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For Miniature Components

FROM STOCK

U.T. C. U.T. C.
OUNCER SERIES SUB-OUNCER SERIES _

Weight 1 ounce ... % Dia. ... Weight 2 ounce . ..

1-3/16 overall height . .. 9/16x % x % ...Nylon bobbin
40 to 15000 cycles ... 13 types*

structure . .. 200 to 5000 cycles.

*For complete lish, write for Catalog P$S-409

TO SPECIFICATION

HERMETICALLY
SEALED OUNCERS

Weight 1, ounce . . . 15/16 x
1% x 1% high . . . all standard Weight .8 ounce . . . 15/16 x 1,

ouncer designs plus specials such x 13/16 high . . all standard
as 400 cycles 1 watt power . . . sub-ouncer designs . .

HERMETICALLY SEALED
SUB-OUNCERS

. plus spe-

pulse transformers . . . saturable cial vnits yp to 200 KC.

reactors dual wvnits linput &

ovtput in same case.)

SUB-OUNCER PERMALLOY SUB-OUNCER

DUST TOROIDS

Weight Y, ounce uncased .8 ounce
hermetically sealed. These minia-
tured HQE ¢oils have characteristics
similar to our standard HQA, C,
and D coils with little reduction in

Q considering minyte size.

150 VARICK STREET

EXPORT DIVISION: 13 EAST 40th STREET, NEW YORK 16, N. Y.

TOROID FILTERS

Filters employing SUB-OUNCER
toroids and special condensers rep-
resent the optimum in stable mini-
aturized filter performance. The
vnit shown . . . 1 x 1 x 2, .
employs 5 coils and 6 condensers
for a complete band pass filter

weight 6 ounces.

NEW YORK 13, N. Y.
CABL CRLYY 1W 1l




What to See at
The Radio Engineering Show

March 7-10, 1949 at Grand Central Palace, New York

200 Exhibits of More Than
Radio-Electronic Equipment

Firm Booth

Aerovox Corp., New Bedford, Mass. 124
Molded tubular capacitors, Oil and Wax Im-
pregnated Capacitors, Electrolytic Capacitors
andgjMica Capacitors.

Aircraft-Marine Prod., Inc., Harrisburg, Pa. 262
Solderless Terminals, Solderless Wiring De-
vices, Machines and Tooling for their applica-

tion.

Airtron, Inc., Linden, N. J. 291
Flexible and rigid waveguides, wavematch
switches and coaxial cables and aircraft igni-

tion shielding.

Alden Products Co., Brockton, Mass. 320 & 321

Facsimile equipment.

Allegheny Ludlum Steel Corp., Pittsburgh,
P 47

a & 48

Metals, Core Materials and Magnets.
Allied Control Company, Inc., New York,

N.Y 280
Relays.
Alpha Metals, Inc., Brooklyn. N. Y. 207
Tri Core Rosin filled solder, Tri Core “Ener-
gized” rosin filled solder, Tri Core leak pruf
acid filled solder
Altec Lansing Corp., New York, N. Y. B
Loudspeakers, amplifiers, transformers, radio
tuners, Intermodulation Test Equipment and
Microphones.
American Lava Corp., Chattanooga, Tenn. 55
Ceramic parts for radio and wire communica-
tions, television and radar, electronic compon-
ents, control equipment industrial heating de-
vices.
American Phenolic Corp., Chicago, [1l. 111 & 112

Radio components, Coaxial cable, rf connec-
tors. television antennas, AN connector, in-
dustrial sockets and connectors, Plastics.

Amperex Electronic Corp., Brooklyn, N. Y. 10 & 11
Transmitting, Industrial, high power, special
purpose, electromedical, radiation counter,
etc.,——tube types.

Amplifier Corp. of America, New York. N. Y. 259
Magnetic Tape Recorders and accessory
equipment, direct coupled amplifiers. regu-
lated power supplies.

Arnold Engineering Company, Chicago, 11l. 47 & 48
Powdered Molybdenum Peimalloy and Delta-

Firm Booth

mex cores, sintered and cast Alnico, Cunico.
Cunife, and other permanent magnet mate-
rials.

Antara Products, New York, N. Y. 27 & 28
Carbony! Iron Powder for use in cores and
coils.

Arrow Electronics, Inc., New York, N. Y. 314
Television Assembly’'s projection television

kit and set plus individual circuits and com-
ponents for this unit.

Astatic Corporation, Conneaut, Ohio 219
Phonograph  pickups, pickup cartridges,
microphones, recording heads and accessorles.

Atomic Instrument Co., Boston, Mass. 335
Nuclear Measurement Apparatus.

Audak Company, New York, N. ¥ 43
Electronic recorders and reproducers.

Audio Development Company, Minneapolis,

Minn. 205
Transformers, Amplifiers, Filters, Jacks,
Plugs, and Patch Cords, Audiometers.

Audio Devices, Inc., New York, N. Y. 233
Audiodiscs (recording discs) Audiopoints (re-
cording and playback points).

Audio Engineering, New York, N. Y. 94A
Magazines.
Audio Equipment Sales, New York, N. Y. A

Call letter plates, the Audio rule, jack strips,
plattertags, low-voltage filtered power sup-
plies, line equalizers, jacks, plugs and patch
cords.

Automatic Electric Sales Corp., Chicago, 111. 265
Relays, stepping switches, and other telephone
type remote control components.

Ballantine Labs., Inc., Boonton, N. J. 100
Sensitive Electronic voltmeters, Geiger-Muel-
ler Counter Tubes.

Barker & Williamson, Inc., Upper Darby. Pa (o]
Test Equipment, Coils, Capacitors and Com-
ponents.

Barnes & Noble, Inc., New York 315 & 316
Technical Books.
Barry Corporation, Cambridge, Mass. 293

Vibration and lmpact Isolators, standard aircraft
mounting bases.

Six Million Dollars Worth of
Components, Tools and Materials

Firm Booth

Bendix Aviation Corp., Eclipse-Pioneer Div.,

Baltimore, Md. 15,16,17
Special Purpose Tubes, Synchros, Small
Servos, Gyros.

Bendix Aviation Corp. (Radio Div.), Balti-
more, Md. 15,16,17

Type NA-3 VHF Omnl-Range Receiver, Type

TA-18 VHF Transmitter, Type ARN-6 (Com-

mercial Equivalent), Type TG-18 Fixed Sta-

tion Transmitter.

Bendix Aviation Corp., Scintila Magneto
Div., Sidney, N. Y. 15,16, 17

Electrical Connectors, Electric Filters, Plas-

tics, Bus-K-Nects, Ceramics, switches and

radio shielding.

Bendix Aviation Corp., Red Bank Div., Red

Bank, N. J. 15, 16,17
Dynamotors, Regulated Dynamotors, Frac-
tional H.P. Motors.

Berkeley Scientific Co., Richmond, Calif. 333
Nuclear Instruments, Meters.

Bird Electronic Corp., Cleveland, Ohio 268
RF Wattmeters and terminations, coaxial
switches, VHFsand UHF Antennae and filters.

Boonton Radio Corp., Boonton, N. J. 277 & 278
202-B FM Signal geverator, 203-B Univerter,

160-A and 170-A Q-Meters, 2i11-A Signal
Generator, 140-A Beat Frequency Generator.

W. H. Brady Co., Milwaukee, Wis. 301
“Quik-Label” self adhesive wire markers,
name plates, inspection labels, terminal mark-

ers, printed roll tapes.

William Brand & Co., New York, N. Y., Chi-

cago, 11l 84B & 85
Varnished and Plastic Electrical Tubings and
Sleevings. Plastic insulated Hook-Up and Hi-
Voltage Wires and Cables.

British Industries Corp., New York, N. Y. 274
Ersin Multicore Solder, Garrard Record
Changers.

Brooks & Perkins, Inc., Detroit, Mich. 122
Deep drawn magnesium radio and radar
boxes and covers, misc. stampings. innumer-

able fabricated mfg. parts pertaining to air-
craft and airborne equip.
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For permanent oscillograph records. .. ;

v its DUMONTall the Wg;.’

Cat. No. 1366-E, with /1.5 lens,
$1,155.00. Cat. No. 1217-E, with
/2.8 lens, $980.00.

Or with Type 271-A Oscillograph
record Camera (not illustrated).
Single-image. Fixed-focus, {/3.5
lens. Cat. No. 1216-E, with mount-
ing, $162.50.

START with Type 314 Oscillo-
graph-record Camera. Especially
designed for cathode-ray oscillo-
graph photography. Maximum
convenience. Either single-image
or continuous recording. Variable
speed, electronically controlled.

DEVELOP your films with Type 2512 Motor-driven
Processing Unit. Utterly simple. Accommodates up

© ALLEN B. DU MONT LABORATORIES. INC.

DU MONT CATALOG ITEMS ...

HIGH AND LOW VOLTAGE OS-
CILLOGRAPHS: Amplifier fre-
quency response selectable
from d-c to 10 mc. Writing rates
up to and exceeding 400 inches
microsecond. Deflection factors
as low as 0.01 rms volt/inch.
Prices from $127.20 to $6,073.75.

OSCILLOGRAPH POWER SUP-
PLIES: Up to 25,000 volts output
for application as final acceler-
ating potential to cathode-ray
fubes.

PROJECTION LENS: Projects os-
cillograph traces on screen up
to 30 feet distant. Excellent for
demonstrations and lectures.
Applicable 1o high-voltage os-
clllographs. Type 2542, Cat. No.
1431-E, 5103.50.

VOLTAGE CALIBRATOR: For
quantitative measurements. Op-
erales with any oscillograph.
Type 264-A, Cat. No. 1240-A,
$39.50.

ELECTRONIC SWITCH: Provides

a time-sharing system for os-
cillograph presentation of two
separate fraces. Type 185-A,
Cat. No. 1072-A, $105.00,

LOW-FREQUENCY LINEAR
TIME-BASE GENERATOR: Du
Mont Type 215 accessory ex-
tends low-frequency range of
the time-base of osclllographs.
Cat. No. 1189-A, 5215.00.

SPECIALIZED EQUIPMENT: Type
279 Dual-beam Cathode-ray Os-
cillograph presents two entire-
ly separate fraces. Cat. No.
1386-E, $1,294.50. « Type 275-A
Cathode-ray Polar Coordinate
Indicator employs a circular
time-base. Cat. No. 1250-E.
$390.00. ¢ Calibrated scales; con-
stant-voltage transformer; trans-
ducers; magnetic shields, eic.

DU MONT CATHODE-RAY
TUBES: A full line of cathode-
ray tubes. A cholce of phos
phors suiled to your particular
needs.

ALLEN B. DU MONT LABORATORIES,
CABLE ADDRESS:

to 100 feet of 35mm. film. Cat. No. 1372-E, $231.00.

FINISH with Type 2514

Portable Drying Rack. Holds
up to 200 feet of 35 mm. film
Motor-driven. Provided with
heater. Easy rewinding. Unit
may be folded up. Carrying
case supplied. Cat. No. 1375-
E, $232.00.

® In oscillography, Du Mont can supply you
with the tube, the oscillograph, the accessory.
Note partial list of standard items.

And if your oscillograph needs are exiremely
special, even fo the extent! of exceeding the broad
range Of our standard equipment, Du Mont can
now place at your disposal the services of our
Instrument Model Shop which is equipped to de-
sign, develop and manufacture non-standard
cathode-ray equipment, or tfo modify existing
equipment and designs. Consult us.

B Detailed literature on request. Equipment
demonstrations arranged —no obligation.

INC., PASSAIC, N, J.
ALBEEDU, NEW YORK, N. Y., U.S.A,
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@ RADICAL NEW “PARALLEL-PLANE”
DESIGN GIVES -hp- SLOTTED LINE

The new -hp- 805A Slotted Line em-
ploys two parallel planes and a large,
circular central conductor, instead of the
conventional coaxial configuration. This
new design makes possible an electrical-
ly stable precision instrument capable of
fast, easy measurements of unvarying
accuracy. Parallel planes and central
conductor are both mechanically rigid.
Penetration depth of the probe is less

UTMOST ELECTRICAL STABILITY

critical than in coaxial slotted lines, and
leakage is low because the effective slot
opening is less than .001 referred to the
coaxial system. Residual VSWR is held
to less than 1.04. Probe position may
be read to 0.1 mm.

This new approach to the Slotted Line
problem makes possible the manufac-
ture of an instrument of maximum ac-
curacy at moderate cost.

SPECIFI
Frequency Range: 500 to 4,000 mc.
Impedance: 50 ohms.

Connections: Speciol Type "N fittings
designed for minimum V3WR,

Residual VSWR: 1.04 or better.

Slope: Negligible.

CATIONS

Data subject to change without notice.

Calibration: Metric, in ¢m ond mm, Ver-
nier reods to 0.1 mm,

Size: 27" long, 8" high, 6" wide.

Carriage: Probe moved by coble drive.
Probe depth odjustoble. Probe resonont
circuit tunoble over freq. range of line.
Detector moy be stondord c¢rystol or
employ borretters.

WRITE FOR DETAILS

HEWLETT-PACKARD COMPANY
1824-D Page Mill Road * Palo Alto, California

PROCEEDINGS OF THE I.R.E.

February, 1949

NEW -hp- 415A

Standing Wave Indicator

The new -bp- 415A Standing Wave
Indicator is used with the -bp- Slotted
Line to determine coaxial flatness or
measure impedance. It consists of a
high gain amplifier of low noise level,
operating at a fixed audio frequency.
Amplifier output is measured by a volt-
meter with a square-law calibration in
db and voltage standing wave ratio.
The -hp- 415A is direct reading, com-
pact and easy to use.

SPECIFICATIONS

Frequency: Fixed ot 1,000 cps, + 2%, Other
frequencies 300 to 2,000 c¢ps supplied on
special order. Amplifier ''Q"" is 20 &+ 5.

Sensitivity: 0.3 uv gives full scale deflection.
Noise-level-to-input equivalent is 0.04 vuv,
Calibration: For use with square-low detector.

60 db level covered in 6 ronges. Accuracy
< 0.1 db per 10 db step.

Gain Control: Adjusts meter to convenient
level, Range is 50 db + 5 db.

Dctector Input: Connects to Xtal rectifler or
bolometer., Bios of 8 v. + .5 v. delivers
approx. 8.75 ma. to o 200 ohm barretter,

Size: 12” long, 9” wide, 9” high,

Data subject to change without notice.

3A
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TO SPECIFY COMPONENTS

for Hi-Quality T. V. Performance
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N
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Hi-Q ELECTRONIC COMPONENTS 1
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RCA Vietor television recerver Table Model

8T241 uses many Hi-Q capacitors for Uniform,
Dependable rveception.

® Not only RCA Victor, but practically
every manufacturer of television sets looks
to Hi-Q Elcctrical Reactance Corpora-
tion for components of Dependable quality
... Precision tested and Uniform capacity.

Today’s tremendous demand for high
quality Hi-@ components is being met
at three (3) modem plants equipped with
the most modern machines helping supply

g . .
the needs of the fast growing clectronics
) Constancy of
Production 'hraugh con);inuo?,:a,:,"

Hi-Q components are specified by over 200
A leading manufacturers. Space does not permit

listing all of our valued customers.

PAN

r

y is maintained over entire

industry. )
anuvfacturin
. . .o DEPENDA g controls,
Our competent engincering staff 1s sc'isfa:a':,'." 'Y"'e'pm this factor in terms of
. ] s B . o ; - Tear after year of your customers’
available for consuliationi with your engi- ur HI-Q makes your proguct b::oe:mwe‘f'" performance.
neers in the design of newly developed b BIG VALUE co
el s your productio Possible space saving f“'o':“PO'l"l‘enn in the
3 n ¢
O3k . . . Increase your profits, which reduce

Booth No. 54 at I. R. E.

Hi-Q. Electnceal Reactance (Corp.(

o

_ FRANKLINVILLE, N. Y,

Plants: FRANKLINVILLE, N. Y.—JESSUP, PA.—MYRTLE BEACH, S. C.
Sales Offices: NEW YORK, PHILADELPHIA, DETROIT, CHICAGO, LOS ANCELES
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What to SEE at the 1949
Radio Engineering Show

Directory of 200 Exhibits

Firm Booth Firm Booth
| ., INC G Cleveland Containes Company, (ley o
' 220
4
i 2
E Development Co
Collins Rad -0
Bud Ra In 23)

Coa unics Products Co c., he
123 ] A

Burlington Instr 0., Burhng low 29
d er Pr t
Space limitations in communications equipment Bssmah, Minalaciuriig (Companyy St
call for a new form factor in crystal temperature > 309
stubilizers. Again, Bliley is first with the answer. b Continental Carbon, Int A
The new TCO-1 is a minlaturized crystal oven
which ‘provides the high temperature stability jwell-Clements, Inc., N 280
necessary for precision performance. The TCO-1 ornell-Dubilier Electric Corp., S0 |
employs a Bliley type BH6 crystal unit which is ' & 73
mounted internally. With this combination, fre-
quency stability maybe maintained within.0001% D o4B & 98
over a wide ambient temperature range. This 288
crystal oven, with type BH6 crystal unit, issup-
plied at any frequency in the range 1—100 me. B Davis P 1 9
OPERATING CHARACTERISTICS
1. Temperature stability +2°C from minus 50°C I 213 eMornay Budd, In il
to plus 70°C.
2. Operating temperature: 75°C.
3. Rating: 6.3 volts, 5.5 watts. ) o)
a 5 43
DIMENSIONAL DATA
N 210 A
40
‘\‘ a Rac
\ 2067
: n P ts, Inc n K¢
\ Parts Co o ¢ 227 & 228+
234 & 238
A B Mont 125-128
~—
120 & 121 v $~248
ago Rive’ & Ma E McC kb, 1 jo
&
EI-T It 327

_ 2liley- . ' " | e

CRYSTALS

BLILEY ELECTRIC COMPANY

Lt e Bl e o Sien it A S rBIr DA



U-HF EQUIPMENT
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We are prepared to assist you with any phase of U.H.F.
work from idea to finished product. .. either in the
development of new products or the improvement of
old products. Precision work and low unit cost are
based on specialized U.H.F. technique and production
methods acquired by years of practical experience.

Literature...Information

A resume of LAVOIE

facilities may be had Zwot'ezg ; é ’

if you will request one
RADIO ENGINEERS AND MANUFACTURERS

on your letterhead.
MORGANVILLE. N. J.

Specialists in the Development and Manufacture of UHF Equipment
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Proper_halance can he

v LOSISTONS

Proper balance can be mighty

difficult . . . but not for IRC resistors.
Basically engineered for balanced perform-
' ance in every important characteristic, each
IRC resistor type offers outstanding features
for specific applications—without sacrifice

of any significant factor.

New, ADVANCED Type BT Resistors, for ex-
ample, are uniformly superior in every important
JAN-R-11 requirement. At 14, 15, 1 and 2 watts
they meet JAN-R-11 specifications for fixed com-
position resistors. Balanced in every characteristic,
small IRC ADVANCED BT’s are particularly
suited to high ambient temperatures and rigorous
television circuits. 12-page Bulletin B-1 gives all
the performance facts. Use the convenient coupon.




lifficult

S

For close tolerance require-
ments, IRC Precistons offer a fine
balance of accuracy and de-
pendability. Extensively used by
leading instrument makers, they
excel in every important char-
acteristic. 1% accuracy is stand-
ard. Noise level is inherently low,
and windings are fully protected
against high humidity. Available
in a wide selection of ranges and
types, as described in Bulletin D-1.

Miniature MPM resistors are IRC engineered for
high frequency applications, Their frequency char-
acteristics are outstanding, but absolute balance has
been maintained with all other significant electrical
characteristics. Thin resistance film is permanently
bonded to ceramic rods. Cupped ends of wire lead
terminals are cemented to resistor bodies to form
axial pigtails. Rated at Y% watt, Type MPM’s are
available in resistance values from 10 ohms to 1.0
megohms, Write for Technical Data Bulletin F-1.

All standard IRC resistors are readily
available in nominal quantities from your
local distributor’s well-stocked shelves.
This is IRC’s Industrial-Service Plan

at work, assuring you ’round-the-corner
gservice on your small order require-
ments. We'll be glad to send you the
name of your nearest IRC Distributor.

INTERNATIONAL RESISTANCE COMPANY

405 N. Broad Street, Philadelphia 8, Pa.

In Canada: International Resistance Co., Ltd., Toronto, Llicensee

IRC Type W Wire Wound Controls are
so carefully balanced, your customers
can actually feel the difference. With
center tap they are widely used as ver-
tical and horizontal centering controls in
television receivers. Design provides maxi-
mum adaptability to most rheostat and
potentiometer applications within 2-watt
power rating. Type W Controls have a
1%'' diameter, and %g’’ depth behind
panel. Spiral Spring Connector provides
positive electrical connection. Bulletin
A-2 gives details. Write for your copy.

WHeenguen, the, Ginowit, Says- A~

Power Resistors o Precisions » Insulated
Composition Resistors « Low Wattage Wire Wounds
o Rheostats » Controls e Voltmeter Multipliers

« Deposited Carbon Precistors « Vollage
Dividers « HF and High Vollage Resistors

INTERNATIONAL RESISTANCE COMPANY
405 N. Broad St., Philadelphio 8, Pa.
| wont to know more about the IRC Resistors checked below —

() Advanced Type BT’s [0 MPM High Frequency Resistors
() Precision Resistors O Type W éontrols

O Also send name and address of our IRC Distributor
Namie , s ot Voo & . . Mo g s v o ames ol PR o
Title 50 o ons B Ve b oy he e LB ca s LN
COMPABY o' a5 % s o1 ke oW+ o0 pligoys s vl B3 o o o678 s apg B (SF6 AR o6 o
Address. .. .......... cont Lowdt ISt Al
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Developed by General Electricand proven by the thousands in the
war, these compact units are now available for any commercial
use. They find application in radar and industrial equipment
where the normal capacitor discharge shape is not suitable and
where an impulse having a definite energy content and duration
is required. The network consists of one or more equal capacitor
sections and the same number of inductance coil sections. Both
capacitors and coils are hermetically sealed in the same metal
container. Networks are treated with top quality mineral oil to
provide stability of capacitance characteristics over a wide range
of ambient temperatures. Sizes from which you can make your
selection range from a 0.5-kw output rating to 4500-kw. Write
for bulletin GEA-4996.

General Electric’s new lineof 3! 5-inch
thin panel instruments will save space
and add 1o the appearance of your
panels. They're dust-proof, moisture
resistant, and vibrations normally en-
countered in aircraft and moving
vehicles have no adverse effects. Espe-
cially designed for better readability, the
scale divisions stand out by themselves.
Lance-type pointers and new-style num-
bers mean faster reading. Available in
square and round shapes, depth behind
the pane! is only 0.99 inches. Construc-
tion is of the internal-ptvot type, with
alnico magnets for high torque, good
damping, and quick response. Check
bulletin GEA-5102.

GENERAL 3 ELECTRIC
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SIMPLIFY CONTROL WIRING
WITH THESE TERMINAL BOARDS

Easy-action hinged covers protect
control wiring, help give your product
a neat appearance. Hook-ups are easy
with the hard-gripping connectors.
Simply strip the wire end, screw down
the connector on the bare wire. Blocks
are durable, too, constructed of strong
Textolite with reinforced barriers be-
tween poles to insure against breakage.
Marking strips are reversible—white on
one side, black on the other. These
terminal boards are available with 4 to
12 poles, 2 inches wide, 14 inches
high. Send for bulletin GEA-1497C.

HOLDS
OUTPUT YOLTAGE
CONSTANT

4

This latest addition to G.E.’s line of
automatic voltage stabilizers comes in
15-, 25-, and 50-va ratings. Output is
115 volts, 60 cycles. The small size of
the unit makes it particularly applicable

PROCEEDINGS OF THE L.R.E.

to shallow-depth installations in many
types of equipment. You may have a job
for this unit which will give you auto-
matically stabilized output voltage at a
low cost. There are no moving parts, no
adjustments to make; long service IS
assured. Check bulletin GEA-36341 for
more information about this and other
G-E voltage stabilizers.

LOOKING FOR
LIGHTWEIGHT SWITCHES?

Switchettes* are designed for applica-
tions which require a manually operated
electric switch in a limited space.
Though small, these switchettes are
lightning fast in action and are built to
withstand severe service. A wide variety
of forms and terminal arrangements
makes them particularly useful where
special circuit arrangements are neces-
sary. Switchette shown above has one
normally open and one normally closed

* TIMELY HIGHLIGHTS

© o &6 & ¢ 0 ¢ O
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ON G-E COMPONENTS

o
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1

circuit, transferable when button is

depressed. Check bulletin GEA-4888.

* Switchette is General Electric’s trade name for
these small snap switches.

FOR YOUR COOLING FANS

Here's a fractional-horsepower fan
motor suitable for many uses because
of its compact design, low servicing
requirements, and extreme quietness.
Long, dependable operation is assured
by sturdy, totally enclosed construction.
These Type KSP unit-bearing motors
are of shaded pole type design with low
starting torque characteristics especially
applicable to fans. A continuous oil
circulation system furnishes good lubri-
cation. You can use simple, hubless,
low-cost blades with the special mount-
ing arrangement. Write for bulletin
GEC-219.

o S S e S ———————

I General Electric Company, Section J642-19 I

/

[1GEA-4996 Capacitor Pulse-
forming Networks

I GEA-5102 Panel Instruments
GEA-1497C Terminal Boards

NAME
7
]  comPany
ADDRESS

CcitYy STATE

February, 1949

Apparatus Department, Schenectady, N. Y.

Please send me the following bulletins:

[]GEC-219 Unit-bearing Far Motor

/

[1GEA-3634B Avutomatic Voltage ,
Stabilizers l
[JGEA-4888 Swilchettes

/
/

/

¥
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How Johnston uses CRL's
“Printed Electronic Circuit” to build
its light-weight, compact
Goldentone Hearing Aid!

RETRS

Johnston uses Centralab’s PEC Ampec
audio-amplifiers and Model No. 1 Ra-
diohm controls in its compact, easily-
serviced Goldentone Hearing Aids.

Models courtesy of Johnston Hearing Aid Mfg. Co.

*Centralab’s Printed Electronic Circuit
— Industry’s newest method for
improving design and manufacturing efficiency!

CUSTCMI‘R comfort... greater output...dependable performance.
That's what Johnston wanted for its new Goldentone. And
that's what it got— with the help of Centralab’s amazing P.E.C.
Yes—An pec made it possible to save space and material by reducing
the number of components needed. It cut production time by elim
tnating many assembling operations. It improved performance by
minimizing the chance of broken or loose connections and by resist-
ing changes in temperature and humidity.

INTEGRAL CERAMIC CONSTRUCTION: Each Printed Electronic Crrcnit is
an integral assembly of CRL H/-Kap capacitors and resistors closcly
bonded to a steatite ceramic plate and mutually connected by means
of metallic silver paths “printed” on the base plate.

This outstanding hearing aid development, illustrated above, was
the result of close cooperation between Centralab and johnston
engineers. Working with your engineers, Centralab may be able to
ft its Printed Llectronic Circuit to your specific needs. Write for full
information, or call your neargst Centralab Represcntative

TYPICAL “AMPEC"—(actual size, back view)

shows how you can get complete clectrical cir- M IN 1949!
cuits—tube sockets, capacitors, resistors and wir- " e

ing—in one miniature Centralab amplifier unit @

Division of GLOBE-UNION INC., Milwaukee

12 i EDINGS OF THE 1.R.I
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ERIE Rodial Lead
Insulated CERAMICONS,
now have distinctive

wd bodvs %

- L -
MAX
& E
AL .

I RIE brings order out of confusion . . . by
V4" MIN the simple expedient of giving ERIE radial
| n— #22 GAUGE lead, dipped phenolic coated Ceramicons dis-

! tinctive red bodies.
DIPPED PHENOLIC INSULATED In the past manufacturers have found it al-
most impossible to differentiate between the
Style | Dia. "D’ Length "L’*| Max. Cap. various makes of such condensers. The com-
mon brown body color has sometimes caused
confusion in incoming inspection depariments
387 240 w60 715 MMF and in the final assembly lines. In addition, it
ki B e 1500 MMF has been difficult to fix responsibility for any

service reports.

338 312 .550 2000 MMF Now, ERIE Radial Lead Insulated Ceramicons
are positively and unmistakably identified . . .
337 312 937 4100 MMF and the red body also makes it easier to read
all RMA color code dots. ERIE axial lead ce-
333 .315 1.250 5100 MMF ramicons will continue to have molded low-loss

phenolic insulation.
o’ i daddp SEROMIDEs \c/ivgeg you see ceramic condenser}s1 wit}}xl t};le
' ‘ red body color, you can be sure you have igh-
9% pae s Heas Tt quality, dependable ERIE radial lead insulated
336 415 2025 | .016 MFD Ceramicons which will "stay put” in your chas-

] sis for the life of the set.

Electronics Division

i ERIE RESISTOR CORP., ERIE, PA.

LONDON, ENGLAND TORONTO, CANADA.

PROCEEDINGS OF THE I.R.E February, 1949
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Roaching |owandlthe Uloudd

for KFAM, St.Cloud, Minn,

(AM-250 watts...FM-50 kilowatts)

® Familiar landmark on Military Highway west of l
St. Cloud is KFAM’s 440-foot Truscon Self-Supporting 3§
Steel Radio Tower, which mounts an RCA 4-section |
FM Pylon. Overall, the antenna reaches 494 feet |
toward the clouds.

The Times Publishing Company of St. Cloud is one
more in the long list of station operators wurning to
Truscon for solution of radio tower problems. Experi-
enced Truscon engincers analyze specific locations,
weather, winds, geography and other factors and

;
¢
i

TRUSCON

TOWER OF STRENGTH *

develop the right tower design to assure continuous,
uninterrupted service.

Whenever you require new or additional antennas, call
on Truscon Radio Tower Engineers. With their world
wide experience, plus extensive Truscon manufacturing
facilities, they can furnish any type of radio tower you
need—tall or small, guyed or self-supporting, uniform
or tapered in cross-section, for AM, FM, or TV. A phone
call or letter to our home office in Youngstown, Ohio,
or to any nearby Truscon District office, brings prompt
action—with no obligation. 4

TRUSCON STEEL COMPANY

YOUNGSTOWN 1, OHIO
Subsidiary of Republic Steel Corporation ~

TRUSCON $1|#®

SELF-SUPPORTING

ros so20 wkromn ) WERS

See the Truscon Display ot Space No. 202
1949 LR.E. Natianal Convention March 7-10




DIRECT READING DIAL
HIGH Q, TE;;, MODE CAVITY
LINEAR DRIVE

TEMPERATURE
COMPENSATION

HERMETIC SEALING

REACTION OR
TRANSMISSION
COUPLING

202 TILLARY ST.
BROOKLYN 1, N. Y.

PROCEEDINGS OF THE IR.E. February, 1949

PRD is pleased to announce a new line of pre-
cision cavity type frequency meters for the
microwave spectrum. Units now available cover
in standard waveguide sizes the important
region from 5650 to 10,000 megacycles per
second, and offer for the first time such features
as linear dials which read directly in frequency,
hermetic sealing to eliminate humidity effects,
and the use of low temperature coefficient alloys
to provide maximum accuracy over awide range
of temperature.

All units are calibrated by means of crystal
controlled frequency standards. The use of pre-
cision miniature ball bearings and special tem-
perature-stable greases assures retention of in-
herently high accuracy characteristics over long
periods. Write to Dept. R-8 for an illustrated
catalog of the complete PRD line of microwave
test equipment.

& DEVELOPMENT COMPANY, Inc.

15a




&lectrolytics

for really jdep_é_nd&ble
perf_dﬁﬁaﬁée; for
te_lé\(i:ion and other
' Qxdé;ihg ‘uses

—

_ S"“’; 'RG\)

‘\
PI1ONETERS IlIIEUE

ELECTRIC AND ELECTRONIC PROGRESS

BUILT FOR LONG, TROUBLE-FREE PERFORMANCE
UP TO 450 VOLTS AT 85°C.

