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UNROLLING MINIATURE RESISTORS Annual Index

A VYg-inch wide adhesive-tape resistor is applied from a spool to a silver-
printed ceramic chassis, pressed into place, and cut to length. After oven
curing, the resistor darkens (see left sample).
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MINIATURE COMPONENTS
FROM STOCK...

UTC Sub-Ouncer units fulfill an essential requirement for miniaturized components hav-
ing relatively high efficiency and wide frequency response. Through the use of special
nickel iron core materials and winding methods, these miniature units have per-
formance and dependability characteristics far superior to any other comparable items.
They are ideal for hearing aids, miniature radios, and other types of miniature electronic equipment.

The coils employ automatic layer windings of double Formex wire...in a molded Nylon bobbin. All
insulation is of cellulose acetate. Four inch color coded flexible leads are employed, securely anchored
mechanically. No mounting facilities are provided, since this would preclude maximum flexibility in
location. Units are vacuum impregnated and double (water proof) sealed. The curves below indicate
the excellent frequency response available. Alternate curves are shown to indicate operating charac-
teristics in various typical applications.

D.C.
Type Application Level Pri. Imp. in Pri. Sec. Imp. Pri. Res. Sec. Res.

*$0-1  Input + avu. 0 250,000 16 2650 $6.50
62,500

Interstage/3:1 4+ 4VU 0, 000 225 1850

¥S0-3  Plate to Line + 20V.U. 1300 30

25,000 1.

$0-4 Qutput 4 20V.U 30,000 1.
"$0-5  Reactor 50 HY at 1 mi 000 ohms D.C. Res.

Qutp! + 20 100,000 .5 mil. 3250 3.8

*Impedance ratio is fixed, 1250:1 for SOl 1:50 for SO-3. Any impedance between the values shown
may be employed.

mi
mil.
mil

SUBOUNCER UNITS

FOR HEARING AIDS...VEST POCKET RADIOS...MIDGET DEVICES

1800 43

List
Price

650
6.50

650
550
6.50

SUBOUNCER U
Dimensions.

NIT
/16" X 5/8” X 7/

SUB-SUBOUNCER UNITS

FOR HEARING AIDS AND ULTRA-MINIATURE EQUIPMENT

UTC Sub-SubOuncer units have exceptionally high efficiency and frequency range In thelr ultra-miniature
size. This has been effected through the use of specially selected Hiperm-Alloy core material and special
winding methods. The constructional details are identical to those of the Sub-Ouncer units described
above The curves below show actual characteristics under typical conditions of application.

1
'

D.C. List
Type Application Level Pri. Imp. in Pri. Sec. Imp. Pri. Res. Sec. Res.  Price
*$S0-1 Input 4 4V 200 250,000 135 3700 $6.50
s 00000000 250 000000000
§50-2__inferstage/3:1 T 4V 10,000 0 90,000 750 325 650
*$S0-3  Plate to Line 4 20V.U. 10,000 3 mil. 200 2600 35 6.50
25,000 1.5 mil 500
$50-4 Output 4 20 V.U. 30,000 1.0 50 2875 46 T 6.50
$S0-5 Reactor 50 HY at 1 mil. 4400 ohms D.C. Res. 5.50
SR UEDLNCER LI 7§50 Ouptu 420 100,000 Emil._ 60 2700 33 650

Dimensions.
Weight ...

7/16" x 3/4” % 5/8"

*Impedance ratio is fixed, 1250:1 for S$SS0-1, 1:50 for SSO-3. Any impedance between the values shown

may be employed.
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Forty
1912 1952

Years — Sets the Pace . ..

is the theme of the 1952 IRE National Convention and

Radio Engineering Show., marking the progress of IRE’s
first forty years’ service.

— What this Annual Event Means —

To the Member and Visitor:

The Conference and Show provide a refresher
course on the progress and pace of the science and
engineering application of radio in television, broad-
casting, electronics and defense.

In no other way can one feel the pulse-beat of a
great industry as easily, and learn as much as in the
four days of this meeting. From theory in the teeh-
nical papers, to practice in engineering demonstra-
tions of the exhibits, this is the modern, fast way to
keep up-to-date.

So convinced of this is our industry that last March
5,082 different firms sent their engineers and execu-
tives to this conference. 15,258 attended sessions of
their choice. Of the 22,919 who registered, all but 14
of 1% visited the exhibits. 7,924 were IRE Members.
This means that nearly 30% of the total membership
of this engineering society attended its annual na-
tional convention.

Skillfully grouped technieal papers map the ad-
vances in every field of radio, from guided missiles to
television, and from communications to industrial
electronies. This year, more than 200 papers will be
presented, nsing five lecture halls—giving engineers
an equivalent coverage of five conferences in one.

To the Radio Industry:

What is the significance to an industry when 277
exhibitors meet in one place for four days to show
their technical products to engineers? It means that
IRE has produced through its meeting an economical-
ly sound market-place.

These exhibitors are the top 15% of the manu-
facturers supplying the field, who produce 909 of
the producis engineers buy! Is it any wonder that the
audience comes to such a concentration of equipment,
component and instrument exhibits? Think of the
time saved!

Here is the record:

1947—177 firms met 12,013 visitors
1948—180 firms met 11,459 visitors
1949—225 firms niet 15,710 visitors
1950—253 firms met 17,689 visitors
1951—277 firms met 22,919 visitors
(More than 300 firms in 1952)

When the manufacturer’s engineer meets the buy-
er’s engineer, problems are solved and sales are made.
In a technical industry, only the engincer can “set
the spees” and he is the man usually too busy to see
a salesman. Bnt at the Radio Engineering Show, he
comes 10 see what’s new.

Adudience at Technical Papers Session

Main Floor Exhibits—1951

"Come Again’ |

The IRE National Convention and Radio Engineering Show
March 3-6, 1952, Waldorf Astoria Hotel and Grand Central Palace, New York

The Institute of Radio Engineers

1 East 79th Street, New York 21, N.Y. Exhibits Dept., 303 Weset 42nd Street, Mew York 18

; r 7uE I.R.E. December, 1951, Vol. 33, No. 12. Published monthly by The Institute of Radio Engineers, Inc, at 1 East 79 Street, New York
Izwlmcﬁf:;fﬂgiigc per copy: members of the Institute of Radio Engineers $1.00; non-members $2.25. Yearly subscription price: to members $9.00; to non-
members in United States, Canada and U.S. Possessions $18.00; to non-members in foreign countries $19.00. Entered as second class matter, Oc-
tober, 26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3, 1879. Acceptance for mailing at a special rate of postage is
provided for in the act of g‘oebruary 28, 1925, embodied in Paragraph 4, Section 412, P. L. and R, authorized October 26, 1927. Printed in U.S.A.

Table of Contents will be found following page 64A



! Meetings
with

Exhibits

® As a service both to Mem-
' bers and the industry, we will
endeavor to record in this col-
l umn each month those meetings
of IRE, its sections and profes-
sional groups, and some closely
related groups which include

exhibits.
A

IRE National Convention &
Radio Engineering Show
March 3-6, 1952
Waldorf-Astoria Hotel and
Grand Central Palace
New York City
A

B NEREM
DUAL SHAFT A 4 Saturday, May 10, 1952
LR Y \ [ Copeley Plaza Hotel

Boston, Mass.

( New England Radio
Engineering Meeting
s and Gen. Chairman: Alfred ]J. Pote
. 71 West Squantum St.
SPECIAL-PURPOSE . 4 N (uiney, Mass
- - A
y National Conference on
. Airborne Electronics
controls Y w5 . May 12, 13 & 14, 1952 |
: 1 ‘ | Hotel Biltmore, Dayton, Ohio
Exhibits: Paul D. Hauser
1430 Gascho Drive, Dayton 3.
A

4th Southwestern IRE
Conference |
May 10, 17, 1952
Rice Hotel, Houston, Texas
Exhibits: Gerald L. K. Miller
A high percentage of today’s 1%23u:§i)'nj})la¥:?a

dual-shaft and special-purpose A

control requirements can be han- Western Electronic Show and

. e § IRE Regional Convention
d.led fast and economically by combinations or adapta- August 27, 28 & 29, 1952
tions of standard Stackpole .5 and .6 watt units and stand- Long Beach, Calif.
ard Stackpole switches. Beyond these, however, Stackpole Exhibits: Heckert Parker '

215 American Avenue f
Long Beach 2, California [

A

| National Electronic Conference

offers full facilities for matching special needs—including '
I
| Sept. 29, 30, Oct. 1, 1952 |

continuously adjustable Stackpole Carbon Regulator
Discs (carbon piles) for critical

power resistance and voltage HSte]|ShefinanRChicag oplil?

control uses. ( A
Cincinnati Convention on
Electronic Components Division | ApTiellelvf,iin(igw
STACKPOLE CARBON COMPANY | Cincinnati, Ohio
St. Marys, Pa. f
FIXED RESISTORS e VARIABLE RESISTORS ¢ IRON CORES A
CERAMAG® (non-ferrous) CORES o MOLDED COIL FORMS

LINE and SLIDE SWITCHES ¢ GA “GIMMICK"” CAPACITORS | _
2a PROCEEDINGS OF THE LR.E. December, 1951
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You won’t find today's most widely used
military capacitgrs listed in JAN!

Joint Army and Navy compo-
nent specifications were never
meant to limit engineering pro-
gress—and, with Sprague, they
most certainly haven’t!

. . . Sprague subminiature capacitors
have pioneered size and weight reduc-
tions plus high-temperature operation
that would lLave been impossible with
conventional capacitors. You'll not find
these unique, hermetically-sealed capac-
itors listed in the current issue of Joint
Army-Navy specification JAN-C-25. In
every case, however, they have been fully
approved for use. The reason is simple:
In eflect, Sprague subminiature capaci-
tors are super-JAN types. They greatly
exceed the already high minimum quality
limits established by JAN specifications.

ELECTRIC COMPANY .

,\J;f i

A 6/;"" gineering obligation extends far

——

NORTH ADAMS,

2 As the long-time leader in
capacitor development, Sprague
clearly recognizes that its en-

beyond conventional stand-
dards —so markedly so that much of to-
day’s tremendous production of Sprague
components for military use is based on
types for which no JAN specifications yet
exist!

Thus, to equipment manufacturers
faced with the problems of reducing size
and weight or of paving the way to higher
temperature operation, Sprague oflers
help along many lines—from the sub-
miniature capacitors shown here to Vita-
min Q7 photo-flash capacitors to Ceroc®
250°C. ceramic-Teflon insulated magnet
wire and many others.

/
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4A

for better products at lower cost-

SPECIFY

MYCALEX glass-bonded mica insulation is
the one highly adaptable, versatile insulating
material that combines every desirable char-
acteristic required in a modern dielectric.
Although far superior to lower cost dielectrics,
MYCALEX offers considerable advantages
over many materials costing several times as
much, MYCALEX is available in various

JAN APPROVED

MYCALEX 410 is opproved fully as Grade L-48 under
National Military Establishment Specification JAN-1-10,
“Insulating Materials, Ceramic, Radio, Class L.”

MYCALEX 400 is approved fully as Grade L-4A under

National  Military Establishment Specification JAN-1-10,
“Insulating Materials, Ceramic, Radio, Class L.”

Write for 20-Page Catalog Today!

A valuable compilation of engineering data and manufac-
turing information on electrical insulation that you'll surely
want for your technical file. Request it today—no obligation.

SINCE 1919

AL

(ALEX

® MOLDS AND MACHINES
TO CLOSE TOLERANCES

® MOLDABLE WITH METAL INSERTS

e CAN BE TAPPED,
THREADED, SLOTTED

® AVAILABLE IN RODS,
SHEETS, SPECIAL SHAPES

® MOLDED IN PRACTICALLY
ANY SHAPE OR SIZE

® LOW-LOSS FROM 60 CPS
TO 24,000 MCS

grades, each featuring specific characteristics
to meet particular needs. Since proper appli-
cation of the right grade of MYCALEX has
resulted in simultaneous product improve-
ment and lower cost in hundreds of instances,
it's good business to check with MYCALEX
before specifying sheet, rod, fabricated or
molded insulation.

CHARACTERISTICS

MYCALEX GRADE 400 410 410X
"POWER FACTOR, 1 MC  0.0018 0.0015 0.012
'DIELECTRIC CONSTANT, 1 MC 7.4 9.2 69
" L0SS FACTOR, 1 MC © 0.013 0.014 0084
" DIELECTRIC STRENGTH, volt/mil 500 400 400
" VOLUME RESISTIVITY, ohm/em  2x10!5 1x10!5 5x10'4

ARC RESISTANCE, seconds 300 250 7 250 -
MAX. SAFE OPER. TEMP., °C 370 350 350
'WATER ABSORPTION % 24 hrs.  NIL NIL ML

MYCALEX CORPORATION CF AMERICA

> Owners of 'MYCALEX’ Patents and Trade-Marks

TRADE MARKREG US PAT.OFF

Executive Oftices: 30 ROCKEFELLER PLAZA, NEW YORK 20 — Plant & Generat Offices: CLIFTON, N.J.

PROCEEDINGS OF THE I.R.E. December, 1951
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SPECIALISTS IN

VERY LOW FREQUENCY
ELECTRONIC INSTRUMENTS
AND TRANSFORMERS

While the trend in electronic development has generally

run toward higher frequencies, SIE . . . an internationally
recognized leader in the development and manufacture of
geophysical instruments . . . has been busy conducting
exhaustive research and specializing in the design of very
low frequency electronic equipment.

Now . . . recent developments highlight the immediate
need for precision low frequency equipment for laboratory
and industrial use. Experience gained in the development
and production of seismograph instruments enables SIE to

meet this need . .. to offer you the results of these
years of experience, plus its manufacturing skills and
proven electronic engineering ability, in a complete line
of very low frequency electronic test instruments and
transformers.

Like all SIE products, these very low frequency electronic
instruments and transformers combine extreme sensitivity

and precision with the ruggedness necessary for the most
demanfiing day-in-and-day-out operation.

We invite you to submit your questions and problems on
very low frequency equipment to the SIE engineering staff.
Our engineers can help you in the design of special equip-
ment or in the modification of standard equipment.

[SiE]

ELECTRONIC INSTRUMENTS

Werite today for com-
plete engineering de-
tails, prices and speci-
fications on SI1E very
low frequency equip-
ment. An illustrated cat-
alog is yours for the
asking.

SOUTHWESTERN INDUSTRIAL ELECTRONICS €O.

2831 POST OAK ROAD .

PROCEEDINGS OF THE I.R.E. December, 1951

P. O. BOX 13058 .

HOUSTON 19, TEXAS
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They’re headed for

new frontiers

At the Lahoratories’ school far comnuenications development
training, the curriculum ineclades electronics, oscillations
aad wares, switching and transmission, Each subject is di-
rectly keyed to the latest field< of telephone rescareh.

Eacu year the Bell System seleets hundreds of
engineering graduates from technical schools, to
find the answers to communications problems
through the application of scienee and tech-
nology. A specifically qualified group joins Bell
Laboratories to develop tomorrow’s telephone
systemi — also. in the present emergeney. more
powerful eleetronic devicesfor the armedservices.

