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A LONG AND
STABLE LIFE -

Design and Production Developments Exclusive with Amperex Set

New Stability and Performance Standards for Vacuum Condensers

Released six months ago, the new Amperex V€50 and VC25
vacuum condensers have proved themselves a real contribu-
tion in communication, dialectric heating and electro-medical
apparatus. Their kigher current handling ability and lower
I’R losses in reducad space suggest important simplifications
in equipment design. Oscillators using Amperex-developed
circuits and Amperex VC capacitors meet proposed FCC
stability regulations.

ALL COPPER (OFHC)
CONSTRUCTION

WIOE AREA SEALS | !

LARGE SURFACE AREAS
TO CARRY H.F. CURRENT

NO WELOS

GENERAL CHARACTERISTICS
AMPEREX VC50
Capacitance................. 50 uuf=29%

Maximum Peak Voltage....30.000
Maximum RMS Current

65 Amps ot 10 Mc. WRITE FOR
S s 40 Amps at 60 Mc. COMPLETE TECHNICAL RATING
6" + 3/32" x 2" Max. ~ AND DATA SHEETS |

AMPERER ELECTRONIC CORPORATION

25 WASHINGTON STREET, BROOKLYN 1, NEW YORK

Type of equipotential and electrastatic Aux lines

established by probing electrolytic both to

determine shapes and disposition of electrodes,
(POINT **A’" IN PHOTOGRAPH}

NEW TECHNIQUES: Design and manufac-
turing techniques evolved for high power
copper anode tubes were successfully
brought to bear in developing the unusual
qualities of Amperex VCS0 and VC25
vacuum condensers. Unique all-copper
OFHC construction, large area seals, un-
usual mechanical ruggedness and elimina-
tion of welds insure more efficient and
economical operation.

PRIOR ART: When the vacuum condenser
project was initiated in the Amperex
laboratory, one of the first steps was the
prolonged testing of all available types
under field conditions. Concentrated high
frequency fields and bottlenecks to current
passage werc common to all. These “hot
spots” inevitably resulted in overheating,
creating the risks of puncturing and dis-
tortion of the delicate balance of elements.

THE SHAPE OF THINGS: More than 200
theoretical shapes for the VC50 electrodes
were tested in the electrolytic bath. Re-
sulting lines-of-force curves dictated the
shapes finally adopted. These spread the
fields of force, eliminating destructive con-
centrations. It was discovered, also, that
elements carrying high frequency current
had to offer surface areas much larger
than those which had contented older
practice. Wires even of comparatively
large diameter were found electrically in-
sufficient and in addition, presented me-
chanical hazards. Elimination of current-
carrying welds was indicated, Basic de-
velopments and numerous manufacturing
refinements growing out of these tests
were built into the Amperex VC series
They are responsible for outstanding per-
formance records.

——




- lightweight

and compact!

The Bendix Radio Type TA-17 Trans-
mitter is now available to manufac-
turers and operators of feeder line and
executive type aircraft.

Built to rigid performance require-
ments —requirements that have made
Bendix Radio the acknowledged leader
in equipment and systems design for
large air transport services—the TA-17
is a powerful, lightweight, multi-channel
high frequency transmitter; making
precision radio equipment available to
the feeder line and charter operator
without a proportionate sacrifice in
potential payload. Weighing only 35

Ibs., complete with shockmount and
built-in power supply, the TA-17 Trans-
mitter delivers a full 50 watts output
on four crystal-controlled channels at \

any frequency between 2850 kc. and \F .
L4 For Feeder Line
It utilizes standard single ATR /JAN- ‘\ N \
< C172 case, chassis and shockmount \ \\
design. All antenna tuning adjustments | . * T \4A O f
are accessible from the front panel, an *ecutlve ype \lrc ra t
greatly simplifying the antenna tuning \
problem. A cover plate protects the BN \
tuning controls in normal operation. \ N \
\
\ \
BENDIX RADIO DIVISION \ \

BENDIX AVIATION CORPORATION
BALTIMORE 4, MARYLAND ‘\/

—(BENDIX RADIO

—— =
LIT-SEVIP R rar. OFF

STANDARD FOR
THE
AVIATION INDUSTRY

PRODUCT OF

AVIATION CORPORATION
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bench weldens

To cut welding time on small-part fabrication, such
as welding solid or stranded conductors to terminals,
welding electronic tube elements, or other small
parts, look into the possibilities of the Thyratron-
controlled bench-or-tong, low-capacity spot welder.
These alert, accurate controls, with a suitable
transformer, have recorded a two-to-one advantage
over soldering and rivet fabrication. Because of
Thyratron welding controls’ accuracy and split-cycle
response, rejects drop to a new low. They are de-
signed for either 230v or 460v, 60-cycle operation,
and are rated 77 amperes peak on a duty cycle not
exceeding 10 per cent. Equipment for 50-cycle opera-
tion is also available. Write for Bulletin GEA-4175A.

ONE AND A HALF INCHES

of (nolrument accunacy
General Electric’s 1%-inch panel
instruments include direct-cur-
rent, radio-frequency, and
audio-frequency types, in both
conventional and watertight con-
struction. All feature the com-
pact, internal-pivot element and Textolite cases; will
withstand 50 G’s shock, and are accurate to within
=2 per cent. The conventional, direct-current instru-
ment is supplied self-contained for current measure-
ments from 100 microamperes to 10 amperes and for
voltage measurements up to 150 volts. For other re-
quirements, combinations of instruments and acces-
sories can be had. Write for Bulletin GE A-4380.

ACCURATE TIME AND CI;EBENT CONTROL

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

TERMINAL BOARDS 25 cwr awcning time

There’s less motion and more wiring speed when
terminal boards are G-E Type EB-2. Strip the wire-
end, insert it in the connector, tighten a screw, and
the connection is made. Each of these solderless,
pressure connectors will accommodate one No. 8
stranded conductor, two No. 12 stranded conduc-
tors, or three No. 12 solid conductors, all AWG.
Type EB-1 differs from EB-2 only in its terminals,
which are the conventional washer:headed screw
type. Both boards are molded from strong, long-last-
ing Textolite, both are available in 4-, 6-, 8-, and
12-pole sizes, and are equipped with marking strips.
Covers are optional. Write for Bulletin GEA-1497A.

Fast Fook-ups that stay put
with FLAMENOL WIRE

Flamenol hook-up
wire’s tough, plastic-
ized-polyvinyl-chloride
insulation strips clean,
bends without cracking,
and is available in seven
different colors. Nor-
mally, it needs no bulky
armor-braid for protec-
tion. As a result, Fla-
. menol speeds up wiring
operations on electronic apparatus, where voltages
do not exceed 600. Flame-resistant, corrosion-re-
sistant, non-oxidizing, and unaffected by most hydro-
carbon solvents, mild acids and alkalies, Flamenol
rarely needs either attention or replacing. Its glossy
finish looks new, and stays that way. Write for Bulle-
tin GEA-4352.

. -
k=% L EEE
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NEW D-C PYRANOL® CAPACITORS

New materials, new manufacturing techniques and
strict quality control, which were so important in
the excellent records d-c Pyranol capacitors made
during the war, are now incorporated into a new
line of d-c Pyranol capacitors built to meet exacting
commercial requirements.

This new line of d-c Pyranol capacitors has a
broader range of sizes, ratings, and mounting ar-
rangements, with characteristics that allow operation
through the temperature range from —55C up to
85C, at altitudes as high as 7,500 feet. Sizes range
from “bathtub” up to large, welded-steel case sizes,
capacitance from .01 muf to 100 muf, and voltages
from 100v to 100,000v. Write Transformer Division,

General Electric Company, Pittsfield, Mass.
°Reg. U. S. Pat. Off.

MURE “KNI]W” MEANS etzer “ata™/

To help train new
technical personnel,
and make supervisory
and production men’s
jobs mean more, G.E.
offers this 12 part talk-
ing slide film, pre-
pared to teach even
non- techmcal personnel the elements of electronics.
It comes complete with 12 slide films and records,
300 review books, instructor’s manual and carrying
case; price of the kit is $100. Call your local G-E
office, or order direct from Apparatus Dept., Sect.
642-13, General Electric Co., Schenectady 5, N. Y.

November, 1946

FITS AND FIT FOR

any laminaled-plastic Jof
Because it can be fabricated with machine tools
into practically unlimited numbers of shapes, G-E
Textolite sheet, tube, and rod stock adds flexibility
to electronic apparatus design. Over fifty different
grades — each with an individual combination of
electrical, mechanical, chemical, and thermal proper-
ties — assures you that tube bases, coil forms, bus-bar
supports and other components will be exactly right
for your job. For additional information on G-E
Textolite, write to Plastics Divisions, Chemical De-
partment, General Electric Company, Pittsfield, Mass

| General Electric Company, Sect. 642-13
I Apparatus Department, Schenectady S, N. Y.

| Please send me

1 GEA-1497A (Terminal Boards)

1 GEA-4175A (Thyratron Welding Controls)
] GEA-4380 (Small Panel Instruments)

{ GEA-4352 (Flamenol)

I

i

Note: More data available in Sweets File for product designers.

State.

3A



THE 1-10A

The ONE-TEN-A is a complete redesign of the ONE-TEN,
retaining all the proven design features of the older model

but with improved performance and smoothness of control.

For many years the ONE-TEN has been the “standard” re-
ceiver for work in the range from one to ten meters. Although
many advances in high frequency technique have been made
since this little receiver was first introduced, it has easily held
its place in the affections of experienced amateurs by its con-
sistent dependability under actual operating conditions and
its high usable sensitivity.

The new ONE-TEN-A inherits the fine qualities of its pred-
ecessor brought up to date by a complete restudy of circuit,

mechanical arrangement and constructional details.

The ONE-TEN-A is a fine receiver.

& \\

4A Proceedings of the I.R.E. and Waves and Electrons November, 1946




“It’s a fact, John, those little TUNG-
SOL Miniatures are actually doing a
better job than the big tubes. Take
radio frequency amplifiers for exam-
ple. There’s the TUNG-SOL 6BAG6
for transformer and storage battery
operated sets and the 12BAG6 for series
filament operation. It’s only natural
that you get greater rigidity with the
shorter structure and the same grid
cathode spacing . . .
some idea of space saving, one of these

and to give you

little fellows occupies less than half

the chassis area that a big tube re-

quires. Think what this means in com-

pact equipment like an auto set.
“With these

] “.'r.~*‘

TUNG-SOL LAMP

WORKS

miniature amplifiers it’s possible to
obtain the correct bias by means of a
cathode resistor of 68 ohms for normal
operating current. If unbypassed this
gives partial compensation for varia-
tions in input capacitance due to
changes in automatic volume control
voltage. Almost complete compensa-
tion can be obtained with
a 100 ohm unbypassed
cathode resistor. Under
this condition the
effective

)

TUNG-SOL
vetipalovsr-tested

ELECTRON TUBES

transconductance is 2700 microhms.
Excellent performance is obtained
in the frequency modulation and tele-
vision intermediate frequency bands.
The stable gain figure of merit is
about the same as for the large type
tube while the broad band figure of
merit is about 30% greater.

“I tell you, John, you should lay
your tube problems before these
TUNG-SOL Engineers. They’ll

help you select the miniature

that’ll be most efficient and
they won’t disclose your
plans to others. You see
they’re tube manu-
facturers, not set
builders.”

lNco,

NEWARK 4,

JERSEY

NEW

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

Proceedings of the I.R.E. and Waves and Electrons
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Typical discharge applica-
tion—the "Syncroflash’’'—
AC operaled light-weight
100-wait-second high-speed
photo-flash apparatus.

Maximum Storage Capacity per Ounce and Cubic Inch...

AEROVOX SERIES PX y =saze CAPACITORS

o

/4 /w

HIGH-SPEED FLASH PHOTOGRAPHY
CAPACI OR-DISCHARGE WELDING
ELEC IC TIMING CIRCUITS JETC.

® Interested in storing a large amount of energy
d. 4000 volt DC 5 3
vol Energy-  in a small space—and at low cost, first and last?

Capacitor. i
i If so, Aerovox Series PX Energy-Storage Ca-
pacitors are your logical choice. Here's why:
Light. Fast discharge. Easily installed. Excep-
e g o i tionally rugged mechanically and electrically.
PREFERRED RATINGS ) ’ :
= N 3! Time-proven Hyvol impregnant and fill for the
;‘é‘é&%s Thiael g T o e o ,‘E generously-proportioned paper-and-foil sections,
e = T i - 1 insures dependable service and longest life. Posi-
22.5 1.5 KV¥DC peak PX10F1 2V x 3% x 4% [ 2%, ti Iv th 3 i ith e
v e maxi -
% A B R, AIE wam %ach | v ively maximum energy-storage with minimum
* bulk and weight.
50 200 SBRS e PX14D2 | 49716 x 3% x 4% 4% Praioh Yok derie ;
100 g o~ PX15D1 | 4.9/16x3%x6% | 6l lie er;e h lraf mgshaval SR p}:;omptl QEAloRY-
o o B e R R Ry, x| o aredxste ade tf. ther rat.mgs can fedemgned and
pp.
% gy n & PROIE Sts x 1904 x 13 -, made to order for exceptional requirements.
101 1 = 0D1 | 4.9/16x3% x4 43 ; y .
5 i Rz & Priges = ® Our engineers will gladly discuss the advan-
500 4701 4 Sl EX32E) Sx 13l x 19 8 tages of Aerovox Energy-Storage Capacitors as
*Stored Energy = /2 CE* Watts-Seconds (C in farads) { applied 1o your specific problems or needs.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPI.ICA'I‘IONS
_-cunwaammmmvm

6A Proceedings of the I.R.E. and Waves and Electrons November, 1946



MORE THAN 30 BONA FIDE
ORDERS ALREADY SIGNED!

FM BY FEDERAL will soon be giving
millions of America’s radio listeners
the benefits of finer, static-free broad-
casting. Already, more than 30 radio
stations have placed their orders with
Federal—for equipment that is being
made, shipped, and installed now.

0‘)
43

\

~,
-

Federal can equip your new FM station too—from
microphone to antenna. Federal’'s FM transmitters,
with the “Frequematic”” modulator, assure outstand-
\- ing fidelity and carrier stability. And with Federal’s
\ . new 8-Element Square-Loop Antenna, you can get an
effective radiated power eight times that of the trans-
mitter. For finer equipment, faster delivery, and free
installation service—make Federal your one source for
all your FM needs.

Write Dept. B944 for information.

NIT
~

Here Are The First 30 Orders WSAP Portsmouth, Va. WSBT South Bend, Indiana
3-Kw Transmitter 10-Kw Transmitter
for FM bY Federal Associated Equip. B-mmext Square-
WTCN Minneapolis, Minn. P Antenna
3-Kw Transmitter Associated Equip.

WSVA Harrisonburg, Va. WINC Winchester, Va. 8-Element Square- WHIS  Bluefield, W. Va.
10-Kw Transmitter 3.Kw Transmitter Loop Antenna 20-Kw Transmitter
5-Kw Transmitter 6-Element Square- Associated Equip. 12-Element Square-
Associated Equip. Loop Antenna WWLH New Orleans, La. Loop Antenna

WPAT Paterson, N. J. WLIB  Brooklyn, New York 3-Kw Transmitter WCIL  Carbondale, Iil
10-Kw Transmitter 10-Kw Transmitter Antenna 1.-Kw Transmitter

WGRC Louisville, Ky. Antenna . Associated Equip. Associated Equip.
10-Kw Transmitter Associated Equip. WAPO Chattanooga, Tenn. WJILS Beckley, W. Va.

WMBH JoKplin, Missouri WBLJ  Dalton, Georgin 250-Watt Transmit. 3“,5,‘;,}},’:2;’;;},‘::
3-Kw Transmitter 3-Kw Transmitter WROL Knoxville, Tenn a -

5 B » . L

WBEN Buffalo, New York Associated Equip. 8-Element Square- Pl fm v i
3-Kw Transmitter WELD Columbus, Ohio Loop Antenna # North J. Radi
Z-Plll;eomext Square- 10-Kw Transmitter Associated Equip. ‘}nc ersey io,

p Antenna Antenna WBBM  Chicago, Illinois Newark, Ni
, 4 d g s . New Jersey

Moo ‘éi‘:‘:‘?ﬁ: gqglp- = Assocm;i fq"';h 3-Kw RF Amplifier 3-Kw Transmitter
10-Kw Transmitter grll():rh’xi"mnesr:ai:wz:- WKWK Wheeling, W. Va. ﬁgs‘g;::ed Equip.
8-Element Square- 8-Element Square- 3-Kw Transmitter Grand Rapids, Mich

Loop Antenna Loop Antenna fesociotediBquip. & 3r£n T e "tbelc ’
Associated Equip. Associated Equip. WPAD  Paducah. Kentucky Ass:::ia::;sﬂ;luipr

WHBP Reading, Pa. WEW  St. Louis, Missouri e LgmiLier #  Kankakee, llinois
3-Kw Transmitter 10-Kw Transmitter Associated Equip. loa-?(; Te:unsrlnni:t‘Zr
Associated Equip. 8-Element Square- WMBS Uniontown, Pa. Associated Equip.

WHNY Hempstead, N. Y. Loop Antenna 1-Kw Transmitter —_—

1-Kw Transmitter Associated Equip, Associated Equip. #Call letters not yet assigned.

Federal Télephone and Radio corporation

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

In Conodo :—Federal Electric Manufacturing Company, Ltd,, Montreal.
Export Distributors: —International Standard Electric Corp. 67 Brood St., N.Y,C.



RAYTHEON MANUFACTURING COMPANY

RAYTHEONS o+ v onare

INCORPORATING THE NEW

oqde, PHASE SHIFT VODULATION

250 Watt FM Transmitter, also standard
exciter unit for all higher power.

Thorough tests in actual competition with
all other systems of modulation have proved
the superiority of the Cascade Phase Shift
Circuit—in signal quality, simplicity and de-
pendability.

Raytheon’s Cascade Phase Shift Modula-
tion is a basically direct circuit which adds
the phase shift of six simple stages to produce
the required phase shift needed for high fidel-
ity modulation —at an énberently lower noise
level. This extremely simple circuit elimi-
nates the major faults of other systems and
brings important advantages never before
possible (See features).

Carefully compare and you will buy Ray-
theon. Place YOUR order now for Fall delivery.

1. Simplified circuit design thru the Cascade system gives stability
and efficiency to Raytheon FM.

2. Direct Crystol Cantrol, independent of modulation, gives posi-
tive and automatic control of the mean carrier frequency. No com-
plicated electronic or mechanical frequency stabilizers are used. A
single high quality crystal does the job.

3. An inherently lower naise level is achieved by Cascade Phase
Shift Modulation which adds the phase shift of six simple stages.

4. Very low hormonic distortion—less than 1.09 from 50 to
15,000 CPS with 100 KC frequency deviation.

5. Canservotively operated circuits prolong tube life —prevent
program iaterruptions.

Broadcast Equipment Division
7517 No. Clark Street, Chicago 26, lllinols

vow vV -
(2 X N 2 N N XN NN

Above —Complete Cascade Phase Shift Modulator,
Left —Front control panel of Transmitter.

YOU WILL WANT EVERY ONE OF THESE TEN IMPORTANT
FEATURES...ONLY RAYTHEON CAN GIVE THEM TO YOU

6. No expensive speciol tubes. The modulator unit uses only in-
expensive receiver type tubes of proven reliability.

7. Unit construction. There is no obsolescence to Raytheon FM
Transmitters. Add an amplifier later to give the desired increase in
power. All units are perfectly matched in size, styling and colors.
8. Simple, very fost tuning. Circuit can be completely tuned up
in two or three minutes without external measuring instruments.

9. Losting economy. Low first cost—low power cost—advanced
engineering design —plus modern styling, guarantee years of satis-
factioa.

10. Easy to service. Excellent mechanical layout, vertical type
chassis and full height froat and rear doors make servicing fast and
easy,

RAYTHEON

Cuwcollomce in Eleclronics

DEVOTED TO RESEARCH AND MANUFACTURE FOR THE BROADCASTING INDUSTRY




Why
there are so many

REVERE
METALS

THERE are so many Revere Metals
because no one metal can possibly
fill all requirements. For high electrical
and heat conductivity, for example, the
coppers are supreme, but where heat
conductivity plus extra strength is re-
quired, as in condensers and heat ex-
changers, alloys such as cupro-nickel
or A(glmiralty metal may be required.
Special corrosive conditions likewise
may affect the choice of metal. When
weight is a factor, as in anything that
must be moved by mechanical or man-
power, there are Revere aluminum and
magnesium alloys. If fabrication costs
are an important element, copper in
one of its several types will be selected
for some products, free-cutting brass
rod for screw machine work, brass
sheet and strip for severe forming
operations, Herculoy for the corrosion
resistance of copper with strength of
mild steel plus ready weldability. Sel-
dom, however, is there only one factor
to be considered in selecting a Revere
Metal; usually there are several, and
striking the correct balance may not
be easy, In such cases, Revere is glad
to offer the cooperation of its Tech-
nical Advisory Service.

Revere Metals are offered in the form
of mill products, as follows: Copper
and Copper Alloys: Sheet and Plates,
Roll and Strip, Rod and Bar, Tube
and Pipe, Extruded Shages, Forgings.
Aluminum Alloys: Tube, Extruded
Shapes, Forgings. Magnesium Alloys:
Sheet and Plate, Rod and Bar, Tube,
Extruded Shapes, Forgings. Steel: Elec-
tric Welded Steel Tube.

REVERE

COPPER AND BRASS INCORPORATED
Fownded by Paul Revere in 1801
230 Park Ave.. New York 17, New York
Mills: Baltimore, Md.; Chi Ill.; Detrost, Mich.;
New Bedford, Mass.; Rome, N. Y.~ Sales Offices in
Principal Cities, Distributors Everywbere.

Listento Exploringthe Unknown onthe Mutual Net-
work every Sunday evening, 9 to 9:30 p.m., EST.

Proceedings of the 1.R.E. and Waves and Electrons November, 1946 %A



CENTRALAB _
takes the “Mystery” out of CERAMICS

CENTRALAB controls porosity in ceramics. ¢ Centralab controls heat-shock characteristics.
Centralab controls physical strength. « Centralab holds tolerances of + .001” where grinding is feasible.
Centralab is prepared to supply you with ceramics harder than the hardest quartz (7% on Moh Scale).
If you need a versatile ceramic for specialized or standard applications, invoke the magic name of Centralab.

Send for Bulletin No. 720

Ceramic Trimmers /

Bulletin 630

Division 0' GI.ODE-UNION INC., M“wc“k" Tubullar Caramic

Capaciters
Bulierin 630

PRODUCERS OF

Radiohms

Bulletin 697 e Selector Switches
Ceramics —{F—-

Bulletin 722
Silver Mica Capacitors Bulletin 720 Ceramic Hrgh Voltage Capacitors

Ceramic Plare Capacitors
Bulletin 630 Bulletin 630

Bulletin 630

10A Proceedings of the I.R.E. and Wases and Electrons November, 1946



Dependability and Uniformity of

Accuracy Assured in the

-hp- 400A Vacuum Tube Voltmeter

This delicate -hp- engineered winding de-
vice, equipped with cam-operated com.
pensating wire guides, permits an even,
steady movement of .001'"* resistance wire
to the flat resistor card. Full potentiome-
ter drive control permits winding at any
practical rate of speed. Wire spacing
can be mechanically controlled at any
interval between .001" and ,007".

Flat resistor voltage dividers for the -hp- 400A
Voltmeter are precision-wound by machine. This
development by -hp- engineers makes possible the
construction of more precisely uniform instruments
—more economically, more quickly.

The -hp- 400A Voltmeter long ago set a high
standard of accuracy in measurements ranging
from .005 volts to 300 volts, at frequencies from
10 cps to 1 megacycle. There are no troublesome
adjustments to make during measurement, and
normally no special precautions against over-
loads are needed.

The meter of the -hp- 400A has scales for both
voltage and decibel calibrations; and a handy range

LABORATORY

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

knob permits instantaneous range selection in 10
db steps. The instrument itself is light, rugged, and
compact for easy portability.

Write today for complete details and price of
this precision-built, general purpose voltmeter.

