costs are cut,
rejects lessened. The material’s one impor-
tant limitation is that it does not make a
vacuum-tight seal with glass. In all other
electronic applications this special-quality
material offers great advantages. Write
Revere for details.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801

230 Park Avenue, New York 17, New York

Mills: Baltimore, Md.; Chicago, lil.; Detroit, Mich.; New
Bedford, Mass.; Rome, N. Y. =Sales Offices in Principal Cities,
Distributors Everywhere.

—

REVERE FREE-CUTTING COPPER ROD

-
CUSTOMERS REPORT:

“This material scems to machin
¢ much better tha
vious hard copper bar; it curs off smoothly, taknesm;r 53}'
m.ce thread, and does not clog the die. (Electrical pares )
‘Increased feed from 1 1/2” 10 6* }

er 3
five at one time instead of two. (Switc m;r:;n)uu and do

‘Spindle spced increased from 924
d L, <4 to 1161 RP
feed from .0065" 1o -0105" per spindle re 'olutionM'lgl?i(:
resulted in a decrease in the time required 10 produce the
g??ag::n’ﬁ(:gg?nto;rs té) .2036 hours. Macerial was capable
¢ f . Sbeeds but machine i
its maxtmum. Chips cleared tools freel‘;.a; "e':::'gffiﬁ" of
have 10 remove by hand. (Disconnect Stu(fs.) not
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Dependability

Reliability Availability

El-Menco Capacitors contribute You get as many El-Menco El-Menco stands ready to serve
a greal deal to the quality capacitors as you need . . . when you in any emergency . . . just
performance of your electronic you need them. Improved pro as El-Menco served in the
rroduct. In addition to being re- duction techniques are your recent  national  emergency,
iable in performance, El-Menco assurance of that. World War II. Our staff will

assist you in solving any prob-

is reliable in delivery service.
lem you may have.

We who design and make El-Menco Capacitors are proud of the repu-
tation of dependability and quality that our products have earned. The
use of El-Menco Capacitors throughout the electronic industry is an

indisputable testimonial in behalf of their superiority.
MANUFACTURERS

Our silver mica department is now producing silvered mica
films for all electronic applications. Send us your specifications.

JOBBERS AND DISTRIBUTORS
Write on firm Jetterhead for

ARCO ELECTRONICS catalog and samples.
135 Liberty St., New York, N. Y.
is Sole Agent for El-Menco Products in United States and Canada

THE ELECTRO MOTIVE MFG. CO., Inc., Willimantic, Connecticut

R Send for samples and complete specifications. Foreign
N R Radio and FElectronic Manufacturers communicate
\ - Ay - direct with our Export De-
N E ncu partment at Willimantic,
Conn., for information.
MOLDED MICA MICA TRIMMER

CAPACITORS
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Old Eng. Prov.,

desired frequenc range.

Electrical Design — The filterizing circuit is checked for effect upon performance of the apparatus being
Filterized and all components are selected so that normal performance is obtained after Filterizing;

voltage drop, temperature rise, Phase relationships — all are held within required limits,

Mechanical Design — The arrangement of circuit elements is co-ordinated with existing space limitations

so that radio noise is quelled without need for extensive re-design of the apparatus,

These three design factors, embodied in every Tobe Filterette, are based on exact, scientific knowledge
and, when applied by Tobe engineers, enable you to guarantee radio silece for your electrical apparatus,
This guarantec. shown by the FILTERIZED label, helps build sales for your product. Ask us for details

TOBE DEUTSCHMANN CORPORATION « CANTON, MASSACHUSETTS

ORTFINAWOLS O RIDWBR e r'essd, .4, Tue ACCEPTED

8a

THE CLINIC

lhat Cunes Badss Wpise

For cvery evil For radio noisc, the remedy is Filterizing by Tobe . . . a complete service
under the sun,

There is a remedy that enables you (o Buarantee that your electrical products will not
or there is none.

interfere with radio recepuon. Filterizing by Tobe covers these three

important aspects of every radio noise problem

-MADE
W AN-MA RAD[
<2 )

qn
UTERITS

CURE Fog RADIO NOISE

November, 1947




Audio Devices is continually receiving letters from broad-
casting stations and recording studios giving unsolicited com-
mendations on Audiodiscs. These come from all sizes of
studios and from all climates in the United States and abroad.
A few excerpts from typical letters recently received follow:

"AUDIODISCS have proven their worth at our station, We
are for them one hundred percent.” ...A 5000 WATTER

"It may be of interest to you to know that for a long time we
tried all makes of transcription blanks and long ago decided to
use nothing but AUDIODISCS. W e find them most satisfactory.”

...A 1,000 WATTER

“It will interest you to know that we use only AUDIODISCS.”
... A 10,000 WATTER

"We use AUDIODISCS exclusively and find them everything
your research engineers have claimed.” ... A RECORDING STUDIO

"We have found AUDIODISCS superior to any other disc
tested, and consequently we have been nusing AUDIODISCS
exclusively for quite some time.” .. A 5000 WATTER

"We have been users of AUDIODISCS since they were first
produced by your company and have always found them
satisfactory.”

... A 50,000 WATTER

"We use AUDIODISCS exclusively when they are available.
It is our experience that there is less drying effect in this climate,
as well as less static trouble with AUDIODISCS than with other

brands.” <..A 5,000 WATTER

“In passing, 1 might say that we use Audio Red Label ex-
clusively. AUDIODISCS are our favorite. We have found them
to be uniformly satisfactory.” ...A 1,000 WATTER

"Of all discs we have tried, AUDIODISCS are our standard
and whenever supreme quality of reproduction of instantaneous
recording is desired, it's AUDIODISCS for us.”

... A RECORDING STUDIO

"We use AUDIODISCS exclusively and have heen doing so
for many years. After exhaustive tests we have found them hard
to beat and we are pleased to mention this fact at this time.”

...A 5000 WATTER

“Our station bas used AUDIODISCS practically exclusively
since their introduction about ten years ago. Our recording
engineers appreciate their bigh uniform quality.”

...A 50,000 WATTER

"We bave never used any other than AUDIODISCS except
for a few times during the war when AUDIODISCS were not
available.” ... A 250 WATTER

AUDIO DEVICES, INC., 444 Madison Avenue, New York 22, N. Y.

PROCEEDINGS OF THE L.R.E. November, 1947

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

//fy 4/€(&/ %fl %&ﬂwﬂ/l/ed ﬂlldiadiscs

# RED. U.B.PAT.OFF.
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‘| ONE-THIRD
| LESS WEIGHT

RCA, designer and co-producer of the first
aircraft automatic direction finder, leads
again with a completely new lightweight
and smaller ADF.

This new RCA Model AVR-21 is one-
halif the size, two-thirds the weight of simi-
lar equipment used for airline service. Total
weight for an average AVR-21 installation
is 53 Ibs. With the AVR-21 Dual ADF oper-
ation is now possible at almost the same
weight as existing single ADF installations.

Among the many outstanding features of
the AVR-21 are: band and function switch-
ing on one-gang switch, by a trouble-free
ratchet motor drive . . . inductance tuning

\ =

10A

of input circuit for higher gain and im-
proved signal-to-noise ratio ... streamlined
loop antenna for pressurized cabin installa.
tions . . . coated and shielded loop reduces
precipitation static interference . . . one.
half ATR case designed for rack or in-

dividual mounting . . . continuously vari-
able quadrantal error correction.

Available Soon. AVR-21 is part of a2 new
RCA family of aircraft radio equipment
engineered to meet modern, requirements
in size, weight and performance required
for airline operation.

For complete information write: Avia-
tion Section, Dept. 67K RCA, Camden, N.]J.

AVIATION SECTION

RADIO CORPORATION of

ENGINEERING PRODUCTS DEPARTAMENT, CARe
In Canada: RCA VICTOR Company Limited, Montreal

PROCEEDINGS OF THE LRE.

RCA wmoo:t AVR’Z’ ‘

Auromaric DirecTiON FINDER

Azimuth Indicator Unit. Elec-
trical operation—no mechani-
cal connections required. Dual
pointerindicator for Dual ADF

operation,

Pilot's Control Box. New drum
dial for improved readability.
All controls grouped for easy
operation. Controls may be re-
moved for console mounting.

loo‘p Antenna. Sireamlined
design. Continually variable
quadrantal error correction.
For use in aircrafc with pres.
surized cabins,

AMERICA

DEN. N.J.
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When manufacturers of electronic, radio and
electrical apparatus, situated as far as 2000 miles
and more from our plant,insist on Karp sheet metal
craftsmanship, there must be good and profitable
reasons.

One important reason is that Karp-constructed
cabinets, enclosures, housings and chassis are
custom-built to individual requirements;so precisely
and uniformly made that time and money are saved
on your assembly line. Another reason is that Karp
builds good looks and streamlined styling into
the product, giving you added sales and profit
advantages.

Remember the Karp blueprint man symbolizes blue

ribbon quality in cabinets, housings losures and
sis. Tell us your needs. Get our quotations.

Any melal

Any gauge

Any size

® Any quantity

Any finish

KARP METAL PRODUCTS CO., INC.

117 - 30th STREET, BROOKLYN 32, NEW YORK

3
y
J
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QUALITY

® The AR-2 aond AR-.5 coils are TRAD"'ONAL

high Q permeability tuned
RF coils. The AR-2 coil

tunes from 75 mc to 220 mc WORKMANSHIPQQQ

and the AR-5 cail tunes

from 37 mc to 110 mc -n%wﬂ‘—

[t} N

with suitable capacitors,

National parts have long been famous among
® XR-50 coil forms may be

wound as desired to pravide manvutacturers, engineers and laboratory workers

a permeability tuned ,coil. The for quality, workmonship, rugged construction

form winding length is 11/16” and the form winding diameter is

2 " and excellent electrical characteristics.
V2", The iron slug is %" diameter by %" long. electrical charac Cs

Through long practical experience, these men
® The IFL, IFM, IFN and IFO trans-

formers all operate at 10.7 mc have all found that National parts can be relied
and are designed for use in upon for dependobility and long life.
FM or AM superheterodyne
receiver. The transformer cans

are 1% " square and stand Whether you're building new equipment or mod-

3" above the chassis. ernizing an old installation, check your nearest
National dealer for the latest in efficient parts,

® The IFL discriminator

transformer is suitable

. " -
far use in conventional atto nal

FM receiver discrim-

inator circuits and compan", 'nc-
is linear over a Depf. no 12

band of *+100 KC.

Sinks - Malden, Mass,

® The IFN is an IF trans- ® The IFO is an
former with a 150 KC
bandwidth at 1.5 db

attenvation, Approxi-

former with a 100 KC FM discriminator
bandwidth at 1.5 db transformer of the
attenvation. Approxi- ratio type and is
mate stage gain of
30 is obtained
when used with
65G7 tube.

mate stage gain of linear over a band
30 is obtained of *100 Kc.
when used with
65SG7 tube.

MAKERS OF LIFETIME RADIO

EQUIPMENT
—

% PROCEEDINGS oF THE IL.RE.
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| When alittle |
means a lot |

Whenever and wherever space is at a premium ... 1
in shavers, hearing aids, pocket radios, guidcdl
missiles and other radio, electrical or electrgnic
devices . .. you can use one or more of thse four
miniature products IRC makes-by-ghe-million.

For complete information, including dimensions, >

ratings, materials, constructidn, tolerances, write
for comprehensive catglog bulletins, stating

products in which fyou are interested.

]
1 |
l Y
i A
| N
i \
1 :
l |
i
MPM Resistors e BTR Resistors |
Y]
A )
15 watt for UHF, Resistance film permanently T 14 watt—insulated composition. Llength '
bonded to solid ceramic rod. Length : only 134". Diameter 32", Resistance
only %". Diameter ", Available T range 470 ohms fo 22 megohms
resistance values 30 ohms to 1.0 megohms. ! {higher on special orders).
o
N :
S “
A
¢ |
3 |
V]
A
g |
s >
TYPE H Fingertip Control z TYPE SH Fingertip Switch ‘
E i
.
Composition volume or tone control. = Similar to TYPE H Control (left) in appearance. 3
Its ¥4 diameter and Y2 overall H 134" diameter. OFF and 3 operating positions. ";
depth include knob and bushing. 1= |:‘ L
H |
1 ]

)

INTERNATIONAL RIE NCE COMPANY ;

401 N. BROAD STREET IA 8, PENNSYLVANIA }

IN CANADA; INTERNATIONAL MP / ATD., TORONTO, LICENSEE
. b

|

|
L sty £ 0 Ly Copyright, 1947, International Resistance Company l
et i 8 il o " - 2 - i it o Aitnna Lo LK
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y Now - -- Mallory Makes

: Ferrule Resistors, too

TYPE RATING :i:xinonce R;:se A 8 C
CF 10 10 Watts | 0.2 ohms 5 M ohms %e Va 13
CF 15 15 Watts | 0.3 ohms 10 M ohms Y Va 1'%
CF 35 35 Watts | 0.5 0hms | 25 M ohms 13, Y 3%,
CF 45 45 Watts | 0.7 ohms 40 M ohms Y A 4%,
CF 100{ 100 Watts | 1.5 ohms 80 M ohms 1% Va 6%

FCF 150 | 150 Watts | 2.6 ohms | 120 M ohms 1% Va 8%
CF 200 | 200 Watts | 3.2 ohms | 160 M ohms 1% Y 10%s

[ e — C——— >

with Grade 1, Class 1
Vitreous Enamel

These ferrule resistors are new to the market, strength standards set by the Navy. They are
but they’re backed by long chemical, electrical firmly secured to the winding form by high
and metallurgical experience—by Mallory’s temperature ceramic cement, and mechanically
well-earned reputation for premium quality. bonded and welded to provide the best possible

) electrical connections,
They use the same enamel coating developed

for the now-famous Mallory Grade 1, Class 1, What’s more, these resistors are designed to
RN resistors—enamel that won'’t chip, crack it conventional fuse 'ype mounting clips. You
or craze under extremes of vibration or tem. ¢an m'terchange them with the types you now
perature change—enamel that can’t be dam- use—interchange them for greater depend-
aged even after thermal shock tests from  ability. Write us direct for more details.
275° to 0°C. Mallory also manufactures a complete line of

fixed lug and adjustable types of vit
The ferrules measure up to the high mechanical  enamel resistors. e e

(2R Al iorvacoine 1 A _
MAI.LO RY RESISTORS

(FIXED AND VARIABLE)

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

o PROCEEDINGS OF THE IRE.
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Driving the heavier type record changers,
radio phonograph turntables and tuning
devices—powering fans, motion displays,
actuating switches, levers and timing de- \‘\ The trend is to make ﬂ"'ngs move!
vices—operating business and vending : S '
machines, toys—these are just a few of

the tasks performed by Alliance's Model

K Powr-Pakt motor.

. Designs will call for more action — movement!

‘Flexible product performance needs power sources
whlch are compact, light weight! Alliance Powr - Pakt
Mo?ors rated from less than 1-400th on up to 1-20th
h. p. will fit those “point- -of-action”

This basic 2-pole induction type motor
can be mass produced to meet
variations in design. It will adapt
to any standard AC voltage and
frequency, and will develop up to
1/100th h. p. For intermittent duty or
where forced ventilation is provided even
greater output can be obtained. Model
K is used in all 25-cycle and in some
50 and 60-cycle Alliance phonomotors.

places! Alliance Motors are
mass produced at low cost—en-
gineered for small load jobs!

For vital component power
links to actuate controls...
to make things move...

plan to use them!

WHEN YOU DESIGN—KEEP

nce

MOTORS IN MIND

ALLIANCE MANUFACTURING COMPANY . ALLIANCE, OHIO
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AVAILABLE NOW FOR
DELIVERY FROM STOCK
IN LIMITED QUANTITIES

SPECIFICATIONS...

Wide range of film speeds
(3600 to 1) — from 1 inch
per minute to 5 feet per
second.

Instantaneous change
from low- to high-speed
recording.

Calibrated elecironic
speed control (in./min,
and in./sec.)

Quickly defached 1o free
oscillograph, or for use with other
oscillographs.

Fixed-focus £/2.8 or /1.5 lens for
medium- or high-speed recording.

Capacity of 100 feet of 35 mm. film
Or paper: provision for 1000 feet if
required. Film footage indicator.

Operates independently of ambient
light. Simultaneous viewing and re-
cording of trace.

Self-illustrated data card for labeling
given “takes” directly on film. Pro-
vision for timing markers.

N NE S A <

TrYsddddodd

To meet the need

for permanent rec-
ords of complex phe-
nomena, Du Mont proudly presents a
camera capable of photographing all
types of traces — high or low fre.
quency; periodic or aperiodic; con-
tinuous-motion or single-image; and
for time intervals up to 200 hours.

The new Du Mont Type 314 Oscil-
lograph-Record Camera* provides all
users of cathode-ray oscillographs
with a useful, simple, practical re.

Applicable to ALL
S-inch cathode-

ray oscillographs!

cording means. [t opens the way for
Precise quantitative meaéurements.
It permits direct comparisons of
traces recorded at different times un-
der varying conditions.

For maximum convenience, the
mounting, operation and dismount-
ing of this camera are reduced to
simplest terms consistent with the re-
quirements and Practices of the wid-
est range of oscillograph users,

. .
“Manufactured for Du Mont by Fairchild
Camera and Instrument Co.

. Descriptive literature on request,

© ALLEN 8. by MONT LABORATORIES. INC.

ALLEN B. DUMONT LABORATORIES, INC.

16a

+ PASSAIC, NEW JERSEY CABLE ADDRESS: ALBEEDU, PASSA|
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When you need insulators in a hurry, phone us for of rush orders. We make our own dies and that also

die pressed AlSiMag. Air shipments put us as close saves a lot of time. Die pressing is usually the fastest
as if we were in your own back yard. and most economical way to produce steatite ces

American Lava has the largest battery of presses ramic insulators of fine quality. Try us when you
in the industry and can now handle a limited number want to break that bottleneck of ceramic insulators.

4 6 T H Ve JERALL R (o] C E Ry A" M L E A QBERRuS H L P

HLSIMRG AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE

SALES OFFICES: ST.LOUIS, MO, 1123 Washington Ave., Tel: Gartield 4959 o CAMBRIDGE, MASS., 38.8 Brattle S1., Tel: Kirkland 4498 o PHILADELPHIA, 1649 N. Broad St., Tel: Stevenson 4.282)
HEWARK, N.J., 671 Broad St., Tel: Mitchell 2-8159 ¢ CHICAGO, 9 S. Clinton St., Tel: Central 1721 o SAN FRANCISCO, 163 2nd. St., Tel: Douglas 2464 o LOS ANGELES, 324 N. San Pedro St., Tel: Mutual 9076

‘——_




A NEW ERA IN TUE

ACTUAL SIZE
ILLUSTRATIONS

Aviation equipment

/. h@b

\ e —
One standard type for ALL conditions of yse,

. ...":J ".I I.‘\ 1
\ § S ,--r-n s
& DU

Exgort aquipaient Home radio and television

Pioneers of Electrical and Electronic Progress
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ULAR CAPACITORS

— MOLDED paper tubulars

After more than four years of intensive research,
plus one of the largest retooling programs in its
history, Sprague announces a complete line of
phenolic-molded paper tubular capacitors that
offer farreaching advantages for a long list of
products ranging from home or auto radios and
electrical appliances to military equipment. Their

Highly heat- and
moisture - resistant

Non-inflammable

Conservatively rated
for -40°C. to +85°C.
operation

Small in size
Mechanically rugged
Moderately priced

A

t

P "
2 AL
o I T '.J ?

—

unique phenolic sealed construction assures maxi-
mum dependability even under extremes of heat,
humidity and physical stress. Thus they have vir-
tually universal application in modern equipment.
In most cases the new Molded Tubulars are smaller
and in no instance are they larger than ordinary
Sprague paper tubular capacitors of equal rating.

Write for Sprague Capacitor Engineering Bulletin 210.

CAPACITORS

RRAGUE

KOOLOHM*
RESISTORS

Sprague Electric Company, North Adams,

November, 1947
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With the announcement of the new Eimac Tetrode type 4-65A,
satisfactory high-power mobile transmission became a reality.
Designed as a transmitting tube, with the transmitter man's
problems in mind, the 4.65A provides stable operation over a
voltage range of from 400 to 3000 volts. This characteristic
alone enables continuity of system design, using the same
vacuum tubes in the final stage of both the mobile and fixed
station (two 4-85As will handle 150 watts input with 600 plate
volts in the mobile unit, and operating at 3000 plate volts, in
the fixed station, two 4-65As provide !/; kilowatt output).