They come — thanks to the competence of onr
nation’s educators—with an exeellent grounding
in fundameuntals, To equip them still further. the
Laboratories operate a school at graduate level
for advanced communications.

BELL TELEPHONE LABORATORIES

Exploring and inventing, devising and perfecting, for continued improvements and economies in telephone service.

The new men receive an intensive course in
the latest theory and techniques. At the same

time they take their places as mewmbers of the
Technical Stafl doing respousible work whieh.
with their elassroom instruction. reveals where
they can make the most of their aptitudes,

More than ever America’s future must depend
on men and women who arve trained to think far
ahead in technology whether for tomorrow’s
telephones or national defense. By helping them.,
Bel Telephone Laboratories help make Aner-
ica’s telephone system the world's hest. help the
armed forces keep our conntry strong.




in your radar-response
curve with G.E.'s new
A-TR Type GL-6038!

Short recovery time

RESPONSE

FROCEEDINGS OF THE 1.R.E.

NOW READY FOR DESIGNERS AND USERS!
General Electric’s pace-setting A-TR tube
licks slow recovery time by employing a long-
life deionizing agent.

MEANS A BETTER SCREEN IMAGE! The fast
recovery of the GL-6038, by levelling off the
radar-response curve, helps produce a screen
image that is steady and complete, with no
fadeout tendencies. Your equipment *‘sees”

more dependably.

isa built-in feature!

BE SAFE, BE SURE . .. SPECIFY G-E! Broad-
band gas switching tubes for microwave
applications were pioneered by G-E. This re-
searchand extensive know-how stand squarely
back of the new GL-6038’s performance, as
with other TR, A-TR, and Pre-TR types
bearing the G-E name. Get up-to-the-minute
information! Wire or write for Bulletin ETD-
158. General Eleciric Company, Electronics
Division, Section 9, Schenectady 5, New York.

G.E. OFFERS THESE HIGH-PERFORMAMNCE GAS SWITCHING TUEES TO MEET YOUR MICROWAVE NEEDS

December, 1951

—
MAX PEAK | LEAKAGE RECOVERY
GROUP | TYPE NO. FREQ. RANGE POWER POWER TIME, MAX
TR GL-1863-A 8490-9578 mc 250 kw 30 mw 4 musecat —3 db
MIN FIRING LOACED Q
POWER TYPICAL
A-TR GL-6038 9000-9600 me 100 kw 5 kw 4
GL-18B35 |  9000-9600 mc 250 kw 5 kw 4
GL-1837 | 8500-9000 mc 250 kw 5 kw 4
GL-1844 2680-2820 mc 1000 kw 20 kw 4
GL-1B56 2775-2925 mc 1000 kw 20 ikw 4
LEAKAGE ENERGY
{} Pre-TR GL-1838 2700-2910 mc 1000 kw 100 kw .0002 joules
/
J —



Now! Complete coverage!

» SIGNAL

Now —hp— offers the world’s broadest, easiest-to-

use line of VIIF, UHF and SHF signal generators.
These are precision instruments supplying accu-
rately known frequencies up to 7,600 me. They
are deliberately designed for ntmost convenience
and acenracy in making all kinds of measure-
ments including: receiver sensitivity, selectivity
or rejection; signal-noise ratio. conversion gain,
SWR, antenna gain, transmission line character-
isties; and for driving bridges, slotted lines, filter
networks, etc.

New —hp— Model 618\, shown above, is for use
in the 3,800 10 7,600 me band. It provides a 1

5 precision instruments. Continu-

ous frequency coverage. Frequency,
output set and read directly. Wide
choice of modulation, pulsing,
delay and synchronizing. Superior
resetability. Broad applicability.

New -hp- Model 618A SHF Signal Generator

milliwatt signal into a 50-chm coaxial load (zero
dbm). Iis output attenuator reduces output level
to less than — 100 dbm. Frequencey is continuous-
Iy variable, directly read in me. Repeller voliage
tracks antomatically ; no adjustment is needed to
select the correct frequency. Accuracy is 15 of
1%. The instrument offers external frequency
modulation with maxinmum deviation of -+ 10 me.
It also may be externally pulse modulated, with a
positive or negative peak of approximately 15
volts. Internal square wave modulation is also
provided: frequency range, 400 10 1,000 cps.
$2,250 f.0.h. factory.

For complete details. write fuctory direct or see the -hp- sules representative in your area.

HEWLETT-PACKARD COMPANY

2159D Page Mill Road

® Palo Alto, California

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




GENERATORS

10 to 500 mec -hp- 608A SIGNAL GENERATOR

Output range 0.1 gv, to 1.0 v. into 50 chms. Accuracy
* 1 db. Direct reading frequency and ontput calibra-
tion, no charts or interpolation, CW. pulsed or am-
plitude modulated output (50 to 1,000,000 ¢p<). Re-
setability better than 1 mc. Master oscillator power
amplifier for widest modulation capabilities. Con-
stant internal impedance 50 chms. Maximum VSWR
1.2. 8850 f.o.h. factory.

450 to 1,200 m¢ -hp- 610B SIGNAL GENERATOR

Output range 0.1 gv. 1o (0.1 v, into 50 ohms, Acecuracy
+ 1 db. Output and frequency directly set and read.
no charts or interpolation. Modulation: internal or
external pulsed, external amplitude, external square
wave, Widely variable pulsé length, repetition, and
delay features. $925 f.0.h. faetory.

800 to 2,100 mc -hp- 614A SIGNAL GENERATOR -hp- Model 610B

Output range 0.1 gv. to 0.223 v. (1 mw). Accuracy
+ 1 db. Single dial direct reading frequency and
output, no charts or interpolation. CW, pulred and
FM output. Modulation: internal pulsed, FM, ex-
ternal pulsed. Widely variable pulsing, synchroniz-
ing, delay and triggering features. Extremely fast
rise/decay time 0.1 psec. Constant internal imped-
ance 50 ohms, SWR 3 db. $1,950 f.0.b. factory.

1,800 to 4,000 mc -hp- 616A SIGNAL GENERATOR

Output range 0.1 gv. to 0.223 v. (1 mw). Accuracy
+ 1 db. Single dial. direct reading frequency and
ontput, no charts or interpolation. Output, modu-.

lation, and synchronization features identical with Model 614A
Model 614A. Like Model 614A, instrument auto- ' )
matically tracks frequency changes, requires no volt-

age adjustment during operation. $1950 f.o.b. factory.




‘- special HARNESSES, ;
' CABLES,
CORDS

\

R Jor Military

0y

I you have a wiring

problem on any of your
Defense Projects, consult
Lenz. Here is a

dependable source for

Harnesses, Cables and

\
g\
7\ /.
/ \ A /—
. ,

/

LENZ ELECTRIC MANUFACTURING CO.

IN BUSINESS SINCE 1904 . 1751 North Western Avenve, Chicago 47, Illinois

Cords, constructed of
JAN-C-76 Approved Wire,
that can speed up your

assembly operations.

10
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weNew/ CLARE ™ RELAY...

a small, highly sensitive relay

designed for efficient operation on low power’”

CLARE Type “N” Relavs are designed for operation on

CLARE Type ‘‘N’’ RELAY extremely low power. A close-coupled magnetic circuit,
gencrous usc of magnelic iron, and unusually eflicient coil
desigu give high sensitivity while retaining high contact
pressure (minimum 30 grams) and adequate contact gap
(miniimum 0.015").

Other important advantages include small size. light
weight, and especial adaptability to hermetic sealing.

Type “N” Relavs having not more than 14 terminals for coil
and contact springs can he hermetically sealed in
enclosures of extremely small size.

For more detailed information on Clarc Type “N” Relays
you are invited to write for Bulletin No. 109. Clare sales
engineers are localed in principal cities. Call them or write
C. P. Clare & Co.. 4719 West Sunnyside Avenue. Chicago 30,
Illinois. In Canada: Canadian Linc Materials. Ltd.,

Toronto 13. Cable Address: CLARELAY.

" SPECIFICATIONS of
CLARE Type ‘N’ RELAY

coIL *Wirh a 10,000-ohm coil, 1 Form C contact (spdt], and a
standard adjustment, this relay will operate on less than
50 milliwatts. With a 450-ohm coil and four Form C con-
tacts (4pdt], it wi'l operate on 7/10 watt, even under
conditions of vibrction and high ambient temperature.

OPERATING VOLTAGE

ARMATURE
coblfach~a sAENAL Y Clare Type “SN’ Hermetically Sealed Relay

CONTACTS

TERMINALS

DIMENSIONS
Shown above is one of the hermetically sealed =steel
enclosures in which the Type "N Relay can be sealed.
Dimensions are: length: 1-7/16”7; Height: 2-1/16”;
NET WIIGHY psiione ags: Raoag /16”5 Heig /1675
Width: 153”. Net weight of relay having 12 contact
springs. six in each pileup. is 5 oz. (approx.). Note con-
nection diagram clearly and permanently imprinted on
base of cnclosure by silk screen process.

Write for CLARE Bulletin No. 109

RELAYS

MOUNTING




How much can you expect
an oscilloscope camera to do?

Scope Image Film Recording

1 Single-frame photography of stationary pat-
* terns using a continuously running sweep.

e

Scape Image Film Recording

2 Single-frame photography of single transients
* using a single sweep.

Il

Scope Image Film Recording

3 Continuous-motion photography employing film
* motion as a time base.

sesasssssasssa
e
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Scope Image Film Recording

4 Continuous-motion photography employing
* oscilloscope sweep as a time base.
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FILM MOTION FILM MOTION

TIME BASE & SCOPE SWEEP

5 Continuous-motion photography employing
* combination of film motion and oscilloscope
sweep as a time base.

It’s only reasonable that you should expect the oscilloscope camera vou buy
to record what vou sec on an oscilloscope screen during any period. But can
it be expected to do any more? We think so.

FFor example, did you know that the Fairchild Oscillo-Record Camera—our
idea of the most versatile 35-millimeter oscilloscope camera now available—
Call GREATLY EXTEND THE USEFULNESS OF YOUR OSCILLOSCOPE?

As you know, many non-recurring phenomena oceur too rapidly to permit
adequate visual study. Others occur so slowly that continuity is lost. Some-
times you have combinations of very slow-speed phenomena and occasional
high-speed transients. In any one of these cases, the Fairchild Oscillo-Record
Camera will take over where your eye and the oscilloscope leave off.

This extremely versatile instrument is now being used daily by many
hundreds of engineers in widely diver-
gent fields. For an idea of what it can
do for you, study the five scope images
and recordings iltustrated at left. Each
solves a particular problem.

Oscillo-Record users especially like
its:

CONTINUOUSLY VARIABLE SPEED CONTROL —
1 in./min. to 3600 in./min.

TOP OF SCOPE MOUNTING that leaves con-
trols casily accessible.

PROVISION FOR 3 LENGTHS OF Fitm— 100,
400, or 1000 feet.

FAIRCHILD OSCILLO-RECORD CAMERA — 1,
camera, 2. periscope, 3. electronic control

0 . g unit. Available accessories include externat
For more data write Fairchild Cam- 400 and 1000 foot magazines, magazine

era Instrument Corp 88_06 Van Wka adaptor and motor, universal mount for cam-
e

era and periscope, binocular split-beam

Blud., Jamaica 1, N.Y. Dept. 120-16CI.  viewer.

VALUABLE RECORDS FOR IMMEDIATE EVALUATION
The Fairchild-Polaroid® Oscilloscope Camera produces a photographic print in a minute

Valuable but inexpensive oscillograms for immediate evaluation; automatic one-
minute processing without a darkroom; a set up time of two minutes or less—they’re
just three of the many advantages that are yours when you use the Fairchild-Polaroid
Oscilloscope Camera. Wherever individual exposures meet your recording require-
ments—where you’d like to have permanent records of the traces you’re now sketching
or carrying in your memory, this is the camera that can bring new speed, ease and
economy to your job. Prints are 3%x4¥% and each records two traces exactly one-half
life size. Write today for details.

A minute
after
you’ve pulled
the tab
a finished print
is ready
for evaluation

La1rcHILD

/
O/SICILLOSCOPE RECORDING CAMERAS

PROCEEDINGS OF THE 1.R.E. December, 1951



SMALL PARTS

—figuring

in
Electronics!

N

—
|

i Hermetically Sealed
MULTIPLE HEADERS and SEALED LEADS

Hermetically sealed multiple headers and leads are vital parts
oMty of countless electronic and elecirical assemblies. E-I offers these
ILLUSTRATED important components in over 100 different standard types with

LITERATURE a variety of optional features. Thus, E-l cffers a quick, economical

AVAILABLE NOW! so'ution to most terminal problems. For specialized applications,

B SR T (T o nkiat E-l engineers can design and produce multiple headers and

o v sealed leads to meet your requirements at a practical cost. If

literature just off the press.

L Rk | 4§ your problem involves the kermetic sealing of terminals and

special prablems is alsa avail-

able withaut abligatian. |eadSI COnSUH’ us +Oday|

} ELECTRICAL INDUSTRIES ° INC.

%4 SUMMER AVENUE, NEWARK 4, NEW JERSEY

|
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BUSINESS IN MOTION

%/M {%7«,&« e %m Lacoiizess

For several years this space has been used to tell
how Revere has collaborated with its customers, to
mutual benefit. Now we want to talk about the way
our customers can help us, again to mutual benefit.
The subject is scrap. This is so important that a
goodly number of Revere men, salesmen and others,
have been assigned to urge customers to ship back
to our mills the scrap generated from our mill prod-
ucts, such as sheet and strip, rod and bar, tube,
plate, and so on. Probably few people realize it,
but the copper and brass industry obtains about
30% of its metal requirements
from scrap. In these days when
copper is in such short supply,
the importance of adequate sup-
plies of scrap is greater than
ever. We need scrap, our indus-
try needs scrap, our country
needs it promptly.

Scrap comes from many dif-
ferent sources, and in varying
amounts. A company making
screw-machine products may
find that the finished parts
weigh only about 50% as much
as the original bar or rod. The turnings are valu-
able, and should be sold back to the mill. Firms
who stamp parts out of strip have been mate-
rially helped in many cases by the Revere Tech-
nical Advisory Service, which delights in working
out specifications as to dimensions in order to
minimize the weight of trimmings; nevertheless,
such manufacturing operations inevitably produce
scrap. Revere needs it. Only by obtaining scrap
can Revere, along with the other companies in the
copper and brass business, do the utmost possible

14A

in filling orders. You see, scrap helps us help you.

In seeking copper and brass scrap we cannot ap-
peal to the general public, nor, for that matter, to
the small businesses, important though they are,
which have only a few hundred pounds or so to dis-
pose of at a time. Scrap in small amounts is taken
by dealers, who perform a valuable service in col-
lecting and sorting it, and making it available in
large quantities to the mills. Revere, which ships
large tonnages of mill products to important manu-
facturers, seeks from them in return the scrap that
is generated, which runs into
big figures of segregated or
classified scrap, ready to be
melted down and processed so
that more tons of finished mill
products can be provided.