HEWLETT-PACKARD COMPANY

1293D PAGE MILL ROAD, PALO ALTO, CALIFORNIA

Audio Signal Generators
Noise and Distortion Analyzer:

Yacuum Tube Voltmeters

Audio Frequency Oscillators
Wave Analyzers « Frequency Meters « Square Wave Generator:
Frequency Standards « Attenuators « Electronic Tachometers

Amplifiers . Power Supplies . UHF Signal Generator:

INSTRUMENTS

November, 1946

FOR SPEED AND ACCURACY
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DU MONT Type 241
CATHODE-RAY OSCILLOGRAPH

Ideal for the observation of
AUDIO, VIDEO and R-F signals...

B For unexcelled performance at moderate
cost, the DuMont Type 241 Oscillograph offers
these outstanding features:

Radio-frequency
waveform of vertical
sync pulse. Horizon-
tal sweep frequency
of the oscillograph
set at 60 cps.

Radio-frequency wave-
form of horizontal sync
pulse. Horizontal sweep
frequency of the oscil-
lograph set at 15,750
cps.

o The Type 5JP cathode-ray tube with intensifier elec-
trode for increased ‘light intensity of the observed
trace.

@ A vertical amplifier for study of signal frequen-
cies up to 2 megacycles.

€ Direct connections (on front panel) to deflection
plates for signals up to 60 megacycles without in-
teraction between horizontal and vertical deflec-
tion plates.

@ Use as a modulation monitor over the standard
broadcast band.

@ Examination of very short pulses in television
transmitting and receiving equipment.

@ Brilliant, easy-to-photograph oscillograms through
use of the Du Mont Type 5JPll intensifier-type
cathode-ray tube. Deficiencies in a television sync
generator under test show up in the accompany-
ing oscillograms taken on the Du Mont Type 241.

B Literature on request.

JUST ANOTHER REASON WHY DU MONT IS ALWAYS YOUR “‘BEST BUY"

© ALLEN 3. DU MONT LABORATORIES, INC.

Proceedings of the I.R.E. and Waves and Electrons
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EVERY DE MORNAY-BUDD WAVE GUIDE
is Electrically Tested, Calibrated and Egged

- r 7 = |

i

b— - — L _—— _ -
Crystal Mount DB-453 Rofating Joint DB-446 90° Elbow (H Plane) DB-433 Pressurizing Unit DB-452 Mitered Elbow (H Plane) DBJ%

SR

}
g

|Uni.directional Broad Band Coupler DB-44% Bulkhead Flange DB-451 Uni-directional Norrow Band Coupler DB 440

3 ORN

ROTATING JOINT
FLAT 90" ELBOW
re————00° TWIST

MITERED ELBOW
Y

T+

/ e

STRAIGHT \\ AN e
SECTION  yII— Lol g

EDGE 90" ELBOW' 90° TWIST RF uNIT

Bi-directional Narrow Band Coupler DB-44) RF Radar Assembly DB-412

Typical plumbing orrangement illus-
trating use of De Mornoy - Budd com-
ponents availoble from standard stocks.

When you use any De Mornay-Budd wave guide
assembly, you know exactly how each compo-
nent will function electrically. You avoid possible
losses in operating efficiency through impedance
mismatches, or breakdown and arcing caused by
a high standing wave ratio. (See chart below.)

De Mornay-Budd wave guides are manufac-
tured from special precision tubing, and to the

The curve shows the monmer
in which the reflected power
increoses with on increase in

most stringent mechanical specifications. Rigid
inspection and quality control insture optimum
performance.

NOTE: Write for complete catalog of
De Mornay-Budd Standard Components
and Standard Bench Test Equipment. Be
sure to have a copy in your reference files.
Write for it today.

the voltoge stonding wave
rotio. The curve is colculoted
from the following equation:

(Smem) -1\

% Power Reflected = | ——— ———

() +1
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EQUIPMENT
FOR
7% Of ALL
RADAR SETS

De Mormnoy-Budd, Inc., 475 Grand
Concourse, New York 51, N. Y.



The Eyé That Never Cloges

You are looking at a thermistor —
a speck of metallic oxide imbedded in
a glass bead hardly larger than a pin-
head and mounted in a vacuum. The
thermistor was developed by Bell Tele-
phone Laboratories to keep an eye on
the amplification in long-distance tele-
phone circuits.

When a thermistor is heated, its
resistance to electric current changes
rapidly. That is its secret. Connected
in the output of repeater amplifiers,
it heats up as power increases, cools
as power decreases. This change in
temperature alters the resistance, in
turn alters the amplification, and so
maintains the desired power level.
Current through the wire at the left
provides a little heat to compensate
for local temperature changes.

Wartime need brought a new use
for this device which can detect tem-
perature changes of one-millionth of
a degree. Bell Laboratories scientists
produced a thermistor which could
“see” the warmth of a man’s body a
quarter of a mile away.

Thermistors are made by Western
Electric Company, manufacturing
branch of the Bell System. Funda-
mental work on this tiny device still
continues as part of the Laboratories
program to keep giving America the
finest telephone service in the world.

BELL TELEPHONE LABORATORIES

EXPLORING AND INVENTING, DEVISING AND PERFECTING FOR CON.
TINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE
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(REG. V. S. PAT. OFF.)

Greatly increased production facilities now
permit the application of Sprague’s famous
Vitamin Q impregnant to ballast capacitors

. .“ i’
w : for fluorescent lamps—with truly outstanding

results. The tables below tell the story—on severe

'}1 tests that leave nothing open to question

" as to the remarkable superiority of these
// Sprague units. NO Sprague Vitamin Q

Capacitors failed during the life of the tests.
ALL of the competing units did!

SPRAGUE ELECTRIC COMPANY, North Adams, Mass.

POWER FACTOR
550 v. A.C. 85°C.

{as measured on a Schering bridge)

LIFE TEST NO. 1

oc. in circulating air
Tested ot 490v. A.C. 85°C. 4

—

SProguUe ccoeeccscrrcaaann 0.27%
Impregnant AR ) iy re s oy, Arrots 0.62%
h unit tested
No. Unlis Hours Li'; :' Fallure ;f':“‘ Ath 3th VITAMIN Q ‘ AT 20 18 etoe o wevs, STEVSTE A 50 Y v 0.45%
fested  Maker ie NO p;:nuREs AFTER 750 HO;’RS' 6 Chiorinated fg’;“‘y
4 inera
9 Miner
SPRAGUE 124 33 -

—

LIFE TEST NO- 2

c. 85°C.in still air

Tested at 575v- A

Impregnant
Resulls K VITAMIN Q
Units tested in both cases were No. Units Maker 0 HOURS V. gresdissmee? i:'h'l°'i"°"d diph"\Y‘
stondord 3% mid. 330v. A.C. Tested . FAILURES AFTER A T Mineral Oil
itors i AGUE NO 4 Wanapavree v TR T }
Fluotescent Copacitors in 2* d. 4 SPR Al failed in less ¥ e 0L SO Mineral oil
x 2%* h. cans. 3 Mér. 1 3 & % Wao w o4 3 i S e o
3 Mér. 2 o N LR VIS EER 4 %
3
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Important FM news

for Broadcast Managers . . . Engineers. . . Listeners

_ At
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FROM AN ARTICLE
BY EDWIN H. ARMSTRONG
y BROADCASTING, JuLy 1, 1946
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unique ability

T is low cross modulation (intermodulation), as
Major Armstrong points out, which allows FM
o reproduce only the notes actually played and

Unexcelled Performance of
Western Electric FM Transmitters

Audio Frequency Response
Harmonic distortion — for
— for

Intermodulation- Jor

FM noise level
AM noise level .

Carrier Frequency stability . . .

............. +0.25 DB from 30 to 15,000 cycles
+75 KC swing. . Less than 0.5% from 30 to 15,000 cycles

%100 KC swing. .Less than 0.75%, from 30 to 15.000 cycles

+75 KC swing. . Less than 0.5%, for 80%, 50 cyelrs and
20% 1000 cycles; less than 1.0% for
80% 50 cycles and 20%, 7000 cydles
65 DB below +75 KC swing

thus achieve such naturalness of tone.
Western Electric’s Synchronized FM trans-
mitters are unique in FM broadcasting because of
their unusually low intermodulation products—
achieved by a complete separation of the oscilla-
tor-modulator circuit from the frequency control
circuit.
For other important features of Western Elec-
tric’s complete new line of FM transmitters, con-

50 DB below 1009 ampltude modulation ..
tact your nearest Graybar Broadcast Equipment

.Less than 2000 cycles deviation
(no crystal heater)

Representative, or write to Graybar Electric Com-
pany, 420 Lexington Avenue, New York 17, N.Y.

16a
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CUSTOM MADE OF ALSIMAG 35

® The favorable mechanical and electrical charccteristics of AlSiMag 35 for precision resis-
ror forms have been demonstrated in countless applications. The permanent rigidity, high
mechanical strength, and the nherent accuracy to which this mcterial can be held, make i-
unrivalled in this field. ¢ Special equipment enables American Lava Corporation to
fabricate quickly and cheaply practically any tyoe of resistor faoim required. Flanges car
ve rounded to. minimize wire losses in winding. Hubs can be grooved, notched, slotted, or
tapped, to facilitate your method of anchoring terminals * if you will submit your designs
Arerican Lava Corporation w il be glad to show you what its special production facilities
zan do for you.

AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE
44TH YEAR OF CERAMIC LEADERSHIP

ENGINEERING SERVICE OFFICES
5T. LOUIS, Mo., 1123 Washington Ave.. Tel: Garfield 4959 ® NEWARK, N. J., 671 Broad Street, Tel: Mitchel! 2-8159
CAMBRIDGE, Mass., 38-8 Brattie St., Tel Kirkland 4498 ¢ CHICAGO, 9 S. CZlintca St., Tel: Central 1721
3AM FRANCISCO, 163 Second St., Tel: Dauglas 2464 ® LOS ANGELES, 324 N 3an Fedra St., Tel: Mutual 9078
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fmch TELEFAX
IS REALLY “PRINTING ¢ V

BY REMOTE CONTROL"

— om——

Ench Telefax equipment transmits
and records — by radio or telephone — exact

facsimiles of written or printed messages, as well as
drawings, photographs, signatures, typewriting, etc. Finch Telefax
is really “printing by remote control.” It is the fastest known and

most accurate system of communication. Write for particulars.

FINCH TELECOMMUNICATIONS, INC.

Address all inquiries to Sales Office
10 EAST 40th STREET ° NEW YORK 16, N. Y.

Makers also of Facsimile Broadcast Transmitting Equipment, Facsimile Home Recorders,
Faxograph Duplicating Machines, and Finch Rocket Antenna for FM stations.
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new transmitting triode.

Edwin F t-illoby~(duinner of

quount structure tor ©

TUBE DESIGN is a
BALANCING ACT

The job of o vacuum tube designer would really
make you tear your hair. Drawing mainly on long
experience — only the bare principles of tube de-
sign are found in books — the design engineer
must co-ordinate the innumerable interlocking
characteristics you specify.

Using standard parts when possible — hand-
fabricating others, he assembles and processes
engineering samples. Some characteristics may fall
outside limits. Then begins o seesaw of compro-
mises. Screen diameter is lowered; input capaci-
tance rises. Plate current is raised; amplification
factor drops. Back and forth teeters the design.
Interlocking electrical, mechanical, physiochemical,
ceramic, and metallurgical characteristics must be
reconciled one after another. Finally the harassed

Proceedings of the 1.R.E. and Waves and Electrons

5) develops the

designer submits apparently satisfactory tubes for
application tests.

You guessed it. Changes are required. The
balancing act begins anew. Innumerable variables
are again co-ordinated. Science and creative
craftsmanship triumph; everyone is satisfied. Pro-
duction takes over. Sure, it's a swell tube. But
could this lead be changed, this spacer eliminated,
this material substituted? Well, you see what we
mean.

Through the years, Hytron design engineers have
sweated for you. They have originated: GT, sub-
miniature, vhf, instant-heating tubes. They have
improved standard types including: OC3, OD3,
1616. Their experience will continue to craft for
you the best in tubes.

SPECIALISYS IN RADIO RECEIVING YUBES SINCE 1921

MAIN OFFICE: SALEM, K  MASSACHUSETTS

November, 1946
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CALL IN AN EIMAC REPRESENTATIVE FOR INFORMATION

ROYAL J. HIGGINS (W9AIO), 600
So. Michigan Ave., Room 818, Chi-
cago 5, Ill., Phone: Harrison 5948.
VERNER O. JENSEN, Verner O.
Jensen Company, 2616 Second Ave.,
Searttle 1, Wash., Phone: Elliott 6871.
M. B. PATTERSON (WsCI), Patter-
son & Co., 1124 Irwin-Keasler Bldg.,
Dallas 1, Tex., Phone: Central 5764.
ADOLPH SCHWARTZ (W2CN),
220 Broadway, Room 2210, New York
7. N. Y., Phone: Cortland 7-0011.

20a

HERB BECKER (W6QD), 1406 So.
Grand Avenue, Los Angeles 15, Cali-
fornia, Telephone: Richmond 6191.
TIM COAKLEY (W1KKP), 11 Bea-
con Street, Boston 8, Massachusetts,
Telephone : Capitol 0050.

RONALD G. BOWEN, 1886 South
Humboldt Street, Denver 10, Colo-
rado, Telephone: Spruce 9368.
JAMES MILLAR ASSOCIATES, ]. E.
Joyner, Jr. (W4TO) 1000 Peachtree
Street, N.E., Atlanta, Geosgia.

Proceedings of the IR.E. and Weyes ard Elec-rons

E COUNTERSIGN OF DEPENDABILITY IN ANY ELECTRONIC PRODUCT

CRYSTAL CONTROL with Eimac tetrodes
means pin-point frequency stability
plus ready portability for tomorrow’s
electronic heating units!

November, 1946
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Crystal control of frequency now becomes the practical answer to the

new frequency stability requirements. Eimac tetrodes make crystal fre-
quency control feasible and simple. Crystal control through Eimac tet-
rodes means maximum frequency stability, end of objectionable radia-

Here’s How an Eimac Tube
Makes This Practical

The way just one Eimac 4-250A tetrode
makes crystal frequency control prac-
tical is shown in this operative, experi-
mental circuit assembled by Eimac en-
gineers. The circuit is also applicable
to other forms of electronic heating.

Eimoc 4-250A Tetrode

tion, and bandy portability for electronic beating units of the future.

Greater Stability...Longer Life

Both tetrodes have specially treated elements that
insure longer life. Both have non-emitting grids
which give great operating stability.

Because of their low grid-plate capacitance (0.12
uufd in the 4-250A and 0.05 u##fd in the 4-125A),
these tubes normally require no neutralization at
diathermy or heating frequencies. (In fact, the

4-250A normally requires no neu-

6aG?

tralization up to70 Mc; 4-125A ordi-
narily needs none even at 120 Mc.)

+0—2500V

Eimac Tetrodes for Power
Amplification Throughout
the Useful Frequencies

Dependable,durable Eimac tetrodes
are admirably suited for diathermy
or electronic heating work, or for
almost any power amplification as-

Here’s Why Eimac Tubes
Make Crystal Frequency
Control Practical

Because of their unique characteristics,
Eimac powertetrodessuch asthe4-250A
and 4-125A are ideal for use in circuits
like the one above.

Eimac 4-125 Tetrode These tubes have an unusually high
power-gain for efficient performance at medium, high, or
the very hi§h frequencies used in diathermy and heating,.
For example, the 4-250A (at frequencies up to 70 Mc.)
develops power output of 750 watts with a driving power
of less than 5 watts. The 4-125A tetrode delivers 375 watts
output with less than 3 watts drive.

Proceedings of the I.R.E. and Waves and Electrons
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signment at any frequency, includ-
ing VHF. Write today to Eimac’s local representa-
tives or factory engineers for complete data on
these tubes.

Follow the Leaders to

EITEL-McCULLOUGH, INC.

1290J San Mateo Avenue ¢ San Bruno, Calif.
Export Agants: Frazar and Hansen, 301 Clay St., San Francisco 11, Califomia, U. S. A.
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CIRCUIT ENGINEERING EDIT

¥
I

NOV.

Prepared by SYLVANIA ELECTRIC PRODUCTS INC., Emporium, Pa. 1946

SYLVANIA COMMERCIAL ENGINEERING DIVISION
AIDS IN PRODUCING EFFICIENT SET CIRCUITS

MEAETY
CEHIRT W

s

- SOME PRODUCTS OF SYLVANIA

Views of Sylvania Electric’s renowned Commercial Engineering ENGINEERING RESEARCH 2
Department. Here, new discoveries from Sylvania’s laboratories Radio receiving tubes, sach as the famous
are built into the latest products. Lock-in.

mlil Miniature radio receiving tubes, Includ-

: : 0 N BT el ing the tiny T-3.
Helping to engineer the best possible radio circuits for many set ]ivo" b:"er il
manufacturers is one of the numerous achievements of Sylvania’s y L4 )

famous Commercial Engineering Department. LG 1RA 968 vor lubel.
Radio transmitting tubes.
Time and again circuits found to be unnecessarily complicated Cathode ray tubes.

were simplified and made even more efficient through the work

2 Pirani tubes.
carried on here. Silicon Crystal Diodes. :
tor nearly twenty years Sylvania’s Commercial Engineer- PR, TNGS Ge""“""fm Crystaleess
ing Department has contributed to the advancement of circuit Electroflash Tubes and Units. .
design as well as to the development of a great variety of Radio tube parts. -4
electronic and lighting products. Fluorescent lamps. Q

SYLVANIAW ELECTRIC

Emporiwmn, Pa.
MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES; ELECTRIC LIGHT BULBS
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YOU CAN OBTAIN ANALYSIS, ENGINEERING,

UILDING A COMPLETE
B communication system to
meet your particular needs is a
job for experts. Unless all units
in the system are properly inte-
grated, the end result may prove
unsatisfactory and costly.

In spite of the fact no two commu-
nication problems are identical,
Press Wireless—with their world-
wide operating and manufactur-
ing experience—can engineer a
combination of standardized units
to do your job. Obviously, such a

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

FROM ONE WORLD-RENOWNED SOURCE,

procedure results in greater effi-
ciency, lower cost.

After thorough analysis, and this
means much more than “desk
work”, PW will present recom:
mendations for your “packaged”
communication system—all units
of which are designed and built to
work together. Such a system will
be complete from soil analysis to
antenna tower, even to equipment
housing where necessary. Thus,
you will be able to obtain all the

factors of a successful communi-

L/ / F L,

el o 7

‘f{' t,'/i'g/,ué:;, \’:’Cf,{
L)

November, 1946
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cation system from one source,
under one contract. PressWireless
Mfg. Corp.,Executive Offices, 1475
Broadway, New York 18, N.Y.USA

UNITS IN THE PW “PACKAGE”

RADIO-TEUEGRAPH
AND TELEPRONE TRANSMITTERS
FREQUENCY SHIFT
RADIO-RPHOTO
COMMUNICAYTON RECEIVERS
ALUS
ASSOCIATED TERMINAL
EQUHPMENT

Yaur instollation is eng odfrom any com-
binution of the above standardized PW vnits

SS WIRELESS

M2
'{»’):q' e /4
/



Many evidences of superiority in
JOHNSON condensers reflect the twenty-three years
of experience that has gone into them. Each type
is carefully designed by electronic engineers for
maximum circuit efficiency. A primary design
objective at JOHNSON’S has been the accomod-

ation of a greater number of specific require-
‘{'H DUAL

N vp

ments with a standard condenser or minor

modification of a standard. JOHNSON’S

search for better design and methods is

continuous and employs first class engi-

5 neering talent and equipment. Many

> developments, such as the new plate

design mentioned below, not only

bring increased efficiency but a
saving in cost.

JOHNSON offers many stand-

ard types from which to

choose with capacities to

10,000 mmf, voltage rat-

ings to 30,000. See your

distributor or write to
Dept. W today

Plates for types A and B condensers

are of the new heavy rounded edge

design recently developed by JOHNSON
engineers. Their higher breakdown volt-

age permits closer spacing, a shorter con-
denser, lower minimum, ond less inductance

at UHF. These features combined with new
end frame design reduce weight to minimum,
yet cost no more, in most cases less because of
the saving in material.

Condensers Inductors Sockets

R. F. Chokes Q Antennas Insulators

. N Connectors Plugs & Jacks Hardware

a jamouj narmerin kadlo Pilot and Dial Lights Broadcast Components

Directional Antenna Equipment

E. . JOHNSON CO., WASECA, MINNESOTA
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Typical' AR

Precision'e

Recently released from Army-Navy
classification, this equipment, former-
ly known as the TS.223/AP, is now
being produced by Aircraft Radio
Corporation as the A.R.C. Test Set,
Type H-10.

This highly specialized test equip-
ment is used primarily for the meas-
urement of radar receiver sensitivity,
frequency and band width; and trans-
mitter power and frequency, in the

R
Q
O

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

708 Main Street

24,000 Mec. band. Other field or lab-
oratory measurements possible with
this equipment include testing of type
2K50 r-f oscillator tubes and measure-
ment of radar receiver recovery time.

The heart of the A.R.C. Test Set,
the 24,000 Mc. wavemeter and attenu-
ator, is available separately, if desired.

For full information on A.R.C.
microwave accessories and component
parts, write

free,

fllustrated catalog of

A.R.C. Radio and Elec-

tronic Component Parts
and Accessories

BOONTON, NEW JERSEY

Navember, 1946

AIRCRAFT RADIO CORPORATION O
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In the market for a small variable transformer
of about 1, KVA capacity? To be more specific . . .
INPUT — 115 volts, 50/60 cycles, 1 phase. OUTPUT
— 0-135 volts or 0-115 volts, 3.0 amperes.

Take a look at POWERSTAT type 20.

Viewed from any angle it qualifies as a superior vol-
tage controller.
QUALITY ANGLE ... The mechanical construction is

extremely rugged yet this POWERSTAT is unusually compact
for the rating.

‘Mounting holes are located on a 1Y inch radius.

FROM ANY ANG

STAT TYPE

TRANSFORMER]

e

Excellent regulation, smooth control, high efficiency are only
a few of its desirable electrical features.

VERSATILITY ANGLE... Type 20 can be connected
to provide increasing voltage with either clockwise or counter-
clockwise rotation. Terminals permit clip-lead or solder
connections.

COST ANGLE ... Highest valuation yet lowest price per
rated ampere output of any similar type variable transformer.

Other angles regarding type 20 will be cheerfully discussed
by SECO sales-engineers. . . Consult us NOW /!

Send for Bulletin 150 ER

THE

811 LAUREL STREET
26A

SUPERIOR (5 ELECTRIC
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Another F

FEDERAL'S FTR-

FTR-184 radio transmitter, with {1} LF and (3) HF radio-
frequency units, (2) modulators, {2) power supplies,
and remote control equipment.

TRANS WORLD AIRLINE has joined the rapidly in-
creasing ranks of famous users of Federal’s FTR-184
ground-station transmitters. On these major airlines,
radio equipment plays a vital role in maintaining
schedules and controlling air traffie—a job where
reliability is the watchword.

Federal’s radio transmitter 184 is designed and built
for just this kind of service—every unit backed by 37
years of research and experience. This compact unit—
modern in design, modern in styling—is adaptable to
practically all operating requirements. The component
parts, such as power supplies, modulators, r-f units and
auxiliaries, can be combined to provide the frequencies,
emissions and types of operation which will best fill
your needs.

For complete information, write today for bulletin

A237.
DATA

Frequency Range Power Output, and Type of Emission
(HF) 2to20Mc...... 500 watts, Telephone and Telegraph

(VHF) 108 to 140 Mc. . . 200 watts, Telephone
(LF) 200 to 540 Kcs . . 400 watts

Frequency Control —~Low temperature-coefficient crystals for
all operatmg frequencies. Facilities can be supplied for switch-
ing in either of two crystals for adjacent-channel operation.

Frequency Response —300 to 4000 cycles, plus or minus 3 db
with reference to response at 1000 cycles.

Distortion — Less than 10% at 95% modulation.

Remote Control—"Transmitter on-off, channel selection, push-
to-talk, and keying may be performed over telephone circuits
by remote control equipment.

Primary Power —220 volts, 50/60 cycles, single phase.