4
|

yils

SIMPLIFIED CIRCUIT FOR USE ABOVE 100-MC,

? A RFC
TT‘}!_i _‘V’" T _] “l
¥ A o

':5_& ..TA. ﬂ ¥ i *Eos

| sl
1
4

The tube is a "natural” for the 152-162 Mc. band. Its low inter-
electrode capacitances, compact structure, short electron transit
time, high transconductance, together with being a tetrode al-
lows simplification of circuit. Operation of the 4-65A can be
continued up thru the 225.Mc. amateur band in either FM or
AM service,

The 4-65A incorporates an instant heating thoriated tungsten
filament, processed grids—controlling primary and secondary
emission, and a processed metal plate—enabling momentary

To insure performance of the 4-65A . . .
cessive vibration. Tests are carried even further . .

20A

PUSH TO TALK

. severe mechanical tests are conducted—from w
. satisfactory shipment of the tube

._,__;,.\l

- ‘l‘a
i
L J

A~
-
-
-
-
>

-

overloads without affecting tube life. All of the internal elements
are self supporting without the inclusion of insulating hardware.
Neutralization is normally unnecessary since practical isolation
of the input and output circuits is achieved by the screen grid
and its supporting cone. No special gear is required for installa-
tion, as the five pin base fits available commercial sockets.

In typical operation, class-C-telegraphy or FM-telephony, one
4-65A with a plate voltage of 600 volts, 125 milliamperes of
plate current, and a plate power input of 75 watts will provide
50 watts of output with less than 2 watts of grid drive. In 1500
volt operation with an input of 190 watts, the output is 140
watts. With the plate voltage increased to 3000 volts and an
input of 325 watts, an output of 265 watts per tube is obtained.

The 4-65A is amazingly versatile, being ideally suited for audio,
television, r-f heating, and communication applications, station-

ary or mobile. It is priced at $14.50 each. Additional data may
be had by writing to:

EITEL-McCULLOUGH, Inc.
181J San Mateo Ave., San Bruno, California

Foliow the Leoders 1o

2 ; _Es
AB The Power for R-F

Export Agents: Frazar & Hansen, 30¢
. > . ‘
San Francisco, 11, c"“'orniac ay Street,

!

ithstanding a bump test to holdng up under ex-

is insured by package drop tests.
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Stupakoff

Ceramic and Manufacturing Co.

Latrobe, Pa.

Cable Address *STUPAKOFF, LATROBE. PA.

PROCEEDINGS OF THE IL.R.E.

November, 1947

ano SEND TODAY

STUPAKOFF CERAMIC & MFG. CO.
Please send a copy of Bulletin 447 to:

NAME

ATTACH THIS COUPON TO YOUR BUSINESS LETTERHEAD

COMPANY

ADDRESS

CiTy — .

STATE _ —

21a




THERES PROFIT FOR YOU IV
THE TIME AND MONEY-SAVING QUALITIES OF

PERMANENT MAGNETS

Several avenues of profit are open to you in Arnold
Permanent Magnets. You can improve the performance
and overall efficiency of equipment. You can increase
production speed, and in many cases reduce both weight
and size. And most important, you can maintain these
advantages over any length of production run or period
of time, because Arnold Permanent Magnets are com-
pletely quality-controlled through every step of manufac-
ture—from the design board 1o final test and assembly.
You'll find them unvaryingly uniform and reliable in
every magnetic and physical sense.

It’s our job to help you discover and then fully attain
these benefits. Arnold Products are available in all Alnjco
grades and other types of magnetic materials—in cast or
sintered forms, and in any size or shape required. Our
engineers are at your command—check with our ( hicago

. headquarters, or with any Allegheny Ludlum branch office.

wW&D 1298
o

THE ARNOLD ENGINEERING Co.

M Subsidiary of ALLEGHENY LUDLUM STEEL CORPORATION
, 147 East Ontario Street, Chicago 11, Winojs
- Specialists and Leaders in the Design, Engineering and Manufacture of PERMANENT MAGNETS

o PROCEEDINGS OF THE ILRE November, 1947
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Temperature Compensating
Molded Insulated Ceramicons
0.5 MMF—550 MMF

Temperature Compensating
Dipped Insulated Ceramicons
0.5 MMF—15,000 MMF
Temperature Compensating
Non-Insulated Ceramicons
0.5 MMF—1,770 MMF

%.’“?\ =

Custom Injection Molded l

Plastic Knobs, Dials,
|

Bezels, Name Plates,
Coilforms, etc.
Vet — “D
(1=,

A >

»

Button Mica Condensers
15 MMF—6,000 MMF

Type 554
Ceramicon
Trimmer
3-12 MMF
5-25 MMF
5-30 MMF

Type 557
Ceramicon
Trimmer

8-50 MMF '

Type TS2A Ceramicon Trimmer
1.5-7 MMF  3-13 MMF 4.30 MMF
3-12 MMF  5-20 MMF 7-45 MMF

ERIE RESISTOR

—
- Jred F —oai-sind ¥ N e i H—— i
e s ¥}

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

Erie “GP” Dipped Insulated Ceramicons
0.5 MMF—15,000 MMF

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

T—

Types L-4, L-7, S-5 Suppressors
for Spark Plugs and Distributors

Types 504B, Y2 Watt—518B, 1 Watt
Resistors
10 ohms—22 megohms

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

High Voltage Double Cup
and plate Condensers
10,000 VOLTS WORKING

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

MAKERS OF QUALITY

’ !
ERIE RESISTOR has developed and
manufactured a complete line of Ceramic
Condensers for receiver and transmitter
applications; Silver-Mica and Foil-Mica
Button Condensers; Carbon Resistors and
Suppressors; Custom Injection Molded
Plastic Knobs, Dials, Bezels, Nameplates

and Coil Forms. Complete technical
information will be sent on request.

Types 323 and
324 Insulated

Type 720A

Erie Stand-0ff Ceramicons

SN, Ll A St A o
. F o~ x i
5 A Tok 2% :%;»
A v -
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RAYTHEON chosen for

Simultanecous AM - FM Programing

wih®
o *"’}“f
- Here’s how a key CBS network originating station, WHP,
v Harrisburg, has set up to handle all Pennsylvania publicinter-
est programs, and in addition, to feed two separate programs
to its AM and FM outlets.

With a dual installation of Raytheon RC-11 Studio Con-
soles, WHP has facilities which provide:

-

Mr. Dan Leibensperger, Chief Engineer of .
WHP  examining their new dual Raytheon a. Four outputs . .. AM, FM and two channels for feedmg
installation, networks

b. Four individual programs can be simultaneously originated
c. Complete Quadruplex monitoring, talkback and cueing
d. Console inputs so wired that all i
Ry U p : . studios, news room and re-
8] ; . motes can be mixed into a common output, thereby en-
This is the name applied by his abling multi o . f 2
customers to Henry J. Geist, New g multi-point origination of special events shows at a
York representative on Raytheon moment’s notice
Broadcast Equipment. He earned it 3
by helping stations procure speech Rayt}.]eon Speech Input Equipment and AM and FM
input and transmitter equipment Transmitters in a 250 to 10,000 watt range, provide high
. . . . g 4
fidelity, servicing  accessibility and low-cost maintenance.
Write for illustrated bulletins and technical data.

. . also microphones, turntables,
meters and crystals . . . almost as
fast as you can say ‘‘Raytheon."”
What Hank does for his customers,
can be done for you...by the
nearest Raytheon representative
listed below:

A

CHRISTIAN BRAUNECK
1020 Commonweaith Ave,
Boston, Massachusetts

®  Tel, Aspinwall 6734

COZZENS & FARMER

HENRY J. GEIST 222 West Adams Street

60 Eost Forty-Second Street Chicago 2, Minois

MNew York 17, New York Tel. Randalph 7457

Tel. Murray Hill 2-7440
HOWARD D. CRISSEY 3 o 5

W. 8. TAYLOR 414 East Tenth Streot Ea cellence in éa/er/mma

Slgnal Mauntain ,.l,)c:llc;s lB, ;’e‘lg:)‘ R AYT H

Chattancoga, Tennessee el. Yale 2.

Tol. 8.2487- EON MANUFACTURlNG COMPANY
EMILE J.SROM:S COMMERCIAL PRODuUCTS DIVISION

N VAN SANTEN 215 West Seventh Street

|A|°0lO.AFIhh Avenue 2243 Termino Avenve WALTHAM 54, MASSACHUSETTS

Seatte, Washingtan Long Beach, Califarnia

Vel. Eliot 6175 Tol. long Beach 36322 Industrial and Commercial Electronic Equipment

Broadcast Equipment, Tubes and Accessories

PR Ve w-.ﬁw.A
’ Py
>
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At 20,000 ohms per volt, this instrument is far more
sensitive than any other instrument even approach-

ing its price and quality. Unequalled for high sensi-
tivity testing in radio and television servicing and in
® Protects instrument from damage.

® Model 260 permanently fastened in Roll Top Case.
® Heavily molded case with Bakelite roll front.

® Flick of finger opens or closes it.
® Leads compartment benecath instrument.

qindustrial applications.
Model 260—Size SVa x 7 x 3V4'"’ “ )0 LW
Mode! 260, in Roll Top Sofety Case—Size 5%a" x 9" x 4%*
Both complete with test leads

SIMPSON ELECTRIC COMPANY
The Ranges

218 West Kinzie Street, Chicogo 44, Hiinoils

dsy, dFSImplon Ltd., London, Ont. o e % > o
o -+ N P P gL O s
™ "\0 ) W‘\') o o LAt Y G Vgt o

Ask your Jobber

]
g S5V. 10 100 10 10 to 0-2000
100 45208 (12 ohms center)
500 0-200,000
(1200 ohms center)
0-20 megohms
(120,000 conter)
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Look for the Stack-

pole Minute Mon
) —.- your guarante

?' highest quolil:

‘in molded

nents, Smes:

with STACKPOLE

time 15 consid-

When assembly
GA Low-value

ered, Stackpole
Capacitors may actually cost less
than " gimmicks” formed by
twisting insulated wires together
__and are many times more et-
ficient. Q s much improved,
insulation resistance better,

Electronic €

STACKP

= J

26A

. with STACKPOLE MOLD

CAPACITORS

breakdow
chanical constru
rior. GA capacitors are sturdily
molded. Leads

and tinned. Stan

clude 0.68; 1.0
and 4.7 mmfd. Tolerances are

+20%,. Write for details.

omponent

OLE CARBON COMP

ED COIL FORMS

Standard types include forms

You can save money, speed pro-

duction and increase the effi- for universal winding, solenoid

ciency of your equipment by winding, tapped universal wind-

using Stackpole Molded Bakelite ing, antenna of coupled winding,
iron cored universal winding,

mechonicol sup-

Coil Forms a$
4 windings. They take
o for coil windings v cored I-F transformer Of cou-

iron

less space and require @ third
. [ d man others.
fewer soldered connections. pled co'uls gn il
wound di- Molded iron center sections can
forms where re-

be provided on
ed. Write for details or
cifications.

Coils may either be
rectly on the forms of wound

seporo"ely, then slipped over the

sam-

quir
ples to your spe

forms.

n voltage higher, me-
ction far supe-

are anchore

dard values in-
.+ 1.53 22: 33

s Division

ANY, St. Marys. Pa.

FIXED and

e sw":::lllli RESISTORS » INEXPEN-

o ANOD!: * IRON conrss . POWER

Wy * SINTERED ALNICO It
AGNETS - RHEOSTAY PLATES

and DISCS .
ANODES and ELECTRODES
, eft¢.
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BECAUSE itis a natural lubricant, graphite 1

stubbornly resists reduction to particles of extreme !

fineness. We knew we could make basically better drawing
leads if only we could invent a mill for grinding

graphite far finer than it had ever been ground before.

~——

HERE’S OUR MIRACLE MILL, an exclusive patented 10
Eagle process that utilizes the entirely new principle of making / ¢ .EACH
graphite grind itself down to micronic size . . . 1/25,000th of an inch. { ...less in .
quantities

The particles average four times finer than in the graphite normally used.

AND HERE’S THE PENCIL with p
the superb new lead we hoped for . . . i3 1
so dense that it takes a needle point y CHEMl"SEAlED
and holds it under pressure . . . draws long (SUPER BONDED)

lines of uniform width . . . and deposits an
opaque mark that reproduces perfectly.

TRY TURQUOISE YOURSELF AND SEE! ! -
Just write us, naming this publication, ‘
DRAWING PENCILS AND LEADS

your dealer and the grade you desire.

We'll send you a free sample to test in EAGLE PENCIL COMPANY, 703 E. 13th St., New York 9, N. Y.
your own hand. You will be delightcd! tagle Pencil Company of Canada, Ltd., Toronto
#Reg. U. S. Pat, OIF,
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Typical of Blaw-Knox cooperation with radio engi.
neers is this new directional array of four 200-ft.
self-supporting, base-insulated towers, which permits
the station to “'throw its voice’ in specified directions,
In addition to acting as an AM radiator, one tower
also supports an FM clover-leaf antenna.

If your plans call for a new station or increasing the
efficiency of your present equipment, Blaw-Knox
engineers stand ready to apply a wealth of experi-
ence in tower design to your advantage.

BLAW-KNOX DIVISION

OF BLAW.KNOX COMPANY
2037 Farmers Bank Bldg., Pittsburgh 22, Pa.

- PROCEEDINGS OF THE 1.R.E November, 1947




This recently completed modern structure, provid-
ing more than 32,000 squarc feet of floor space,
is our new home.

Production volume has been considerably in-
creased by the installation of latest equipment for
highly specialized operations. Engincering, inspec-
tion and testing facilities have been greatly ex-
panded to insure excellence of products with the
maximum of efficiency.

These greatly expanded overall plant facilities,
plus the recognized dependability of § C A prod-

B\

\\

SELENIUM CORPORATION OF AMERICA

Affiliate of ﬂ I1CKERS Incorporated

2160 EAST IMPERIAL HIGHWAY ¢ EL SEGUNDO, CALIFORNIA
EXPORT: frazar & Hansen, Ltd., 301 Clay St.. San Froncisco 11, Calif.
Canoda: Powertronic Equipment Lid., 494 King $t., E, Taronta 2, Canada

PROCEEDINGS OF THE LR.E. November, 1247

cts, make it possible for us to offer the most com-
4& lige of Selenium Rectifiers and self-generating
10 /(i|ls

PHOTOELECTRIC CELLS J
471
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NEWS and NEW PRODUCTS&

Cathode-Ray Oscilloscope

A new 7-inch cathode ray oscilloscope
embodying improved circuit features suit-
able for a wide range of applications has
been announced by the Radio Tube Divi-
sion of Sylvania Electric Products, Inc.,
500 Fifth Avenue, New York 18, N. Y.

This instrument incorporates an im-
proved type of push-pull amplifier, using
7C7 tubes, which, according to the manu-
facturer, provides clearer patterns, less dis-
tortion, and considerably more gain than
conventional single-stage amplifiers’ used
in general-purpose instruments, The new
Type 132 oscilloscope weighs 37 pounds
and measures 17 inches high, 11} inches
long and 17§ inches deep, It is rated at 35
watts, 105-125 volts, 50—60 cycles a.c.

Recent Catalogs

** *On kilovoltmeters and other elec-
tronic instruments, by Beta Electronics
Co., 1762 Third Ave,, New York 29, N. Y.

* * *On rotary electric supplies for radio
communications equipment, illustrating
the Magmotor, Super Dynamotor, and
other models, by Carter Motor Co., 2664
No. Maplewood Ave., Chicago, III.

*°*On 52 types of permanent-magnet
speakers and 54 types of electromagnet
speakers, by Permoflux Corp., 4900 West
Grand Ave., Chicago 39, HL., or 236 So.
Verdugo Road., Glendale S5, Calif.

***On resistance standards and re-
sistance bridges, technical Bulletin No.
100, by Rubicon Company, 3664 Ridge
Ave., Philadelphia 32, Pa,.

* * *On antenna equipment, by Technical
Appliance Corp., 4106 DeLong St.,
Flushing, N. Y. Ask for Catalog No. 28.

30a

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

Phantom Repeater

Engineers and service personnel who
design, develop, test, and maintain audio
and ultrasonic equipment will be interested
in an announcement by Keithley Instru-
ments, 1508 Crawford Road, Cleveland 6,
Ohio, of their new Phantom Repeater,
Model 102, designed to make measure-
ment procedure easier, quicker, and more
accurate,

This small instrument weighs approxi-
mately 11 pounds and is used to bridge
measuring instruments to high-impedance
circuits, and to give simultaneous indica-
tion of voltage, wave form, and aural
tone. It is also useful to increase the sensi-
tivity of voltmeters and cathode-ray
oscillographs.

The Phantom Repeater features the fol-
lowing characteristics: 200-megohm in-
put resistance; 5.5 ppufd. input capacitance;
200-ohm output impedance; small-sjze
test probe; amplifier gains of 1, 10, and
100 with 2 per cent accuracy; low back-
ground noise; and wide frequency response

* L *

NOTICE

Information for our News and
New Products section is warmly
welcomed. News releases should
be addressed to Mrs, Harriet P,
Watkins, I.R.E. Industry Research
Division, Room 707, 303 West
42nd St., New York 18, N. Y. Pho-
tographs, and electrotypes if not
over 2” wide, are helpful. Stories
should pertain to products of in-
terest specifically to radio engi-
neers,

PROCEEDINGS OF THE IRE.

Pickup Adapter

Development of the new Vibromaster
Type M Adapter has recently been an-
nounced by Technical Products Interna-
tional, 453 West 47 St., New York 19,
N. Y.

This unit adapts Western Electric 5A
arms to accommodate General Electric
Viariable-Reluctance or Pickering 120M
cartridges. The adapter is interchangeable
with 9A heads and provides correct bal-
ance when used with the 5A arm and either
cartridge described above. No soldering is
necessary for attachment to cartridge lugs.
Output of cartridges at 10 centimeters per
second stylus velocity is 25 millivolts for
the Pickering and 11 millivolts for the GE.
Both being high-impedance, the leads at
the rear of the 5A arm should be opened
and fed directly to the grid or preamplifier,

Interesting Abstracts

* * *Recently the Altec-Lansing Corp. of
1680 N. Vine St., Hollywood 28, Calif.,
acquired control of the Peerless Electric
Products Co., makers of fluorescent lamp
starters, industrial and radjo transformers,
and apparatus for use in radar equipment.
The purchase of the Peerless firm (not to
be confused with Peerless Lamp Co., Chi-
cago) by Altec-Lansing Corp. will in no
way cause Peerless Electric Products Co.
to lose its identity,

** *HenryL. Crowley & Co., Inc., 1 Cen-
tral Ave., West Orange, N. J., announce
their Crolite line of standard antenna,
lead-in, stand-off and other types gen-
erally used. Heretofore this organization,
headed by Henry L. Crowley who helped
pioneer the steatite industry in this
country, has specialized in custom-made
pieces rather than stock items,

* * *Antenna tension units and insulators
which were developed by the Ajr Matériel
(_:ommand during the war for the protec-
tl.or} of.aircraft radio equipment from pre-
£1pitation static now are being made avail-
able for commercial and private aviation
by Payton Aircraft Products, Inc., 342
Xenia Ave., Dayton 10, Ohjo.

(Continued on page 444)
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VERSATILITY in e

Design - Development - Production
of LF, HF and UHF Equipment

70‘t Zxdmp/e. oo

THE ELECTROMYOGRAPH

A Lavoie test instrument designed
for the Medical profession. Ampli-
fies minute potentials of the order
of microvolts generated by
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The types on this new list of RCA Preferred Tubes fulill
the major engineering requirements for future equip-
ment designs. RCA Preferred Types are recommended

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

because their general application permits production to POWER AMPLIFIER AND
be concentrated on fewer types. The longer manufactur- OSCILLATOR TUBE TYPES
ing runs reduce costs—lead to improved quality and —— o=
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74p4 |
8" 1850-A
10 | 1o8Pa
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RECTIFIERS | CONVERTERS ~ TRIODES 0|  PENTODES T TwiN ? POWER
| single | Twin [wm. Diodes shorp Cutoff [ Remote Cutoft | With Diodes| D'OPES | AMPLIFIERS
e — . — e ety - = N 1 1
MINIATURE
s L. S I EEELES TERE | S B\ S T
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*Recommonded only for telovision domper opplicotions.

For complete technical data
on these preferred tube types,
refer to the RCA HB-3 Handbook.