So Revere, in your own inter-
est, urges you to give some ex-
tra thought to the matter of
scrap. The more you can help
us in this respect, the more we
can help you. When a Revere
salesman calls and inquires
about scrap, may we ask you to
give him your cooperation? In fact, we would like
to say that it would be in your own interest to
give special thought at this time to all kinds of
scrap. No matter what materials you buy, the
chances are that some portions of them, whether
trimmings or rejects, do not find their way into
your finished products. Let’s all see that every-
thing that can be re-used or re-processed is turned
back quickly into the appropriate channels and
thus returned to our national sources of supply,
for the protection of us all.

REVERE COPPER AND BRASS INCORPORATED

Founded by Paul Revere in 1801
Executive Offices: F .8
230 Park Avenue, New York 'I7 N. Y.

SEE "MEET THE PRESS” ON NBC/ T!LEVISION EVERY SUNDAY

3
&
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f PRODUCTS OF WORLD-FAMOUS

 DAVEN

_’“7'7"_ -ﬁ;—_—r .—a.—-—‘;ﬁ :

CI{EATIVE ENGE

hl

’.___._

YEARS AHEAD, CREATI/E-ENGINEERING

has always characterized Daven's efforts in the
production of electronic components and equip-
meri.

The unit illustrated above is only onc in a com-
plete line of Daven's world-famous attenuators.
Because this Company has pioneered and created
so many worth-while improvements in units of
this type, you can do no better than to specify
Daven Attenuators.

Daven’s skilled stafl of specialist-engineers is at
your “beck and call” to help with your problems
in the selection of the right attenuators for the
equipment you are designing.

Write for complete catalog data.

«DAVEN-

195 CENTRAL AVENUE
NEWARK 4, NEW JERSEY

_J




There’s a(j [Potentiometer
for every application

RVP3* High Precision machined aluminum base L
Potentiometers . . . available in models for either linear
or non-linear functions with standard resistance values
up to 200,0008. Linearity to +0.1%. Eleven gang
assembly shown — example of TIC's potentiometers
multi-ganged with TIC's adjustable clamp ring. Can be
supplied (0 meet various mounting requirements —
| Miniaturization of precision potentiometers is keeping single hole, 3 tapped hole mounting or servo mounting
pace with the increased demand for smaller assemblies as desired.
and com act design. Now you can minimize wasted
space wit ’IIC'.s outstanding, new RV%4* and RVL-1/16*
Mm:ature.Potcnnomptcrs. .

In spite of their thumbnail size the RVY; and the
RVi-i/16 are precision, high linearity variable resistors,
{0r adjustable trimmers) of high stability — achieving
a standard of performance hitherto unavailable in such
miniature potentiometers. _

', Construction features include: precision machined alu-
minum base . . . low torque . .- all soldered connections
except sliding contacts . . . paliney contacts . . . can be
sealed to withstand all bumidity, salt sprgly and altitude
specifications. Ganging if desifed with IC adjustable
clamp ring. ) . . B

| RV%® available with linear resistance elements only
= nine standard resistance values from 100 to 25,000 ohms.
Power rating 6 waus at 25°C. Illuscration shows RV

Sine and cosine potentiometers
available in RVP3* and RV2* bases,

Potentiometers . . . semi-standardized types
of precision machined aluminum base poten-
tiometers with exceptionally high electrical
accuracy and mechanical precision. For —+
both linear and non-linear functions. De-

5 3 A . signed for precision instrument, computer
with threaded bushing . . . servo mounting available g . I2 . ’ p.
if desired. and military applications. Accurate phasing

RYI-1/16* available with linear or non-linear resistance of individual units possible with clamp-ring
elements — nine standard resistance values from 100 to

3 f ing. Ball beari Is avail 2
50,000 ohms. Illustration shows RVI-1/16 with 3 tapped method of ganging. Ba caring models available

hole mounting . . . servo mounting or threaded bushing
if desired.

Type RVT Translatory Potentiometers

actuated by longitudinal instead of
rotary motion providing linear electrical
output proportional to shaft displacement.
Used as a position indicator, high ampli(udc/
displacement type pickup and for studying
low freqdency motion or vibration. Features
exceptionally high linearity and resolution.
Available in various lengths and resistance
values.

L=

Tapped mounting inserts

Bronze bushing

Totally enclosed with cover

"Constrict-O-Grip" clamping to shaft
—(no set screws)

Precious metal contacts

Silver overlay on rotor take-off slip ring

Type RV3* Bakelite Base Precision
Potentiometers . . . available in models for either linear or non-linear functions.
Stock resistance values ranging from 100§ to 200,000 ST and power ratings
of 8 and 12 watts. 360° mechanical rotation or limited by stops as desired.
Potentiometers of this type available to widely varying accuracy requirements
(linearity 10 +0.25%) — see TIC Bulletin RV3.250. Special models available
for high humidity applications.

TECHNOLOGY INSTRUMENT CORP.

531 Main Street, Acton, Mass.

Telephone: Acton 600

® Engineering Representatives
Cleveland, Ohio — PRospect 1-6171 Manbhasset, N. Y. — Manhasset 7-3424
Chicago, 1ll. — UPtown 8-1141 Boonton, N. J. — Boonton 8-3097 N
Rochester, N. Y. — Monroe 3143 Cambridge, Mass. — ELiot 4-1751 *Numbers refer to diameter of bases.
Canaan, Conn. — Canaan 649 Hollywood, Cal. — HOllywood 9-6305
Dayton, Ohio — Michigan 8721 Dallas, Texas — Dlxon 9918
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The newest addition to Sperrv’s Microline™ is

Model 296B Microwave Receiver for laboratory use.
This instrument is an important addition to

the microwave laboratory where a good secondarv
standard of attenuation is required.

The versatility of Model 296B permits measurements
to be made at all microwave and UHF frequencies.
In addition to its use as a secondary standard

of attenuation. this receiver has many

other uses . . . one of the more important

being antenna pattern measurements.

(it

o

Model 296B consists of a 30 me pre-amplifier.
IF amplifier and precision 30 mc waveguide
below cut-off attenuator. Included in the receiver
is a well-regulated klystron power supply.
Klystron stability is assured by self-contained
automatic frequency control circuitry.

Our Special Electronics Department will be happy
to give you further information on this
instrument as well as other Microline equipment.

DIVISION OF THE SPERRY CORPORATION

[H GYROSCOPE COMPANY

GREAT NECK, NEW YORK - CLEVELAND - NEW ORLEANS - BRODKLYN - LOS ANGELCS - SAN FRANCISCO - SEATTLE
IN CANADA — SPERRY GYROSCOPE COMPANY OF CANADA. LIMITED, MONTREAL. QUEBEC

PROCEEDINGS OF THE I.R.E. December, 1951

N Ew SPERRY

MICROLINE
RECEIVER FOR
ACCURATE
MEASUREMENTS
AT MICROWAVE

FREQUENCIES

. e
- .

Model 296B Microwave Receiver

30 Mc Amplifier Gain: 70 db + 30 db preamp gain
— 15 db insertion loss.

IF Bandwidth: 1.8 Mc.

Attenuator: Inscrtion loss 15 db; 30 db attenuation
runge with detent positioas a1 10 db steps.

Local Oscillator Power Supply: Beam supply
600 to 800 volts 50 ma, continuovsly variable,
positive grounded. Reflec.or supply continuously
variab e from —10 to —500 volts with respect
10 cathode.

Accessories Supplied: One pre-amplifier, one pre-
ampliter power cable, one klystran power cable,
1wo 38 Mc IF cables.

Accessories Needed: Local Dscillatar Klystron
and 4 mixer.

17a
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SERIES

R-F. CONNECTQpS

BY K'NGS

Shown are a few of the "N’ Series
R.F. Connectors made by Kings. These
low voltage connectors are of con-
stant impedance and come in both
weather-proof and non-weather-

proof types.

Electronics engineers look to Kings
for Connectors. A valued recognition
which has been earned by many years
of specialized work in this field. When
you call on Kings you get the benefit
of years of engineering, research and

production experience and know-how.

You are invited to write for quotations
and delivery dates on all standard

and special connectors.

@KINGS f/lec!/corda CO., INC.
40 MARBLEDALE ROAD, TUCKAHOE, N. VY.

IN CANADA: ATLAS RADIO CORP., LTD., TORONTO
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TH
If i’s a tough potentiometer problem, bring it to "9"[)0'

—for Helipot has facilities and know-how unequolled in the industry for mass-producing
precision potentiometers with odvanced operating and electricol features.

This recently-developed *“Model J’ Helipot, for example, combines several revolutionary ad-
vancements never before aveilable in the potentiometer field. ..

(N ical €

Precise M tricity

Modern servo mechanisms and computer
hook-ups require high mechanical precision
to insure uniform accuracy when connected
te servo motors through close-tolerance gears
and couplings.

In the “Model J,” close concentricity
between mounting surface and shaft is as-
sured by a unique mounting arrangement.
The unit can be aligned on either of two
wide-base flange registers and secured with
three screws from the front of the panel...
or it can be secured with adjustable clamps
from the rear of the panel to permit angular
phasing. Or if preferred, it can be equipped
with the conventional single-hole bushing
type of mounting.

In addition to accurate mounting align-
ment, exact rotational alignment is assured
by the long-life, precision-type ball bearings
upon which the shaft rotates. Precise initial
alignment coupled with negligible wear
mean high sustained accuracy.

MHigh Electrical Accuracy

Helipot products have long been noted
for their unusually high electrical accuracy
and the “Model J” embodies the latest ad-
vancements of Helipot engineering in this
field.

Fer example, tap connections are made
by a new Helipot welding technique whereby

PROCEEDINGS OF THE I.R.E.
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the tap is connected te only ONE turn of
the resistance winding. This unique process
eliminates “shorted section” problems!

High linearity is also assured by Heli-
pot's advanced production methods. Stand-
ard “Model J” linearity accuracies are guar-
anteed within £0.5%. On special order, ac-
curacies to *0.15% (capacities of 5000
obms and up) have been obtained.

Boll Bearing Construction

The shaft of each “Model J” is care-
fully mounted on precision-type ball bear-
ings that not only assure sustained rota-
tional accuracy, but also provide the con.
stant low-torque operation so essential for
servo and computer applications. Starting
torque is only 3% of an inch-ounce (£.25 in.-
oz.) —running torque, of course, is even less.

Independent Phasing —

When using the “Model J” in ganged
multiple assemblies, each section can be
independently phased electrically or me-
chanically —even after installation en the
panel — by means of hidden internal clamps
controlled from outside the housing. Phas-
ing is simple, quick, accurate!

Mass-Production Economies

In addition to its many other unique
features, Helipot engireers have developed
unusual techniques that permit mass-produc-
tion economies in manufacturing the “Model
J”. Actual price depends upon the number
of taps required, special features, etc....
but with all its unique features, you will
find the “Model J” very moderate in cost.®

Wide Choice of Designas

The “Model J” Helipot is available in
a wide selection of standard resistance
ranges—>50, 100, 1,000, 5,000, 10,000, 20,000,
30,000 and 50,000 ohms...in single- or
double-shaft designs. .. with choice of many
special features to meet virtually any re-
quirement within its operating field.

*Write for Bulletin 107 which gives complete data and
price information on the versatile “Mode! J* Helipotl

e H1EliD01 corrorarion

South

sadena 6, California

Field Offices: Boston, New York, Philodeiphio, Rochester, Clevelond, Detroit, Chicago, St. Louis,
Los Angeles and Ford Myers, Florido. Export Ageats: Fratham Co., New York 18, New York

1951

'World Radio Histol
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Designed for Application

Grid Dip Meters

Millen Grid Dip Meters are avallable to meet all varions laboratory and
servicing requirements,

The 90062 Industrial Crid Dip Meter completely calibrated for laboratory
use with z range from 220 ke to 300 me. incorporates features desired for
both industrial and laboratory application, including three wire grounding
type power cord and suitable carrving casc,

The 9066 Industrial Grid Dip Meter is similar to the 9662 exeept for a
reduced range of 1.7 to 300 me. It likewise incorporates the three wire
grounding type cord and snetal careying case.

The 90651 Standard Grid Dip Meter is a somewhat less expensive version
of the grid dip meter. The calibration while adequate for general nsage
is not as complete as in the case of the industrial model. Tt is supplied
without grounding lead and without carrving case. ‘Ihe range s 1.7 to
300 me. Extra induetors available extends range to 220 ke,

The Millen Grid Dip Meter iz a calibrated stable RIS oseillator umt with
a meter to read grid current. The frequeney determining eoil is plegged
into the unit 2o that it may be used as a probe.,

These instruments are eanplete with a built-in transformer type A.C,
power supply and interminal tereinal board to provide connections for
battery operation where it is desirable to use the unit on antenna measnre-
ments and other usages where At power is not available, Compactness

JAMES MILLEN

MAIN OFFICE

MALDEN, MASSACHUSETTS, U.S.A.

has Leen achieved without loss of performance or convenience of usage.
The ieorporation of the power supply., oseillator and probe into a single
unit provides a eonvenient deviee for cheeking all types of eireuits, The
indicating instrument & a standard 2 inch General Electrie instrument
with an easy to read scale. The calibrated dial is a large 2707 drum dial
which provides seven direet reading seales, plus an additional nniversa
seale, all with the same length and readability, Fach rang
vidual plug-in probe completely enclosed in a contour fitting polystyrene
case for assurance of perumnerce of eaibration as well as to prevent any
pos-ibility of meeaanical damage or of unintentional contact with the
components of the circuit being tested.

The Grid Dip Moters may be used as:

v Grid Dip Oscillator

An Oseillating 1 hetecior

A Siznal Generator

. An Indicating Absorption Wavemeter

1o

The most common usage of the Grid Dip Meter is as an oseillating
frequency meter to determine the resonant frequencies of de-energized
tuned cireunits,

Size oI Grid Dip Meter only (less probe): 7in. x 3% in. x 3% in,

MFG. CO., INC.

AND FACTORY
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“Eimac 4-65A
fits exacting
requirements’’

John M. Kaar, President of
Kaar Engineering Co., promin-
ent manufacturers of high qual-
ity radio-telephone equipment.

\

KAAR ENGINEERING CO.