Federal Telephone and Radio (orporation

In Canada:—Federal BElectric Manufacturing Company, Ltd., Montreal
Export Distributors—Internotional Standard Electric Corporotion, 67 Broad 5t., N, Y.C,

Proccedings of the I.R.E. and Waves and Electrons
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RAULAND Electronic Sound offers industry a versatile
and complete line of quality equipment . . . for
laboratory applications, production control, testing,
and for plant and office intercommunication. Each
RAULAND unit is the end product of creative
research, precise engineering and careful production,
Every RAULAND Electronic Sound unit measures up
to the highest requirements for versatility, abundant
output, faithful tone quality and dependable perform-

ance, Let RAULAND Electronic Sound serve you. RAULAND AUDIO AMPLIFIER UNITS

Write for details. The RAULAND Electronic Sound line includes a selec-
tion of precision-built Audio Amplifier units svitable
for laboratory, test equipment and general applica-
tions. RAULAND avdio amplifier design has earned
the respect and acceptance of leading radio en-
gineers and researchers.

INDUSTRIAL PAGING .o
RAULAND is prepared to supply I o 3

rack-type Industrial Paging wnits
tailored to fit specific require-
ments, Proved in hundreds of in-

dustrial installations,

RAULAND D. R. S. PREAMPLIFIER
A broadcast station type Preamplifier, with special
characteristics and performance that make it highly
svitable for laboratory use. Absolutely humless. Flat
frequency response from 30 to 12,000 cycles.

RAULAND Couples any type microphone to @ 200 ohm or 500
America’s preferred 2-way intercommunication Weatherproof ohm line. Complete with linear attenvator, uvniversal
unit. Available with up to 24 master stations. Specker input impedances, 50, 300, 500,000 ohv:\s and 2
Thousands are today serving plants and offices megohms. ’ ’ ’ ’
everywhere,
RADIO - RADAR « SOUND «  COMMUNICATIONS - TELEVISION,

Electroneering is our business

THE RAULAND CORPORATION + CHICAGO 41, ILLINOIS
28a Proceedings of the I.R.E. and Waves and Electrons November, 1946



FOR
HEARING AIDS

VEST POCKET RADIOS
AIR BORNE DEVICES

UTC UTC
SUB-OUNCER SERIES OUNCER SERIES

UTC Sub-Ouncer units are 9/16" x $/8" x 7/8" ond The standord of the industry for seven yeors. The
weigh only 1/3 ounce. Through unique comstruction, overoll dimensions are 7/8" diameter by 1-3/16"
however, these minloture units have performance and height including lugs. Mounting Is effected by two
dependability characteristics far superior to any other screws, opposite the terminol board side, spoced
comparoble Bems. The coil Is uniform layer wound of 11/16". Weight approximately one ounce. Units not
Formex wire . . On o molded nylon bobbin . . . corrying D.C. have high fidelity charocteristics being
insulation Is of cellulose acetate . . . leods mechoni- uniform from 40 to 15,000 cycles. Items with D.C. in
cally anchored {no tape) . . . core material Hiperm. pri. are for voice frequencies from 150 to 8000 cycles.
alloy . . entire unit triple (waterproof) sealed.
The frequewy response of these standord items is Type Applicotion Pri. Imp. Sec. Imp.
+ 3 DB from 200 to 5,000 cycles. 0-1 Mike pickup or
line to | qrid 50, 200, 500 50,000
Type Application Level Pri. Imp. D.C. in Pri. Sec. Imp. 0-4 ?";,':3 platemta 8.000 to 15,000 60,000
SO-1 Input <4+ 4V.U. 200 250,000 0-5 Sinll; vlate to
50 0 62.500 I grid, 0.C. in Pri. 8,000 to 15,000 60,000
S0-2 Interstage/3:6 4 4 V.U. 40,000 0 90,000 0-6 Single plate to 0
S$0-3 Plate toLine 4 23 V.U. 10.000 200 2 qrids 8,000 to 5,000 95,000
25,000 3/1.5 mil, 500 0-8 Single plate to
S04 Output +20V.U. 30,000 1.0 mil 50 Bige 8.000 to 15,000  50. 200. 500

0.9 Single late to
! $0.5 Reactor 50 Hw at 1 mil. 0.C. line. 0.C. in Pri. 8.000 to 15,000  50. 200, 500

3000 ohms O.C Res.
0-42 Mixing and matching 50, 200 50, 200, 500

0-13 Reactor, 200 Mys-no
0.C., 50 Mys-2MA
0.C.. 6,000 ohms
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Manufacturers: Our experience in building hundreds of thousands of ouncers and sub-

ouncers is yours for the asking. Special types, and mountings are readily available. U.T.C.

engineers can help you save weight and space in the design of miniatue equipment.

150 VARICK STREET . NEW YORK 13, N. Y.
EXPORT DIVISION: ®3 EAST 40th STREET, NEW YORK 16, N.Y., CABLLS: “ARLAB™ /
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REAL ECONOMY
FOR SMALL SIZES

AND ODD SHAPES

«++ BETTER UNIFORMITY CHARACTERISTICS, GREATER MECHANICAL STRENGTH

Here is new help on permanent magnet problems —from one
of the largest, oldest and most widely experienced producers
of molded and sintered components in the industry.

Stackpole *Alnico Il offers notable economy in the pro-
duction of units up to two ounces. Odd shapes are a specialty.
Engineering recommendations based on your requirements
gladly submitted.

STACKPOLE CARBON COMPANY, ST. MARYS, PA.

* licensed under G-E patenls

BRUSHES and CONTACTS (all carbon, graphite, metal and composition types) —IRON CORES —RARE
METAL CONTACTS — RHEOSTAT PLATES AND DISCS — CHEMICAL CARBONS—WELDING AND BRAZING
CARBONS — MOLDED PUMP and FLUID DRIVE SEALS — CARBON RHEOSTAT PILES — COIL FORMS, etc., etc,
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ACH day brings a greater number of active ama-
teurs to the ham bands. If you want successful
QSO's you need a scientifically designed filter to give
the exact degree of selectivity necessary to avoid
QRM. The uniformly smooth response curve of the
HQ-129-X filter also makes it ideal for Narrow
Band FM.

THE HAMMARLUND MFG. CO., INC., 460 W. 347# ST,, NEW YORK 1, N.Y. " ]
MANUFACTURERS OF PRECISION COMMUNICATIONS EQUIPMENT
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RCA-
1P42

—a tiny
high-vacuum
phototube
with unusual
possibilities

HE RCA-1P42 high-vacuum phototube opens up

entirely new fields of application to the design en-
gineer—particularly for control purposes where space
limitation is a prime consideration. Its extremely small
size, combined with the unique “head-on” construction,
permits exceedingly close spacing of the tubes in banks
for controlling a large number of circuits, or the use of a
single tube in closely confined quarters.

The semi-transparent cathode surface on the glass
window in the large end of the 1P42 is sensitive to light
sources predominating in blue radiation, and has negli-
gible sensitivity to infrared radiation. The tube has an
S-4 spectral response and maximum response at a wave-
length of 4200 Angstroms.

The RCA-1P42 is especially designed for compact
services such as the control of complex business-machine
operations. It is also applicable to small equipment for
sound-film reproduction.

A technical bulletin on the RCA-1P42 is available on
request. RCA tube application engineers will be glad to
work with you in adapting this or any other RCA tube
types to your equipment designs. Address RCA, Com-
mercial Engineering, Section D-18K, Harrison, N. J.

TUBE DEPARTMENT

HARRISON, N. J.

RATINGS AND CHARACTERISTICS

MAXIMUM RATINGS, ABSOLUTE VALUES:
Anode-Supply Voltage (DC or Peak AC). ..
150 max. Volts
Cathode-Current Density... 14 max. Microamp/sq. in.
Average Cathode Current®..0.4 max. Microampere
Ambient Temperature. ..... 75 max. °C

CHARACTERISTICS:

Maximum Dark Current at 150 volts ...

0.005 Microampere

Sensitivity:
A1 4200 Angstroms.......... 0.020 Microump/uwaﬂ
Luminous™............... 25 Microamp/lumen

MINIMUM CIRCUIT VALUES:

DC Load Resistance........... { Megohm

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

*On basis of the use of a sensitive cathode area 0.19"
in diameter.

**Given for conditions where a Mazda projection lamp
operated at a fillament color temperature of 2870°K is
used as a light source. With daylight, the value is
several times higher; with light from a high-pressure
arc, many times higher.

@ecoec e rssvenerees e e e sEssROELIIOENIIOLIOEOS

RCA Laboratories, Princeton, N, J.
THE FOUNTAINHEAD OF MODERN
TUBE DEVELOPMENT IS RCA.

RADIO CORPORATION of AMERICA
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The amazing technical development and industrial expansion of the radio field
could not have occurred without the intelligent and determined efforts of the
engineers active in that field. Its further progress will be in considerable meas-
ure dependent on the same group. Accordingly some engineers have of late
been called to high executive positions in industry. Reflecting these trends,
there is here presented an editorial from a former President of The Institute
of Radio Engineers who has long been constructively active in the radio field

and whois as well the present president of the Stromberg-Carlson Company.—
The Edstor.

Radio Industry Needs Well-Trained
Young Engineers
RAY H. MANSON

The radio industry needs young engineers of the highest caliber. The radio business is not
static. Recent advances in fundamental approaches to the sciences underlying electronics, as
well as the rapid expansion in the applications of electronics, offer a challenge to the very high-
est grade of engineer.

At the present time there are almost endless opportunities for well-trained radio engineers
who have had formal education in electronics and communications in up-to-date electronic
techniques. Most young engineers are probably primarily interested in working in engineering
laboratories on the development and design of circuits and apparatus or in the production and
inspection of radio equipment. Others—and especially those with advanced training—find their
chief interest in research laboratories, where advances are made in the fundamental knowledge
underlying engineering.

Practically all modern designs of electronic equipment demand the exercise of great ingenuity
and the ability to co-ordinate the electrical design with the mechanical requirements, in order
that the finished product not only will be efficient in operation but will be practical in design
and capable of production in the factory with modern manufacturing methods. Last, but not
of least importance, is the necessity that the product can be manufactured and sold in a com-
petitive market at a reasonable profit.

Radio, being a highly competitive business, with major success coming to those who lead in
new products, requires that an engineer be able quickly to recognize the fundamentals of each
problem and, through clear thinking backed by experience, quickly provide a useful and prac-
tical design.

In recent years, more and more engineers have worked into supervisory and managerial posi-
tions in all branches of the radio industry, and such possibilities are available in all phases of
industrial work. It should be noted, however, that top-notch engineers, doing strictly technical
work, form the keystone of the radio industry. Such men should—and usually do—have equal
or greater recognition and earning capacity than those in all but top supervisory and manage-
ment positions.

The electronic field is still in its infancy. The rapid advance in the last few years into the field
of frequencies hitherto unexplored has opened seemingly limitless opportunities for the electronic
engineer of the future. To the young, well-trained engineer, it offers a challenge with ample
rewards for successful accomplishment.

4
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Edward M. Webster
Board of Directors, 1946

Edward M. Webster was born February 29, 1889, in
Washington, D. C. He was graduated from the United
States Coast Guard Academy in 1912 as an ensign;
during Wotld War I he served with the Navy, following
which he was assigned to communications duty in
the Coast Guard, and was its chief communications
officer.

Retiring from active duty in 1934, Commodore
Webster accepted a position with the Federal Com-
munications Commission as assistant chief engineer, in
which his work included the regulation of the use and
installation of radio in the merchant marine. Recalled
to active duty in the Coast Guard in 1942, he was
assigned to his former duty as chief communications
officer with the rank of captain, and in 1945, was pro-
moted to rank of commodore.

As the representative of the United States, he has
attended the International Radio Conferences of Wash-
ington, 1927; Madrid, 1932; Cairo, 1938; the Inter-
American Radio Communications Conferencé, Rio de
Janeiro, 1945; and the London Safety of Life at Sea
Conference in 1929, :

During 1946, Commodore Webster has attended
several international conferences involving aviation

operations, and the questions of safety communications
and search and rescue over and on the high seas; all
under the aegis of the Provisional International Civil
Aviation Organization. In March of this year he at-
tended the International Meeting on Radio Aids to
Marine Navigation, in London, as chairman of the
United States delegation. As a member of a technical
investigating committee for the United States Senate
several years ago, he assisted jn the drafting of con-
gressional legislation, subsequently enacted into law,
which put into effect the radio provisions of the Inter-
national Convention for Safety of Life at Sea.

Commodore Webster was relieved from active duty
in the Coast Guard August 1, 1946, and is now director
of telecommunications with the National Federation of
American Shipping, Inc.

In 1930 he became an Associate member of the In-
stitute of Radio Engineers, transferred to Member
grade in 1938, to Senior Member grade in 1943, and in
1944 received a Fellow Award. He served on the Mem-
bership Committee in 1940, on the Public Relations
Committee in 1945, was secretary of the Washington
Section in 1940, and chairman in 1942. He is a member
of the Veterans Wireless Operators Association..
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Metal-LLens Antennas
WINSTON E. KOCK{t, SENIOR MEMBER, LR.E.

Summary—A new type of antenna is described which utilizes the
optical properties of radio waves. It consists of a number of con-
ducting plates of proper shape and spacing and is, in effect, a lens,
the focusing action of which is due to the high phase velocity of a
wave passing between the plates. Its field of usefulness extends from
the very short waves up to wavelengths of perhaps five meters or
more. The paper discusses the properties of this antenna, methods of
construction, and applications.

INTRODUCTION

HE EXTENSION of the useful field of radio
T waves to the very short wavelengths has made the
optical properties of such waves increasingly ap-
parent, and effective use of this optical nature has al-
ready been made in employing concave parabolic mir-
rors as radio antennas. Another optical device which can
function as a radio antenna is the lens; it performs in a
manner similar to a parabolic reflector in that it trans-
forms the spherical wave front produced by rays
emerging radially from a smaller feed antenna into a
flat or uniphase wave front at the aperture of the lens.
The usual glass or dielectric lenses of optics depend,
for their focusing action, upon the fact that free-space
electromagnetic waves experience a reduction in
velocity upon entering a dielectric medium. The lens
to be described in this paper depends upon imparting to
the waves an increased phase velocity rather than the
usual slower velocity of a dielectric lens. Its operation
is based on the fact that electromagnetic waves confined
in wave guides assume a wavelength and phase velocity
which are greater than their free-space wavelength and
velocity.! This same property is acquired by waves con-
fined between conducting plates which are parallel to
the electric vector and spaced apart a distance greater
than one half wavelength. A row of such parallel plates
accordingly constitutes a refractive medium with index
of refraction less than unity. Such a medium, when cut
to the proper profile, can be used to produce a focusing
or lens effect in a manner similar to that of a dielectric
lens.

Fig. 1 shows how both types of media can be used to
obtain the focusing action of a lens; in the case of the
metal-plate refracting medium, a concave profile is
required.

FUNDAMENTAL PRINCIPLES

The phase velocity of the dominant mode of a trans-
verse electric wave confined between conducting plates
which are parallel to the electric vector and infinite in
extent is given by

* Decimal classification R326.8. Original manuscript received by
the Institute, March 29, 1946; revised manuscript received, June 25,

1946.

t Bell Telephone Laboratories, Inc., Holmdel, New Jersey.

1 The use of the increased phase velocity in a wave guide to obtain
a lens or prism action was considered rather early by A. P. King,
G. C. Southworth, and W. P. Mason of these Laboratories.

v = 5/\/1 — (\/20)? 4))

where a is the separation of the plates or side walls, v,
is the free-space velocity, and A the free-space wave-
length. The equivalent index of refraction, which is the
ratio of free-space velocity to velocity in the medium,

is then
)
n=—= 1—-{—}.
v 2a
(0)

(((( ( »source

@

Fig. 1—Focusing action of (a) dielectric and (b) metal-plate lenses,
Ao=Free-space wavelength,
Ae=Wavelength in the dielectric.
Ag=Wavelength in the guide.

It is seen that, for any finite plate spacing @ greater than
one-half wavelength, » is finite and less than one.
The required profile of a metal-plate lens can be

Q

Fig. 2—Calculation of lens profile.
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determined by ray analysis. Thus, in Fig. 2, it is required
that the phase of ray A4 should equal that of ray B at
the aperture ga—a. That is,

VT = DT F 7/ + /v = f/n @3
or
(1= n)2* — 201 — mfz + 52 = 0 @

where n=v,/9. This is the equation of an ellipse, having
a radius of curvature, at y=0, of

p=f(1—n). ®)
If a number of identical metal plates having the profile
defined by equation (4) and shown shaded in Fig. 2,
are placed side by side with proper center-to-center

spacing, one obtains a lens which focuses in only one
plane, i.e., a “line-focus” lens. If, on the other hand, the

Fig. 3—A plano-concave metal lens having an
aperture of 14 wavelengths,

plates are cut out and assembled so as to form, for the
rear face, a surface of revolution generated by revolving
the ellipse defined by (4) about the x axis, one obtains
a circular lens which focuses in both planes (point
focus). Such a lens, 14 wavelengths in diameter and
having an f number (ratio of focal length to aperture)
of 1.67, is shown in Fig. 3.

In order to keep the lens thickness at a minimum the
process of stepping can be employed, whereby the lens
profile is reduced each time a thickness is reached which
is equivalent to a phase advance of one wavelength. This
thickness ¢ depends upon the wavelength and the index
of refraction, as follows:

A

1—1n

1= (6)
so that the equations of the successive steps are altered
as shown in Fig. 4. Such a stepped lens 40 wavelengths
square is shown in Fig. 5.

Kock: Metal-Lens Antennas
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By employing plates of the proper shape, lenses can
be designed to produce almost any desired directional
pattern in either the vertical or horizontal planes. This
would permit the design of transmitting antennas which

(1-n2)x2-2f (1-n) x4 y220

(1-n2)(x + %)2-2(1*;%X|-r{)(xo 1)-‘?.) +y220

AR AT ATIRIIRTINAAN. AN SRR Wy
i
|
)
)
)

4
'
|
)
)
&

(1-n2)(x+ .IZ.Ln)?_ 2(f¢ f:‘—)(‘-n)(xo ﬁ-é‘-) +y2:0
ETC.
Fig. 4—Equations of successive steps of a metal plate lens.

would have good coverage over certain areas and re-
duced coverage over others, and receiving antennas
which would receive with high gain only in certain

Fig. 5—An f/0.95 metal lens of stepped construction.

selected directions and discriminate against other direc-
tions from which unwanted signals arrive. However, in
this paper, consideration will be given only to those
lens antennas which finally produce a flat or uniphase
surface at their aperture, inasmuch as such antennas
possess, for a given aperture area, the greatest direc-
tivity and gain.
HoRN-LENSES

An important type of lens antenna is a combination

of a lens and electric horn. The flare angle of a horn
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radiator is generally designed to produce maximum
gain for a given horn length; i.e., “optimum” design.?
For large-aperture horns the required length becomes
excessive, and a lens in the aperture can materially
reduce this horn length. For example, the lens shown in
Fig. 5 has an aperture of 40 wavelengths and is designed
for use with a square pyramidal horn 38 wavelengths
long; an optimum horn flared to an aperture of 40 wave-
lengths in the electric plane would be 800 wavelengths
long. This striking difference in length is shown to scale
in Fig. 6. Increased gain over an optimum horn is also

j:1 rJOA

o

-[-40 A

Ti_ o]

Fig. 6—Comparison of horn lengths of 40-wavelength-aperture
antennas. Above: horn with lens of Fig. 5 in the aperture. Below:
optimum horn (no lens).

achieved by the use of a lens, since, by proper design of
the lens, the gain can be made to approach that of an
infinitely long horn. The effective area of an optimum
horn flared in both planes is approximately 45 per cent
of its actual area, whereas a similar horn infinitely long
has an effective area which is 81 per cent of its actual
area.? This increase in effective area is equivalent to a
23-decibel increase in power gain of the horn.

If the horn, instead of being pyramidal, i.e., flared in
two dimensions, is flared in one dimension only, a lens
in the aperture can also materially reduce the required
horn length. Fig. 7 shows a sketch of such a horn
equipped with a lens of 36 wavelengths aperture. This

23

o A

£5A

\0}5 Ave3 a2 —hesTEP o E \ T
- 3 —\

Fig. 7—Sectoral horn equipped with a wave-guidel ens.

lens is of a type somewhat different from those so far
discussed. It is a lens having constant thickness and
varying index of refraction and consists of a number of
wave guides of constant length (14\) but of different

1 W. L. Barrow, and L. J. Chu, “Theory of the electromagnetic
horn,” Proc. I.R.E, vol. 27, pp. 51-64; January, 1939. See also
F. E. Terman, “Radio Engineers Handbook,” p. 824, McGraw-Hill
Book Company, New York, N. Y.

3 S, A. Schelkunoff, “Electromagnetic Waves,” p. 365, D. Van
Nostrand Company, Inc., New York, N. Y., 1943.
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widths (different phase velocities). The phase velocities
of the individual wave guides are chosen so that proper
phase advance is secured in the 13\ length of guide, and
the circular phase front of the wave approaching the
lens from the throat of the horn is thereby transformed
into a flat emerging phase front. The stepping procedure
is also made use of in this lens, as shown in the sketch.
Since the focal length of the lens is 23 wavelengths, it
has an f number of 0.64. This antenna produces a nar-
row beam in the horizontal plane (the plane of the horn
flare) and a broad beam in the vertical plane. The hori-
zontal directional pattern is shown in Fig. 8.

1 0
-2.0°
e —_ e Y
zs0f————— — 1-5
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Qo —+ 1 — 0o
Z "
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@ ]
W —_— -4 — —_— e
W 138
8 ]
3
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-
<
-
& — — 25
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05 6 -5 r T Y 30
DEGREES

Fig. 8—Directional characteristic of a sectoral horn having
an f/0.64 lens in the aperture.

WIRE LENSES

A modification of the solid plate lens consists of re-
placing the plates with wires. In a wave guide the cur-
rents in the side walls are parallel to the electric vector,
so that vertical rods or wires, spaced sufficiently close

3 <

(a) (b)

%

Fig. 9—(a) Current in side walls of conventional wave guide for
dominant mode. (b) Nonradiating wave guide having wire side
walls.

together, can be used to replace the solid side walls
(Fig. 9). Since the plates of a metal-plate lens are also
wave-guide side walls, they likewise can be constructed
of wires. Experimentally it was found that the spacing
of the wires in such a lens plate could be as much as one
quarter of the free-space wavelength without serious
effect on the lens performance. A wire lens, 7.3 wave-
lengths in diameter, is shown in Fig. 10; it exhibited
50 per cent effective area with side lobes 18 decibels
down in the magnetic plane and 20 decibels down in the
the electric plane. The widths of the major lobe at half-
power points were 8.5 degrees and 8.7 degrees in the two
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planes. This construction would be useful at meter
wavelengths where the wire spacings are large and the
lens plates could be curtains of wires suspended from
poles.

L '
——————

Fig. 10—Wire-curtain lens.

FEED SyYSTEMS
Lens feeds can be those employed with parabolic
reflectors; namely, directive dipole feeds (Fig. 11(a))
or small wave-guide horns (Fig. 11(b)). When thus
used, the directivity of the feed is usually designed to
produce an illumination across the aperture which is

RAOUNO
WAVEGUIDE

e c
/‘ /'/
~—LENS

(b) sMALL HORN

/" HORN

RECTANGULAR
WAVEGVIDE

() FULL HORN
Fig. 11—Methods of energizing metal lenses.

tapered, being down approximately 10 decibels at the
edges of the lens. Somewhat superior results are obtained
if the feed horn is made longer than optimum so as to
improve its primary directional pattern. For lenses with

Kock: Metal-Lens Antennas
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large f number, the feed horn must have high directivity
and consequently a large aperture in wavelengths. As a
horn may then become unduly long, it may be preferable
to use instead a second lens as a feed, this second lens
being fed in turn by a small wave-guide horn. Such an
arrangement is shown in Fig. 12; in this photograph
the round wave-guide horn can be seen behind the
smaller “primary” lens,

Another method of feeding a lens, which is not ap-
plicable in the case of parabolic reflectors, comprises
the use of a horn with sides extending to the edges of the
lens (Fig. 11(c)). The horn is made equal in length to the
focal length of the lens and prevents energy from
spilling over the edges of the lens. This type of lens feed
may be said to be well “shielded”; it is useful in applica-

Fig. 12—Double-lens system.

tions where interference between two adjacent simul-
taneously operating antennas is to be kept at a mini-
mum. Furthermore, it has been found that this type of
feed is easier to match to the feed line than a small
horn feed. The aperture of a small horn usually presents
a sizeable mismatch to free space and this must be
tuned out, with the result that a good match over a
broad band is difficult to obtain. A horn extending to
the edges of the lens has such a large aperture that it
matches free space quite well, and the small mismatch
remaining at the throat can be tuned out over a large
band. The presence of the lens will dffect the match in
either cases, but this effect can be minimized by tilting
the lens slightly. This procedure will be discussed in
the following section.