RCA Laboratories, Princeton, N, J
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MODERN TUBE DEVELOPMENT IS RCA
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HARRISON. N. J.
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Raymond A. Heising was born in Albert Lea, Minn.
0 August 10, 1888. He received the degrees of E.E.
fim the University of North Dakota in 1912 and M.S.
(i physics) from the University of Wisconsin in 1914.
Te University of North Dakota awarded him the D.Sc.
djree in 1947 in recognition of his contributions to sci-
¢e and engineering.

Dr. Heising has been associated with the Western
E:ctric Company and Bell Telephone Laboratories
s ce 1914. For over thirty years he was a radio research
ezineer, and since 1945 has been patent engineer. His
wrk in 1914 through 1917 on power amplifiers and
mdulation played a major part in the early develop-
n:nt of radiotelephony in the Bell System and resulted
umany firsts in this field.

After World War I, he participated in the research,
dvelopment, and engineering for the pioneer trans-
@:anic radiotelephone circuits, both long and short
wve; and the services to liners and other ships. Under
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on ultra-short waves, electronics, and piezoelectric de-
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on low-temperature-coefficient quartz-crystal cuts, cul-
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People in general take for granted language and its use. Most persons are
perilously unaware of the dangers lurking in vague terminology and ambiguous
verbal usage. Occasionally these dangers are made sadly evident by interna-
tional quarrels centering on differing interpretations of treaty language.

It is therefore particularly necessary that science and technology shall adopt
and maintain a common and unequivocal vocabulary. This need, and related
matters, are searchingly analyzed in the following guest editorial from one who
is especially qualified to discuss such questions as the result of many years of
experience as Editor of the American Journal of Physics, as Chairman of the "
| Committee on Terminology of the American Association of Physics Teachers,
| and as Professor of Physics at Wabash College.— The Editor.

-

L - e — ~- ————

What’s in a Technical Name?

DuaNE ROLLER

With a few scientists it is still the fashion to affect disdain for language. As they would say, it is only things that
are important, not words. In an earlier day this attitude could have meant a healthy reaction to prescientific aversions
for facts. Yet, even the first scientists were not mere fact-collectors. They sought relations between facts and tried to
explain these relations, usually in terms of abstractions having no direct referents in Nature; and relations cannot be
found or explained, let alone communicated, without using language of some kind,

The symbology and framework of the language which we use for communication are in truth the very tools with
which we think. Moreover, the peculiar way in which scientists have managed to fashion and use these tools has come
to be one of two main ways in which scientific behavior is distinguished from the nonscientific. The other distinguishing
characteristic is, of course, systematic observation.

The experienced engineer or other scientist is most likely to be conscious of the role of language in his thinking when
he faces new problems that are very fundamental or complicated, or when he is engaged in technical work, old or new
of an industrial or commercial character. As many readers of the PROCEEDINGS are in a position to know intelligibk;
and unambiguous language is essential in framing commercial specifications, contracts, and descriptions, of patents,
Doubtless this is one reason why scientists in industries usually are sympathetic toward proposals for improving
technical language and often are active in promoting language reforms,

Also especially sensitive to language difficulties are those relatively few scientists who work on the very frontiers of
physical knowledge-—for instance, physicists working on theory in the submicroscopic domain. Here ordinary technical
language may prove to be inadequate or even to hamper thought. Such language is after all an ethnjc language that has
been so modified and subjected to restrictions as to make it more useful for scientific purposes. Since it originated
in prescientific thinking carried out solely on the macroscopic level, there should be no surprise if it turns out to be
inadequate for a domain completely outside previous human experience. Fortunately, such a breakdown of language
would affect only a few scientists, at least for a long time to come. guag

For practically all purposes, our current technical language is so effective as to make us confident that in no field
of knowledge other than physical science is it possible to record wnd transmit ideasand meanings with so much exactness
and clarity. So efficient a mode of communication must not be allowed to deteriorate and is worth im roving in an
way possible. - 4 4

Clearly it is the workers in each specialized branch of a science who can best assess their own
who should assume first responsibility for reforms. Yet no one is likely to contend that such reform
independently of similar studies in all other branches. Any tendency toward the development of jnde ndent
clatures in physics, on the one hand, and, say, communications and electronics engineering, on the gfher i nome?-
retard the integration and consequent simplification of knowledge that are essential if each of these f; ki 5 B ho
long run to progress most rapidly. < G ) e

Various committees on terminology probably can co-operate most successfull when 3
to the problem. Certainly they will all agree that each concept must be carefully geﬁned li)’(:lfcfrl:gl:y:tts;m"atr.appmad‘
select the best name for it. Also essential is a.list of all existing synonyms for each concept. Fini)l'll bl:fp ” n;ade. '
the single best term, there must be agreementﬁas to what principles of selection are to be used Y, belore selecting

An ideal technical term is one that meets five requirements: nonamb; uily, meani S . g .
plicity, and euphony. By examining many existing terms in the light of thegse gfz,neral re’;’f}?r‘é"m'::'tst "a‘:”'tzhonal],y » Sim-
formulate a number of specific rules that will simplify materially its task of selecting terms and con'str %t.ommlttee o
glossary. When such a glossary has been made, it is not enough that it be accepted by those directll Ing a technical
terms in it should be compared with those in overlapping fields and reconciled with them until a sjn ]eyl-con(’:emed: :I‘he
and terms results. Then all scientists will in a measure be able to speak one another’s language SRR

language needs and
s should be carried out

Novembes

%
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Microwave Converters”
C. F. EDWARDST, ASSOCIATE, LR.E.

Summary—Microwave converters using point-contact silicon
ectifiers as the nonlinear element are discussed, with particular
:mphasis on the design of the networks connecting the rectifier to
he input and output terminals. Several converters which have been
leveloped during recent years for use at wavelengths between 1 and
10 centimeters are described, and some of the effects of the imped-
wce-versus-frequency characteristics of the networks on the con-
rerter performance are discussed.

INTRODUCTION

IHE TECHNIQUE by which a high-frequency
r[[ signal may be converted to a lower intermediate
% frequency to obtain greater ease of amplification
and frequency selection is an old and extremely impor-
tant part of the radio-receiving-system design art, and
the methods used to accomplish this at signal frequen-
cies from the lowest up to a few hundred megacycles are
well known. In the development during recent years of
radar and radio systems operating in the microwave
range, where frequencies are measured in thousands of
megacycles, this technique has been used to great ad-
vantage. Although the fundamental principles employed
have not changed, converters operating in the micro-
wave range bear little physical resemblance to those
used in the past. The purpose of this paper is to dis-
cuss some of the fundamental problems associated
with the design and testing of microwave converters
and to describe in some detail several converters for
use in radar and communication systems which have
been developed during the past few years.

The process by which frequency conversion is ac-
complished rests fundamentally on the use of some de-
vice whose impedance varies in a nonlinear way with
the applied voltage, and may be regarded somewhat
crudely as one in which the wave shape of the applied
voltage is distorted in a useful way by the nonlinear ele-
ment. When two sinusoidal voltages of frequencies f;
and f, are applied to such a device, this distortion gives
rise to new frequencies given by nf, +mf, where n and
m are integers, zero included. In a receiving converter
the applied frequencies are those of the signal and beat-
ing oscillator, and the difference frequency fi—f gen-
erated in the nonlinear impedance is then selected as the
output or intermediate frequency. If the beating-oscil-
lator voltage is large compared to that of the signal,
the conversion may be made linear and the output volt-
age will be linearly proportional to the input voltage.

It is interesting to note that, in selecting a nonlinear
element suitable for use in the microwave range, it has
been found expedient to resort to a device which was in
use in the very early days of radio; namely, the crystal

* Decimal classification: R361.124 X R310. Original manuscript
received by the Institute, August 30, 1946; revised manuscript re-
ceived, November 15, 1946. Presented, 1946 1.R.E. Winter Tech-

nical Meetinf, New York, N. Y., January 25, 1946.
t Bell Telephone Laboratories, Inc., Hoimdel, N. J.

detector. The extremely high frequencies encountered
preclude the use of ordinary vacuum tubes due to the
losses arising from electron-transit-time effects. In
crystal detectors the electrode spacing is of the order of
atomic dimensions and the electron-transit time is thus
reduced to a negligible value, and by the use of a very
small contact point the electrode capacity may be kept
sufficiently small to prevent serious loss.

The crystal detectors in use thirty years ago were
somewhat erratic in their operation. However, as a re-
sult of an intensive development program, growing out
of a need for such devices in microwave converters, de-
tectors using silicon as the nonlinear material have been
developed to the point where they rank with vacuum
tubes in uniformity and reliability. In view of the fact
that the crystalline state of the silicon is more nearly
like that of iron and copper, which are not ordinarily
regarded as crystals, than it is like such crystals as
quartz, it seems desirable to eliminate the terms “crys-
tal” and “crystal detector” and designate these devices
by the term “point-contact rectifier.”

DESIGN CONSIDERATIONS

It is beyond the scope of this paper to give a detailed
mathematical analysis of the general converter prob-
lem, since this has been extensively covered by other
investigators.!? For the same reason any consideration
of the problems associated with the design of point-
contact rectifiers will be omitted.? Within these limits,
then, the problem of converter design becomes one of
devising suitable networks to connect the nonlinear de-
vice to the beating oscillator and the input and output
terminals of the converter. A converter is defined as a
device having two input and two output terminals and
containing within its structure a nonlinear impedance,
a beating oscillator, and appropriate connecting net-
works, which is capable of delivering an output that is
linearly proportional to the input in amplitude but dif-
fers from it in frequency. The term “mixer” has been fre-
quently applied to such a device, but when the beating
oscillator is included as an indispensable component the
device may properly be termed a converter.

A basic converter circuit with the nonlinear imped-
ance and the three networks connected in series is shown
in Fig. 1. We are concerned here with the design of the
three networks and the influence of design variations on
the converter performance. What may be termed the

1L. C. Peterson and F. B. Llewellyn, “The performance and
measurement of mixers in terms of linear network theory,” Proc.
[.R.E,, vol. 33, pp. 458—476; July, 1945.

* E. W. Herold, R. R. Bush, and W. R. Ferris, “Conversion loss
of diode mixers having image-frequency impedance,” Proc. .LR.E,,
vol. 33, pp. 603-609; September, 194S5.

H. Scaff and R. S. Ohl, “Development of silicon crystal recti-

3
fiers f]or microwave radar receivers,” Bell Sys. Tech. Jour., vol. 26, pp.
1-30; January, 1947.
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basic requirements for these networks are readily ar-
rived at by assuming that there are currents in the
nonlinear impedance at the input, output, and beating-
oscillator frequencies only. In order to obtain the maxi-
mum efficiency, each of these currents obviously must
be absorbed in the appropriate network only, and not
dissipated uselessly in the other networks. The resist-
ance required at the interior terminals of each net-
work at its associated frequency is determined by the
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INPUT QUTPUT
[ T oUTPUT
R NETWORK NETWORK
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NETWORK

o]
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4
Fig. 1—Converter consisting of a nonlinear impedance, a beating
oscillator, and connecting networks.

rectifier characteristic and the magnitude of the current
due to the beating oscillator. There is, however, an
interaction between the input and output network im-
pedances, which becomes greater the lower the conver-
sion loss, and this complicates the design procedure in
that it requires that the two impedances be optimized
simultaneously. Thus, with the components connected
in series as shown, the input network must transform the
input impedance to the required value and introduce no
resistance into the circuit at the output frequency. Sim-
ilarly, the output network must provide the desired im-
pedance transformation at the output frequency and
introduce no resistance at the input frequency. The
third network need not match the beating oscillator to
the rectifier since in most cases a considerable excess of
beating-oscillator power is available; for the same reason
the impedance of the input and output networks at the
beating-oscillator frequency is not especially important,
However, it is important that the beating-oscillator net-
work introduce no resistance into the circuit at the input
and output frequencies. The components may, of course,
be connected in parallel, in which case the network con-
ductances would be required to be zero. .

Such a simple consideration of the problem is obvi-
ously inadequate since there are currents in the non-
linear impedance at other frequencies given by nf, + mf,,
some of which derive an appreciable part of their power
from the input and output frequencies, and these also
cannot be dissipated without adding to the conversion
loss. In addition, it has been found that the reactances
at some of these frequencies influence the impedances
required at the input and output frequencies, so that
rather complex interaction effects are introduced. Here,

Novembe

again, the extent of the interaction is dependent on th
conversion loss.

From the foregoing it is scen that the converter de
sign problem could become rather formidable should i
become necessary to insure that the networks are non
dissipative and have the correct reactance at a larg
number of frequencies. This is especially true in th
microwave range where distributed circuit constant
are the rule rather than the exception, and it is difficul;
to construct a simple network having the desired imped
ance at one frequency and zero impedance, for example
at all higher frequencies. However, the present state o!
the art is such that a minimum conversion loss of the
order of 6 decibels is generally obtained, which is asso.
ciated with the point-contact rectifier and is, of course,
undesirable from a system-performance standpoint,
But from the standpoint of network design this loss is
helpful, in that it reduces the interaction effects men-
tioned above to the point where the number of frequen-
cies at which impedance adjustments need to be made
are relatively few.

When the ratio of f; to f, is near unity, as is generally
the case in microwave converters, the frequencies given
by nfitmf; tend to group themselves about the signal
and beating-oscillator frequencies and their harmonics
and differ from them by only a few per cent. Thus, selec-
tive networks arc required if the impedance at one fre-
quency is to be different from that at another frequency
in the same group. If selective networks are not em-
ployed the impedance will be nearly the same at all
frequencies in a group, but, since the groups are sub-
stantially in harmonic relation, the impedance for one
group will in general be diffcrent from that of another.

The experience gained to date indicates that, in addi-
tion to the input and output frequencies, it is necessary
to consider the impedances at the interior terminals of
the networks at the image frequency (2fosc —fuio) and at
the group of frequencies in the vicinity of the signal and
beating-oscillator second harmonic. The frequency of
importance in this group has not been identified, but for
design purpose a precise knowledge of which frequency
one needs to consider is not necessary since they all lie
within a narrow band. Only very small effects have been
found due to impedance variations at frequencies near
the bezftir‘lg-oscillator third harmonic, and no attempts
to optimize the impedance in this frequency range
have been made.

The performance characteristics of a converter which
are of major importance are, generally speaking, the
same as t-hose of any four-terminal network and are
measured in the same way, taking into account the fact
that tl-le input and output frequencies are different.
These include the impedance match between the signal
source and t-he Input terminals, the match between the
output terminals and the load, the conversion loss, the
usable t:reque{:cy bandwidth, and the noise figure.

-The input 1mpefiance of converters operating in the
microwave range is readily measured in terms of the
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i impedance of the input transmission line by means of a

standing-wave detector. This is a convenient starting

 point in the design procedure since the input impedance

' is almost entirely a function of the rectifier used and the
beating-oscillator drive. By turning off the beating oscil-
lator and applying power at the input frequency
through the input network, sufficient to give the same
value of rectified current as that given by the beating
oscillator, the input network may be adjusted so that
the rectifier impedance is matched to that of the input
line. For commercial rectifiers the rectified beating-os-
cillator current is usually between 0.7 and 1.5 milliam-
peres. When the beating oscillator is applied in the nor-
mal way it is found that the impedance match to a low-
level signal is quite good, and furthermore, because of
the conversion loss, this match is not greatly affected by
variations in the output network impedance at the out-
put frequency.

The output impedance of the converter may be de-
termined in either of two ways. One method makes use
of an output network whose impedance transformation
is variable and which may be adjusted to give the maxi-
mum output power into the load, under which condition
the output network is matched to the converter output
impedance. Such a transformer may be made up of a
one-eighth wavelength low-impedance transmission
line shorted at one end and tuned to antiresonance by
means of a variable capacitor at the other. The high-
impedance end then forms the internal terminals of the
output network and a low-impedance load may then be
connected to a sliding tap on the line and the tap posi-
tion varied to give a wide range of impedance trans-
formations. In the second method the direction of trans-
mission through the converter is reversed and the same
technique employed as in the case of the input network.
The standing-wave detector in this case may be a
quarter-wavelength transmission line with three taps at
which the voltage across the line may be measured, and
from these measurements the converter output im-
pedance in terms of the line impedance may be deter-
mined.

Since the input and output frequencies of a con-
verter are different, conversion-loss measurements based
on the ratio of the output to the input power involve
power measurements at two frequencies. Methods for
measuring power in the microwave range using thermis-
tors have been developed to the point where they pre-
sent no particular difficulty, and these methods may also
be used to measure the output power. The frequency
bandwidth may, of course, be measured on a relative
basis, and merely involves determining the variation in
output as the input frequency is varied and the ampli-
tude kept constant.

The effect of the converter on the over-all noise of
the receiving system in which it is used is a matter of
especial concern, since, in the absence of suitable ampli-
fiers for use at microwave frequencies, the converter
must be located at the point in the system where the
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signal level is lowest and where the signal-to-noise ratio
is most susceptible to deterioration. The manner in
which the converter influences the over-all noise figure
F of the receiving system is given in the relation

F=F0+L(Fb—1) (1)

where F, is the converter noise figure, L is the conver-
sion loss, and Fs is the noise figure of the intermediate-
frequency amplifier. The noise figure of a network may
be defined as the ratio of the apparent noise power at the
signal-generator terminals to the available thermal noise
power at that point.* Each of the terms in (1) is the
ratio of two powers, and, while it is generally more
convenient to measure these terms in decibels, such
measurements must be converted to pure-number ratios
for use in the above and subsequent equations.

The noise figure F of the receiving system may be
measured directly without regard to its components,
L, F,, and F,. However, a direct determination of F is
somewhat difficult in that it involves a precise evalua-
tion of the large attenuation which must be used be-
tween the signal generator and the converter when this
measurement is made. An easier method of determining
F rests on a measurement of the ratio of the noise-
power outputs of the receiver when the converter is
active and passive; this ratio is called the Y factor. This
measurement is comparatively easy to make, since the
passive condition is readily attained by substituting an
impedance across the intermediate-frequency-amplifier
input terminals equal to the converter output imped-
ance. L and F, may be measured separately, and the
over-all noise figure is then given by

F = LYF,. (2)

All the terms in (1) represent fundamental properties
of the converter and amplifier. It should be noted, how-
ever, that the Y factor is a property of the combination
only, and is used to facilitate the measurement of F. The
term which specifies the noise in the converter alone is
the noise ratio N,, given by the relation

Fo
N, =—-
L
This term, sometimes referred to as the equivalent
noise temperature, is the ratio of the available noise
power at the converter output terminals to the available
noise power in a resistor at room temperature.

©))

EARLY CONVERTERS

With the foregoing design considerations in mind, we
may now turn to the converter problem itself and con-
sider the actual means by which the design objectives
are attained. This is perhaps most readily done by de-
scribing various converters and showing the changes
made as ideas about their design developed. In the early

« H. T. Friis, “Noise figures of radio receivers,” Proc. [.LR.E., vol.
32, pp. 419-422; July, 1944. By this definition the apparent noise

power would be N/G as shown in his equation 5, p. 420. In (1) above
L=1/G.
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stages only the basic requirements mentioned above
were incorporated in the design, and it was not until
after a considerable background of experience had been
obtained that steps could be taken to optimize the net-
work impedances at frequencies different from the in-
put and output frequencies.

The first requirement in the construction of a con-
verter is, of course, a nonlinear device of some kind. It
was in 1937 that work was begun on the development of
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Fig. 2—Early type of semipermanent silicon point-contact rectifier,

point-contact rectifiers of improved stability and reli-
ability for use in converters operating in the centimeter
wavelength range. Fig. 2 shows one of these rectifiers. It
employs a sharply pointed contact spring bearing on a
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Fig. 3—Balanced converter using silicon rectifiers, operating at a
wavelength of 30 centimeters.

highly polished silicon surface. This unit was very
rugged and could withstand severe mechanical shock
without changing its electrical characteristic. Provision
was made for adjusting the contact when necessary, but
this feature was found to be of limited value since re-
peated adjustment tended to flatten the contact point
and impair the efficiency. This unit is of interest' mainly
in that it represents a stage in the development of the
cartridge-type rectifiers in widespread use today.
Early in 1938 two of these rectifiers were used in a 30-
centimeter balanced converter, the circuit of which is
shown in Fig. 3. The input network consists of a bal-
anced transmission line tuned to 1000 megacycles by
means of an adjustable short circuit, with provision for
matching this to the balanced line from the antenna.
The beating oscillator is connected between the two
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rectifiers and ground, and the output is connected to a
65-megacycle amplifier by means of a balanced-to-un-
balanced transformer. The low-pass filters are of the
simplest form and serve to present the required low im-
pedance to the input frequency, while the input network,
by virtue of its design, presents a low impedance to the
output frequency. One of the advantages of balanced
converters is that the beating oscillator is isolated from
the input network by the balance which accomplishes
the function of the beating-oscillator network (shown in
Fig. 1) in an efficient manner. This converter was made
primarily for use in transmission studies, and few meas-
urements were made of its performance. The only data
available indicate that the conversion loss was about
the same as that of a converter using a similar circuit
and special small diodes instead of point-contact recti-
fiers.
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Fig. 4—Converter with integral silicon rectifier tunable over the
9-to-11-centimeter wavelength range.