Lorges Wt Came Mosafocreees o basimels —
e Tome DAvIREORT
e e

3 a00%
sepn miDDLEFIELD RO
PALO ALTO. CALIFORNIA

Eimac 4-65A tetrodes are the heart of the

Kaar FM-179X mobile transmitter. As Mr.
July 13, 1951 Kaar indicates, his engineers chose these
tetrodes because they were known to be

£1tol-MeTullouga, Inc: ouifiéndl.ngly dep.endable and because they
79g San Mateo Avenue exhibit highly desirable operating character-
San Brupo, Californid -

Gentlemeni

] obile 2 H
For some time now our PU-178X §0 n;tzfmmm The 4-65A is excellent for power ampli-
or

o . A .
tranemitters have been in use, fier and modulato- service in beth fixed and

]I
~ extremely trying
o countries under © . .
t:ef-gxc‘ﬁss o aones mobile stations. They operate over a plate

gou would be lnterestedtigekré%‘;tng voltage range from 600 to 30C0 volts with
" isve ¥ 5 y u ]

‘:‘;,‘;’1& Eimac 4-65R “ie;‘ﬁra:xgts n design- output powers ranging from 50 to 280 watts
could fit our exscting 66A combines rugged-

- er tube. Upper operating frequen
ing GRS aq?g‘:i‘;t; .ﬁkéea‘isn power output in &n A P 9 quency of the
ness, ¢epencs P .

be that cun stand up BRSGL 4-65A under normal cenditions is 220 Mc.
- ting tube s ’

tg:t:s:tngffiiulb operating conditions
made possible cone deslgn

ely low 4
powsred mobile ts::iﬁfner wiun exerenety Put Eimac 4-65A tetrodes ./3
venicle battery ) to work for you . . . take

cordially, advantage of their proved 4
M. [Codr- performance and low cost. Y
John K. Kear Complete data evailable upon  Sgkf_3
request. \

g

Fellow the Leaders to

301

EITEL-McCULLOUGH, INC. /a!f'

The Power tor R-F
San Bruno, California

Export Agents: Frazar & Hansen, 301 Clay St,, San Francisco, Califsrnia
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175 SERIES

125 SERIES

225 SERIES

90 SERIES |

W

! ROUND

Evcellence 1t Elockronecs
e first ime - - ndard control knobs worthy
mercial Of military equip _available
of widely used ;onal styles
1se of custon designing

«Tenite 117 (cellulose ?

rate) with dual Se1SCrews and anodized aluminun?
drilled for 1, -inch diameter shafts. Miniatare
«inch shafts.

round, dia) and poirter knobs also a¥
1 j gloss mirror

Black knobs €2f
| nish for commercial applicati n-reflecting
~ Manu-

matte finish for use on &
facturers in sted 10 colore

or contrast with color sty
submit their requirements
-
~~ _fINISH

LL IN MATTE OR M\RROR \“)X\,
Write for Complete Informaltion
Address Dept: 6470-KP
RAYTHEON N\ANUFACTUR\NG COMPANY

Now, for th
of the finest com
ina complete choice
—without the heary expe?

Made of rough, durable

tere

A

Mmass.

Equipmen' Sales Division — Waltham 54/

-

]
’

SKIRTED POINTER
| CRANK

DIAL SKIRTED ROUND

S
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HERMETICALLY SEALED
ELECTRICAL COMPONENTS

Plugin type of termincls are becoming increasingly popular because of
the easy, fool-proof nature of their use. The tongued centering key fits a
correspondingly grooved socket. FUSITE offers a large variety of this style
terminal ranging from 2 to 20 electrodes and in several flange sizes and
treatments. All terminals are reguler FUSITE glass-to-steel construction.
Sockets are available for oll FUSITE Plug-in terminals.

- pa— Available Flange Treatments

\ kg ® .
"'3'(‘}‘ 4.0 = —
WO THET e — = e
NS [y, — [ - —

i J il | | . = g ks R

b= 1 llw S S - g -4 { — =X

. = 2R = = b I

= g.‘_".' iy mr_[:a‘JJ l v Wrrl,;c) Y et )
. | LL——-,%,ZB e
7-900 HTO Series j % l L Lg ' |
2000 V (RMS) [ % L E ————— |
Available 2 to 8 hollow I?j & &
tube electrodes. TYPE 2
TYPE 3
L 7-900 HTO Series with .
7-900 HTO Series special 90° solder flange. 7-900 HTO Series
with standard 60° Caps 1”7 O.D. can. Also with special offset
solder flange. available as Type 2B to flat solder fiange.

cap 1.540”0O.D. can. and
Type 2C to cap 1%”
O.D. can.

7-2300 HTO Series

D.
2000 V (RMS) eo® 1 —
Available 11 fo 20 o | - +.052° oo
! L
hollow tube electrodes. .

«» TERMINALS >~
™ PROTECY PRODUCT & ™
v PERFORMANCE : \ I T
"* & THE CORPORATION
£ 1
G b 6028 FERNVIEW AVENUE - CINCINNATI 13, OHIO
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1830 SOUTH 54TH AVENUE « CHICAGO 50 IlLINNOIE

' News—New Products

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

information. Please mention your |.R.E. affiliation.

| Sub-Miniature Sliprings

Naer Corp., 631 S. Sepulveda Blvd., W'
Los .Angeles 49, Calif., has produced a new
line of sliprings. These rings are fabricated
with Formex magnet wire because of the
physical properties of its insulating film,
plus a coating of NALER L-15 insulation,
l making them practical for use in all com-

munications, gear and industrial electronic
! equipment. It has flexibilitv, exceptional

dielectric strength, heat resistance, abra-
| sion and shock resistance.

These sliprings are molded with a
special compound NC-101 which has a
Tensile strength, psi 4,000 4,400; flexural
| strength, psi 6,000-6,500; Rockwell Hard-
ness (M scale) 27.0; heat distortion tem-
perature of 225 235°F. Special molding
forms eliminate shrinking, swelling, and
temperature effects.

Nylon Tubing for
Thermistors

Anchor Plastics Co., Inc., 533 541
Canal St., New York 13, N. Y., announces
that extruded Nylon tubing about the
diameter of a lead pencil is being employed
to encase one type of glass-enclosed bead
thermistor used in time-delay circuits.

The thermistor is inserted in a length
of tubing and the ends of the tubing
pressed flat under heat in an hydraulic
press for a given length of time. This gives
Nylon the “set” desired.

The tubing provides mechanical pro-
tection of the glass bulb, electrical insula-
tion (no metal end caps are required), and
protects against straining the glass bulb
through flexure of the connecting leads.
Nylon readily takes the shape desired and
is heat resistant.

Heat resistance is a factor because the
connecting leads are soldered during as-
sembly into circuits and the apparatus in
which the thermistors are used must oper-
ate properly over a wide range of tempera-

tures.
(Continued on page 284)
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THE COURSE OF YOUR CAREER
may depend upon what you do about
your future —now. A sure way to
miss success is to miss opportunity.

Now is the time for qualified
ELECTRONIC, ELECTRICAL and ME-
CHANICAL ENGINEERS . . . PHYSICISTS

. METALLURGISTS . . . CHEMICAL
and CERAMIC ENGINEERS . . . as well
as TECHNICAL SALES ENGINEERS to
decide to take full advantage of the
opportunities now open at RCA to
achieve professional success.

UFELONG
CAREER OPPORTUNITIES

These are not temporary positions.
They arc independent of national
defenise requirements. The openings
represent a wide choice of long-term

government projects as well as chal-
lenging work in the permanent ex-
pansion of a diversified line of
commercial products.

YOU ENJOY THESE BENEFITS

At RCA, you enjoy professional
status, recognition for accomplish-
ments . . . unexcelled research facili-
ties for creative work . . . opportuni-
ties for advancement in position and
income . . . pleasant surroundings in
which to work. You and your families
participate in Company-paid hospi-
tal,surgical,accident,sicknessandlife
insurance. Modern retirement pro-
gram. Good suburban or countryresi-
dential and recreational conditions.
Opportunities for graduate study.
Investigate opportunities today.

POSITIONS OPEN
IN THE FOLLOWING FIELDS:

TELEVISION DEVELOPMENT—
Receivers, Transmitters and Studio
Equipment

ELECTRON TUBE DEVELOPMENT—
Receiving, Transmitting, Cathode-Ray,
Phototubes and Magnetrons

TRANSFORMER and COIL DESIGN

COMMUNICATIONS—
Microwave, Mobile, Aviation, Special-
ized Military Systems

RADAR—
Circuitry, Antenna Design, Computer,

Servo - Systems, Information Display
Systems

INDUSTRIAL ELECTRONICS—
Precision Instruments, Digital Circuitry,
Magnetic Recording, Industrial Televi-
sion, Color Measurements

NAVIGATIONAL AIDS
TECHNICAL SALES

ELECTRONIC EQUIPMENT FIELD
SERVICE

MAIL RESUME

If you qualify for any of the positions listed above, send us a
complete resumé of your education and experience, also state
your specialized field preference. Send resumé to:

PROCEEDINGS OF THE 1.R.E.

Whatever your plans for the future—you
will find the bhooklet “The Role of the
Engineer in RCA” interesting reading.
Write for your free copy.

MR. ROBERT E. McQUISTON,
Specialized Employment Division, Dept. 94X
Radio Corporation of America,

30 Rockefeller Plaza,

New York 20, N. Y.

gl
m» RADIO CORPORATION of AMERICA
L=

December, 1951
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LTI 3. .. choice of
EASTERN Air Lines

180 Channel WILCOX Communications System
Chosen for Eastern’'s Entire Fleet of
SUPER CONSTELLATIONS and MARTIN ¢-0-4s

Eastern Air Lines demanded the finest communi-
cations equipment available to match the ad-
vanced, efficient operation of their modern new
fleet. No greater compliment could be paid to
Wilcox radio equipment than to be selected for
this challenging assignment.

The Wilcox 440A VHF Communications System
covers all channels in the 118-136 Mc. band. It is
light in weight, small in size, and easy to maintain.

UNIT CONSTRUCTION FOR EASY HANDLING

The 50-watt transmitter, high sensitivity receiver,
and compact power supply are each contained in

a separate JAN AIl.D case. Any unit may be
instantly removed frcm the common mount.

FINGER-TIP REMOTE CONTROL

All transmitter and receiver functions are avail-
able by remote control. A new channel selector
system assures positive operation and minimum
maintenance.

DEPENDABILITY AND EASY MAINTENANCE

Simple, conventional circuits minimize the number
and types of tubes and require no special train-
ing, techniques, or test equipment.

Wnite “Joday FOR COMPLETE INFORMATION ON THE
WILCOX 440A 180 CHANNEL VHF COMMUNICATIONS SYSTEM

WILCOX ELECTRIC COMPANY

FOURTEENTH AND CHESTNUT

KANSAS CITY 1, MISSOURI, U.S.A.
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Type Diameter Lead Width Thickness

b1 DI-2 Di-3 D4 DIs DI-6

Hlustrations approximately actual size.

Temperature Compensating DISK Capacitors

Capacity range [rom 475 mmf on the D16 N1100 material dowir to .3 mmf on the DI1 size with
tolerances of + 5% or greater. Conservatively rated for working voltage at 500 volis DC and flash
tested at 1500 volis DC. lnml.llmn resistance at 100 volts is well over 10.000 megohms. Eleetrodes
are fired diveetly to the low loss dieleetrie and are coated with a non-hydroscopic phvnolu for protee-
tion against moizture and high humidities. Conform to RTMA Class | ceramie capacitors.

Extended Temperature Compensating DISK Capacitors

Produced from a recently developed gronp of extended coeflicient ceramies, this tvpe of H1-Q Disk
permits a much wider temperature (umpcnﬁalm" range than was possible on the formerly available
normal lincar temperature coeflicient ceramies gpeuh(a“v (l(‘\clupe(l for applications requniring a
very large gradient of capacity versns lmnpcraluu‘ These new Hi1-Q Disks exhibit velatively higher
dicleetric constants permitting eapacities in the range intermediate between the high K and linear or
normal group of ccramics. The Q (@ minimum of 250 at 1 megacycle) is somewhat ]ow('r than the Class
1 ceramies. It has, therefore, not been classified by RTMA as Class 1. However, characteristics are

superior to by-pass Class 2 ceramics.

Companion Lines to the Popular
HiI-Q By-pass DISK Capacitors

DI-1 5/16" Max. | 3/16" +1/16" | 5/32" Max.
DI-2 3/8" Max. 1/4" +116” | 5/32" Max.

DI.5 | 11/16” Max. | 3/8” +1/8" | 5/32" Max.
DI-6 | 3/4” Max. | 3/87+1/8" | 5/32” Mox.

The widely used H-Q By-pass Disks ave fixed ceramice
diclectrie capacitors which meet RTMA Class 2 specilica-
tians. Thev ave available inthe complete capacity range

” v +1/8" ” .o . < . ' 8 —
DI-3 | 7/16" Max. 174" 2 g7 5/32" Max. of from .3 mmf( to 30.000 mmf. Standard toleranees of 5%
Di-4 | 19/32” Max. 1/4""_"’69 5/32" Max. thra 209 where applicalile can be furnished.

Write for Engineering Bulletin Giving
Details of ull HI-Q DISK Capacitors

*Trade Mark Registered U.S. Patent Office

Electrical Reactance (orp.

OLEAN, N. Y.
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Quthman
coil quality

edwin i. guthman

company is

independent maker
of coils
and other basic

electronic components

cﬂ&.i}:: LM- .

edwin i. guthman & co., inc.
§5 s. throop st. chicago7..CH 3-1600

also attica, indiana .

BURTON BROWNE ADVERTISING

the world's largest

‘News—New Products

(Continued from page 24.1)

| Pulsed Carrier Generator

A new pulsed-carrier generator called
[the RADA-PULSER is offered by Kay
| Electric Co., 14 Maple Ave., Pine Brook,
N. J., to give transient response informa-
tion in laboratories, on production lines,
sz(l in the field. The instrument is engi-
| neered for military as well as commercial
usage.

The Rada-Pulser specifications are as
follows: carrier frequencies; 30 and 60 c;
pulse widths; 0.1 and 0.25 microseconds; |
pulse repetition rate; continuously variable |
from 500 to 2,000 pps; Maximum rf out- |
put, approximately 1 volt at 70 ohms;
Attenuators; 20 db, 20 db, 10 db switched
10 db continuously variable.

Pulse output is 50 volts at 70 ohms.‘
Ajack is provided to permituse of envelope
pulses. External modulation: Input termi-
nals provided to permit modulation by |
other pulse widths from external sourcv:.|
Trigger pulses: Positive and negative fur-
nished ahead of pulsed carrier 10 trigger
oscilloscope  sweep circuit.  Regulated
power supply is huilt in.

Price: $595.00, F.O.B. factory. \Write
to manufacturer for additional information
and latest catalog.

Molded-In Selenium
Rectifiers !