DESIGN CONSIDERATIONS
1. Constructional Delails
Methods of construction of metal lenses will depend
upon the wavelength at which they are to be used and
upon the type of lens. At meter wavelengths the wire-
curtain construction is most applicable, whereas at
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shorter wavelengths the solid-metal-plate structure is
perhaps more suitable,

For the solid metal-plate variety, some of the newer
low-loss dielectric foam materials can be used as spacers
between very thin metal plates. Bonding the metal to
the foam strips forms a very light structure which is
sufficiently rigid for some applications.

The usual construction methods employ sheet metal
for the lens plates, which are individually cut out. Since
the electric vector is parallel to the plates, numerous
metal cross supports can be introduced without inter-
fering with the lens performance. By using an interlock-
ing-slot (egg-crate) construction, a rigid cellular struc-
ture is obtained. (See, for example, Fig. 20.)

2. Index of Refraction

The choice of index of refraction, which is determined
by the wavelength-to-plate spacing ratio, according to
equation (2), will be based upon a compromise between
two factors, reflection loss and lens thickness. If the
refractive index is too small, undesirable reflection loss
occurs at the lens surface, so that matching sections,
similar to the quarter wave films used on optical lenses,
may be required. On the other hand, if the refractive
index is too large (too close to unity), the lens thick-
ness becomes undesirably large. An index of refraction
of 0.6 represents a fair compromise, since the theoretical
reflection loss at each surface is then held to less than
0.1 decibel, and the lens thicknesses do not become
unreasonable.

3. Bandwidth of Metal Lenses

Of importance in design is the bandwidth over which
a lens antenna is effective. Since metal lenses possess an
index of refraction which varies with the wavelength
(equation 2), they are frequency sensitive. This means
that at frequencies other than the design frequency the
lens either undercorrects or overcorrects the spherical
wave emanating from the feed, and instead of the re-
sulting wave front being flat (as indicated in Fig. 1 (b)),
it becomes curved, and the antenna performance is
thereby impaired. To evaluate the frequency band over
which such a lens will operate efficiently, some criterion
must be set up for the amount of this wave front or
phase curvature which can be tolerated. Because of the
tapered illumination usually employed in a lens, the
edges of the lens, where the phase error is greatest, are
not strongly energized, so that this particular type of
phase variation does not have as pronounced an effect
on the antenna performance as a random phase varia-

tion. Experimentally it has been found that whereas "

the random phase variation should be kept less than
+X/16, a curved phase discrepancy of 7/2 (i.e., +\/8)
between the center and edges of the lens can be satis-
factorily tolerated. Applying this w/2 phase limitation,
the bandwidths of both stepped and unstepped lenses
can be calculated, as has been done in Appendix I, and
the results plotted in Fig. 13. It is seen that the band-
width can be improved by the process of stepping, since
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this reduces the path length of the rays in the frequency-
sensitive medium. In Fig. 13 the index of refraction
has been taken as 0.5; somewhat broader bands are ob-
tained if the value of 0.6 is chosen.
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Fig. 13—Bandwidths of lenses.

It may be observed that the bandwidth of frequency-
sensitive lenses can be extended by readjusting the
feed or focus position. This is because various wave-
lengths tend to focus at different points along the lens
axis.

4. Tolerance Considerations

Another design requirement is a knowledge of con-
struction tolerances which are permissible in a metal-
plate lens. Three tolerances are of importance: plate-
spacing tolerance, profile or thickness tolerance, and
twist or warping tolerance. Plate-spacing tolerance is
analyzed in Appendix II, and it is seen that since, for a
given phase accuracy, the plate spacing must be more
accurately maintained at the thick portions than at
the thin portions of the lens, the process of stepping, by
which the maximum thickness is minimized, appreciably
relieves the tolerance requirements. For such lenses,
stepped at the one wavelength points and having an
index of refraction of 0.6, the plate spacing at the
thickest portions of the lens (i.e., the tips of the steps)
may vary 2.2 per cent from the correct design
spacing without introducing a phase error greater than
+#/8(+N/16). At the thinner portions of the lens
more tolerance is, of course, permitted. These plate-
spacing tolerance requirements can be met by the use
of a sufficient number of cross-member supports (shown,
for example, in Fig. 20), or by the use of foam separator
sheets which maintain the spacing quite accurately.

The profile or thickness tolerance is the amount by
which the contour of the plates may vary from their
theoretically correct contour, as defined by the equa-
tions of Fig. 4. As shown in Appendix II, if the actual
thickness of a point on the lens differs from its true
design thickness b by an amount Ab, then the phase
discrepancy in wavelengths, A\, is given by

AN = Ab(1 — n). (7
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From this equation it is seen that the permissible thick-
ness variation in a lens having an index of refraction of
0.6 is five times the tolerance of a reflector for the same
phase requirements.

Consideration of the third tolerance requirement,
the warping tolerance, brings out one of the most im-
portant advantages of a lens over a reflector. It will be
seen below that a lens can suffer appreciable rotation
(as in Fig. 14) without serious effect on the direction or
quality of the beam it produces. Since any portion of the
lens can likewise suffer such a displacement from its
correct position without harming the lens performance,
it is evident that considerable warping and twisting of
the final lens structure can be tolerated.

5. Matching Problems

In antenna design it is desirable that the whole
antenna unit present a satisfactory match to the feed
line over its useful band. Both reflector antennas and
lens antennas comprise two elements, the feed and the
main reflector or lens; and although it may not be too
difficult to design the feed system alone to properly
match the feed line, the reflector or lens may influence
the feed system, in which case the large distances in
wavelengths which are usually present between feed
and antenna will prevent a satisfactory match from
being obtained over a broad band. In a lens antenna
practically all of the energy passes on through the lens
and very little is reflected back towards the feed, as in
the case of a reflector. This discontinuity at the lens
surfaces will cause a small amount to be reflected, and if
the front surface of the lens is flat, the lens should be
tilted in order to prevent this reflected energy from
being refocused back into the feed. A tilt of one or two
wavelengths between the extremities of the lens is
sufficient to steer the reflected beam away from the
feed, as shown in Fig. 14. Other ways of reducing such

MAIN BEAM
ENERGY REFLECTED FROM FRONT
LENS SURFACE REFOCUSSED HERE

WAVE GUIDE
HORN FEED

ENERGY REFLECTED FROM REAR LENS
SURFACE REFOCUSSED HERE

|
—> l(—I-ZA T

Fig. 14—Use of lens tilt to prevent reflected energy from entering and
producing undesirable standing waves in feed line.

reflections comprise the use of quarter-wave matching
sections on the two lens surfaces, or the use of a dielec-
tric constant which presents a small mismatch (e.g.,
n=0.6 or larger).

Kock: Metal-Lens Antennas g
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PrAcTICAL CONSIDERATIONS—LENS VERSUS REFLECTOR

Since accurately made parabolic reflectors and lenses
of the same size have comparable gain and patterns and
therefore can often be used to accomplish the same re-
sults, it is worthwhile to consider the practical aspects
which may dictate the choice between the two.

1. Tolerances

One of the most significant advantages of a lens over
a parabolic reflector is its ability to withstand warping
or twisting without serious damage to the beam in the
way of beam position, gain, and minor lobes. This
property arises from the fact that the beam lies along a
line projected from the feed through the center of the

Fig. 15—Metal lens having an aperture 48 by 480 wavelengths,

lens, so that moderate angular deflections of the lens
about axes passing through the center of the lens
(strictly through the rear nodal point of the lens) have
insignificant effects upon the beam position and direc-
tional pattern. For example, it was found experi-
mentally that the lens of Fig. 12 could be rotated + 33
degrees, with the feed remaining fixed, without serious
effect upon the pattern or beam position and with only
one decibel reduction in gain. For large-aperture short-
focal-length lenses the permissible tilt or rotation is
smaller but still ample to take care of any reasonable
twist or warp that inadvertently may be imparted to the
lens. Accordingly, as long as the lens thickness and plate
spacing are correct, the mean surface of the lens can be
considerably warped without seriously impairing the
lens performance. A reflector, on the other hand, must
be held accurately to a parabolic contour if a satis-
factory gain and directional pattern is to be obtained,
and the usual requirement that the phase front of the
emerging wave be maintained flat to within +\/16
imposes the condition that the reflector be accurate to
+\/32, a condition difficult to achieve for large-
aperture short-wavelength antennas. For example, the
metal-lens antenna shown in Fig. 15 has an aperture
of 48 by 480 wavelengths,* and the measured gain and

¢ The construction of this lens was engineered by W. M. Sharpless
of these Laboratories.
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directional properties of this antenna indicated that the
emerging wave front was flat to a high degree of ac-
curacy. A reflector that large, held to the +X\/32 toler-
ance, would have presented a difficult design problem.
It may be of interest to point out that the beam of this
antenna is probably the sharpest radio beam ever pro-
duced, its half-power width being but 6 minutes (one
tenth of a degree). '

2. Feed Position

The relative position of the feed and the antenna
leads to certain advantages in the case of a lens. In a
reflector, any symmetrical arrangement of feed and
reflector causes the feed to be in the way of the re-
flected beam, which results in some interference to the
pattern and a standing wave in the feed line. This is
particularly true in the case of a symmetrical sectoral
parabola, where the energy reflected back into the feed
is exceptionally high. The considerations in the previous
section show that this can be avoided by the use of a
lens.

3. Crosstalk Protection
In the use of antennas in radio repeater-link opera-

tions, the receiving and transmitting antennas are
placed back to back and it is desirable that the inter-

RECEIVING
ANTENNA =~

TRANSMITTING
ANTENNA

| —
REPEATER 8588
| S———

Fig. 16—Superior shielding between transmitter and receiver by
the use of horn antennas with lenses.

action or crosstalk between them be kept at a minimum.
In using paraboloids for such applications it is very
difficult to prevent energy from the feed from diffract-
ing around (spilling over) the edges of the dish to pro-
duce back lobes which cause crosstalk. Horn antennas
are free from this spill-over difficulty and a lens in the
aperture permits the use of very short horns. Such an-
tennas are markedly superior to paraboloids in the
matter of crosstalk protection (see Fig. 16). Further-
more, the rigid lens structure in the aperture furnishes
a convenient mechanical support for a dielectric cover
for protection against ice formation. As indicated above,
the large horn will also present a superior match to the
feed line compared with the customary paraboloid feed.

4. Bandwidth

On the other hand, the lens has a definite bandwidth
limitation which the reflector does not possess, and,
except for the problem of match to the feed line, the
reflector is truly a broad-band antenna (a searchlight
mirror can be used equally well for light waves or
radio waves). Also, the presence of the steps in a lens
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causes a slight distortion of the wave front due to dif-
fraction of the waves at the step boundaries. Although
this effect is apparently small, it may account for the
failure to obtain the expected 81 per cent effective area
of a horn-lens combination (see next section).

EXPERIMENTAL RESULTS

In this section, the results of tests on several experi-
mental models will be given. Figs. 17 and 18 show, re-
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Fig. 17—Electric-plane pattern of 40-wavelength-square
metal-plate lens.

spectively, the electric and magnetic plane patterns of
the 40-wavelength-square-aperture lens of Fig. 5, when
energized by a conical feed horn having an aperture 2
wavelengths in diameter. From the curve of Fig. 13 this
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Fig. 18—Magnetic-plane pattern of 40-wavelength-square
metal-plate lens.

lens should have a bandwidth of 8 per cent, and Fig. 19
shows its behavior over a 12 per cent band of frequen-
cies; although the gain and beam width are seen to be
affected, the direction properties remain quite good.®
When this lens is used in conjunction with a horn 38
wavelengths long, extending to the edges of the lens, the

§ This and similar results on other lenses form the basis for the

statement made earlier that a phase-front curvature of A/4 does not
have too serious an effect on antenna performance.
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patterns are similar, except that in the electric plane
the illumination is more uniform and the directional
characteristic approaches the expected sin x/x pattern
produced by a uniform-amplitude, uniform-phase an-
tenna. With a + §A tilt imparted respectively to the top
and bottom of the lens relative to the center, the stand-
ing-wave ratio in the horn throat averaged 0.5 decibel
(voltage-standing-wave ratio=1.06) over a 10 per cent
band of wavelengths, reaching a maximum of 0.7 deci-
bel at several points.

Experiments were made to determine the extent to
which the gain of a horn-lens antenna could be made to
approach the gain of an infinitely long horn (81 per cent
effective area). In one case a lens was placed in front of
an optimum horn (the lens being just strong enough to
correct the A\/4 phase curvature present in the horn),
and the horn then exhibited an effective area of 75 per
cent. In another case a short horn, 14 wavelengths long,
with a 91-wavelength square lens in the aperture, ex-
hibited an effective area of 66 per cent.
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Fig. 19—Lens performance over a 12-degree wavelength band.

In general, however, it is more reasonable to expect
but 50 to 60 per cent effective area from antennas where
the apertures in wavelengths are large, and this has been
the experience with most of the lenses illustrated in this
paper. As mentioned earlier, diffraction at the steps
may be responsible for the failure to realize the high
expected gains.

METAL-PLATE OPTICS

In addition to lenses, many of the other optical in-
struments used at light wavelengths can be duplicated
at radio frequencies by the use of the metal-plate refrac-
tive medium.

LENS APPLICATIONS

In the meter-wavelength region, the wire-curtain
lens antenna may find application wherever pine-tree
antennas have usefulness. The lens of Fig. 10 would
scale to an 84- by 84-foot antenna at 3 meters, the
wires being spaced 24 feet apart in each curtain and the
curtains spaced 6% feet apart. The feed for this antenna
could be a small array of dipoles with reflector curtain.
An equivalent pine-tree antenna would require over 200
half-wave dipoles carefully phased plus a like number
comprising the reflecting curtain.

Kock: Metal-Lens Antennas
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Lenses in combination with horns exhibit such a small
amount of interaction or crosstalk that their use as
repeater antennas may permit straight-through opera-
tion of the entire repeater chain at the same wavelength,
with radio-frequency amplifiers at each repeater station.
In Fig. 20 is shown a photograph of a horn-lens com-

————

Fig. 20—4000-megacycle repeater antenna.

bination designed for a repeater antenna at 4000 mega-
cycles. It exhibited a power gain of 12,000 over an iso-
tropic radiator. At approximately 1.8 degrees off the
axis of the beam, the power gain of this antenna drops to
one one-hundredth of its maximum value; this indicates
that the energy is highly concentrated in a narrow
beam, a property which is very desirable for repeater-
link application. In actual use, the lens will be covered
with a flat sheet of plastic to prevent ice from forming in
the individual lens cells. With this cover in place, the
standing wave in the feed line did not exceed 0.6 decibel
(voltage-standing-wave ratio 1.07) over a 400-mega-
cycle band. Fig. 21 shows a section of this lens, and
Fig. 22 is a photograph taken at the horn throat (look-
ing into the horn) showing the circular step construc-
tion.

Fig. 21—Section of the lens of the antenna shown in Fig. 20.
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In general, the low tolerance requirements on metal
lenses make them attractive in many applications where
reflectors might otherwise be used.

JIHT

Fig.»22—View from the horn throat of the antenna shown in Fig. 20-
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ArPENDIX |
BAND-WIDTH CONSIDERATIONS
1. Unstepped Metal Lenses
In Fig. 23(a) the phase at 4 is given by
27b /[ N\® where b is the lens
b= (E;) thickness. (8)

_ 2xb

H (D) STEPPED METAL LENS
*
FN

Fig. 23—Bandwxdth conslderatxons (a) Unstepped metal lens.
b) Stepped metal lens.

At the design wavelength Ao,

/‘/ ()\o 2 1\ (1-n%
n = 1-— ——) or (—) =—) ie,

2a 2a Ae?

2xd M\?

=g /1= -m(=). 9
b= - (5) ©
The phase at B is given by

2
b5 = b, (10)
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so that

A¢=¢4—¢3=g{£ [/‘/1—(1—1;2) (—:—‘)’ —n]. (11)

The solid curve in Fig. 13 was obtained from (11) by
letting #=0.5, ¢s~¢pp=+7/2, pa—ps=—=/2 and b
variable.

2. Stepped Metal Lenses

In Fig. 23(b) the thickness b of the original lens is
KX\o/1—n where K is the number of one wavelength
steps. The phase at B is ¢p=2wnb/\ and the phase at
A is

¢A=-2—:—b( 1) 2””4/1—(1—"2)( )2 (12)

so that
¢4 — ¢B

=%’.'3[K +—1ﬂ/1 —(1—m) <—:;>2—n]. (13)

When A=A, ¢4 —¢p=2w(K —1), an integral number of
wavelengths. When As\s, ¢s—¢s=27(K—1)+Ag,
where A¢ =the phase discrepancy. That is,

Ap = 2x(K — 1)

[ty G ] o

-1

The crosses in Fig. 13 were obtained from (14) by letting
n=%, Ap=m/2, K variable.

ApPPENDIX I1

LENS TOLERANCES
In Fig. 23(a)

v i-@) - o
= v A\ 2a )
The correct plate spacing a, is such as to make
T N2 A2
,‘/1 - (Z_ao) =n or (7) = (1 — n?a,’. (16)
Substituting in (15),
2xd 3
¢A—¢B=—L[,‘/1—(1—n2) (ﬂ) —n]. 17
A\ a

This equation yields the + 2.2 per cent figure mentioned
in the text fora +\/16 phase accuracy (¢ —¢s= +7/8,
b=A/1—n, n=0.6).

The thickness tolerance of a lens is directly propor-
tional to the phase accuracy requirements. If a lens of
thickness b produces a certain phase advance ¢, then a
thickness variation Ab will produce a phase variation

Ag.
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Measurement of the Angle of Arrival of Microwaves
WILLIAM M. SHARPLESS{, SENIOR MEMBER, LR.E.

Summary—This paper describes a method of measuring the
direction from which microwaves arrive at a given receiving site.
Data which have been collected on two short optical paths using a
wavelength of 3} centimeters are presented to illustrate the use
of the method. Angles of arrival as large as § degree above the
true angle of elevation have been observed in the vertical plane,
while no variations greater than +1/10 degree have been found in
the horizontal plane. These results indicate that radar directions for
low angles of elevation may be in error by several tenths of a de-
gree during times when anomalous propagation conditions are pres-
ent. Possible solutions to the problems introduced by variations in
the angle of arrival are suggested.

INTRODUCTION

KNOWLEDGE of the variations likely to be
A encountered in the angle of arrival of radio
waves has for some time been of considerable
importance to radio engineers. Angle-of-arrival measure-
ments made at short waves on signals received over the
North Atlantic path from Rugbyv, England, to Holmdel,
New Jersey'?, yiclded information which made possible
the building of special types of receiving antennas for
transoceanic reception.?

This paper deals with angle-of-arrival observations
made in the microwave region over two short, line-of-
sight paths in northern New Jersey, with the terminals
located less than 30 miles apart. The transmission wave-
lengths were in the 3-centimeter band; the results are
therefore of importance to radar engineers as well as to
those interested in microwave relay systems.

Variations of the angle of arrival of radio waves on a
particular transmission path will, of course, have a direct
bearing on the design of the antenna systems to be
used on that path. A knowledge of the angles of arrival
is required for the proper design of antennas in micro-
wave repeater systems, since such antennas must ac-
commodate the maximum variations in angle df arrival
expected in both planes. Fixed point-to-point antennas
must not be designed with beam-widths so sharp that
the waves may, at times, arrive outside the main lobe
of the antenna. Likewise, steérable antenﬁé\*designs will
be influericed by a knowledge of variations likely to be
encountered in the angle of arrival. Target directions
indicated by radar will obviously be in error if trans-
mission conditions’are such that the transmitted and
received waves do not travel along straight lines while
being propagated through the earth’s atmosphere.

* Decimal classification R310XR221, Original manuscript re-
ceived by the Institute, February 27, 1946. Presented, 1946 Winter
Technical Meeting, New York, N. Y., January 26, 1946.

t Bell Telephone Laboratories, Inc., Holmdel, N. J. .

VH. T. Friis, C. B. Feldman, and W. M. Sharpless, “The de-
termination of the direction of arrival of short radio waves,” Proc.
I.R.E., vol. 22, pp. 47-78; January, 1934,

* E. Bruce and A. C. Beck, “Experiments with directivity steering
for fading reduction,” Proc. I.R.E., vol. 23, pp. 357-371; April, 1935.

3 H. T. Friis and C. B. Feldman, “A multiple unit steerable an-

tenna for short-wave reception,” Proc. I.R.E., vol. 25, pp. 841-917;
July, 1937.

In general, microwaves propagate from point to point
near the earth's surface along curved paths, the curva-
ture being due to refraction introduced by the atmos-
phere. This refraction is caused by gradients of the di-
electric constant of the atmosphere, which, in turn, are
due principally to the distribution of temperature and
moisture.

If a well-mixed atmosphere exists between the trans-
mitter and receiver, its dielectric constant decreases
slightly with height above ground (a relative gradient
of about —2.4X10~* per hundred feet) and we have a
condition in which a so-called “Standard Atmosphere”
is present. In this situation, the path traveled by the
waves will have a' radius of curvature equal to about
four times the radius of the earth, and the waves will
arrive at the receiver with an elevation angle slightly
above the true elevation angle of the transmitter.*

Under conditions of anomalous propagation, the path
of the wave may deviate from the “standard conditions”
path, described above, in the following ways: (a) if the
dielectric constant of the atmosphere decreases with
height more rapidly than the standard rate, the wave
will be refracted downward more rapidly and will arrive
at the receiver at an angle of elevation higher than the
“standard” angle; (b) if the dielectric constant falls off
less rapidly than the standard rate, the wave path will
be refracted downward less rapidly, becoming straight
when the dielectric constant is uniform with height,
and will be refracted upward when the dielectric con-
stant increases with height: under the latter conditions
the wave arrives at the receiver at an angle of elevation
lower than the “standard” angle; (c) if more compli-
cated variations of the dielectric constant are present
in the atmosphere, a so-called “trapping” of the waves
may result. Trapping could also result under (a) above
if sufficiently strong gradients were present.

A rather involved meteorological situation would be
required to account for some of the results obtained
during times of anomalous propagation. In view of this
and the fact that no meteorological air-sounding data
accompany the angle-of-arrival measurements herein
presented, it is believed that further discussion of propa-
gation conditions is not within the scope of this paper.

METHOD OF ANGLE-OF-ARRIVAL MEASUREMENTS

The angle of arrival of the incoming waves was meas-
ured by sweeping the beam of a large receiving antenna
through a small arc. The beam was swept or scanned in
a sinusoidal fashion by rocking the complete antenna
by means of a simple motor-driven eccentric connecting-

¢ This condition may be represented pictorially by drawing the
earth’s radius as if it were 4/3 that of true earth, and representing

the transmission paths as straight lines between the terminals of the
radio circuit.




838

rod mechanism. Observations of the signal-level output
of the associated receiver as the beam of the antenna
crossed through the line of the incoming waves gave an
indication of the angle of arrival of the waves. For the
case of a single incoming wave, the recorded output was
simply a replica of the directional pattern of the scan-
ning antenna. Both the antenna-rocking mechanism
and the output-recorder chart were driven by syn-
chronous motors.

EQuIPMENT

All the angle-measuring equipment used in these ex-
periments was located on the top of Beer's Hill, New
Jersey, near the Holmdel Laboratory. The trans-
mitters were located at two different points, which
allowed for observations on a 24-mile path to New
York which was partly over water, as well as on a 13-
mile path to Deal, New Jersey, which was entirely over
land (see Fig. 1).

Né W

geRUEY

Fig. 1—Map showing location of microwave transmission paths
from New York, Deal, and Holmdel to Beer's Hill, New Jersey.