These sturdy litle dry electrolytics have what  withstand plenty of heat. Thanks to a recently
it takes to match the toughest capacitor developed . -processing technique, they are

assignments in television and other exact- outstandingly stable, even after extended
ing equipment where the use of ordinary shelf life. In every respect, they are designed
components may only be inviting trouble. for better-than-average service on tougher-

They're compact, easy to mount. They'll  than-average jobs.

SPRAGUE ELECTRIC COMPANY, NORTH ADAMS, MASSACHUSETTS

16a PROCEEDINGS OF THE I.R.E February, 1949




p require ©
insulators shown i
mcteric\——A\S\Mcg 196.

L-5 mcteric\——A\S'\Mcg 22
The adde f the b

ificant chara

d ysefulness ©
sign cteristics:

.......
............

..............

A COPY
OF BULL
ETIN NO
L 143 W
11l BE SENT TO MANUFAC
TURERS O
N REQUE
ST 10

' AM
ERICAN LAVA CORPORATION

. P
H
Y E A
R
o F
C E R AMIC UE
A D E
R $ H
e[

S E E

SALES OFF
ICES: S
Tel: Mitchel T.L0UIS, M
| 2- , M0, 11
Tel: Central 1728115.9 * CAMBRIOGE, rii:; shington Ave., Tei: Gartield
3 LOS ANGELES, 324 N.Sa 38-B Brattle St., Tel: Kirk 4959 © NEWARK, N. )., 6
.San Pedro St Tel: ol '90';9'\11 4498 » CHICAGO, ;lcﬁroad st.,
3 o PHILADELPHIA, 1649 linton St
1A, 1649 N. Broad St.
. Broad St.




~

Follow the Leaders 1o

The Power for R-F

A NEW TUBE

L.‘c.

-

FOR TV

WATER COCLED TETRODE

EIMAC 4W1250A

18a

PRICE $215
A new tetrode . .. the forerunner of more Eimac de-
velopments providing higher power in the upper
frequency brackets. witee, ey
CONNECTIONS | [
GENERAL CHARACTERISTICS <At~
EIMAC 4WI1250A TETRODE [1
Filament: Thoriated Tungsten WATER JAEKET R |
Voltage 5.0 volts -]
Current 13.5 amperes 2
Screen Grid Amplification Factor {Average) 62 J
Direct Interelectrode Capacitances (Average) - al
Grid-Plate 0.05 upfd ‘]
Input 12.8 vufd
Output 5.6 uufd
Transconductance (iv=200ma., e»=2500v., Ec2= 5200 umhos
RADIO FREQUENCY POWER AMPLIFIER ~2 37508 | “sereen orip
Television Class-B Linear or Grid-Modulated Amplifier. =230t Max—=| A
MAXIMUM RATINGS (Frequencies up to 216 Mc.) CONTROERGAD) Z N\ \‘5.
D-C PLATE VOLTAGE 3500 VOLTS ! \
D-C SCREEN VOLTAGE 750 VOLTS 3o N
D-C GRID VOLTAGE - 500 VOLTS A
D-C PLATE CURRENT 750 MA. FILAMENT — ~~-313014 4PINS
PLATE DISSIPATION 1250 WATTS
SCREEN DISSIPATION 30 WATTS
GRID DISSIPATION 10 WATTS

EITEL

SAN

BRUNO,

For further information on the 4W1 250;6\, write direct

Mc(CULLOUGH

207 SAN MATEO AVENUE,

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

PROCEEDINGS OF THE I.R.E February,
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Visit Sperry booths 18-19-20 at the IRE Show d
@ Tunable Barretter Mount

. Cavity Frequency Mater

® Accurate, repeatable electrical measurements over
a broad band of frequencies . . . modern radio engi-
neers demand these characteristics in microwave test
instruments. Precise electrical results call for precise
mechanical tolerances. These fine mechanical toler-
ances are an integral part of Sperry Microline, indus-
try's most complete line of microwave test and
measuring instruments.

# Microwave measuring instruments require almost
perfect geometrical forms maintained in metal. Sperry
has developed processes to obtain these stress-free
forms which assure instruments of the required accu-
racy and durability. With Microline, research and
development engineers can obtain reliable measure-
ments which assure correct design results.

@ Sperry with its long experience and knowledge in
microwave techniques has developed virtually every
instrument essential to this phase of electronics. The
Microline instruments shown here are only a few of
the several hundred which are available. Our nearest
district office will be glad to give you additional infor-
mation on Microline instruments and how they apply
to your individual requirements.

O

SPERRY GYROSCOPE COMPANY

DIVISION OF THE SPERRY CORPORATION < GREAT NECK, NEW YORK
NEW YORK - CLEVELAND - NEW ORLEANS « LOS ANGELES - SAN FRANCISCO - SEATILE

@ Derector Wave Meter

*Trardemar

PROCEEDINGS OF THE ILR.E. February, 1949 19a




A MINIMUM OF OPERATIONS
MADE THESE CONNECTORS A

HESE electrical connectors are but a few out of the
hundreds of types being made today out of Revere
copper and copper alloy tube, strip and rod.

Soldering lugs are made of Revere seamless tube, and
are finished by simple stamping and punching. Solderless
connectors are manufactured of tube, strip, bar and rod.
The casy workability of the metal, plus the fact that it is
supplied in forms requiring a minimum of operations,
make Revere a favorite source of supply.

Other Revere products for electrical purposes include:
Electrolytic and silver bearing copper commutator bar and
segments; O.F H.C,, silver bearing, and electrolytic cop-
per for armatures and rotors of micromotors and fractional
h-p motors; Specially Prepared Switch Copper for switches,
bus bars and similar applications; Extruded copper shapes
for contacts, contact arms, solderless connectors, etc.,

20A

Free Cutting Rod for parts machined to close tolerances;
Tubular rivet wire.

The Revere Technical Ady isory Service will gladly work
with you in studying your requirements and determining
the Revere mill products that lend themselves to the most
economical manufacture and best service.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801
230 Park Avenue, New York 17, New York
Mills: Baltimore, Md.; Chicago, 11/,; Detroit, Mich.; New Bedford, Mass.;
Rome, N. Y.—Sales Offices in Principal Cities, Distributors Ewrywberr'

February, 1949



A0 OSCILLATING ClRCUIT
QETTER THAN ITS CAPACITOR(S)

NO CAPACITOR
IS BETTER THAN

| ElMlenco

This is why more and more manufacturers
of Radio, Electrical and Electronic equipment are
wrning to EL-MENCO. Engineers specify EL-
MENCO when they want small size, high capac-
ity and unquestioned performance in capacitors.

_ [
hasw =ol

Te

(f

Each tiny EL-MENCO capacitor does the [0
job it was designed to do, with absolute accuracy '
and complete dependability. When you want to
protect your products’ reputation for perform-
ance perfection — specify EL-MENCO for
capacitors that really satisfy.

CM-40

Avoiloblo in A, B, C, D and E
Charocteristics. Minimum fol-
eronce (A and B) 5%,. Mini-
mum tolorance (C, D ,E) 1%,.
3,300 to 7,500 mmf. cop. of
500 DC working voltage®.
8,200 to 10,000 mmf, cop. at
300 DC working voltoge®. 6-
dot color coded.

Available in A, 8, C, D
ond E Choracteristics.
Minimum toloronce (

ond B) 59%. Minimum
" tolovance (C, D, E) V7.
470 to 6,200 mmf. cop.
at 500 DC working vol-
tage®. 6-dot color coded.

ARCO ELECTRONICS, INC., 135 Liberty Street, New York, N. Y.
Sole agent for jobbers and distributars in U. S. aond Canada.

THE ELECTRO MOTIVE MFG. CO., INC.
WILLIMANTIC CONNECTICUT

*Can be made in other capa-

Foreign Radio and Elec- Write on your N

city values and voltage ratings Y '
tronic Manufacturers com- /i

municate direct with our - /I;'e;'d"/[;r”Cea’;:

Export Dept. at Williman- alog and Sam-

tic, Conn. for information. /)Iesg

MOLDED MICA MICA TRIMMER

PROCEEDINGS OF THE I.R.E February, 1949 21A




can get
nesults lite this

o« WHEN C.T.C.'s CUSTOM
ENGINEERING SERVICE
HANDLES YOUR PROBLEMS

A snop-on covered multi-contoct terminal board assembly constructed of
approved materials to meet o client's speciol requirements

When one of our customers ap-
proached us with a terminal board
problem a short time ago, the re-
quirements were such that no
standard board could be found to
do the job.

And that’s where C.T.C.’s Cus-
tom Engineering Service went to
work. The result: the board you
see above.

This is just one of many ex-
amples in which C.T.C. Custom
Engineering has produced results
for electronic and radio manufac-
turers. We are equipped to pro-
duce assembled terminal boards of
almost any description using any
approved material ., . . terminal
lugs designed and produced to
your special requirements in any
needed quantity . . . coils and
chokes of whatever capacities and
characteristics you may need.

Combinotion lug,
Screw on top , . .
solder terminol be-
low. Designed os o
rugged swaged
lerminol for top &
boMom wiring op-
plications,

C.T.C. is prepared to meet ony special re-
quirements you may hove for termingl lugs.

22A

Our engineers will gladly design lugs to fill
your needs ond produce them in quantity.

Hi  Q oscillolor
coil — mode lo
close  loleronces
mounls directly on
bond switch.

C T.C has
helped many
manvfacturers
in designing special coils and chokes to meet
individual conditions, Can we be of service to
you? We'll see your problem through from
design board to production,

See us at Booth 288 ot the IRE Exposi-
tion, Grand Central Palace, March 7-10,
A C.T1.C. Engineer will be glad to discuss
problems concerning electronic components,

Double-End Torminol  Coil
Lugs Boord

r------—'---n-—_

]
: Cistom o Slandeaid
i Te Grecvicn leec! :
: CmM/wMen/J i
' Swaoger Short Split Turret :
] \ ]
! 1
| )
l o [ ]
1 1
] [
] ]

] CAMBRIDGE THERMIONIC corp.
456 Concord Ave,, Cambridge 38, Moss. |

PROCEEDINGS OF THE I.R.E.

What to SEE at the 1949
Radio Engineering Show

Directory of 200 Exhibits
(Continued from page 6A4)

Firm Booth
Electro-Tech Equip., Co., Inc., New VYork,
N. Y. 297 & 208

Laboratory and Portable Test instruments,
Pancl and Switchboard Instruments, Pyro-
meters and associated cquipment, service in-
struments.

Electro-Voice, Inc., Buchanan, Mich. 272
Microphones and phonograph pickup car-
tiidges

Electronic Mechanies, Inc., Clifton, N. J. 3190
Fabricated and molded eclectrical insulation
parts of “Mykroy,” a glass-bonded mica.

Electronic Tube Corp., Philadelphia, Pa. 271 & 272
4-Channel Cathode Ray oscilloscope, 2-Chan-

ncl cathode ray oscilloscope with plug-in
amplifiers, high gain DC amplifier.

Electronics, New York, N. Y. 200
Electronics Magazine.

Erie Resistor Corp., Erie, Pa. 91
Ceramic Condenseis, Button Silver Mica Con-
densers, molded plastic parts for radio and
television application,

Fairchild Recording Equipment, Corp., White-

stone. N. Y D
Professional recording equipment and trans-
cription equipment including a new profes-
sional tape recorder.

Fansteel Metallurgical Corp., North Chicago,

m 292
Tantalum. Tungsten. Molybdenum, Elec-
tronic Tube Components, Sclenium rectifiers,
electrical contacts.

Federal Telephone & Radio Corp., Clifton,

N.J 29-34
Television transmitter link and other broad-
cast equipment, transmitter tubes, telephone
carrier equipment, radio aircraft cquipment,

Ferris Instrument Co., Boonton, N. J. 1,2,3
Complete line of Ferris instrunents, with new
features not shown before.

Freed Transformer Co., Inc., Brooklyn. N. Y. 103
Transformers, reactors, wave filters, labora-
tory test equipment.

Furst Electronics, Chicago, I11. R
Wow meter for microgroove turntables and

wire recorders, Various types of regulated
Power supplies.

General Ceramics & Steatite Corp., Keasbey,

N. J. 37
Ferrites (magnetic ceramic materials), stea-
tites, titanates, zircon porcelains, wet process
porcelains, rigid coaxial line.

General Electric Co., Apparatus Div. 113-119
Capacitors, transformers (radio) voltage regu-
lators, wire and cable, soldering irons, auxili-

ary relays manual switches, selenium recti-

fiers.

General Electric Co., Electronic Div. 113-119
Miniature TV equipment, plug-in and porta-

ble amplifiers, precision test equipment, loud-
speakers, cartridges, single sideband selector

tone arms.

General Electric Co., Tube Div. 113-119
Transnitting tubes, industrial tubes, receiving
and cathode ray tubes including the 16AP4
metal tube and the 12K P4 “Daylight” tube.

General Electronics, Inc., Paterson, N. s 72
Electron tubes, oscillators, rectifier. thyra-
trons and cathode ray.

General Radio Co., Cambridge, Mass. 92 & 93
Television monitors, new light meter and
Color photography, UHF connectors and
measuring circuits, radiation counters, Imped-

ance bridges.

Gibbs Division, George W. Borg Corp., Dela-
van, Wis, 236
Electronic equipment and components.

(Continued on page 744)
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WRITE FOR

= m The rapid increase in the use of molded
iron cores throughout electronic engineering has

é & \* 4 J, resulted in large part from Stackpole engineering
that has made new and improved types available

at attractive prices. In addition to dozens of
standard broadcast, permeability tuning and

high frequency types, Stackpole offers numerous
others, a few of which are illustrated below.

4 sIDE MOLDED

Extra density of pressure extends evenly
the entire length of the core. Resulting
uniform permeability makes Stackpole
Side-Molded Cores outstandingly supe-
rior for tuning applications. Broadcast
band and short-wave types available.

TRANSFORMER CORES

for filter coils in corrier frequency equipment.

Assure constant inductance over a given
frequency range. Widely used where con-
stant inductance, limited only by prede-
termined saturation point of core, is needed
for various currents.

HIGH-RESISTIVITY CORES

Made of a special material showing re-
sistance of practically infinity. Reduce
leakage currents and noise troubles, mini-
mize voltage breakdown possibilities be-
tween coils and core; and, where cup cores
are used, eliminate heavily insulated lead-
in wires.

&.

4

.
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{ TELEVISION CORES

From horizontal deflection
and flyback transformer
cores to I.F. and other
types, Stackpole offers a
complete line. The types
illustrated here assure re-
markably uniform results,
save on assembly costs.

CUP CORES p

These unique, self-
shielding units are
available in a wide
range of shapes and sizes and
are finding steadily increasing
use throughout modern elec-

p .’
tronics. Can be mounted close 0 /
to chassis or other metal parts.

STACKPOLE ELECTRONIC COMPONENTS CATALOG RC-7

CHOKE COIL CORES M

Ideal for audio, “hash,” r-f chokes and
others. Reduce coil dimensions and in-
crease ‘‘Q).” Insulated leads connect to coil
and permit point-to-point wiring. Fre-
quency ranges from 100 cycles to 175
megacycles.

{ SLEEVE CORES

By permitting use of smaller cans of
less critical and less costly materials,
these cores assure a high order of
tuning efficiency in greatly reduced
size. In some instances, it may not
even be necessary to use cans.

ELECTRONIC COMPONENTS DIVISION

STACKPOLE CARBON COMPANY,

February, 1949

St. Marys, Pa.
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BELL TELEPHONE LABORATORIES

EXPLORING AND INVENTING, DEYISING AND PERFECTING, FOR CON-
TINUED IMPROYEMENTS AND ECONOMIES IN TELEPHONE SERVICE.

miles of speech-

only inches of sound!

When yon talk by telephone, far or near, the actual
sound travels much less than when you talk across
the room!

That’s hecause the telephone systcm carries not sound
itsell but an eleetrical facsimile of sonnd. When you
speak into a telephone transmitter your voice is con-
verted into electrical vibrations which are not changed
back into sound until they reach the receiver
diaphragm.

Conversion of sound into its electrical equivalent,
throngh the invention of the telephone, opened the
way to the measurcment of sound by accurate elec-
trical methods. In developing means 1o make the
telephone talk farther and sound clearer, the scien-
tists of Bell Telephone Laboratories had to develop

the tools for sound-wave analysis and measurement.

The condenser microphone. the wave filter, the ampli-
fier — each the product of telephone rescarch — have
helpedtoreveal the structure of sound asnever before.
Each has helped 10 build the world’s finest telephone
sysierm.



Over 50,000 Hours in Operation
.. . and still going strong !

That’s an casv wayv to describe Mallory Magnesium-
Copper Sulfide Rectifiers. They are built tough to give
maximum service for a maximum period of time, even
operating under the most rugged conditions. The Mallory
Mg-CuS Rectifier in this Rectoplater was in operation 24
hours a dav. seven days a week during the war years.
Since the war, operations have been cut to 16 hours a
dav. six days a week. Humidity and temperature ccn-
ditions are those typical of most plating shops. The
rectifier is still operating efficiently with a current load of

approximately 700 amperes at 12 volts.

Mallory Magnesium-Copper Sulfide Rectifier Stacks are
practically immune to damage or abuse. The stack is
self-contained with no liquids, bulbs or moving parts—
rectification is confined to the core—the outside fins are
for heat dissipation only. Rectifier junctions are made so
that they actually heal themselves. That’s why Mallory
Magnesium-Copper Sulfide Rectifier Stacks are more than
“the world’s toughest rectifiers”.

I rite for more information or engineering help.

Proved long life
e

Check These
Features:

+ Withstands abuse and accidental

short eircuits

' Self-healing rectifying junctions

+ Unaffected by high temperatures

+/ Constant output over many years

v Resists harmful atmospheric
conditions

v Rugged. all-metal construction

+/ No bulbs. no brushes,
no sparking contacts

Mg-Cu$ Rectifier Stacks and Power Supplies

PROCEEDINGS OF THE ILR.E. February, 1949

P.R.MALLORY & CO.Inc.

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

SERVING INDUSTRY WITH

Capacitors Rectifiers
Contacts Switches
Controls Vibrators

Power Supplies

Resistance Welding Materials

25A




SMALL CONTACTORS

Bulletin 700 Universal Relays are avail

able in 10-amp rating with 2, 4, 6, and
8 poles. Two contact banks permit quick
changes from normally open to normally
closed contacts. The double-break, sil-
ver-alloy contacts require no mainte-
nance. There are no pins, pivots, bear-
ings, or hinges to bind, stick, or corrode.

Y,

~

TIMING RELAYS

Bulletin 848 Timing Relays are ideal for any
service requiring an adjustable, delayed-action
relay. They have normally open or normolly
closed contacts. The magnetic core is restrained
* from rising by the piston in fluid dashpot. ldeal
for transmitter plate voltage control. Time delay

adjustable.

period ot these relays

\

FIXED RESISTORS

In all standard R.M.A. values as follows—2 watt from 10 ohms
to 22 megohms; 1 watt from 2.7 ohms to 22 megohms; 2 watt
from 10 ohms to 22 megohms. Small in size; tops in quality.

_J
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Bulletin 702 Solenoid Contactors are
available for ratings up to 300 amperes.
Arranged for 2- or 3-wire control with
push buttons or automatic pilot devices.
Enclosing cabinets furnished for all serv-
ice conditions. The double-break, silver-
alloy contacts need no maintenance. For
complete description and dimensions,
please send for Bulletin 702.

LIMIT SWITCHES

Essential for safety inter-
locks on transmitter cabi-

nets. Also used for sequence
switching, restricting ma
chine motions, and starting,
stopping, and reversing

motors. Let us send you
Bulletin 701 - 2.

\.
(

ADJUSTABLE RESISTORS

Type J Bradleyometers can produce any
resistance -rotation curve. Resistor element
is solid-molded as a one-piece ring that is
unaffected by age, wear, heat, or moisture.
Can be supplied in single-, dual-, or triple-
unit construction for rheostat or potenti-

ometer applications. Built-in line switch is
optional on single or dual types.

\_

QUALITY COMPONENTS

for Quality Electronic Equipment

When you design an electronic device that
must meet rigid performance specifications . . .
your component parts must be "tops” in qual-
ity. For such applications, the leading electronic
engineers use Allen-Bradley fixed and adjust-
able resistors; Allen. Bradley relays and ccn-
tactors; Allen-Bradley standard and precision

Sold exclusively to manufacturers

Iimif switches. Let us send you data on all items
||'sfed above. In war service and in peace-
time applications, Allen-Bradley components
are the choice of electronic engineers for tele-
vision and radar circuits,

A||en-Brad|ey Co.
‘l 14 . Greenfield Ave., Milwaukee 4, Wis.

of radio and electronic equipment

" ALLEN-BRADLEY

RESISTORS

RELAYS

February, 1949




...punchinq dies ayailable
in endless ”l’/ﬁr for

COSMALITE"
COIL FORMS

Manufacturers of radio and television receivers
KNOW the outstanding advantages of COSMA-

LITE in both performance and price.

There is a further saving in time and costs through
the use of our extensive number of dies available

to purchasers of Cosmalite Coil Forms.

*Rex. U. S. Pat, Of. Q..:?
7/, CLEVELAND CONTAINER(.

6201 BARBERTON AVE. CLEVELAND 2, OHIO

+ All-Fibre Cons+ Combination Metal ond Paper Cans

« Spirally Wound Tubes and Cores for all Purposes

« Plastic ond Combination Paper and Plastic items
*

Your inquiry will receive personal
and experienced attention,

® -

PROOUCTION PLANTS also at Plymouth, Wisc ,Ogdensburg, N.Y_, Chicago, I, Detrait, Mich ,Jamesburg N2,
PLASTICS OIVISION at Plymouth, Wisc. o ABRASIVE DIVISION at Cleveland, Ohlo

SALES OFFICES : Room 5632, Grand Central Term. Bidg., New York 17, N.Y. also 64T Maln St Hartford, Conn.

CANAOIAN PLANT: The Cleveland Contalner Canada, 11d., Prescott, Ontario

See our Exhibit #220 at the
I.R.E. Radio Engineering Show.
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General Application

Load Range *Regulation

Model Volt-Amperes Accuracy
150 25-150 0.5%
250 25-250 0.2%
500 50-500 05%
1000 100-1000 0.2%
2000 200-2000 0.2%

*Models available with increased regulo-
tion accuracy.

Frap S 5

4 o i
. t

A :

: o
PR s

A

Extra Heavy Loads

Lload Range *Regulation

Model Volt-Amperes Accuracy
3,000 300-300¢C 0.2%
5,000 500-5000 0.5%
10,000 1000-10,000 0.5%
15,000 1500-15,000 0.5%

*Models available with increased regula-
tion accuracy.

The NOBATRON Line

Output Load Range
Voltage DC Amps.
6 5-15-40-100
12 5-15.50
28 10-30
48 15
125 5-10
Regulation Accuracy—,25% from Y% to full
load.

28a

the first line of

STANDARD

electronic AC voltage

regulators and nobatrons

GENERAL SPECIFICATIONS
Harmonic distortion : max. 5% basic or 2% “S"

models

volts

Input voltage range: either 95-125 or 190-250

Output: adiustable between either 110-120 or
220-240 volts

Input frequency range: 50-60 cycles

Power factor range: down to 0.7 P. F.

All AC Regulators and Nobatrons may be used at no load.

Special Models designed to meet your unusuol
applications.

Write for the new Sorensen catalogue. It contains
complete specifications on standard Voltage Regu-
lators and Nobatrons.

Special Transformers, D. C. Power Supplies, Saturable Core
Reactors and Meter Calibrators made to order; pleose

request information.

SORENSEN & Company, Inc.

Stamford, Connecticut

Represented in all principal citses

400 Cycle

Inverter and Generator Regulators for
Aircraft

Line

Single Phase and Three Phase

Model

D 100
D 500
D 1200
D 2000

Load Range
Volt-Amps.
10-100
50-500
120-1200
200-2000

Reg.

Accuracy

0.5%
0.5%
0.5%
0.5%

PROCEEDINGS OF

3-Phase Regulation

Star-connected three-phase systems can be
handled effectively. Other three-phase sys-
tems must be reviewed by our Engineering
Dept VA Capacitics up to 45 KVA.

THE IL.R.E February, 1949




/414

No. 1160
10x1 HY steps
10x.1 HY steps
10x .01 HY steps

No. 1161

10x .1 HY steps
10x .01 HY steps
10 x.001 HY steps
~2000-50,000 cycles

Primarily designed for use in wave filters, tuned
circuits and equalizers for audio and supersonic fre-
quencies. The stability, accuracy and high value of
Q make these Decade Inductors invaluable laboratory

instruments.

“PRODUCTS of EXTENSIVE RESEARCH
FREED INSTRUMENTS & COMPONENTS!
/

No. 1162

10x .01 HY steps
10 x .001 HY steps
10 x.0001 HY steps
10,000-300,000 cycles

No. 1164
10x10 HY steps
10x 1 HY steps
10x .1 HY steps
50-1000 cycles

FREED TRANSFORMER CO., INC.
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Your electronic equipment
is no better than

its smallest

component. ..

CLOSE CONTROL RHEOSTATS

Here is the most extensive line of
rheostats offered today . . . 10
sizes, from 23 1o 1000 watts, with

many resistanee values. All-
ceramic construetion. Windings
are locked in vitreous enamel.

Used as multi-tap resistors
or voltage dividers. Nar-
row strip of exposed winding
provides contaet surfaee for the

adjustable lug. Available in seven
sizes— 10 to 200 watis.

#* MOLDED COMPOSITION POTENTIOMETER

A 2-watt molded composition
unit with good margin of
safety. It is unaffected b
heat, cold, or moisture.
Resistance element is a

thiek, solid-molded ring.

2 So that 1o exceptionally high-quality products will be nuiversally obtainable, Olinite Manufac-
turing Company, in co-operation with the Allen -Bradley Comrpany, has arrauged for the I\gw B

VITREOUS ENAMELED RESISTORS

Resistors are wire wound on a ceramic
core, rigidly held in place, insulated,
g and protected by vitreous enamel.

/ Even winding dissipates heat rapidly

prevents hot spots. Many types, in
ratings fromn 5 to 200 watts.
%

RADIO FREQUENCY PLATE CHOKES

Single-layer wound on low
power factor steatite or
molded plastic cores. Seven
— stock sizes cover range 3 to
520 me. Two units rated 600

v, ma: all others 1000 ina.

“MOLDED COMPOSITION RESISTORS

in '9, 1, and 2-watt sizes.
I00hms to 22 meroluns.
Tol. 107 and £ 5

Suiall and sturdy, these
4 “Little Devil” units come

Wnite

(Allen-Bradlev Type ]) control and Little Devil Molded Composition Resistors (Allen -1

& . S
radle ) pe
T'ypes EB, GB, and 11B) 10 be available from stock ai Ohmire distributors, 4 C’} /: /07

OHMITE MANUFACTURING CO.
4861 Flournoy St., Chicago 44, III.

f)

/ "}; &(a&:g
la. 40

¥ Be Right weth C HM“ E
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. ... the Karp story is this:

We're a group of sheet metal fabrication specialists

with almost 25 years' experience in our craft.

We believe we have some of the most ingenious men
in the industry—especially in our engineering deport-

ment and among our skilled crattsmen.

We have 70,000 square feet of ultra-modern plant,

with every up-to-date aid in the way of tools and

machinery.

We have the very latest in air filtered painting ond

finishing facilities.

We are geared to produce —at the right cost for its
specifications — anything from a simple box ar chassis
to the largest studio broadcasting apparatus housings

—and in any quantity.

In short, we're at your service for sheet metal fabrica-

tion at its best. And we mean service!

Visit Our Exhibit, Booths 49.50 at the I.R.E. Show

KARP METAL PRODUCTS CO., INC.

223-63rd STREET, BROOKLYN 20, NEW YORK

%I(J /0 e

February, 1949

ol lsnere e Sheel Helald
/4
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The RCA List of Preferred Type Receiving Tubes fulfills the

major engineering requirements Jor future receiver desigus.

Most likely to succeed...
RCA preferred type tubes for AM, FM, and TV receiver designs

HETHER 1T°S GLASS, metal, or miniature—

RCA preferred type receiving tubes will serve
your major requirements for a long time to come . . .
and RCA preferred types are the tubes you can bank
on for your future designs.

These RCA receiving types are especially recom-
mended because their wide-spread application
permits production to be concentrated on fewer types.
Longer manufacturing runs reduce costs—lead to

TUBE DEPARTMENT

HARRISON, N. J.

32a

improved quality and greater uniformity. These
benefits are shared by you and your customers.

RCA Application Engineers arc ready to suggest the
best preferred types for your receiver design require-
ments. Just contact our necarest regional office—or
write RCA, Commercial Engineering, Section 47BR.
Harrison, New Jersey.

The Fountainhead of Modern Tube Development is RCA

RADIO CORPORATION of AMERICA
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Arthur S. McDonald

ViICE-PRESIDENT, 1949

Arthur S, McDonald, Chief Engineer of the Aus-
tralian Overseas Telecommunications Commission, was
born at Castle Donnington, Victoria, \ustralia, on
March 6, 1891. Shortly after leaving secondary school
he was apprenticed to a civil engineer, after which he
gravitated to the mechanical engineering field. In 1910
he was appointed to the engineering branch of the Aus-
tralian Postmaster General's department, and he was
transferred to the radio section of that department on
its inception in 1911,

From 1911 until 1915 Mr. McDonald supervised the
erection of many of the first radio stations in Australia,
and was honored in 1913 by the Federal Executive
Council of the Australian Government for his work. In
1915 he transferred to the Naval Radio Service and
two years later was named engineer for electrical cquip-
ment, responsible to the Naval Board for design and in-
spection of radio and electrical equipment.

Mr. McDonald was appointed chief engineer of Amal-
gamated Wireless, Ltd., in 1922, when governmental
and certain private operational and manufacturing ac-
tivities merged. There he supervised the company's
broadcasting, fixed, and mobile short wave telegraph
and telephone activities. In 1933 he was named chiof

engineer and assistant manager, and later assistant gen-
eral manager. In the course of his duties he paid several
visits to Europe and America in order to negotiate busi-
ness transactions, and also to report upon radio activi-
ties in those continents.

With the growth of radio activities prior to and dur-
ing World War II, Mr. McDonald's duties were greatly
augmented, and, during this period, he directed the
company’'s activities in radio research, construction, and
operation for coast-guard, international radiotelegraph,
and telephone services: and broadcasting and miscel-
lancous mobile radio services. He also helped to fill Na-
val, Military, and Air telecommunication contracts.

The Australian Overseas Telecommunications Com-
mission was established in 1946 and the operational side
of fixed and maritime mobile communications networks
owned by Amalgamated Wireless was transferred to this
Commission. At the same time, Mr. McDonald was
named Chief Enginecr.

Mr. MceDonald became a member of the IRE in 1923.
In 1941 he was advanced (o Fellow rank in the IRE. He
is a corporate member of the Australian Institution of
Engincers and a Fellow and Past President of the Aus-
tralian Institute of Radio Engincers.
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Communications and electronic engineers owe a notable debt of gratitude to the inspired,
capable, and indefatigable physicists who have discovered and explained the basic phenomena |
from which the corresponding branches of engineering have been developed. It is, therefore,
particularly fitting that the members of the IRE shall do what they can to meet the specifications
for new devices needed by their esteemed colleagues, the physicists, 10 accomplish further and im-

rtant tasks. These requirements have been assembled for the following guest editorial by a mem- |
g?r of the IRE Board of Editors and a research worker at the University of Iltinots.—The Editor.

What Electronics Means to the Physicist
JAMES S, ALLEN

During the last fifteen years there has been a steady increase in the application of electronic
techniques to the problems of experimental physics. In recent years, even the field of theoretical
physics has been henefited directly through the use of electronic computers. Consequently, the
physicist is vitally interested in the new products and techniques which result from the rescarch
and development originated by the clectronic or radio engineer. It is certain that both the
physicist and the engineer will be aided by an increased understanding of the problems which
are of mutual interest to the two professions.