Electronic Devices, Inc., Precision
Rectifier Div., 429 12th St., Brooklyn 15,
N. Y., announces that all ratings up to 200
ma dc output in the Plastisel line of
miniature selenium rectifiers are molded
in, similar to small tubular capacitors. The |
outer case is spiral-wound phenolic tubing ’
filled with wax which shows no sign of
softening at 100°C. The thermal conduc-
i tivity of this wax and the low loss plates |
| compensite for the loss of cooling due to

molding-in. These rectifiers are manu- |
I factured with bare or insulated tin-copper
leads

e
| ] | o
=

| In ratings from 250 to 500 ma dc the
standard open-plate construction is used.
However, the plates lead to cooler opera-
tion and longer life. Al open and closed
construction stacks are standard in 380
> T U ratings (130 volts ac into a capaci-
tor). They can also be had in other voltage
ratings and as doubler units for special ap-
plications. Al Plastisel rectifiers are guar-
anteed for 1,000 hours or 1 vear, which-
ever occurs first.
(Cintinued on pgae 56A4)

SILVER
GRAPHALLOY

For extraordinary
electrical performance

THE SUPREME BRUSH
AND CONTACT MATERIAL

for BR"S“ES

s for high current
density

* minimum wear

¢ low contact drop

¢ law electrical noise

¢ self-lubrication

for
CONTACTS

* for low resistance

T * non-welding
; ; character

.
Gropholloy is o special
l k silver-impregnoted grophite

Accumulated design experience counts =
call on vs!

GRAPHITE METALLIZING

CORPORATION

1001 NEPPERHAN AVENUE, YONKERS 3, NEW YORK




g/ves @ High Magnetic Saturation

Ou W High Permeability at very high
Flux Densities

w High Value of Positive Magnetostriction

W Design Possibilities for Savings
in Weight, Space and Materials

Typical use of Permendur
in the ADL ELECTROMAGNET

(ARTHUR D. LITTLE, Inc.)

PURE IRON YOKE

POLE
PIECE
BOLT

PERMENDUR
INTERCHANGEABLE
POLE PIECES

HEAVY SOUD LINE SHOWS PERMENDUR
POLE PIECE WITH 1° DIAMETER FACE
DOTTED LINE SHOWS PERMENDUR POLE
PIECE WITH 11" DIAMETER FACE |

UNG FLUID LINE —emte i |
COOLNG FLU — |

Sectional Detail of Yoke Half

Permendur is available in Forgings, Castings, Hot-Rolled Bars and Plates

o meet your design needs for form or shape. Whrile ép@%&wwz%n,_

*Manufactured under license arrangements with Western Electric Co. WaD 3929

' > THE ARNOLD ENGINEERING COMPANY

- N SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION
~anos® General Office & Plant: Marengo, lllinois
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Wide [Band UNIVERTER

for complete frequency coverage

when used with the

FM-AM SIGNAL GENERATOR TYPE 202-B

5 5 I I e e - —t =
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FM-AM SIGNAL GENERATOR

TYPE 202-8

The standard signal source for the FM and TV industry.

Univerter 207-A extends frequency range down to 0.1 mc. with-
out change in signal level or modulation characteristics below.

SPECIFICATIONS:
RF RANGES: 54-108, 10B-216 mc.
FREQUENCY DEVIATION: 0-24 kc., 0-BO kc., 0-240 ke.
FM DISTORTION: Less than 2% at 75 ke. deviation
AMPLITUDE MODULATION: Continvously variable 0-50%.
RF QUTPUT VOLTAGE: 0.1 microvolt to 0.2 volt.

PRICE $975.00 F. O. B. BOONTON, N. J.

UNIVERTER
TYPE 207-A

The Univerter Type 207-A provides a continuous exten-
tion of the frequency range of the 202-B FM-AM Signal
Generator down to 0.1 mc. The two instruments may be used
over a continuous frequency range of 0.1 mec. to 216 mc.
The Univerter Type 207-A subtracts 150 me. from a signal
obtained from the 202-B and provides outputs between
0.1 mc. and 55 mc. without change of signal level. Negligible
spurious signals are introduced and modulation of the signal
is unaffected. Small incremental changes can be made in
frequency to allow the study of band pass characteristics of
very narrow band receivers. A regulated power supply
prevents change of gain or frequency with line voltage.

SPECIFICATIONS (When used with 202-B)

FREQUENCY RANGE: 0.1 mc. to 55 mc. (0.3 mc. to 55 mc. with 200 ke.
corrier deviotion).

FREQUENCY INCREMENT DIAL: Plus or minus 300 kc. colibroted in 5 kc.
increments.

FREQUENCY RESPONSE: Flat within =1 db over frequency range.

FREQUENCY ADJUST: Front panel control allows calibration with 202-B
output.

OUTPUT: Continuously variable, at Xl jack from 0.1 microvolt to 0.1 volt
across 53 ohms by use of 202-B attenuator.

HIGH QUTPUT: Uncalibrated approximately 1.5 volts from 330 ohms
inta open circuit.

DISTORTION: No appreciable FM distortion at any level.
No appreciable AM distortion ot carrier levels below 0.05 volt and
modulation of 50%.

SPURIOUS RF OUTPUT: At leost 30 db down at input levels less thon
0.05 volts.

PRICE $345.00 F. O. B. BOONTON, N. J.

BOONTON RADIO

BOONTON, N. J. ,(.'Z'/)L.'(‘([/(( 4
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Monitor Switching

Fader Controls

Effects

Line Switching

THAT MAKE AN

Unbeatable Team!

»

Picture Monitor Controls
Meter Switch
Oscilloscope

Input Select Bu‘tons \

GPL VIDEO SWITCHER

Wave Form
Calibretion

o Siudio switching flexibility
anywhere

® Panel and active buttons
internally illuminated

® Portable, self-contained —
Panel enclosed for transit

® Monitor views 5 camera
inputs, 2 remotes,
outgoing line

o Styled to match all GPL TV equipment

® Sound interlock switching for
remotes and 2 cameras

® Two open panel positions,
90° and 120°

® Switch panel remavable,
operable to 5 feet

® Twin fading levers for
fades, dissolves

® Two “‘effects’” buses

For the new station, for the ex-
panding station, GPL’s champion
team of Video Switcher and Master
Monitor affords a new high in
quality, in field flexibility, in re-
hearsal and programming control.
Both units are packaged for easy
portability, with self-contained
power supplies. Either can be
integrated into your present in-

PROCEEDINGS OF THE I.R.E.

Pleasantville

stallation, can accommodate yout
particular operating conditions.
The Switcher and Monitor team
isanother example of GPL’s unique
achievement in the production of
bigh quality, bigh utility equip-
ment for TV stations — another
reason why GPL i; THE INDUS-
TRY’S LEADING LINE — IN
QUALITY, IN DESIGN.

WRITE, WIRE or FHONE FOR DETAILS TODAY

GENERAL PRECISION LABORATORY

INCORPORATED

December, 1951

New York

GPL MASTER MONITOR

® Selection of 3 pre-set inputs

® 81/, Monitoring tube

® 3" Osiilloscope, also providing
test fuxilities

® Meter readings of line voltage
and power supply outputs

® Fast sweep for observing vertical
sync block

® Quick-reference calibration
voltage button

® Automatic sync of oscilloscope
and kinescope sweeps
at half-line or half-field
frequency

® Regulated pulse high voltage
supply isolated from
sweep circuits

® High impedance bridging input

® Compact, portable

® Ready accessibility of all

controls, tubes, circuits

TV Camera Chains ® TV Film Chains
TV Field and Studio Equipment
Theatre TV Equipment
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8 Muf 150 VDC
2 Muf 150V NP
| Muf I50V NP

{2 Muf 150 VDC

Here is one of the fastest moving developments
in recent years—General Electric’s new clectrolyric-
type capacitors. These Tantalytic capacitors with
their small size and large capacitance per unit of
volume have excellent low temperature characrer-
istics, long operating life and in many cases can
replace bulky hermetically-sealed paper capacitors.
Ratings presently available for consideration range
from .02 muf up to 12 muf at 150 volts dc. Unirts
pictured are representative of these ratings.

Other features of G-E Tantalytic Capacitors include:
® Extremely long shelf life.

® An operating temperature range from —55°C
to +85°C.

! These are
Tantalytic Capacitors

i
f

L >

50 Muf i50V NP,

Q.
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4 Muf 60VDC
.25 Muf IS0V NP

® Exceedingly low leakage currents.
® Ability to withstand severe physical shock.

o Completely sealed against contamination.

If you have large-volume applications where a
price of 3 to 5 times that of hermetically-sealed
paper capacitors is secondary to a combination of
small size and superior performance—get in touch
with us. Your letter, addressed to Capacitor Sales
Division, General Electric Company, Hudson Falls,
N. Y., or your nearest Apparatus Sales Office will
receive prompt atrention,

General lectric Company, Schenectady 5, N. Y.

GENERAL &3 ELECTRIC
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When you are faced with specifications that place
impossible requirements on dynamators or small
DC motors, according to World War II stand-
ards, take advantage of recently developed
improvements in high temperature and high
altitcude 1echniques by simply outlining your
requircments to Bendix. Model units exactly
meeting your performance specifications will be
developed and tested for pre-production use—
production uniis will then follow in accordance
with your manufacturing schedule.

DYNAMOTORS
Regulor « Multiple output ¢ Special purpose

DC MOTORS
1/100 hp—1/2 hp + Continvous and Intermittent Duty
DC Servos and special motors

RED BANK DIVISION OF BENDIX AVIATION CORPORATION

RED BANK, NEW JERSEY

Export Sales: Bendix International Division, 72 Fifth Avenue, New York 11, N.Y.

Write for this colorful and informative book
—it's free. You'll find it loaded with facts
and figures about all types of dynamotors.

December, 1951

WITH

SPHCIALIZED

MOTOR

AND

DG MOTORS

AVIATION CORPORATION

33A
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Up-to-date news of every British development

WIRELESS ENGINEER. The journal of radio research and
the general field of radio, television and electronics. Founded progress. Produced for research engineers, designers and

WIRELESS WORLD. Britain’s leading technical magazine in

over 40 years ago, it provides a complete and accurate
survey of the newest British technique in design and
manufacture.  Critical reviews of the latest equipment,
broadcast receivers and components of all types are regularly
included. Theoretical articles deal with design data and
circuits for every application and news from
all parts of the world is reported. Monthly, 2s.
Annual Subscription - - f1 75. ($4.50).

ASSOCIATED

ILIFFE

PUBLICATIONS

students in radio, television and electronics, it is accepted
internationally as a source of information for advanced
workers and wireless engineers. Editorial policy is to publish
only original work, selected by an Editorial Advisory Board
representative of the foremost British technical bodies.
Monthly, 3s. 6d. Annual Subscription,
£2 g4s. 6d. (%7.00). Including annual index
to abstracts £2 8s. 3d. ($7.50).

e

Subscriptions can be placed with British Publications Inc. :

30 Eost 60th Street, New York 22, N.Y., or sent direct by

International Money Order to Dorset House, Stamford Street, London, S.E.l, England. Cables : *‘lliffepress, Sedist, London”



Shielded Laboratory for R.F. @ ,
Interference Measurements 7
from 14 kc. to 1000 mec.

in
QUALITY

PRODUCTION
ENGINEERING

— FILTRON'S COMPLETE FACILITIES: capacitor manu-
facturing, coil winding, stamping department,
tool and die shop, and assembly department,

1 = together with its Engineering and Research

laboratories insures quality production and ON
SCHEDULE DELIVERY.

FILTRON'S advanced engineering, due to
constant research and development by engi-
- neers with years of R.F. INTERFERENCE ex-
perience has resulted in smaller, lighter,
and mare efficient R.F. Interference Filters.

FILTRGN'S completely equipped shielded lab-
oratory is available for the R.F. Interference

—_— testing and filter design for your equipment
...to specification requirements.

- With over 400 standard filters to choose
from, and the engineering know-how to cus-
tom design filters to meet specific size and

o Prodection Testing |
: and Inspection

- mounting requirements, Filtron's engineers will
specify the right filter for your application.
- FILTRONS are suppressing R.F. Interference in

modern Military Aircraft, Naval Equipment and
Ground Signal installations.

FILTERED BY FILTRON means ...
RADIO INTERFERENCE FREE PERFORMANCE.

RF INTERFERENCE FILTERS FOR:

Electronic Controls Signal Systems
Electric Motors Business Machines
Electric Generators Electric Appliances
Electronic Equipment| Electronic Signs
Fluorescent Lights Electronic Heating
Oil Burners Equipment

Send for your copy of our NEW CATALOG du, LOCKHEED XF-90

~ on your company letterhead.

". e FILTRON co.inc.

131-05 FOWLER STREET, FLUSHING, N.Y,
LARGEST EXCLUSIVE MANUFACTURERS OF RF INTERFERENCE FILTERS

PROCEEDINGS OF THE I.R.E. December, 1951 35A



RESEARCH

Brain power,
experience,

superb facilities

all in one package at

GRAY

@ Television

@ Video and display systems

@ Audio and communications {
@ Teleprinter techniques

@ Precise electro-mechanisms
@ Aeronautic control devices

® Data transmission and recording

@ Facsimile

In each of the defense-important fields listed here, the Gray organization has recently solved important

problems. These facilities are available to prime contractors and to the military services as our contribution

to the national effort in furtherance of communications, engineering or electro-mechanical designing. A

booklet telling more of the Gray story will be sent for the asking,

@ Please write for Bulletin RE-12 describing the above equipment

[rre———

B S 4

A
A
\
“

AND DEVELOPMENT CO,, INC., 16 ARBOR S7., HARTFORD 1, CONN.
Division of The GRAY MANUFACTURING COMPANY— .
Originators of the Gray Telephone Pay Station and the Gray Audograph

PROCEEDINGS OF TIIE I.R.E. December, 1951
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From the midget champ which spins around a Yz mile oval
in 19 seconds . . . to the Indiarapolis winner which clocks:
157 m.p.h. on the straightaway .. . performance is the key
note in auto racing. In Electraonics El-Menco Silvered-Mica
Capacitors set the space. From the tiny CM-15 (2-525 mmf.
cap.) to the mighty CM-35 (3300-10000 mmf. cap.) . . .
unexcelled performance is paramount.

Precision workmanship, fine materials, careful cesign . . .
these are the qualities which produce peak performance in
racing cars and in El-Menco Capacitors. There is an El-
Menco Capacitor for every specified military capacity and
voltage. Each unit is factory-tested at double its working volt-
age. You are assured cf dependability for every application.

For higher capacity values— which require extreme tem-
perature and time stabilization — there are no substitutes
for El-Menco Silvered-Mica Capacitors.

Jobbers, Retailers, Distributors—For information com-
municate direct with Arco Electronics, Inc.,, 103
Lafayette St., New York, N. Y.

Write on your business letterhead El . :
for catalog and samples. | ] E n c U
MOLDED MICA ] [l MICA TRIMMER

CAPACITORS

Radio and Television Manufacturers, Domestic and Foreign, Communicate Direct With Factory—

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

PROCEEDINGS OF THE LR.E. December, 1951 37A




A COMPLETE APPROACH TO

SINGLE TRANSIENTS
and PULSES

of low-repetition rate

For visual observation of pulses

and single transients, the Type 294-A
Cathode-ray Oscillograph provides

high light-output and wide-band response.
For careful study and permanent
reference of these signals the Type 295
Oscillograph-record Camera

records writing rates as high as

35 inches per microsecond.

TYPE 294-A

TYPE 295

high-speed, single-frame high-voltage, high-frequency
g OSCILLOGRAPH-RECORD CATHODE-RAY

CAMERA $550.90 |OSCILI.OGRAPH $1320.00

PULSE RESPONSE
FREQUENCY RESPONSE
SENSITIVITY

This oscillogram illustrates
the double exposure tech-
nique. Binocular viewing in
the Type 295 facilitates
proper positioning for close
comparison.