A converter operating in the 10-centimeter range
which was in use in 1940 is shown in Fig. 4. The input
network here consists of a “tape” transmission line
formed by the rectangular bar located in a channel in
the main block. This line is a little less than a half-
wavelength long, and is shorted at both ends. By means
of the tuning screws capacitance may be added across
the central portion of the line which brings it into reso-
nance at the desired frequency. The tuning range is from
about 9 to 11 centimeters. The input line is a small co-
axial connected to the resonant line at such a distance
from the end as to provide the required impedance
transformation. The beating-oscillator line is also a
small coaxial, and this is connected as near to the
shorted end of the resonant line as is consistent with the
available beating-oscillator power. In this way a large
mismatch loss is interposed between the beating oscil-
lator and the remainder of the circuit which minimizes
the loss of signal power into the beating oscillator. The
resonant line is of very heavy constructjon and is used
to support the point contact of the silicon rectifier
and the silicon wafer is soldered to a small stud which'
is screwed into the coaxial capacitor. This capacitor acts
as a by-pass for the input frequencies and as a tuning




1947

capacitance for the output transformer, which is not
shown. The sleeve carrying the by-pass capacitor and
the silicon wafer is held in place by set screws which are
locked after the proper contact between the silicon and
the spring has been made. This converter, using a recti-
fier selected for the best performance, had a conversion
loss of 8 decibels.

CONVERTERS USING STANDARD PoiNT-CONTACT
RECTIFIERS

\Vith the development of the cartridge-type point-
contact rectifier, it was necessary to approach the prob-
lem of converter design with the viewpoint of accom-
modating a pre-established set of mechanical and elec-
trical characteristics. \Vith regard to the latter, the
problem of converter design was simplified to the extent
that by means of factory adjustment and sclection a de-
gree of uniformity in the electrical characteristics could
be obtained which assured that any unit could be used
in a converter designed about a rectifier of average char-
acteristics. A cross section of a Western Electric Com-
pany cartridge-type rectifier of the 1N series is shown in
Fig. 5. This unit is quite rugged, mechanically, but is
easily damaged by minute static discharges, and con-
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Fig. 5—Cross section of the 1N-series silicon rectifier and
an equivalent circuit for the rectifying contact.

siderable care must be exercised to protect it from such
discharges as might occur between an operator's body
and ground during handling, or as might arise when a
soldering-iron tip is applied, to any electrical circuit con-
nected toit. If properly protected, however, it will main-
tain its electrical characteristics unchanged over a period
of many months.

The equivalent circuit of this rectifier, of course, con-
tains reactive elements connecting the base and tip to
the point of rectification. These, however, are unim-
portant from a loss standpoint, since they may be tuned
out by other external reactances. The equivalent cir-
cuit shown in Fig. 5 applies only to the rectifying point
contact. R, represents the resistance of the body of the
silicon wafer, C the capacitance between the point con-
tact and the silicon surface, and R, the nonlinear resist-
ance at this point contact. This equivalent circuit is of
present interest only to the extent that it enables us to
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recognize that the terminals of the nonlinear resistance
R. are not available, that the resistance R, and the
capacitance C are present in such a way as to add to the
circuit loss, and that this loss increases with frequency.
R, and C thus tend to increase the loss for the com-
ponents in the harmonic-frequency range, and the nec-
essity for designing the networks to present the proper
impedances at these frequencies is dependent to some
extent upon how near the signal frequency is to the
maximum operating frequency of the rectifier.

The first rectifier, of the type shown in Fig. 5, to be
standardized and manufactured in large quantities was
the 1N21, which was designed to operate in the 10-
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Fig. 6—Converter using a 1N21 silicon rectifier mounted in a coaxia
line and tunable over the 9-to-11-centimeter wavelength range.

centimeter wavelength range. A coaxial-type converter
designed to accommodate this unit is shown in Fig.
6. This converter is tunable over the 9- to 11-centi-
meter wavelength range. The main tuning element con-
sists of a coaxial line, approximately three-quarters of
a wavelength long, which may be adjusted to resonance
at the input frequency. The rectifier is located at the
high-impedance end, and the other end is shorted at the
input frequency by a by-pass capacitor. The input line
is coupled to this resonant line by an adjustable ca-
pacitance, and by means of these two adjustments the
correct impedance transformation may be obtained. The
by-pass capacitor, in conjunction with an intermedi-
ate-frequency transformer (not shown), constitute the
output network. The beating oscillator is weakly loss-
coupled to the input line to provide a large reflection,
as in the converter shown in Fig. 4.

The first observations of the effect of variations in the
impedance of the input network at the higher-order fre-
quencies were made using a converter of this type. The
resonant line connected to the rectifrer has an imped-
ance irregularity near its center which is necessary for
mechanical reasons in order to have the line length ad-
justable. 1t was found that this irregularity was affect-
ing the conversion loss, and that, by varying the length
of the larger-diameter portion of the inner conductor,
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variations in conversion loss of over 1 decibel could be
caused. The effect of these changes on the input-net-
work impedance transformation was nullified by always
adjusting the input and coupling for minimum loss. This
effect of the input-network impedance on the conversion
loss was also investigated by means of a coaxial tuner
coupled to the resonant line after the manner of the
input line at a point 1.25 centimeters from the shorted
end of the resonant line. At resonance, this tuner ab-
sorbed power and caused the conversion loss to in-
crease about 1.5 decibels, and from its behavior it was
determined that the frequency at which the power was
absorbed was near the second harmonic of the signal and
beating oscillator. Effects were also observed near the
third harmonic, but these were quite small.

The converter shown in Fig. 7 is one designed for
operation at wavelengths in the 3-centimeter range, and
employs a 1N23 point-contact rectifier connected across
4-X1-inch wave guide. It is largely fortuitous that the
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Fig. 7—Converter using a 1N23 silicon rectifier mounted in
$X-inch wave guide.

physical design of the 1N23 makes it adaptable to this
type of connection to the wave guide. The 1N 23 rectifier
is similar to the 1N21 but has had improvements made
in the silicon and the point contact which reduce its con-
version loss at 3 centimeters. The proper impedance
transformation between the wave guide and the recti-
fier is obtained by displacing the rectifier from the
center of the wave guide an amount sufficient to cause
the conductance component of the rectifier admittance
to match the guide, and by adjusting the location of the
piston until the susceptance component is reduced to
zero. This matching procedure was carried out using a
rectifier of average characteristics. When other recti-
fiers of nonaverage characteristics are used the admit-
tance is found to vary to the extent that input standing-
wave ratios up to 8 decibels are obtained. The normal-
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ized conductance presented to the guide varies between
0.7 and 1.5, while the normalized susceptance lies be-
tween —0.9 and 1.1. The susceptance may be reduced to
zero by adjusting the piston so that the mismatch may be
reduced toa standing-waveratio of less than 3.5 decibels,
corresponding to a reflected power loss of less than 0.2
decibel.

This converter was designed to operate over a wide
range of input frequencies without adjusting the input
tuning. The variation in input standing-wave ratio is
such that a rectifier which has been adjusted to match
the.wave guide at a wavelength of 3.33 centimeters will
have a standing-wave ratio of about 6 decibels at wave-
lengths of 3.13 and 3.53 centimeters, corresponding to
a reflected power loss of 0.5 decibel. A frequency-selec-
tive network if required may be employed at the input,
and the converter will provide a satisfactory load im-
pedance over the 3.13- to 3.53-centimeter range.

The beating oscillator may be coupled to the rectifier
in a number of ways. In the method shown in Fig. 7itis
coupled to the wave guide by means of an iris in the side
wall. A termination for the beating oscillator is provided
by the resistance card located about one-quarter wave-
length in front of the coupling iris, and in this way the
condition wherein the beating oscillator works into a
highly reactive load is avoided. In some applications the
iris has been made adjustable so that the beating-oscil-
lator level may be readily controlled. When this method
of beating-oscillator coupling is used in the absence of a
frequency-selective network at the input, it is possible
to lose some of the signal power in the beating-oscillator
wave-guide branch, particularly if the available beating-
oscillator power is low. When an input frequency-selec-
tive network is used, however, it may be so located with
respect to the iris as to effectively double the beating-
oscillator voltage at the rectifier. The size of the coupling
iris may then be decreased to restore the beating-oscil-
lator drive to its original value and the loss of signal
power in this branch considerably reduced.

Special precautions have been taken in this converter
to provide a low impedance across the output network
at the input frequency. This low impedance is obtained
by.me:ems of a coaxial line one-half wavelength long
which is shorted at one end, and the impedance is kept
!ovy over a range of frequencies by making the character-
istic impedance of the open quarter wavelength of line
much Iowe.x: than that of the shorted quarter wave-
length. .ThlS structure is supported at its high-im ped-
anle point, as shown in Fig. 7, by insulating rings which
form a.by-pass capacitor and prevent the loss of signal
power in the output network more effectively than a
capacitor alone.

The effect of varia.tions in the impedance of the input
n.etwork at frequencnes'near the signal and beating-os-
cillator second harmonic was investigated in this con-
verter by means of the arrangement shown in Fig. 8.
Here the piston has. been replaced by an adjustable
metal septum extending across the guide and dividing it
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into two smaller guides. These smaller guides are be-
yond cutoff at wavelengths near 3.33 centimeters, so
that this septum acts as a piston at these wavelengths.
At wavelengths near 1.67 centimeters, however, they are
not beyond cutoff, so that by means of two other septa
located as shown an independent piston effective only at
frequencies near the second harmonic is obtained. By
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Fig. 8—Wave-guide piston arrangement for measuring
the effect of harmonics.

varying the position of this harmonic piston the con-
version-loss-variation curve shown in Fig. 9 was ob-
tained. The variation shown amounts to 0.6 decibel,
which is about half that obtained with the converter
shown in Fig. 6. This variation, however, differed
greatly with the particular rectifier used. Several 1N23
rectifiers showed no variation, while nearly all of a
special group designed for operation at 1.25 centimeters
showed some variation, the greatest being 1 decibel.
The average spacing between the maxima and min-
ima of the curve in Fig. 9 is 1.25 centimeters. The beat-
ing-oscillator wavelength was 3.33 centimeters, and the
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Fig. 9—Variation in conversion loss with harmonic piston position.

calculated wavelength of the beating-oscillator second
harmonic in the two guides formed by the central sep-
tum is 2.54 centimeters. A half wavelength is thus 1.27
centimeters, which is quite close to the value obtained
from the curve, and shows that the frequency involved
in the conversion-loss variation lies near the beating-os-
cillator second harmonic. This method of measurement
is not sufficiently precise to permit any closer identifica-
tion of the frequency involved. As an additional test the
secondary septa were removed and resistance cards used
which absorbed the harmonic frequencies. When this
was done the conversion loss assumed a value indicated
by the dotted line in Fig. 9. The tuning arrangement
shown in Fig. 8 was not used in the final converter design
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since the decrease in conversion loss was so small as to
be hardly worth the added complication.

The converter shown in Fig. 7 is readily adaptable for
use with a wave-guide hybrid junction to form a bal-
anced converter. This is shown in Fig. 10. The hybrid
junction (also widely known as a “magic tee”), shown
at the right of the figure, performs as a network having
four pairs of terminals and an internal structure such
that power fed into any one pair will appear equally at
two other pairs but not at the third pair. Referring to
the figure, it will be seen that power fed into the input
branch will appear equally in the output branches but
will be balanced out of the beating-oscillator branch.
Similarly, power fed into the beating-oscillator branch
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Fig. 10—Balanced 3-centimeter converter using a
wave-guide hybrid junction.
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appears equally in the load branches but is balanced out
of the input branch. The purpose of the input matching
rod is to provide an impedance match between the in-
put and the load branches, and the beating-oscillator
matching rod is an inductance so located as to match
that branch to the load branches. When the load
branches are terminated in their characteristic imped-
ance, the standing-wave ratio at the input branch is
less than 1 decibel, and that at the beating-oscillator
branch is less than 3 decibels at all wavelengths between
3.13 and 3.53 centimeters. Since a mismatch at the
beating-oscillator input is less important than a mis-
match at the signal input, the choice of functions for the
various branches has been selected as shown in the
figure.

The converter in Fig. 7, having been designed to
match the wave-guide impedance, may thus be con-
nected to the load branches of the hybrid junction and,
with the addition of a balanced-to-unbalanced output
transformer, a balanced converter obtained. Since the
hybrid junction itself introduces only a small mismatch,
the balanced converter will terminate the input line
nearly as well as the converter in Fig. 7. A balanced
converter has several advantages over an unbalanced
converter which arise from the conjugate relationship
which can be obtained between the signal and beating-
oscillator terminals. The circuit of a converter using a
hybrid junction is essentially the same as the converter
shown in Fig. 3. The degree of balance that can be ob-
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tained depends on the similarity of the two rectifiers,
and by selecting pairs it is not difficult to obtain a bal-
ance such that the loss between the input and beating-
oscillator terminals is in excess of 25 decibels. The loss
of signal power into the beating oscillator is thus effec-
tively prevented, and similarly the beating-oscillator
power level at the input terminals is considerably re-
duced. Since no mismatch loss between the signal and
beating-oscillator terminals is required, the rectifiers
will absorb the full applied beating-oscillator power, so
that considerably less available power is required.

Another advantage obtained by the use of a balanced
converter is the protection against beating-oscillator
noise. In applications where the signal frequency is ex-
tremely high and the intermediate frequency low enough
to be a very small fraction of this frequency, the beating
oscillator may have noise sidebands in the signal-fre-
quency range. An analysis of the phase relations shows
that, when the signal and beating oscillator are applied
to the same terminals, as would be the case for an oscil-
lator with noise sidebands, the output from the two
rectifiers will be balanced out by the output trans-
former.

SILICON POINT CONTACT
RECTIFIER MOUNTED
IN COAXIAL LINE

SIGNAL AND

TUNING \,
ELEMENT \ x
\ LF. OUTPYT
INPUT i N

BEATING OSC.
T - !
fug!
oty \

! , -
G L/ =

/
COAXIAL OUTPYT
FILTER

Fig. 11—1.25-centimeter converter using a silicon rectifier
mounted in a coaxial line.

The rectifier mounting shown in Fig. 5 is not well
adapted for use at wavelengths below 3 centimeters,
due to its size. For operation at a wavelength of 1.25
centimeters a new type of mounting has been developed
and the necessary improvements made in the silicon and
the point contact. In this mounting the rectifier is lo-
cated at the end of a coaxial line. An early form is shown
in Fig. 11, together with the matching circuits to form
a 1.25-centimeter converter. Since the rectifier is in
coaxial and the signal in wave guide, a coaxial-to-
wave-guide circuit is required which will also provide a
means for connecting the rectifier to the intermediate-
frequency output. The coaxial-to-wave-guide circuit
shown in Fig. 11 is a supported probe which matches
the guide to a 65-ohm coaxial line over a 10 per cent
frequency band. Its electrical characteristics are prac-
tically identical to those of an open probe, since the sup-
porting member is in a neutral position with respect to
the waves in the guide and its length from the side wall
of the guide to the probe is approximately one-quarter
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wavelength. This supporting rod is shorted to the side
walls of the guide at the input frequencies by the co-
axial filters, which also allow the intermediate frequency
to be taken out.

The coaxial-to-wave-guide circuit matches the guide
to a 65-ohm coaxial line, but, since the rectifier does not
match this impedance, a transformer formed by an en-
largement of the coaxial inner conductor is required. The
proper transformation is obtained by adjusting the
length, diameter, and position of this element. The
bandwidth of this transformer, however, is considerably
less than that of the coaxial-to-wave-guide circuit, with
theresult that the converter matches the line over about
a 4 per cent frequency band. The beating-oscillator in-
put is not shown in Fig. 11, but could, of course, be ac-
complished in the same manner as shown in Figs. 7 or
10.

WIDE-BAND CONVERTER

All of the converters described so far were designed
for use in applications where the input impedance was
required to match the line from the antenna only suffi-
ciently well to avoid undue reflection loss, where the use
of an input-frequency-selecting network was optional,
and where only moderately uniform response over a
comparatively narrow band of frequencies was re-
quired. As a consequence, these converters are not es-
pecially satisfactory for use in modern wide-band com-
munication systems. The final converter to be described
was designed to meet all the requirements of wide-band
applications, and in order to do this it has been found
necessary to control the impedance of the input network
at the signal frequency, the image frequency, and some
frequency near the signal and beating-oscillator second
harmonic, and also to take account of the interaction
effects that exist between the input and qutput net-
works.

The additional specifications set down for this con-
verter before the design work was started were that it
was to have an input standing-wave ratio of less than
1 decibel, an input filter to select a band of frequen-
cies anywhere within the 0.9- to 7.5-centimeter wave-
length range, and have a transmission band 15 mega-
cycles wide flat to less than 0.1 decibel. The completed
converter (shown in Fig. 16) is similar to the one shown
in Fig. 10 in that it makes use of a wave-guide hybrid
junction, but differs from it jn that the rectifiers are
mounted at- the end of coaxial lines which are coupled
to the wave guide by means of probes. The impedance
transformation necessary to make the rectifier terminate
the line was obtained by adjusting the length and di-
ameter of the cavity in which the rectifier is mounted.
With this method of matching, the maximum stand-
ing-wave ratio for a group of twenty rectifiers measured
over the 6.9- to 7.5-centimeter wavelength range was
found to be about 4 decibels,

The output filter is in the form of a quarter-wave stub-
connected across the coaxial line, followed by a trap. The
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trap consists of a quarter wavelength of coaxial line
followed by a cylindrical polystyrene-filled resonant
cavity in the form of a disk transmission line® shorted at
its outer edge, and is arranged so that the short circuit
at the outer edge of the cavity is transferred to the gap
at the open end of the quarter-wave stub. The loss
through this filter is in excess of 25 decibels throughout
the 6.9- to 7.5-centimeter wavelength range, and thus
the loss of signal power through it is negligible.

In Fig. 12 is shown an unbalanced converter using
these components, which was used to investigate the
effect of input-network impedance variations and the
interaction effects between the input and output net-
works. It has an input filter consisting of two inductive
irises with a capacitive tuning plug between them, and
the beating oscillator is connected in the same manner
as that shown in Fig. 7. The remaining equipment
consists of an intermediate-frequency amplifier and out-
put meter and a transformer to match theconverter

QUTPUT
METER
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| amPuiFiEr | \S

IN23B

ADJUSTABLE RECTIFIER
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FILTER
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CURRENT “(7) CZ x
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FILTER OSCILLATOR !
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Fig. 12—7.2-centimeter converter arranged for investigating the
effect of the input-filter position on the output impedance and
conversion loss.

output impedance to the amplifier. This transformer is
of the variable-impedance-transformation type men-
tioned earlier, and with it the 76-ohm input impedance
to the amplifier may be transformed to any value be-
tween 80 and 600 ohms. C, is large enough to be an effec-
tive short circuit, and C, is used to tune the line to anti-
resonance. Thus both the resistive and reactive com-
ponents of the converter output impedance may be
matched.

The procedure for the tests, using the equipment
shown in Fig. 12, was simply to apply a constant signal
at the input and measure the output power and the out-
put impedance as a function of the length S of an added
section of wave guide. The reflection coefficient of the
filter at the signal frequency was very small, so that the
signal power and the signal-frequency impedance at A
is independent of the added line length S. However, at
frequencies different from the signal frequency the re-
flection coefficient of the filter is large, and variations in
S will cause its phase angle to change in accordance with

$S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand
Co., New York, N. Y., 1943; pp. 260-272.
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length of S. Hence, any change in the conversion loss
or output impedance as a result of variations in S must
be due to changes in the impedance of the input net-
work at frequencies different from the input frequency.