Perhaps a few examples of the many electronic devices and techniques used by the physicist
will serve to indicate their widespread use in this field of science. At present, there is an urgent
need for wide-hand pulse amplifiers able to handle the pulses of extremely short time duration
produced by electron-multiplier tubes. The delay-line amplifier with tubes in parallel rather
than in series may prove to be a solution of this problem. An improved counting circuit similar
to the familiar “scale of two” scaling circuit is required. This device should be able to count
pulses 10~ to 10~? seconds wide and should resolve two such pulses separated by an interval
of time less than 10-7 seconds. The study of the magnetic properties of nuclei by the microwave
absorption method has been made possible by the recent developments in the field of radar. In
order to be successful in this ficld of research, the investigator should have a thorough under-
standing of the theory and application of microwaves to this problem. Through the combined
efforts of engineers and scientists in other fields, large clectronic computers, such as the
ENTAC, have been developed. These machines should make possible computations never before
considered practical or even possible, because of the length of time required when more con-
ventional methods of computing are used. At present, there is a definite need for improved
memory devices and also for simplified and highly reliable electron tubes for the basic counting
circuits employed in these computers.

As the need for electronic devices, circuits, and techniques becomes more urgent in physics,
and in other allied fields of rescarch, the market for these products will be enlarged. It is hoped
that this increased demand for the services of the engineer will result in new ideas and develop-
ments, which will aid both the physicist and the engineer.
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Theory and Practice of Tropospheric
N 0 K
Sounding by Radai

ALBERT W. FRIENDT, SENIOR MEMBER, IRE

Summary—Studies of tropospheric sounding by pulsed radio SYMBOLS AND ABBREVIATIONS
waves have been extended from the original medium-frequency
phase to include the use of modern high-powered, sharply beamed
microwave radar systems. The apparent detection of discrete echoes

a =radius of raindrop in equation (2)
a =constant defined in cquation (81)

from entire air-mass boundaries and from thick regions of relatively a =antenna efficiency factor in equation (96)
high values of dielectric gradient at vertical incidence is indicated by ay=constant of the transformation in cqua-
experimental results attained on medium frequencies during the tion (59)

period from 193¢ to 1942. On certain occasions, the indicated heights

. A =constant of the Epstein transformation
embraced almost the entire troposphere. Sample results are illus- I

trated. A=1I, 8=27.75\/Pi,G,, as defined in equa-
More recently, continuous photographic records have been made ) tion (71)
by vertical beam-sounding techniques which involved the use of A =total arca of wave l)]‘()l)"lg;ni()” Cross seC-

modified SCR-584 and AN/CPS-1 (MEW) microwave radar sys-
tems. In addition to the familiar scattering reflections from raindrops,
snowflakes, and ice particles from heights up to about 50,000 feet,

tion in cquation (87)
Ady=cross-sectional arca of a small discrete

continuous records of ‘‘dot,” ‘‘line,” and other unusual weak echo reflecting region
signals are obtained in some form at all times, up to heights of at A =constant of the transformation in equa-
least 30,000 feet, when sufficient power and sensitivity are available tion (59)

in the radar system. Samples of these photographic recordings are

. - ) . : A.=cffective arca of receiving antenna
shown, and a simultaneous radiosonde plot is provided for compari- ‘ ‘ S

son. References are cited to show additional supporting experi- Ap=arca of paraboloidal "l"“‘mfil r?”“"“"’ .
mental evidence which seems to indicate more strongly that the by = constant of the transformation in equation
origins of many of these echo patterns are in the fine structures of (60)

the dielectric transition layers of air-mass boundaries :and air-
turbulence and mixing regions. Many of these effects appear to
originate within definite strata, and some of the strongest and

B =rceeiver acceptance bandwidth  hefore
detector, in cyveles per second

sharpest echoes involve surfaces of pronounced transitions of the By =constant of the transformation in cqua-
water-vapor content of the air. tion (60)
The theoretical approaches indicate that certain sharp echo B=4r/rs=4nf/c

effects may be produced almost entirely by dielectric transition and

s ‘ «a, 3, ¥y =constants in the hypergeometric differ-
deviation layers of thickness of the order of one wavelength or less. By S

This coincides with the observation of single discrete echoes from (‘ntla]‘ cquation . .
air-mass boundaries by medium-frequency sounding, and of scintil- ¢ =velocity of clectromagnetic waves in free
lating and multiple-point or ‘‘dot” echoes from similar strata by space

microwave radar sounding. More pronounced reception of the un-
dulating echo bands, which are apparently from continuous dielectric
gradient regions, is indicated for medium and high frequencies, in . . g
contrast with the generally more discrete echoes observed with Ye=constant value of dicleetric gradient
microwaves. d = total distance from transmitter to reflect-
It is concluded that a set of perhaps three vertical beam systems
for simultaneous and continuous sounding and recording of echoes
from the troposphere could provide a most comprehensive supply of

v =de./dh =diclectric gradient
Yo=constant defined in cquation (77)

ing surface and back to receiver
di=term defined in equation (36)

data by operation with high-gain antenna systems and maximum d2=term f]cﬁncd in equation (36)

available power on, perhaps, 400, 4,000, and 40,000 Mc. The first D=term in cquation (18)

of these respective frequencies would be used for the exclusive re- I' = Gaussian gamma function

cording of major dielectric-variation phenomena, the second fre- c=2.718 ~

guency would be used for the recordmg.of pronounced d.xe.lect.nc Ly =60I\"2G,. a~ defined in cquation (70)
ne-structure effects and for the penetration of dense precipitation o o

regions to record their structures, and the third frequency wouid be Ere=reflected cleetrie field-st rength vector

used for the detection of the smallest concentrations of the most mi- e=diclectric constant A

nute precipitate or dust particles. €= (1/36m)10~° dielectric constant of space

e =relative dicleetric constant
’ —
* Decimal classification: R122.2XR116. Original manuscript re- &' =(e,—1)

ceived by the Institute, May 3, 1948; revised manuscript received, de, =a small difference of relative dielectric
August 19, 1948, Presented, 1948 IRE National Convention, New ’

York, N. Y., I\lgrch 25, 1948. The rescarch reported in this document constant
was made possible, in large part, through support extended Crufy exp () =et ), the exponential
Laboratory, Harvard University, jointly by the Navy Department = .
(Office of Naval Research) and the Signal Corps, United States Sy =frequency in megacycles per second
Army, under ONR Contract N3ori-76, T.0. 1. Sy (h)y=de, '0h
t Formerly, Cruft l.:lhorat(_)ry, Harvard University, Cambridge = F lut; . .
Mass.; now, Radio Corporation of America, RCA Labhoratories 1= Fe - - solutions of the hypergecometric differen-

Division, Princeton, N. J. tial equations
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Fy=dissipation factor to account for power-
loss ratio of circuit from antenna
F,, =external noise power, per unit bandwidth,
divided by kT
F.=noise factor of receiver
F.' =noise figure of recciver with antenna at-
tached
Fla,B,7v, %)= hypergecometric function
g(£) =k*(§)
G, =power-gain ratio of receiving antenna in
comparison with an isotropic radiator
Gr = power-gain ratio of transmitting antenna
in comparison with a half-wave antenna
in free space
G, =power-gain ratio of transmitting antenna
in comparison with an isotropic radiator
n=a co-ordinate of the electric field E
h =altitude (height)
ho=a constant defined in equation (77)
I, =lower altitude of region considered
hy =upper altitude of region considered
h, =h, =sccond height of integration
B, =hy—hy=1/2ct,as defined by equation (69)
h,=h,— h,=range interval of integration
hg.d. e. =hypergcometric differential equation
I =current at the center of a half-wave trans-
mitting antenna
E=1.37%X10"2 joules per °K=DBoltzmann’s
constant
k=w/c=2m/\=wave number
ko =radar observer’s constant defined in equa-
tion (98)
ki=a+j=constant defined in equation (82)
b =radar detectability constant, controlled
by presentation, integration, and other
similar aids for increasing detectability
k,=a—j=constant defined in equation (83)
k.= pulse-shape factor which equals unity for
a rectangular pulse shape
K =term in cquation (18)
Kﬂ =abbreviations for combinations of «, 8,
Kspand In( )=loge ( )v, as defined by
K;J equation (15a)
L =layer thickness (as defined)
L. =symmetrical layer thickness between half-
deviation points
x =4mr/\s =constant of the Epsteinian trans-
formation
M =A¢, =maximum relative dielectric-con-
stant deviation in a symmetrical layer
M, =an initial increment of diclectric constant
with respect to unity
u=constant of transformation in equations
(59) and (60)
n =refractive index
no =index of refraction of raindrop

N =Ae, =€, —€n = total transition difference of
relative diclectric constant in a monotonic
transition layer

£ =height (distance) out from the center of a
layer or space co-ordinate

p =total air pressure in millibars

P,, =transmitted power, in kilowatts
P, =received power, in equation (90)
P,;=received power, in equation (2)
P,=transmitted power

}Q)Ef_;}=abbreviations in the hypergeometric dif-
’ ferential equation
p(§) =In(—x), as used in equation an
# = pulse-repetition rate of radar system
ro=constant of intcgration in the text with
equation (14)
r(£) =as defined in the text with equation (13)
R =radial distance from radar antenna to
raindrop, in equation (2)
R=electric ficld-strength (voltage) reflection
coefficient or ratio
IRI =magnitude of clectric field-strength reflec-
tion coefficient or ratio |R| » =magnitude
of electric ficld-strength (voltage) reflec-
tion cocfficient of an incremental layer of
thickness (Ah)
R, =radiation resistance of a half-wave dipole
in free space
p =radius of curvature of dielectric-variation
curve
p=2ma/\ in equation (2)
S=relative layer thickness (sce (30))
S, = power captured by an isotropic reflecting
region
S, = power returned to recciver location from
reflector
o;=radar scattering cross section of particles
T =absolute temperature of the air in °K in
equation (103)
T =electric ficld-strength transmission ratio
T,=absolute temperature of a noisc source in
°K
= time (seconds)
r,=time duration of pulse, in seconds
¢ = pulse-shape function
v = velocity of propagation = c/\Ver
w=water-vapor mixing ratio, in grams per
kilogram of dry air
x =a variable space co-ordinate

x|

f=variahlc of the hypergeometric differen-
Y tial equation

z=variable of equation (39)
w=2nf=angular frequency

* = denotes the conjugate function
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in 1942, in an cffort to reduce all possible experimental ST GO LT Gl R a0 RADIO ECHO PATTERN

errors of the medium-frequency (2,398 Me.) sound-
ing svstem to an absolute mininium. These tests in-
dicated the validity of the previous experiments. In
addition, they appeared to confirta an carlier hypothe-
sis of extended patterns of interfering wave reflections
from deep strata of rather moderate diclectric gradients.
The peak transmitted pulse power was 40 kw on 2.398
Me.

An example of an echo pattern which combines these
two cftects is shown in Fig. 1, for June 23, 1942 'From
the ground up 1o an elevation of 1.0 km, a rather high
value of dicleetrie gradicut is indicated by the radio-
sonde (RAOB) data, as the result of a steep lapse in the
water-vapor content of the air. .\ characteristic wave-
interference pattern was indicated by the radio echo pat-
tern.

From about 1.0 to 1.4 km, the RAOB indicated an
extremely high dicleetric gradient in passing from the
lower moist stratum to the dryv upper air mass. \ pro-
nounced radio echo was apparcntly retlected from this
region. The extended thickness of this laver mav have

'R C. Cowell and N W Friend, “Tropospheric radio wave re
flections,” Science, vol. 86 pp. 473- 174; November 19, 1937,

AW Friend and R, € Colwell, “Measuring the reflecting re
gions of the troposphere,” Proc. 1.R.E., vol, 25, pp. 1531 1511
December, 1937.

FAL WL Friend, “Continnous determination of air-mass hound-
aries by radio,” Bull. Amer. Met. Soc., vol. 20, pp. 202 205; NMay,
1939.

C WL Friend and R CL Colwell, “The heights of the reflecting
regions in the troposphere,” Proc. LR, vol. 27, pp. 020 035,
October, 1939,

AW Friend, “Developments in meteorological sounding by
radio waves,” Jour. Inst. dero. Sci., vol. 7, pp. 347 352; June, 1940,

S A. W, Friend, “Further comparisons of meteorological soumnd.-
ings by radio waves with radiosonde data,” Bull. Amer. Met. Soc.,
vol. 22, pp. 33 61; February, 1941,

T These tests were conducted under a program of NDRC research,
sponsored by J. A. Stratton, of the Massachusetts Institute of Tech.
nology, through the Radiation Laboratory.

&AWL Friend, “Continuous tropospheric sounding by radar,”
Proc. LR.E., vol. 36, pp. 501-503; April, 1948,

* AL W Friend, “Reflections of vertically propagated electro-
magnetic waves from the troposphere.” A thesis submitted to the
faculty of the Graduate School of Engineering of Harvard University
in partial fulfillment of the requirements for the S. ), degree in
the field of comnninication engineering, Cambridge, Mass., August,
1947,

Fig. 1 First RAOB and radio ccho plots; June 23, 1942,
produced the double-pulse effect, which is indicated in
the pattern.

Later in the same day, after the passage of a minor
frontal disturbance, the results shown in Fig. 2 were
recorded. The more complicated dieleetric gradient ex-
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Fig. 2 Second RAOB and radio echo plots; June 23, 1942,
hibited helow 2.5 km apparently gave rise to a much
more complicated ccho pattern, as indicated. The pulse
ccho from about 1.3 km may have been from an in-
crease in dielectric gradient at about that level, which
was onlv shightly indicated by the radiosonde. The very-
well-defined upper boundary of the moderately moist
layer of air” which had moved in below 2.5 km, pro-
duced a rather high value of diclectric gradient, which
was apparenty marked by a sharp ccho pattern on the
radio-wave-sounding indicator.

Figs. 1 and 2 represent only two of the thousands of
such patterns which have been observed on this or sim-
ilar sounding cquipment sinee 1935, Their meanings
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have become increasingly clear after years of observa-
tion, but the application of the mathematical analysis
will bring the details into sharper focus.

The theory has indicated the desirability of conduct-
ing sounding tests on a frequency between 100 and 500
Mec. Numerous beginnings upon projects of this sort
have been made since 1939, but cach time the progress
has been arrested by procurement problems or by ob-
ligations of higher priority. A program which was begun
in 1946 is now being continued by others at Cruft
Laboratory, Harvard University. It is hoped eventually
to operate a paraboloidal antenna with a power gain of
300 times and a transmitter of 108 watts peak pulse
power output.

MICROWAVE EXPERIMENTS

Recent tests with microwaves (2,800 NMc or 10.7 ¢m)
indicate results which differ somewhat from those previ-
ously attained, but which may be related to the me-
dium-frequency experiments by scaling down the depths
of the strata of diclectric transitions or deviations and
by considering small mixing-stratum eddies, instead of
complete air-mass boundaries or large stratifications of
the troposphere.

Patterns of apparent small-size reflection sources have
heen observed on plan-position-indicator (’PPl) radar
screens on clear davs when very high concentrations of
energy were used, with systems such as the AN/CPSA1
(MEW) microwave carly-warning radar. Observations
of these dot-echo phenonena on the PPL screen were
reported in conversations during 1946 with .\, G, Lims-
lie, of Cruft Laboratory, Harvard University, and
Lawrence Mansur, of the Cambridge Field Station, Air
Materiél Command.

The author had been experimenting with vertical-
beam tropospheric sounding on 2,800 Mc with a modi-
fied SCR-584 radar sct. There were slight indications of
echoes from the clear sky after all ground cchoes had
been eliminated, but it seemed that the energy concen-
tration was insufficient. As a means for extending these
tests, the United States Air Force allowed the addition
of a vertical beam antenna to their modified experi-
mental AN/CPS-1 radar system at Bedford Airfield
(Mass.). The site of this sct was not well arranged for
suppression of the ground echoes, so, for lack of time,
no effort was made to reduce the echo return from hills
across the field, at about 6,900 to 10,200 feet (2.1 to 3.1
km). Numerous echoes of many types were observed
from all unobscured ranges up to almost 50,000 feet
(15.24 km), during all types of weather. The dot echoes
which were previously observed on the PPLscreen ap-
pear on continuous photographic records as stratified
patterns of varying concentrations of dot echoes, at
heights which corresponded with mixing boundaries be-
tween moist and dry masses of air, as measured by
RAOB equipment at the United States Weather Bureau
stations at Portland, Maine, and Nantucket, Mass.
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There appear to be not less than three classes of echo-
return mechanisms involved in explanations which in-
clude all of the various types of echo signals which have
been observed by the author and by others,!!! within
the frequency range between 1.6 and 30,000 Me.

An example of a continuous sounding recorded from
a modified SCR-584 radar svstem on June 3, 1947, is
shown in Fig. 3. These echoes were of the very strong
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Fig. 3 Sounding record during heavy rainstorm, vertical-beam
radar soundings on A=10 cm with modified SCR-584 radar;
June 3, 1947, at East Lexington, Mass.

type which are produced on microwaves by the scatter-
ing of the waves from particles of snow, ice, and water.
Periodic reduction of the receiver gain allowed detec-
tion of the stratum just below the freezing isotherm
where the melting snowflakes apparently produce larger
amounts of reflection on account of the liquid water
upon their surfaces.

An example of the performance of a higher-power and
more concentrated beam of microwaves from a modified
AN/CPS-1 (MEW) radar system is shown in Fig. 4.
This chart, which was recorded on September 13, 1947,
exhibits a number of various effects. The weather was
hot and sultry, with a perfectly clear sky except for a
few widely scattered, towering thunderheads. “Line”
and “dot” cchoes were recorded from the clear sky. A

19 [, T. Friis, “Radar reflections from the lower atmosphere,”
Proc. 1.R.E., vol. 35, pp. 494-495; May, 1947.

11\, B. Gould, “Radar reflections from the lower atmosphere,”
Proc. L.R.E., vol. 35, p. 1105; October, 1947.
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Fig. +—Vertical beam sounding with modified AN /CPS-1 radar (2800 Mc¢) ~howing dot echoes and large thunderhead pattern taken
at Bedford Airfield (Mass.) September 13, 1947, with the weather clear except for very large scattered thunderheads.

thunderhead, which arrived at 1330 EST, is indicated
by the densely recorded signals from the scattering re-
gions of the clouds and from the falling snow and rain-
drops.

A plot of the RAOB records from Nantucket, Mass..
and Portland, Maine, is given in Fig. 5, along with inter-
pretations of the recorded radar data, from Fig. 4. The
main group of small dot echoes possessed a sharp upper
boundary coincident with the top of a minor stratum
of slightly moist air, at about 5 km altitude. Two some-
what cicarer examples of dot echioes have heen pub-
lished by the author.8.® '
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Fig. 5—~RAOB plots and 2,800-Mc vertical-beam radar echoes:
September 13, 1947

PARTICLE-SCATTERING ECHO THEORY

The most obvious echoes which may be observed in
the 2,000 to 30,000 Mc (microwave) spectrum are those
produced by the effects of wave scattering from particles
of water, snow, ice, or dust, which have been rather
completely explained by NMie, Stratton,”® and J. W,
and . Ryde.¥1¢ The latter authors have produced a
solution which may be interpreted in terms of constants
which make it accurate for water-drop sizes of less than
0.55 em diameter for waves of 10 cm length (3,000 Me),
or more. It shows that the reflected power from a single
raindrop is proportional to its cquivalent radar cross
section

)\9<;zo? - 1> . ()
o, =—(——72 )"
' T 7102 + 2
and that the received power is
P P,.lp"'o’, x Pgl p"'ps<)lo", - 1)"y
N Or RN 9 RY \ne* + 2
044 P 1,2 /a6 /g™ — 1\2
: <_ ( ) 2)
9R* A nyt 4 2

Possibly, the most interesting result which mayv be
readily gleaned from these equations is that the re-
flected power from raindrops is proportional to the sixth
power of the ratio of the radius of a raindrop to the
wavelength of the radar wave (a’A). In terms of the re-
ceived voltage field strength (volts per meter, for in-
stance), this becomes the third power of the ratio (a/N).

The first obvious conclusion is that operation of a
very-high-power tropospheric sounding syvstem in the
spectrum between 100 and 500 Me should he relatively
free from precipitation echoes. For instance, on 110 Me

2 G. Mie, “Beitrage zur Optik truber Medien, Speziell Kolloidaler
.\lct;ﬂlosungen: “nn. der Phys., ser. 4, vol. 25, pp. 377—443; 1908.
12 J. . Stratton, “Electromagnetic Theory, " 1st edition, McGraw

Hnlll Book Co., New York, N. Y., 1941; pp. 563-573.

M. W Ryde, “Echo intensities and attenuation due to clouds,
rqm._hml. sand, and dust storms,” General Electric Co., Ltd., Report
No. :831,‘October, 1941.

. W. Ryde and D. Ryde, “\ttenuation of centimeter waves
b)‘ rain, hail, and clouds,” General Electric Co., Ltd., Report No.
8516, August, 1944,

1 J. W. Ryde and D. Ryde, “Attenuation of centimeter and milli-

meter waves by rain, hail, fogs, and clouds.” General Electric Ce.,
Ltd., Report No. 8670. May, 1945.
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the theoretical echo return by scattering should be
about 85 db below that obtained with 2,800-Mc radar
equipment of similar energy concentration and sensitiv-
ity.
DIELECTRIC-STRATUM REFLECTIONS

In the case of partial reflections from dielectric strati-
fications, the problem has not previously been socom-
pletely solved. The simplest assumption which one may
make is that there is an infinite plane of division be-
tween two half-space regions each of which contains a
homogeneous, isotropic medium which is a perfect non-
conductor, which contains no free electrical charges, and
which has a magnetic permeability of unity. It is further
assumed that there is a difference in the specific induc-
tive capacities (or dielectric constants) of these media,
and that the bounding surface between the two regions
is of infinitesimal thickness. A solution of this well-
known problem may be found in the literature.!” For the
condition of normal incidence (vertical propagation to-
ward a level stratum), it is found that the voltage reflec-
tion coefficient is

_ His— 1 (3)

e ?
ni2t1

\/6; + \/61‘
where IR is the magnitude of the voltage reflection
coefficient, e, is the dielectric constant of one medium,
e is the dielectric constant of the other medium, and
1y is the index of refraction of medium (1) with respect
to medium (2). The dielectric constant e is connected

with the relative dielectric constant €, and the dielectric
constant of space €= (1/36m)10-? by the relation

€ = €.€¢. (4)
From (4), (3) becomes
Ve — Ven
\/frZ + \/fr;
In the atmosphere, (e,—1) is never much greater
than 7 X104, so that, within practical limits of accu-

racy, \/E_ﬂ - \/;z e (Er? —Erl)/zv aﬂ(] '\/;2‘*‘\/;1 = 2; thUS
(5) may be simplified to

IRI=(€,2——

| R| = (5)

61)/4 = A /4. (6)

Thus, when a dielectric transition takes place within a
small fraction of a wavelength, the reflection coefficient
is simply one-quarter of the dielectric transition differ-
ence.

REFLECTION COEFFICIENTS OF MONOTONIC TRANSI-
TION AND SYMMETRICAL DEVIATION [LAYERS
The Wave Equation
It is desirable to find useful solutions for the reflection
coefficients of rather thin strata whercin the dielectric

17 See pp. 490-497 of footnote reference 13.
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property changes in gradual fashions which may ap-
proximate actual boundary-layer or mixing-stratum
conditions. The assumptions of dielectric properties
which vary as (1) functions of the height above the
earth, (2) plane waves propagated vertically and in-
cident upon horizontal strata, and (3) the absence of
ionization or free charge of any sort, and hence no con-
duction or absorption effects, lcads to wave equations of
the tvpe characterized by the expression

0% )
o T+ Hel®m =0 (7)
wherein

k= wfc, (8)

when the electric field varies in accordance with the
harmonic time relation

E =n(§)e! 9

as a function of the height & A'similar equation may be
written for the magnetic field. [t may be shown that the
velocity of propagation is

v = ¢/ve = c/Velb). (10)
From this, the index of refraction is
n=c/v=1/&=Veld). (11)

Except in the cases of some quite simple and trivial
dielectric variational functions, (7) is, in general, soluble
only in terms of certain approximation relations, which
may considerably restrict the range of application of
the solution. It is desirable to solve the wave equation
(7) in a way which allows the results to be interpreted
in as broad a manner as possible.

The Ilypergeometric Differential Equation

In seeking a solution, one may investigate possible
transformations of the variables. On account of the very
general form of the Gaussian hypergeometric differential
equation (hg.d.e.) it seems advisable to follow the
method of Epstein'® from this point, and to translate
and introduce applicable portions of the very valuable
extensions of Epstein’s method which have been pub-
lished by Rawer.!?

The general form to be considered is given by the
expression

gy _y-ltst=dy B
dx? 2(1 — x) de  x2(1 — x) ~
d? 1
= ) 2 = )y $
dx? dx

13 p, S, Epstein, “Reflection of waves in an inhomogenecous ab-
sorbing medium,” Proc. Nat. Acad. Sci., vol. 16, pp. 627-637; Oc-
tober, 1930.

19 'Karl Rawer, “Electrische wellen in einer geschichten medium,”
Ann. der Phys., vol. 35, pp. 385-416; July, 1939.
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where «, 8, and ¥ are three arbitrary constants. The
variables £ and 5 are next introduced in place of x and
¥, where x =x(£, 7) and v=y(£, n). This transformation
converts the wave equation in terms of £and g, Tt is re-
quired that all terms of the transformation which do not
pass into the wave equation shall vanish, It follows from
this that dx/0n =0 and v=7n-r(£). Nccordingly, there is
the transformation

x(§); (13)

The substitution of transformations (12) and (13)
proceeds in accordance with the sequence outlined by
the author,? and in lesser detail by Rawer.'? .\ solution
is found for a value of r(£) in terms of an integration
constant ro. Having obtained this vatue for r, a return is
made to the transformation (13) of the hg.d.e. to obtain,
from the balance of the equation, a wave cquation of
the same sort as (7). This may be rearranged and ab-
breviated? by a function g(£), to vield

x = ¥ = nre).

d™n
0= —+g(f) 9 (14)
dz?
wherein
® [] d | dx |<1I I 1/.\>"]
R R T W
d E .
= ( In .r)
dE
RY RS
. |:,\'1 + ,\".' + I\':x :| (]5)
1 —x (1 — x)°
when
R = vy — 2):; 4R, = 1 — (« — B)* + y(y — 2),
4R = (a+ B — 7v)" — 1, (15a)
or
a=3 {14\ TH4R 1+ 14+4R— 1 +4 K — K2) ).
B=11+VI1HIK +V1+IR T+ = K],
y=v1+4K+1. (16)

These expressions are not uniquely determined here,
They are to be emploved in a later expression. Ulti-
mately, it is to be proved that the definition

pE) =1In (—u)

is practical. Therefore, the equation

(17)

1 (]3/) (]p 3 1]"'/) /(I/))"'

—_ —— - " ) "
88 = [dg- de 2 (dg?«/ dE ] Sy

- (dﬁ)? j(,\,l+ l_) P G

dg/ 4 14 exp py)

exp p(§)
— N ARTE ”»
"1+ exp P(E)]z} S (1%)
may be written.
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In this fashion, following Rawer,'® the hypergeometric
differential equation (hg.d.e.) is converted into a wave
cquation with space-dependent diclectric properties,
the form of which is determined by (15) or (18). A solu-
tion of this wave cquation can then he obtained from

known solutions of the hg.d.e.

A Solution of the Vave Iiquation
Gauss?® has already given a solution of the hgad.e. e
first obtained the power series
o= Fla, B, v, x)
afs ala + 1)8(8 + ]) )
1 + X+ X
1 v 1- 2 v(y 4+ 1)
n ala + ta 4+ )B4+ 1)(B+ 2) )
X

P4 (]l))
123 vy + Iy + 2)

which is the "hypergeometrie series.” Tt converges for
x| <1, In the equation family there is, however,

Fo=axtryFla—y4+1),8—v4+1,2— 45,2, (20)

which is also a solution. Both are Lincarly independent
and, therefore, deseribe a fundamental system 2 The
hg.d.e. has three singular points, 0, 1, and = . For cach
of these points, it vields a fundamental svstem which
converges in those regions,

With x =0:

Fv=Fla 8, v, x);
Fo=x""Foa—y4+1),8=—v4+1,2—4, 1.

With v=1:

Fo=le B a+8—v4+1,1— 1);

Fi=1(1— yypos

Yy —ay =By —a—p4+1,1— ). (21)
With v= »:
Fs=xvrFlaa—y+la=—g+1,1/x);
Fo=x®Fg8—y4+1.8—a+1,1/2).

The solution has already heen given in the form of a
series which is convergent only in a determined region.
ach of these series defines an analvtic function, how-
ever, which is a solution of the hg.d.e. throughout the
region of convergence of the series. Now the analvtic
arrangement Fy of the given series is considered (o be
extended to the indicated convergence region of Fy and
Fao Fj shall henceforth designate the series and their
analytic arrangement. The “natural” functions F, and
Fa, and also a solution of Fy, are now available.

Since three solutions of a lincar differential cquation
f’f the second order are always linearly dependent, there
15 a lincar relation with constant coefficients, between

;-':’ F. Gauss, “v\\'orko,“ Goltingen, vol. 3, pp. 125-207; 1876.
Rlonlann-\\ol)f'r. “Die partiellen Differentialgelichungen der
mathematisch Physik,” sixth edition, vol. 2; Braunschweig, 1919,
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these three functions. This relation is valid for analytic
functions and also for all values of x to which one may
extend the three functions. Gauss has already stated
these relations, according to Schlesinger,2 in the form
v ( 1),01‘(‘1_5’*'1)'1‘(1 - )
’ F(1—8)-1'(1 + a—7)
Mae—B+ 1) T'(y—1)
- ( ) . 1“0 (22)
I'(y — B) I'(a)

where I' represents the Gaussian gamma function.
From cach solution v of the hg.d.c., through the trans-
formations, a solution 7 of the wave equation may also
be obtained for cach F;. There is also, in accordance with
(13) and footnote references 19 or 9, and 7; in terms of
the value of r(§).
Epstein'® has found that, by the special transforma-

Fl + (_1)1 l—-a

tion

x = — Adet; k> 0, (23)

which in the following discussion will be known as the
“Epstein transformation,” the relation (22) obtains a
clear physical meaning. With the application of (23),
the relation dx/dE = - x is obtained, and the asymptotes
for large positive values of £ (large negative values of x)
are also obtained, so that

Ny = ry 'k 2! 20072 (] — _‘-)(a+ﬁ—-1+1)l'z.]:( NG 1/.\‘)

n

B—a
ro Ik (= 1) e | Bra)iTex) (»—2- - & E) (24a)
since consideration may be limited to the first term of
the hypergeometric series F( - -+ 1/x). Analogous de-
velopments are obtained for ;, and 7z in the neighbor-
hood of x =0 (for very large values of §), to vield

y— 1
mo=ro W= )02 cxp( ) xE). (24h)

and

1=
Mo = ry VA=) 2 cxp( , K.E). (24¢)

When the constants of the hg.d.e. are chosen so that

a—f
> and :

J J
are real and positive, the above asymptotic approxima-
tion for 75 states the position dependence of a plane wave
running in the direction of the £ axis. The expression of
the solution for the time-dependent wave equation is

o+ B :
cxp(— j > k¢ + A]wl).

Correspondingly, for large negative values of £ in the
approximations of (24), it is revealed that m propagates

1 —
i (24d)

(25)

= L. Schlesinger, “Handbuch d. Theorie d. linearen Differential-
gleichungen,” vol. 1, p. 483; Braunschweig, 1919.
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in the axial direction, and that 7, is an oppositely prop-
agating plane wave.