The pulses in the oscillogram at left are identical pulses of 0.25 micro-
second width. The first pulse was applied through the Y-axis amplifier
of the Type 294-A, and the second, directly to the vertical deflection
plates. A comparison of their waveforms illustrates the excellent transient
response of the Y-axis of the Type 294-A.

Response of the Y-axis amplifier to a rise time of 0.01 microsecond or
less is 8.03 microseconds mcx. Notice that a minimum of overshoot
(less than 2%) is introduced by the cmplifies.

For the study of sinusoidal frequencies, the response of the Type 254-A
extends from 10 cps. to 12 megacycles (down 30%). Sensitivity of the
Y-axis. through the amplifier. is 0.42 peak-to-peak volts per inch.

AVAILABLE OEFLECTION
LIGHT OUTPUT
SIGNAL DELAY

“Time’ and “Bulb’ expo-
sures may be taken with the
Type 295. And provision is
made so that equipment may
be triggered simultaneously
with shutter opening. With
appropriate accelerating
potentials, the Type 295 is
capable of recording single
transients in excess of 280
inches per microsecond.

The Type 294-A provides undistorted vertical deflection of 1.3 inches or
mcre for both positive and negative pulses; and 2.75 inches for sym-
metrical signals. The high light-output of the Type 294-A increases the
value of the large, vertical deflection provided by the Y-axis amplifier.
This is illustrated by the high visibility of the rise and decay of the
pulse shown at left. Here, the Type 5XP~ Cathode-ray Tube of the Type
294-A was operated at 12 kv. However. where maximum light output
is not required, the accelerating potential may be lowered to 7 kv by
means of a switch. At this level of operation, of course, the availakle
undistorted deflection is increased.

To insure the complete display of fast pulses such as those at left,
the Y-axis includes a 0.25 microsecond signal-delay line.

SWEEP SPEEDS
TIME CALIBRATION

The built-in illuminated data-
card of the Type 295 will
prove invaluable when mak-
ing time measurements, A
tilm take-up cassette is
arranged so that exposed
frames of film may be sep-
arated from unexposed film
and taken to the darkroom
for immediate developing.

Send requests for information to

ALLEN B. DUMONT LABORATORIES, INC.
Instrument Division
1000 Main Avenue, Clifton, N. ).

38a
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Complementing the Y-axis performance of the Type 284-A, sweep dura.
tions are continuously variable from 0.1 second to 3 microseconds. By
increasing the length of the sweep, speeds greater than 0.25 microsecond
per inch may be obtained, thus providing more detail to facilitate the
study of short-duration pulses.

Calibration of the sweeps of the Type 294-A is accomplished with vert-
cal marks occurriag at intervals of 200, 10, 1, or 0.1 microseconds. In
the oscillogram at left, the 0.1 microsecond markers appecr mixed with
the signal on the vertical axis. Time measurements may also be made
by double exposure of first, the signal, and second, the timing markers.

oo Cucillsguaphy
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When vou Neeb A Fuse

—ruink of BUSS ...

Fuse Headquarters for
the Electronic Industries

TELEVISION » RADIO + COMMUNICATIONS
CONTROLS + AVIONICS * INSTRUMENTS

A complete line cf fuses is availcble. Made in
Dual-Element (Slow blowing), Renewable and One-
Time types. Sizes from Y500 ampere up.

DUAL-ELEMENT (SLOW BLOWING) FUSES
RENEWABLE FUSES, ONE TIME FUSES, SPECIAL FUSES

And a companion line of BUSS Fuse Clips, Fuse
Blocks ond Fuse Holders.

Behind each fuse or fuse mounting are 37 years
of know-how in building products of unquestioned
high quality, the world's largest fuse research
laboratory and the world’s largest fuse pro-
duction capacity.

Each BUSS Fuse Electronically Tested.

To assure proper operation in the field, each
ond every BUSS fuse is tested in a highly
sensitive electronic device thct rejects any
fuse that is not correctly calibrated —
properly constructed and right in physical

dimensions.

BUSS Fuses are made to Protect —

not fo Blow. FUSE CLIPS, FUSE BLOCKS,
FUSE HOLDERS, SPECIAL FUSE MOUNTINGS

IF ... YOU HAVE A We welcome requests to help you in selecting the proper fuse or in

SP E c I Al P R o B l E M designing a special fuse or fuse mounting best suited to your conditions.

Submit sketch or description showing type of fuse contemplated,
number of circuits, type of terminals and the like.

TURN TO . . .
Qur staff of fuse engineers is at your service.

N BN BN BN BN M Y BN BN B
1RE 1251

BUSSMANN MFG. CO., University at Jefferson

St. Lovis 7, Mo. (Division McGraw Electric Co.} l
USE T“IS COUPON - Ge' AII 'he :Fatfs Please send me Bulletin SFB contoining complete facts on BUSS I
Small Dimension Fuses and Fuse Holders.

Nome _ — S .
BUSSMANN MFG. CO., St. Louis, Mo. Tite —— |
Division ¢f McGraw Electric Company Company - o l
MANUFACTURERS OF A CCMPLETE LINE OF FUSES
FOR HOME, FARM, COMMERCIAL AND INDUSTRIAL USE. Address _— l
City Stote -

N B BN BE W BN BN BN BN . J
PROCEEDINGS OF THE I.RE December, 1951 30A



TRUSCON... o, wame you. can huild, | on

Truscon micro-precision
typified in this new
microwave tower

Stretching more than
halfway across the country,
from Houston to New
York City, runs the service

of the Transcontinental
Gas Pipe Line Company,
Houston, Texas.

The Truscon tower at their
relay station KEB-810),
Linden, N. J., is a

type H-30 Self-Supporting
Tower, 175 feet high,
designed and built to sup-

port microwave disks.

Truscon experience
in radio tower engineering

is world wide... meeting

all types of topographical

and meteorological conditions . . . and
supplying many different tower types—
guyed or self-supporting . . . tapered or
uniform in cross-section ... for microwave,
AM, FM, or TV transmission.

Your phone call or letter to any
convenient Truscon district office, or to
our home office in Youngstown, will
bring you immediate, capable engineer-
ing assistance. Call or write today.

TRUSCON"“STEEL COMPANY

Subsidiary of Republic Steel Corporation
YOUNGSTOWN 1, OHIO
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® New Higher Capacitance Values in Standard Size
Tubular Ceramicons

Radial Lead Non-Insulated (Illustrated)
® Available Radial Lead Phenolic Insulated

in Axial Lead Molded Insulated (Styles
comparable to 301 and 302 only)

Compare for size with other
Ceramic Capacitors, and spec-
ify ERIE GP3 Miniature Cerami-
cons for Spacea Saving By-Pass
and Coupling Applications.

GP3 Ceramicons are manufactured
with the use of a high dielectric
constant ceramic developed espe-
cially for these compact tubular
capacitors. Basic development
work has been accomplished over
the past few years in Erie's engi-
neering laboratories. Since 1949
these units have been made on
special order, and they are now
available in production guantities.

Write for complete information
and samples

ERIE RESISTOR CORP., ERIE, PA.

GP3 STYLE

STYLE 301
200 x .400

“ervwe F
e — e
STYLE 302
200 x 856

Paiee

)

STYLE 307
.230 x .860

MAXIMUM
‘ CAPACITANCE

U .002 mfd.

~ .005 mfd.

——|  .0075 mfd

:

Toleronce on Ccpocitance: +80%, —20%,

Hi Pot. Test: 1500 vDC

Lite Test: 700 VDC 1000 hours of 85 C

Electronics Diucsion

LONDON, ENGLAND -

TORONTO, CANADA
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——NEW GENERAL ELECTRIC PLANT—=

——PRODUCES RECORD VOLUME 0F——

WELDED

~ GERMANIUM

1. MAXIMUM METAL PURITY is essential in the man-

ufacture of diodes. In photograph above dioxide powder is

being reduced to pure germaniumn metal.

DIODES

2, GERMANIUM PELLETS are mounted to pin assemblies
prior to assembly in eases. Precision centering as well as
speed are essential to produce these quality units at low cost.

3. FORMING, SHEARING, AND WELDING WHISKERS
on diode pin assembly calls for careful manipulation under
micros >ope for accurately formed .003 inch diam. whisker.

NEW METHODS OF MASS PRODUCTION in G.E.s
germanium  products plant* at Clyde, New York are
booming diode output to the highest peak in the industry’s
history. An offspring of the mother plant at Flectronies
Park. this factory is equipped to produce 12 million
diodes a year. Television receivers, computers. communi-
cation systems and military requirements present an ever-
increasing demand for these minute but vital components.

WITH EXPANDED LABORATORY FACILITIES for the
development of new germanium and other semi-conductor
items. G. E. is prepared 1o suggest electronie solutions to
your design and manufacturing problems—solutions that
may well save you money and improve your product.

Would you like more information on this? Ask us to
call. General Llectric Co.. Electronics Park, Svracuse, .Y,

*Which vou are invited to inspeet when in the Syracuse area. Mean-
while, let us send you additional information and specifications on

G-E diode products. Write for bulletin #X57-01A.

o Tt

g
-

4. ORDERLY BANK OF WHISKER MACHINES is tvpical
of modern production facilities in the new G.E plant. Quan.
tities up to 12 million units a year can be produced here.



5. CONTOUR PROJECTION of diode parts for microscopic
inspectian. Pellet aml whisker (on screen) must follow rigid

specifications. This is typical of quality controi processes.

6. FINAL ASSEMBLY of whisker and pellet pins in
plastic cases redquires speeial machines designed by C-E
engincers for speed and aceuracy.

7. ASSEMBLY MACHINES turn out diodes of 12 J:f-
ferent varieties. This process represents unusual advance-
ment over former ~hand-made’ methods,

s

8. AUTOMATIC TEST SEPARATION of diodes by types
climinates costly hand sorting of thousands of units per hour.
Frery G-E dinde is tested many times.

9. HIGH-FREQUENCY TESTING of diodes for television
applicaticns has proved successful in supplying over 2 million
C-E units to television mannfacturers for high efficieney needs.

S (Y /
y 0 &K
WY ¥E 5

t

10. FINISHED G-E DIODES of vartous tvpes are small,
rugged, efficient, and Yow in cost. These components can replace
some categories of vacuum tubes.

- /M caz /&zz/ /0//?. ('(/%/zaé/zce 270
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Other electronic components
also built in quantity
to your most exacting specifications

for stability in service

JEFFERS

C%%mw INC.
A SPEER'CARBON COMPANY SUBSIDIARY

DU BOIS, PENNSYLVANIA
Complete your Circuits with Resistors, Coil Forms and Iron Cores by Speer Resistor Corp., St. Marys, Pa. another SPEER CARBON CO. subsidiary @ 7664
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WHETHER FOR PEACE OR DEFENSE a great responsibility is vested in
electrical control. In this era of defense there is an urgent demand for electrical
controls in quantity with the highest degree of quality at economical cost.

How efficiently Guardian Electric has moved to meet these requirements is
convincingly told by the millions of Government Approved Controls by Guardian
now being used in planes...in tanks...in communications...in bomb releases...
in radar... in guided missiles. .. in gun controls. The same excellent controls

that helped to insure Victory in World War II! If yours is a problem of electrical A.N.CONNECTOR PLUG
control requiring relays, steppers, contactors, contrcl assemblies, or the familiar umc%e;ﬁ'is“mo
“Guard-A-Seal” hermetically sealed relays, consult Guardian. Write.

/

' E
AN-3320-1 D.C, AN-3324-1 D.C, Series 595 D.C, Series 610 A.C.~—615 D.C, Series 695 D.C.

GUARDIAN\®/ELECTRIC

1628-P W, WALNUT STREET CHICAGO 12, ILLINOIS

A COMPRETE LINE OF RELAYS SERVING ANERICAN NDUSTRY

PROCEEDINGS OF THE I.RE. December, 1951 45A



New Resistors (i

ond other plones, guided missiles,

— ssoc to +l 5 ooc 1 tanks, ships and submarines, portable

or mobile equipment ond all other
military communications. Manufac-
tured from specially developed ma-

Complete aridity to saturation ... An un- ’
precedented temperature and humlfilty range 4 terials, these absolutely unique vari-

able resistors are now available in o
complete range of sizes. (See chart

ot hottom of page.)

e
|
‘ - b
- v 5
.g,v"
&
Type 95
TYPE ©5 YPE 90 b=
¥ {minlaturized)
E}}.’. DIAMETER W 5" Y
lf‘,
p ' A Wattage and Volrage 2 watts @ 70°C 1 wart € 70°C Y, watt @ 70°C
s ) 0 Rating with 500 V max. with 500 V max.  with 350 V mex.
[ 1 across end terminals across and terminals ocross end terminals
§
+150°C 10 ~55°¢ “

BEATON Badwat aOvEnTIsING




’ '\
3
3
JAN-R94, Type RY-3A
CYS Typs 35, 14/," Diammter

Compositicn.

AN 194,
CTS Type GO 43 with Switch
Composition

JAN-R-94, Type RV.3B
CTS Type GC 35 w th Switch
Compugition

-/
T——

JAN Type RA 20A
2 Walt [CTS Type 252)

FOUNDED 18946

Type £V. 28

AT

JAN-R 94, Type RV-ZA
CTS Type 45, 15/)," Diameter
Composifion

Meets
Military

pecifications

-
=
. | &
WA o)

‘\ ~—r

JAN “ype RV.4B
CTS Type FGC 95 with Switeh
Compasition

MEETS ALL
JAN-R-19 SPECIFICATIONS

JAN Type RA 208
2 Watt (CTS Type GC-252)

JAN Type RYV-4A
CTS Tyae 95, 113" Diamatar
Cormposition

Qt'c? ,\'fr , ;'\M

o - Li i \0
/;;.ﬂ | E!! ’
h!ﬂ' 2.‘-*-« d

e "

JAN Type RA 254 or 30A
3 or 4 Watt (CTS Type 25)

CHICAGO TELEPHONE SUPPLY
%02/90@&’04&

et

JAN Type RA 258 or 308
3 or 4 Watt (LT3 Typs GC 25)

REPRESENTATIVES
Heary E. Sanders

401 North 8toad Street
Philadelphio 8, Pennsylvania
Phone: Wainut 2-5369

W. S. Harmon Company
1638 So. La Cienega Blvd.
Los Angeles 35, Colifornia
fhone: Bradshaw 2-3321

IN CANADA
C. C. Meredith & Co.
Streetsville, Ontario

SOUTH AMERICA
Jose Luis Pontet
Buenos Aires, Argentina
Montevideo, Uruguay
Rio de Janeiro, Brazil
Saa Pavle, Brazil
OTHER EXPORT
Sylvan Ginsbury

8 West 40th Street

New York 18, N. Y.



VARIABIE AREA

LOW FREQUENCY

WITH THESE FEATURES...