The transmitting equipments, vyhich were housed in
plywood boxes for weather-proofing, consisted of
3-centimeter reflex-oscillator tubes feeding small an-
tennas. The outputs of the oscillator tubes were
monitored by directional-coupler branches feeding
point-contact rectifiers from which direct-current out-
puts were obtained. The radiated power was about 50
milliwatts. A wave, polarized at 45 degrees, was trans-
mitted in order that antennas that are designed for
either vertically or horizontally polarized waves could
be used at the receiver. The beam of the New York
antenna, a 28-inch dish, was about 4 degrees wide (3
decibels down). The Deal antenna was of the lens
type and was smaller, and therefore it had a slightly
wider beam.
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The receivers at Beer's Hill were of the double-
detection type employing a 30-megacycle intermediate-
frequency, point-contact first detectors, and auto-
matic-frequency controls for the beating oscillators.
The outputs of the receivers were fed through direct-
current amplifiers to Esterline-Angus recorders. Two
complete receiving sets were employed, the calibration
of each being maintained by use of a local standard-
signal generator.

The two antennas used for the measurements of the
horizontal and vertical angles of arrival of the incoming
waves were of the “pill-box” type, which employs a para-
bolic reflector between parallel plates. The reflectors
had S-foot focal lengths and 20-foot apertures. The
parallel plates were spaced 4 inch apart and were flared
up to a 6-inch spacing at the faces of the antennas. The
antennas were constructed of plywood covered with
thin copper sheets. The beams were 0.36 degree wide in
the plane of the 20-foot dimension and 15 degrees wide
in the other plane. These antennas were designed by
W. D. Lewis of these Laboratories, who made the pre-
liminary angle-of-arrival measurements over the New
York path in June, 1944,

The two scanning antennas were mounted at right
angles to each other, and the entire receiving assembly,
including two other antennas and the receiving shack,
was mounted on a rotatable platform which could be
pointed in any horizontal direction desired (see Fig. 2).
The vertical scanning antenna is shown extending sky-
ward on the right hand side of the platform, with a 28-
inch dish antenna alongside. The horizontal scanning
antenna is shown on the left, extended over the edge of

Fig. 2—Receiving antenna assembly located at Beer's Hill,
New Jersey.

the platform. The 9X 11 foot receiving shack toward the
rear has a 30-centimeter-band antenna mounted on the
roof. The wave-guide feed lines from the 3-centimeter-
band antennas enter the shack through the lower part
of the window. The track on which the antenna plat-
form rotates is 25 feet in diameter.

Fig. 3 shows the two receivers and the recorders
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inside the shack. The wave guides from the antenna
terminate just out of view to the left of the picture.
The beating oscillators and crystal first detectors for
the two receivers are located at this point. By plugging
into the desired guides, the outputs of any two antennas
may be fed to the two receivers and simultaneously
recorded.

CALIBRATION OF SCANNING ANTENNAS

The scanning antennas scan +$ of a degree. The
midpoint of the scan was adjusted on our vertical scan-
ning antenna to coincide with the angle of arrival of the
direct wave from the transmitter in New York under
“normal transmission” conditions.® It was found that the
direct wave then arrived from the transmitter at the
same angle as that predicted from calculations based
on the actual earth geometry. The difference in angle
of elevation calculated for the “true” and “4” earth
radius was only 0.04 degree for the New York path,
and this was less than the accuracy of our measure-
ments, which are discussed below.

The physical position of the front face of the vertical
antenna can be determined to about 1/100 of a degree
by the use of a 20-foot-long plumb-bob line located

inside the face of the antenna; but because of possible

inaccuracies in building the antenna and in locating the
collector at the focus, the accuracy with which the ab-
solute position of the beam is known is believed to be
somewhat lower, about 1/30 of a degree. The records
can be interpreted with an accuracy of about 1/50 of a
degree, which represents the relative accuracy of vertical
angle measurements. The absolute accuracy is probably
of the order of 1/20 of a degree.

The accuracy of angle measurement with the hori-
zontal antenna is better than that with the vertical.
The absolute position of the beam relative to an optical
sight line was determined by means of a local oscillator,
about two miles away, and on clear days sights were
obtained on the distant transmitters during normal
radio transmission conditions. The diameter of the
track on which the array rotates is, as stated earlier, 25
feet, and a knife-edge pointer above the track indicates
the direction the antenna beam is pointed at the center
of its scan. It is not difficult to reset to a previous cali-
bration mark to better than 1/16 inch, which means the
antenna beams are normally reset to any given trans-
mitter to better than 1/50 of a degree. Fig. 4(a) shows a
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record was taken for the condition where the scanning
antenna pointed directly at the transmitter when at
the midpoint of its scanning cycle. For this condition
the peaks of maximum amplitude are equispaced. The
change in the record caused by setting the antenna “off”
(0.05 degree and 0.10 degree) either side of the correct
setting is shown on either side of center on the record. It
will be noticed that, if the spacing between the amplitude

Fig. 3—Receiving sets and recording equipment at Beer's Hill.

peaks becomes smaller on the east swing, the signal is
arriving from the east of center. The record illustrates
that measurements of the separation between peaks give
the angle of arrival with great accuracy, and it is the
method that has been used in this work.

TRANSMISSION PATHS

Observations with this equipment were made on two
different types of optical paths on a part-time basis
through the summer of 1944. The New York path, 24.06
miles in length, was partly over water and was put in
operation on June 8, 1944. The Deal path, 12.63 miles
in length, was entirely over gently rolling land, and was
in operation on September 1, 1944. Measurements were
continued until the early part of October, 1944. The
profile details of both paths are given in Fig. S. Lines
AB drawn from the transmitter to the receiver on the
New York profile and DB on the Deal profile indicate
the straight-line paths of the direct waves. The possible
path of a reflected ray ACB on the New York path has
also been sketched in.

REsULTS

The horizontal angle of arrival of the received waves
has not been found to deviate more than +1/10 degree
from the true bearings of the Deal or New York trans-

,mitters. There have been occasions when the horizontal

calibration record made with a transmitter located at» angle of arrival apparently remained 1/10 degree east

the Holmdel Laboratories 2.2 miles away (see Fig. 1).
The record shows the variation in amplitude of the
received signal with time as the antenna was rocked
sideways (from east to west and return, etc.). The signal-
amplitude scale is nearly linear. The time taken to
complete a rocking cycle, from east to west and return,
is 20 seconds; i.e., the separation between every second
peak is exactly 20 seconds. The “on-center” part of the

¢ Normal transmission conditions, for the propagation measure-

ments given in this paper, are not distinguishable from those ex-
pected for the case of transmission through a standard atmosphere,

on the New York path for short periods, but this is very
exceptional. Variations of the angle of arrival in the
horizontal plane, for the most part, appear to be rapid;
at times, changes of the order of 1/10 degree have taken
place in the 20-second interval between adjacent sweeps
of the scanning antenna. There has been no indication
that this small shifting of the angle of arrival in the
horizontal plane is influenced or tied in with any change
that may be taking place in the arrival angle of the
wavesin the vertical plane. This is interesting when one
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considers that at times several vertical-plane paths,
which will be discussed later, may be involved. It is
rather encouraging that greater horizontal deviations
have not been observed, because this permits, in the
3-centimeter band, the use of antennas with horizontal
beams as narrow as that of the scanning antenna, }
of a degree, for radar and communication. However,
as this work is continued, greater variations may be
found to occur.

The vertical angles of arrival herein reported have
in all cases been referred to the normal elevation angle
of the distant transmitter, as discussed earlier. The
records described in the following paragraphs illustrate
several types of propagation that have been observed.
The particular scanning antenna whose peaked output
curve is being recorded is marked along the top of the
record. The wavy line running the full length of some of
the records is, unless otherwise marked, the simultane-
ous output of the 3}-degree broad-beamed dish antenna.
Other notes on the records are self-explanatory.

NORMAL PROPAGATION

Fig. 4(b) shows a record obtained under typical
normal propagation conditions for both the Deal and
New York paths. Short samples of the horizontal and
vertical scanning-antenna outputs for both transmission
paths, together with the output of the broader-beamed
reference dish antenna, were recorded. The record ex-
tends over a period of about 8 minutes. This time in-
cludes the time taken to turn the array from one trans-
mitter to the other and to tune in the new signal. The
output levels of the antennas and the angles of arrival
are normal. By measuring the average distance be-
tween peaks on that part of the record which shows sig-
nals received from New York on the vertical scanning
antenna, it is seen that the “up” and “down” parts of
the scanning cycle are of equal length (distance between
peaks equal). This means the signals were arriving from
the normal direction of the New York transmitter in
the vertical plane. The Deal portion of the record shows
the vertical angle of arrjval on this path to be lower
than on New York by 0.11 degree, which would be
expected from the geometry involved. That the angle
of arrival is lower on the Deal path can be observed
from the record, as the “up” parts of the scanning
cycle are now longer than the “down” parts.

It will be noticed also that a slight ground-reflected
wave is received from Deal and New York as the an-
tenna is pointed down; this reflected component pre-
vents the output level, as indicated on the recorder,
from dropping to the same low level as when the an-
tenna is pointed up. The reflection coefficient for the
reflected wave path of the Deal circuit, which is en-
tirely over land, has been measured by variable-height
experiments to be only 0.18, which agrees well with the
scanning patterns observed on this circuit. On the over-
water New York circuit, a reflected wave is more in
evidence. During normal propagation, a stronger-than-
observed reflected wave might be expected on the New
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York circuit, since the profile map (see Fig. 5) shows that
the reflection point, C, is located on the salt water of
Raritan Bay. It is surmised that the proximity of the
Staten Island hill, which the reflected wave path clears
by less than the first Fresnel zone under normal condi-
tions, may be the cause of the normally low amplitude
of the reflected wave. However, this may not be the
entire cause, as special experiments, with a portable
transmitter located on the side of Staten Island toward
the receiver, gave results which indicate that the effec-
tive reflection coefficient for Raritan Bay at a point
such as point C in Fig. S is only about 0.5, and is not as
high as might have been expected from measurements
reported by other workers.

Fig. 4(b) shows that the horizontal angles of arrival
on both the Deal and New York paths average very
nearly true bearing angles, though it will be noticed
that individual sweeps of the antenna do show some
weaving of the angle of arrival of the signals in the
horizontal plane.

ANOMALOUS PROPAGATION OF THE REFLECTED WzI\VE

In contrast to the normal conditions shown by the
record of Fig. 4(b), anomalous propagation of the re-.
flected wave was occasionally observed on the New
York circuit. At these times the reflected wave was char-
acterized by stronger amplitudes and lower angles of
arrival than those found during the periods of normal
propagation. Such propagation produced the usual
type of wave interference fading between the direct
and reflected components.

Fig. 6(a) shows a sample of a record obtained when
this type of propagation was in evidence (August 10,
1944, 5:00 p.M.). The reflected wave at this time has
about the same amplitude as the direct wave. The scan-
ning beam is not sharp enough to separate completely
the two waves and the record becomes very interesting.
At the left of the record the waves add in phase in the
output of the scanning antenna and only two peaks
occur per cycle. At the right of the record the waves are
out of phase and four peaks occur per scanning cycle.
In the broad-beamed dish antenna (wavy line) this
phase relationship is reversed; i.e., in the dish, the two
waves are in phase opposition at the left and produce
a deep fade, and are in phase addition toward the right.
The difference in location of the scanning antenna and
the dish is probably the cause of this reversal in phase
relationship in the two antennas. Assuming two waves
with arbitrary phase and amplitude relationships, scan-
ning patterns have been calculated that resemble the
patterns shown in Fig. 6(a). These synthesized pat-
terns indicate that the direct wave was arriving from
about true transmitter direction and that the reflected
wave path was about 0.4 degree below the direct wave
path when the record of Fig. 6(a) was made.®

¢ The reflected wave from the New York transmitter, by calcula-
tion, should arrive 0.33 degree below the direct wave on a normal
day. This calculation neglects any effect introduced by the presence
of Statean Island.
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Under conditions as shown in Fig. 6(a), marked im-
provement in fading can be accomplished by using an
antenna sharp enough to reduce the amplitude of the
reflected wave. A record taken the day before, under
almost identical conditions to those in Fig. 6(a), is
shown in Fig. 6(b) (August 9, 1944, 5:35 p.M.). Here
the sharp vertical-scan antenna (upper trace) was
stopped on center, so as to point toward the incoming
direct wave, while the broad-beamed dish antenna
(lower trace) receives the strongly reflected wave as well
as the direct wave. The output of the dish antenna
changes about 20 decibels, while the output of the sharp
antenna varies less than 4 decibels.

The record shown in Fig. 6(a) is only one of many.
One record obtained showed a reflected wave much
stronger than the direct wave and arriving at an angle
about 0.5 degree below the true transmitter direction.
“Trapping” of the reflected wave caused by steep
gradients of the dielectric constant in the atmosphere
near the surface of the water is a possible cause of some
of the complicated phenomena observed. So far, the
measuring equipment has indicated only lower-than-
normal angles of arrival of the reflected wave during
anomalous transmission conditions.

ANOMALOUS PROPAGATION OF THE DIRECT WAVE

Another type of propagation that has been observed
is characterized by the direct-wave path deviating from
its normal angle of arrival. Fig. 7(a) (July 7, 1944,
4:50 A.M.) shows a record made on the New York
transmitter. At the time this record was made, what was
presumed to be the direct wave was arriving 0.35 de-
gree above the normal elevation angle of the trans-
mitter, while the weaker, reflected wave was arriving
about 0.40 degree below. (The higher speed scanning
of the horizontal antenna is shown in center of the
record.” The average horizontal angle of arrival at this
time was 1/10 degree east.) The direct wave may have
been “trapped” at this time. The record is consistent
with the idea that the refraction experienced by a wave
passing within a few feet of the earth’s surface may be
considerably different from that encountered by
another wave passing some 200 feet above.

A special type of propagation, not illustrated, was ob-
served on the Deal circuit on the foggy morning of
October 14, 1944, at 10:40 aA.M. The patterns for both
the horizontal and vertical scanning antennas had
“peaks” that indicated a normal direct wave. The levels
of the “valleys,” however, were about 5 decibels higher
than normal. This indicated that, inside the limits of
the scanning region, radiation was being received from
above and below and from either side of the normal
direct wave. The antenna resolution was, unfortunately,
not sufficient to determine whether this unusual radia-
tion was scattered or whether only a few distinct waves
were involved.

7 Later this scanning speed was changed, and on most of the
records the scanning speed of the horizontal antenna is the same as
that of the vertical.

Fig. 7(b) shows propagation on the New York circuit,
where the angle of arrival of the direct wave is higher
than normal and the reflected wave is practically ab-
sent. Such propagation also has been observed on the
Deal circuit. The record shows an angle of arrival 0.40
degree above the normal transmitter direction. At
times angles have been measured as much as 0.46 de-
gree above the normal New York transmitter direction.
Records of similar types of propagation on the Deal
circuit have shown angles of elevation as high as 0.27
degree above normal. At these times the received field
has changed as much as 10 decibels above and below
the free-space field in a few minutes without a notice-
able change in the angle of arrival or in the character
of the scanning pattern. A change of 10 decibels in
signal level is shown on the record of Fig. 7(b). Near the
center of the record the vertical scanning antenna was
stopped at the angle giving maximum signal output and
the recorders were run for about 12 minutes at slow
speed. The scanning was then resumed, and the record
shows that the angle of arrival was the same as before
the change in signal level. It is not known how often
these conditions existed during the summer. They have
been observed only during the calm, cool hours of dark-
ness following a hot summer day; relatively few all-
night observations were made. So far, excluding cases
where attenuation was caused by rain or snow, deep
fades of the direct wave have always been accompanied
by higher-than-normal angles of arrival.

The kind of propagation illustrated in Fig. 7(b) will
have an important effect on radars and microwave re-
peater circuits. The results show that low-elevation
radar directions may be in error by } degree in the 3-
centimeter band and that the beam of our vertical
scanning antenna is too narrow for point-to-point
systems, when it is left in a fixed position. It is believed
that fixed, sharp-beamed point-to-point antennas
should be tilted upwards slightly, since, to date, the
angle of arrival of the direct wave has not been found
to be below the true transmitter direction.® On the basis
of the observations, a 7-foot vertical antenna dimen-
sion, with the antenna pointed up 0.15 degree from
the normal angle of arrival, would have been satis-
factory for the 3-centimeter New York circuit during
the summer of 1944.

There still remains a good deal of work to be done
on methods of overcoming fading associated with this
type of propagation. Possibly diversity reception with
antennas at different heights or at different locations
along the ground may prove fruitful.

PoLARIZATION EFFECTS

As was stated earlier, the transmitters were set to
radiate waves polarized at 45 degrees so that antennas
that receive only horizontal or vertical polarization
could be used at the receiver. The vertical scanning

8 Meteorologists working on other radio paths have observed
conditions which would indicate that lower-than-normal angles of
arrival may also be possible.
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antenna is designed to accept only horizontally polar-
ized waves, while the horizontal scanning antenna ac-
cepts only vertically polarized waves. Therefore it is
important to know whether or not the received signals
arrive at the same polarizations as transmitted, and
whether or not the fading on the two polarizations is the
same. These questions were answered by the use of the
reference dish antenna which could be rapidly changed
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Fig. 8—Record: August 9, 1944, EWT 5:46-5:51 p.M. New York
transmitter. Weather: Clear. Temperature, 78 degrees. Low hu-
midity. Wind, northwest, 8 miles per hour. Visibility, § miles.

from the +-45-degree polarization transmitted to the
—45-degree not transmitted. It was found that, even
under disturbed conditions, this change resulted in
more than a 20-decibel decrease in signal, which means
that the opposed polarization is at least this far down
at all times. Furthermore, no important differences in
fading have so far been found between waves of op-
posité polarization. The record reproduced in Fig. 8
(August 9, 1944, 5:45 p.M.), shows the outputs of the
horizontally polarized dish antenna (lower trace) and
the vertically polarized horizontal scanning antenna
(upper trace) fading together. From this and other
records it was concluded that no important difference
exists between horizontally and vertically polarized
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waves in the 3-centimeter band over paths of the type
used in this work.

3- AND 30-CENTIMETER-BAND COMPARISONS

Early in September, 1944, a 30-centimeter-band
transmitter was added to the New York circuit and a
few comparisons of fading on this circuit and on the
regular 3-centimeter-band circuit were made.

It was found that, in general, the fading on the 30-
centimeter circuit was less than on the 3-centimeter
circuit. ‘The greatest difference observed between the
two was on September 27, 1944, during a sunset-period
observation. A record covering one hour between 5:30
and 6:45 p.M. Eastern War Time shows that the New
York 3-centimeter-band circuit using a 28-inch dish
antenna suffered many 15- to 19-decibel field changes,
while the 30-centimeter-band circuit showed only one
4-decibel change in field. The 3-centimeter fading was
rapid at the time and was apparently caused by wave

interference.
RAIN EFFECTS )

No particular study has been made of rain effects,
but it may be mentioned that rain has affected the
transmission on both of our 3-centimeter-band paths in
varying degrees, depending on the magnitude of the
downfall. Light rains, in general, have had no noticeable
effect, while very heavy downpours have caused as much
as 8/10-decibel attenuation per mile of path length. It
is very difficult for us to know what conditions of rain-
fall may have existed over the full length of any particu-
lar path at any particular time, but the above figures
can be presented as the maximum values of attenua-
tion that have been observed on our paths. One-half
inch of rain was reported by the New York Weather
Bureau for an hour interval covering one of the periods
when 8/10-decibel-per-mile attenuation was observed.

Observations have been made on the 30-centimeter
circuit during periods of heavy rainfall and, so far, no
noticeable attenuation because of rain has been ob-

served.
CoONCLUDING REMARKS

The angle-of-arrival measurements reported in this
paper cover only the results obtained from part-time
observations on two particular microwave circuits.
Similar results may or may not be observed in micro-
wave circuits which are installed at locations where the
terrain and meteorological conditions may be quite
different. In summarizing the results obtained, the fol-
lowing concluding remarks are significant.

The angle of arrival of microwaves has been found
to vary in both the horizontal and the vertical planes.

Vertical-plane variations have been found to be the
more common, with the angle of elevation of the received
signal at times deviating from the normal direction of
the transmitter by as much as % degree.

Horizontal-angle deviations have been found to be
present less frequently than those in the vertical plane
and the magnitude of the deviations has been found to
be much smaller. No deviation greater than 1/10 degree
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from the true bearing of the transmitter has been re-
corded.

From the above it is seen that radars designed to
measure the angle of elevation of targets may be sub-
ject to occasional errors of the order of 4 degree when
the angle of elevation is small.

If antennas for microwave repeater links are not made
“steerable,” some allowance must be made in their
design for variation in the angle of arrival of the re-
ceived signals.

In regard to the fading improvements possible with
narrow-beamed antennas, it will be recalled that in the
case of the New York path, where a strong water-
reflected component was at times received, the large
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20-foot-aperture, narrow-beamed antenna gave a con-
siderable improvement in fading over that experienced
with a small broad-beamed dish antenna. This result
indicates that two small antennas separated by 20 feet
might be expected to give useful space-diversity effects
on this path. '

Finally, there is evidence that at times during the
course of this work our 4-degree beam-width scanning
antennas were not sufficiently sharp to separate all the
components of the radiation arriving at the receiving
point. Future measuring work on microwave angles of
arrival would probably be greatly benefited by making
use of antennas with beam widths several times nar-
rower than those of our present scanners.

Further Observations of the Angle of Arrival

» *
of Microwaves
A. B. CRAWFORDY, SENIOR MEMBER, LR.E. AND WILLIAM M. SHARPLESS{, SENIOR MEMBER, LR.E.

Summary—Microwave propagation measurements made in the
summer of 1945 are described. This work, a continuation of the 1944
work reported elsewhere in this issue of the PROCEEDINGS OF THE
LR.E. AND WAVES AND ELECTRONS, was characterized by the use
of an antenna with a beam width of 0.12 degree for angle-of-arrival
measurements and by observations of multiple-path transmission.

PAPER appearing in this issue of the PROCEED-
A INGs! describes a method of measuring the angle

of arrival of microwaves and gives some data
obtained during the summer of 1944 at a wavelength of
3.25 centimeters using parabolic-reflector-type antennas
with beam widths of about 4 degree (20-foot apertures).
Occasionally, during this work, it was observed that
antennas with still sharper beam widths were needed
to separate in angle the components of the received
field. Since the beam width of an antenna is inversely
proportional to the linear dimension of its aperture but
directly proportional to the operating wavelength, it
was decided to build an antenna with a 20-foot aperture
but designed to operate at a wavelength of 1.25 centi-
meters, and thus obtain an antenna with about two-
and-one-half times sharper beam. This note describes
that antenna and summarizes the results of observa-
tions made in the summer of 1945.

The metal-lens? type of antenna construction was
chosen for the new antenna because the physical
tolerances required could be realized more easily than
with a parabolic-reflector-type antenna of the same size
designed for a wavelength as short as 1.25 centimeters.
The operation of a metal-lens antenna depends on the
fact that a wave traveling between conducting plates

* Decimal classification: R310XR221. Original manuscript re-
ceived by the Institute, April 18, 1946.

t Bell Telephone Laboratories, Inc., Holmdel, N. J.

1 William M. Sharpless, “Measurement of the angle of arrival of
microwaves,” Proc. I.R.E. this issue, pp. 837-845

' W. E. Kock, “Metal-lens antennas,” Proc. I.R.E., this issue,
pp. 828-836.

parallel to the electric field and spaced more than a
half wavelength, as in a wave guide, has a phase velocity
greater than the wave in free space. By properly shaping
the profile of a structure consisting of a number of
such parallel plates, a plane wave can be brought to a
focus. In Fig. 1, the lens antenna (at the extreme right

Fig. 1—Photograph of receiving antennas at Beer's Hill, N. J. The
lens antenna, in the right foreground, has a beam width of 0.12
degree and was used for angle-of-arrival measurements at 125
centimeters wavelength. The antennas used at 3.25 centimeters
and the receiving shack are in the background.

of the picture) consists of seventy vertical parallel
plates held to a spacing of about one-third inch by
means of horizontal spacing strips. The profile is
“stepped back” at points where the required phase cor-
rections are multiples of 360 degrees, thus keeping the
lens thickness at a minimum. The lens, 20 feet high and
2 feet wide, in combination with the collector antenna
at the focal distance (48.6 feet to the rear of the lens),
has a beam width at half-power points of 0.12 degree
in the plane perpendicular to its short dimension and

. 1.2 degrees in the plane perpendicular to its long di-

mension. The minor lobes are about 25 decibels down
from the major lobe. The beam of this antenna is
scanned, sinusoidally, through an angle of +0.75
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degree in the vertical plane by moving the lens 7§ inches
up and down from its central position by means of a
motor-driven connecting-rod mechanism, not visible
in the photograph. By rotating the lens assembly and
the collector antenna through 90 degrees, the system is
used for scanning in the horizontal plane.