From the combination in (22), the three hypergeo-
metric functions are (simply through expansionwith 1/r)
an expression corresponding to the three solutions of the
wave equation 7. 75 is thus a plane wave for large posi-
tive values of £, and when one follows it backward it
appears (on the other side of the £-axis) as two waves
combined together. A primary wave 7 is split into two
parts by passing through a region of varying dielectric
constant. This results in a transmitted wave 75 and a
reflected wave 7.,

The relation (22) vields the reflected-wave ratio (re-
flection cocfficient) R in terms of amplitude and phase.
In the case of the transformation (23), following Ep-
stein, 4 =1 is chosen from the corresponding values of
the null points of &, to vield

- lt('y - D11 =8Ird+a- 'y)‘

26
r(1 — y)I'(y — B)I'«) &

The hypergeometric functions were first obtained
(still multiplied by 1/r) as a solution of the wave equa-
tion. The progress of a wave in a medium of varying di-
clectric properties may become too difficult to handle
in ordinary terms for numerical computations, but now,
by the aid of the gamma functions, it is possible to study
the reflection coefficient alone.

It is evident from the derivation which was given for
the reflection ratio that only the asymptotic case of the
transformation function may be utilized. Therefore,
these functions are to be used in the entire region of the
Epsteinian sort only when they extend far outside of
such an asymptotic region, on both sides. The plane-
wave solution of (24) is, therefore, always to be retained
as an asymptotic solution.

Only the asymptotic behavior of the transformation
is thus determined. In the finite region it is still largely
arbitrary. Of course, the conditions of the physical
fundamentals must still be complied with, namely, that
in (15) the diclectric constants (e,) shall be proportional
to g(£). In general, infinite regions shall, thercfore, be
excluded from g(£). As in (15), setting of x =0 or 1 must
he avoided, and moreover dx/dE must not be permitted
to vanish with infinite £ (otherwise the derivation of
the In would not be finite). Also, dx/dE must not be-
come infinite, on account of the two terms in (15).
Furthermore, it demands, from the physical funda-
mentals, that the entire axis shall be depicted by
(13). To summarize, it can be required that

x(§) shall be monotonic and that it shall represent
the entire £ axis or the portion of the x axis

(27)

Here the use of the singular points 0 and = is arbi-
trary. The same results can be obtained through the
combination of 0 and 1 or 1 and «.

hetween 0 and — =<.
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When any transformation which futhills the require-
ments is employved, therefore, obtained, for
large negative values of £ perhaps — Ay exp ko€ and
upon the other side — A, exp xof, for large positive
values of £ Again, (24) is maintained asymptotic,
wherehy now only the expression indices are still joined
together. Again Ay can be made equal to 1 through the
choice of null points. Nevertheless, it is only in R that
the various constants from (24) are shortened; and (26)
remains valid in view of (27).

there s,

The Variation of the Dielectric Constunt

In the previous paragraphs, formulas which were
given for the solution of the wave equation (7) con-
tained £%,(§) as the function g(€). The position de-
pendence of the diclectrie constant is now to be con-
sidered.

a. The Lpsteinian Transformation of Iquation (23).
First, in the simplest case, (18) gives g(§), representing
k%, (£). In the casc of the transformation (23), from (17)

P = k. (28)

That causes the D term of (18) to vanish, and, with
4 =1, the result is

® GKK-FI) Ko
“O = - ul\Mt Pl et

ert
K ]
(1 + et)?

The ¢ axis is considered from the left to the right,
representing by the “left” large negutive values of ¢
and by the “right” large positive values. In (29) ¢, has
the value —(k¥/k3)(K1+1) on the “left,” and on the
“right” — (k¥/k?) (K41 — K3). Between these lies the
region in which ¢ varies. Its breadth is given approxi-
mately by 1/k. Therefore, a “relative layer thickness” S
is introduced by the relation

= 2k/k = 4n /).

(29)

(30)

S is the laver thickness in wavelengths, so the breadth
in meters is AS. The evident meaning of the constant «
in Epstein's transformation is apparent from this
equation.

In the following considerations for tropospheric ap-
plications, it will always be assumed that ¢, is to remain
very slightly greater than 1. An initial increment of e,
above 1 is to be represented by Af,.

A suitable choice for A is

14+ 531 + M)

K, = — B (31a)
It is likewise advantageous to choose
SZ
K,= — . N, oand K; = — S, (31b)
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From (30) and (31), (29) becomes

et dert
1+ My — N - M g (32)

e(8) = 1 4 et (1 + ent)z

The second term represents a “monotonic transition” of
the diclectric constant from (14 3,) to (1+M,—N).
The third term represents a “symmetrical layer,” which
is of lower value than (14 M) when M is positive, and
of higher value when M s negative. €,0ui) = (14 M, — )
and reaches a limit of 1 when M =1/, M is, therefore,
taken as the “layer deviation,” and N as the “transition
These two basic forms are shown in Fig. 6.

these functions may be combined with

deviation,”
I it is desired,
lincar constants, The meaning of the “layer thickness”
(AS) is clear from the figure.

When the symmetrical layer is considered, the course
of the diclectric-constant curve in the vicinity of the
minimum (or maximum) may be determined approxi-
mately by means of the radius of curvature p of the

curve of Fig. 6. It may be calculated from (32) as

p = M(AS)?/8x2. (33)

The value Ly of the symmetrical layer thickness at the
half-deviation points is approximately

MONOTONIC SYMMETRICAL
TRANSITION DEVIATION
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Fig. 6~ Monotonic transition and symmetrical deviation curves.
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L1/2 = 0281)\.? or Ll/g/)\S = 0281, (34)

as used by Rawer.

In this application, the value to be called the “layer
thickness” is the distance L between the points where the
monotonic transition curve deviates by 10 per cent of the
total deviation from each of its limiting values (en and €,
in the dielectric deviation). The transition and devia-
tion curves have been normalized by plotting the transi-
tion and deviation fractions as functions of £/AS=£f/cS.
Therefore,

L = 0.3497AS, or L/\AS = 0.3497, (35)
as indicated in Fig. 6. This definition makes L the
distance between the equal-deviation points of the
monotonic transition which encompass 0.800 of the
total transition. In the case of the symmetrical layer, L
represents the breadth (or thickness) of the deviation
layer between the points where the deviation is 0.360 of
the maximum amount.

Next, it is necessary to calculate the relations be-
tween the defined layer data and the constants of the
hypergeometric differential equation (hg.d.e.). From
the definitions (30) and (31), it follows that

W1+ 4K
V1+ WK, — K
vVIi4 AR =04 45

= 2dy + jdy).

j.g\ T‘*‘ JI()
SV + Mo — N

(36)

The last term defines dy and ds as the imaginary and real
parts of the root, respectively. Substitution of these
values into (16) yields

1 S
= ;)+¢12+j'? (\r1+Mn—\/1+A[0—N)+]'llh

1 S i
B=—2_+dz+f—2‘(\/1+Jlo+\/1+Mﬁ_N)+f‘l"

v=14jS\/ 1+ M,. (37)

From (26), in view of (37),
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Tue MoNOTONIC SOLUTION

In the case of the “monotonic transition,” alone,
M =0. Equation (38) may be modified for the simple
monotonic state by setting M =0 and assigning a value
other than zero to N. (When N =M =0 there is no tran-
sition.) In this case it is to be assumed that NS M,.
Also, since M =0, it is found, from (36), that d,=1}% and
d,=0. Then, from (37), from the product

I'(z)-T{1 — 2) = n/sin =z, (39)

and, since N is considered to be real, if only the magni-
tude is of interest, multiplication by the conjugate
yields

| R|2 = R-R*, (40)

from which the magnitude of the voltage gradient reflec-
tion coefficient, (38) becomes

sinh [; ST+ Ma— 1T+ M(,'—".‘\")]
IR | = : C(41)

sinh [: SINTF Mo+ /14 Mo— A\')]

The physical conditions under which application of
(41) is intended indicate that 103=My=N, so an
excellent approximation is attained by setting

sinh (#SN/4)
| R|=—— M, N
sinh [wS(l + B >:|
2 4
El_nhi("[kwy/-l) , (42)
sinh (7S)

since

When (rSN/4) <0.25, an error of less than 1 per cent
is involved in the relation

D 1 ) , R
T(iS\1 + Mn)-l‘{rrz- — dy — j[ ) (V1+ Mo+ 1+ Mo — N) + dx]}

.pf.l
R = 2

o 1 S B - - -
'(—jSV1 + Mn).l‘{ ) — dy + 1[7 (V14 Mo — /14 Mo — N) — le}

SN
| R| = ——> (43)
4 sinh (7S)
S I
+'12—j[ 2(\/1+M0+\/1+Ml—N)—d1]}
- — =T (38)

1 S [ [
'1‘{“2 + d?‘*‘j[‘é’ (V14 My — 1+ Mo—N) +(11]}

where d; and d; are defined by (36).

and, when 75 <0.25, it is found that, within 1 per cent,
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IR'=‘.-=” o . (11)
4 1 4

It may be noted that this is precisely the relation at
tained in (6) by more clementary considerations, from
the viewpoint of Fresnel's cquations. The  Fresnel
formulas assumed an abrupt boundary between two
media of differing diclectric constants (e, and €,.), while
the Epstein transformation was cemploved in o this
case o treat a continuous monototic transition from .a
diclectric (en) to another diclectric (e,0). In arriving at
the final approximation (44), the laver thickness cocffi-
cient S was allowed to diminish until the transition oc-
curred within a small fraction of a wavelength, The
Epsteinian transformation is thus seen to provide a
considerably’ more general solution of the diclectric -
constant transition problem.

From (35),

S = 2.860L/\
or
S =0338 X 1073 Lfy, = 280/, (43)
0°
: e ] —— COEFFICIENT OF REFLECTION IRI FROM A REGION
8 &%\:\\N—— OF MONOTONIC TRANSITION (N}
: T~ I~—]=—., OF DIELECTRIC CONSTANT (£,)
e I~ Y03 AS A FUNGTION OF TRANSITION
s \1\ LR ~ LAYER THICKNESS (L) AND
FREQUENGY (fmc), WHERE
[ , q. WSN
\4 g R G snh (TS)
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Fig. 7—Coefficient of reflection iRl from a region of monotonic
transition .V of dielectric constant ¢ as a function of transition

SV

layer thickness L and frequency fye, where |R| = 4 sinh(rS)
sinh(x.

7S =2.997 X10"2Lfy..

OF TIHE 1LR.E. T

I'rom (45),

2,007 X 1072 Lfye. (46)

S =

Therefore, the condition (rS5<0.25), assumed for (44)
to make the error less than 1 per cent, deads to the

conditions

Lfve < 834 or L/N < 0.0228, (47)
When L..N=1/3, the true reflection coefficient, from (41),
v IR =0.332Q¢, 1), When L. X=1/10, the exact value
i R=0.587(Xe, 1). This specifies an error of only 12.3
per cent for the e, A value, when 80 per cent of a dielectric
transition takes place within a distance equivalent to one-
tenth of a wavelength.

The reflection cocfficient | R in Fig. 7, computed for
adiclectric transition in accordance with (41), is plotted
versus Lfae, with N =(e, —€.2) =3¢, as a parameter,
For the values of Lfyeless than 10, this family of curves
represents the expression R[ =3¢, 4 of (6) and (41).
The ranges of NV between 103 and 1078 and of !R
between 104 and 1077 are helieved to be completely
adequate for dealing with all normal conditions which
mayv be of interest.

If it is desired, the range of the chart of Fig. 7 mav
he casily extended by merely utilizing an appropriate
change of the numbers of the .V oand | R| scales when
Lfve<10% \When Lfy.>102 (41) may be simplificd to
the form

R = 2exp (=x8) sinh (rSV/4), (18)
and, when also (rSNV/4) > 2.40, o
N
R| = exp [m\'( e 1>:| (49)

T SYMMETRICAL-LAYER SOLUTION

In the case of the “symmetrical laver” alone, .V =0.
Fquation (38) mayv be modificd, under this condition
and with (45), to vield

PSS 1T+ M)

PO— S\ + 30

VI = do — jSN T4 30+ 0y
H[ A de = SN T+ M. = 4]
cos wl(dy 4+ judy)

(30)
m

The Case of 15201 > 1
Again, if only the magnitude is of interest, one mayv
set | R 2= l?~ R*, with (45) again introduced tocliminate
the gamma functions. Then, if 4520/>1. <o that s =10,
Rl = (cosh? =S\ 1 + M. — tanh? S\ MW — 1/48?
ssinh? 72S\"1 + Moy Ve (51a)

when
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dy = — V1 — 452M = 3V/4ASTM -1, |R| = [C()sh'l S + tan2<—12r- V1= 45‘2M>
with 4523 > 1, (51b) —1y2
-sinh? mS‘] (52¢)
or, because Mo<K1, (51a) may be written as

. P The C 1520 =1, 0r (d1=d:=0

| R| = (cosh® m§S — tanh? #S\’M — 1/45? CAaEI] ) )
When 4523 =1, dy =d;=0 and (51) and (52) become

-sinh? 7§)~!/% (51c)  identical, so that

:

!

L -

MEGACYCLES PER SECOND

: LAYER THICKNESS METERS x FREQUENCY
Riggy 3322167
A

T W< DIELECTRIC CONSTANT DEVIATION : B8E .

U

P i i 1« VAT e L s p To

IRI s COEFFICIENT OF REFLECTION

Fig. 8 Coefficient of reflection |R| from a region of .symmctrical
deviation M of diclectric constant & as a function nf_ laver
thickness L and frequency fwe. where ={cosh? =S+tan?

[(x/2+/1 —452M) |sinh? xS}7V2, and 1.S=2.997 X1072Lfy., or if
1521, |R| ==82M /sinh =S,

The Case of 45*.M <1

Suppose now that 4521 <1, so that d»#0 and d,=0.
Then from (50), in view of (39), with the conjugate, as
before, and by trigonometric conversion, the resulting
equation is

[ "1
R = <c<>sh2 mS\v/1 + M+ tan? 7.8'4/ e - M
-sinh? =Sy/1 + M) '/? (52a)
when
dy = 33/1 — 45TM, with 48°M <1, (52D)

or, because MoK1, (52a) may be written as

| R| = 1/cosh 7Sv/1 + Mo, (53a)

or, since /K1,

| R| = 1/cosh =S. (53b)

The computation of the reflection coefficient |R| is
divided between two mathematical domains, as indi-
cated by (51) and (52), so that (53) describes the inter-
vening boundary.

Equations (51), (52), and (53) may be related to the
layer thickness and frequency by (46), which was em-
ployed with the “monotonic transition.” This applies
the conditions of (35) and Fig. 6, so that the layer
thickness L represents the distance, in meters, between
the two points which represent 36 per cent of the
maximum dielectric-constant deviation.

A\ chart which was evaluated from (52c¢) is repro-
duced in Fig. 8. It will be noted that the dashed line
drawn diagonally across the upper right corner of the
chart represents the boundary of (53). The values de-
manded for Lfy. and M in the present application re-
quire the use only of (52).

Useful Symmetrical Layer Solutions for the Troposphere

In evaluating (52¢) for problems relating to the tropo-
sphere, it may be reduced to simpler forms in certain
portions of the computation process. The evaluation of
(52¢), over the range of 1032 Lfyc21 and 1073z 1/
=101, requires the use of the complete equation; but,
except for the range of values 103> Lfye> 300, where
My/>10-4, it is permissible to use the approximation
\V1—452M =1-—252M, where 4523/ K1. For extension
of the chart where Lfye> 10% (where there is possibly a
limited region of usefulness), this approximation has
only a small zone of application. With the exception of
this region, it is also found that

w - —
cosh? n.§ < tan?® —2— v 1 — 452M -sinh? &S,
so that

| R| = 1/tan %(1 — 252M)-sinh 5. (54)

In the region where 1.7124=(x/2)(1=25%)21.43,
when 2523 K1, sin (7/2)(1 —282A7) =1 (within 1 per
cent), so

| R| = sin =S?M/sinh =S. (55)

When 7S2M 20.248, sin wS?M =7S*M, within 1 per

[
e
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cent. This is true when 4523/ <1, so the equation

| R| = xS?M/sinh xS (56)
may be used for plotting nearly all of the chart of Fig. 8.

This simple relation shows that, for all practical pur-
poses, the reflection coefficient [RI is directly propor-
tional to the maximum deviation of the diclectric con-
stant (M) of a symmetrical layer, and that it also varics
in proportion to w5%/sinh 7 8.

It is found that when 7.5 <0.25, when I.fa.<8.34, or
when L/X<0.227, within 1 per cent, sinh 7S =75, and
in terms of (45),

| R = SM = 9.538 X 10 3 MLfy.

2.860 ML/, (57)

This relation indicates that, if the layer thickness is very
much less than a wavelength, the reflections from the
top and bottom of the dielectric deviation layer tend to
cancel one another and so to reduce the cocfficient of
reflection. If the layer thickness is much greater than one
wavelength, the change of dielectric constant per wave-
length is small, and so again the reflection cocefficient is
small. There is a value of the ratio of layer thickness to
the wavelength (L/\) which produces a maximum
coefficient of reflection,

| R |mex = 0.352)1 (58)

when $=0.6096, so that Lfu.=64.0 or L/A=0.213,
This reflection coefficient is 42 per cent greater than the
maximum value which may be obtained from a mono-
tonic transition layer with a dielectric transition N
equal to the maximum deviation Af.

It is possible to combine the monotonic deviation
and the symmetrical deviation conditions in the theory
by the assignment of simultaneous values, other than
zero, to both NV and M.

Other Transformalions

Other transformations are possible in addition to
that disclosed by FEpstein. They allow the insertion of
different laws of variation of the dielectric constant.
Rawers!? has suggested the use of

ent
- Ay —
p=«t+ lal+ o (59)
and
B
p =t 4+ —In (1 + biext) (60)
u

where A;, Bi, a;, by, and u are constants of the trans-
formation.

It is possible to compute extensive families of charts
to indicate the effects produced by the many possible
variations and combinations of the constants in these
three transformations alone. It is believed that for the
initial investigations, however, the essential data are
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mostly all contained in the charts of Figs. 7 and 8.
More nearly precise matching of the theoretical varia-
tions of the diclectric properties with the actual varia-
tional conditions in the troposphere may modify the
precise value of the computed cocfficient of retlection,
but probably not its order of magnitude. The present
investigation is considered chiefly in terms of orders of
magnitude of reflection coefficients, rather than their
exact values. One has only to consider the present lack
of precision and fine structure of RAOB data, or even
of original recorded radiosonde data, to realize that
comparisons of very small error are possible only with
regard to very-large-scale effects.

AN InTEGRAL SorutioN ror THE Pursik Ecnuo Fienp
STRENGTIH OF THE BBASIC ASSUMPTIONS

Previous consideration has been given to a condi-
tion wherein a plance of infinite extent separated two
half-spaces, cach of which contained a nonconducting
diclectric medium, without free charges. It was found
that, if an clectromagnetic wave was propagated
normal to the separating plane, and if the difference
between each dielectric constant and unity was very
small in comparison with unity, the magnitude of the
clectric field-strength reflection cocfficient of the wave
could he written

! R] = (e2 — €1)/1 = A¢, /4. (61)

When the monotonic transition was considered, to
ascertain the result when the boundary of transition
from one medium to the other was not abrupt, the same
expression was found to be applicable if the transition
layer was less than one-tenth wavelength thick.

The relative diclectric constant of the air in the tropo-
sphere is found to vary as a function of any three space
co-ordinates and time. It is observed that the varia-
tion in the vertical direction is usually of much greater
magnitude than in any direction within horizontal
planes, and so the troposphere may be considered as a
horizontally stratified dieclectric region.

The diclectric constant e, is to be considered as a func-
tion of height £, so that

e = f'(h) (62)
and the reflected clectric field is
E. = f.(h). (63)

The vertical diclectric gradient v is defined by

Je,
(s fy(h). (64)

A point of consideration may be moved upward,
normal to a horizontal plane surface, from height 1, to
hy so.that ha—hy=Ah, the change of height. The di-
clectric constant changes simultancously by an amount
A, =€ —¢,. It may be assumed that a number of
boundaries of relative dielectric-constant difference Ae,
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are cach scparated by equal height increments Ak, A
coeflicient of reflection IRIA will, therefore, apply at
cach boundary. The reflection cocfficient is always small
(IRI «1), so the change in amplitude of the upward
(forward) propagating wave may be neglected. The re-
flected signal is, thercfore, composed of the sum of the
various reflected waves, cach with a different delay
time. The diclectric constant is assumed to be very
nearly cqual to unity, so that the speed of wave propa-
gation may be considercd cqual to that of clectromag-
netic waves in empty space insofar as time delays are
concerned.

When a simple harmonic wave amplitude is assumed,
the reflected signal becomes

n R, | eretr 2hie I R | seiwti—2ha10)
. . 1la 2|a
1 2In . 2ha
R" _‘(.wu 2hnle)
S ] (05)
2h,
or, by rearrangement and consideration of (6).
¢t 2 e Ae
I ol > |_ e T gmidrhain
8 1 Lo I
Aérn

e——ilthn/\]_ (66)
h,

If this expression is divided and multiplied by A,
on the right side, and if # is allowed to approach infinity
as Ak approaches zero, while the total layer under con-
sideration (h,—h=h,) remains constant, (63) becomes

(.juf n oot ..\6". ]
E, = Es lim [ ; ""‘"“] th, 67
‘ § Z:l Al 11,.( ( (67)
and
(,]uf hp=ha ‘I(r 1
E,=|Fo| — f e TNy
& J, dh I
e}ul

Eo| - (68)

ha
= f :77 e TN
8 . Ay I
where v =f,(h) and k.= h, represents any second height
such that

hy =y = h, = jcrp

(69)

where I, is the vertical distance occupied by a pulse of
wave energy of uniform amplitude in space.
Antenna radiation theory reveals that

| Ey| = 60I/2Gr = 607/2 X 10° PxwGr/R.
= 222\"PxwGr-\"2, (70)
or
| Eo| /8 = 27.75\/PxwGr-\/2 = AV/2 (71)

where 4 is a multiplier defined in (71).
In addition, a pulse-shape function ¢ may be used to
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multiply the terms under the integral sign. ¢ is assumed
to be a function which specifies the relative amplitude
of the voltage-gradient envelope of the radiated pulse
in space. It is, thus, through the interdependence of time
and space relations, considered at any instant as a
function of space, or in this case as a function of alti-
tude. If the radiated pulse is precisely rectangular, the
function becomes a constant, and ¢=1.

\Vhen 4 and ¢ are introduced into (68), and when the
magnitude of the rms value of the electric field strength
I, is used, it becomes

he
E, = Af OV nerng (72)
nooh
or, taking only the imaginary part,
he sin Bh
E = — .lf oY —-«-ﬂﬁ dh (73)
Ay h
where
B = 4r/\ = 4xf/c. (74)

The value of this integral expression is believed to
reside chiefly in its adaptability for the insertion of de-
sired pulse-shape functions ¢(h) and dielectric-gradient
functions y(k), and its possibilities for numerical or
mechanical integration of otherwise difficult solutions.

Reflection of Rectangular Pulses from an Atmosphere of
Constant Dielectric Gradient

If a rectangular pulse and a constant dielectric gradi-
ent are assumed, ¢ =1 and y=+v.=a constant. There-
fore, from (73),

b sin 8k
— Ay f dh
IS ,1

sin 8h

he
= — .l‘y,f
A

E. =

d(Bh). (75)

This expression may be expanded in terms of series®
which are useful with large values of 8k. In this applica-
tion, it may be assumed that 8h215.65, so that the
expression is accurate to within 1 per cent if only the
first terms of the series are retained. It follows that

— Ay, [sin Bhy  sin Bha
"B I P

" 1 (cos Bhy cos ﬂhz)]

B\ m? ht )Y

The envelopes of the maxima and minima of (76)
are plotted as functions of frequency in Fig. 9, for the
conditions A =27.75 \/PxwGr, Pxw =10 kw peak pulse

power, Gr=(1.5)% h,=1000 meters, h,=1500 meters
and y.= —10~". The value of y. was chosen as a repre-

(76)

1 «Tables of Sine, Cosine and Exponential Integrals,” vol. 1,
Federal Works Agency, Works Projects Administration for the City
of New York, New York, N. Y., pp. XI and XII, 1940.
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cent. This is true when 4523/ K1, so the equation

| K| = »S?M/sinh =S (56)
may be used for plotting nearly all of the chart of Iig. 8.

This simple relation shows that, for all practical pur-
poses, the reflection coefficient [Rl is dircectly propor-
tional to the maximum deviation of the diclectric con-
stant (M) of a symmetrical layer, and that it also varics
in proportion to 7.5%/sinh 78§.

It is found that when 7.5<0.25, when Lfy.<8.34, or
when L /X <0.227, within 1 per cent, sinh 7S =S, and
in terms of (45),

| R| = SM = 9.538 X 10 * MLfy.

= 2.800 ML/X. (57)
This relation indicates that, if the layver thickness is very
much less than a wavelength, the reflections from the
top and bottom of the dielectric deviation layer tend to
cancel one another and so to reduce the cocfheient of
reflection. If the layer thickness is much greater than one
wavclength, the change of dielectric constant per wave-
length is small, and so again the reflection cocfficient is
small. There is a value of the ratio of layer thickness to
the wavelength (L/A) which produces a maximum
coefficient of reflection,

| R|mex = 0.35231 (58)

when §=0.6096, so that Lfu.=64.0 or L/A=0.213.
This reflection coefficient is 42 per cent greater than the
maximum value which may be obtained from a mono-
tonic transition layer with a dielectric transition N
equal to the maximum deviation Al

It is possible to combine the monotonic deviation
and the symmetrical deviation conditions in the thecory
by the assignment of simultaneous values, other than
zero, to both N and M.

Other Transformations

Other transformations are possible in addition to
that disclosed by FEpstein. They allow the insertion of
different laws of variation of the dielectric constant.
Rawers!® has suggested the use of

el‘E
= Ay ——— 9
=t i — (59)
and
B
p=xt+ —In (14 bet) (60)
m

where 4., By, a1, b, and p are constants of the trans-
formation.

It is possible to compute extensive families of charts
to indicate the effects produced by the many possible
variations and combinations of the constants in these
three transformations alone. It is believed that for the
initial investigations, however, the essential data are
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mostly all contained in the charts of Figs. 7 and 8.
More nearly precise matching of the theoretical varia-
tions of the diclectric propertices with the actual varia-
tional conditions in the troposphere may modify the
precise value of the computed cocefficient of reflection,
but probably not its order of magnitude. The present
investigation is considered chiefly in terms of orders of
magnitude of reflection coefficients, rather than their
exact values, One has only to consider the present lack
of precision and fine structure of RAOB data, or even
of original recorded radiosonde data, to realize that
comparisons of very small error are possible only with
regard to very-large-scale effects.

AN INTFGRAL SonuTtioN ror THE PPvesk Ecno FIkLp
STRENGTH OF THE BASIC ASSUMPTIONS

Previous consideration has been given to a condi-
tion whercin a planc of infinite extent separated two
half-spaces, each of which contained a nonconducting
diclectric medium, without free charges. It was found
that, if an clectromagnetic wave was propagated
normal to the separating plane, and if the difference
hetween each dielectric constant and unity was very
small in comparison with unity, the magnitude of the
clectric field-strength reflection coefficient of the wave
could be written

[ R| = (62 — en)/4 = Ae,/4. (61)

When the monotonic transition was considered, to
ascertain the result when the boundary of transition
from one medium to the other was not abrupt, the same
expression was found to be applicable if the transition
layer was less than one-tenth wavelength thick.

The relative diclectric constant of the air in the tropo-
sphere is found to vary as a function of any three space
co-ordinates and time. It is observed that the varia-
tion in the vertical direction is usually of much greater
magnitude than in any direction within horizontal
planes, and so the troposphere may be considered as a
horizontally stratified dielectric region.

The diclectric constant e, is to be considered as a func-
tion of height #, so that

& = f/(k) (62)
and the reflected celectrice field is
E. = f(h). (63)

The vertical diclectric gradient v is defined by

Y= = f(h).

64
oh (&)

A point of consideration mayv be moved upward,
normal to a horizontal plane surface, from height & to
ke s0 that h;—hy=Ah, the change of height. The di-
clectric constant changes simultancously by an amount
A =€en—e2 It may be assumed that a number of
boundaries of relative dielectric-constant difference Ae,
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are each separated by equal height increments Ah. A
coefficient of reflection |R|A will, therefore, apply at
each boundary. The reflection coefficient is always small
(|R| «1), so the change in amplitude of the upward
(forward) propagating wave may be neglected. The re-
flected signal is, therefore, composed of the sum of the
various reflected waves, each with a different delay
time. The dielectric constant is assumed to be very
nearly equal to unity, so that the speed of wave propa-
gation may be considered equal to that of electromag-
netic waves in empty space insofar as time delays are
concerned.

When a simple harmonic wave amplitude is assumed,
the reflected signal becomes

| Ry |seivti-2hate)

n R e]u(l 2hy/e)
| 1A
E,=|E -
°|;[ 2h, 2
R. ‘Aem(z—zhn/c)
2h, (65)

or, by rearrangement and consideration of (6),

twt n
Eo=|E i ZrAé'l e idrh 4 fers - iArhan
8 1 I__ 11]
Aeérn )
TR e—;lrhn/)\]_ (66)
1,

If this expression is divided and multiplied by A#,
on the right side, and if # is allowed to approach infinity
as Ak approaches zero, while the total layer under con-
sideration (f,— hy =h,) remains constant, (65) becomes

- . eiu!l‘ ﬂf[Aem 1 - “:l T .
= L m e AT 1,
g S an b ' (67)
and
eivt pln=hr fe ]
B | Eo S L g
& Ju, dh h
e;ul ha v
=| Ey| — f — e TN ]y (68)
8 w k

where vy =f,(k) and k.= h; represents any second height
such that
hy — hy = h, = jer,

(69)

where 1, is the vertical distance occupied by a pulse of
wave energy of uniform amplitude in space.
Antenna radiation theory reveals that

| Fo| = 60I3/2Gr = 607/2 X 103 PxwGr/R.
= 2227/ PxwGr-\/2, (70)
or

| Eo| /8 = 27.75V/ PywGr-A/2 = Ar/2

where 4 is a multiplier defined in (71).
In addition, a pulse-shape function ¢ may be used to

(71)
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multiply the terms under the integral sign. ¢ is assumed
to be a function which specifies the relative amplitude
of the voltage-gradient envelope of the radiated pulse
in space. It is, thus, through the interdependence of time
and space relations, considered at any instant as a
function of space, or in this case as a function of alti-
tude. If the radiated pulse is precisely rectangular, the
function becomes a constant, and ¢ =1.

When 4 and ¢ are introduced into (68), and when the
magnitude of the rms value of the electric field strength
E, is used, it becomes

he
E. = A f ?—V- e~ ArhINM Ry (72)
hy
or, taking only the imaginary part,
ha sin Bh
E = — .lf oy 2 dh (73)
hy
where
B = 4n/\ = 4xf/c. (74)

The value of this integral expression is believed to
reside chiefly in its adaptability for the insertion of de-
sired pulse-shape functions ¢(k) and dielectric-gradient
functions y(k), and its possibilities for numerical or
mechanical integration of otherwise difficult solutions.