PHOTOGRAPHS electrical signals as a variable area record on
film or paper. . -

y EASY TO PROCESS original record from which reproduction may
be made as often as desired.

LARGE SIZE record permits direct
study as well as replaying for elec-
trical analysis.

FREQUENCY — Wide range available
to meet specific requirements.

FIVE TO EIGHT channels may be
recorded simultaneously on film or
recording paper. Due to size of chan-
nel signal-to-noise ratio is excellent.

ADAPTABLE to many industries —
Seismic exploration, aircraft, rail,
military, medical, etc.

"

T For complete information . ..

REFEOD l.;«J»c* A - write, wire, or phone.

2 2 W s

Seismograph Service Corporaltion
P. O. Box 1590-A o Phone 2-8181
TULSA 1, OKLAHOMA, U.S.A.
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(onnector Froble

-« We’'ll take it from HERE

f

Good ideas for electronic circuitry sometimes run afoul ’ - s

of connector proble:ns. Maybe existing connector units - , @i O,‘

won’t hold air pressure gradients, won’t stand the heat, S - T
» s . o . Lightweight actuators for Job enginesred, welded-

aren’t rugged enough for the job. Or maybe it’s a ques P b ol ) diaphragm bellows.

tion of altitude, or under-water application. But if you
can sketch the circuit, we’ll take it from there. We've
engineered so many special connectors, solved so many
“impossible” problems, that whatever the requirements

are, we can usually PrOV‘de the answer. Flexible condvit and ig- Aero-Seal vibration-
nition assemblies, proof hese clamps.

WRITE TODAY tor specific information, or send us your

sketches. We'll forward recommendaticns promptly.

BREEZE
Special CONNECTORS

BREEZE CORPORATIONS, INC.
41 South Sixih Street Newark, New Jersey

< - =

Removable pins in Breeze connectors speed solder-
ing, save time, trouble. Pins snap back into block.
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WHY SEARCH

for
technically correct
ceramics?

We have again challenged the times, as
we have all through our 75 years of
developing and producing "Lavite”
Technical Ceramics (“"Lavite” Steatite,
“Lavite” Titanates, “"Lavite' Ferrites and
others). We have increased our facili-
ties — rescarch, design and manufactur-
ing —to help you meer the drastic de-
mands for ceramics of specific physical
characteristics. We invite you to sub-
mit your problems to our engineering
department for individual stady and
recommendation — or, perhaps one of
the well known and proved standard
“Lavite™ Ceramics will satisfy your
needs. Whichever it be, we will give your
requirements immediate attention. Write
for genceral characteristic data on all
“Lavite” Ceramics,

D. M. STEWARD MANUFACTURING (O.

Chattanocaga, Tennessee

3605 Jerome Avenue
Sules Offices in Principal Cities

CELEBRATING
OUR th
75

ANNIVERSARY

T e s A
T R

CONSIDER THESE
FOR IMMEDIATE DELIVERY

“Lauile” STEATITES

5-10 and 5-15 for ordinary radio and general
medium-frequency requirements, 5-201 and
$-300 for ultra low loss — high frequency
applications.

“Lauile” SEMI-STEATITES

5-25H with good electrical properties at high
temperatures. R-10 for element supports in
electrical appliances.

“Lauile” CORDIERITE

S-40H, S-12H and R-15 for special application
for extreme thermal change when a low
linear coefficient of expansion ceramic is
required.

“Lauile” MULLITE

R-20 and R-25 for light duty refractory
applications.

N Lauile” ZIRCON PORCELAIN

Z-200 and Z-300 with excellent all around
properties including: (1) low electrical loss;
(2) high mechanical strength; and (3) thermal
shock resistant,

“Lauile” EIRED STONE GRADES

N(M) and A for mechanical parts where
special tools are not required and tolerances
can be maintained. Especially adaptable for
models.

Y Lauile” TITANATES

Available in a range of types and properties
including low, intermediate and high "“K”
groups.

“Lavile” FERRITES

Permeability factor 1000 initial — 3000 maxi-
mum and curie point of 250° F. Particularly

adapted for television and frequency
modulation,

PROCEEDINGS OF
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GUIDED MISSILES that become
more accurate as they
close the range on attacking
enemy aircraft are being
developed by the Fairchild

Guided Missiles Division.

Missile experience dating back
into World War 11 has enabled
Fairchild engineers to design a

guidance system which "*homes”

on radar echoes reflected from
. [}
attacking planes and cuts down
M‘l W : the margin of error the closer

the “bird”’ gets to its target.

Already flight-proved in
—0 Fairchild-built test missiles this

_e guidance system is being refined
-« and developed further to meet
the requirements of our Armed
Services. One of the most
advanced guidance systems yet
devised, it is another example of
Fairchild’s engineering ability,
combining the practical and
theoretical to meet the stringent
technical demands of modern

military science.

e

FENGINE AND AIRPLANE CORPORATION

- TAIRCHILD
 Guided Missiles Diivisiint

; N FARMINGDALE, N. Y.

Fairchild Aircraft Division, Hagerstown, Md., Chicago, Iil,
Fairchild Engine and Stratos Divisions, Farmingdale, N.Y.

——
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When vou zpecify Mallory Capac-
itors for television receivers or
other equipment where heat is a
problem. vou can be sure they will
stand the test. Mallory I'P Capac-
itors are designed 1o give long.
trouble-free performance at 85°C.
—natura'ly they give even longer
service al normal temperatures. In
addition, Mallory FP Capacitors
are famous {or their long shelf life.
Write for your copy of the FP
Capacitor Engineering Data Folder

e —————_———_ Y
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Mallory FP Capacitors
Easily Withstand

High Ripple Currents
In TV Circuits

The superior heat dissipation characteristic of Mallory FP Capacitors
; pacite
—long inherent in our production method—proved to be an im-
ortant faetor in meeting the problem of high ripple currents in
g g Pi
I'V receivers.,

Tharough testing demonstrated that standard Mallory FI* Capacitors
would stand up in the rugged service involved in the voltage doubling
reetifier eircuit. The jump from radio ripple currents of about .15
amperes to five or six times this current in TV service places a
tremendous burden on capacitors. But Mallory FP Capacitors are
giving long, uninterrupted performance . . . at temperatures approx-
imating the boiling point of water.

That's result beyvond specification!

Mallory capacitor know-how is at your disposal. What Mallory has
done for others can he done for vou.

FO is the type desdgnation of the Mallory developed electrolytic capacitor having the char-
acterisiic desugn pictured ard fumous throughont the industry for dependable performance.

M

52a

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

SERVING INDUSTRY WITH

Electromechanical Products
Resistors
TV Tuners

Switches
Vibrators

Electrochemical Products
Rectifiers

Vercary Dry Batteries

Capacitors

Metallurgical Products
Contacts Special Metals
I} elding Materials
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Electronics (Experience + Knowledge)=(Achievement)”

Factors equalling significant electronics a
come from long experience and const
facilities. Our Electronics Division started ity record of
accomplishment many years ago. Toda¥ Air Associates
is recognized as a major supplier of airbor marine,
and ground electronics equipment fol United States
cnd allied governments.

Designing and developing critically negded electronic
units and producing the material is our busikess! Your
inquiry to Teterboro will receive prdmpt attention.

INCORPORATED
TETERBORO, NEW JERSEY

e e S e T 5

SERVING THE NATION IN_ AVIATION
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Model 940

Frequency Range

Input Impedance
VSRW

Power Rating
Polarization

Reflector Size

Gain (db, approx.,
over isotropic radiator)
Half Power Angles (H plane)
(E plane)

Side Lobes

Pressurized

Input Connection

De-icing

FREE SLIDE RULE

940

TOP PERFORMANCE

Parabolic Antennas for 940 mcs.
and every other Microwave Frequency

The Workshop was the first manufacturer to bring out a complete line of
parabolic antennas for all microwave frequencies. Having specialized in this
field for several years, we can supply equipment from our standard line to meet
the majority of installations. However, for special requirements, we are equipped
to design and supply reflectors in o wide range of sizes and focal lengths.

920 to 960 Mcs.
52 obhms nominal
1.20 to 1 over the band
1 kw. continuous

Either vertical or horizontal available at time of installation,

4’ 6’ 8’ 10’
19 23 26 28
17.75° 1.75° 8.6° 6.9°
19.75° 12.9° 9.6° 7.8°

17 db down or better
Feed can be pressurized to 10 Ibs. p.s.i.

Weatherproof type “N” fitting; special fittings are availcble for RG-8 U, RG-17 U or 7 ‘8" copper ‘ine.
Specify when ordering.

Available for all models. Capacities range from 400 to 4000 watts,

OTHER STANDARD MODELS

This packet size slide rule quickly
camputes diameter, wavelength,

angle and gain for parabalic antennas.
Reverse side carries FCC

frequency cllacatians

conversian tables and ather data.
Write far yaur capy.

PARABOLIC ANTENUATS%@PUTER
il =

FREQUENCY GAIN* HALF POWER ANGLE
5 MODEL No. (MCs.) (D8.) E Plane* H Plane®
X '"' 2000 1700--2300 27.0-34.5 10.28-3.55 9.2 -3.25
7000 5925-7425 36.0-43.0 3.24-1.36 2.86-1.21

*Gain and Half Pawer Angles are dependent an size and
frequency aof parabolas, — 4, 6, 8 or 10 faat diameter.

Write for Parabolic Antenna Catalog
The WORKSHOP ASSOCIATES
DIVISION OF THE GABRIEL COMPANY
Specialists in High-Frequency Antennas

135 Crescent Road, Needham Heights 94, Massachusetts
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A Big Step Forward
In Ceramic

Coil Forms!

\.‘3

~ -

C.T.C.’s Nylon-Phenolic Terminal Retainers Mean More
Advantages ... More Uses... Than Ever Before

In making available ceramic coil forms with nylon-phenolic terminal retaining
rings, C.T.C. now enables you to &xtend your use of these components con-
siderably. The use of nylon-phenolic in no way impairs the moisture and fungus
resistant qualities of the coil form assemblies. The nylon rings also provide
many new benefits. For example:

Excellent For Bifilar
Windings. Four sep-
arate terminals, two on
each nylon-phenolic ring,
mean secure individuval
connections for each coil

New Advantage For
Single Pie Windings.
Terminals can be located
above or below winding,
as required, to shorten
wiring to circuit elements,

” lead.

Soldering Spaces
Doubled. Shape of ter-
minals affords two sol-
dering spaces on each,
to segregate coil termi-
nations from circuit wir-

ing.

\ up or down,

In addition, the use of nylon-phenolic rings results in an increase in Q,
giving improved performance over metallic rings. All materials and finishes
meet exacting government specifications. Available with LST, LS5, LS6
coil forms,

Terminals Held Se-
curely In Place. Fumly
cemented nylon-phenolic
rings keep terminals in
exact position. No sliding

SPECIAL CONSULTING SERVICE

C.T.C.’s experienced component engineers are at your service — without cost —
to help you secure exactly the right components. When standard parts are unsuitable
they will design special units, working closely with you for cconomical, satisfactory
results.

Call on the C.T.C. Consulting Service at any time. Just write to Cambridge
Thermionic Corporation, 456 Concord Avenue, Cambridge 38, Massachusetts.
West Coast stocks maintained by E. V. Roberts, 5014 Venice Blvd., Los Angeles
and 988 Market Street, San Francisco, Cal.

custom or standard...the guaranteed components

PROCEEDINGS OF THE LR.E.

| News—New Products

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

(Continued from page 284)

Variable Transformers

The Superior Electric Co., 83 Laurel
St., Bristol, Conn., offers a line of
POWERSTAT variable transformers for
400 cps and higher.

AR9R
.M

| .

Since most of the higher frequency ap-
plications involve electrical equipment
built to specific requirements, it is diffi-
cult to offer a complete line to fulfill every
need. A variety of POWIERSTAT variable
transformers have been built to these
specifications. Units are available in a
multitude of voltage and current ratings in
single and polyphase models.

| Multispeed Instrument Drive

Gorrell & Gorrell, Haworth, N. J.,
have two new instrument drives desig-
nated the M-M and S-M units (iminutes-
to-a-month and seconds-to-a-month speed
ranges). They utilize a single unit, motor,
gear train, and speed selection mechanism.

| Applications are apparatus, instrument
| drives (chart, disc, ete.), chart movements,
time and sequence controls.

/ /
N A=
I NN

~ ourour shot?
]

upper ond

The S-M unit provides 20 ounce-inch
torque with output shaft rotation of 13
speeds, of 1, 5, 15 seconds, 1, 5, 15 minutes,
1, 4, 12 hours, 1, 2} days, 1 and 4 wecks.

M-NMi unit provides 5 ounce-inch torque
at the same speeds except of 1, 5, and 15
seconds. Both are for 115 volts 60 ¢cps ac.
Special assemblies for adjacent speed
ratios can be had from 5:1 to 1:5, with
individual differences as small as 59/61
available. Prices range from $65.00 for
| single units, to $19.75 for quantity orders.

(Continued on page 60A4)
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Bradleyome-
ter resistor,
showing the
solid molded
construction

BRADLEYOMETERS —Available as rheo-
stats or potentiometers with any type of re-
sistance rotation curve up to 5 megohms. Rated
at 2 watts,

Available in single, dual, or triple unit as-
semblies, with or without line switch.

Resistor element is molded as a single piece,
with terminals, faceplate, and bushing molded
together in one piece. Shaft and casing are
made of stainless steel. Send for dimension
sheet and performance curves, today.

Section of
Bradleyunit
showing in-
sulating jack-
et over unit

CONSISTENT PERFORMANCE UNDER ALL ATMOSPHERIC CONDITIONS

BRADLEYUNITS —Available in ¥, -watt, 1-
watt, and 2-watt ratings in standard R.T.M.A.
values up to 22 megohms.

Rated at 70C ambient temperature . . . not
40C. Under continuous full load for 1000
hours, resistance change is Jess than 5 per
cent. Require no wax impregnation to pass salt
water immersion tests. Differentially tempered
leads prevent sharp bends near resistor.

Packed in honeycomb cartons to prevent
tangling of leads during assembly operations.

Allen-Bradley Co., | 14 . Greenfield Ave., Milwaukee 4, Wis,

ALLEN-

FIXED & ADJUSTABLE

RADLEY

RADIO RESISTORS

Sold exclusively to manufuc'urers%uu a ll.l]véof radio and electronic equipment

December, 1951
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German crowd, part of the 1,250,000 from East and West Berlin, sees a typical RCA television program.

,._
s L TR 1

G

e
i

R N -

il
Freedoms window in the lron Curtain”

You've read the story of last summer’s
TV demonstrations in Berlin. It at-
tracted a million and a quarter Germans
—including thousands who slipped
through the Iren Curtain to see West-
ern pragress at work.

Behind this is another story: How RCA
engineers and technicians broke all records
in setting up these Berlin facilities. The
project called for a TV station and studio,
a lofty batwing antenna, and the installa-
tion of 110 television receivers at strategic
points. Such a program would normally
take several mouths to complete. It was

.