Curves showing the variations in conversion loss and
output impedance as a function of the line length S are
shown in Fig. 13. At the top is shown the variation in

3

1.F. QUTPUT
DECIBELS

(=]

[
=]
—

CONDENSER
Cy DIAL
S
(YT
Bl
1
1T
|
(“

>
(=]

W
[-]

o
[~]

1 T
Jr | i
L — - — —_— —
52 70 " -.F—‘ —+— 'v" 1
29 |
a b _— 1 1
9‘8 ee T | T | T
LR | |
z‘: 50 e ‘_'__, — T N ,NL._ —
¥ a0 it
| | \/
20 | | l 1 |
o 0.5 1.0 1.5 20 25
S IN INCHES

Fig. 13—Variation in output impedance and conversion loss
with input filter position.

conversion loss in decibels. Below that is the variation
in shunt reactance as measured by the dial reading of
the capacitor C; required to tune the output trans-

former. At the bottom is the shunt-resistance variation

as indicated by the position of the output-transformer
tap required to give a maximum output. These are
plotted against the value of S in inches. Two things
are immediately apparent from these curves. First, the
top curve shows that the conversion loss is influenced
primarily by the input-network impedance at some
frequency much higher than the input frequency.
Second, the bottom curve shows that the output im-
pedance is influenced primarily by the input-network
impedance at some frequency near the input frequency.
Further interpretation of these curves is complicated by
the fact that some of the frequencies involved are suffi-
ciently high to excite more than one mode in both the
coaxial and the wave guide, and these modes could be
expected to produce rather complicated effects.

From the rate at which the conversion loss varies as
S is changed, it is evident that the length of line be-
tween the rectifier and the filter is sufficient to restrict
the frequency range over which a uniform conversion
loss can be obtained. In order to eliminate this effect the
frequencies involved in the conversion-loss variation
must be reflected from a point much nearer the rectifier.
This reflection was accomplished by means of a low-pass
filter located in the coaxial line near the rectifier, as is
shown in Fig. 14,

B R SRR N SR R e ——————————
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From the results obtained with the converter shown
in Fig. 8, it is apparent that the frequencies responsible
for the conversion-loss variation shown in Fig. 13 are
those in the vicinity of the signal and beating-oscillator
second harmonic. For input wavelengths between 6.9
and 7.5 centimeters, these lie in the range between 3.4
and 3.8 centimeters. The filter shown in Fig. 14 was
designed to have a large reflection coefficient in ‘this
latter wavelength range. It consists of a polystyrene-
filled resonant cavity which is the inverse of the cavity
used in the output filter, being in the form of a disk
transmission line shorted at its inner edge, and forms an
antiresonant circuit in series with the coaxial line. This
is represented by the inductance L and the capacitance
Gy in the equivalent circuit. The diameter required to
form the disks is greater than that of the coaxial inner
conductor, so that the two disks form capacitances in
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Fig. 14—Coaxial low-pass filter used to stabilize the impedance at
higher frequencies, and its equivalent circuit.
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shunt with the coaxial line represented by the capaci-
tors C,. In order that the filter match the coaxial
line at wavelengths between 6.9 and 7.5 centimeters,
the inductance L must have the correct value, and this
is accomplished by adjusting the thickness of the poly-
styrene disk which controls the characteristic im-
pedance of the disk line.

Measurements of the standing-wave ratio introduced
by this filter were made. At wavelengths between 3.4
and 3.8 centimeters it was above 30 decibels, and be-
tween 6.9 and 7.5 centimeters it was below 0.5 decibel.
With this filter installed in the converter shown in
Fig. 12, the effect of the input-filter position was meas-
ured again. The results are shown in Fig. 15. The effect
of the coaxial filter is quite pronounced, and it is seen
that with it the conversion loss is very nearly inde-
pendent of S, and uniform operation over a wide fre-
quency band should be readily feasible. The output im-
pedance curve is sufficiently uniform to permit a meas-
urement of the change in S required to vary the re-
sistance through a complete cycle. In Fig. 15 this
distance is 2.30 inches, corresponding to a guide wave-
length of 4.60 inches or a frequency of 4060 megacycles.
This is quite close to 4040 megacycles, which is the calcu-
lated image frequency.

An important consideration, but one which has not
yet been investigated, is the effect of the position of the

" low-pass filter on the conversion loss. Presumably, from
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the curve in Figs. 13 and 15, this alone could cause a
change of about 1.5 decibels. However, measurements
of the minimum conversion loss obtainable with and
without the low-pass filter indicated that the amount
to be gained by selecting a better position would be
less than 0.5 decibel.

Harmonic filters have been incorporated in the com-
pleted converter shown in Fig. 16, with the result that
an input filter may now be used without causing varia-
tions in conversion loss over the transmission band.
In order that the converter output impedance have the
correct value to match the intermediate-frequency
transformers, the filter position S must be properly
chosen. The converter output impedance at the ter-
minals 4 was measured as a function of the filter position
S, using the second method mentioned earlier which
makes use of a three-tap transmission line. Curves very
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Fig. 15—Variation in output impedance a i i
. 11 nd conversion loss with
lﬁxi;t)ut-ﬁlter position after the addition of the low-pass coaxial
er.

much like .those in Fig. 15 were obtained, the capaci-
tance varying between 1.6 and 5.5 micromicrofarads,
and the.r.esistance varying between 350 and 940 ohms.
’I"he position giving the highest impedance was found to
give a somewhat lower conversion loss, so that the inter-
mediate-frequency transformers were designed to match
this higher value. Two transformers were actually used
each having an impedance-transformation ratio of 476
to 152 ohms, with the primary windings connected in
series to give the 940-ohm impedance and the second-
aries, one of which has the direction o
reversed, connected in
pedance of 76 ohms.

' The input tuner shown ijs necessary to reduce the
input standing-wave ratio to less than 1 decibel as re-
quired in the original specifications, since without it
the standing-wave ratio may be as much as 4 decibels
as stated above. Rather stringent requirements aré

f its winding
parallel to give an output im-
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placed on this tuner by virtue of the fact that ideally it
should match the converter to the wave guide at the
input frequency and at the same time introduce no
phase shift in the wave reflected from the filter at the
image frequency, since this is equivalent to a change in
the filter position. Furthermore, the tuner must be
between the filter and the converter in order that the
filter work between the proper impedances. The tuner
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frequency amplifier having a noise figure of 6.7 decibels
was used. The results are shown in Table I. These
results, with the exception of the noise ratio, are all
expressed in decibels and were determined by the
methods described earlier, using the relations given in
(1) to (3). The transmission band was measured by
varying the frequency of the signal oscillator and meas-
uring the power in a 76-ohm load resistor. Using inter-
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Fig. 16—Wide-band balanced converter using 2 wave-guide hybrid junction with input filter and matching circuit.

of the type shown approximates this ideal much better
than a conventional two-plug tuner. It consists essen-
tially of two parallel-tuned circuits spaced one-eighth
wavelength, the inductances being formed by the rods
across the wave guide and the capacitances by the ad-
justable plugs. A value of inductance has been selected
such that the tuner will correct a standing-wave ratio of
not more than 4 decibels of any phase. The variation in
the susceptance of the tuner over the input frequency
band is negligible, while at the image frequency the phase
change introduced is much less than that of a two-plug
tuner. By locating the tuner effectively one-half wave-
length from the filter at the image frequency (dimen-
sion D), the phase change may be reduced to a negligible
value.

TasLe |
Conversion Loss F. B F 7 Noise
(decibels) (decibels) (decibels) Ratio
5.1 9.1 13.1 2.5
5.6 10.1 13.8 2.8
6.4 14.3 2.5

10.4

The final measurements made on this converter were
the conversion loss, noise figure, noise ratio, and band-
width. Three pairs of a group of twelve 1N23B rectifiers
were selected as representative of the best, the average,
and the poorest, from the standpoint of conversion loss.
For the noise-figure measurements an intermediate-

mediate-frequency transformers having a coupling
coefficient of 0.5, transmission variations of less than
0.1 decibel were observed over a band 20 megacycles
wide.

CONCLUSIONS

The purpose of this paper has been to discuss the
problem of the design and construction of microwave
converters using point-contact rectifiers as the non-
linear element, with the main emphasis on the networks
used between the input and output terminals and the
rectifier. The approach has been largely practical, since
a complete and rigorous mathematical analysis of the
problem is generally so complex as to provide the de-
signer with little more than a broad outline of the re-
quirements. The results obtained indicate that, when
uniform conversion efficiency over a wide band of fre-
quencies is required, close attention must be paid to
the network-impedance versus frequency characteristics.
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Fluctuation Noise in Pulse-Height Multiplex
Radio Links’

LAWRENCE L. RAUCH?

Summary—The choice of a method of multiplex- synthesis and
analysis will depend on (1) the distortion and noise characteristics of
the link connecting the synthesizer and analyzer, and (2) the type of
intelligence and tolerable distortion and noise in each channel.
Among the various methods of multiplexing adaptable to transmis-
sion over radio links is the pulse-height or commutation method.
The question of interchannel cross talk has already been solved
quantatatively for this multiplex method, and it is the purpose of this
paper to solve the associated problem of channel fluctuation noise in
a precise manner. Expressions are obtained for the channel fluctua-
tion noise of pulse-height multiplex systems used over f.m. and
a.m. radio links. A comparison shows the f.m. channel fluctuation-
noise improvement to be 4.15 times the. deviation ratio, in contrast
to the familiar 4/3 times the deviation ratio for single-channel radio
links.

INTRODUCTION

T IS GENERALLY recognized that time-division
multiplex methods are best for transmission over
radio links, particularly when the number of chan-

nels to be multiplexed is large, due to the relatively wide
bandwidth and large nonlinear distortion offered by
radio links. Subcarrier multiplex methods are better
adapted for transmission over wire links, where it is
easier to obtain the small nonlinear distortion necessary
to avoid interchannel cross talk.

The wide bandwidths required by pulse-position
multiplex methods make them well adapted to u.h.f.
and microwave radio links. Where reduced bandwidths
are necessary, such as in the v.hf. range, the pulse-
height multiplex method provides a solution which, at
the same time, maintains the general advantages of
time-division multiplexing. Various commutator tubes
and circuits have been developed to provide pulse-
height synthesis and analysis.'-3

The method of synthesis consists of taking short
samples of several items of intelligence (usually appear-
ing as voltages) in a regular time sequence at a uniform
rate. If it is desired to sample a given item at a rate of
F times per second and there are » items, a single sample
can be no longer than 1/Fn second. The principle of
analysis for a given item of intelligence consists of ob-
serving the synthesized signal "during an interval of
1/Fn second or less at a rate of F times per second, in
such a manner that only the original samples, or por-

* Decimal classification: R460X R361.211. Original manuscript
received by the Institute, March 29, 1945; revised manuscript re-
ceived, November 29, 1945, and March 7, 1947.

t Palmer Ph{sical Laboratory, Princeton, N. J.

! A. M. Skellett, “The magnetically focused radial beam vacuum
tube,” Bell. Sys. Tech. Jour., vol. 23, Pp. 190-202; April, 1944. And
also the subsequent development of the electrostatically focused and
rotated radial-beam vacuum tube.

*D. D. Grieg, ]. J. Glauber, and S. Moskowitz, “The Cyclophon:
a multipurpose electronic commutator tube,” Proc. I.R.E., this
issue, page 1251-1258.

LoL Rauch, “Electronic commutation for telemetering,” Elec-
tronics, vol. 20, pp. 114-120; February, 1947,

tions of them, are obtained. The analyzed samples may
be integrated into a “smooth” signal by methods dis-
cussed later. It will be shown later that, if the maximum
frequency of components appearing in an item of in-
telligence is less than f, the original intelligence may be
perfectly reproduced if a repetition rate of F=2f or
greater is used.

The principal type of noisc encountered in the output
of a v.h.f. radio receiver is fluctuation noise. Pulse noise
is either man-made and near by, or else the resuilt of a
near-by electrical storm. The analysis of this paper is for
fluctuation noise only and, unless modified, the term
“noise” will be understood to mean fluctuation noise.
Before proceeding, however, we shall review certain
characteristics of the multiplex method.

CHARACTERISTICS OF DISTORTION IN RAbpio LiNKs
AND DISTORTION AND CROss TALK
IN INDIVIDUAL CHANNELS

The distortion characteristics (noise included) of a
radio link will produce quite different effects in the out-
put of the channels of a pulse-height system. Here we
shall treat these effects in a descriptive manner.

A little thought will show that the transient response
of the radio link completely determines the cross-talk
characteristics. A good transient response will be in-
sured by a uniform amplitude versus frequency char-
acteristic and a fairly proportional phase-shift versus fre-
quency characteristic. By good transient response in a
radio link we mean that, after the constant time delay
is taken into account, there is very little correlation be-
tween the instantaneous signal at time ¢ and the dis-
crepancy between the output and input signals at time
t+A¢, as long as At is larger than a certain minimum
value determined in part by the upper limit of the fre-
quency response. In other words, a disturbance at time ¢
shall not be unduly prolonged (not to be confused with
delay) by transmission through the radio link. The
signal in each channel of a commutator system may be
considered as a disturbance which should not be pro-
longed into the next channel as cross talk. If the chan-
nels were exactly adjacent almost no prolongation could
be tolerated, and a very wide and uniform amplitude
versu-s frequency response and proportional phase char-
acteristic would be required of the link. This difficulty is
overcome by inserting “blanking” spaces between ad-
jacent channels so that a certajn amount of prolonga-
tion can occur without carrying into the next channel.
This is the meaning of « in (2).

If the frequency response falls off at the high end, the
cross talk in the following channel will be in ph,ase;
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while if the frequency response rises, the cross talk will
be out of phase. In fact, it is a fairly simple matter to
adjust the frequency response by one or two variables,
manually or automatically, to obtain a null in the fol-
lowing-channel cross talk. All channels are equally and
simultaneously corrected and the correction can be
made at one location to take into account any changes
in frequency-response characteristics of terminal equip-
ment or repeaters distributed along the radio link. In
practice, it is not difficult to obtain sufficiently good fre-
quency response in the radio link to reduce cross talk
between adjacent commutator channels 50 to 60 db be-,
low maximum signal.* .

It is clear that the nonlinear characteristic of the
radio link has no connection with cross talk. The non-
linear characteristic of the link is transferred exactly to
each channel where it introduces the usual “harmonic”
distortion in the signal of the channel. A relatively large
percenfage of this type of distortion can be tolerated in
telephone speech channels and, therefore, in the radio
link itself. An excessively large signal applied to one
channel will result in a distorted signal in that channel
due to the finite extent of the linearity of the radio
link, but there will be no disturbances in the remaining
channels. If it is desired to prevent overmodulaiton of
the radio link, any method of limiting applied to the
synthesized signal will produce the same results as ap-
plying it to the individual channels before synthesis.

In this section, the nonlinear characteristic and fre-
quency-response characteristics of radio links have been
treated as unrelated phenomena. This is by no means
always the case. It is easy to think of circuits providing
isolated examples of each characteristic, such as a series
resistance and shunted high-vacuum diode for the non-
linear case, and a series resistance and shunted capaci-
tance for the frequency-response case. But in all types
of radio links, the nonlinear distortion usually increases
at the high end of the modulation-frequency range when
a constant degree of modulation is maintained.

In amplitude-modulated links the nonlinear distortion
at low modulation frequencies is due entirely to tube
characteristics in the modulator, modulated-radio-fre-
quency amplifier stages, and detector. As the modula-
tion frequency is increased, the percentage of modula-
tion in the initial stages must be increased to com-
pensate for attenuation of side bands by the reduced
load impedance of the tuned circuits in the modulated-
radio-frequency amplifiers. This results in operating the
tubes into the more nonlinear parts of their character-
istics. A similar phenomenon occurs at higher frequen-
cies in audio amplifiers and wide-band amplifiers. The
various types of distortion can be reduced® to very low

¢ W. R. Bennett, “Time division multiplex systems,” Bell. Sys.
Tech. Jour., vol. 20, pp. 199-221; April, 1941. This paper is funda-
mental and will rfipay careful reading. Wire links instead of radio
links are consicered, and so emphasis is placed upon conditions requir-
ing minimum bandwidth of the link.

s .Charles R. Burrows and Alfred Decino, “Ultra-short-wave
multiplex,” Proc. L.LR.E., vol. 33, pp. 84-94; February, 1945.
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levels by application of large amounts of inverse feed-
back, but such large amounts of inverse feedback in-
crease the size and cost of small radio links considerably.

Frequency-modulated radio links have a reputation
for low distortion. This is, in part, because the tube
characteristics of the modulated-amplifier stages are
eliminated as a source of distortion; all of the troubles
are concentrated in the modulator and detector stages.
This statement is true for frequency-modulated radio
links of large deviation ratio, but the fact is sometimes
overlooked that, for small deviation ratios not much
greater than unity, the frequency-dependent phase
shift in the tuned circuits in the modulated-radio-fre-
quency amplifier stages can introduce large amounts of
nonlinear distortion at high-modulation frequencies. To
keep distortion at a low level in this circumstance, the
tuned circuits must be very carefully designed. This is
pointed out because the tendency in multiplex systems
is often to use a greater modulation band without in-
creasing the frequency deviation, which results in a
reduced deviation ratio.

CHARACTERISTICS OF FLUCTUATION NOISE

Fluctuation noise, or smooth hiss, as it is sometimes
called, has a constant amplitude versus frequency spec-
trum over the range of the r.f. pass band of a radio re-
ceiver, but the phase distribution is random. However,
the amplitude of the noise-frequency spectrum over the
modulation-frequency pass band of a radio-receiver out-
put varies with frequency in a manner which depends
on the type of modulation used, although the phase

_distribution remains random. This results in two im-

portant characteristics of the final noise output. For
any type of noise with a continuous spectrum, the
power in a frequency band of small width Aw is propor-
tional to Aw. Thus the r.m.s. noise voltage is propor-
tional to v/Aw. Due to the random phase distribution of
fluctuation noise, the crest voltage (height of the larger
peaks)®:? is proportional to the r.m.s. voltage, and
therefore to v/Aw. (This is not true in the case of pulse
noise, where the height of the pulse is proportional to
Aw.) It follows that, if the noise components over several
narrow frequency bandsAwat w, Agw at wy, + ¢+, Aswat
w, in the modulation pass band are selected by filters
and added, the resultant r.m.s. noise voltage will be

VA @) A w + ANw)Aw + « - - + AXwa)daw (1)

¢ V. D. Landon, “A study of the characteristics of noise,” PrRocC.
I.R.E., vol. 24, pp. 1514-1521; November, 1936.

1 V. D. Landon, “The distribution of amplitude with time in fluc-
tuation noise,” Proc. I.R.E., vol. 29, pp. 50-55; February, 1941. For
a rigorous definition of crest-noise voltage, some distribution function
must be assumed for the instantancous noise voltage. Many writers,
for good reason, assume the normal law as a basis for theoretical in-
vestigations. This law offers a finite probability for arbitrarily high
noise voltages, but in practice nonlinear circuit elements bring the
probability distribution function to unity for finite values of the in-
stantaneous noise voltage. For example, if we assume the crest voltage
is attained when the instantaneous voltage is greater than or equal
to four times the r.m.s. value, the normal law provides the result that
during a sufficiently long period the crest value will be reached a frac-
tion of the time egual to 63)10-%. More can be said if the amplitude
versus frequency distribution of the noise is taken into account.
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where A (w) is the r.m.s. value of the noise voltage in a
unit frequency interval at angular frequency w.

The above relation concerning fluctuation noise is the
only one of which explicit use is made in the analysis of
the pulse-height system.

In the case of amplitude modulation, 4 (w) is a con-
stant over the modulation pass band. In the case of fre-
quency modulation with deviation ratio greater than
unity, 4(w) is not constant. Analysis shows 4 (w) to be
proportional to w over the modulation pass band of a
frequency-modulation receiver (the familiar triangular
spectrum). In this and all further discussions involving
f.m. receivers, we asume the signal strength remains
above the improvement threshold.

In Part I, following, we shall assume a certain f.m.
radio link with sufficiently large maximum frequency
deviation to provide a deviation ratio greater than unity
for all modulating signals discussed. A signal of r.m.s.
value S will be produced at the receiver output by a
sinusoidal signal modulating the link to maximum fre-
quency deviation. There is a r.m.s. fluctuation-noise
voltage of A(f) =k per unit bandwidth at cyclic fre-
quency f at the receiver output. The value of S/%; will
be determined by the maximum frequency deviation
and by the r.f. signal-to-noise ratio at the discriminator
and is easily calculated for any case. We then connect an
n-channel pulse-height synthesizer to the transmitter in-
put and an #-channel analyzer to the receiver output,
and calculate the maximum signal-to-noise ratio Ry, for
a particular channel. In Part II the same procedure is
followed for an a.m. radio link with a r.m.s. fluctuation-
noise voltage of k; per unit bandwidth at the receiver
output,

In the rest of the paper, the term “noise” is under-
stood to mean r.m.s. fluctuation-noise voltage, and the
term “signal” is understood to mean the maximum sig-
nal r.m.s. voltage.