Using this antenna and a broad-beam (2.75 degrees)
parabolic-reflector-type antenna at 1.25 centimeters,
and also the 3.25-centimeter equipment described in
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Fig. 2.—Plots of data obtained during periods of simple, one-path
transmission.

Plot (A)—Angles of arrival measured at 1.25 centimeters wave-
length versus the gradient of the modified index of refraction
of the atmosphere (d M/dh). The inclined line is the calculated
variation of angle with gradient.

Plot (B)—Same as (A) for a wavelength of 3.25 centimeters.

Plot (C)—A comparison of angles of arrival measured simul-
taneously at wavelengths of 1.25 centimeters and 3.25 centi-
meters,

Plot (D)—Atmospheric absorption measured at 1.25 centime-
ters wavelength; excess attenuation in decibels per mile plotted
against absolute humidity in grams of water vapor per cubic
meter.

the previously mentioned paper,! part-time measure-
ments of angle of arrival and signal level were made
during the summer of 1945 over the Deal-Beer’s Hill
path; a 12.63-mile overland path for which the line of
sight clears the average ground level by about 155 feet
(see Figs. 1 and 5, loc. cit.). Angle-of-arrival measure-
ments were made in the manner described in the above
paper, i.e., by observing the spacing between the signal
peaks recorded on a continuously moving chart as the
beam of the antenna was scanned through the incoming
waves at a rate of three scanning cycles per minute.

Our radio data have been supplemented by meteoro-

logical data in the form of M-curves® which were fur-
nished us through the co-operation of the NDRC Com-
mittee on Propagation, represented by Captain W. E.
Gordon of the Army Air Forces and A. T. Waterman,
Jr., of the Wave Propagation Group, Columbia Uni-
versity. These curves, six for each day, were intended

3 Modified index of refraction of the atmosphere plotted against
height above ground.
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to be representative for the path, and were synthesized
from low-level soundings made by balloon at the
Holmdel Laboratory (see map, Fig. 1, loc. ¢it.) and on a
400-foot radar tower about 14 miles south of our trans-
mitting site at Deal.

From about the middle of July to the end of Septem-
ber, observations were made during periods ranging
from % hour to 8 hours in length on most of the days
and on twenty nights when clear, relatively calm
weather conditions suggested the possibility of anoma-
lous propagation. The major results are described below.

1. In the horizontal plane, angular deviations from
the line of sight were usually absent and were never
observed to be larger than 0.03 degree.

2. In the vertical plane, except for two nights when
multiple-path transmission was present, the angle of
arrival varied from —0.04 degree to +0.11 degree,
relative to the line of sight, on both wavelengths. Most
of the deviations occurred during the nighttime hours.
As was to be expected from simple ray theory, there was
a correlation between the angle of arrival and the
gradient of the modified index of refraction (see plots
(A) and (B) of Fig. 2). In these plots measured angles of
arrival or, as shown by the vertical lines, the range in
angle during the observation period, are plotted against
refractive-index gradients obtained from the M-curves
most nearly corresponding in time with the radio
measurements, usually within two hours. The inclined
lines show the calculated variation of angle with
gradient.

The scattering of the data in plots (A) and (B) may be
partly the result of errors of measurement and partly
because of the fact that the radio and meteorological
data do not always correspond in time. On the night of
September 12-13, the angle of arrival for both wave-
lengths varied over a small range during the four-hour
observation period, with the exception of a short inter-
val of time when a much different angle was observed.
This angle is indicated on the plots by a cross which is
connected by a dotted line with the solid line represent-
ing the range in angle measured during the major part
of the period. M-curves were available for only the
beginning and end of the period and both of these indi-
cated an M-gradient of zero.

3. Angles measured simultaneously at 1.25 centi-
meters and at 3.25 centimeters agreed quite well, as
shown in plot (C) of Fig. 2, which is also for periods of
simple one-path transmission.

4. Fading ranges observed with the broad-beam an-
tennas were usually less than 6 decibels, except on the
nights of multiple-path transmission. Scintillation fad-
ing (rapid fluctuations of from £ to 1} decibels about a
steady average signal level) was usually present during
the daytime and on windy nights, and was more severe
at 1.25 centimeters than at 3.25 centimeters. Observa-
tions made at 1.25 centimeters showed that the scintilla-
tion fading was generally less on the large narrow-beam
scanning antenna (held in a fixed position for this test)
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Fig. 3—Sample scanning records for 1.25-centimeter wavelength.
Upper chart—Normal day scanning record. Lower chart—Example of multiple-path transmission.

than on the small broad-beam antenna; this observa-
tion is analogous, perhaps, to the optical one in which
star scintillation is less when viewed through a large
telescope than when seen by the unaided eye.

5. The 1.25-centimeter signal was “washed out” by
rainstorms and was affected in mean amplitude by day-
to-day variations in the absolute humidity. Plot D of
Fig. 2 shows atmospheric absorption, expressed in
decibels per mile in excess of free-space attenuation,
plotted against absolute humidity (grams of water vapor
per cubic meter) calculated from measurements of air
temperature and relative humldlty at the Beer’s Hill
receiving site. The solid line is the theoretical relation
of Dr. J. H. Van Vleck for the case of the absorption
line centered at a wavelength of 1.33 centimeters.* A
typical value of absorption at 1.25 centimeters for sum-
mertime in this locality is about 0.4 decibel per mile.
Heavy rains had an effect on the 3.25-centimeter signal,
but attenuation effects due to water-vapor absorption
were too small to be observed.

6. Multiple-path transmission was observed on two
mghts, August 9-10 and August 30-31, when the scan-
ning records showed that the received signal consisted
of several components arriving simultaneously at dif-
ferent angles. The angles quoted below are for the 1.25-
centimeter wavelength, since the 3.25-centimeter an-

tenna with its }-degree beam width was unable, most

of the time, to resolve the components; at times there

¢ From the paper, “The atmospheric absorption of microwaves,”
presented bﬁ, Dr. Van Vleck at the Cambridge Meeting of the
American Physical Society, April 26, 1946.

was evidence of components so closely spaced in angle
that even the 0.12 degree beam of the 1.25-centimeter
antenna could not resolve them.

Beginning about 2:30 A.M. on August 10 and still
continuing at 6:30 A.M., when observations were dis-
continued, two transmission paths were present much
of the time. One of these was apparently the “normal”
or daytime path; the angle of arrival and the signal
level of this component were, for the most part, nearly
normal. The other component arrived at an angle which
varied from 0.21 to 0.46 degree above the line of sight
and also varied in amplitude, sometimes very rapidly,
over a range of 20 decibels. Wave interference between
these components caused severe fading on the broad-
beam antennas which would accept both components.
The signal-level variation on both wavelengths was
from about 20 decibels below to 10 decibels above the
free-space level, but otherwise there was little similarity
in the fading records for the two wavelengths.

On the night of August 30-31, from about 10:30
P.M. to 4:00 A.M., two, three, and, at times, four separate
transmission paths were observed. All of these varied
in angle of arrival and all had large, rapid variations in
51gnal level; the normal or daytime path sometimes was
mlssmg A short section of the scanning record for this
night is shown at the bottom of Fig. 3, which shows
also, for comparison, a sample record which is typical
of normal day scanning. The lines marked “up” and
“down” indicate the points on the record for which the
antenna was at the top or bottom, respectively, of its
scanning cycle. At the extreme left of the bottom chart
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the record shows that three components were received:
the strongest at --0.01 degree, with two others at
+0.30 degree and --0.62 degree relative to the line-
of-sight path. On the next scanning cycle, twenty sec-
onds later, the received energy was about equally di-
vided between two paths at 0 degrees and +40.30 de-
gree. About 1} minutes later (seventh scanning cycle
from the left), the major component was at -0.30
degree, with three weaker paths in evidence at 0 de-
gree, +0.54 degree, and +0.69 degree. The highest
angle observed this night was about +40.75 degree.
As on the two-path night, violent fading was observed
on the broad-beam antennas.

The weather on these nights was clear and calm;
there was heavy condensation at the ground and fog
in the low-lying areas. A slight breeze started about
4:00 A.M. on the morning of August 31 and the trans-
mission reverted to the normal single-path variety. The
M-curves for both of these nights were S-shaped; there
were inversions in the refractive-index versus height
curve at elevations near that of the line of transmission.
There was a single inversion on the night of two paths,
August 9-10, while on the night of August 30-31 there
was evidence of two inversion layers. No similar inver-
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sions near the line of sight or evidence of multiple-path
transmission were found on any other night.

Calculations based on simple ray theory indicate that
multiple-path transmission can be caused by super-
refraction in inversion layers. However, it seems un-
likely that the largest angles of arrival we have ob-
served can be accounted for in this manner, since re-
fractive index inversions several times larger than those
actually measured would be required. A more reason-
able explanation for these high-angle components would
seem to be that they arise from reflections at small,
abrupt changes in the refractive index which may be
present at the boundaries of the inversion layers.s In
any case, a good correlation cannot be expected between
the rapidly changing radio data and the slowly meas-
ured and relatively coarse-grained meteorological data.
A rapid method of making continuous air soundings and
further radio measurements is needed. An experiment
in which angles of arrival are measured simultaneously
over in-line paths of different lengths may help to clarify
the mechanism of multiple-path transmission.

¢ C. R. Englund, A. B. Crawford, and W. W. Mumford, “Ultra-
short wave transmission and atmospheric irregularities,” Bell Sys.
Tech. Jour., vol. 17, pp. 489-519, October, 1938.

The Cathode Follower D'fiven by a Rectangular
Voltage Wave’

MALCOLM S. McILROY+}

Summary—A rectangular voltage wave ig often transmitted from
a high-impedance source to a low-impedance load through resistance-
capacitance coupling and a cathode follower. The position of the grid-
return tap on the cathode resistor determines, for any applied voltage
wave form, whether the output voltage wave is linearly related to
the input voltage wave or is affected by cutoff or by overdriving.
This paper presents methods for determining the operating condition
that applies and derives expressions for the circuit voltages, subject
to stated assumptions.

GENERAL ANALYSIS

HE CATHODE follower is often used in com-
Tbination with a resistance-capacitance coupling

circuit to transmit a periodic rectangular voltage
wave from a high-impedance source circuit to a load
circuit having relatively low impedance.! The voltage
wave is transmitted with a gain less than one and with-
out polarity inversion. Fig. 1 illustrates this circuit
and shows the grid-return resistor R, connected, or
“returned,” to a tap on the cathode resistor R;. The
numerical value of R: is intended to represent the
parallel combination of the resistance in the cathode cir-
cuit and the resistance of a load. The quantity «, repre-

* Decimal classification: R139.21. Original manuscript received
by the Institute, February 10, 1946,

t Massachusetts Institute of Technology, Cambridge, Mass.

1 Walther Richter, “Cathode follower circuits,” Electronics, vol.
16, pp. 112-117, and 312; November, 1943.

senting the fraction of the resistance R, which is be-
tween the grid-return tap and ground, may have any
value from zero to one. No grid current flows in the
series clipping resistor R, when the grid voltage e, is
negative. Since the resistor R, limits the flow of grid

*Epp

Fig. 1—Cathode follower with resistance-capacitance coupling
and variable grid-return tap on the cathode resistor.
current when e, is positive, the magnitude of e, is then

negligible compared with other circuit voltages.

The tap position of the grid-return resistor as given
by the fraction « affects the average value of the volt-
age e; and hence the average value of the output voltage
er and the limits of linear operation. In the discussion
which follows an analysis is made of the relations that
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exist in the circuit, including the influence of the loca-
tion of the grid-return tap, when ¢, the input voltage
to the circuit, has a rectangular wave form. The elec-
tric-current relations presented here are subject to the
following four assumptions:

(1) The time constants R,C and R,C are sufficiently
large so that, under steady operating conditions with the
periodic rectangular voltage wave applied, the voltage
E, across the capacitor C is substantially constant.

(2) The grid-return resistor R, is very large, and R,
is large compared with the cathode resistor R;.

(3) The input voltage e, is the actual voltage present
when the circuit is in operation.

(4) Interelectrode capacitances, stray capacitances,
and load capacitance do not significantly affect the
voltages in the circuit.

Mcllroy: Cathode Follower Driven by Rectangular Wave
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Fig. 2—Wave forms of voltages indicated in Fig. 1.

Since the capacitor voltage E. is assumed to be con-
stant, the voltages e, and e: are exactly alike except for
their average values. Therefore the two arithmetical
differences, Aet and Ae~ in Fig. 2, between the actual
values and the average values, apply equally to &, and
es. If the differences Aet and Ae~ are respectively added
to and subtracted from a known average value of e,
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the wave form of the voltage e: is completely defined.
The wave form of the output voltage e; may be found
from the graphical construction of Fig. 3 for any known
voltage e;. The plate load line is drawn, intersecting
the plate-voltage axis at Ey and the plate-current axis
at Ew/(Ri+R.). In the example of Fig. 3, the values
used for Ry and R are 10,000 ohms and 30,000 ohms,
respectively. An ordinate scale is added to represent
the output voltage, with values ex=Ruiy as shown.
For several points on the load line, corresponding values
of e, and e, and their sum ey are listed and used to plot
a graph of e; versus e, as in the broken line of Fig. 3 (b).

Since the resistor R, prevents the existence of signifi-
cant positive values of e, the output voltage cannot
exceed its value at the point Q in Fig. 3(a), where the
load line intersects the curve for e, =0. Therefore, for all
values of e; to the right of point U in Fig. 3(b), the
output voltage is very nearly constant.

Because the curves which represent equal incre-
ments of grid voltage in the tube characteristics do not
intersect the load line at equal distances for low values
of plate current, the lower end of the broken-line exact
characteristic in Fig. 3(b) is curved. In analytical work,
results sufficiently accurate for most purposes are
achieved if the lines of constant grid voltage in Fig.
3(a) are represented by equally spaced straight lines
parallel to the line QP drawn tangent to the e.=0 curve
at point Q. If the graphical projection previously de-
scribed is then repeated, the characteristic in Fig. 3(b)
is the solid straight line LU, which differs slightly from
the exact characteristic for low values of the output volt-
age e;. The intersection distance LO on the abscissa axis
of Fig. 3(b) is the magnitude E. of the cutoff grid volt-
age to be used in the linear-approximation method of
analysis, since ¢; and e; are equal at cutoff. The value
of E., may be computed without preparation of a graph
by employing the reasoning which follows.

In Fig. 3(a) let E, represent the plate voltage OP at
the intersection with the abscissa axis of the line QP.
The change in plate voltage for zero plate current be-
tween e, =0 and e, at cutoff is then Ew— E,. The change
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Fig. 3—(a) Characteristics of triode employed in Fig. 1. (b) Relation between ¢, and e,
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in grid voltage for the same operating range is E..
Hence the ratio (Ew— Eo)/E, is equal to pu, the ampli-
fication factor, and the value of E,, is
E. = Ew — E, . (1)
m
The slope of the solid line L U in Fig. 3(b) is the ampli-
fication 4, defined by the expression?

A= S @)

r + RL
w14
k
in which r, is the dynamic plate resistance of the triode
at the point Q.
The relation between es, and e;, as shown in Fig. 3(b),
may be expressed as

€ = A(Gz + Ew) (3)

During the period Ty, when e, has its upper value
euvgt+Aet (see Fig. 2), grid current may flow; during
the period T'r, when e, has its lower value en,g—Ae,
the tube may be cut off. The larger the value of the
fraction a, the higher becomes the voltage on the right-
hand plate of the capacitor and the more likely is grid
current to flow during the period Ty. The smaller the
value of «, the lower is the voltage on the right-hand
plate and the more likely is the tube to cut off during
the period T;.

The possible combinations of input wave form and
of the fraction @ may be grouped under four operating
conditions, which are considered separately in the fol-
lowing paragraphs. The four conditions are:

1. Grid current never flows. Plate current is never

cut off.

2. Grid current never flows. Plate current is cut off

during period T.

3. Grid current flows in period Ty. Plate current is

never cut off.

4. Grid current flows in period Ty. Plate current is

cut off during period T.

Condition 1. The grid-to-cathode voltage e. is always
negative, and the tube plate current is never cut off.

With the grid-to-cathode voltage always negative
between zero and the cut-off value E.,, the cathode fol-
lower operates as a linear circuit having the input and
output voltage wave forms shown in Fig. 2. Since no
grid current flows, the average current through R, is
zero. Therefore,

€2avg = QCiravg. (4)
Since operation in condition 1 is confined to the straight
line LU of Fig. 3(b), equation (3) applies to average
values as well as to instantaneous values. Therefore,
Cravg = A(Gz.vz + Eeo)- (5)
A simultaneous solution of (4) and (5) determines the
values of the unknown voltages:
? Electrical Engineering Staff, Massachusetts Institute of Tech-

nology, “Applied Electronics,” John Wiley and Sons, Inc., New
York, N. Y., 1943, p. 537, equation 177.
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ad
€2avg =l —ad Ew (6) ‘
1k ™
Cravg = ———— Lo
A

The upper and lower values of output voltage ¢; may
be found, respectively, from

€U = Cravg + AAet (8)

€xL = Crayg — AAe™ (9)
and the capacitor voltage is

E;.= €lavg — €2avg. (10)

If Ae~ equals the difference in voltage between es
and — E,, (see Fig. 3(b)), the tube cuts off. Then

Ae™ = €3avg + Eoo

od E +E
- l_aA co 'co
1
A = E,,. (1)
1 —ad

Therefore the lower limit a;, of the value of « below
which condition 1 does not apply is

! (1 E”) (12)
Ty Ae)

If the value of a;, found from (12) is negative, plate-
current cutoff does not occur for any position of the tap
on R;.

The voltages e, and e, are equal at the point U in
Fig. 3(b), where grid current starts to flow. Therefore,
from the geometry of the figure,

€
A= o e (13)
€ikmax + Eco
and
AE, i
€kmax = 1—4 ( )

If Aet equals the difference in voltage between eimag and
€xvg, grid current flows. Then

AE,

1—-4
If the value of ewnvy from (6) is substituted in (15),
and (15) is solved for the upper limit ay, of the value

of a above which condition 1 does not apply, the result
is

Aet = — €3avg. (15)

1—-4

Eo — Aet

(16)

a = -
T Fu— (1 - A)Ae*
Condition 2. The grid-to-cathode voltage is aluays nega-
tive, but the tube plate current is cut off during the period
T, of lower output voltage.

If the value of the tap ratio on the cathode resistor is
less than «;, as defined by (12), the plate current is
cut off during the period T;. Since the output voltage
is zero during the period T, the average value of the
output voltage is
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Ty
Chavg = ————— €U 17
kavg ‘ TL+ TU kU ( )
Since no grid current flows,
ol (18)
Cravg = O€kavg = —————— €iU.
2avg QACkavg TL+ TU kU

The upper value of ¢; may be found from the slope-form
equation of the line in Fig. 3(b).

erv = A[erave + Ae* + Eo). (19)

Equations (18) and (19) are solved simultaneously for
the unknown value of €zt

ad [Aet + E,

€2avg = Ael (20)
1 —ad + —
Ae

As in condition 1, (15) establishes the upper limit of
Ae* for condition 2. If the value of e, from (20) is
substituted in (15), the upper limit ay, of the value of
a for condition 2 is

Aet
ay, = (1 + —) [1
Ae~

Condition 3. Grid current flows during the period of
higher input voltage, and the tube is never cut off.

- (1;‘4)_@]

21
AE. (21)

If the value of a exceeds ay, as found in (16), grid
current flows during the period T'y. The upper value of
the output voltage éxmsx is found from (14). The lower
value of the output voltage for condition 3 is found from
Fig. 3(b)

€xL = A(e2uvl + E, — AG_). (22)

The charge gained by the coupling capacitor C during
period Ty is equal to the charge lost during period 7.
The charging current during period Ty is the sum of
the currents through resistors R, and R,. During period
T, the entire discharge current flows upward through
resistor R,. The effects of these currents on the voltages
in resistor R; are negligible compared with the voltages
resulting from the plate current. The gain and loss of
charge are equated in the following expression:

[eﬁlv‘ + Aet — €ikmax €2avg + Aet — ae;,mu]
Ty

R, R,
T,
= 'E— [aA (ez“, — Ae™ + Eco) - (eznvl - Ae—)]' (23)
g
A solution of (23) gives
— | ermaxtAAet —-—1) T
_ R, Ae~ R, o
freve 1 + 1 |:H_Ae+ i A)] (
R, R,L ae O
As in condition 1, the tube cuts off when
Ae = €2avg + Ew. (25)
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If the value of €svg, from (24), is substituted in (25),
the solution for the lower limit a;, of the value of a at
which cutoff occurs is

ar, = —1— [(Ar — Ey) (1 + i—:—i)

€kmax

R,
— ’E— (e;,m., + Em — Aet — Ae‘)]. (26)

Condition 4. The tube is cut off during the period of
lower input voltage, and grid current flows during the
period of higher input voltage.

If the value ay, found from (26) is equal to or greater
than the value ay, found from (21), the tube cuts off
during the period T, and grid current flows during
the period Ty. The two values of the output voltage
are then zero and ewmsx. The equality of charge gained
during the period Ty to the charge lost in the period 7L
is expressed as follows:

[eznvl + Aet — €imax €2avg + Aet — aekm.,]

R, R,
L
= — E‘ (e2avg — A€7) (27)
whose solution is
1 a ] Aet
S e (28)
1 1 Aet
—R:' + E,_(l + E)
CONCLUSION

For any combination of circuit constants and ap-
plied voltage wave form, the position of a in the follow-
ing tabulation determines the operating condition that
applies:

Condition 1: a;,SaSay,
Condition 2: a Sa, Savy,
Condition 3: o, Sav, S«
Condition 4: ay,SaSay,.

After the operating condition is determined from
this tabulation, the circuit voltages may be found from
the appropriate equations derived for the corresponding
condition in the body of the paper. Under conditions 3
and 4, the upper value of the output voltage is always
exmex as found in (14). Under conditions 2 and 4, the
lower value of the output voltage is always zero.
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Ultra-High-Frequency Radiosonde
Direction Finding’
LUKE CHIA-LIU YUANY, SENIOR MEMBER, LR.E.

Summary—A simple radio direction finder, operating at 183
megacycles, for observing the flight of meteorological balloons is
described.

An Adcock antenna and a single-dipole antenna system, including
a comner-type reflector as shield against ground-reflected waves,
were used for measuring the azimuthal and the elevation angles of
an incoming electromagnetic wave. Shielding characteristics of the
corner-type reflector for various wire spacings, focal lengths, and
wire lengths are given.

The direction finder has an accuracy of } degree in the determina-
tion of the azimuthal angles. An accuracy of 4 degree is easily ob-
tained in the determination of the elevation angles when a stationary
transmitter is used as target on top of Mt. Wilson at a distance of
seven miles. Larger errors in.the elevation angles were observed
when the target transmitter was sent aloft on balloons.

INTRODUCTION

HERE HAS been a growing interest in and an in-

creasing demand for the determination of wind

velocities at high altitudes under any and all
weather conditions for the purpose of meteorological
studies. In normal practice, the wind velocities are ob-
tained by sending up a free sounding balloon and de-
termining its positions at regular time intervals by opti-
cal means, such as observations with a theodolite. It is
obvious that there are many limitations to this optical
method of determining the wind velocity. First, the
weather must be clear; and second, the balloon must
not be obscured by clouds. However, in cloudy or other-
wise poor weather conditions, during which information
on the wind velocities at high atmospheres is especially
needed for weather studying, optical observations are
no longer feasible.

The problem then is to find a simple method of deter-
mining, irrespective of visibility and weather conditions,
the positions of a floating object in the air rising con-
tinuously to heights of several miles. It is apparent that
direction finding by radio means would be a logical
solution.