Reflection of Rectangular Pulses from an Atmosphere of
Constant Dielectric Gradient

If a rectangular pulse and a constant dielectric gradi-
ent are assumed, ¢ =1 and y =v.=a constant. There-

fore, from (73),
k2 sin Bh
— Aycf il dh
A h

1

k2 gin Bh
= — ./1'ycf
3 Bh

E. =

d(Bh). (75)

This expression may be expanded in terms of series®
which are useful with large values of 8k. In this applica-
tion, it may be assumed that Bh=15.65, so that the
expression is accurate to within 1 per cent if only the
first terms of the series are retained. It follows that
— Ax. [sin Bhy sin Bh,

E=—""
B n hy

1 /cos Bh cos Bk,
)
ﬁ h]2 h22
The envelopes of the maxima and minima of (76)
are plotted as functions of frequency in Fig. 9, for the
conditions A =27.75 /PxwGr, Pxw =10 kw peak pulse

power, Gr=(1.5)% hi=1000 meters, h, =1500 meters
and .= —10~7. The value of vy, was chosen as a repre-

(76)

1 «Tables of Sine, Cosine and Exponential Integrals,” vol. I,
Federal Works Agency, Works Projects Administration for the City
of New York, New York, N. Y., pp. XI and XII, 1940.
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Fig. 9—Envelope of solution of E=.f¥év[(sin gh) /kldh. recrangu-
lar pulse, o=1. constant dielectric gradients. »=17,=10""
Prw =10kw, Gr=(1.5)2, h=1000

A =27.715\/Pgwir,
ha=1500 mcters.

meters,

‘1‘)‘0 ‘170
E. = —— (cos Bhs — cos Bin) + : (
Bh o s

sentative mean value, at low altitudes, for the Boston,
Mass., region, by inspection of numerous curves of y
plotted from experimental radiosonde data. The other
values are representative of average conditions of opera-
tion during the period of operation before the vear 1940,

The stated value of v, is a mean for a smoothed curve
of tropospheric diclectric gradient v, so the received echo
signal should appear as a curve with its amplitudes
fluctuating about the computed mean value. In addi-
tion, the variations in the parameters of the equation
should produce amplitude fluctuations as a function of
time.

This latter effect could make a reflection from a con-
stant-diclectric-gradient -y, region appear as a group of
numerous, closely spaced  reflections. The maxima
should reach the value of the upper envelope of Fig. 9.
The minima mayv similarly approach the values of the
lower envelope boundary, within very narrow zones.
Meteorological variations and slight changes of the
transmitter frequency may causc rapid fluctuations of
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sin Bh. sin 3/,
hs >
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the reflection patterns. Precisely these effects are ob-
served in the received patterns as they are displayed on
the cathode-ray-indicator screen.

Reflection of Rectangular Pulses from an Atmosphere
wherein the Dielectric Gradienty Decreases Linearly with
Respect to Altitude

If a rectangular pulse and a lincarly decreasing dielec-
tric gradient ¥ are assumed, ¢ =1, and

v = volh — ha)/ho, (77)
where

Io =height in meters to point of intersection of as-
sumed v line with ¥y =0 (assumed average value,
hy=12,000 meters)

v, =diclectric gradient at ground level (assumed aver-
age value, yo= —8X 1078, from smooth plots of
RAOB data extended to ground level)

I =height in meters to any point below about 0.8 4y
(y actually approaches zero asyvmptotically).

Substitution of ¢ and vy from (77) into (73) vields

Ay he sin Bh
J - ! f I:,sin sh — h, A J(//I, (78)
/I“ oy /I
from which

."‘,‘n

kL, = (cos Bha — cos gin)
II(B
+ 1y [Sieh) — Si(ghs) ). (79)

Then, by expansion in series, within 1 per cent if

3h=15.65,
cos dlll>
/Ill" ’

The data from the same series of radiosonde records
vicld parameters which make the plot of the maxima
and minima envelopes of (80) almost the same as those
of (76), as plotted in Fig. 9. The envelope curves are
of similar shape and only a fraction of one order of mag-
nitude less in value.

Ao fcos Bhs
( (80)

lll 52 1122

Reflection of Rectangular Pulses from an Atmosphere
wherein the Dielectric Gradienty Decreases Exponentially
with Altitude

If a rectangular pulse and an exponentially decreasing
diclectric gradient v are assumed, ¢ =1, and

Y = Yof @l (81)

where

Yo=dicleetric gradient at the ground level with
smoothed average exponential curves of v. (In
the Boston, Mass., region a representative value
of yo=—9X10-%, with this curve.)
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2 =a constant with which the exponential relation
vields a curve which best approximates the local
weather conditions. (In this case ah should
equal unity when h=7000 meters, so a=1 7000
—1.428X107%)

Substitution of ¢ and v, from (81), into (73) viclds

ke sin B
— .l‘ynf e ek dh,
hy h
or . (82)

‘l'-l‘Yuj"'2 1
2 h h

E, =

E, [e h(a—8) — ¢ h(a+ld)](1h

Then, if by=a—j and ka=a+},

—kih

I .-170[f'”e
Ty L ki

d(kih)

ho € kah
—f —-——d(kzlz)].
h kz/l

i

(83)

Expansion in the power series of J(e™*/x)dx leads to the
solution

— Ao ( cos Bl cos BI12>
e ahy — e uly
‘3 IIl II)

Advo , 1 d .
— e M -+ sin B/
B"' IIl", hl
1 d
— e ""1< - > sin ﬁh-_.],
II'32 I12

within 1 per cent, if the frequency in Mcis fye20.034,
ar<p? and 1>>2a/B%, so that k>500 meters.

Plots of the maxima and minima envelopes of (84)
lead to results which are likewise very similar to those
from (76) (FFig. 9) and (79), but with values still a trifle
smaller than in cither of those cases, if similar operating

y =

(84)

conditions are assumed.

It is apparent from these three results that, within
less than one order of magnitude, the simplest expres-
sion of (76) is almost as satisfactory for use in explain-
ing the observed phenomena as are the more compli-
cated arrangements.

From these data, one may observe that a 2.4-Mc
sounding station, which radiates 10-kw peak pulses,
should return an average peak threshold signal level of
about 1.5X1077 volt per meter from the region be-
tween 1.0 and 1.5 km altitude. This signal should be
detectable by means of sensitive, medium-bandwidth
pulse receivers.

The Maximum FEnvelope Gradient Reflection

Equation (76), from which Fig. 9 was plotted, may be
reduced to the ap proximate maximum envelope expression

, S 11
Er tnax) = 0()2\//’Ku'(l"/' Y. ( + >/fwc- (85)
II[ }12
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This simple equation may be adopted as an indicator of
the limiting maximum order of magnitude of tropospheric
reflections from regions of slightly changing dielectric
gradient v as a function of height or range.

\When (85) is applied, it must be recalled that there is
a definite possibility of analytical requirements wherein
the implications of the exponential parameter a of
(84) may require investigation. If the value of a varies
within the interval of integration, the amplitude of the
reflection will be found to vary accordingly.

Equation (83) may be modified by introduction of a
svmbol h,=h,—h, which represents the range interval
of integration of the original expression in a region of
constant diclectric gradient. In addition, this expres-
sion may be manipulated into the form of an cquivalent-
gradient maximum-reflection coeficient

Rty = cve[1 + /(1 + ho/h)]/16nf

where ¢ is the speed of light and the distance k, extends
for at least several wavelengths (perhaps at least four
wavelengths). This value may.be used in the same
fashion as other reflection coetheients.

(806)

COMPARISON OF THEORETICAL PREDICTIONS
WITH EXPERIMENTAL DATA

A. Sounding System Paramelers

1. The Received Signal as a Function of Apparatusr
Propagation, and Reflection Paramelers: If energy is
radiated uniformly in all directions, from an “isotropic
radiator,” the power which flows through a unit arca is

Py = PJ4nd? (87)

As a result of reflecting systems and radiating ele-
ment arrangements, the energy may be more or less
concentrated in various directions in space. Very nar-
row beams may be rather casily produced in microwave
systems. The concentration of power density S in space
at a distance d from the transmitting antenna is

S = PG /And® (88)

If a receiving antenna of effective arca 4. is placed at
a distance d, the total received power at that position
in space is S4.. The effective cross section of a receiving
antenna is

Ao =GN/ 4w, (89)

Then, from (88), the total power received, at an antenna
in space, 1s

P, = PGGN/(Am)d?. (90)

If reflection takes place at a plane boundary which is
quite extensive, so that most of the radiated energy is
intercepted by the boundary, (88) remains valid when
multiplied by the power reflection ratio or cocfficient,
or by the square of the clectric field-strength coceficient
| R|. The distance d is then the total distance from the
transmitter to the reflecting surface and back to the
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receiver. In vertical-beam sounding of the troposphere
where the height of the reflecting stratum is #, and
where the transmitter and receiver are close together,

d = 2h (91)
Equation (89) therefore becomes
_ PGGNIRE (92)

' 64n2h?
This is the complete equation for the received power
which is reflected from a thin diclectric stratum of re-
flection coefhicient lRl in the atmosphere, normal to the
direction of propagation of the transmitted wave.

In the case of a small discrete reflecting region of
cross-sectional area Ao, the portion of the intercepted
energy which is scattered back toward the receiver may
spread out in space as though from a new source of
radiation. If isotropic radiation is assumed, the term
(4wh?)~! enters into both the transmitted and reflected
propagation fields. The amount of power captured by
the isotropic reflecting region is

So = Pl(;‘.'l o/-hl’hg. (()3)

These two considerations enter into the case of the small
reflecting region. The power density returned to the re-
ceiver location, when an electric field reflecting cocffi-
cient [Rl is assumed, becomes, therefore, ,

So = PGetol R/ () 0, (94)
This introduces the familiar attenuation according to
the inverse fourth power of the range k, as in radar de-
tection of small objects.

The returned power is intercepted by the receiving
antenna system. This may be the same antenna which is
used for transmission. The effective cross section was
given by (89). From (89) and (94), the received pulse
power is

PGGNA R
P, = . (03)
O04m3ht

If an antenna reflector is used, and if the gain of the
antenna system has not been measured, it is possible to
use the equation

G = a(4rA/\Y) (96)

where a is the antenna “cfficiency” and 4 the equivalent
geometrical area of the antenna system or the geo-
metrical area of the antenna reflector or collector of
energy. The MIT Radiation Laboratory? used a =0.65
for paraboloidal reflectors, but the true value may vary
from 0.50 to 0.80. The Signal Corps has employed a
value of a=2/3. In the case of the cylindrical parab-
oloid with an array of dipoles excited from a wave-

2 D, E. Kerr and P. ]J. Rubenstein, “Introduction to microwave
propagation,” MIT Radiation Laboratory Report No. 406, p. 2;
September 16, 1943.

PROCEEDINGS OF THE I.R.L.

guide, as used in the AN/CPS-1 (MEW) radar, the
value of @ appears to be about 0.750.

The echoes which are returned from meteorological
phenomena of relatively small dimensions, in com-
parison with a widespread stratum, should be of mag-
nitudes within the limits stated by (92) and (95).

The Minimum Detectable Signal

The well-known expression for the random noise
power introduced into a receiver by thermal agitation
is

P, =1kl B (97)
where F, 15 the noise factor of the receiver; F.=1 for
a perfect receiver completely overcoupled to the dummy
antenna; F,=2 for a perfect receiver completely
matched to the dummy antenna. The specifications of
sensitive receiving systems usually include the actual
noise level in terms of db above kTAf or kT B.

On the occasions of a number of discussions of tech-
nical papers delivered by the author, before World War
I1, there were discussions relating to the relative strength
of a detectable synchronized pulse in the “noise”™ re-
ceived by and generated within a receiver. It was stated
that pulses had been observed at voltage levels some-
what below the noise voltage. It is well known that the
noise voltage level represented upon a cathode-ray
type-A presentation is rather indehnite, and that its
amplitude relative to a received pulse amplitude may
be a matter of personal judgment, unless it is computed
from power measurements. One is, therefore, justified in
concluding that these statements were rather vague.

Since that time, efforts have been made to determine
more precisely the signal-to-noise ratios which pre-
vailed during those carlier periods of measurement. It
is known that the systems which the author operated on
medium and high frequencies, between 1935 and 1942,
utilizced a system of operation with synchronized cw
signal injection, which has since been called a “homo-
dyne” or “coherent cw” arrangement.® \ small amount
of cw output which leaked out from the rf power
amplifier of the transmitter was received along with the
ccho pulse signals. A similar additional svnchronized
signal has been shown?® to contribute approximately 10
db improvement in the detectability of pulse signals
passing through the receiver. Footnote 25 cites later
intentional application of the principle to radar re-
celvers,

Haeft* has shown that it is possible to repeat experi-
ments relating to the limit of optical detection of pulse
signals in a thermal noise background with reasonable
accuracy. e used a 205-Mec carrier frequency with a

#* H. 1. Webb, W. S, McAfee, and E. D. Jarema, “C.w. injection
as a means of decreasing the minimum detectable signal of a radar

receiver.” Camp Evans Signal lLaboratory, CESL Technical Report
.\u.nl -32, ‘34 pp-. l)ecel_nber 19, 1944,

AL V. Haeff, “Minimum detectable radar signal and its de-
pende_n..ce upon parameters of radar systems,” Proc. I.R.E., vol. 34,
pp. 857-861: November, 1946,
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detector and a video amplifier, without coherent cw
injection, and recorded the observations of many indi-
viduals upon a so-called type-A indicator, with signal
amplitude versus time (range). These tests indicated
that the minimum observable peak pulse power was

1 1 \? /1670\'3
Pmin - kOkTuBFn'—<1 + - ') . < ) (()8)
4 Br, r

where P, is the minimum detectable pulse power at
the terminals of the receiver, in watts, and ko is the per-
sonal constant of the observer (ko=1 for the average
observer).

A recent paper by Norton and Omberg?® states that
the noisce figure with the antenna in operation is

F.
F.)=|—4 (F — 1 :l
(7 -

where F,, the receiver noise figure, is equal to the ap-
parent noise power input to the receiver when operating
from a pure resistance source at T =300°K divided by
kTB.

(99)

The Required Peak Transmitted Power for the Mintmum
Detectable Signal

Consideration of reflections from a plane stratum, of
extent greater than the cross section of the radiated
sounding beam, leads to a combination of (92), (98),
(99), with Pmin=P,. The minimum transmitted peak
pulse power Pyminy which may be utilized for detecting
an ccho from a region of voltage reflection coefhicient
lRl and height % is found to be given by

I)t(minv =

where k; is inserted as a constant to include the effects
of the type of presentation of the signal, of photographic
recording and other integrating methods, of “homo-
dyne” or “cw injection,” and of any and all additional
devices and method for improving the effective signal-
to-noise ratio, and ks is a pulse shape factor which is
equal to unity for a rectangular pulse. The correspond-
ing value of minimum detectable peak pulse signal level
is

Pronin, = ok kRTwBIFa/Fa+ (F — D)1+ ko) Br ) (1670/7)113.

The units are watts, meters, and cycles per second.

The Power Required on 2.398 Mc

It may be assumed that a half-wave dipole transmit-
ting antenna may be used on 2.398 Mc, that it may be
suspended at a height of about 0.1 wavelength above a
horizontal reflecting plane surface, that the receiving
antenna may be of similar design or that it may be a

21 K. A. Norton and A. C. Omberg, “The maximum range of a
radar set,” Proc. L.R.E., vol. 35, pp. 4-24; January, 1947.
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an isolated stratum of reflection coefficient IR|.

loop antenna suspended several meters above the earth,
that the noise of the receiver is F,=1.64 (which cor-
responds with a measured value of 2.16 db above kT B),
that a coherent cw signal is injected into the receiver,
and that an experienced observer monitors the signal
indicator. This leads to a value of power Pxw, in kw,
required for detection of echoes of electric field reflec-

(100)

tion coefficient IRI, from a height of A km, which is
expressed by the relation

Puw = 2.58 X 10~ 12/ |R|? (102)
when the pulse duration is 8.33 microseconds and the
receiver bandwidth is optimum. The values computed

from this expression are believed to be usually reliable
within somewhat less than one order of magnitude,

(101)

depending upon the external noise and propagation con-
ditions.

The chart of Fig. 10 is plotted from (102). These data
may be compared with possible meteorological condi-
tions by converting the meteorological data to dielectric
information by use of the charts of the report,? the key
chart of which is shown in Fig. 11, or by the equation

28 A, W. Friend, “Charts of dielectric constant or refractive index
of the troposphere,” Cruft Laboratory, Harvard University, Cam-
bridge, Mass., Contract N5ori-76, Task Order No. 1, Technical

Report No. 34, March 10, 1948. Also, Bul. Amer. Mel. Soc., vol. 29,
pp. 500-509; December, 1948.
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The air of the troposphere is never entirely free of
water vapor, but, as a hirst approximation, it mav he
assumed that a temperature transition stratum of 1.0°C
exists in perfectly dryvair, that its thickness is less than
one-tenth wavelength (12,5 meters), and that it is at a
height of about 10.0 km. This indicates a voltage re-
flection cocfticient of about 215X 107 The chart of
Fig. 10 indicates a required peak pulse power of 600
kw for detection of this stratum by the 2.398-\e¢ sys-
tem. If an echo is detected from that height when the
peak transmitted pulse power is 40 kw, then a tempera-
ture transition of 2.7°C is indicated within a fraction of a
wavelength, unless the presence of a water-vapor or
particle-transition stratum is indicated. Thunderheads
are observed by optical and microwave radar methods
to heights of at least 15 km, so there must be significant
amounts of water at such heights in both the ervstalline
and vapor forms up to at least this level. Cirrus clouds
are regularly observed at 8 to 11 km altitude. The
values of the precise quantities of water in the different
states and the gradients which may be expected at these
levels are not now available, but it secems that they could

PROCEEDINGS OF T 1R I

quite conceivably be responsible for the production of
many of the echoes which have heen observed with peak
pulse powers of 40 kw, and on nany occasions with even
less than 10 kw.

These and other comparisons indicate that water
vapor and particles of solid or liqud water, acting to
merease the diclectric constant of the atmosphere on
frequencies below perhaps 300 Mo, are of major im-
portance in the production of detectable echoes from
the ll'()[)().\])ll('l'«'.

A verv eatensive study of the nited States Weather
from Portland, MNlaine;
J.;and Butfalo, N Y,
the
Harvard Umiversity, and of a4 series of

Burcau radiosonde  records
Nantucket, Mass.; Lakehurst, N,
of S 1l radiosonde records made Boston
vicinity, by
meteorological data recorded by means of aireraft near
Morgantown, \W. Va1 connection with \West Vir-
ginia University, was made in relation to simultancous
radio ccho soundings which extended over a period from
1935 to 1942, From these data, an estimate of the ap-
proximate mean peak retlection coctticient | R

2.398 Mo, has been plotted as a function of altitude #,

on

m kilometers, as shown in Fig. 12,
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The Power Required on 110 )¢

A svstem has heen proposed for test on about 110

Me for a number of vears. There has to date been no

nppnrlnnil;\‘ to conduct these experiments, but this svs-
tem might be arranged with a pulse length of pcrha-ps
cither 2 or 8.33 microseconds, with optimum bandwidth,
a pulse-repetition rate of 625 pulses per second, a homo-
(I'_\'nc‘n-v(-i\'ing svstem, and an antenna power gain of
300) times with respect to an isotropic radiator in both
transmitting and receving, A 62-foot paraboloindal an-

February 1
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tenna reflector could be used with a dipole antenna radi-
ator. When the 2-microsecond pulse is considered, the
minimum required peak pulse power in kilowatts Pyxw min
for detecting an echo from a stratum of voltage reflec-
tion coefhicient [R'[ from a height (range) h is com-
puted from (99) to he

I)k\\'(min) e 1()8 X 1() L h." l R ‘:. (1()4’)

With a transmitted peak pulse power of 1 megawatt,
this becomes

R = 104X 10°h (105)

With a pulse length of 8.33 microseconds, these equations
become

Prwinin, = 2.59 X 10716 42/ | R12, (106)
and, with 1-megawatt peak pulses,
R = 5.087 X 1071¢ 4. (107)

All these values are for detection by observation on a
cathode-rayv indicator of range versus amplitude (type-
A radar indicator) without the aid of the photographic
integration, which may increase the detectability by at
least 10 db. The results of (105) and (107) are plotted
in Fig. 13.

In this case, with dry air at 500 millibars pres-
sure, if there is a temperature transition of only 0.1°C
within a range interval of 30 ¢m (about one foot),
N =A¢, =1.14X 1077, so that the stratum intercepts the
entire beam at normal incidence, and the indicated
detectable range is 26.5 km with the 2-microsecond
pulse or 35 km with the 8.33 microsecond pulse. Simi-
larly, a temperature change from —3°C to —5°C with
a change of water-vapor mixing ratio from 2.5 to 2.0

2
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Fig. 13—Minimum voltage reflection cocfficients | R| detectable at
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t =, = .
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gm/kg leads to N=A4¢=—6.75X107% If this transi-
tion occurs within a range interval of 1 meter,
[R[ =3.4% 107 for total normal interception, and the
indicated possible range is 327 km witha 2-microsecond
pulse. Without the use of homodyne reception, these
ranges would be about one-third of the indicated values.
In anv event, the indicated results are exceedingly
interesting to speculate upon.

The Indicated Performance with Stratum Fchoes on
2500 Mc

The modifiecd AN/CPS-1 (MEW) radar system,
which was used in the experiments mentioned at the
beginning of this paper, was operated with a 2-micro-
second pulse at a repetition rate of 400 pulses per second
with about 600 kw peak pulse power output. With
type-.\ presentation, the indicated results are given by

Prwimin = +.42 X 10-13 B2/ | R|? (108)

or

| R| = 2.103 X 1678 h. (109)

The latter relation is plotted in Fig. 14.

The 0.1°C temperature change, within 30 cm, which
was considered in connection with the proposed 110-Mc
system, should yield Lfsie=840 on 2,800 Mce. Hence,
for N=2¢,=1.14X1077, the reflection coefficient [R[
should be only about 5X 10717, which is negligible. It
seems clear that one must consider such changes within
shorter range intervals of the order of magnitude of a
wavelength or less. Such effects might readily occur in
turbulent air, especially within large air-mass boundary
regions. If only the moisture in the vapor state is con-
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sidered, with a transition at an altitude of about 5.8 km,
with f,= =3°C, w, =2.5gm/kg, tn=—5°C and w,=2.0
gm/kg within a range interval of 2 cm, then N=A4e
—6.75X10-% and |R| =1.08X10°% This leads to a
maximum range (for complete normal interception of
the beam) of 51 km. At the same height, with p =500 mb,
h=—3°C, 0, =25 gm/kg, to=—3.3°C, and w,=2.3
gm/kg, N=A48¢=1.30X10"*and |R| =2.08 X107, This
vields an indicated maximum range of 9.8 km. Many
of the photographically recorded cchoes from other than
particle-scattering regions appear to indicate reflection
cocfficients of less than 1077,

The Required Peak Pulse Power for the Detection of
Dielectric Gradient Echoes

The peak pulse power required for detection of di-
clectric gradient echoes may be determined by refer-
ence to (85) and (98). These relations may be converted
to the same terms, combined and solved to yicld an
expression which reveals the required peak pulse output
of the sounding transmitter, or 2.398 Mc. The condi-
tions for solution of the problem when different antenna
systems are used may be developed by introducing, in
addition, (89) and (90). A gencral equation for the
required minimum peak transmitted rectangular pulse
power, in watts, is

t(min)

a. Minimum Gradient Detectable on 2.398 Mc. Opera-
tion on 2.398 Mc, with an 8.33-microsecond pulse, of 60-
cps repetition rate, with optimum receiver bandwidth,
homodyne reception, antenna power gains by reflection
of four times, and the measured noisc level, indicate a
required peak pulse power output of

— - —-14 oo i = 1 ) ’

Plw = 417 X 1075/ <h. o ¥ s (a1
in kilowatts, when the height # is measured in kilo-
meters and the average dielectric gradient . is in units
per meter. The chart of Fig. 15 is plotted from (111).
Data from northeastern United States radiosonde
records have been analyzed to determine the approxi-
mate average diclectric gradient v, values indicated by
the lower dashed line. The upper dashed line indicates
an approximate usual maximum limit of the radiosonde
recorded average values of gradient as a function of
altitude.

These data indicate that, with 40 kw peak pulse
power output, gradient echoes may usually be detected,
on 2.398 Mc, up to about 3.7 km altitude, and often to
as high as 6.0 km. These figures appear to agree quite
well with the experimental results. They may be a trifle
conservative in many instances. This may be caused by
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Fig. 15—Power required to produce a detectable reflection from
a region of constant dielectric gradient v..

(110)

11] 112

an averaging of the maximum diclectric gradient values
with the minima, which was practiced in an effort to
provide a conservative analysis.

b. Minimum Dielectric Gradient Detectable on 110 Mc:
Equation (110) may be applied with the conditions of
(104) to (107) for the case of the postulated 110-\c
sounding station. When the 8.33-microsecond pulse is
uscd, the minimum required power, in kilowatts, is
2

. (112)

1
Prw = 883 X 100 H/.Yoz< 4

by Iy + 1.2:{>

and the minimum detectable dielectric gradient is
Yo = 941 X 10~ (hy + 1.25)/(2 4 1.25/h)) (113)

when & is in kilometers. The 2-microsecond pulse leads
to the relations

2
Py = 3.68 X 10—"’/7»’<i + ——1—*-> (114)
. Iy h + 0.30
and
Ye = 1.92 X 1078 (hy 4 0.30)/(2+ 0.30/k,).  (115)

Equations (113) and (115) are plotted in Fig. 16. Refer-
ence to the gradient curves of Fig. 15 in relation to Fig,
16 leads to the conclusion that a highly developed 110-
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Mc sounding system should allow detection of continu-
ous dielectric gradient echoes up to at least 8 km on
many occasions, and on the average at heights up to
5 km.

c. Minimum Dielectric Gradient Detectable on 2,800 Mc
with Modified AN/CPS-1 Radar: When (110) is applied
to the modified 2,800-Mc¢ type AN/CPS-1radar system,
which was outlined in connection with (108) and (123)
the results are expressed by the equations
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Fig. 17—Minimum detectable diclectric gradient e at indicated
range ki modified AN/CPS-1 (MEW) radar, Py=6X10* watts,
fuo=2,800 Mc, r=2X10"¢ seconds.
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1 1 2
Prn = 9.75 X 107® }(——- ) 116
k /‘Y I + Iy + 0.30 ( )
and
vy = 1.28 X 1078 (b + 0.30)/(2 + 0.30/hy), (117)

which are plotted in Fig. 17. This figure indicates that
extended gradient reflections are probable only from
ranges less than about 350 meters when the indicator is
visually monitored. Photographic recording could in-
crease this range to perhaps 1.0 km, and with homo-
dyne detection also added, it might be increased to per-
haps 3.0 km.

There is also the very probable possibility that much
larger gradients which may extent for short distances,
of the order of several wavelengths (A=10.7 cm) may
produce detectable echoes from much greater ranges.
Equation (86) may be applied in the approximate an-
alysis of these effects if the range interval (in meters)
of the large gradient region is substituted for the value
h,, where f is in cycles per second, and where the
boundaries of the gradient interval are quite sharply
defined.

RELATIONS OF THE OBSERVED REFLECTION EFFECTS
70 THE THEORETICAL DEVELOPMENTS

The medium-frequency echo patterns, which are
typified by the patterns shown in Figs. 1 and 2, appear
to be susceptible to separation into extended gradient
and discrete thin stratum echoes and combinations
thereof. These effects are believed to be explained in a
broad sense by the theories of extended dielectric gradi-
ent and discrete dielectric transition reflection effects
which have been outlined in this treatise. It is believed
that these and similar theoretical developments may
quite readily be extended to portray more precisely the
effects which may be expected in connection with the
details of the fine-structure of the atmosphere as these
data become more clearly outlined and more readily
available. At present, the pulse radio-wave soundings
indicate that most dielectric transition strata are from
one-fourth to one-half as thick as the radiosonde records
lead one to believe.

The theories of the diclectric transition and deviation
reflection coefficients lead to the conclusion that there
are many important eddies and stratifications of the
troposphere which are of the order of thickness of a very
few centimeters or less. It appears further that such
effects are quite often associated with air-mass bound-
aries of various sorts. The surfaces which separate
quite moist air from very dry air appear to be particu-
larly effective in the establishment of conditions which
are favorable to the production of the “dot” type of
echo. Theory and reason both seem to support these ob-
servations, since it is evident that water vapor plays a
major role in the production of outstanding dielectric
gradient effects of both the extended and sharply defined

types.
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CONCLUSIONS

It is concluded that the troposphere may be success-
fully sounded for various sorts of dielectrie transition,
deviation, and gradient effects by the use of pulses of
electromagnetic waves within the frequeney spectrum
from perhaps 1.6 Mc to at least 30,000 Me. The theory
indicates that an optimum band of frequencies for the
most effective sounding of dielectric phenomena, alone,
appears to be that between 100 and 500 Me. .\ peak
pulse power output of perhaps 100 kw should be ade-
quate for most purposes, when an antenna system with
an arca of about 3,000 square fect i1s used for both
transmitting and receiving, and when the receiver em-
ploys the homodyne or coherent cw signal-injection
system. .\ peak pulse power output of 1 megawatt
should allow detection of all important regions of di-
clectric variation. In addition, the use of separate trans-
mitting and receiving antennas should allow detection
at a minimum range of only a few vards.

Optimum sounding for both dielectrie
(from air-mass boundorics and wrbulence regionsy and
particle scattering effects (from precipitation or dust
particles) may be most readily achieved in the fre-
The

peak transmitted pulse power should he at Teast 300 kw,

Variations

quency range between perhaps 2,000 and 4,000 N,

and the antenna power gains should he at feast 15,000
times with respect to an isotropic radiator. Homody ne
reception and separate transmitting and receiving an-
tennas are desirable features. .\ peak pulse power of 8
megawatts, or more, should add a remarkable amount
of information to the sounding record.

IFrequencies in the 3,000- to 10,000-NMc interval ap-
pear to be extremely usceful for the sounding of most
types of precipitate regions if the sy<tem possesses the
features listed above, for the 2,000- to 4,000-N ¢ svatem.
These frequencies, with the very high transmitted
power levels, allow the penctration of regions of high
concentration of scattering particles.

Frequendies between 10,000 and 50,000 N appear
best suited for the location of regions of very smuall
concentration of small precipitate or dust particles, M-
imum availablc power and sensitivity are demanded.

It i~ a~ssumecd that photographic recording is to be
uscd i all cases, so that the detectability of echoes
may be increased by about 10 db. Anidealized sounding
station might record simultancously and continuousls
with vertical beam svstems operating on perhaps 400,
4,000, and 40,000 Mec. In addition a light-beam operated
cellometer chart could be recorded. The data from all
these devices should supplement those from the present
visual and radiosonde observations, and perhaps also
those from a microwave plan-position-indication (I’I’l)
svstem (for indication of regions of precipitate within a
radius of perhaps 100 miles), so that a really compre-
hensive weather analysis program might be established,
The PPl system might operate on alternate pulses from
one of the vertical-sector sounding svstems, It could he
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provided with a vertical scanning function (for height
finding and detailed analysis of semiremote cloud struc-
tures), and with an automatic tracking, computing, and
plotting system for the almost instantaneous analysis
and recording of radiosonde data.