PART [—FREQUENCY-MODULATION LINKS

An n-channel commutator synthesizer and analyzer
are connected to the f.m. radio link. The analyzer sam-
ples each channel with an individual repetition rate of
F times per second, each channel being on during a frac-
tion 1/a of its alloted interval 1/nF. The intervals of
duration (a—1)/anF between channels are for blank-
ing. Each channel at the receiver is connected by the
analyzer to the radio-link output for an interval of du-
ration 1/anF coinciding with the “on” interval of the
respective channel at the synthesizer. In other words,
each receiving channel “looks” at the output of the ra-
dio link for 1/anF second every 1/ F second. This causes
very definite changes in the radio-link noise and in the
original signal, when viewed at the output of a receiving
channel. This is determined by the following analysis.

The output of the commutator analyzer for some
channel will be s(¢)-c(¢) where s(¢) is the signal on the
channel and ¢(#) is the commutation function:
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J 1 J 1
O=b = 2 = = 7 2enr
1 o1 =000 @)

c(t) = 0, elsewhere.
A Fourier series representation of ¢(¢) is valid® and is

1 2 2 /1 mm
o) =—+—2, <—— sin —) cos 2wmFt.
an T m=] \M an
Assume a single-component signal s(f) =a cos 2xft.
Then

a
s(#):c(t) = — cos 2xft
an
a 2 1 m
+—2Cﬂml
an

T me) m

)[cos 2n(mF + f)t

+ cos 2x(mF — f)t]. (2)

The output of each commutator channcl passes through
a low-pass filter whose pass band has a width

F 3
fmnx < 2 ( )
where fna: is the maximum channel signal-frequency
component. Observation will show that the right mem-
ber of (2) represents the signal fundamental plus its
a.m. side bands around suppressed carriers at harmonics
of the sampling frequency F. In this case we have chosen
to recover the signal from its fundamental, but it is a
simple matter to add the suppressed carriers by adding
a d.c. component to the signal, and then recover the
original signal by selecting and demodulating any one
of the resulting a.m. signals at harmonics of 7. If this
is done, the signal-to-noise ratio will in general depend
on the harmonic of F used, and in no case is it apprecia-
bly better than for the choice of the fundamerital. More-
over, the filter problem becomes more difficult. If the
transmitted signal has no components above fpax, the
low-pass filter for the fundamental case is required to go
from pass to reject in the interval from f.x to F—fuuz in
order to avoid the lower side band at F— fmax of the sup-
pressed carrier at F. In case the p** harmonic is selected,
the band-pass filter must go from pass to reject in the
intervals from pF—f,.. to (6 —1)F+fmae, and from
PF+fumax to (p+1) F—fros. Thus, the filter requirements
become more exacting. We note that insufficiently sharp
filters cannot cause cross talk but only distortion in the
individual channels.

If 5(t) =a cos 2nft is viewed as a single component of
the radio-link noise, it is apparent from the expansion
for s(£)-c(t) in (2) that only the noise in the frequency
intervals mFifmu("’l=0, 1, ..., r depending on the
required limit F.=rF of the radio-link-modulation pass
band) will appear in the channel after passing through
the low-pass filter. The r.m.s. fluctuation-noise voltage

8 G. H. Hardy and W. W, Rogosinski, “Fourier Series,” Cam-

bridge Tracts in Mathematic d M i i
thectem 59 i s an athematical Physics, no. 38,
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in the frequency interval mF * foax is By FV 2fau ap-
proximately® and the noise in any channel due to the
noise in this frequency interval is, by (2),

le Y ., mT

—— V/2fmax Sin — *

T an
Then by (1), the noise voltage in any channel due to
that in all of the intervals m=1, - - -, r (r being the
number of side-band pairs in (2) transmitted by the
link) is

BN 2 e [/ < .
e Yl_ Zsin"’
T me=1 n

mm
. (4)
a

If s(¢) is now viewed as a component of a channel sig-
nal, it is seen that the maximum channel signal before
commutation is S. The first term in the right member
of (2) shows that each component of the signal is re-
duced by a factor of 1/an. Therefore, the signal is re-
duced by the same factor and at the output of the re-
ceiving-channel low-pass filter this signal value is

S
. (5)

an

This, together with (4), determines a signal-to-noise

ratio of
S T
Ryw = —- o e O (6

k N : mw
' anF\/ 2fma >~ sinz—

mel an

When 7 is large, the evaluation of the sum under the
radical becomes laborious. In Appendix 1 it is shown
that, when an =20 and r/anz1 (F./anfZ1), the radical
of the sum is approximated by v/r/2 with an error less
than 10 per cent. This provides an approximation
R/m* for R/,,.,

an = 20
i S T ™
= —— r
! kv anFN/Tfmax —z 1.
an

If it is desired to transmit intelligence over the chan-
nels with frequency components, including zero, it will
be necessary for the radio link to transmit components
including zero. This is apparent from an inspection of
(2). If it is not convenient to supply the extreme low-
frequency response in the link, the necessity can be
avoided by the use of a method of sampling different
from that in (2). In this method c(¢) is replaced by c*(¢)
defined by

) =1 j_ L,gtgi_*_ ,1_
' I" 2anF o o F Zanp‘
(j = even integers — o, « -+, ®)

9 The exact value obtained by integration over the interval
MF & froax 18 ks A/ 203 Ffmas +2/3 [lmas. The approximation, which im-
proves rapidly as m F increases, is always less than this by not more
than 4 per cent for m F 2 2fmax which is, by (2), true for all intervals
except 0 S Sfumas. But the noise from this interval can be neglected
relative to the remainder.
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cn=-1, - — =izl
F 2anF F 2anF
(j = odd integers — o, + - -, ©)

c*(t) = 0, elsewhere.

Amplitude-modulated signals with suppressed carriers
appear at frequencies (m+1/2)F, (m=0, 1, - - -, ).
For example, the signal around F/2 may be selected and
demodulated.? A noise analysis similar to the above may
be carried out with only minor changes.

PArT !I—AMPLITUDE-MODULATION LINKS

Following the procedure of Part I, the r.m.s. fluctua-
tion-noise voltage in the frequency interval mF % fuax is
E2\/2fmme and the noise voltage in any channel due to the
noise in this interval is, by (2),

kz , mm

— V2fnax SiIn — -

mw an
Then, by (1), the noise in any channel due to that in all
of the intervals m=1, - - -, r (r being the number of
sideband pairs in (2) transmitted by the link) is

ks ro1 m
B e A/ 2 —sint . ®)
T a1 Mm? an
The signal at the output of any channel is, as in (5),
S
— o (9)
an

This, together with (8), gives a signal-to-noise ratio of

S T
Rop = —- - (10)
-2 LA | . mw
an\/2fmax — sin? —
mesl m"’ an

In Appendix II it is shown that, when an=20 and
r/an25/4 (F./anF25/4), the radical of the sum is ap-
proximated by w/\/2an with an error less than 8 per
cent. This provides an approximation

an 2 20
Rame =§- Ml_._._; r 5 (11)
k2 anfmex —_—z—-
an 4

PARrT 11I—COMPARISON

To obtain the signal-to-noise improvement of a f.m.
radio link over an a.m. radio link for pulse-height multi-
plexing, we divide (7) by (11) to obtain

Ria® ks X

Rom* ki F\/anr
The well-known f.m. interference reduction factor gives,
for the same r.f. signal-to-noise ratio,

&-F,D

ky

(13)

_
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where F, is the modulation pass band of the radio links,
and D is the deviation ratio of the f.nm. radio link. Thus,

R/,,.* 1"5 w r
=~ ——=.D =ry/—D,
R..* F anr /‘/an
since F,/F=r. Now r depends upon « and # for a given
value of adjacent-channel cross talk.

It was pointed out in an earlier section that if F,
(F.=rF) is not great enough the cross talk between cer-
tain channels will be intolerable. If F, is infinite there
will be no cross talk. The matter has been treated at
length in a paper by Bennett* where the quantitative
relations giving the cross talk in terms of the quantities
n, «, and r are obtained and studied. It can be shown on
the basis of Bennett's work that a cross-talk level be-
tween adjacent channels of 55 db below the maximum
signal is obtained with

(14)

a=2

15
3.5n. (1)

r =
Under these conditions, cross talk between channels
separated by one or more channels is down more than 55
db. Substituting (15) in (14) we obtain

Vir

R/ n*
= T-D = 4.15D,

Ront
compared to the familiar value of v/3D for a single chan-
nel obtained by integrating (13). This of course as-

sumes the f.m. signal is maintained above the improve-
ment threshold.

n210,  (16)

APpPENDIX |
To simplify notation, let m#/an=x. Now

sin?mx = 3 — } cos 2mx.

Therefore,

r 1 &
— — — > cos 2mx.
2

Mme=]

r
D sin2mx =

m=1
Now

2 cos 2mx sin x = sin 2m + 1)x — sin 2m — Dz
Therefore,
*.sin 2m 4+ 1)x — sin 2m — 1)«

2

1 r
Bl D cos 2mx

w1 w1 4 sin x
sin (2r + 1)x — sin «
4 sin x
2, r sin 2rxcos x + cos2rx sin x — sin x
Zsm’mx=-———~— - _
m=1 2 4 sin x
r 1

1
= — — —cot xsin 2rx + — cos 2rx — —
2 4 4
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r 1 . 1
=—<1——colxsm2rx— —sin?rx ).
2 2r r

L, _mmw
D sinz —
me1 an

r 1
= - <1 — — cot
2 2r

If an =20, an approximation for the second term in
parentheses, with an error less than 1 per cent, is

T 2mr 1
- sin + -

an an r

r
sin? — —> . A7

an

an 2wy

— - sin

2rr an

If r/an = 1, the absolute value of the above term can-
not be greater than 1/2x, and the value of the last term
in parentheses cannot be greater than 1/20. Therefore,
the value in parentheses differs from unity at most by
0.21. Upon taking the square root, this amounts to a
maximum error of 10 per cent in the right member of the
identity when the value in parentheses is taken as unity.
Thus,

., mm r
2sint— =g/ —,
m—=1 an
an 2 20
0.9 =X =1.1 when r (18)
— 3 Ik
an
APPENDIX II
To obtain an approximation for the finite sum
1 mr
> —sin?— (19)
m=1 M2 an

we first obtain the limit of the convergent infinite series

= 1 mr
Z~sm’%—-

-1 M an

(20)

by an application of Parseval’s theorem!® concerning
expansion of functions in the space L2 in a series of com-
plete orthonormal functions in L2 The set of functions
V'F, \/2F cos 2rmPFt, \/2F sin 2rmFt (m=1, ..., o)
in the interval —1/2F <t < 1/2Fisa complete orthonor-
mal set belonging to L2, \Ve may write the Fourier series
for the commutator function c(?) in the form

1 -
c(t) = Py [VF]

2 (1 . mr .
+ 7 > <- sin ~—-) [V/2F cos 2rmIs).

me=1 \ M an

1 See theorem 13 of footnote reference 8.
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Parseval’s theorem provides the relation (sum of squares
of orthogonal components =square of norm)

1 2 21 mr 1/2F 1
— +———Z—-sm’-——=f | (@) |24t = —
an?F w2F oy m? an —1/2F anF
=1 mr w? 1
Y, —sin?— = 1——). (21)
m—t Mm? an 2an an

Since (19) is monotone increasing withr, (21) is an up-
per bound. It remains to establish a lower bound on (19).

1 mr 1 1 1 . -1 27m
Z——sin’——=—z—+—-2—-cos - (22)
maml m? an 2 mwl 1’”2 2 meaml "l«2 an

We consider the first term in the right member. It is easy

to show
0 1 1I'2
—_=— 23
f\:;, =% (23)
Therefore,
r 1 1I'2 0 1 (24)
ma=1 ”12 B 6 me=r41 m

Now the function 1/x? is monotone decreasing to zero
and concave upward. Therefore,

d 1 2 dx
£ L[t s
mart1 M rp1 (& —1)?

Substituting in (23) gives
1t 1 n 1
>

22 mT 12 2

1
o

(25)

which is a lower bound for the first term in the right
member of (22).

We now consider the remaining term. Substituting
(21) and (23) in (22) gives

1 i -1 2am r’(l 1 + 1 ) 26)
- — cos = ——— - —
2 oy m? an 2\6 an a’n?

which is negative for an=6. The terms of the second
sum of the right member of (22) form the partial sum for
s terms of the infinite series of (26). The terms of the
series converging to the negative limit (an 2 6) of (26)
can be grouped in the intervals 1=m San/4 and
(2g—1)an/4Sm < (2g+1)an/4, g=1, 2, - -, to form
a series of alternating terms converging to the same
negative limit. Each term after the first is
(2¢+1)an/4 1
— €08
(29-1,an/4 m? an

27m

The partial sum consisting of the first three alternating
terms has ¢=2 and r = San/4. The fourth term
-1 2am

= COS' =757
m=mBban/é4 M an

Tan/4

(27

is positive. A well-known characteristic of alternating

_
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series is that a partial sum ending in a negative term is
exceeded by the limit by an amount no greater than the
value of the next term (27). Thus

Sanfd —1 27m = —1 27m
—— COs = Z —- C0s
maml "l«2 an maml "l«2 an
Tanl4 —1 2m
- —— €Oos (28)
me=b5an/4 m! an

The inequality can be maintained if the positive last
sum is replaced by an upper bound.

It is easy to show in the case of any function f(x),
positive and concave downward between two adjacent
zeros at integer values x; and x,, that

T2 2 U
> jom = [ s

m=z,

Now the function —(1/x%) cos 2mx/an has zeros at
x;=S5an/4 and x,=7an/4 and in this interval it is posi-
tive and concave downward. Therefore

vz =1l 27m Tanid ] 2rx
—— cos < - — COS dx
mmban/4 m? an Ban/4 an
20 7721
= - — — cos ydy
an J gx/2
2% [cosy =2 2% _ _  .7s2
T A
an y br/2 an
27
= — [Si(71x/2) — Si(57/2)).
an
Evaluating the last term provides the result
Tan/d  —1 2rm  0.147
— cos = .
m=Ban/4 m? an an
Substituting this and (26) in (28) gives
1 Ban/4 —1 2mm 2 4.86 w?
— —- €O0S 2 -—+—-
2 o1 m? an 12 an 2ain?

Substituting this and (25) in (22) gives

rgan/d 1 mm _ 4.46 w?
—sin?—2z — — 2
oy M an an 2a’n?

Combining this with (21), we have

nt 1 rgban/e 1 mmw
(1-1) 2 5" Lo

2an an w1 m? an
2 1

= —\0.904 — ——)
2an an

Therefore, when an 220 and r/an2 5/4

——
Y, —sin?

me=1 m?

mn
an

is never less than 7/+/2an by more than 8 per cent.
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Propagation of Radio Waves in the
Lower Troposphere”
J. B. SMYTH}, anp L. G. TROLESE}, ASSOCIATE, LR.E.

Summary—The effect of tropospheric layers on the propagation
of high-frequency radio waves has been experimentally investigated.
A theory is proposed which is in agreement with the salient propaga-
tion characteristics observed on a nonoptical link. Fields beyond the
optical horizon are governed by the layer height and the refractive
index change through the layer. For low layers the higher frequencies
have the advantage because of height gain, whereas for higher
layers the lower frequencies have the advantage of higher reflection
coefficients.

I. INTRODUCTION

LECTROMAGNETIC waves transmit energy
B into the shadow region beyond the optical hori-
zon by several different processes: first, the longer
waves are diffracted around the earth; second, a small
band of intermediate frequencies is effectively reflected
from the ionosphere; and third, refraction and reflection
in the lower troposphere frequently make it possible to
establish communication on the higher frequencies over
distances many times the optical line of sight. This pa-
per is a summary of some of the facts about this latter
type of propagation.

The immediate problem is quite clear. How is electro-
magnetic energy, radiated from a source near the earth's
surface, distributed throughout a volume enclosed be-
tween the earth and a concentric sphere of sufficient
radius to include all practical applications of the energy?
If the atmosphere were homogeneous, the problem
would be one of diffraction alone.'™ However, over most
areas of the earth the atmosphere in juxtaposition with
the ground is seldom homogeneous; air masses are con-
tinually being modified by the surface over which they
pass, and frontal activities produce elevated transition
regions between air masses. Relatively large changes in
temperature and water-vapor pressure through these
regions produce index-of-refraction gradients that
markedly affect the propagation of high-frequency ra-
dio waves. Typical index distributions under different
atmospheric conditions are shown in Fig. 1, and will be
more fully discussed in Section II.

* Decimal classification: R112.2. Original manuscript received
by the Institute, November 5, 1946; revised manuscript received,
December 26, 1946.

t United States Navy Electronics Laboratory, San Diego 52, Calif,

' K. A. Norton, “The calculation of ground-wave field intensity
over a finitely conducting spherical earth,” Proc. I.R.E., vol. 29,
pp. 623-639; December, 1941,

? B. van der Pol and H. Bremmer, “The diffraction of electromag-
netic waves’from an electric point source round a finitely conducting
sphere, with applications to radiotelegraphy and the theory of the
rainbow,” Phil. Mag., vol. 24, part I, pp. 141-176; July, 1937; part
11, pp. 825-864; November, 1937.

: % L. Eckersley, “Ultra-short-wave refraction and diffraction,”
Jour. I.E.E. (London), vol. 80, pp- 286~304; March, 1937.

¢ G. N. Watson, “The diffraction of electric waves by the earth,”
Proc. Roy. Soc. (London), vol. 95, pp. 83-99; October 7, 1918; and pp.
546-563; July, 1919.

The effect of the lower atmosphere on radio wave

propagation was not fully appreciated until higher fre-
quencies came into general use. Several experimental
investigations® ? during the middle 1930's qualitatively
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Fig. 1—Typical index-of -refraction distributions.

indicated that field strengths beyond the optical hori-
zon could be quite different on different days, and the ef-
fect was correctly attributed to variations in at-
mospheric refraction. It was not until high-frequency
radars came into use during the war that a concen-
trated effort was made to investigate quantitatively the
effect of meteorological conditions on transmission be-
yond the line of sight.

At the higher microwave frequencies attenuation of
energy by rain®®:4 and water vapor becomes a serious
problem, and in many cases overshadows the advantage

¢ C. R. Englund, A. B, Crawford, and K. W. M “
results of a study of ultra-short-wave transmission :;:Lfr?;g{cniu"rg‘:l'l.
Sys. gecz. .ﬁmlrl., VX!' 14, pp. 369-387; July, 1935. '
- A. Hull, “Air mass conditionsand the bend; -high-
freq.’u;ncx wl:{awlels."/gST, vol. 19, pp. 13-18; jﬁne nld9I;§ AR
- A. Hull, “Air-wave bend f -high- Y
QST vol 21, pp. 16-18; May, 1937 - "'"*""B" frequency waves,”
- Ochmann and H. Plend] “Experimentell g h
tiber die ultrakurzwellen,” Iochfre roakusiik vol 53,
pp.'3;4ﬁ; é\uglgst, o ochfrequens. und Elecktroakustik, vol. 52,
. L. Smith-Rose and J. S. McPetrie “Ultra-sh i
refraction in o trie, ra-short radio wave
Janua([y,nll9n34.e ower atmosphere,” Wireless Eng., vol. 11, pp- 3-11;
1*C. D. Thomas, and R. C. Colwell, “\Wa flecti i
fus«;lbxundarneg,” Phys. Rev., vol. 52, pp.'1214~‘;e2 {2; %::c(:;:lg?n;;%.
e :Xe l:rrcl)er;(:, zgd IS.PC. Colwell, “Measuring the reflection re-
cemb;:{, ) posphere,” Proc. 1.R.E., vol. 25, pp. 1531-1541; De-
"*A. W. Friend and R. C. Colwell, “The heigh i
BA. C. , cights of the reflecting
{f,ﬁ",','sfg%gt.he troposphere,” Proc. LR.E., vol. 27, pp. 626—634; Oc-
1S. D. Robertson and A. P. King “T i
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gained by atmospheric refraction. This effect is of minor
importance at frequencies discussed in this paper, i.e.,
below 1000 megacycles. Consequently, attention will be
focused on index-of-refraction distributions which oc-
cur in the lower troposphere, and their effects on the
propagation of high-frequency radio waves.

11. INDEX-OF-REFRACTION DISTRIBUTIONS

At the present time there appears to be no satisfac-
tory method for measuring directly the index-of-refrac-
tion gradients in the lower troposphere. The index of
refraction is a function of pressure, temperature, and
water-vapor content; in practice these parameters are
measured and the refractive index calculated from the
empirical relationship®

48008> , 0

1) X 10° 8.3 (P

(n ) X = + T
where 7 is the index of refraction, P is the barometric
pressure in millibars, e the water vapor pressure in mil-
libars, and T the absolute temperature.