Maier! and others have devised radiometeorographs
or radiosondes of extremely light weight to be sent aloft
on free balloons. Such a device consists of a small radio
transmitter and a meteorograph which sends out sig-
nals carrying information on the temperature, humid-
ity, and barometric pressure during its ascent. The sig-

* Decimal classification: R553.1 X R325.31. Original manuscript
received by the Institute, November 20, 1945; revised manuscript re-
ceived, April 2, 1946. This work was done in whole or in part under
Contract No. OEMsr-217 with California Institute of Technology
under the auspices of the Office of Scientific Research and Develop-
ment, which assumes no responsibility for the accuracy of the state-
ments contained herein,

 Formerly, Norman Bridge Laboratory, California Institute of
Eechnology, ¥asadena, Calif.; now, RCA Laboratories, Princeton,

o dlo .
10. C. Maier and L. E. Wood, “The galcit radio meteorograph,”
Jour. Aero. Sci., vol. 4, pp. 417-422; August, 1937.

nals are received on the ground and are recorded auto-
matically.

The position of an object in space can be defined
either by two azimuthal angles, measured simultane-
ously from two fixed points which are at a known dis-
tance apart, and the height of the object, or by the
height and the azimuthal and vertical angles referred
to a single fixed point.

In applying the foregoing methods to the determina-
tion of the position of a radiosonde at any instant, it is
necessary in the first method to employ simultaneously
two azimuthal direction finders of high accuracy at a
known distance apart, and to synchronize these azi-
muthal readings with the corresponding altitude ob-
tained from the barometric-pressure signal transmitted
from the radiosonde. This involves the maintenance
and synchronization of two separate direction finders
which should be separated by a considerable distance
in order to get the required accuracy in the position of
the radiosonde.

The second method, however, requires only one direc-
tion finder which is able to measure the vertical angle
and the azimuthal angle simultaneously. The work de-
scribed in this paper is based on the latter method. Use
is made of a simple, easily portable direction-finding
system, which is designed to overcome large errors en-
countered in the measurement of vertical angles due to
ground-reflected waves when the antenna system de-
scribed in another paper? is employed.

APPARATUS

The transmitters employed as source of signals for
the experiments are of the type used in radiosondes.
They transmit a vertically polarized wave at 183 mega-
cycles per second.

The radio direction finder is comprised of an Adcock
antenna for measuring azimuthal angles and a single-
dipole antenna for measuring vertical angles. The dipole
is shielded with a corner-type reflector in order to have
the dipole antenna free from the effects of reflected
waves from the ground. When the dipole and the reflec-
tor system are placed in an electromagnetic field, and
the reflector has the proper position and orientation rela-
tive to the dipole, the reflector produces a secondary-
radiation field which neutralizes the effect of the original
field at the dipole.

A simple sketch of the instrument is shown in Fig. 1.
The four elements 1-1 and 1’1’ form a directional an-
tenna of the Adcock type.

Rods §, similar to rods 1 and 1/, are similarly coaxially

* Luke Chia-Liu Yuan, “Radio direction finding at 1.67-meter
wavelengths,” Proc. I.R.E. vol. 34, pp. 752-757; October, 1946.
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supported by insulator 6. Rods 5, constituting a dipole
antenna, feed the line 7. The dipole 5-5, together with
the shield g, constitute the antenna assembly for de-
termining the vertical angle of incidence of the incoming
wave.

Fig. 1—Sketch of direction-finder assembly.

The shield g, which is of the corner-reflector type, is
placed so that it shields the dipole from reflected waves
from ground without impairing the receptive and direc-
tive characteristics of the dipole in the reception of the
direct waves from the transmitter.

The reflector wires 9, approximately 0.6 wavelength
long, are supported so as to be mutually parallel, and
at the same time parallel with the dipole 5-5 in two
planes whose intersection is the line D-D’. The in-
cluded angle A BC between the planes is 60 degrees. The
dipole 5-5 lies in a plane that bisects the angle ABC.
It is parallel to the line D-D’ and is placed at a focal
distance p from D-D’ equal to or slightly greater than
half a wavelength. The spacing between the reflector
wires should be at least /60 and preferably smaller.

The two antennas are connected through their feed
lines 7 and 10 to a double-pole, double-throw switch of
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suitable design for the frequencies employed. By means
of this switch, either antenna may be connected at will
to the line 12 which feeds the receiver 13. Line 10 must
connect to the electrical midpoint, which will also be
the geometrical midpoint if the system is carefully con-
structed, of line 3. The lines 4, 7, 10, and 12 are made
with two parallel No. 18 copper wires separated by
victron spacers. '

The two antenna systems, which are so mounted as
to be rigidly held in fixed positions relative to each other,
constitute the directional-antenna assembly. The axes
X-X', Y-Y’, and Z-2Z’ intersect one another at angles
of 90 degrees. The dipole 5-5 is parallel to axis X-X".
Lines 7, 10, and 12 are one wavelength long.

The directional-antenna assembly may be rotated
about axes ¥Y-¥’ and Z-Z’. One means of turning and
controlling the rotation of the assembly about axis
Z-Z' is illustrated in Fig. 1. The worm reduction gear
14 is turned by means of the handwheel 15. Rotation
about axis Y-Y’ may be produced directly or by some
mechanical device not indicated in the drawing. The
angular positions due to rotation about axes Y-Y’ and
Z-Z' may be indicated and measured by any suitable
system.

The complete unit is shown mounted upon a tripod
20, so that the receiver 13 is one wavelength above
ground. For best results, the axis Z-Z’ should prefer-
ably be more than two wavelengths above ground.

The receiver 13 is of the superheterodyne type, with
an output meter to indicate the signal intensity and a
pair of earphones for audible indication. It must be well
shielded to eliminate stray pickup. The receiver is
mounted by a tubular support 21 so that it rotates as
an integral unit with the antenna assembly. Advantages
of this construction are that it makes better shielding
possible and prevents the characteristics of the trans-
mission lines from being altered, even though the as-
sembly is continuously rotated in the same direction. In
this way, since the relative position of the operator with
respect to the two antenna systems remains unchanged
during operation, any error in the measurements caused
by the changing position of the operator with respect to
the antenna systems is eliminated.

The procedure of operating the direction finder is
rather simple. If consists of two steps in rapid succes-
sion: (1) determining the azimuthal angle, and (2) de-
termining the elevation angle.

REsuLTs

1. On the Shielding Properties of the Corner-Type Re-
flector

Various types of reflector systems were tested to
shield a dipole antenna, used to measure the elevation
angles of incoming electromagnetic waves, from ground-
reflected waves. These systems included a single-rod
reflector, a reflector and director combination, cylindri-
cally parabolic sheet or wire reflectors, cylindrical sheet
or wire reflectors, and corner reflectors.
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The corner-reflector type of shield in conjunction with
a simple half-wave dipole antenna was found to be most
satisfactory for the purpose. Fig. 2 is a polar diagram of
the strength of the received signal, in terms of the inter-

Fig. 2—Azimuthal response of A\/2 antenna with 60-degree corner
reflector. (Wire spacing 7/60.) Signal voltage is expressed in terms
of intermediate-frequency voltage on the plate of last intermedi-
ate-frequency stage (abbreviation: I.F. volts).

mediate-frequency voltage on the plate of the last inter-
mediate-frequency-amplifier stage of the receiver, for
various horizontal angular settings of the shield. The
circle represents the uniform signal received without any
shield. Maximum shielding is shown when the front
end of the corner reflector is facing 180 degrees away
from the incoming signal. In this setup the half-wave
antenna and the reflector remained vertical, and the
reflector was rotated about the antenna. The curves
show the results for different focal distances p at a spac-
ing A/60 between reflector wires.

SIONAL STREMOTH W LF VOLTS

TRY N DEGREZS

Fig. 3—Response of half-wave antenna with 60-degree corner re-
flector (wire spacing A/60) in a vertical plane containing the
transmitter.

It was found that a focal distance of 86 centimeters
gave the best results with a good ratio of shielding to
gain as the reflector swung through 180 degrees. Repre-
sentative curves 4, B, and C show the response for p’s
of 85, 86, and 100 centimeters, respectively.

Fig. 3 shows the response of the half-wave antenna in
a vertical plane containing a stationary transmitter

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

November

located on Mt. Wilson, about seven miles from the an-
tenna. Curve B is the response of the antenna alone

[ 4

Fig. 4—Azimuthal response of \/2 antenna with 60-degree corner

reflector made of wires of different lengths. Spacing=\/7.5.
without any shield. Curves 4 and C are with the shield
in place facing toward the transmitter and opposite to
it, respectively. These positions correspond to angles of
zero and 180 degrees, respectively, in the polar diagram,
Fig. 2. Curve C shows that the shielding is quite effec-
tive and fairly uniform.

In Fig. 4 are shown response curves indicating the ef-
fect on its shielding properties of the length of the wire
elements of the reflector at N\/7.5 spacing. Because of

are*

¢

Fig. 5—Azimuthal response of /2 antenna with 60-degree
corner reflector of various wire spacings.

3

Fig. 6—Azimuthal response of A/2 antenna with 60-degree
corner reflector of various wire spacings.
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the congestion of the curves near the zero-angle region,
only representative curves are drawn in the figure. It is
evident that the best shielding is obtained at 0.65 wave-
length. This value was used as the optimum length of
the wire elements in the later experiments on the wire
spacings of the reflector.

Figs. 5 and 6 show the effect of wire spacing on the
shielding properties of the reflector. It is seen that the
closer the spacing of the wire elements, the better is the
shielding, although the spacing is not too critical when
it is smaller than N\/7.5. The N\/60 spacing seems to be
the best in the group.

These tests were all made close to the ground. It was
later found that the results thus obtained do not quite
hold when the corner reflector is mounted on the instru-
ment at a height of three wavelengths above the ground
and in the vicinity of the Adcock antenna and other
metal supports of the instrument. This makes it neces-
sary to repeat the shielding experiments on reflector
spacing by actually mounting it on top of the instru-
ment.

Experiments made with an incoming radio wave
emitted from a transmitter at Mt. Wilson at a vertical
angle of 7§ degrees showed that without the reflector
the deviation from the true direction is over 22 degrees,
while with a reflector of A/30 spacing the deviation re-
duces to about one degree (see Fig. 7). From Fig. 7 it
is seen that for a N\/60 spacing the null point is much

VOLTS
-

SIGNAL STRENGTH IN ¢t F.
*>

VERTICAL ANGLE IN DESREES

Fig. 7—Vertical response of \/2 antenna with 60-degree corner re-
lﬂecto}: of various wire spacings. Length of wire=0.65 wave-
ength.

sharper. It is to be remembered that at this grazing
angle of 7§ degrees, the intensity of the reflected wave
from the ground is extremely high. This suggests the
necessity of further decreasing the spacing. The results
shown in Fig. 8 for N\/120 and A\/240 spacing are quite
satisfactory. In both cases the deviation is only % de-
gree, which is of the same order of magnitude as the
experimental error of the instrument. It is also seen
from Figs. 7 and 8 that the small humps which appear in
the case of larger spacings are smoothed out in the case
of N\/120 and \/240 spacings.

Even for the A\/60 spacing there were about 120 wires
which had to be fastened individually into proper place
with the right spacing, and for a N/240 spacing there
were 480 wires fastened on to the reflector frame. The
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\/240 spacing is already so close that further decrease
of the spacing is impractical in the present method of
mounting. In view of this fact, experiments were made
upon the shielding properties of fine copper-wire screen.
Fig. 9 shows the response curves of the reflector when
various numbers of pieces of copper-wire screen are used

>

ONAL STRENGTH IN L. F, VOLTS

» .
VERTICAL ANGLE IN DEGREES

Fig. 8—Vertical response of A\/2 antenna with 60-degree corner re-
flector of various wire spacings. Length of wire=0.65 wave-
length.

as the reflecting elements. Curve 4 shows the response
when a whole sheet of the screen was used; curve B,
when the screen was cut crosswise into four pieces; curve
C, when it was further cut into eight pieces; curve D,
when cut into twelve pieces; and curve E when it was

Fig. 9—Azimuthal response of A/2 antenna with 60-degree
corner reflector made of bronze window screen.

cut into sixteen pieces. It can be seen from Fig. 9 that
the more the wire screen is cut, the better the shielding
becomes. This obviously shows that the presence of the
horizontal members of the wire screen decreases the ef-
fect of shielding.

Different sizes of wires and tubings ranging from No.
32 wire to }-inch tubing were tried as the reflecting ele-
ments and no appreciable difference in the efficiency
of the shielding property of the reflector was observed.

2. On the Determination of the Azimuthal and the Eleva-
tion Angles of the Direction of an Incoming Electro-
magnetic Wave
The radio directional measurements were made on in-

coming waves emitted either from a stationary trans-
mitter located on top of Mt. Wilson at a distance of
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seven miles, or from a transmitter sent aloft on meteor-
ological balloons.

Table I shows the typical results of azimuthal meas-
urements with the Adcock antenna made in an open field
with the transmitter supported by a captive balloon.

TasbLE |
AZIMUTHAL ANGLES MEASURED BY ADCOCK ANTENNA

Vertical Angle (at Time
Azimuthal Observation

Ot;servations Made b

y . .
Adcock Antenna Visual Observation

in Degrees

in Degrees was Made) in Degrees
88 88 34
8;} 8!73 324
45
i 3 45
0 7t

This illustrates the independence of the azimuthal meas-
urements from the vertical incidence of the incoming
wave. The accuracy obtained in the azimuthal meas-
urements is within  degree.

Repeated measurements made on the elevation angles
of the direction of the incoming wave emitted from a
transmitter on top of Mt. Wilson are within a quarter
of a degree from the true direction (whose true eleva-
tion angle is 7} degrees). Observations were also made
at various altitudes and elevation angles on transmitters
sent aloft on captive balloons. Typical results of these
observations, made at various times, are shown in Table
II.

TasLE 11

MEASUREMENTS OF ELEVATION ANGLES BY A DiPoLE
ANTENNA wiTH CORNER REFLECTOR

Elevation Angle of Incoming Wave Elevation Angle of Transmitter
as Determined by Dipole Antenna as Determined Visually

at Repeated Times in Degrees in Degrees
32 32
20% 20
50 50
n 69
43 42}

Table I1I shows the measurements made on the eleva-
tion angles when the reflector was removed. This table
demonstrates the great deviation in the readings from
the true direction, caused by ground-reflected waves.

It is seen that, while some of the elevation-angle
measurements obtained by using the direction-finder
are very good and agree within } degree with the read-
ings obtained visually, there are readings which differ
quite appreciably from those obtained visually. These
discrepancies are probably due to the fact that the an-
tenna swings badly and that the plane of polarization
of the incoming waves is thus changed. This change,
in turn, affects the magnitude of the electromotive force
induced in the receiving-antenna system, and hence
causes the fluctuation in the output of the receiver.
When the indicator needle swings badly, it is hard to
determine the null point with great accuracy.

Another factor responsible for the deviations in the
readings, which sometimes amounted to as much as a
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few degrees, is probably the decrease in the efficiency
of the shielding system on account of the formation of

TasLE 111
MEASUREMENTS OF ELEVATION ANGLES WITHOUT REFLECTOR

Elevation Angles of Incoming Wave Elevation Angles of Transmitter
as Determined by Dipole Antenna as Determined Visually

at Repeated Times in Degrees in Degrees

3 8
12 16

7 14
19 14
25 31
28 17
30 29
40 32
60 30
68 34
90 76
98 72

a poorly conducting layer on the surface of the copper-
wire elements due to oxidation, because they were un-
der constant exposure to various weather conditions.
Since, at ultra-high frequencies, practically all the cur-
rent flowing in the wire is concentrated on the surface
of the wire, it seems that any contamination of the sur-
face would decrease the efficiency of the wire elements
in their secondary radiation. This is especially important
in the present case because the secondary-radiation
field due to these wires serves to neutralize the effect of
the ground-reflected waves at the antenna. Any deterio-
ration in the efficiency of the shielding system would de-
crease the intensity of the secondary-radiation field,
and thus cause the effect of the ground-reflected waves
still to be markedly noticeable at the antenna.

A new corner-type reflector was made and gold-plated
No. 30 copper wire was used as the wire elements, in-
stead of the No. 30 bare copper wire originally used.
Tests made with the new reflector on an incoming wave

2 d
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Fig. 10—Vertical response of A/2 antenna with 60-degree corner
reflector A/240 wire spacing. Length of wire=0.65 wavelength.
=eeee-e----- without reflector

- old reflector
gold-plated reflector

from Mt. Wilson show a marked improvement over the
old reflector, the surface of whose elements had been
badly oxidized. This is shown in Fig. 10, where the sig-
nal strength in intermediate-frequency output voltage
is plotted against the elevation angles.
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CONCLUSION

In summarizing the results, it is seen that an accuracy
of 1 degree is obtained in the determination of the
azimuthal angles, while a less consistent accuracy in the
determination of the elevation angles is obtainable.
However, by comparing Tables II and III, one can im-
mediately see the marked improvement the shield has
contributed toward decreasing the effect of the ground-
reflected wave in the determination of elevation angles.
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The author believes that, by using proper damping
devices to keep the antenna from swinging appreciably
during the flight, and by further improving the reflector
system, the accuracy in the determination of the eleva-
tion angles can be greatly increased.
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Minimum Detectable Radar Signal and Its Dependence

Upon Parameters of Radar Systems’
ANDREW V. HAEFF?, SENIOR MEMBER, ILR.E.

Summary—This paper presents results of an early study of the
influence of parameters of a pulse radar system on its sensitivity.
More specifically, it describes an experimental determination of the
absolute value of minimum pulse signal visually detectable through
random noise with a probability of 50 per cent for a wide range of the
following parameters: pulse-repetition rate r, pulse length ¢, inter-
mediate-frequency bandwidth B, and video bandwidth b.

The following empirical formula expresses the results of the in-
vestigation with considerable accuracy:

1 1 1670\ Ve
Viin = — E.B[ 1 + — )| —
2 tB r

where Vi, is the minimum detectable pulse voltage and E, is the
noise voltage per unit intermediate-frequency bandwidth of the re-
ceiver.

The application of the results to the design of search radar sys-
tems is briefly discussed.

INTRODUCTION

HE MAGNITUDE of the minimum detectable

u signal at the receiver is one of the most important

factors determining the maximum range of a
radar system. The knowledge of its dependence upon
the different parameters is a prerequisite for an intelli-
gent choice of these parameters in the design of new
radar systems. However, in the early days of radar de-
velopment, very little information was available to the
designer on the effect of such parameters as pulse-repeti-
tion rate, receiver bandwidth, pulse length, and others.
Therefore, a study to determine these effects was under-
taken at the Naval Research Laboratory and the fol-
lowing material represents a report summarizing the
most significant results obtained during the early stages
of the investigation which was started in the beginning
of 1942. This information was presented in the form of a
confidential report about three years ago and was dis-
tributed to all government and industrial organizations
concerned with the design of radar systems.

The present paper is the result of the author’s belief
that this information is of interest to all workers en-
gaged in the development of pulse systems and that,
therefore, publication is justified.

* Decimal classification: R537. Original manuscript received by

the Institute, Februar{al.?, 1946. .
t Naval Research Laboratory, Washington ,D. C.

METHOD OF INVESTIGATION

Preliminary observations of the effect of some
parameters were made on a complete radar system.
However, for the sake of greater accuracy and ease in
variation of system parameters, special laboratory ap-
paratus was set up for more extensive study. Because
characteristics of a “typical” radar receiver were of
immediate interest, it was the first to be studied. As a
“typical” receiver, the superheterodyne receiver with
high-level second detector and one video stage was
chosen. Again, type-A signal presentation was selected
as being the one most commonly used at that time.
Type-A presentation is one of the many methods of
visually displaying radar signals on the face of a
cathode-ray tube. It consists of applying the signal to
the vertical deflection plate, while the horizontal de-
flection is made proportional to time and consequently
to radar range when each swecp is initiated by the
transmitter pulse.

Test signals were provided by a, pulsed signal gen-
erator. In order to simulate conditions of actual radar
observations, a slowly increasing signal was used. The
signal was delayed by an arbitrary time interval (set by
the operator) with respect to the synchronizing pulse.
Thus, in order to detect the signal, the observer, not
knowing the delay of the signal, had to scan the whole
sweep, as in actual radar search. The magnitude of the
signal at the moment when the signal amplitude was
first detected was recorded. After each observation
the signal amplitude was reduced to zero and the delay
corresponding to the radar range was changed arbi-
trarily. From six to fourteen observations were made
by each observer for the same set of parameters and the
average value of minimum detectable signal was
computed from recorded readings. Thus, this com-
puted signal magnitude represents the signal level at
which the probability of detection is 50 per cent.

Observations were made by several observers. It was
found that differences between computed average
values of detectable signal for observers of approxi-
mately equal experience were within the statistical
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error in readings of one observer, In addition, the “ob-
server effect,” when present, appeared as an approxi-
mately constant factor, which, however, for the limited
number of observers employed in the initial study, was
close to unity. Since no systematic study of the effect
of the observers’ experience had been made at that time,
this fact must be borne in mind when the scope of
application of results is considered.

DESCRIPTION OF APPARATUS AND TECHNIQUE
OF MEASUREMENTS

A schematic block diagram of the arrangement of the
apparatus is shown in Fig. 1. The receiver consisted of
a conventional converter and four wide-band inter-
mediate-frequency stages followed by an additional in-
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Fig. 1—Block diagram of experimental arrangement.

termediate-frequency stage of variable bandwidth, a
high-level linear detector and a variable-bandwidth
video filter. The pulse signals were observed on a type-
A oscilloscope having a medium-persistence screen.
Artificial radar echoes were fed to the receiver from a
calibrated signal generator which was pulsed by means
of a variable-width pulse generator. Synchronizing
pulses were obtained from a master pulse generator,
the repetition frequency of which was controlled by a
crystal. In order to obtain the effect of lower repetition
rate, a frequency divider was used and the low-fre-
quency pulses were applied through the intensifying
pulse generator to the intensifier electrode of the
cathode-ray tube. This technique assured constancy of
all other factors when effective repetition rate was
varied.

The amplitude of the signal could be increased slowly
from low to high values by means of a constant-speed
motor driving the exponential attenuator of the signal
generator. The starting and stopping of the motor was
controlled by the observer by means of a push button.
A pulse envelope of approximately rectangular shape
was used. With a 1-megacycle effective bandwidth of
the receiver, the difference between the pulse length at
the base and the top of the pulse, as observed on the
oscilloscope, was approximately 1 microsecond. The
pulse length was measured directly on the scope by
means of calibrating markers.
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The following ranges of parameters were investi-
gated:
(1) Pulse-repetition rate r=1670 to 26 pulses per
second in steps of 2 to 1;
(2) Pulse length (at base) =2.5 to 25 microseconds,
in arbitrary steps;
(3) Intermediate-frequency bandwidth B =0.05 to
1.0 megacycle in four steps;
(4) Video bandwidth 5=0.015 to 2.0 megacycles
in eight steps.
The characteristics of the intermediate-frequency and
video filters are shown in Figs. 2 and 3. Fig. 2 shows
the form of intermediate-frequency selectivity curve
which was measured by means of the radio-frequency
signal generator and thus includes the effect of
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Fig. 2—Intermediate-frequency selectivity curve.
(Data of October 8, 1942.)

radio-frequency circuits. The effective bandwidth B
has been defined! as

G¥(N)
B= fG’(fo) 4

where G(f) is the response of a linear output meter. In
this work G(fo) was taken as the maximum response
and the integral was obtained graphically. For the
form of selectivity curve shown in Fig. 2, the effective
bandwidth is somewhat greater than the bandwidth
corresponding to half-power response.

Fig. 3 shows the response of the video filters, which
could be easily selected by a switch on the front panel
of the receiver. Video filter bandwidths indicated on
this graph and later used in plotting observed data were
taken as those corresponding to approximately half-
power points. The shape of the video curve which
shows a slight peak at a frequency equal to half the
effective bandwidth was similar to video response curves
of some radar receivers in use at that time.

Observations were made in the following manner. The
observer, while viewing the cathode-ray tube, was al-
lowed to tune the receiver and to adjust the setting of the
gain control to a value which he considered best for de-
tection of weak signals after a period of experimentation.