The author's experimental work, which has already
extended over a period of thirteen years, is now sup-
ported by the similar efforts of many others. 101129 Tt is
hoped that the addition of these new data, in combina-
extended  mathe-

tion with the somewhat further
matical concepts, will be of assistance in the promotion
of this program for providing increased data for mete- |
orologists and acrologists, and for extending the scope 1
of data relating to the propagation of clectromagnetic

waves in the troposphere.
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Rectifier Networks for Multiposition Switching”

D. R. BROWNY, MEMBER, IRE, AND N. ROCHESTER], MEMBER, IRE

Summary—A multiposition switch utilizing crystal rectifiers is
used in electronic digital computers requiring switch times of less
than 1 microsecond and in other applications requiring extreme
compactness. Several varieties of this switch are analyzed, and gen-
eralized equivalent circuits are derived. Applications and practical
limitations are discussed for both low-speed and high-speed opera-
tion.

|. INTRODUCTION

NEW TYPE of multiposition switch has been
A devised in order to achieve switching speeds of

less than 1 microsccond. The switch has been
used in an clectronic digital computer to select the ap-
propriate control or storage circuits in accordance with a
binary code. It has also been used as a commutator to
distribute signals successively from one source to cach
of a group of output terminals, or to collect signals from
such a group of terminals. Because of its adaptability to
- high-speed operation in electron-tube circuits, this type
of switch is extremely useful wherever rapid multiposi-
tion switching is required,

In order to describe the operation of this switch, let
us consider the problem of translating the Murray code.
The Murray code is used to represent alphabetical char-
acters in teletvpe signals. Each alphabetical character
is represented by a symbol which consists of five “yes”
or "no” signals, and each signal is a positive or nega-
tive voltage. A rectifier network to translate the Murray
code has five pairs of terminals of one class and thirty-
two terminals of another class, If the code symbol repre-
senting the alphabetical character A is used to control
the five pairs of terminals, a signal will appear on the 4
terminal of the group of thirty-two. Conversely, if a
signal is applicd to the 4 terminal of the group of
thirty-two, the code symbol for 4 will appear at the
five pairs of terminals. One of the things which has to he
done in an electronic digital computer is to select the
correct storage register (memory circuit) in response to
the electrical code symbol which represents this register.
The principal difference between this problem and the
teletype problem is that there are usually more positions
_on the switch in the computer and faster action 1s
needed.
rectifier
network which has # pairs of terminals of one class and
2" terminals of another. These two sets of terminals are
connected to each other by means of wires and rectifiers
arranged in an intricate pattern, One set of terminals

The new multiposition switch contains a

* Decimal classification: R257.2. Original manuseript received
by the Inctitute, May 19, 1948; revised manuscript received, Angust
17, 1948. Presented, 1948 IRE National Convention, New York,
N. Y., March 25, 1948.

t Formerly, Servo-mechanisms Laboratory, Massachusetts In-
stitute of Technology, Cambridge, Mass.; now, Electrical Engineer-
ing Division, University of California, Berkeley, Calif.

1 Formerly, Sylvania Electric Products Inc., Boston, Mass.;
now, International Business Machines Corporation, Poughkeepsie,
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(the input) is actuated by switches, electron tubes, or
relays, while the other set (the output) usually actuates
some cleetron tubes or relays.

A circuit schematic of a four-position switch is shown
in Fig. 1. The switch is set by means of coded clectrical
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pulses at terminals 4 and B, and the load circuits, not
shown, are connected to terminals 1, 2, 3, and 4. The
switch holds three of the four load circuits in an in-
operative state by means of a bias voltage developed
across R,, R; and R The load circuit connected to
terminal 1 is normally operative. If, for example, the
load circuit connected to terminal 3 is to be sclected, a
voltage must be applied to terminal B to operate the
relay. Then current flows through resistors Ry, R,, and
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Fig. 2 A sixteen-position switch.
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Ry, biasing the load circuits at terminals I, 2, and 4 to
an inoperative state. If a voltage had been applied to
terminal A instead of terminal B, the load circuit at
terminal 2 would have been sclected. Application of a
voltage to both terminals A4 and B selects the load cir-
cuit at terminal 4. A circuit schematic of an eight-posi-
tion switch is shown in Fig. 20. Note that three code
terminals are required. Four code terminals are re-
quired for the sixteen-position switch shown in Fig. 2.

Each relay contacts one or the other of a pair of
terminals of the rectifier network. The relays may be
replaced by any element which sclects one terminal or
the other of a pair. In general, these “one-or-the-other™
elements of the switch are oriented to sclect the desired
load circuit by the presence or absence of a stimulus.
The maximum number of load circuits is equal to the
number of permutations of the orientations of the “one-
or-the-other” elements. If there are n “one-or-the-other”
elements, there may be as many as 2" load circuits.

This type of switch does not require any special
electron tubes, and, if barrier-type rectifiers are used, it
does not require a large number of electron tubes. Very
little voltage attenuation is suffered in the rectifier
network. With the barrier-tvpe rectifiers, the switch
can be made very compact and lightweight, requiring
only a small amount of power. .\ switch with many
positions requires a few more than two crystal rectifiers
for each of the 2" terminals.

An eight-position switch has been designed and tested
for use in a high-speed electronic digital computer. The
switching time is less than 1 micrcesecond. This high
speed is achieved by the use of resistance-coupled multi-
vibrators for the “one-or-the-other™ elements and type-
1N34 germanium-crystal rectifiers in the rectifier net-
work. A photograph of the switch is shown in Fig. 3.

Fig. 3—Photograph of the eight-position switch.
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1I. Kixps oF REcCTIFIER NETWORKS

The rectifier networks which have been shown in
Figs. 1 to 3 and Fig. 20 are all termed “rectangular” net-
works. The name arises from the fact that the conven-
tional method of drawing them uses a rectangular matrix
of wires with rectifiers in particular places. There are
other networks which accomplish nearly the same result,
and some of these have important advantages. For ex-
ample, if a 256-position switch were designed in the
rectangular form, 2,048 rectificrs would be needed. By
means of a more advanced design technique, a network
of rectifiers mayv be designed which will produce the
same result and require only 608 rectifiers. Figs. 4, 5,
and 6 illustrate three of the five possible sixteen-posi-
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Fig. 6= Sixteen-position rectangular network, 64 crystals.

tion rectificr networks. Each of these different sixteen-
position networks accomplishes the same thing that
any other would. In fact, if the rectifiers were perfect

~
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(i.e., if they had zero forward resistance and infinite
back resistance) and if the network were sealed in a
box with only sixteen-plus-eight terminals available, no
external measurements could be made to indicate which
of the five possible circuits was in the box. Note that
Fig. 6 is the same circuit as Fig. 2 but redrawn to be
comparable to Figs. 4 and §. The thirty-two-position
switch has twelve varieties. As the number of positions
increases, the number of possible circuits increases very
rapidly.

Appendix I gives a rigorous definition of the type of
network considered here. Only two kinds of networks
will be considered: the rectangular network, and that
network which uses the fewest rectifiers (the most eco-
nomical).

In order to proceed, some notation must be defined
which will stress the important characteristics of the
networks without any obscuring detail.

An examination of a few circuits will show what the
shorthand must illustrate. Notice that in Fig. 4 two
rectifiers are tied directly to each of the sixteen load
terminals. In other words, proceeding into the network
from the sixteen terminals, two sets of sixteen rectifiers
are at once encountered. The information from onc pair
of control wires comes in through the bottom set, while
the information from three pairs of control wires comes
in from the right. The sixteen-position switch of Fig. 5,
however, is different. Coming in from the sixteen
terminals, two sets of sixteen rectifiers are again en-
countered, but the information from two pairs of control
wires comes in through each set. In Fig. 6, the rectangu-
lar-network sixteen-position switch, four sets of six-
teen rectifiers are encountered, and the information
from cach pair of control wires comes in through cach
set.

It would be helpful if some conventional formulas
could be written to represent the situation, but this does
not seem to be possible. The method of notation which
has been devised employs triangles, which represent the
terminals from which the sclection is to be macde;
squares, which represent groups of rectifiers inside the
network: and circles, which represent groups of rectifiers
which are attached to the pairs of control terminals.
For one rectifier network, one triangle is drawn. The
number of terminals (27) is written in the triangle. The
number of rectifiers in each group represented by a
square or circle is written in the square or circle. The
meaning and value of the distinction between squares
and circles will become apparent after the rules for
drawing the diagrams have been discussed. Arrows
interconnecting the triangles, squares, and circles repre-
sent paths of information. One arrow represents the
path of the information from one pair of control
terminals.

The shorthand diagrams can be drawn by observing
the following set of rules:

1. Draw a triangle, and in the triangle write the num-
ber of load terminals,
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2. From the triangle, draw n arrows (the number of
load terminals is 2").

3. Every arrow must terminate on a box or a circle.

4. If one arrow goes to an enclosure, the enclosure is
a circle; no arrows leave a circle.

S. If more than one arrow goes to an enclosure, the
enclosure is a box, and the number of arrows leaving
must equal the number of arrows entering.

6. The number written in a box or a circle is 2? where
pis the number of arrows leaving the previous enclosure.

7. The total number of rectifiers needed to form the
network is the sum of the numbers in the boxes and
circles.

8. Each arrow represents part of the path of the in-
formation from one pair of control wires.

All possible diagrams drawn by the above rules repre-
sent all possible fundamental networks of the sort con-
sidered; the proof is given in Appendix II. Figs. 7, 8,
and 9 show the shorthand notation for the networks
shown in Figs. 4, 5, and 6, respectively. Fig. 10 shows

l

30

16 8

Fig. 7—Sixteen-position pyramid network (shorthand notation).

SO

Fig. 8 —Most economical sixteen-position network
(shorthand notation).

Fig. 9—Sixteen-position rectangular network (shorthand notation).
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the shorthand notation for the 256-position network
which has been mentioned. In order to design the most
economical network, the following rules must be fol-
lowed:

1. When the number of arrows leaving a box or a
triangle is greater than three, the arrows go to only two
boxes.

2. The arrows leaving a box or a triangle to go to
boxes must be divided as evenly as possible between the
two boxes toward which the arrows are pointed. If the
number of arrows leaving a box or a triangle is three,
hoth possible circuits involve the same number of recti-
fiers, and so the choice does not matter.

The proof that these rules lead to the most economical
network is given in Appendix [11.
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Fig. 10—>Most cconomical 236-position network
(shorthand notation).

ITI, EQUIVALENT CIrRCUITS

In the previous discussion, the problem has heen
considered on the basis of the assumption of perfect
rectifiers. These, of course, do not exist, and the dis-
crepancies from perfection can have a profound intlu-
ence on the operation of the switeh.

It is casyv to draw the equivalent dircuit for a rec-
tangular rectifier network. X consideration of the polar-
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Fig. 11 —Eight-position network controlled by single-pole switches.
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Fig. 12—Fquivalent dircuit for Fig. 11.

ities involved will show which rectifiers are going to con-
duct and which are not. Fig. 11 shows an cight-position
rectifier network connected into a tvpical circuit; Fig,
12 ~shows which rectifiers exhibit a low resistance, Ry,
and which exhibit a high back resistance, Ry, The na-
ture of these resistances may be understood from an
examination of the current
acteristic of the rectifiers, shown for a 1N38 in Fig. 13.

resistance  versus char-
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Fig. 14 Effective equivalent circuit for an eight-channel network

with single-pole switches.
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The values for Ry will ordinarily be about the same for
all rectifiers which exhibit the high back resistance, but
if the currents are not large enough there may be con-
siderable variation in R, Assuming that R, is uni-
formly low, and assuming that the ratio of front to back
resistance is large, we can assume that terminals 2 to
8 inclusive are at the same voltage, and that terminal
1, the sclected one, is at another. The equivalent circuit
is then shown in Fig. 14. Generalizing this to a 27
terminal network is straightforward; the result is shown
in Fig. 15. Networks with a very large number of

+
—{ 1| 1]1]
Fig. 15—Effective equivalent circuit for the general rectangular net-
work with single-pole switches; R)=load resistance, Ry=re-
sistance of a conducting rectifier, R, =resistance of a nonconduct-
ing rectifier.

terminals do not produce a very large voltage difference
hetween the selected and nonselected terminals because

R, I
n n(2e v — 1)

becomes so small. This situation may be greatly im-
proved by using the network a little differently. The
circuit is shown in Fig. 16, the new equivalent circuit in
Fig. 17. Notice that as n gets large the performance of
the network of Fig. 16 does not deteriorate as it does in
Fig. 15. Except for the fact that the number of erystals

| on 1 |
| TERMINALS) :

T:REEAi}%ﬁ % ﬁ
b~

Fig. 16—(2n+2") terminal network operated by double-pole~
double-throw switches.
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gets so large that the expense may get out of hand, there
is no difficulty in making very large switches.

The most cconomical networks function better than
the rectangular networks when used as in Fig. 11, but
the rectangular networks function better when used in
the circuit of Fig. 16. A generalized technique for
deriving equivalent circuits for the most economical
networks has been worked out, but will not be presented
here because of its complexity.
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Effective equivalent circuit for a general rectangular

Fig. 17
network with double-pole reversing switches.

IV. APPLICATIONS

Several applications  for  these  rectifier-network
switches have arisen. In the principal computer applica-
tion, an “order” which consists of the code is sent to the
switch, and the switch then opens the proper electron-
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Fig. 18- Degenerate rectangular cight-position switch
used to generate the binary code from a keyboard.
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tube coincidence circuit or “gate.” The network is
really translating the binary code. Such a translator
can, of course, work in reverse: a keyboard can be made
with 27 keys and connected in the circuit shown in Fig.
18. When any push button is depressed, the correspond-
ing binary code is set up on the relays. Note that a de-
generate network with half of the rectifiers omitted will
serve for this purpose.

A commutator may be obtained if the multivibrators
of a binary counter are used as the “one-or-the-other”
elements. This will cause the various positions to be
selected one after the other, as the counter counts. A
commutator of this sort could be used to send pulses
down various channels in a particular time sequence.

These networks can also be used to distribute or col-
lect signals. An example of a collector is shown in Fig.
19. The signal from the selected source appears on the
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Fig. 19—Rectangular eight-position switch used to select a signal
and transmit it.

output, while the signals from the nonsclected sources
are not transmitted. Such a network can, of course, be
used in reverse to distribute a signal from one signal
generator to the selected one of a group of terminals.

V. SWITCHING TRANSIENTS

Multiposition switches are required in the high-speed
electronic digital computer being designed at the Massa-
chusetts Institute of Technology. Rectifier-network
switches for this computer having switching times of
less than 1 microsecond have been designed, con-
structed, and tested, One of these, an cight-position
rectangular-network switch, is shown in Figs. 3 and 20.
Resistance-coupled multivibrators are used as the “one-
or-the-other” elements, and isolating buffer amplifiers
are placed between the multivibrators and the rectifier
network. A twin triode, type 2C51, is used for each
multivibrator and for each pair of buffer amplifiers;
germanium-crystal rectifiers, type 1N34, are used in
the rectifier network. The switch is set by a code which
consists of short voltage pulses applied simultancously
to the three code terminals.
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In less than 1 microsecond the desired load circuit,
in this case a type 6AS6 gate tube, must be made opera-
tive, and all the gate tubes connected to other load
terminals must be inoperative. The gate tube is made
operative by driving the suppressor grid from below
cutoff to zero or to a slightly positive voltage. A bias of
20 volts is required to change the gate tube from the
inoperative to the operative state, or vice versa.

In order to study the switching transients, one or more
of the code terminals was simultancously pulsed by 0.25-
microsecond negative pulses, and the reset terminal
was pulsed 1 microsecond later. The process was re-
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Fig. 20 —Circuit schematic of eight-position switch,

peated at a 1,000-cps rate, so that the switching tran-
sients could be observed on a synchroscope. The voltage
at the selected terminal increased 28 volts during the
I-microsecond period and returned to the normal non-
selected voltage at the end of the period. Voltage at
terminal I, which is the terminal selected when the
switch is reset, deercased 25 volts during the 1-micro-
sccond period and returned to its normal voltage at the
end of the period. The voltage at the nonsclected
terminals did not change except for a brief transient
pulsc at the beginning and end of the 1-microsecond
period.

The switching transients observed were different de-
pending orr how many multivibrators were switched by
1th code. For the case where all three multivibrators are
switched, the wave form at terminal 7 is shown in Fig.
21(a), at a nonselected terminal in Fig. 21(b), and at the
selected terminal (terminal 8) in Fig. 21(c). The wave
form at only one of the nonselected terminals is shown
because all the wave forms at the nonselected terminals



1949

are the same when a given number of multivibrators are
switched. The voltage scale indicated in Fig. 21 is, with
respect to the supply voltage, 100 volts. These wave
forms may be explained by a simple analysis. Since the
longest switching time and largest transient pulses on
the nonselected terminals occur when all three multi-
vibrators are switched, this case alone will be con-
sidered. Other switching transitions may be analyzed in
asimilar manner.

Fig. 21—\Vave forins of the eight-position switch.

The nonconducting buffer amplifiers are biased well
below cutoff. \WWhen the multivibrators switch, the con-
ducting buffer amplifiers cut off before the other buffer
amplifiers start to conduct because of the finite rise
times of the pulses from the grids of the multivibrators.
During the time that all the buffer amplifiers are cut
off, the voltage of the entire network approaches the
supply voltage as the shunt capacitances of the network
are charged. Since the shunt capacitances are charged
through resistors R, to Rg in parallel, the voltage of all
terminals increases very rapidly except terminal I,
which is aiready at the supply voltage. When the other
buffer amplifiers begin to conduct, they draw plate cur-
rent through R, to R; and force the voltage at the non-
sclected terminals, including terminal 1, back to the
normal nonselected voltage. This accounts for the
transient pulses at the nonselected terminals and the
rapid rise time of the wave form at the selected terminal,
terminal 8.

Note that during the time all the buffer amplifiers are
cut off, terminals 2 to & rise together, and after the
buffer amplifiers begin to conduct, terminals / to 7 fall
together. Soon after the buffer amplifiers begin to con-
duct, at the time the transient pulse at the non-
sclected terminal reaches its peak, the polarity of the
voltage across some of the crystals changes and the
sclected terminal is isolated from the rest of the network.
The voltage rises to its final value slowly as the shunt
capactitance associated with the selected terminal is
charged through the single resistor, Rs. Thus the long
switching time is observed at the terminal being selected.
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At the end of the I-microsecond period when the
switch is reset, terminal I is the terminal being selected
and has the same wave form as was observed at terminal
& when it was selected. Stray coupling capacitance ac-
counts for the small positive pulse at terminal I at the
beginning of the 1-microsecond period and for the dip
in the wave form at terminal & which occurs just after
the initial rapid rise.
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ApPENDIX |
DEFINITION OF THE RECTIFIER-NETWORK SWITCH

The switch is a network with (2»+2#n) terminals; 27
of these terminals are of one class, and » pairs of ter-
minals are of another. If the network is connected in the
circuit of Fig. 11, current will low in all but one of the
external resistors. For each permutation of the posi-
tions of the single-pole—double-throw switches, a par-
ticular and different resistor will have no current flow-
ing through it.

ApPENDIX [l
VALIDITY OF THE SHORTHAND NOTATION

The nature of the information introduced via the
two-position switches is such that every possible permu-
tation of switch positions must be used in order to be
able to select any one of the 2* positions. Therefore,
every one of the # pairs of terminals must be used.

Any circuit which does not connect two or more chan-
nels does nothing useful. Since this is so, we must con-
nect, via rectifiers, at least two sources of information
to each output wire. We may attach up to n sources of
information to each output wire, but we cannot connect
fewer than two or more than z in the most economical
circuit.

An example of connecting two sources of information
to the output wire is shown in Fig. 4. One source of
information selects one of two groups of output wires,
and the other selects one of eight other groups. Conse-
quently, the result is a sclection of one of 2X8=16
wires.

L—_——_
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An example of connecting n sources of information
to the output wires is shown in Fig. 6. Each of four
sources of information selects two groups of wires, and
the consequence is a sclection of one of 2X2X2X2= 16
wires.

Each choice of whether or not a wire is to be selected,
on the basis of one source of information, can be made
by means of one rectifier, and one rectifier is necessary'.
Consequently, all possible cconomical circuits can be
found by drawing, each time the problem of selecting
between 27 choices appears, the various circuits which
have between two and # selections on each wire.

Now return to the shorthand described in Section 11
A triangle represents the wires from which the selection
is to be made. The number of enclosures in the column
to the right of the triangle represents the number of
selections to be made on ecach wire. If the number of
enclosures is less than n, more combining circuits have
to be added in order to make the selection definite. The
same principles apply to the subsclections which are
made.

In the shorthand, the convention of using a dircle
when no further sclection is needed and a square when
further selection is necded clarifies the diagram. “The
arrows represent how many selections finallv have to be
mad: on cach channel.

Arpexpix 11D

PROOF OF THE RULES FOR DFKIVING
T MosT EcoNoMICAL NI TWORK

Let N(n) be the number of rectifiers needed to make
a network which sclects one from 2° position-  Let
E(n) be the number of rectificrs needed to mahke a
network by following the rules we have civen for desten-
ing the most cconomical network Demonstrate that

N(n) = L(n). (1)

Onlv one four position network can be drawn, and
the two |m\\i})lc t'i;\hl ];()\i!mn nctworks both rl(]llirl
the same number of rectiiers, as can be scen if all
possible four-position and aicht-position networks ar
drawn. In this paper, we have chosen to use the rec
tangular cight-channel nctwork because of its sy mmietry

In Fable 1, c<ome value~ of 7 00 and certain other con-
venient quantities which will be needed in this theory
have been tabulated

Notice that, in Table I, 2.(n) ~cems to approach 20

as n gets large, but that

E(n) > 27 when 2> 2 (2)

Inequality (2) must alwavs apply because 2°7 recnn

fiers are needed to attach two rectifiers to cach channel,
and because attaching at least two rectifiers is necessary

1 After this paper had been rc}mrod. it came to the attention of
the authors that another proof of this same proposition had been
worked out independently by C.H Page of the Bureau of Standards.
Dr. Page's proof has been extended to the case of nonbinary codes.
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TABLE |
n E(n: 3 2 e et
2 8 19 4 8
3 24 24 8 16
1 18 48 16 32
5 96 96 32 61
O 170 192 64 ! 128
7 328 384 128 236
S 608 768 256 512
) 1,168 1,536 512 1,02
10 2,240 3,072 1,024 2,048
1 4,303 6,144 2,048 4.096
19 8,544 12,288 4,096 8,192

but not adequate. It can be shown by mathematical

induction that
E(ny £3 2 (3)

A« can be seen from Table 1, (3) has been demon-
~trated experimentally when #2120 Tt will be shown
that, f

R 4)

tor exery value of p which is less than n, then

‘n

Fin) £ 3 2 (

| hi-,

It 21~ cven,

of cour=c will prove (3

o) =2 )

(%
-4
()
i
N
"‘I. =
N—

i~

! n

é A L A ; ) . (:‘1

Therctore, (3 1= proved it s an aven number hirger
than 4 If n - oL, the same process ~hows that (§)
1= provcdat s an odd number larger than 5.

In the ~horthind notation, it the arrows from a box or
triindle co to three or more boxes, then

N(n) = 3.2 (>

Since this contradicts (3 the arrow s which e wve 1 bos
or 1 trinde must Lo to two hoves,

Noat prove that the division of arrows between these
boxcs must be as cven as possible. This must be done in
two ~t iz~ The first ~tace will prove that the division
must be within onc arron of hong = even as possible,
imnd i the second <tage a division which 1= as even as
pos=ible will e comparcd with one which ditters by one h
ATTOW,

First, constdor the case where o is an even number If
an oven division i~ made, J

n
1 <22 232 (V)
Y

1) >0 L0

—
=
Il
to
to
+_
~—
N
' =
*—
\:/
+_
~
N
C/

>22 422 my 2 vy |
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Equation (10) becomes larger than (9) if m =2 because
22742 > 2.3.2002, (11)

Next, consider the case where n is an odd number. If
the most nearly even division is made,

n+1 -1
E(n) =22 + 1':<»- -> + E(” _>
2 2
é 22n + 2.3.2(n+l)12. (12)
If a less even division 1s made,
. A+ n—1
N(n) = 22"+ 1:(—— + m>+ L(———— - m)
2 2
> 2.2n + 2.2(7|+|)I2+m. (13)

Equation (13) is larger than (12) when m 22 because
2.2(7-+|)/2+2 > 2.3.2("'{’1),2. (14)
In order to proceed with the proof and demonstrate

that (m =0) is better than (m =1), rather delicate tests
must be applied. Consider four cases:
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Let
n = 4p. (15)
For the even division write
E(4p) = 2-247 4 2-2-2?7 + 4E(p); (16)
while the odd division gives
N@4p) = 2-2» + EQ2p + 1) + E(2p — 1) (17)
N(4p) = 2-2¢7 + 2.22p+1 4 2.220-1
+ E(p+ 1) + 2E(p) + E(p — 1);  (18)

Writing the appropriate inequalities for (16) and (18),
E(4p) £ 2-2¢7 4+ 2.2-2%7 4 2E(p) + 2:3-27 (19)
N(4p) > 2-24» + 2.2:2% 4 2E(p)

4 222 4 2.2.27 4 2.2071, (20)
It is then obvious that
E(4p) < N(4p) when p = L (21)

The same procedure may be applied when n=4p+1,
4p+2, and 4p+3, but the details will not be presented
since the method has been demonstrated.

Properties of Some Wide-Band Phase-
Splitting Networks®

DAVID G. C. LUCK{, MEMBER, IRE

Summary—Passive networks that produce polyphase output from
single-phase input over wide frequency bands have great practical
utility, yet published analysis of their action is incomplete. After
reviewing propert; es of simple branch circuits useful in such net-
works, an expre ssion is derived for phase difference produced
between branches as a function of frequency. This expression is
given a remarkably simple form, from which over-all operating
properties are evident by inspection, permitting direct circuit design
from required performance. General performance and design curves
are presented.

INTRODUCTION
IVERY RADIO ENGINEER has at some time

produced two voltages in known phase relation,
probably by use of a simple RC phase splitter,

and many have been annoyed by the sensitivity of such
,\dcviccs to frequency changes. Although twenty years
have gone by since Zobel! described some phasing cir-
cuits with constant attenuation, the possibility of using
such circuits to build up wide-band phase-splitting net-
works has remained very little known. A recent paper
by Dome? has therefore performed a valuable service by
calling gencral attention to the possibility of thus mak-

) * Decimal classification: R143 X R246.2. Original manuscript re-
ceived by the Institute, April 16, 1948; revised manuscript received,
June 17,71948. Presented, 1948 IRE National Convention, March 22,
1948, New York, N. Y.

t RCA Laboratories Division, Princeton, N.J.
_ 0. J. Zobel, “Distortion correction in electrical circuits,” Bell
Sys. Tech. Jour., vol. 7, pp. 438-534; July, 1928.
R, B. Dome, “Wide band phase shift networks,” Electronics,
' vol. 19, pp. 112-115; December, 1946.

ing passive networks which will develop a polyphase
signal from a single-phase source having complex wave
form or variable frequency. He has also pointed out the
great utility of such devices for single-sideband modula-
tion, frequency-shift keying, development of circular
oscilloscope sweep, and like applications.

Because of their wide applicability, the properties of
these circuits deserve a more complete analysis than
Dome has published. Such analysis turns out to allow
the performance attainable to be displayed in a conven-
ient and general fashion, and in addition to permit di-
rect determination of circuit parameters from required
performance. The most elementary sort of analysis will
provide all the information needed, so long as a tapped
signal source having negligible internal impedance can
be assumed available. The properties of some simple
branch circuits that may be used will first be indicated
as briefly as possible, to provide a foundation for the
analysis of the complete phase-splitting network which
follows. The general properties of the complete circuit
are then discussed and presented graphically, and the
results attainable in the special case of a 90° phase split-
ter are indicated.

ProPLERTIES OF BRANCH CIRCUITS

The very simple series circuit of Fig. 1(a) exhibits all
essential properties, but its output must not be loaded.
This circuit, with only three elements, is fully deter-
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mined by specifying its operating characteristics of
resonant impedance R, resonant frequency fi, and se-
lectivity Q (reactance/resistance ratio at resonance).
Output voltage e is evidently related to input voltage E
by

— I, (1)

e= -3+ ——

1
R+ jel + —
JuC

considering the circuit as merely a voltage divider.

Introducing the operating characteristics fi and Q
into (1), the complex voltage-transfer coefficient e//f
becomes in general

0 = 115
1 — O — (/)

with the real amplitude factor k independent of fre-
quency and having just the value % for the particular
circuit in question. Now,

C L
’
. EEHP’”- -T—“Q
0 o——1—1<0
R =
'IEEO—I‘MP—I

Le =42 LRt Q?

180

CJE =k (2)

(a)

(b)

PHASE ANGLE @ IN DEGREES

RELATIVEN) FREQUENCY f

— . ..
003 006 010 020 03 Ce 2 3 e 10 20 30

=180 -

Fig. 1—Simple branch circuit and its phase charactoristic,

(a) (b) (c)
o~ H‘V‘!‘l'\-o—é <y —% -'pﬁ
. p—;———c- .o‘—-rs. . - % .
ot sl oLl

wt=1/LC wi=1/LC wi=1/RCi=1/R,C,
Q*=L/CR? *=CRYL Q=1/[Ra/R\+2|
k=1} k=14 k=1-2Q
L=QR/u L=R/uwQ R|=Rz/[1/Q—-2]
C=1/wQR C=Q/wR C=1/wiR,

Ci=[1/Q=2]/(1Ry)
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O(fi/f — f/f)) = tan 3¢ (3)
where 1¢ is the leading phase angle of the current in
the series circuit. In terms of this angle, the voltage

transfer is simply

e/l = ker®. (1)

The relative phase angle ¢ of the output voltage is
plotted in Fig. 1(b) against f/fi, on a logarithmic fre-
quency scale, for two representative values of Q. At the
higher value of Q shown, the curve has a simple .S shape,
with a single point of intlection. At the lower value of Q,
the curve has a double-S shape, with three points of in-
flection. At an intermediate value of Q, there is a tran-
sition between these two limiting forms, and the corre-
sponding curve is substantially straight over a consider-
able region. In any case, ¢ approaches *180° for fre-
quencies far from resonance.

The properties of the circuit that are important to the
present discussion are the constant magnitude & of input
to output voltage-transfer ratio and the fairly linear
region of the phase-frequency curve that is symmetri-
cally located around its point of intlection at resonance.
It is also important to remember that the shape of the
pha-e curve is completely determined by specifving Q.
On a logarithmic frequency scale, the resonant fre-
quency f; merely locates the curve without altering its
form, and resonant impedance R does not directly affect
the transfer characteristics at all.

Several alternative circuits capable of giving the de-
sired characteristics are shown in Fig. 2, with relations
between values of circuit elements and fi, Q, and k shown
for cach. (, used here for its familiar significance, is just
the reciprocal of the parameter s of Dome’s notation.
Since the resistance R is external to the resonant loop
in Fig. 21D), the Q in that case is the ratio of resistance
to rcactance of one element at resonance. Values of Q
that are of present interest are less than %, so circuits
using only one kind of reactance are permissible, if the
penalty of sharply reduced output can be tolerated.
The fourth element of Fig. 2(¢) is not determined by f1,
Q, and over-all impedance required, and may be ad-

(d) (e)
-.‘c—z'—trr 2 L s ere
!‘_‘4!_1 1 t’)&;;r : —q—g@-
- ey WA
:,I E.,

wt=1/LC\=1/L.C,
Qz= Ll ICI'R:= Csz//[/,

w = 1/R1C|=1/R2C1= I/RJC:
Q=1/[R/R=2]=1/[Ri/R:+2]

k=} k=(1-201/(1420)
Li=QR/w R.=Ry/[1/Q-2]
Ci=1/wQR Ri=Ry/[1/01—4]
L=R/wQ Ci=1/wiRs
Cr=Qak Cr=[1/Q=2]/(w Ry

Ci=[1/01— 1] /(R

Fig. 2—Alternative branch circuits and their properties,

A
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justed to give maximum k for a chosen Q, a result ob-
tained by making the two RC products equal.

Fig. 2(d) shows onc-half of the conventional sym-
metrical phase-compensating lattice, which is able to
tolerate the resistive load iR at the half-lattice out-
put. In order to produce the desired transfer character-
istics as given by (2) or (4), resonant frequencies and Q
values must be made the same for the two branches
shown. When these conditions are imposed, the circuit
elements are fully determined and, in addition, the full
lattice section exhibits a purely resistive input imped-
ance R which is independent of frequency.

Dome? has also suggested the very usefu' circuit of
Fig. 2(e), which not only avoids the use of inductances
but will tolerate a load that includes shunt capacitance.
This circuit is fully determined and made to follow (2)
by imposing three conditions, which equalize the values
of fi and Q for the two branches and maximize k. All
circuits shown except that of Fig. 2(c) are half lattices
fedd in balanced fashion, and may be expanded by sym-
metry to the full lattice section, if a balanced output

- of doubled amplitude is desired.