In a well-mixed atmosphere the index of refraction
decreases almost linearly with increasing elevation. It
has been shown3 for this case that the problem of re-
fraction may be replaced by a problem in diffraction of
radio waves around a sphere of radius approximately
equal to 4/3 times the actual earth’s radius and sur-
rounded by a homogeneous atmosphere of index of re-
fraction B.® With this transformation, typical indices
of refraction most generally encountered are shown in
Fig. 1. Fig. 1(a) shows the ideal case of a well-mixed at-
mosphere; 1(b) is an example of modification produced
by adding water vapor or subtracting heat from the air
near the earth; and 1(c) is a common type of index vari-
ation through the interface between two air masses,
where the underlying mass is colder and has a higher
water-vapor content than the over-riding air. This lat-
ter type of index distribution is the one of main interest
in this paper.

In the summer season, San Diego lies within the belt
of the subtropical anticyclones and, with the absence
of surface frontal activity, a stagnant circulation exists.
Because of the persistence of high-level anticyclonic
circulation aloft, pronounced subsidence is maintained
throughout this season. By subsidence aloft a thermal
inversion exists over a large maritime area, and thus
forms the boundary between the lower maritime polar
and the continental tropical or superior air aloft. Varia-
tion in the height and the magnitude of the inversion are
the governing factors in daily weather phenomena.

The index of refraction variation through the transi-
tion region between these two air masses, modified as in-

»], C. Schqlleng, C. R. Burrows, and E.B. Ferrell, “Ultra-short-
wave propagation, “Proc. I.R.E., vol. 21, pp. 427-463; March, 1933.
1 B wmn+ah, where a=1.18X107*/feet.
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dicated above, can be represented very closely by!7 %
Bt + By*  Bi* — By’
2

[Bw]? = tanh #/2 )
where B; and B; are the values of the index of refraction
in medium I and medium 111, respectively, and u =kz/p,
p being a parameter which determines the thickness of
the transition region, z is the altitude, and E=2m/\ as
usual. In the case of an elevated layer, Fig. 1(c) shows
the agreement between the theoretical curve given by
(2) and a typical set of experimental data.

111. REFLECTION FROM ELEVATED LAYERS

Ignoring the earth for the moment and assuming a
horizontally stratified atmosphere, it has been found!7:18
that the wave equation may be solved in closed form
for the index-of-refraction distribution given by (2). The
intensity reflection coefficient for this type of transition
layer is given by

sinh? m(a — B)

R=——— 3)
sinh? 7(a + B)

where

o =PB1 cos 6,
B=pB; cos 8;.

6, is the angle at which the radiation is incident upon
the transition stratum, and 6; is the refracted angle above
the layer.

Fig. 2 gives the reflection coefficient in decibels below
the intensity of the incident radiation, for several an-
gles of incidence, as a function of the ratio of stratum
thickness to wavelength. The change in index through
the layer is taken to be 60X107%, which is in the range
observed over the San Diego area during the summer
season. At incident angles equal to or greater than the
critical angle,!? reflection is complete. For a given index
change and transmitter elevation there will be a layer
height such that all the radiation will be incident upon
this layer at angles slightly less than the critical angle.
We shall call this the critical height. For layer heights
greater than this critical height, the lower frequencies
will be reflected more strongly than the higher frequen-
cies. In addition, any deviation of the layer from the
horizontal plane will affect the higher-frequency radia-
tion more than the lower frequencies. As the layer rises
above the critical height, the incident angles become
smaller, and consequently the effect of the reflection
diminishes with increase in frequency.

Continuous measurements made on a 90-mile non-
optical link over water offer data that can be compared
with the above theory. Fig. 3 shows a condensed log

17 P, S. Epstein, “Reflection of waves in an inhomogeneous ab-
s(;rstbing medium,” Nat. Acad. Sci., vol. 16, pp. 627-637; October,
1 y

18 C.Eckart, “The penetration of a potential barrier by electrons,”
Phys. Rev., vol. 35, pp. 1303—1309;_‘]une, 1930.

19 9,2 89° 22,5 for AB=60X107%,
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vation of the layer increases above the critical height,
i.e., the height at which the radiation is incident on the
layer at angles less than the critical angle, the higher

of the field strengths received during a period when
considerable meteorological data were taken. Maximum
and minimum field strengths during successive two-
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the incident radiation.

hour intervals are plotted in decibels below the free-
space level at the receivers, thus showing the general
signal level and the fading range for each of the three
frequencies used. The elevation of the base of the tem-
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greater. This is in qualitative agreement with the theo-
retical curves of Fig. 2.

It will be observed that for low layers, where part of
the radiation is incident at angles greater than the
critical angle, the lower-frequency fields do not increase
to the free-space level, whereas the higher-frequency
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Fig. 3—Condensed log of field-strength records over the 90-mile link from San P
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perature inversion, which is approximately the bottom
of the transition layer (Fig. 1 (c)), is shown by the dis-
crete points in the upper part of the figure. As the ele-

fields increase above this level. In fact, if the layer height
d.ecreases below a certain height the lower-frequency
signals decrease. This apparent discrepancy is closely
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connected with the fact that the boundaiy condition at
the earth’s surface has been ignored.

For layer elevations greater than the critical height,
the middle of the path may be assumed the point of re-
flection from the elevated stratum. Assuming complete
reflection from the sea surface, optical height-gain cal-
culations' show that the energy incident upon the layer
is less for the lower frequencies than for the higher fre-
quencies. Using this concept, together with the reflec-
tion coefficients from the layer, gives the theoretical
curves shown in Fig. 4. The discrete points give the
maximum field received during the hours in which
meteorological data were taken. A mean value of layer
thickness was assumed in the calculations and conse-
quently a point-to-point agreement should not be ex-
pected. However, the general level of the fields and the
variation with layer elevation are quite definite.

For low layers the above simple method yields values
for the fields which are too small. This indicates that the
center of the path is no longer the controlling point for
reflection. For low layers an exact solution of the wave
equation satisfying the boundary conditions?® should
yield correct results. '

The diffracted field is below detection for all the fre-
quencies used on the 90-mile nonoptical link. During the

OENBITY DISTAIBUTION

INOEX OF REFRACTION DISTRIGUTION

‘A.Yé'm - reey

A i A i
» 0

] 0
TRANSMT TEN STATUTE mngs
Fig. 6—Typical index and density distributions

along propagation path.

* C. L. Pekeris, “Perturbation theory of the normal modes for an
cxponential M-curve in nonstandard propagation of microwaves,”
Jour. Appl. Phys., vol. 17, pp. 678-684; August, 1946.
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winter, on occasions when frontal activity dissipates all
low-level inversions, all the ficlds decreased below detec-

tion.
1V. FADING

Fig. S is a photograph of the recciver recording-tape
plot for conditions of a low and a moderately high tem-
perature inversion. When the layer is low the variation
in field strength is relatively slow in time, and the varia-
tions are smaller for the lower frequencies. The intensity
variation is greater when the layer is higher.

Fig. 6 shows a typical distribution of index of refrac-
tion. along the transmission path. In addition to this
space variation, the index distribution on the vertical
plane changes with time. It should be noted that the
largest change in density takes place through the tran-
sition layer, and this provides the possibility of Helm-
holtz waves? in the reflecting stratum. These small inter-
face waves are evident by the undulations on the top
surface of the stratus cloud deck which forms the lower
boundary of the transition layer between the two air
masses,

The transition layer is a warped surface upon which
is superimposed small interface waves. The shape of the
surface and the characteristics of these waves vary
both in space and time, and possibly contribute a great
deal to the complexity of signal fading beyond the opti-
cal horizon. In addition, turbulence in the atmosphere
may contribute to high-frequency scintillations.

V. ConcLusioN

Treating the elevated refracting stratum as a plane
reflecting layer seems to agree in general with experi-
ence in that the observed frequency dependency of the
reflecting layer is predicted; the observed fading char-
acteristics of the different frequencics are in the right
direction, i.e., the higher the frequency the greater the
fading; and, under conditions of high layers, strong
fields well beyond the horizon cannot be explained on
the basis of refraction alone.

The height of the layer above the earth introduces
another factor which depends on the frequency. For
layers greater than the critical height, height-gain cal-
culations in the optical region, together with reflection
coefficients, give the fields to be expected beyond the
optical horizon. Agreement between measured and cal-
culated fields is fair.

N, ’Y',.l'{igﬁg?‘g:';é?’dwdymmics." Dover Publications, New York,

CE=2NE=TD




1947

PROCEEDINGS OF THE I.R.E.

1203

The Determination of Ionospheric
Flectron Distribution’
LAURENCE A. MANNINGfT, ASSOCIATE, I.R.E.

Summary—The virtual height versus frequency integral is de-
rived, neglecting absorption and the earth’s magnetic field. It is
shown how solution of this integral equation can be obtained using
the Laplace transformation, and how true height versus frequency
can be determined graphically from virtual height versus frequency
curves. Application of the method is made to some typical nighttime
and daytime ionosphere records.

INTRODUCTION

ROBABLY the most important method of iono-
Pspheric investigation is the pulse technique orig-

inated by Breit and Tuve. In this method short
pulses of radio-frequency energy are directed vertically
upwards, and the time required for them to travel to the
ionosphere and return is recorded oscillographically.
By measuring this delay time as a function of frequency,
curves are obtained which are of great value in deducing
many of the properties of the upper atmosphere. It is the
purpose of this paper to show how these records may be
used to calculate the distribution of ionization in the
ionosphere by a direct and rigorous method. It is not
a new problem. Appleton' and de Groot? showed the
essentials of its solution a good many years ago, but
applications of the method seem to have been few.
More recently, Rydbeck® has treated the question, as
has Pekeris,* although without laying much stress on
application of the procedure. Here we shall demonstrate
the method of solution of the equations involved and
then present a number of illustrations of actual de-
termination of the electron distribution.

PArT | —THEORY
Basic Relations

As a starting point for the analysis three fundamental
relations are needed, of which the first is that for the
refractive index p of the ionosphere. The form to be used
here neglects the carth's magnetic field, and assumes no

absorption. It is
KN \'?
-(1- ) M

_* Decimal classification: R113.602.3. Original manuscript re-
ceived by the Institute, October 28, 1946.

t Stanford University, Calif.

_ 'E. V. Appleton, “Some notes on wireless methaods of investigat-
ing the electrical structure of the upper atmosphere, 11,” Proc. Phys.
Soc., vol. 42, pp. 321-339; June 15, 1930.

2 W. de Groot, “Some remarks on the analogy of certain cases of
propagation of electromagnetic waves and the motion of a particle
in a potential field,” Phil. Mag., vol. 10, pp. 521-540; October, 1930.
_ 10. Rydbeck, “The propagation of clectromagnetic waves in an
ionized medium and the calculation of the true heights of the ionized
I‘a9y4e6's in the atmosphere,” Phil. Mag., vol. 30, pp. 282-293; October,

+ C. L. Pekeris, “The vertical distribution of ionization in the up-
per atmosphere,” Terr. Mag., vol. 42, pp. 205-211; June, 1940.

where N is the number of electrons per volume unit, f 1s
the frequency, and K is a constant.

The second fundamental equation is a direct result
of (1) and of the definition of refractive index. It is quite
easy to show that whenever refractive index is given
by an equation of the form (14 C/w?)¥?, with C a con-
stant, the group and phase velocities are related by the
equation v,-v,=c?. Combining this relation with the
definition of refractive index u=c¢/v,, we have

H= 'IJ‘,/C. (2)

The third fundamental equation is simply the defini-
tion of velocity as the time derivative of position,

v = dz/dL. 3)

Here z is taken to be a variable co-ordinate above the
earth’s surface.

From (3) the time taken by a wave of velocity v(z)
to reach a height z is ¢=f¢dz/v. Noting that a pulse of
energy travels at approximately the group velocity
rather than the phase velocity, (2) gives us 1/v=1/pc,
so that, with the aid of (1),1/v =f/c(f2— KN)"2. Making
this substitution in the integral,

f f’ dz
= .

¢ Jo (f2— KN)'2
The functions ¢(f) defined by this integral correspond to
the experimental time-delay versus frequency curves,
and may be computed if N(z) are known. Our problem
is to work backwards and see if we can find N(z), given
the experimental curves ¢(f).

Virtual Ieight

We now define virtual height 3, as the product of ¢
and the time taken by the wave to reach its maximum

height zm.
flm - @
z,=J o (f2— M)

where for the simplicity KN has been replaced by M, so
M represents the clectron density in units of megacycles
squared. It is common practice to scale the experi-
mental ordinates directly in terms of virtual height,
rather than time delay.

The preceding expression is the basis of most iono-
spheric path calculations. The integral, however, is ex-
tremely unpleasant to deal with. There are two reasons
why this form is awkward to handle. The first reason is
that M, which varies with zin a rather involved man-
ner, appears in the integral in an equally involved
manner. The second reason is that 2., the true height to
which a wave of frequency f ascends, is a complicated
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function of f. Actually, it is the inverse of the function
M(z), since a wave of frequency f goes to a height
3m(f) where u=0, so f*= M(g.), and hence Zm = M(f2).
Considering the difficulties presented by (4), it is for-
tunate that by a simple change of variables they can all
be disposed of.

This manipulation demands a certain readjustment in
viewpoint. Equation (4) contends that to each height
above the earth there is a definite electron density M
corresponding; M(z) is the curve of electron distribu-
tion. But it is equally logical, and for many calcula-
tions simpler, to consider that for each value M of the
electron density a certain height Z corresponds; then
Z(M) is the curve of electron distribution. The only
drawback to use of this concept is that, although M(z)
is necessarily single-valued, Z(M) is not necessarily so.

Since the analysis which follows does not hold unless
Z(M) is single-valued, it might be thought that by intro-
ducing the function Z(M) to our equations we are un-
necessarily restricting the validity of our results. This is
not the case, however, since from physical considera-
tions it can be shown that it is impossible to determine
exactly the electron distribution beyond the first’ maxi-
mum of the M(z) function in any event. Recalling that
a wave of frequency f is turned back at a height such
that M =f?, it is evident that the single-valued func-
tion formed by taking the least value of Z(f?) is the true-
height function.

Change of Variables and Transformation

In actually transforming (4) to a workable form it is
convenient to introduce a number of changes of nota-
tion. Instead of f?, let us write g. Then, for 2.(f)/f,
write P(g). Now introduce the new variable of integra-
tion M, so that z=Z(M), and dz=2Z'(M)dM. With
this substitution the limits are changed; when z=2z,,
M =g,and when 2=0, M =0. Putting all of these substi-
tutions in (4), we obtain

A
P = [ = am ®)

o (g— M)12

a special case of Abel’s integral equation. Examination
of the integral reveals a number of pleasing character-
istics. First, the involved function in the integrand
Z'(M) enters in a linear manner into the integral.
Second, the upper limit of the integral is not a function,
but an independent variable. Another fortunate char-
acteristic of (5) will become more evident upon a further
change of variables. Let 1/g'2=P(g), and Z'"(M)
= Py(M). Then (5) becomes

P(g) = f "Pig — M)- Py -dM. ()

This is seen to be a real convolution, or Faltung,5-7

§ G. Doetsch, “Laplace Transformation,” Dover publications, New
York, N. Y.; 1943. Text in German.

¢ R. V. Churchill, “Modern Operational Mathematics in Engi-
neering,” McGraw-Hill Book Co., New York and London: 1944,

7 Nf F. Gardner and ]. L. Barnes, “Transients in Linear Sys-
tems,” vol. 1, John Wiley and Sons, Inc., New York, N. Y.; 1942,
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integral. Taking the Laplace transform, we obtain
p(s) = pi(s)  pa(s) (7

where, by definition, p(s)=L[P(g)], pi(s)=L[g2],
pa(s)=L[Z’'(g)]). The Laplace transform f(s) of F(¢) is
defined by f(s)=L[F(t)]= [ F(t)e—*dt. Hence we have
pi(s)=T(1/2)/s"? = (w/s)"? by direct integration, where
I'() is the gamma function. Also, as a result of integra-
tion by parts, p,(s)=sL[Z(g)]—Z(0)=s§‘(s)—Z(0).
Combining, we have

p(s) = (x/5)'[s¢(s) — Z(0)]. (8)

In terms of these transforms, then, our integral equa-
tion has become a mere algebraic equation. Solving it

for £(s),
£) = [o(s)/x][x/s]'"2 + Z(0)/s. 9)

We may now reverse the procedure whereby we went
from (6) to (7), and so obtain

1 M
201) = — [ 1p@/or - pelig + 200, (10)

Here we have the desired result, an explicit expression
for electron distribution in terms of known functions. It
will clarify matters to return to the original notation.
Using P(g)=z,/f, g=f, dg=2f df, and noting that
when g= M, f=+/M, there results

2 v
Z(M) = 7f [z./(M — f2112)df + 2, (11)
0

where Zy=Z(0). The above equation gives the electron-
distribution function as a functional transformation of
the virtual-height function. The only necessary caution
is to remember that we have assumed M(3) to be single-
valued. In terms of the experimental data, this condi-
tion means that the virtual-height. versus frequency
function must be bounded, if we maintain the funda-
mental assumptions of the analysis. For purposes of

comparison it is interesting to put (5) in the usual nota-
tion, too.
,‘
3, = [z’ - M/fH12)dm. (12)
0
Equation (.11) can be written in a slightly different
way so as to give true height as a function of the vertical
incidence frequency Jo involved.

2 Jo
20y = = f eo/(f2 = nlas 4 2o, (13)

I't is interesting to note that (12) and (13) form a func-
tion tfansform pair. Equation (12) transforms the dis-
tribution function into the virtual-height function
while (13) does just the converse. ,

Simplified Form

For use in detfermining the electron distribution or
true height éxpertmentally, (13) can be advantageously

\
i
1
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transformed. As it stands, the process of determinining
the true height corresponding to a given frequency
(electron concentration) f. is to plot a curve derived
from the z,(f) curve by dividing at each point by the
value of the radical, and finding the area under this
curve up to the frequency f.. At f,, however, the radical
becomes zero, so that it is necessary to find the area of
a curve with a singularity. The simpler procedure is a
result of making in (13) the substitution f=f, sin 8,
df=f, cos 8d6. When f=0, 6=0. When f=f,, §=m/2.
Hence,

29 = @/m [ FelXy, stami gy | P

Using (14), the process of finding the height correspond-
ing to a given electron density or vertical-incidence fre-
quency is very simple.

Technique of Analysis

The given datum is a curve of virtual height z, versus
frequency f. Choose f, =1 "M, M being the electron con-
centration whose height is desired. Replot z, as a func-
tion of 8, 6 going from zero to m/2 (90 degrees). This is
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Fig. 1—Analysis of the ionosphericelectron distribution for June 2,
1944, 2300 loca! time, at Stanford University, Calif. (a) Virtual
and true height versus frequency. (b) Derived curves used in com-
puting true height.

most easily done with a slide rule in accordance with the
relation f=/, sin 8, where it is to be noted that f, is for
the time being fixed. The frequency f is entered on the
experimental curve to find the virtual height z, cor-
responding to 0 on the derived curve. To determine
Z({.) it is necessary to integrate the derived curve from

Manning: Tonospheric Electron Distribution

1205

0 to 7/2, and multiply by 2/x. This integration and
multiplication is performed with a planimeter which is
calibrated so that the area within the rectangle bounded
by z,=100 kilometers and 6=90 degrees is 100 kilo-
meters.

To determine complete curves of electron distribu-
tion, it is necessary to compute point by point the true
heights corresponding to given frequencies f,. For each
of these true heights it is necessary to draw a derived
curve and find the area with a planimeter, but the work
involved is not great, especially as the derived curves
tend to form a family, so that not many points need be
used except on the first few.

Fig. 1 shows a sample analysis. The upper curve in (a)
is the experimentally determined virtual-height func-
tion. In (b) are shown six derived curves obtained from
the virtual-height curve by warping the frequency scale
in accordance with the relation f=f, sin 8. The area
under one of the derived curves gives the true height
corresponding to the value of f, used in its construction.
These true heights have been plotted as the lower curve
in Fig. 1(a).

PArT II—APPLICATION
Nighttime Records

Nighttime records are generally characterized by
much greater simplicity than are daytime records.
lonization in the E layer decreases to such an extent
that it is ordinarily not possible to observe any regular
refractive effects other than that of the F layer, using
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Fig. 2—Virtual and true height versus frequency for June 2, 1944, at
2030, local time.

multifrequency recorders of usual design. For the pur-
poses of analyzing electron distribution, however, it is
necessary that the virtual-height curve be extended all
the way to zero frequency. In the case of the records
analyzed here, no data were available for frequencies
below 0.8 megacycle, and the virtual-height curves
were consequently extrapolated to zero as if no lower-
layer ionization existed. If an appreciable E-layer
jonization does exist at frequencies below 0.8 mega-
cycle, the true height found should be decreased some-
what, especially at the lower frequencies.