1 D, 0. North, “The absolute sensitivity of radio receivers,” RCA
Rev., vol. 6, pp. 332-343; January, 1942,
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When the observer was ready to take a reading,
the operator reset the signal generator attenuator back
to zero and shifted the time delay of the pulse to an
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Fig.l 3—Video-filter selectivity curves. (Data of August 3, 1942.)

arbitrary setting. Thus, for every reading, the observer
did not know in advance the position at which the signal
would appear on the scope and was obliged to scan the
whole range. By pressing the push button, the observer
actuated the attenuator motor and released the button
immediately upon detecting the signal on the screen.
The corresponding reading on the attenuator was re-
corded by the operator.

For each set of parameters, six to twelve observations
were made and the arithmetic mean of all readings was
computed and used for plotting the data. The range of
individual readings for an experienced observer was of
the order of two to four decibels, after suitable time was
allowed for accommodation of eyes, etc. However, the
same observer could repeat the run and the deviation
from the average reading of the preceding run was
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Fig. 4—Effect of pulse-repetition rate. .
x=lor:ﬁ;gf)r51stence screen (without optical (data of November

o =long-persistence screen (with optical filter) 9. 1942).

v =short-persistence screen (data of October 16, 1942).
usually not greater than one decibel. Samples of in-
dividual runs showing the effects of variations of
repetition rate, pulse length, and intermediate-fre-
quency and video bandwidth are illustrated in Figs. 4,
5, 6,and 7.

DiscussioN oF RESULTS
Fig. 4 shows the effect of pulse-repetition rate. The

lower curve represents an individual run, when observa-
tions were made on short-persistence screen. The upper
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curve was drawn through points obtained at another
time, when a long-persistence screen was used with and
without a yellow filter. Many curves of the same general
shape have been obtained. Analyses of the results indi-
cated that a slope of one sixth represents the best ap-
proximation, since no systematic correlation between
the slope and other factors could be deduced from the
available data. It may be remarked that the difference
in absolute values, as indicated by the two curves of
Fig. 4, is not due to the use of long-persistence screens
but it attributable to other factors and should be dis-
regarded for the present discussion.

Fig. 5 demonstrates the fact that no significant varia-
tion of detectable signal level results from variation of

g 1l
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Fig. 5—Effect of video bandwidth.
Intermediate-frequency bandwidth B = 1,0 megacycle.
Pulse-repetition rate=418 pulses per second.
x=6-microsecond pulse
0= 18-microsecond pulse
* = 6-microsecond pulse
A=18-microsecond pulse

}(Data of August 7, 1942).

}(Data of August 18, 1942).

video bandwidth within the investigated range. This
was a rather unexpected result at the time the results
were obtained, but later it was realized that this be-
havior is due to loss in effective signal-to-noise ratio
caused by the detection process when signals are small
compared to noise. In this connection it may be men-
tioned that for either square-law or linear high-level
detectors, the behavior with respect to change in video
bandwidth was found to be the same. It must be em-
phasized, however, that for strong signals the effect
of video bandwidth variation is of the same order as
for intermediate-frequency bandwidth, as far as the
shape of the signal is concerned.

Fig. 6 illustrates the effect of variation in pulse
length and intermediate-frequency bandwidth. In gen-
eral, the longer the pulse length, the lower the level of
the signal that can be detected. However, for constant
bandwidth an increase of pulse length beyond a certain
value does not result in a significant decrease in de-
tectable signal level. This is clearly shown by curves
marked B =0.27 megacycle and B =1.0 megacycle.

For ease in analysis of the results, the data of Fig.
6 have been replotted as shown in Fig. 7. Here, the ratio
of detectable signal level to square root of intermediate-
frequency bandwidth (Viia/BY?) is plotted against the
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reciprocal of the dimensionless parameter ¢B, the
product of pulse length and bandwidth. It can be seen
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Fig. 6—Effects of pulse length and intermediate-
frequency bandwidth.
that, within experimental accuracy, all points in this
graph crowd around a straight line passing thraugh the
points
(x=—1,9y=0) and (x=+1 and y = E,).

Measurements of the intrinsic noise of the receiver E,
(noise energy per unit bandwidth) indicated that it was
directly related to the minimum detectable signal. In

« ~ u
v 1 | ]
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-

Fig. 7—Effects of pulse length () and of intermediate-frequency
bandwidth (B) shown as a function of the parameter B¢ (from
data of October 6, 1942).

x=B=0.05 megacycle
A=B=0.10 megacycle
o= B=0.27 megacycle
(J=B=1.0 megacycle

order to correlate the observed levels of detectable pulse
signals with the absolute value of receiver noise, noise
measurements were made with the same signal generator
and immediately upon completion of an observational
run. For this purpose, the signal generator was operated
in continuous-wave condition. Since the pulsing method
was such as to simply switch on and off the applied
voltages, the continuous-wave level was the same as the
pulse level. (The oscillator build-up time was usually
small, compared to pulse length.) Thus, whenever noise
measurements were made, it was possible to compare on
an absolute scale the results of many observations taken
at different times by different observers and under
different operating conditions.
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Because of large statistical errors due to limited
numbers of observations, it was necessary to vary the
parameters over a wide range in order to establish the
law of dependence with a reasonable accuracy. From
the total amount of accumulated data, it was then
possible to derive an empirical relationship which de-
scribes the major results of the investigation in the

following manner:
" 1) (1670)”‘ " )
tB r

Vaia =absolute value of pulse signal voltage at the re-
ceiver input terminals which can be detected
with a probability of 50 per cent

E,.=the noise voltage per unit intermediate-fre-
quency bandwidth at the input terminals of
the receiver

B=the effective bandwidth of the receiver in
megacycles as measured at the input to the
second detector

t=the pulse length, in microseconds, of a rec-
tangular pulse

r = pulse repetition rate in pulses per second

k =the “observer’s constant” which, however, can
be taken as unity for observers of average
experience.

1
Vaw = E,.B”’-?- (1

where

Equation (1) fits the experimental data approximately

within 1 decibel over the investigated range of param-
eters.

The optimum value of intermediate-frequency band-

width for detecting weak signals is

B=- 2)

T
which follows from (1). Therefore, when the receiver
bandwidth is adjusted to an optimum for the trans-

mitted pulse, the minimum value of detectable signal
voltage is

167C\'/¢ E, /1670\'/¢
(Viatn)opr = E,.B”’( ) N (_) ' &
r 23 r
The relationship (3) when expressed in the form
1670\1/3
(Veatn)os® -t = Euz( ) (3a)
r

indicates that, for a given repetition rate and receiver
noise factor, the same maximum range will be realized
if the total energy contained in one pulse is the same;
that is, a long pulse of low instantaneous power or a
short pulse of high power will produce the same result,
provided the total pulse energy is the same and the
bandwidth of the receiver is adjusted for optimum in
each case. The results indicate, also, how small is the
effect of pulse-repetition rate and hence of the average
transmitted power. For example, a change in repetition
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rate from 30 to 1670 pulses per second, while increasing
the average power by 18 decibels, will result in an im-
provement of only 6 decibels in actual sensitivity of the
system.

In order to illustrate how much loss in performance
will result from deviation from optimum conditions,
(1) can be rewritten as follows:

I/'min2 1 b‘t(l + 1>2 (4)
(ViinDe 4 rt)’

This relationship is plotted graphically in Fig. 8, where
the change in system sensitivity is expressed in decibels.
Curve A shows gain in sensitivity due to increase in

CURVE A. GAIN IN PERFORMANCE DUE TO (L — =
PULSE LENSTN WITH SANDWIOTH ADJETED - B . p——t—t—t—

FOR OPTINUM, — + bty

GAIN DUE TO INGREASE N PULSE LENGTH WiTH 1T 411
GONSTANT SANDWIDTH - |

CURVE B.

CURVE C. LOSS IN PERFORMANGE OUE TO DEVIATION

FROM OPTINUM BANDWIDTH.

[ Tee I S O 1 B

o4 ae 03 04 85 8 T AN t BT S N B A N N

Fig. 8—Dependence of system sensitivity upon parameter B!.

pulse length (with bandwidth adjusted for optimum).
Curve B shows a gain due to increase in pulse length,
with bandwidth held constant. Curve C shows loss in
performance due to deviation from optimum bandwidth
condition. The last curve shows a rather broad, flat
maximum, indicating that selection of bandwidth is not
critical as long as it is in the vicinity of the optimum
bandwidth. For instance, the bandwidth twice as great
as the optimum bandwidth results in a sensitivity loss
of only % decibel. However, for bandwidths further
away from optimum value the loss increases rapidly.
When high resolution is the primary consideration in the
design of a radar set, the bandwidth greater than the
optimum value by a factor of 2 or 3 is usually selected,
with considerable improvement in resolution and only
negligible loss in sensitivity.

In design of pulse systems, it is frequently more con-
venient to deal with power rather than voltage. For this
purpose the relationship contained in (1) can be ex-
pressed as follows:

Via? _ Ept 1 <1+ 1>2 (1670)11a 0
4R, ™ 7 4R, 4 Bt 2

W KT-B-(NF) ! (1 + 1>2<1670>m
e 4 Bt 2

or
(5a)

and the expression for minimum power for optimum
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bandwidth of the receiver, corresponding to (3), is

1 /1670\!/3
(Wain)opt = KT-(NF)-T( > (6)

r

where

Wemin =minimum detectable pulse power at the
terminals of the receiver
K =1.37-10"2 joules (Boltzmann’s constant)
T =300 degrees Kelvin
R, =radiation resistance of the antenna
(NF) =noise factor of the receiver.

The application of the above formulas for the com-
putation of maximum range of radar discloses the fact
that for search radar, where detection of a target at the
maximum possible range is the primary objective, it is
advantageous (a) to generate pulses of the highest
energy content, and (b) to use the highest pulse-repeti-
tion rate consistent with power-dissipation capabilities
after condition (a) is satisfied.

In transmitters most commonly used, the peak in-
stantaneous power is usually limited by voltage break-
down. Therefore, in order to obtain maximum range for
search radar, pulses of long duration must be used. In
this case, the optimum receiver bandwidth becomes
quite narrow and careful consideration should be given
to the effect of frequency modulation which may be
incidental to pulse modulation. As the present study
shows, a satisfactory compromise is to use a slightly
greater than optimum bandwidth in order to accept
most of the significant frequency components of the
pulse even in the presence of incidental frequency modula-
tion. The repetition rate should be chosen after the re-
quirement of maximum pulse energy is satisfied. Its
value is limited either by power-dissipation capabilities
of the transmitter tubes or by consideration of economy,
weight, or size of the equipment.

CONCLUSIONS

The results of the present investigation were found
quite useful in the design of new radar systems and in
the analysis of performance of existing radars. It is
hoped that this information will be of value to all
engineers concerned with pulse techniques.,

The study of pulse systems was later extended to
include many other system parameters, and a consider-
able amount of additional information was obtained.
It is hoped that security considerations will not unduly
delay disclosure of the results of these later investiga-
tions.
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tions of their new discoveries in the
realm of engineering and their novel
thoughts in the domain of engineering
welfare, in brief form and prior to
other publication, in these columns,
Correspondence on both technical
and nontechnical subjects from readers
of the PRocEEDINGS oF THE I.R.E. and
Waves AND ELECTRONSs is invited,
subject to the following conditions:

All rights are reserved by the Insti-
tute. Statements in letters are ex-
pressly understood to be the individual
opinion of the writer, and endorsement
or recognition by the I.R.E.-is not im-
plied by publication. All letters are to
be submitted as typewritten, double-
spaced, original copies. Any illustra-
tions are to be submitted as inked
drawings suitable for reproduction.
Captions are to be supplied for all il-
lustrations.

Effect of a Differentiating Circuit on
a Sloping Wave Front

The following discourse attempts to
show the importance of specifying as steep
a wave front as possible for trigger pulses
which serve to actuate timing circuits after
passage through differentiators. Consider
the voltage wave front of constant slope
shown by the dotted line of Fig. 1 impressed
on theresistance-capacitance circuit of Fig. 2.

The expression for e: may be obtained
by solution of the linear differential equa-
tion of the circuit in Fig. 2. This equation is

; 1re,
e;-sR+-c—J; idl. (6))

where ¢, is the generator voltage which
starts from 0 at time {=0 and increases in

¢ Voltage T-

de;
%2 mox*mTeT T
|

N
Ttetime

Fig. 1—Voltage wave of constant slope
applied to a resistance-capacitance cir-
cuit,

time with constant slope m =de,/d¢ accord-
ing to the equation emmi=¢(de,/dt). Sub-
stituting for e in (1), there results

mt-riR+%f.‘idt. @

This equation may be readily solved in ¢ by
differentiating with respect to #:

1

di R
m =RE‘—+—C—1.

The solution of the equation is

§ = mc(l — HEC), e = 2.1727,

+?——c{( ;+
A

0
e AAAA A

|

L1
- —0 -

Fig. 2—Resistance-capacitance circuit.

Therefore,

e; = iR = mcR(1 — ¢ Y/RC)
= mT (1— ¢/RC)

= T%‘ (1 — ¢t/RC) 3)

where T = RC, the time constant of the resist-
ance-capacitance circuit. Study of (3) shows
that for

de,
= T =~
& % @

(= o,

so that this is the maximum value attained
by e;. (Call it &, maximum.) Therefore, no
matter how large e, becomes, e; can never
exceed e; maximum. At time ({=T=R(C,
ex is 63 per cent of e maximum, but note
that at this time e,=mT=T(de,/dt=¢,
maximum. It should also be noted that the
greater the slope m or dey/dl, the greater is
e; maximum, .

In an actual case, however, ¢, does not
continue to rise indefinitely, but instead
eventually levels off to a plateau. During the
time of rise, which we shall call r, conditions
are as described above, but after the voltage
wave has leveled off the input voltage is
constant as though a battery were applied,
and the usual exponential decay is obtained.
The form of the output voltage e; is de-
termined by the relation which the rise
time 7 bears to T, the time constant of the
circuit. This is shown in Fig. 3.

Let us see how this theory can help in a
practical example. In a Navy specification
for an electronic equipment, the rise time of
a trigger pulse was defined in such a manner
that the pulse would require no more than
2 microseconds to rise to 5 volts. Nothing
was said about a minimum rate of rise.
Careful study of the implications of this
definition as applied to the equipment
revealed that such a pulse, after passage
through a very short-time-constant dif-
ferentiator, could fail to trip a particular
timing circuit. It was determined that if the
rate of rise between the 10 and 90 per cent
points of the trigger pulse were defined as at
least 5 volts per microsecond there would
be no difficulty because, as can be seen from
(4), &, maximum would be at least twice the

Prospective Authors

The Institute of Radio Engineers
has a supply of reprints on hand of the
article “Preparation and Publication
of I.R.E. Papers” which appeared in
the January, 1946, issue of the Pro-
CEEDINGS OF THE [.R.E. AND WAVES
AND ELECTRONS. If you wish copies,
will you please send your requests to
the Editorial Department, The Insti-
tute of Radio Engincers, Inc., 1 East
79th Street, New York 21, New York,
and they will be sent to you with the
compliments of the Institute. It would
be greatly appreciated if your requests
were accompanied by a stamped, self-
addressed envelope.

Fig. 3—Output-voltage wave as a function
of therisetimeof the input-voltage wave
in relation to the time constant of the
resistance-capacitance circuit.

(@) »<T.
(b) v=T.
{c) v>T.

e; maximum of the specification for its

loosest interpretation. Therefore, it was

recommended that the definition be changed
to read accordingly.

LEONARD S. SCHWARTZ

Security Systems Section

Naval Research Laboratory

Washington 20, D. C,
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Locking Phenomena in Oscillators
To the Editor:

I have read with interest the paper by
Robert Adler, “A study of locking phe-
nomena in oscillators,” in the June, 1946,
issue of the PROCEEDINGS OF THE IR.E. AND
Waves AND ELECTRONS. I wrote a paper?
on a similar subject before the war, but since
it was written in Polish, I think it may be of
interest to your readers if I quote some of
the results and method used and compare
them with those of Mr. Adler.

In my paper the analysis of mutual lock-
ing of two oscillators led to an identical dif-
ferential equation as in the case of one locked
oscillator; it is the same as (9b) in Adler’s
paper. Approximate solutions of the equa-
tion were obtained by successive approxima-
tion, under the assumption that the two
oscillators are detuned far beyond the syn-
chronization range, i.e., AweXB, in Adler's
notation, where B is half of the synchroniza-
tion range and Awo, the detuning. The for-
mula for the deviation (Aw— Awo) of the beat
frequency due to the synchronization effect
was found to be

Aw —Awg 1 (AB )’
Awo 2 \Aw

this appears to be the first approximation
to the exact formula (18b) obtained by Mr.
Adler. Further, the beat voltage of the
oscillators was examined and from the ap-
proximate solution formulas were obtained
for the second- and third-harmonic content:

Va I(B) V) 1(3)’
Vi 2 \Aw 'V|8Aw '

The formulas were given in terms of the
synchronization range, which perhaps is the
quantity most easily measured in a beat-
frequency oscillator, Experiments were
made and good agreement with the formulas
was obtained for detunings greater than 2B.
1Z. Jelonek, *Distortion in beat frequency oscilla-
tors. Behaviour of oscillators outside the synchonisa-

tion range”, Prseglad Radjolechnicsmy, vol. 16, num-
bers 7-8, pp. 25-28; 1938.

Correspondence

Although the differential equation de-
rived by me is the same as that derived by
Mr. Adler, the methods of derivation were
somewhat different: while Mr. Adler an-
alyzed the oscillator circuit in some detail,
making approximations on the way, I used
what I should like to call “quasi-static®
method, as follows:

When relatively slow processes are ex-
pected, and the steady-state relations be-
tween the frequency of oscillation, the mag-
nitude, and phase of the synchronizing volt-
age are known, it may be assumed that they
hold also in the transient state, This, as-
suming that the oscillator voltage remains
constant, leads rapidly, without a detailed
circuit analysis, to the differential equation;
the extension of the analysis to the ease of
two mutually locked oscillators presents no
difficulty.

I hope to publish shortly a more complete
account of the quasi-static method.

Z. JELONEK

Signals Research and
Development Establishment
Christchurch, England

Emission-Limited Diode
To the Editor:

Your contributor! provides a solution -

for the transit time (taking space charge as
negligible and initial velocities zero) which
is handy when the ratio of the radii of the
cylinders approaches unity., For v=(R:/R;)
exceeding about 10 the given series converges
too slowly to be convenient:

viI0 4.6 -7.1 6.5 —-43 2.2 - .9
»20 6 —12 14.4 —12.3 8.2 —4.5

It is, therefore, best to work with
Scheibe’s now well-known formula,? which
may be written

R, v Viegy
—— [__\/log 2 f e"du].
»
1/ 2 —E ‘
m
1Virgil M. Brittain, “Emission-limited diode,”

Proc. ILR.E., vol. 33, pp. 724-725; October, 1945,
2 A, Scheibe, Annalen der Physik, 73, 54; 1924,
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DELAYS MAY OCCUR—PLEASE
Wair

It is intended that the PROCEED-
INGS OF THE [.R.E. AND WAVES AND
ELECTRONS shall reach its readers ap-
proximately at the middle of the
month of issue. However, present-day
printing and transportation condi-
tions are exceptionally difficult. Short-
ages of labor and materials give rise to
corresponding delays. Accordingly, we
request the patience of our PROCEED-
INGs readers. We suggest further that,
in cases of delay in delivery, no query
be sent to the Institute unless the
issue is at least several weeks late.
If numerous premature statements of
nondelivery of the PROCEEDINGs
were received, the Institute’s policy
of immediately acknowledging all
queries or complaints would lead to
severe congestion of correspondence
in the office of the Institute.

1.518

Forv = 10+/logy = 1.518f evdu = 4.239.
0

Calling F the factor in square brackets
which corresponds to the series under
discussion, we have, to slide-rule accuracy,

v 1 2] 10 | 20 | 54.6
F |.895| 1.28 | 1.266 | 1.21 '
As v increases indefinitely, F tends

towards the value unity. It may be men-

tioned that the first 5 terms of the series

give F also as 0.895, 4 terms only give F
0.888, in the case »=2.

W. E. BENHAM

P.R.T. Laboratories, Ltd.

Commonwood House

North Chipperfield,

Herts, England
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Fig. 7—Variation in decoupling with orientation of and ¢pacing

Fig. 7 of the paper, “Simplifications in the Considera-
tion of Mutual Effects Between Half-Wave Dipoles in
Collinear and Parallel Orientations,” by Kosmo J.

between half-wave dipoles.

Affanasiev, published in the September, 1946, issue of
the PROCEEDINGs oF THE L.R.E., was unfortunately
omitted. This figure appears above.



864

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

November

Contributors to Proceedings of the I.R.E.

Winston E. Kock

Winston E. Kock (SM'45) was born on
December 5, 1909, at Cincinnati, Ohio. He
received the E.E. and M.S, degrees from
the University of Cincinnati in 1932-1933,
and the Ph.D. degree from the University
of Berlin in 1934. Mr. Kock was formerly
director of electronic research and develop-
ment work for the Baldwin Piano Com-
pany. He is now associated with Bell Tele-
phone Laboratories, Inc., Holmdel, N. J.

In 1938, Mr. Kock was chosen America’s
outstanding young electrical engineer by
Eta Kappa Nu, national honorary electrical
engineering society.

o,
o

A. B. Crawford (A’29-SM’46) was born
on February 26, 1907 at Graysville, Ohio.
He received the B.S. degree in 1928 from
Ohio State University. Since 1928 he has
been with the research department of Bell
Telephone Laboratories and has been en-
gaged chiefly in ultra-short-wave propaga-
tion studies.

A. B. CRAWFORD

0,
[

For a biography and photograph of Luke
Chia-Liu Yuan, see the October issue of the
PROCEEDINGS OF THE [.R.E.

William M. Sharpless (A'28-M '38-
SM'43) was born on September 4, 1904, in
Minneapolis, Minnesota. He received the
B.S. degree in electrical engineering from
the University of Minnesota in 1928, He
has been a member of the technical staff
of the Bell Telephone Laboratories since
1928, engaged in radio research work in the
short-wave, ultra-short-wave, and micro-
wave regions.

WiLLiaM M. SHARFLESS

Malcolm S. Mcllroy was born on August
28, 1902, at Rochester, New York. He re-
ceived the E.E. degree in 1923 from Cornell
University. He was employed by the General
Electric Company as a test engineer from
1923 to 1924, and by the Brooklyn-Manhat-
tan Transit Corporation as an equipment in-
spector during 1925. From 1926 until 1937, he
was associated with the Central Hudson Gas
and Electric Corporation, of Poughkeepsie,
N. Y., as distribution engineer, district engi-
neer, and assistant manager of the Newburgh
district, and as superintendent of the Beacon
district. He then transferred to the instruct-
ing staff of the department of electrical engi-
neering at the Massachusetts Institute of
Technology, where he was an instructor for
three years and an assistant professor for six
years while pursuing graduate studies. Dur-
ing the war he was an assistant director of
the M.I.T. Radar School, responsible for the
initial construction of the plant and for the
design and installation of its power systems,
and for student records. He taught principles
of timing and modulator circuits to Army
officer students at the Radar School. He is
now engaged in thesis work leading to a doc-
torate in electrical engineering. He isa mem-
ber of Tau Beta Pi, Eta Kappa Nu, the
American Institute of Electrical Engineers,
and the Society for the promotion of Engi-
neering Education.

o

"’

Andrew V. Haeff (A'34-M'40-SM'43)
was born in Moscow, Russia, on December

MaLcoLm S. MclLroy

2,
oo

30, 1904. In 1928, he received the degree of
Electrical and Mechanical Engineer from
the Russian Polytechnic Institute at Har-
bin, China. The same year he came to the
United States and majored in electrical en-
gineering at the California Institute of Tech-
nology where he obtained the M.S. degree in
1929 and the Ph.D. degree in 1932. Until the
end of 1933, Dr. Haeff was a Special Re-
search Fellow in the Electrical Engineering
Department of,the California Institute of
Technology, engaging in research work on
ultra-high-frequency problems. From 1934
to 1941, Dr. Haeff was a member of the
vacuum-tube research section of the RCA
Manufacturing Co