AxaLvsis oF CoMPLETE CIRCUIT

Any of the circuits of Fig. 2, all of which are charac-
terized by attenuation independent of frequency and
an output phase varying as in Fig. 1(b), can be used as
elements of a phase splitter. If two such circuits of
equal Q are tuned to different frequencies fi and f; and
connected as in Fig. 3(a) to provide separate branch-
output voltages e; and ey, the phase relations of Fig.
3(b) will result. The mean phase of e; and e, relative to
E will vary with frequency much as do the phases ¢,
and ¢, of e; and e, separately. On the other hand, the
phase difference ¢ between e, and e, will take on a fairly
uniform maximum value for frequencies near the mean
of f and fo, where the individual phase curves are fairly
linear, and will approach zero for frequencies far above
fy or below f.

(a) (b)

_—
S —~ ]

T TR TN
00— ' J '410. o "

.
\. V¥ rt,
(4

= %\%""
w—23% ¥ | —

*/rt=1/LC wlt=welr?=1/L.C, Q= Li/CiR?*= L/ C2R?

Fig. 3—Complcte phase-splitter circuit and its branch-
phase characteristics.

Av.
w.’z

The behavior of the complete phase splitter is fully
| determined by the resonant frequencies f; and fs, to-
| gether with the common value of Q. Alternatively, the
| geometric mean fo between f; and f, and the ratio 7? of
| f2tofiare convenient to use as basic parameters. In con-
| junction with any conditions nccessary to provide the
| characteristic of (2), and to maximize k, the three param-

cters fo, 7, and Q also determine the values of all cir-
cuit elements cxcept as regards over-all impedance
level. The relation between branch-output phase differ-
ence ¥ and frequency f may now be examined in detail
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as toits general form and its dependence on the param-
eters fo, r, and Q.

Since f, is by definition fo/r and f, is rfo, the phase
angles ¢ and ¢: of output voltages e, and e. relative to
input voltage E are given respectively by

- tan 31 = Q(% - %)], | .
wieof2-1)

The phase lead ¢ of e; over e is ¢2—¢y, and use of (5)
in the usual trigonometric expression for the tangent of
the difference of two angles, gives directly

-G

N A |
1+0 <f rfo><ff f0>

Expanding this expression, factoring the numerator,
rearranging the denominator to give perfect squares of
factors in the numerator, and dividing through by *
givesin turn

1 1
B ( - 7) /fo + folf) _
tan 3¢ = — S — (7)

1
e

as a general expression for the frequency dependence of
the phase split produced by any equal-Q pair of circuits
of the type considered here.

Equation (7), with evident logarithmic symmetry
about the central frequency fo, is already quite simple
and usable. Certain changes of variable render its form
much simpler still, however, and in addition permit al-
most all numerical calculations of performance to be
taken ready-made from trigonometric tables. Simplifi-
cation is accomplished by use of the standard trigono-
metric identities

2
cot x + tan x = = 2 cosec 2x
sin 2x
and : . (8)
cot x — tan x = = 2 cot 2x
tan 2x
Quite arbitrarily, let
f/fo = tan n. ©
1
Q(r - —-> = tan }y,, (10)
r
and
1 1\? )
6;—<r ——r—>=4cosec to (11)

define a new independent variable 7 and new parame-
ters Yo and o. Substituting these variables into (7) and
using (8), there results

cosec? 3o cosee g

tan 3y = tan 3y, (12)

cot? 40 + cosec? g
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Now let
(13)

tan 4o cosec n = tan )

define still another independent variable 8. In terms of
this variable, (12) [and thereby (7)) finally takes the
form

tan 3y sin ¢

tan 3y,

(1-H

sin o

This is the general phase-versus-frequency character-
istic of the complete network. It holds for any values of
fo, r, and Q, but these have now been replaced by more
convenient performance parameters o and g.

PROPERTIES OF PHASE SPLITTER

The physical significance of the above very compact
result shows quite clearly upon examination of (13) and
(14), bearing (9) also in mind, and determines the form
of the curves to be given later. For an input-signal
frequency equal to the network center frequencey fi, n s
90 degrees and cosecn is unity so, from (13), 8 is equal
to ¢ and, from equation (14), branch-phase difference ¥
has just the value ¥o. That is, e, determined by Q and r
according to (10), turns out to be just the phase split
between the two branch outputs for the center fre-
quency fo.

Since cosecn cannot be less than unity, (13) indicates
that 8 cannot be less than a. If ¢ exceeds 909 tanle
exceeds unity and 8 remains above 90° for all frequencies.
Iquation (14) then indicates a single phase-difference
maximum when 8, still above 90°, is a minimum. A is o
minimum when cosecy has its minimum of unity, at
frequency fo. The network with ¢ > 90 thus exhibits a
single maximum of phase difference, having the value
¥, at the center frequency fo.

If, on the other hand, ¢ is less than 90°, tanje is less
than unity and 8 will pass through 90° as cosce 7 takes
the value cotie (>1) in its variation with frequency.
Since 7 varies from 0° to 180° as input frequency goes
from 0 to =, cosecn will take this vahie twice and phase
difference ¢ will show in this case two maxima, of value
¥m. These maxima will be symmetrically located with
respect to fa, since cosecn is symmetrical in log f/fo. At
fo, 8 will have its minimum value, less than 90° and equal
to ¢, and the phase difference ¢ will now exhibit at fu a
minimum of value Y.

When there is a double maximum of phase difference,

the relation

tan .,
(13)
tan

holds and, alternatively, the departure § (.. —yu) of

coseC o =

the extremes of phase difference from the mean
1(Ym+0) of those extremes is determined by g as
sin 3(¥,. — '2)

= sin $(¥.. + ¥u) tan® (43° — Lo). (106)

For values less than 90°, the physical meaning of ¢ is
thus quite simple and clear.
Parameters fo, Yo, and ¢ determine the relation be-
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tween branch-output phase difference and signal fre-
quency completely and in a very simple and direct way.
Center frequency fo locates the characteristic on a log-
arithmic frequency scale, without affecting its form.
Center-frequency phase difference Yo locates the char-
acteristic on a logarithmic-tangent phase scale without
affecting its form. Form paramecter controls the gen-
eral shape of the characteristic and its spread in fre-
quency, as well as further locating it on the phase scale.
A single characteristic curve, generally useful for all
values of fu and yu, is therefore obtainable for cach value
of g.

The parameters fo, Yo, and @ also determine the circuit
design quite directly. From (10) and (11) together,

() = 31 — 1an? 3, sin jo. (17)
[Letting
r = cot ip, (18)
(8), (10), and (11) give
tan p = y/cot? Iy, — 1 sin Jo. (1)

Resonant frequencies f; and f2 for the two branch net-
works are fu/r and rf,, respectively, and the valtues of all
circuit elements may be determined from fy, fo, Q, and a
choice of impedance fevel.

Iig. 4 shows the phase-frequency characteristics, as
given by joint use of (9), (13), and (14), for various
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Fig. 1 —-General characteristics of phase splitter,

values of . Frequency is plotted logarithmically as
f/fo, and phase lincarly as

tan 3y
tan 2y,

Curves for ¢ directly would look much the same, but
would change shape with changing choice of ¥o; those
shown are more general. The perspective sketch shows
the over-all relationship of ¢ to f and ¢ more clearly,
though less quantitatively, than does its projection as a
family of curves in the f ¢ plane. Values of ¢ exceeding
90° lead to rapidly varving phase difference and are not
of great interest. For ¢ just 90°, there is a truly flat
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region just at fo, where ¥ and ¥, are the same. Thisis a
useful condition for purposes which require accurately
constant phase difference over a narrow frequency
band, and corresponds to

O = 31 — tan? ). (20)

For o less than 90°, the characteristic becomes double-
humped, with maxima equal to cosec ¢ and a minimum
of unity on the relative half-angle tangent scale used.
These maxima occur at frequencies for which sinn is just
tanle. Phase difference again falls to ¥ at the two
frequencies, fmin and fmax, outside those at the phase
maxima, for which sin 7 becomes tan? {g. Values of less
than 90° for ¢ lead to the conditions of most practical
interest, for which phase difference remains close to a
specitied value over a considerable band of frequencies.
\When ¥, and y, are specified, o is given by (15) or (16)
and the frequencies at which ¥, and return to ¥o occur
are fullv determined, as are Q and 7. Actual spread ¥ » —
Yo of the phase difference produced depends on the
choice of both ¥ and g, as do the circuit defining param-
* eters 7 and Q. The ratio of maximum to minimum
frequency of the working band over which ¢ exceeds
Yo depends only on g, however.

More detailed investigation shows that, for a given
total spread of phase angle, a wider frequency band is
obtained by choosing a value of ¢ which places ¥ at the
upper limit and ¢, at the lower limit of the permitted
phase spread than by choosing o to place ¥, at the upper
limit and o at, for example, the center of the spread.
If a given phase split is to be approximated over a given
frequency range, requiring a definite value of o, less
phase spread is encountered when a single network sec-
tion with a large value of ¥, is used than when severa!
isolated or iterative sections with equal small values of
Yo are used in cascade. The present analysis has not been
extended to such single-section networks, of more com-
plicated structure than those shown in Fig. 2, as are
necessary to give still better constancy of branch-output
phase difference over the working frequency band. kEx-
tension to more than two branch outputs, considered
two by two, is obvious.

QUADRATURE CAsE

The case of 90° phase difference, corresponding to
production of symmetrical two-phase output, is of par-
ticular importance and will be examined further. Fig. §
shows operating characteristics §(¥m —¥o) and fuax/fuin,
as well as design parameters Q and 7, plotted against
the form parameter . 4(Ym-+yo) is here held at 90°
for o less than 90°; ¢, is held at 90° for ¢ greater
than 90°. } (Wm—y) is the maximum departure of phase
difference from 90° within the frequency range from
fmin t0 fmax. The flat-topped phase characteristic for
which ¢, =¢u(0 =90°) occurs in this case at a Q of 0.322,
with 7 sct at 1.835. Phase-difference characteristics
with a single peak occur for all higher Q values, becom-
ing increasingly sharp (o larger) as Q increases. Double-
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Fig. 5—Design characteristics of 90° phase splitter.

peaked characteristics occur only for Q values below
0.322, more pronouncedly as ¢ and Q decrease.

Fig. 6 summarizes the over-all performance of the 90°
phase splitter with form parameter o less than 90°,
showing the relation between maximum error in phase
difference produced in the working band and width of

lz(y’MAX.' Vmin) = 90

}

—— + —
4 © 8 -]

3(¥max - ¥ mIN) OEGREES

l

Fig. 6—Performance of 90° phase splitter.

working frequency band over which ¢ remains above Yo
Operation over a frequency range of one full octave may
in principle be had with branch-phase difference re-
maining within + 45 seconds of arc from 90°. The limit-
ing frequencies are in a 9}-to-1 ratio for operation within
+1° of 90°, while tolerance of +5° variation of phase
difference permits operation over a 43j}-to-1 band,
which is as broad as the usual home-receiver audio band.
Imperfections of actual circuit elements and their ad-
justments always degrade to some extent this ideal per-
formance, however.

Evidently, these very simple circuits are capable
ideally of very good performance, and their performance
may be expressed in very convenient analytical form;
this is the reason that the present study of their proper-
ties has been considered worth while.
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Paralleled-Resonator Filters®

J. R. PIERCIET, FELLOW, IRE

Summary—This paper describes a class of microwave filters in
which input and output waveguides are connected by a number of
resonators, each coupled directly to both guides. Signal components
of different frequencies can pass from the input to the output largely
through different resonators. This type of filter is a realization of a
lattice network. An experimental filter is described.

N THIE USUAL ladder-type microwave filter the

input and output waveguides are interconnected by

a scries of resonators coupled in tandem, one to the
next, so that a signal of any frequency must pass
through all resonators in going from the input to the
output.

Fig. 1— An experimental paralleled-resonator filter,
having three resonators.
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Fig. 2—Loss versus frequency for the filter in Fig. 1.
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ceived by the Institute, June 24, 1948; revised manuscript received,
September 15, 1948.

t Bell Telephone Laboratories, 463 West Street, New York 14,

This paper describes a different class of microwave
filters, which the writer has called paralleled-resonator
iitters. In such filters the input and output waveguides
are connected by a number of resonators, cach coupled
direetly to both input and output guides. Signal com-
ponents of different frequencies can pass from the input
to the output waveguides through different resonators.

IFig. 1 is a photograph of an experimental paralleled-
resonator filter having three resonators. Fig. 2 shows loss
versus frequency for the filter of Fig. 1. In the pass band
there were two peaks of reflected power; at these, the
reflected power was about 16 db below the incident
power (a voltage-standing-wave ratio of 1.4). At three
other points in the pass band the reflected power was
very small. This filter was built and measured to illus-
trate the principles involved. A filter for a specific ap-
plication might have a quite different construction.

In the filter of Fig. 1, the resonators are resonant

transmission lines coupled to both input and output
waveguides.! Fig. 3 is a cross-section view of the tilter
through one of the resonators. The transmission-line
resonator has an inner conductor which passes through
cach waveguide perpendicular to the electrie vector and
to the direction of propagation, and through a tube he-
tween the waveguides. This line is tuned by means of a
tuning screw 77, which adds capacitance at the center of
the line. The voltage distribution along the line is indi-
cated below the cross-section view.

]S
<<

Fig. 3—Cross-section view of the filter in Fig. 1 through
one of the resonalors.

The line is coupled to the input and output wave-
guides only because two coupling screws C disturb the
symmetry of the clectric fields in the guides. The coup-
ling of the line to a guide may be increased by making
the coupling screw project further into the guide. The
sense of the coupling may be reversed by transferring

1 ! This type of resonator and coupling is similar to that described
by \A - D. Lewis and L. C I'illotson, “A constant resistance branch-
ing filter for microwaves,” Bell Sys. Tech. Jour., vol. 27, pp. 83-95:
January, 1948.
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the coupling screw from the top to the bottom of the
guide.

In the filter of Fig. 1 there are three such resonators,
spaced one-half wavelength apart and hence effectively
in parallel. The resonators are an odd number of quarter
wavelengths from the shorted ends of the input and out-
put guides, and hence may be thought of as in parallel
across the open-circuited ends of the input and output
waveguides.

Three parameters of each resonator can be varied:
the tuning (resonant frequency), and the coupling to
each guide. Varying these parameters in a single reson-
ator affects the filter characteristics for frequencies
near the resonant frequency of that resonator only.
Thus, the paralleled-resonator filter is easy to adjust.
When a frequency-swept oscillator was used and the
output of the filter was viewed on an gscilloscope, it was
casy to obtain a flat band. The resonators could be
adjusted when all were resonating, or all but one could
be detuned and the active resonator could then be
tuned and the coupling adjusted for appropriate broad-
ness of response. The feature of ease of adjustment
should be particularly valuable in filters with a large
number of resonators.

With a lossy filter such as that of Fig. 1, it is a little
difficult to obtain both a good transmission character-
istic and a good input impedance unless both the re-
flected and the transmitted power are viewed simultane-
ouslv. This difficulty would not arise in the case of a
low-loss filter.

The paralleled-resonator filter is more flexible than
the ladder-type filter. The paralleled-resonator filter is a
microwave realization of a lattice network, which pro-
vides the most general form of coupling between twe
pairs of terminals. Thus, for instance, the paralleled-
resonator filter can be adjusted to approximate a linear-
phase constant-amplitude characteristic in the band.
Further, as the paralleled-resonator structure is equiva-
lent to a lattice, it should be possible to apply known
methods of lattice design in achieving desirable char-
acteristics.

The properties of paralleled-resonator filters could be
derived by the means usually employed in connection
with lattices. A very simple analysis illustrating some of
their properties is given here.

Fig. 4(a) shows a lattice network. It includes a per-
fect transformer N. In working with networks designed
to give matched coupling between guides of equal im-
pedance, we may let N be unity. The remaining param-
cters are the admittances 2¥+ and 2¥Y~. They provide
what might be called direct and contrary coupling be-
tween input and output. If the output terminals are
shorted and unit voltage is applied between input
terminals, a current ¥+ — ¥~ will flow in the short.

Fig. 4(b) shows a nctwork equivalent to the lattice
if the admittances ¥+ and ¥~ are purcly imaginary.
Here ¥V~ is represented by a number of series resonant
circuits (Ly, Ci; L2, Cy, cte.) coupled to input and output
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by transformers of unity ratio, and ¥+ is represented by
similar circuits (La, Ca; Ls, Cs, etc.) with the coupling
of one of the pair of transformers reversed.

} e
L —>—
TEETTEe
EIE S
oo/ O
I |
ESNNE

Fig. 4—Shunt representation. (a) Lattice network. (b) A network
cquivalent to the lattice of the admittances V. Y are purely
imaginary.

Fig. 5—Series representation in which two sets of terminals are
coupled by perfect transformers connected in series to shunt
resonant circuits.

Now, Fig. 4(b) is a good representation of two wave-
guides coupled by a number of resonators, each reson-
ator coupled equally strongly to both guides, but some
transferring power in one phase and some in the oppo-
site phase.?

2 [n using the terms “direct” and “contrary” coupling, we should
note that which is called direct and which contrary is arbitrary. The
two types of coupling tend to excite fields in opposite directions, but
which direction at what point is positive is a matter of choice.

|
l—_
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Increasing the coupling of a resonator to the guide
has the effect of decreasing L and increasing C in Fig.
4(b). Tuning a resonator has the effect of changing L
or C or both.

Fig. 5 shows a similar representation in which the
two sets of terminals (or, the input and output guides)
are coupled by perfect transformers connected in series
to shunt resonant circuits.® All the properties which can
be deduced from the representations of Fig 4 can be
deduced equally well from that of Fig. 5, but we will work
with the shunt representation.

Suppose we consider the circuit shown in Fig. 6. This
represents a network connected at the input end to a
source of admittance M (a pure conductance, the char-

acteristic admittance of the waveguides and ro a load

21,
r |
, .
x ' v
v| M NETWORK L ‘2
4 v
[ |

Fig. 6—Nctwork connect to a source of admittance M at the input
end, inl to a load of admittance A at the output ¢na.

of admittance M at the output end. The eneragy of the
sour. ¢ i~ represented by an impreseed current 273 Thus,
1, is the current which would flow in the output, were
the network replaced by a direct interconnection of
load and source.

\We can represent the properties of the network itscif
without the termination< M by 4 admittinces. 1y isequal
numerically to the current which flows in the input
circuit (left side) with unit voltage across the input
terminals and the output ¢hort-circuited. Yo 15 cqual
numerically to the current which low~ in the output air-
cuit under the same conditions, Yoo and oo are sinulariy
defined with unit vobtage across the output tarminals
and the input short-circuited. In terms of these adnut-
tances, we mav write the cquations of the network with
the terminations M oand the impressed current 27, -

1M + 1 m + Ve =2/ 1

PalM + 1)+ 1V =0

1\ I. (1)
We may ~ohve these for the immput admittance of the net
work and load Y., and theratio /7 7o We know concern-
ing 1, that

M+ =21 4

and we find, using (1) to (3), that

3 Schelkunoff gives a very similar representation, and it was
this which originally led the writer 1o the ideas here expressed. See
S. A. Schelkunotf, “Representation of impedance functions in terms
of resonant frequencies,” Proc. LR vol. 32, pp. &3-90, February,
1944.
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(M + ) I, (3)
}-l - -‘ + - . I A
MM Y
(M 4+ V)M + V) | Y
I/, = - —— — . (())
2M Y . 2M
A~ the network is passive,
Y-_q == ‘ 12 (7)
A~ it s svmmetrical,
o= Vo ()
From 17ie 4. we see that
Y=V =V 41" ()
"lg = "‘_1 = } - }" (]“)
Fhus we obtain
My - F 417}
- + (11)
M+~ ) M43 =1
I IR M - v
+ S - (12)
I. Vo -1 (V- = 1) (y- =1~

If 7,71, =1, the ntter gives perfect transmission,
Now, Voand V= are admittance functions having a
number of poles, one located at the resonance of each

resonator, and seros hetween the poles, as indicated in
| -

+

l
|
i —

<9

bie 7

Behvior o f admittance functions,

From (12) we see that, if cither V- oor }V
the ir-t term has o magnitude of unity and the second
term s zero, I inaddition, either Vo oor V
thud termis seroand I, .= -1
‘l(ill'\ of '}

i~ sero. the
Fhus, it we make the
comcide with the zeros of Voand the zéros
of ¥ coindide with the poles of V- we will have perfect
tr‘m-mi--.inn at the fr('qlh'n( ies of these ])()lc-/\'r() cOom-
hinations,

Further, somewhere between a pole and a zero of ¥+
we will have

Vo= —Y-=4+;8 (13)

For a nearhv even spacing of poles and zeros this will be
about half-way between a pole and a zero. For the fre-

I~ Inhnite, ~

|
|
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quency at which (13) holds, we have

I

71 = F jL(M/2B + 2B/M). (14)
2

From this it is obvious that, at this frequency, we will

have perfect transmission with #90° phase shift if we

make

B =M/ (15)

Thus, if (1) we tune the directly coupled (¥Y*) and
contrarily coupled (¥~) resonators so that the poles of
one set lie at the same frequencies as the zeros of the
other sct, at these frequencies we get perfect transmis-
sion with +180° phase shift; and if (2) we adjust the
coupling of the resonators so that at frequencies where

V+= — Y- the absolute values of ¥+ and Y~ are equal
to M/2, we will get perfect transmission at these fre-
quencies.

This presents a fairly clear picture of the action of a
properly adjusted paralleled-resonator filter. Suppose
we consider a frequency at which a direct-coupled reson-
ator is resonant. .\t this frequency the sum of trans-
mission through contrary-coupled resonators is zero. s
we raise the frequency, a contrary-coupled resonator
tuned to a higher frequeney begins to transmit. About
halfway between the resonance of the direct-coupled
resonator and that of the contrary-coupled resonator,
the transmission between the two is equal and the
phase shift is —90° At a still higher frequency, all
transmission will be through the contrary-coupled reson-
ator, and the direct-coupled resonators will transmit
nothing; the phase will then be —180°. As the frequency
is raised, the phase will thus gradually increase, and
transmission will shift from one resonator to another.

This immediately tells us that to get a substantially
lincar phase characteristic in the band we need merely
to provide equal spacings between zeros and poles. If,
however, we want to get as sharp a cutoff as possible
for a given number of resonators, it would be better to
tune the resonators far apart and couple them tightly
near the center of the band and tune them close to-
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Fig. 8—Parallcled-resonator type branching filters.
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gether, and couple them loosely near the edges of the
band; always, of course, making zeros and poles coincide
and fulfilling (14) at (13). This gives a slow variation of
phase with frequency near the center of the band and
a rapid variation necar the edges.

There is a large number of possible variations of the
paralleled-resonator filter. For instance, various reson-
ator shapes and various coupling means can be used.
Further, it should be possible to construct branching
filters of the paralleled-resonator type, as indicated in
Fig. 8. Here, signals of frequencies f; and f; enter the
center guide, and f; emerges from one of the side guides,
while f; emerges from the other. Theory indicates that it
should be possible to overlap the two filters so as to
give a fairly good input match over the transition re-
gion, and some rough experiments indicate at least an
approach to this,

The Received Power of a Receiving Antenna

and the Criteria for its Design®
YUNG-CHING YEHT, ASSOCIATE, IRE

Summary—A general formula for the received power of a receiv-
ing antenna is derived, whence two theorems are obtained. These
theorems are used as criteria for receiving-antenna design under dif-
ferent conditions.

* Decimal classification: R120.21, Original manuscript received
by the Institute, November 19, 1947; revised manuscript received,
July 12, 1948.

t National Wu-Han University, Wu-Chang, China.

INTRODUCTION
]I'l' IS WELL KNOWN that “the properties of an

antenna, when used to abstract energy from a
passing radio wave, are similar in nearly all respects
to the corresponding properties of the same antenna
when acting as a radiator.”t However, this does not tell

I F. E. Terman, “Radio Engincers' Handbook,” 1st edition, 1943;
McGraw-Hill Book Co., New York, N. Y. p. 786.
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how much power a receiving antenna can abstract from
the incoming wave. Neiman obtained a formula estab-
lishing a relation between the receiving power and the
ficld intensity of the incoming wave,? but this is only for
the special case of a lincarly polarized wave. Recently,
Friis and Lewis gave a general transmission formula ex-
pressing the receiving power in terms of the total radia-
tion power of the transmitting antenna, the wavelength,
the cffective areas of the transmitting and receiving an-
tennas, and the distance between them 34 This formula
is convenient for the case of microwaves, but in general
it does not help us very much regarding the receiving-
antenna design. The present paper is expected to solve
this problem; namely, how to design a receiving an-
tenna to receive maximum power when the incoming
wave arriving at the recciver or the transmitting an-
tenna is known.

In this paper we shall use E and T to indicate the
complex values of electric force and current, respectively,
and |E| and | 7|, their amplitudes. The mks unit system
is used.

GENERAL ForMULA

In an antenna, no matter how complicate it is, we
take an element ds at its feeding point as reference and
assurie that this element is at the origin of a spherical
co-ordinate system, as shown in Fig. 1. This antenna,

Fig. 1

if used for transmitting, will produce at an arbitrary
distance point P an electric force having two com-
ponents Ea(ﬂ, ¢) and E¢(0, ¢) along the increasing-6
and increasing-¢ directions, respectively. In gencral,
E; and E¢. are not in phasc; ie., the radiation is cl-
liptically polarized. Now suppose this antenna is used
for receiving instead of transmitting, and an incoming
wave arriving at the antenna from the direction PO
whose clectric force also has two components Ey'(8, ¢)
and E, (0, ¢), parallel to E,; and E,, respectively. In
general, Ey’ and E,’ are also not in phase. Then the
question arises: what power will be received by the
antenna?

2 M. S. Neiman, “The principle of reciprocity in antenna theory,”
Proc. I.R.E., vol. 31, p. 666; Decemher, 1943.

$H.T. Frns and W D. Le“ is, “Radar antennas,” Bell Sys. Tech.
Jour., vol. 26, p. 230; April, 1947.

«H. T. Friis, “A note on a simple transmission formula,”
I.R.E., vol. 34, p. 254; May, 1946.
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A current 1 lowing in ds, the reference point of the an-
tenna at the origing will produce at the distant point P
an clectric voltage Lals (ll(Jll}.{ the m(l(asmg -8 direc-
tion; reciprocally, a current 1, ,in the |;l 1ce of 1',3115 will
produce an clectric voltage Fyds in T's place. By the

reciprocity theorem, we have

/igtiS /',1'41.\
I I
Simiilarly, T at the origin will produce F£,ds at I in the
increasing-¢ and reciprocally I.” at P in
E dy's place will produce E.ds at the originin ['s place.

Thus,

dired liun,

Leds IS ds

I 1/

By the superposition theorem, the resultant voltage
induced in the reference element ds at the origin is
Tl ds 4 Eolyds).

(Ey + E)ds = )

Since it is reasonable to assume uniform current in
ds, the available output P, is equal to the
square of the amplitude of the induced voltage divided

power

rachiation resistance:
‘ (E]' + F;-_»'):/S!"'
SR

by 8 times the

r, =

I

(2)

/

1 L _
<l 7l | (FelVds + E.1.ds) |

where

| (.i::],+ligl)llsl =the amplitude of the resultant in-
duced voltage
R =the radiation resistance of the antenna
with reference to the current at ds.

Because the distance PO is very large, the waves at the
origin as produced by T,’ds and T.'ds can be considered
as plane waves. Morcover, we can take it that By’ is pro-
duced by the current clement T)%ds, and E,” by T.%ds.
Then, since T,%ds and T,’ds are at right angles to the
radius vector PO, we have

. drr . dnr
Ifds = — I, and  [)ds = — [’
Wi Wit

(3)

where

w = the angular frequency of the incoming wave
u=the permeability of the medium
r =the distance PO.

On the other hand, the radiation power P, of the
antenna, if used for transmitting, will be

| TI2R
P=-— —. (4)

2
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Substituting (3) and (4) in (2), we have

re (GO BB BB O
" 16P \ wp o o
or, alternatively,

A° €~ ~ PR )

Pr= ——— —| BBy 4 E ES|* |

1675 \
. [ (6)

\° € |~ o~
= | B E, |
1()7!‘50 M J

where

X =the wavelength of the incoming wave
So=P,/4nr*=the average Poynting vector radiated
from the antenna if it is used for transmitting
p/e=(1207)2=the square of characteristic imped-
ance of the medium, and e is diclectric constant
E.=the complex electric force produced by the an-
tenna if used for transmitting
E, =the complex electric force of the incoming wave
(the dot between E, and E, mecans that it is a scalar
product).

In conclusion, an antenna, if used for transmitting,
radiates a certain power P, (or average Poynting vector
So) and an elliptically polarized wave having com-
ponents of clectric force Es and E, at a distant point P
in the direction OP. Now if this antenna is used for
recciving an elliptically polarized incoming wave of the
angular frequency w (or wavelength N) having the
components of ¢lectric force Ey and E,’, the available

output power as received by the antenna is given by
(5) and (6).

ApPrLICATIONS AND THEOREMS

Let us assume that the phase differences between
E, and E,, E,” and Ey’, and Ey’ and E, are 8, 8', and
v, respectively. Then (6) can be rewritten as follows:

A2 € —~ —
])' _ . Ibo elwt I"'o’ e](wH“f)
1675y u
. — '
+ l /:¢I ertwttdy | Jir E gl wthd ty) 2
A° € . =, . .
= 0 O O O !
- ) N | I¢0II I,o ! + | I,¢|| I"f' I 81(6‘6) 2. (7)
167!’.80 M

From this equation, it is casily scen that the received
power will be maximum when 6= —4’, and maximum-
maximum when, in addition, IE¢[/| Es| = | ' /| Eo'] .
or, in other words, when the angle between IE, and
| E,| is zero. Therefore,

: A e B,
P = —— (| B|| B | + | B, ES])?
16mSy
Y LRy B
= ——— (| Fyy - | B )2 (8)
167Se u l

1
|
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and
A? J = =
Prnax-max = _(l b‘lI I"'I)2
167I‘So M
AT
= —_(11(00 d’) S' (01 ¢) (())
4r

where G, = \/é/plE,lz/ZSo is the gain of the antenna if
used for transmitting in a given direction, and
S, = \/eTIJIE'Iz/Z is the Poynting vector of the incom-
ing wave in the same direction. Equation (8) was ob-
tained in a different form by Neiman.?

In summary, the received power is maximum-maxi-
mum when the ratio of the complex components of the
electric force of the antenna if used for transmitting is
the conjugate of that of the incoming wave, i.c., E,/E,
is the conjugate of E,’/Ey'. Now let us sce how this
result is applied to the design of a receiving antenna.
We shall discuss four cases separately.

1. E,'/Ey’ of the Incoming W ave is Known

Under this condition we can use the above result to
obtain a theorem for designing the receiving antenna.

THeorREM 1: For an incoming wave of given wave-
length in a given direction, whose E,’/Es is known in
magnitude and in phase, suppose a transmitting an-
tenna is so designed thatin the same direction it has the
highest possible gain and its Es/Es is the conjugate of
E,'/Ey; then this antenna, when used as recciver, will
receive maximum-maximum power from the incoming
wave.

2. For Point-to-Point Transmission, the Transmitting
Antenna is Given, and the Effect of the Earth’'s Magnetic
Field is Negligible

The reciprocity theorem, and by consequence the
general formula, holds for all conditions except short-
wave transmission over long distances.® Hence, we ob-
tain another theorem.

TueoreM 2: For all point-to-point transmission, ex-
cept short-wave transmission over long distances in
the presence of a magnetic field, assume that the trans-
mitting antenna has been designed to have the highest
possible gain in the desired direction. Let a plane mirror
bisect and be perpendicular to the line joining the trans-
mitting and receiving stations. Then, to receive maxi-
mum-maximum power, the receiving antenna should be
designed to be the image of the transmitting one with
respect to the mirror.