Figs. 1 and 2 show typical nighttime virtual-height
records. Fig. 2 represents conditions in the carly evening,
and Fig. 1 shows conditions two and one-half hours
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later. In Fig. 3 are shown the electron distributions cor-
responding to these records. The distribution for 2030
is interesting in that it is almost precisely elliptical. At
2300 of the same day, however, the distribution shows
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Fig. 3—Ilonospheric electron distribution on June 2, 1944, at 2030
and 2300, local time.
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no such unexpected shape. If there is any arrangement
of electrons that can be considered normal, and which
will occur whenever extraneous influences are not at
play, an analysis covering a much larger number of
cases will be needed to determine it.

Daytime Records

Daytime records are characterized by the existence of
a number of layers of relatively high ionization, and by
the variety observed in the nature of the virtual-height
functions. In Fig. 4 is shown a record of a very coms-
monly occurring form. The E-layer critical frequency is
sharp, and because of both the speed of motion of the
oscillograph trace and of the relatively great absorption
at a critical frequency, it almost appears on an actual
record as if there is a discontinuous jump between the
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Fig. 4—Virtual and true height versus frequency for Jum'z 2, 1944,
at 1530, local time.

E- and F-layer virtual heights. But because an ideal
lossless ionosphere having the same electron distribu-
tion as the actual one would produce an infinite virtual
height on each side of the critical frequency, we must
assume the experimental curve to do so, too, and thus
assist our hypothesis of (1). On the far side of the E-layer
critical frequency two virtual-height traces are observed.
The upper trace is caused by the presence of the sepa-
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rate F, layer shown by the true-height curve. The lower
trace is caused by a reflection from the far side of the
E-layer maximum, and is hence a sporadic-E trace.
Since the reflection occcurs above the height of maxi-
mum E-layer ionization, the wave is refracted as well as
reflected, and consequently the virtual height becomes
infinite as the E-layer critical frequency is approached
from above.

In addition to explaining the tail dangling from the
E-layer critical frequency, analysis of the record of Fig.
4 gives a good illustration of the existence of distinct
E, F\, and F; layers. It might be well here to say that,
subject to the hypothesis of (1), the necessary and suffi-
cient condition that dN/dz=0 is that 2z, become infi-
nite. With this necessity in mind, it becomes evident on
examining many records with pronounced variations in
virtual height that only flexures will occur in the true-
height curves.

In analyzing the record of Fig. 4 we have simply
ignored the restriction placed upon the solution that the
virtual height must never become infinite. As a result,
the true-height curve is not rigorous for frequencies be-
yond the E-layer maximum and, of course, it is not
really rigorous near the bottom of the E-layer, either,
since we merely assumed that the virtual-height curve
could be extended all the way to zero frequency at
exactly 110 kilometers. A consideration of the graphical
process of finding the true height for a frequency some-
what above that at a previous layer maximum shows,
however, that the virtual height near the critical fre-
quency plays a relatively minor role in determining the
true height. Physically, note that, for these higher fre-
quencies, the transit time is little influcnced by the re-
tardation of the wave in the region of lower electron
density where a relative maximum may have occurred,
so that in considering virtual height for, say, the F layer,
the existence or nonexistence of an E-layer maximum is
not important. Now it was scen graphically that the
virtual height at a lower frequency, even though it may
go to infinity for an earlier maximum, does not con-
tribute greatly to the final determination of height. We
conclude, therefore, that analysis of true height is of
value for frequencies above those for which the virtual
height becomes infinite, and that the true-height curve
becomes increasingly accurate as the frequency is raised
above these critical values. In drawing true-height
curves in the neighborhood of a relative minimum of
ionization there is no mathematical guide, and physical
reasoning and extrapolation must be employed to esti-
mate the true distribution. A slight warping of such
curves as are shown in Fig. 4 may be made as they
emerge from the ionization minimum if it seems reason-
able, sfnce the analysis is here least accurate.

An xllu.str;%tion of a transition record in which the
_Fl layer is dl§appearing is given in Fig. 5. Only a sag
in tbe true-height curve remains where there were once
distinct layers. A considerable insight into the signifi-
cance of virtual-height curves can be obtained without
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actual analysis by merely considering the graphical
process of obtaining the true height. It is obvious that
there cannot be much of an F; layer at 3.5 megacycles
in Fig. 5 because in the graphical analysis there is no
means by which a small change in f, can appreciably
alter the area of the derived curve. This situation is dif-
ferent from that at a critical frequency where the virtual
height becomes infinite. If f, is chosen just above such a
critical frequency, the sinusoidal co-ordinate of the
derived curve spreads out the region of high virtual
heights over a considerable area. But if f, is chosen just
slightly below the critical frequency, the virtual height
co-ordinates are bounded, and a considerably smaller
area is obtained.
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Fig. 5—Virtual and true height versus frequency for May 27, 1944,
at 1730, local time.

Fig. 6 provides a most striking illustration of the
fact that it is impossible to have a maximum of elec-
tron density unlesg there is a frequency of infinite virtua!
height. In this figure what appears at first glance to be
indicative of a good E layer turns out to represent
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Fig. 6—Virtual and true height versus frequency for May 31, 1944,
at 1330, local time.

merely a tendency towards a leveling off in electron
density. Of course, if we thought that the virtual height
was limited here by absorption or by the assumption of
the validity of geometrical optics,® we should extend
the traces to infinity for the sake of the analysis, but
even so only a very slight maximum could exist with
this record.

$ 0. E. H. Rydbeck, “Reflection of clectromagnetic waves from a

parabolic friction-free ionized layer,” Jour. Appl. Phys., vol. 13, pp.
577-581; September, 1942, S
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Electron Distribution

Figs. 7, 8, and 9 show the electron distributions cor-
responding to the daytime records just discussed.
These distributions are surprising, both because of their
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Fig. 7—lonospheric electron distribution for May 31, 1944, at 1330,
local time.
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Fig. 8—Ilonospheric electron distribution for June 2, 1944, at 1530,
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Fig. 9—lunospheric electron distribution for May 27, 1944, at 1730,
local time.

variety in shape, and because of certain points of simi-
larity between them. The most striking point of simi-
larity is that the true heights of the layers remain rela-
tively constant in time, irrespective of either the elec-
tron distribution or virtual height. The height of the
Fi-layer maximum remains at 200 kilometers in all
three analyses, and the maximum height of the E layer
seems fixed at about 130 kilometers.
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Considerations in the Design of a Radar

o 0 A *
Intermedlate-Frequency Ampllher
ANDREW L. HOPPER{, MEMBER, I.R.E., AND STEWART E. MILLERY, MEMBER, LR.E.

Summary—The intermediate-frequency amplifier of a microwave
radar receiver is commonly required to provide approximately 100
decibels ampl ification in a bandwidth of 1 to 10 megacycles, centered
at frequencies in the 30- and 60-megacycle regions. Meeting such
requirements.involves the use of five to ten amplifier stages of the
highest efficiency that can be suited to production methods. In
addition, the noise figure of the radar intermediate-frequency ampli-
fier is a significant contributor to the over-all radar receiver noise
figure, and must therefore be maintained at an absolute minimum.
By examining a particular intermediate-frequency-amplifier design
(one providing an over-all bandwidth of 10 megacycles centered at
60 or 100 megacycles), this paper discusses qualitatively the theo-
retical problems involved in such a design and gives data of practical
importance to the engineer attempting to build a similar amplifier.
Measured characteristics of approximately fifty amplifiers are sum-
marized to illustrate the end results achieved.

I. INTRODUCTION

MICROWAVE radar receivers developed during

the war are of the superheterodyne form,

wherein the received signal is immediately con-
verted to an intermediate frequency and there ampli-
fied to a magnitude of the order of a volt. The inter-
mediate-frequency amplifier required in such a receiver
is a very specialized device, as will be indicated in the
requirements to be listed presently.

During the war a vast amount of development effort
has been applied to various aspects of the radar inter-
mediate-frequency-amplifier problem. A number of
parallel developments have resulted in more than one
method of accomplishing essentially the same result.
This paper does not presume to be a comprehensive re-
view of such work, nor is it intended as an intense theo-
retical discussion of particular circuit arrangements or
of the interrelation between the various design factors.
Rather, a review of a specific intermediate-frequency-
amplifier development will be given, together with a
brief indication of the theoretical and practical factors
involved.

II. DESIGN OBJECTIVES

The microwave radar transmitter-receiver, for which
this intermediate-frequency amplifier has been de-
veloped, is required in a service application where space
and weight are at a premium. This means that all of the
components of the transmitter-receiver must be as small
and light as possible; in addition, the packaging of all the
components should be arranged so as to minimize the

* Decimal classification: R363.13. Original manuscript received
by the Institute, August 2, 1946; revised manuscript received,
November 15, 1946.

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

size and weight of the over-all unit, at the same time
maintaining its serviceability. The result of these re-
quirements in the case of the intermediate-frequency
amplifier is that three individual chassis contain inter-
mediate-frequency amplifying tubes.

The requirements just stated, together with other ob-
jectives which are self-explanatory, are given in the
following list.

(1) The best possible signal-to-noise performance
must be maintained at all times, because the intermedi-
ate-frequency amplificr is a significant contributor to the
over-all radar receiver noise figure.

(2) The amplifier gain must always be sufficient to
bring input circuit noise up to about one volt at the
second detector output.

(3) Approximately 10 megacycles bandwidth is re-
quired.!

(4) The center frequency shall be cither 60 or 100
megacycles.

(5) Since service use of the equipment involves main-
tenance by relatively unskilled personnel without the
aid of a signal generator, satisfactory operation must be
assured when defective tubes are replaced by randomly
selected stock tubes. No compensating adjustments are
permissible.

(6) At least 60 decibels of manual or automatic gain
control must be available.,

(7) Recovery of normal gain after a severe overload
(large signal) should occur within one or two micro-
seconds.

(8) Size and weight shall be held to a minimum.

(9) The Packaging arrangement shall fit the needs of
the over-all transmitter-recciver unit,

(10) The mechanical layout shall be suitable for
manufacture in quantity.

(11) The band-pass characteristics and noise figure
shall be reproducible in manufacture.

I.t might be well to point out that one requirement
which is not imposed on the radar intermediate-fre-
quency amplifier is lincarity of the phase-versus-fre-
quency characteristic. Faith{yl pulse reproduction is a
desirable feature which can be dispensed with if neces-
sary solong as the signal-to-noise ratio js not appreciably
aﬂ’ect.ed.. The shape of the gain versus frequency char-
acteristic should be single-peaked at approximately the
center of the pass band to facilitate receiver tuning,

but In general it may have ap irregular shape in the
vicinity of maximum gain,

L All bandwidths mentioned herej i
1 ) ein refer to the frequency inter-
val between points 3 decibels down from maximum gai(rll. Y
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11I. CHOICE OF THE MIDBAND INTERMEDIATE
FREQUENCY

In outlining the requirements on the intermediate-
frequency-amplifier development above, the question of
the choice of the midband intermediate frequency was
avoided. This problem is somewhat involved, but it i3
important enough to warrant a brief digression.

In low-frequency receivers the intermediate frequency
is often chosen in conjunction with the selectivity of the
radio-frequency section which precedes the converter
to eliminate interference due to another signal at the
image frequency. In the microwave radar receiver, for
reasons too lengthy to be discussed here, great effort is
expended to enlarge the band width of the radio-fre-
quency section. In the absence of preselection, interfer-
ence may be reduced by the proper choice of intermedi-
ate frequency. If the intermediate frequency is greater
than one-half of the total band of frequencies in which
the desired signal and interfering signals may occur,
image interference will also be eliminated. However, in
the microwave radar receiver this would require an in-
termediate frequency so high as to be almost impracti-
cal, and the noise figure of the intermediate-frequency
section would be so poor as to materially degrade the
over-all performance of the receiver. Therefore, it is
necessary to compromise between (a) elimination of in-
terference, and (b) quality of performance in the condi-
tion where no interfering signal is present. The tendency,
based on the above reasoning, is to make the intermedi-
ate frequency as high as possible consistent with good
receiver noise figure.

The location of the image response on the radar’s own
transmitter (the case where the local oscillator is tuned
to the opposite side of the transmitter frequency com-
pared to the desired operating condition) is a factor in
the design of automatic tuning systems. Again the
preference is for the highest possible intermediate fre-
quency to obtain the widest possible separation be-
tween the desired tuning point and the image tuning
point.

It has been implied that lower intermediate frequen-
cies result in better intermediate-frequency noise fig-
ures. This is a general truism, but the difference in the
intermediate-frequency noise figure for a low and
somewhat higher intermediate frequency depends on
the bandwidth required. The noise-figure advantage of
the lower intermediate frequency decreases as the inter-
mediate-frequency bandwidth is increased.

In some radar systems the sideband noise of the local
oscillator is an important contributor to the over-all re-
ceiver noise figure. During the major part of the war, the
only practical way of reducing local-oscillator noise was
to use a higher intermediate frequency, thereby placing
the signal at a frequency further removed from the local-
oscillator carrier.? (The output of a reflex-klystron oscil-

? Recent advances in wave-guide circuit design allow for elimina-
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lator contains less noise at frequencies further removed
from the oscillator frequency.) This aspect of the prob-
lem may be summarized by saying that there is an
optimum intermediate frequency from the standpoint
of over-all receiver noise figure alone.

Finally, there is a very important factor which sug-
gests making the intermedate frequency just as low as
possible: The bandpass circuits of the intermediate-
frequency amplifier are tuned entirely by stray circuit
capacitance and vacuum-tube interelectrode capaci-
tance. This influences the choice of midband intermedi-
ate frequency because the number of megacycles misa-
lignment of cascaded tuned circuits caused by a given
amount of capacitance variation is made smaller by
reducing the intermediate frequency. Using a low mid-
band intermediate frequency to minimize the effect of
capacitance variations is therefore most important in
narrow-band (1 megacycle, for example) intermediate-
frequency amplifiers, and less important in wide-band
amplifiers.

Most microwave radar receivers developed in the
United States have used midband intermediate fre-
quencies of 30 and 60 megacycles, whereas the British
have used 45 megacycles.
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Fig. 1—Typical interstage circuits: (a) synchronous single-tuned;
(b) double-tuned, equal Q's; (c) staggered single-tuned (pair); and
(d) feedback triple.

1V. Tue Basic AMPLIFYING UNIT: THE INTERSTAGE
CIRCUITS 3

The amount of gain required can be roughly esti-
mated by noting that the objective is 1 volt output in 820

tion of the major portion of local-oscillator noise without raising the
intermediate frequency.
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ohms, corresponding to a power level of 0.00122 watt
or -+0.9 decibel above 1 milliwatt. Thermal noise power
KTB in a 10-megacycle band is 103.9 decibels below 1
milliwatt. Therefore as a first approximation, 105 deci-
bels over-all gain is required to bring input-circuit noise
up to 1 volt output from the second detector.

Four commonly used types of interstage circuits are
shown in Fig. 1. A careful comparison of these four
types of interstage designs is beyond the scope of this
paper. However, it is possible to point out the criteria
which might be used in such a comparison:

(1) Circuit efficiency—defined as the product of gain
times bandwidth.
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Fig. 2—Calculated 60-megacycle gain characteristics: (a) no mis-
tuning, and (b) eflect of mistuning when C's and R's vary by
+ 10 per cent.

(2) Criticalness—defined as the change in the gain
versus frequency characteristic due to changes in tube
capacitance, circuit capacitance, or damping-res’stor
values.

(3) Ease of construction—a measure of the practical-
ity of putting the design into production.

An evaluation of the available data on the criteria
indicated above led to the choice of the double-tuned
interstage circuit for the intermediate-frequency ampli-
fier to be described. .

Maximizing the product of gain and bandwidth is
the dominant factor in selecting the best tube. A survey
of the tubes available led to the selection of the 6AKS
miniature pentode.®* Among the characteristics which
make the 6AKS an excellent intermediate-frequency
amplifier tube are: (a) its small size, (b) its high ratio of

3G. T. Ford, “Characteristics of vacuum tubes for radar inter-
mediate-frequency amplifiers,” Bell Sys. Tech. Jour., vol. 25, pp. 385-
407; July, 1946.
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transconductance to input and output capacitance, (c)
its low active grid-circuit conductance (about 30 microm-
hos at 60 megacycles), and (d) its low power consump-
tion,

Having sclected the tube and the type of interstage
network, the undetermined factor in the interstage de-
sign is the bandwidth of cach interstage network. Al-
though some improvement in efficiency can be achieved
by assigning different gain versus frequency charac-
teristics to succecding double-tuned circuits (giving
an over-all characteristic which is the result of adding
scveral nonflat gain-frequency curves), the design to be
described is based on maintaining equal Q's on both
sides of the double-tuned transformer, and on designing
all stages of the amplifier with identical gain versus fre-
quency characteristics. By so doing the amplifier is made
less sensitive to paramcter variations. In order to obtain
a tolerable design the interstage capacitance is held as
low as possible; the tuned circuits are resonant with
stray-circuit capacitance and tube interelectrode ca-
pacitance. Therefore the circuit must be engincered on
the basis that +10 per cent capacitance variations will
be experienced in the individual interstage circuits in an
uncontrolled manner. Similarly, variations of +5 to 10
per cent must be expected in the values of damping
resistors used in the tuned circuits.
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For the amplificr under consideration it was found
necessary to use ten stages, each having a 3-decibel
Pandwidlh of 21 to 22 megacycles, and a calculated nom-
nal gain of 134 decibels (based on a g,, of 5000 micro-
mhos). An eleventh stage was added for margin,

The calculation of the interstage gain for a midband
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intermediate frequency of 60 megacycles is given in
Fig. 2. The upper half of this figure shows the char-
acteristic when all parameters are nominal. The lower
half shows the effects of capacitance and resistance
variations in some of the many combinations of such
effects which are possible. Fig. 3 helps to show the way
individual interstage misalignment reacts on the band-
width of a multistage amplifier. The upper half of Fig.
3 shows the gain shape of two stages: (a) with nominal
capacitance and resistance values, and (b) with nominal
resistance values but one stage high capacitance and
one stage low capacitance. The latter case is a severe
one with respect to band narrowing. The lower half of
Fig. 3 shows the multistage-amplifier bandwidth as a
function of the number of stages using (a) the nominal
case, (b) the case noted above of capacitance staggering,
and (c) the case in which the capacitance and resistance
are assumed to have their most unfavorable values in
successive stages simultaneously. (The latter case is not
apt to occur in practice, but it does show a limiting
condition.)

Before curves like those of Fig. 2 can be computed
it is necessary to determine the magnitudes of C; and (s,
which are composed of circuit and tube capacitances.
The active value of C; will be very close to its “cold”
value (that with no power on the tube); however, the
value of C, will increase when the tube is turned on due
to the presence of the electron cloud between the grid
and the cathode. The increase of tube input capacitance
may be of the order of 1.0 micromicrofarad. Conse-
quently, the following apportionment of the nominal
interstage capacitance may be made:

Input Output
(micromicro-  (micromicro-
farads) farads)
Tube capacitance (cold) 3.90 2.85
Tube capacitance increase when hot 1.0
Socket capacitance 0.95 0.9
Stray circuit capacitance 0.95 0.95
Total

6.7 4.7

Knowing the capacitance distribution of the inter-
stage, conventional network theory may be applied to
determine the remaining element values for the desired
shape of band-pass characteristic.

Building the double-tuned transformer involves a
certain amount of empirical work to obtain the de-
sired coupling coefficient and self inductances. The
physical configuration of the transformer used in this
amplifier is shown in Fig. 4. The mutual inductance
betwcen primary and secondary is almost all due to flux
linking the two or three turns of each winding nearest
the diclectric fin in the center of the transformer form.
Therefore the coupling coefficient may be determined
by the thickness of the fin, provided that both wind-
ings are wound close to the fin. The outer end 'turns of
the primary and secondary (shown spaced) do not link
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flux with the other winding and therefore do not con-
tribute to the mutual inductance. However, spacing
these end turns in various ways will change the self
inductance of the winding considerably. Use is made
of this fact to adjust the self-inductance of the primary
and secondary independently to the exact design value
by comparison to a standard inductance.
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Fig. 4—Transformer data.

The curves of Fig. 5 show the relation between
coupling coefficient and transformer fin size for several
diameters of forms. These curve