The proof of this theorem is casy. Since the transmit-
ting antenna has optimum design, it has the highest
possible gain in the desired direction, and so does the re-
ceiving one, because they are exactly similar. Morcover,
E,/E, must be the conjugate of E,"/Ey', because they
arc images of cach other. Hence, by Theorem 1, this
theorem is proved.

¢ See p. 787 of footnote reference 1.
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3. For Point-to-Point Transmission, the Effect of the
Earth's Magnetic Field is not Negligible

For short-wave long-distance transmission, the
effect of the earth’s magnetic field is not negligible. Let
us classify its effect under three cases® and see what
antenna should be used for cach.

Case A: The earth's magnetic field is parallel to the
electric force of the wave, but at right angles lo the direc-
tion of propagation. This corresponds to the trans-
mission across the north or south magnetic poles of the
carth. Since the magnetic field has no cffect on the wave
propagation, of course, Theorem 2 is applicable to the
receiving-antenna design.

Case B: Propagution along the direction of the magnetic
field. This corresponds to the condition of the north-
south transmission. The wave is usually split into two
oppositely circularly polarized ravs traveling with dif-
ferent velocities, and consequently in different paths.
By the known distance between transmitting and re-
ceiving stations, the virtual height of the ionosphere,
etc., one may determine which ray can reach the antenna
and carry out the design by Theorem 1.

Cuse C: Propagation at right ungles to the magnesic field.
This corresponds to the condition of east-west trans-
mission. 1f the wave radiated from the transmitting
antenna is elhptically polarized, its clectric force has
two components—one along the magnetic ficld, the
other at a right angle to it.” The former is not affected
by the magnetic ficld, but the latter is. Two com-
ponents travel with different velocities and consequently
in diffierent paths. Therefore, usually only one com-
ponent will arrive at the receiver. Then the design
proceeds as in case .

The above discussion under three cases is entirely
theoretical; in practice, matters are not so simple. First,
for very high frequencies the velodities of two polarized
rays in cases 3 and C are prac tically equal; therefore,
they tend to remain together if the distance is not too
far. Morcover, it may happen that two rays do travel
over different paths, et both eventually arrive at the
same receiver of their different velocities.
Sccond, the propagation of the may not be
strictly under the three cases as discussed above: for
instance, the magnctic ficld may make an arbitrary
angle with both directions of propagation and electric
force. Third, we have not taken into account the
ground reflection, which usually is not negligible.
Fourth, the path of wave propagation varices not onlv
with frequency, but also with ion density, height of

because
waves

¢ H. W. Nichols and J. C. Schelleng. “Propagation of electric
waves over the earth,” Bell Sys. Tech, Jour., vol. 4, p. 215; April,
1925,

7 There is also a third component qlong the direction of propaga-
tion, but it is usually small and negligible.
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ionosphere, etc., and consequently varies from time to
time. For these reasons, the sky wave arriving at the
receiver is, in general, elliptically polarized. To have an
antenna receive such a wave, it is better to design two
antennas, or one antenna consisting of two parts, both
of which have the highest possible gain in the given
direction, one being polarized horizontally and the other
vertically. From these two parts, separate transmission
lines are provided to lead the energy to the receiver.
Morcover, an adjustable phase shifter, which can
change the phase relationship of two inputs from 0 to
x positively or negatively, is inserted. The phase shifter
suggested by Friis and Feldman can be usced.® By the
phase adjustment, the phase difference between the
horizontal and the vertical components of the electric
force of the antenna, when used as transmitter, can be
adjusted to be the negative of that for the incoming
wave, Then maximum power is received. Further-
more, if the horizontally or vertically polarized parts or
both are adjustable so as to satisfy also the condition
\E.| E. = E.” ,|Es|, then the antenna
maximum-maximum power: otherwise, it is sacrificed.

receives

4. The Transmitting Antenna and Polarization of the
Incoming Wave are Completely Unknown

If the incoming wave, thouch unknown, is approxi-
mately constant with time, the best design procedure is
1o measure £.° Fp' in magnitude and in phase. The
simple method sugcucested by Appleton can be used,
except that a heterodyne o~cillator is provided instead
of a ground wave, because the latter may be too weak
to be u~eful.? Afrer E,’/Eg' i~ obtained, the antenna is
designed by Theorem 1.

In case E." Ey’ of the incoming wave varies greatly
with time in magnitude and in phase, an antenna con-
sisting of two part~, tocether with the phase shifter
described in hist ~ection, can be used.

CONCI USION

The ceneral formula ¢ives a method of calculating the
received power, and Theorems 1 and 2 give a method of
d‘csigninu the receiving antenna. Ymong the different
kinds of tran<mi~<ion. the most troublesome one is the
short-wave long-distance tran<mission in presence of a
magnetic ficld. If the conditions coincide with one of
the three cases as discussed above, and the polarized
rayv which will arrive at the receiver i= known, Theorems
1 and 2 can be used to desicn the receiving antenna.
Olhcr'\\l,\c, we measure .7 E,” of the incoming wave in
magnitude and in phase, and us¢ Theorem 1 to design
the antenna; or we use an antenna consisting of two

Orl'hognn(il]\' polarized parts together with a phase
shifter.

*H. T.Friisand C. B. Feldman, “\ i
L . B. ‘ . “Nmultiple st J
chol;tgu\"e reception,” PR{»C. I.R.E.. \‘ol.ul;ppe ;-lcle;‘}llzll(;'.";ge;?[.m o
polarizil}ié);\?)‘f) :(;::gs;:h\ ;lmlrl)le mﬁrhod of demonstrating the circular
erically re 0 i es,” N -
don), vol. 151, p. 250; Febnmr)l:,(lgigl.! e et (o
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. of the Electrical Engineering Division of the
University of California at Berkeley, Calif.

Mr. Brown is a member of Tau Beta Pi,
Sigma Xi, and the American Association
for the Advancement of Science.

Davip R. BrowyN

Albert W. Friend (A'34-M'39-SM'43)
was born in Morgantown, W. Va. on Janu-
ary 24, 1910, He reccived the BSE.E. and
M.S. (Physics) de-
grees from West Vir-
ginia University in
1932 and 1936, re-
spectively, and the
S.D. degree in com-
munication engincer
ing from Harvard
. University in 1948.

- Between 1929 and
" 1934, he was engaged
in public utilities and
radio interference ¢n
gincering and com-
munications consultation. From 1934 to
1937, he was an instructor, and from 1937
to 1944, an assistant professor of physics at
West Virginia University, on lcave after
1939. In 1939 he transferred his tropospheric-
sounding research to Harvard University,
where he was an instructor in physics and
communication enginecering and a research
fellow in Cruft Laboratory until 1941, and
a rescarch fellow in the Blue Hill Metcoro-
logical Observatory until 1942,

In January, 1941, Dr. Friend transferred
to the Radiation laboratory of the Massa-
chusetts Institute of Technology, as a re
scarch associate and later a staff member,
where he worked on the development of
microwave reccivers, taught in the MIT

AvLpert W, FRIEND

- American

Radar School, and extended his tropospheric
echo studies. From July, 1942, to August,
1944, he acted as technical director of the
Heat Research Laboratory at MIT, and at
the same time as a consultant on guided-
missile control with Division 5 of NDRC.

In 1944 he joined the RCA Victor Divi-
sion, in Camden, N. J., continuing in tele-
vision receiver development until 1947. Dur-
ing 1946 and 1947, he was also on the re-
search staff of the Electronic Research
Laboratory at Harvard University. Since
June, 1947, he has been a member of the
research staff of the Radio Corporation of
America, in the RCA Laboratories Division
at Princeton, N. J.

Dr. Friend is a member of the AIEE, the
Meteorological ~Society, the
American Geophysical Union, Tau Beta Pi,
Sigma Pi Sigma, Sigma XI, and the Harvard
Engineering Society. He is a registered pro-
fessional engineer.

David G. C. Luck (M’46) was born in
Whittier, Calif., in July, 1906. He received
the S.B. degree in 1927 and the Ph.D. degree
in 1932, both from
the  Massachusetts
Institute of Technol-
ology. A recipient of
both fellowships and
an assistantship, he
remained in the de-
partment of physics
at MIT during the
period of 1927-1932.
He joined the re-
search division of the
RCA-Victor Com-
pany, Inc., at Cam-
den, N. Y., in 1932, and transferred in 1942
to the RCA Laboratories Division at Prince-
ton, N. J., where he is still engaged.

Dr. Luck’'s major field of interest is in
¢lectronic instrumentation. In this connec-
tion, he devcloped the metal detector, the
omnidirectional radio range, and a cathode-
ray direction finder. He has also investi-
gated pulse-time modulation, and studied
direction-finder errors. During the war he
developed applications of frequency-modu-
lated radar. At present Dr. Luck is working
in the general ficld of radio aids to aviation.
He is a member of the American Physical
Society and Sigma Xi.

Davio G. C. Luck

For a photograph and biography of J. R.
I'1kar, see page 1003 of the August, 1948,
issue of the 'ROCEEDINGS OF THE |.R.E.

Nathaniel Rochester (S'41-A’43-M'46)
was born in Buffalo, N. Y., on January 14,
1919. He received the B.S. degree in electri-
cal engineering in
June, 1941, from the
Massachusetts Insti
tute of Technology.
He received an ap-
pointment to the re-
search staff of MIT
as a rescarch assist-
ant in February,
1941, and, was con-
nected with the MIT-
CAA Blind Landing
Project. In April,
1941, he entered the
MIT Radiation Laboratory where he did re-
search and liaison work on crystal rectifiers.

He joined Sylvania Electric Products
Inc. in April, 1943, where he was concerncd
with the development and construction of
radar sets and other large devices, and where
he became manager of clectronic equip:
ment engineering in the Electronics Divi-
sion in Boston, Mass.

In November, 1948, Mr. Rochester
joined the Engineering Department of Inter-
national Business Machines Corporation,
Poughkeepsie, N. Y.

Mr. Rochester is a member of the Amer-
ican Physical Society, Tau Beta Pi, and an
associate member of Sigma Xi.

N. ROCHESTER

Yung-Ching Yeh (A’35) was born in
China in 1905. He received the B.S. degree
in clectrical engineering in 1929 from the
National Chiao-Tung
University, in Shang-
hai, and the Radio
Engineer degree in
1921 at L'Ecole Su-
périeure  d'Electri-
cité, in Paris, France.

At the beginning
of World War II,
Professor Yeh was a
major in the Chinese
Air Force, in charge
of training radio op-
erators and techni-
cians. In 1939 he became a professor at the
National Wu-Han University, Wu-Chang,
China, and in 1943 he was in charge of the
Institute of Electrical Ingincering. At the
end of the War he was sent by the Chinese
Government to the United States, and be-
came associated with the Radiation Labora-
tory and the Rescarch Laboratory of Elec-
tronics of the Massachusctts Institute of
Technology for a period of two years. Pro-
fessor Yeh has now returned to the National
Wu-Ilan University in China.

YuNG-CHinG YEH
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1949 IRE National Convention Program

ITOTEL COMMODORE and GRAND CENTRAL PALACE

PROGRAM
Monday, March 7, 1949

9:00 A.M.-5:30 p.M.—Registration at Hotel
Commodore.

9:30 aMm. 9 p.M.—Registration at Grand
Central Palace.

9:30 A.M.-9 p.M. —Radio Engineering Show,
Grand Central Palace.

10:30 A.M.-12 M.—Aunuwal NMeceting, Prin-

cipal Address: “Perpetual Youth in the

IRE,” by I. S. Coggeshall. Grand Ball-

room, Hotel Commodore.

:30-5:00 r.M.—“Sy<tems I—DNModulation

Systems.” “Antennas and Waveguides,”

Symposium: “Network Theory,” “Instia-

mentsand Measurements I—Nicrowave.”

“Audio.”

6:00-8:00 r.M.—CGet-Together
Party, Hotel Commodore.

8:00 p.M.—Scctions Committee Meeting,
ITotel Commodore.

Tuesday, March 8, 1949

9:00 1, v.-5:30 r.M.—NRegistration.

9:30 A.M.-9:00 p.M.—Radio Engincering
Show, Grand Central Palace.

10:00 A.v.-12:30 p.M.—“Antennas.” “Pas-
sive  Networks I-—Synthesis.”  “Instru-
ments and Measurements [1—Oscillog-
raphy.” “Electronic Computers.”

12:45 p.M.—P’resident’s Luncheon, honoring

President -Elect Bailey, Grand Ballroom,

Ilotel Commodore. Featured speaker:

Delos W. Rentzel, Civil Aeronautics Ad-

ministrator; topic: “All-weather Flying.”

Guest of Honor: Stuart L. Bailey. Toast-

master: B. 2. Shackelford.

:30-5:30 p.M.—Symposium: “Electronic

Computing Machinery.” “Wave Propaga-

tion [—Television.” “Passive Networks

I1—Analysis.” “Components and Mate-

rials.” “Nucleonic Instrumentation.”

8:00-10:30 r.M.—Symposium: “Nuclear
Science.”

Wednesday, March 9, 1949

9:00 A.M.~5:30 r.M.—Registration.

9:30 A.M.-6:00 p.mM.—Radio Engineering
Show, Grand Central Palace.

10:00 A.M.-12:30 p.M.—"Television 1.”
Symposium: “Radio .\ids to Navigation.”
“Active Circuits 1.” “Instruments and

135

Cocktail

N

Measurements HEL” “Electronics I-—"Tule
Design and Engineering.”

2:30-5:00 p.M.—“Television TL” “Wave
Propagation IL” “Active Circuits TL”

“Instruments and  Meceasurements V)"
“Electronics  T1—Llectron-Tube  Cath-
odes.”
6:45 pM.—Annual IRE Banquet (dress
optional), llotel Commodore.  Toast-
master: Raymond F. Guy. Featured

speaker: Frank A. Stanton; topic: “Tele
vision and DPeople.” Awarding of the
Medal of lonor, the Morris Lichmann
Memorial Prize, the Browder J. Thomp-
son Memorial Award, and Fellow Awards,
Fellows’ Acceptance will be delivered by
Karl Spangenberg.

Thursday, March 10, 1949

9:00 A.M.~5:30 p.M.—Registration.

9:30 AM.-9:00 p.M.—Radio Engincering
Show, Grand Central Palace.

10:00 AmM.~12:30 r.M.-—“Systems I—Re-
lay Systems.” “Navigation Aids L”
Symposium:  “Muarketing.” “Electronics
HHI—Elcctron-Tube Theory.”

2:30-5:00 p.M.—Symposium: “Germanium
and Silicon Semiconductors.” “Informa-
tion Transmission and Noise,” “Naviga-
tion Aids 11.” “Oscillators.” “Electronics
IV—New Forms of Tubes.”

Committee Meetings

The following IRE committee mectings
have been scheduled during the convention.
The times and places will be announced in
the Convention Program.

Board of Editors
Chairman, A. N. Goldsmith
Education Committee
Chairman, 11. J. Reich
Membership Committee
Chairman, R. F. Guy
Nuclear Studies Committee
Chairman, L. R. Hafsted
Professional Groups Committee
Chairman, \\'. L. Everitt

Research Commiittee
Chairman, F. I, Terman

MARCIH 7-10

Sections Committee
Chairman, A. W. Graf

Standards Committee
Chairman, A. B, Chamberlain

All chairmen and vice-chairmen of tech
nical committees are requested to he present
at the Standards Committee meeting in
order 10 present all suggestions for technical
committee operations to  the Standards
Co-ordinator and the Chairman of the
Standards Committee. The Standards Co-
ordinator is looking forward to greeting the
chairmen of all Technical Committees per
sonally, This meeting will also provide the
first opportunity for a get-together with the
chairmen of the several new technical com-
mittees created during the past year.

ANNUAL MEETING

MONDAY, MARcCH 7
10:30 A.M.

This opening meeting of the con-
vention is for the entire membership.
The meeting will feature the following
address:

PERPETUAL YOUTH—AND THE IRE

Ivax S. CoGGESHALL
(Western Union Telegraph Co.,
New York, N. Y.)

One of the significant sources of
strength of the IRE, in achieving its
educational objectives and in serving the
enginecring  profession, has heen the
youthfulness of its membership, its
ideas, and ideals. As the average age of
its members increases, steps must be
taken leading to the continuous re-
newal of corporate youth. Llements of
this problem will be discussed as they
are related to the 1949 Convention
theme: “Radio-Electronics—Servant of
‘ Mankind.”

SUMMARIES OF TECHNICAL PAPERS

NOTE

No papers are available in preprint
or reprint form nor is there any
assurance that any of them will be
published in the PROCEEDINGS OF
THE LR.E., although it is hoped that
many of them will appear in these
pages in subsequent issues.

Systems [

Modulation Systems

1. DEVELOPMENT OF A HIGH-
SPEED COMMUNICATION
SYSTEM

DonaLp S. Bonp
(RCA Laboratories, Princeton, N, IR
An experimental ultrafax system oper-

ating at transmission speeds up to 15 pages
a second is described. A flying-spot scanner
employing a single-line sweep scans the
copy, which has been previously photo-
graphed on film. A projection kinescope of
improved electron-optical focus and with a
short-persistence, high-efficiency phosphor
was developed for the scanner.

. The receiving apparatus includes circuits
similar to those required in the horizontal
channel of television equipment. Clamp cir-

!1
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cuits are provided in both scanner and re-
ceiver to maintain the dc axis of the video
wave in the presence of rapid changes in
background brightness. A 5-inch projection-
type kinescope with a P-11 screen is used.
The continuous-drive recording camera
uses 16-mm motion-picture film. The ex-
posed film is developed in a hot-processing
unit with an elapsed time of about 45
seconds. Tests have been conducted over a
7,000-Mc television relay system.

2. DISTORTION IN A PULSE-COUNT-
MODULATION SYSTEM WITH
NONUNIFORM SPACING
OF LEVELS
P. F. PaANTER AND W. DITE
(Federal Telecommunication Laboratories,
Inc., Nutley, N. J.)

The first part of the paper deals with
statistical properties of the signal. The

signal power is expressed in terms of the

probability density of the signal.

In the sccond part these propertics are
applied to the problem of distortion in a
pulse-count-modulation system using a non-
uniform distribution of the levels. It is shown
that, for a signal having a probability density
P(y), the level spacing can be chosen to yield
minimum distortion, which is given by

, ([ rom)

DN
[ sy
0

Dn* =

where A’ is the total number of levels in the
range — 1" to V. It is shown that the mini-
mum distortion is significantly less than the
distortion due to uniform level spacing
when the crest factor of the signal exceeds 4.
Nonuniform spacing of the levels may
be thought of as equivalent to compression
followed by a uniform quantization of the
signal. It is shown that, when the spacing of
the levels is logarithmic, the resulting dis-
tortion is nearly independent of the signal.

3. CROSS-TALK CONSIDERATIONS
IN TIME-DIVISION
MULTIPLEX

S. Moskowirtz, L. DIVEN,
ANp L. Feir

(Federal Telecommunication Laboratories,
Inc., Nutley, N. J.)

An experimental study was made of the
effects on interchannel cross talk of the
bandwidth characteristics of the transmis-
sion medium in pulse-time-multiplex sys-
tems. Both pulse-amplitude and pulse-posi-
tion modulation systems are considered.
The effects of various types of high- and
low-frequency response are discussed from
both the experimental and the theoretical
point of view.

4. EXPERIMENTAL VERIFICATION
OF VARIOUS SYSTEMS OF
MULTIPLEX TRANSMISSION

D. R. Crosny
(RCA Victor, Camden, N. J.)

Using a microwave link of 12 miles, six
different modulation methods for multichan-
nel transmission were studied. Some modu-
lation methods used frequency division;
others used time division employing pulse
modulation. Some of the systems used
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triple modulation; one pulse system quan-
tized the signal.

The purpose of the work was to get an
acquaintance with eachof the systems to see
if there were important properties that the
theoretical studies had not emphasized.
Good agreement with the theoretical per-
formance formulas was obtained.

For each system the signal-to-noise ratio
was evaluated for four types of noise: (1)
thermal noise, (2) continuous-wave interfer-
ence, (3) impulse noise, and (4) co-channel
system noise.

5. INTERFERENCE CHARACTERISTICS
OF PULSE-TIME MODULATION

E. R. KRETZMER

(Massachusetts Institute of Technology,
Cambridge, Mass.)

The susceptibility to interference of a
modulation system is one of its most im-
portant characteristics. The interference
characteristics of pulse-time modulation, of
which pulse-duration modulation and pulse-
position modulation are particular forms,
are discussed with particular reference to
two-station and two-path interference. Ex-
perimental investigations, as well as mathe-
matical work largely based on N. Wiener's
autocorrelation method of analysis, lead to
some interesting and useful results not
heretofore known. Single-channel pulse-
duration modulation, in particular, is found
to have some remarkable characteristics,
exhibiting a strong capture effect in favor
of the stronger of two interfering transmis-
sions, and permitting relatively good recep-
tion under most conditions of severe multi-
path interference. The basic facts responsi-
ble for these results, as well as the practical
requirements that must be met to attain
them, will be briefly discussed.

6. FACTORS INVOLVED IN THE
DESIGN OF AN IMPROVED
FREQUENCY-SHIFT RE-
CEIVING SYSTEM

CoLiN C. RAE

(Naval Research Laboratory,
Washington, D. C.)

A discussion of the theoretical and prac-
tical aspects of a frequency-shift converter
developed for the purpose of reducing noise
and multipath interference effects on Naval
facsimile circuits. Practical results, obtained
over a period of six months operation on
Naval radiophoto circuits, provide proof of
the system’s superiority over existing equip-
ments and confirm theoretical predictions.
It is expected that application of the prin-
ciples involved to teletype and high-speed
keying circuits will provide worth-while in-
creases in radio circuit reliability.

Antennas and
Waveguides

7. ELLIPTICALLY POLARIZED
RADIATION FROM INCLINED
SLOTS ON CYLINDERS
GEORGE SINCLAIR
(University of Toronto, Toronto, Ont.)

A method is presented for calculating the
patterns of slots of finite length and arbi-
trary orientation on the surface of a cylinder.
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Previously, it has been shown that, by assum-
ing the slot to be of infinite length and
parallel to the axis of the cylinder, the
pattern in a transverse plane can be calcu-
lated. It will be shown that, under certain
reasonable assumptions, it is possible to
calculate the 3-dimensional pattern of a slot
of finite length located arbitrarily on the
surface of a cylinder of circular or elliptic
cross section. It is found that the radiation
from an inclined slot is generally elliptically
polarized.

Experimental verification of the accuracy
of the calculations will be presented. Appli-
cation of the theory to the design of FM
antennas for linear and for circular polariza-
tion will be considered.

8. SOME PROPERTIES OF RADIA-
TION FROM RECTANGULAR
WAVEGUIDES

Joux T. BOLLJAHN
(University of California, Berkeley, Calif.)

Certain exact relationships between the
radiation pattern and impedance character-
istics of a radiating rectangular waveguide
with vanishingly thin walls are devetoped.
In particular, it is shown that the ratio of
radiation intensities in certain preferred di-
rections and the power gain in these direc-
tions are related in a simple manner to the
reflection coefficient inside the waveguide.
Although the information obtained is re-
stricted, in the sense that it applies to only
a few discrete points on the radiation pat-
tern, it is quite general as regards the man-
ner in which the waveguide is broken or per-
forated to allow radiation. The results are
shown to apply equally well if conducting
sheets having arbitrary shapes but lying on
specified planes are present in the vicinity
of the radiating waveguide.

9. THEORY OF END-FIRE HELICAL
ANTENNAS

ArTHUR E. MarsTON AND M. D. Abcock

(Naval Research Laboratory,
Washington, D. C.)

An exact formula for the radiation field
of a helix energized by a traveling wave of
current along its length is obtained. This
formula yields a definite condition to be
satisfied by the geometry of the helix and the
propagation constant of the traveling wave
of current in order that the radiation field of
the helix be end-fire with circular polariza-
tion on axis. In addition, the general radia-
tion formula yields a simple, explicit expres-
sion for the ellipticity on axis of any helix
excited by a traveling wave of current.
Further, it is shown that the current dis-
tribution for the end-fire helices is the cur-
rent distribution associated with the n=1
mode of the helical traveling-wave tube as
analyzed recently by C. Shulman and M.
S. Heagy of RCA. Combining the theory of
this mode with the general results indicated
above, a complete theory of the radiation
fields of end-fire helices is achieved which
checks well with experimental observation.

10. A BROAD-BAND TRANSITION
FROM COAX TO HELIX

C. O. Lunp
(RCA Laboratories, Princeton, N. J)

A new type of coax to helix transition,
consisting of a nonuniform helix in which the

A ——
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pitch changes continuously from infinity to
the pitch of uniform helix, is described. The
smooth change in pitch is accompanied by
a gradual change in conductor size, so that
the part with infinite pitch is essentially a
cylindrical conductor with a thin longi-
tudinal slot. The transition, designed pri-
marily for traveling-wave tubes, can have
other uses. AAn approximate theory for this
transition is outlined and compared with
measurements.

11. EQUIVALENT CIRCUITS FOR
COUPLING OF WAVEGUIDES
BY APERTURES

N. Marcivitz

(Polytechnic Institute of Brooklyn,
Brooklyn, N. Y.)

The rigorous description of the field be
havior within waveruide structures may be
expressed in terms of transmission lines and
lunmiped-constant circuits. This leads to a
waveguide network theory closely related to
ordinary low -frequency network theory. The
determination of the parameters that char-
acterize a number of waveguide networks -
in particular, those involving aperture-type
discontinuities —will be considered. "The
Kirckhotf analysis of such waveguide net-
works as well as the Schwinger integral equa-
tion and varitional method of evaluating
the network parameters will be discussed for
the case of smill upertures of various shapes
couplin, ditterent waveguides.

SYMPOSIUM
Network Theory

1. Modern Developments in the Topology
of Networks

Ro~NaLp M. FosTER

(PPoly technic Institute of Brooklyn,
Brooklyn, N. Y.)

2. A Survey on the Status of Linear Net-
work Theory

E. .\ GuirrLMiN

(Massachusetts Institute of Fechnology,
Cambridge, Mass )

3. Recent Developments in Broad-Band
Active Networks

Jou~ G. LinvirL

(Massachusetts In-titute of lechnology,
Cambr. Ige, Mass)

4. General Review of Linear Varying-Pa-
rameter and Nonlinear Circuit Analysis

W. R BesNrrT

(Bl [elephone I aboratories Inc.,
Murrav Hill, N, J.)

The symposium on Network Theory has
been plinned in such a way that there will
be a general review of recent work in prac-
ticallv all of the ficlds of network theory in
which there is major acuvity. These four
papers are on the geometry of networks,
passive and active networks with lumped
parameters, and linear varying-parameter
and nonlinear circuits. Prof. Foster’s paper
will discuss new developments in the geom-
etry of networks, a field in which little has
been written but from which network theory
has drawn many of its basic tenets. Prof~.
Guillemin and Linvill will review lumped-
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parameter network theory, with ) Prof.
Guillemin giving a broad general review of
the field and Prof. Linvill emphasizing re-
cent work in broad-band active circuits. Dr.
Bennett will give u broad general summary
of linear varying-parameter and nonlinear
circuit analysis.

Instruments and
Measurements |

Microwave

12. MEASURING THE EFFICIENCY
OF A SUPERHETERODYNE CON-
VERTER BY THE INPUT-
IMPEDANCE CIRCLE
DIAGRAM

Harorp \oWHITTER AND
Davip DNtk

(Wheeler Labor ttories Inc
Great Neck UL NUY

There is presented o pracucl method of
nleasuring converst nocticeney input and
output image impedance of cryvstil convert-
ers in superheterodind recaners The smiall-
~sienal rf input mmpedince ot the onverwer
(with normil locd osailll itor «xaitition) is
plotted on the hamisphore chart s 1 fune-
uon of if load imped e The Tircost aircle
15 obtained by varntuon of 1 pure re wctance
if load from ptr Al re<onmee o ~hort
circuit. The rudus of this ardde 1~ cqual o
the conversion otcieney 1t the ardde s
centered omw the chart. The centril point of
an arc plotted tcross this ardde by varetion
of a resistuncc i par dld! with the it aircunt
at resonance mirhks thof resistince cqual to
the output imane mmpedince. This point
marhs also the it input imi.c impedance.

13. ELECTROLYTIC-TANK MEAS-
UREMENTS FOR MICROWAVE
DELAY-LENS MEDIA

SEyMOUR B Cous

(Sperry Garoscope Co, Graat \ack,
LI,NY)

By meins of symmetry and imice con
siderations, it is shewn that the «vact solu-
uon for 4 microwave deloy lone mediom
consisting of a4 umiform array ot obstacles
m1y be obtiined trom the Oluton for
single obstacle with proper bound iry condhy
tons, Itis chown that, for obstacl spicin,s
much less than a wavelength, these bound
ary conditions miy be oo v oand cvactly
simulated in an dectrols tic tink, It is also
shown how approvimate frequoncy corree
tions may be applied. The results of meas
urements by this method are Liven for thin
square, and circulir ob«t (les '

Through an application ot Bilinct's prin
ciple, the clectroly tic tank mathod may e,
be used in messuring, the maonci l";’] s
ability of <mall aperturcs ot any <hgx

14. A MICHELSON-TYPE INTER-
FEROMETER FOR MICROWAVE
MEASUREMENTS
Brra A, Liaoven
(Naval Research Laboratory,
Washington, ). C.)

The optical Michelson interferometer s
modified by replacing one of its brarches by
a directional coupler and a waveguide. The
instrument serves many purposes, among
which are: precision wavelength determina-
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tion, the measurement of dielectric constants
of materials available in sheet form, the de-
termination of retlection from laminated
sheets at normal incidence, the study of
metal-loaded  dielectrics and  of parallel-
plate metal lens media. An instrument
operating at 3.2 «m is described.

15. IMPEDANCE INTRUMENTATION
FOR MICROWAVE TRANSMISSION
LINES

Pirrrt  \. PORTMANN

(Naval Rewearch Laboratory,
\Wi-hington, D. CH

Three measurable sets of parameters de-
scribing the condition of a load on a trans-
mission line are considered, These are: (1)
gencralized voltace versus current, (2) com-
plex <tanding-wave ratio, and (3) complex
retlection codficient. The utility of these
paramctars for measurement purposes is dis-
cusscd in terme of thar applicability to auto-
matic and <o automatic instrument~. The
reflection ¢octhic ent - <hown to be easly
tran~formud 10 the othar two paramerers

1 he standing wave ratio is applied to a
serniautom tic instrument utilizing a circu-
lar waveguide phise ~hifter. The output data
are presented on an oscilloscope. The re-
flection codfficient is applied 10 a semiyito-
matic instrument; dity are presented on a
meter and cihbrated scale.

16. A BROAD-BAND HIGH-POWER
MICROWAVE ATTENUATOR

Hirprrr J. CArLIN

(PPoly technic In<ritute of Brooklyn,
Brooklyn, N. Y))

The principal portion of the device con-
sis's of a hich attenuation probe whose
troad-band chiracteristics are obtained by a
simple yet novel irrincement of di-conti-
nuity capacitance in coaxial line. Supple-
menting the probe i a lossy ~ection ot ¢)-
anial ine designed to function as an attenua-
tion cquablizar The power in the attenuator
i~ dissipated ina broad-bind conial high-
pewer load which can dissipate over 100
watts. A typical desicn, which was bt
ind tested, has a modmum imput VSWR of
11o, and o attenustion of 30=1 db over
the frequency band 1000 1o 3000 Me.

17. AN ABSOLUTE METHOD FOR
MEASURING MICROWAVE POWER
OF LOW INTENSITY
HarorLp Hi kya~
(N vl Research Laboratory,
Wishington, . ()

A mcthod of abwolute power measure-
nient is deseribed for the microwave and
millimeter wvdoncth recion using an
adiabatic microcalormeter having a limit-
INE sensitivity of approzimitely 5 micro-
watts. For an accurwy «f about 2 per cent,
lh} ststem s usable at lovels ab<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>