A=

58a

installed and put to work by RCA in a
record-breaking 85 hours!

Programs witnessed by Berliners included
live talent shows, sports cvents, news com-
mentaries, and dramatizations of the Marshall
Plan. Observers pronounced reception fully
up to American standards—another impressive
demonstration of democracy’s technical in-
genuity and leadership.

* * *

See the latest wonders of radio, television, and
electronics at RCA Exhibition Hall, 36 West
4Gth St., New York. Admission is free. Radio
Corporation of America, RCA Building, Radio
City, N. Y. 20, N. Y.

PROCEEDINGS OF THE ILR.E.

Part of the 401 cases of RCA equip-

ment shipped to Berlin for tele-
vision demonstrations.

RADIO CORPORATION of AMERT C'A'
World Leader in Radio — First in Television
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World Renowned for Dependability

To thousands of equipmemt manufactarers the world over—the
name OHMITE has become srnonymons with QO ALITY. These
manufacturers have put OHMITE resistance produets throagh the

most rigid of all 1ests—performance ia the ae'd—and thes su-
perior units have provided coowistent'y dependabile peformance

and fong life under the mont difiicult operating conditions.

“Be Right with OHMITE” & more than just a slogan 1o these
users. They &now that when ther sperify OHMITE, they get the
fiess resistance equipment available—ansywhers!

WRITE on company

OHMITE MANUFACTURING CO. AL L

catalog and engineering
4862 Flournoy Street manual No. 40

. OHMITE

Beg.U § Pat. O,



TELITROL
TV LIGHT CONTROL

Showing
HEINEMANN MAGNETIC CIRCUIT BREAKERS

The above statement is typical of those made by users
of HEINEMANN Magnetic CIRCUIT BREAKERS. These
breakers cut off the current INSTANTLY en short circuit
or dangerous overload but, where desired, are equipped
with a magnetic-hydraulic Time Delay which permits
passage of minor overload for a predetermined length of time.

They are FULLY MAGNETIC—they always carry full load, regardless
of surrounding temperature conditions, They are NON-THERMAL—aclion
depends on the electrical current itsedf, nothing else. Breakers can be de-
signed to meet your individual requirements. Write for information. Send
for Catalog.

® An accurate, crystal-
controlled electronic
device for the generation of

pulse trains from 10 to 200,000 ps spacing.
Write for complete data: Our Bulletin I-D-2

Kummfmd/ ELECTRONICS €O, 3797 5 ROBERTSON BLVD.

CULVER CITY, CALIFORNIA
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'News—New Products

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

(Continued from page 56A4)

Loading Coils For
Mobile Antennas

Two new base-loading coils, designed
for use with any type mobile-whip an-
tenna, have been announced by the Mal-
lard Manufacturing Co., 6025 N. Keystone
Ave., Chicago 30, 111 .

Available for 20 and 75 meter opera-
tion, the two new units are designed to fit
all standard mounts and whips and, with
the adaptor supplied, can be used with
non-standard types. Both models are
housed in a weather-proof } inch thick
plexiglass and have removable nylon end
caps.

The Hi-Q 20 is wound with plated %
inch diameter solid copper wire. A flexible
| copper strap is provided which permits
adjustment to exact inductance desired.
The Hi-Q 75 features two pie-wound coils
over a powdered iron core slug.

Deposited Carbon Resistors

A deposited carbon resistor, known as
the “Carl-ohm?” is being manufactured by
the Phaostron Co., 151 Pasadecna Ave.,
South P’asadena, Calif. For high frequency
applications, where high values of resist-
ance are needed, or power dissipations up
to 2 watts are required, the “Carb-ohms”
may be employed.

These resistors are available hermiti-
cally sealed in glass, or clad in a humiduy-
impervious casing, which provides sta-

| bility over time and freedom from varia-
tions due to climatic changes. ‘Carb-ohms”
are available in a variety of mountings;
the axial lead, pictured above, as well as
a threaded stud or a tapped hole terminal.
Wattage ratings range from } to 2 watts
with a resistance range of 20 ohms to 200

| megohms.

The “Carb-ohm” is manufactured
under license arrangements with Western

| Electric Co., Inc.

PROCEEDINGS OF THE LR.E.

An illustrated brochure and complete

information are available upon request.
{Continued on page 62A4)
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* Aerovox Application Engi-
neering is yours for the ask-
ing. It means the RIGHT
capacitor in the RIGHT cir-
cuvitry for the RIGHT operat-
ing conditions. All adding up
to Aerovox '‘performance
insured” capacitors.

THE HOME OF CAPACITOR CRAFTSMANSHIP
AEROVOX CORPORATION, NEW BEDFORD, MASS., U.S.A.

Export: 41 E. 42ad $t., New Yerk 17, N. Y. o Coble: AEROCA?, N. Y. o In Conado: AEROVOX CANADA LTD., Hamilton,

SALES OFFICES IN ALL PRINCIPAL CITIES
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| SHALLCROSS MATCHES YOUR

Precision Resistor
Requirements!

ility on
... for real dependabi
STANDARD INDUSTRIAL USES

..over 40 economical smn.dord h/pzs'5
.ond sizes, each available in numc:‘rooﬂS
mechanical and electrical udop.to ;23A.
Write for Shalleross Data Bulletin .

...for JAN
EQUIPMENT

[ the latest military precision resistor
requirements. The present line in-
..for MINIATURI- cludes 13 types designed for JAN

' S characteristic 'B” and 4 types for
1ATION PROGRAM characteristic A",
rs, Shallcross hgs led
fl?c: LZ‘; in the production of 4
y dependable close- - C\iQSS
truly . ity re- \ ST
tolerance, high-stability : \ =

i ini sizes.
istors n miniature S =
giondord ond hermetically \'Q/ m

ilable. ‘ “d s
sealed types are ava Yy B & 0.0\

| . for HIGH-STABILITY
...for SPECIAL “"APPLICATIONS
ASSEMBLIES cross Akra-Ohm

Many Sha ) i
Shallcross regularly produces resisi);rs are available :“:2
hundreds of special precision re- gucarC!“'eecl '°|er9|r.‘:: e
sistor types including precision 0.01% and stabill Yond
power resistors, resistors with 0.003%. MOfcht?d pairs one
axial or radial leads and multi- sets are supplied fo ¢
unit strip resistors {illustrated) with tolerances.
either inductive or non-inductive
windings.

SiALICROSS

SHALLCROSS MANUFACTURING COMPANY
COLLINGDALE, PA.

Shallcross is in constant touch with

' News—New Products

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

{Continued from page 60A4)

Reversing Drum Switch

E

Announcement is made by Allen-
Bradley Ca., 114 \W. Greenfield Ave., Mil-
waukee 4, Wis., of a compact new reversing
drum switch—RBulletin 350 Style A, suit-
able for a wide variety of mounting ar-
rangements for small workshops and indus-
trial services.

The Bulletin 330 Style A drum switch
is the equivalert of a three pole double
throw switch. It is small, simply designed,
for machine and cquipment requiring an
cconomical across-the-line starting, and
reversing switch for ac and dc motors
rated at two horsepower or less.

Housing of the new unit is bakelite and
contains eight fixed contacts, a moving
contact assembly, handle-coverplate as-
sembly, and mounting screws. Contacts
are cadmium silver alloy, eliminating
maintenance. Wide flexibility in mounting
is provided.

Magnetic DC Power
Supply Regulator

General Maguetics, Inc., 135 Bloom-
ficld Ave., Bloomfield, N, J., has developed
a new klysiron de power supply voltage
regulator. There are no vacuum tubes, it
has an all-magne*ic amplifier-type circuit.
This regulator maintains power supply
output at 18,000 V dc for load current
variations front zero to 100 ma, and line
voltage variwtions from 105 to 135 \" ac.
Regulation accuracy is %1 per cent. Time
delay approximately 0.1 secon-l. The unit
may be easily and quickly maodified for
power supplics of any output rating.

(Continued on page 103.1)
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tion houses precision spiral springs give permanent connection.
resistors in insulated

recesses.

Unit switch construc-} Easy-to-change standard batteries. Double

Molded selector switch
: fully enclosed. Spiral

AR T : C NG 7 | spring index control—over
Ll - ] = | 150,000 cycles without
| breaking.

Direct connections—no har-
ness cabling—no shorts.

W/
NN Va:
It ‘ 3

Here's why top engineers and
technicians use Model 630

Features like those shown above are what make this popular V.O.M. so outstandingly
dependable in the field. The enclosed switch, for instance, keeps the silvered contacts
permanently clean. That's rugged construction that means stronger performance,
longer life. And tests show that the spiral spring index control, after more than

150,000 cycles of switch rotation, has no disruption or appreciable wear! Investigate
this history-making Volt-Ohm-Mil-Ammeter today: 33 ranges, large 5%2" meter.

ONLY FOR THE MAN WHO TAKES PRIDE IN HIS WORK

$39.50
AT YOUR DISTRIBUTOR

PRICES SUBJECT 10 CHANGE
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For further tech-
nical data or design
assistance on any RCA pulse
tube, write RCA, Commercial Engi-
neering, Section 47LR, Harrison, N. J., or
contact the RCA Field Office nearest you.

FIELD OFFICES: (EAST) Humboldt 5-3900, 415 S. 5th St., Harrison, N.J.
(MIDWEST) Whitehall 4-2900. 589 E. Illinois St.,, Chicago, Ill. (WEST)
Madison 9-3671, 420 S. San Pedro St., Los Angeles, Calif.

(A RADIO CORPORATION of AMERICA

ﬁ FLECTRON TUBKS MHARRISON, N. J.
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Concerning Research, Development,
and Engineering

J. F. ByrNE

Communications and electronic engineering does not end with a theoretically correct
(and even highly ingenious) design of needed equipment. Unless the operational aspects,
which particularly include reliability under adverse conditions, are equally considered, the
engineer’s task is only half done.

The following guest editorial is therefore especially timely in a troubled period like the
present. It was written by a Fellow of the [nstitute, who is Director of Engineering in the
Communications and Electronics Division of Motorola Inc.

Today economy and dependability of apparatus are particularly at a premium. Hence
the following thoughts are especially directed to the attention of the readers of these I’ro-
CEEDINGS.——The Editor.

The rapid advances in the state of the electronics art, particularly in the last
decade, are achievements of which we as electronic engineers and phvsicists are
justifiably proud. Even a casual review of the PROCEEDINGS OF THE [.R.E., through
this period, will emphasize the progress that has been made. Many trails have been
blazed through the wilderness of the unknown. Men, spurred on by critical world
conditions and the national consciousness that development and research must con-
tinue, are almost daily finding new areas of exploration.

Are we sufficiently aware that the fundamental benefits of exploration of the wilder-
ness are not achieved until the highways are paved? Trail blazing, like resecarch and
advanced development, is a glamorous activity; paving highwavs, the reduction of
ideas to everyday engincering practice, is plain hard work.

Do we really take suthicient interest in the proper, reliable application of new prin-
ciples? Do we recognize the tremendous importance of engineering work which leads
to a truly reliable vacuum tube or perhaps a radar? Are we aware of the fact that to
some extent we have built a house of cards that may fa'l apart at the very time we
need it most?

We in the IRE should recognize and point out in all ways at our command the im-
portance of thoroughly engineered contributions as well as the discovery of new areas
of scientific exploration. Achievements in production design, quality control, and
dependability of either complex systems or a commonpliace component are essential
let us resolve

to our success. .\ redoubled effort along these lines is long overdue
to encourage the improvement of old highwavs as well as the blazing of new trails.
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Management Aspects of Electronic

Systems Engineering”
RALPH 1. COLEf, SENIOR MEMBER, IRE

Summary—=This paper cites that in the rapid
growth of electronics engineering, management has
not always appreciated the full magnitude of the
“systems engineering” problem. In setting forth what
alert management should attempt to accomplish, the
systems engineering influence in research and de-
velopment is discussed in some detail. In this regard
particularly is it significant that more care must be
given to the planning of features that make for simpler
maintenance in large complicated systems. Installa-
tion problems are dealt with briefly and particular
emphasis i8 given to the noise reduction problem
within the systems in order that the best optimum
repeatable results are obtained. Finally,the engineer-
ing management phases are treated from the stand-
point of ma t ing greater r ibility
to see that increased engineeting emphasis is given to
proper maintenance of installed systems.

I. INTRODUCTION

HAT “SYSTEMS ENGINEER-

ING” is a challenging field for elec-

tronics engineers is hardly open to
question. That management can and should
contribute greatly to the success of “sys-
tems” thinking and operations is not always
appreciated. Furthermore, the rapid growth
of the electronics field has, in general, caught
ever-busy engineering management ill pre-
pared aggressively to plan for the future,
and as a result they have been chiefly en-
gaged in solving today's problem today. It
is becoming increasingly apparent that the
specialization of “engineering management”
is essential if efficient utilization is to be
made of our nation’s manpower and facili-
ties. This is doubly important in the field
of electronics systems engineering.

Il. SysTEMS ENGINEERING INFLUENCE
IN RESEARCH AND I)EVELOPMENT

A. Previous mention of the fact that
management should provide for future plan-
ning is apparent everywhere in the electronic
systems field. In general, “planning” may
be said to be the cornerstone of “systems”
effort. There is rarely any disagreement that
upon the soundness of advanced planning
will depend in large measure the degree of
success, but there is a wide dilference of
opinion as to how much of this effort should
be programmed in advance and by whom.
The arising of the need for new electronics

systems has stressed the urgency of this

problem since, in general, “systems” have
cut across many previously considered sep-
arate specialties which previously were
quite snug and complete within themselves.

B. The need for providing for future
growth possibilities of electronic systems
stresses the fact that separate component
and equipment developments must be
closely co-ordinated in order to produce
modern up-to-date systems. Furthermore,

* Decimal classification: R00S. Original manu-
script received by the Institute. April 0, 1951. Pre-
sented. 1951 IRE National Convention. New York,
N. Y.. March 19, 1951.

t 31518t Electronics Group, Griffiss Air Force Base,
Rome, N. Y.

obsolescence of systems can be avoided only
by tying together evolutionary equipment
specifications with the encompassing sys-
tems ones. These problems point up the
fact that the systems engineering influence
has produced a need for greater co-ordina-
tion than ever before. Likewise, increased
activity in deriving new “systems stand-
ards” mutually acceptable to large groups
of engineers is becoming of increased impor-
tance in the entire research and development
field. It is causing a revision of many of the
concepts previously considered sacred.

C. It is only natural that the tying to-
gether of many separate electronic equip-
ments to form systems would markedly
reflect in all phases of research and develop-
ment. Particularly is this true when con-
sidering the problem of evaluating the
success of the research and development
effort.  While testing of the individual
equipments making up a system provide in
some measure an indication of the over-all
results to be expected, management should
not assume that “systems” merely fit to-
gether by assemblage of individual com-
ponents and equipments. A comprehensive
systems engineering test program drawn up
with greatest care is an absolute must for
performance evaluation. The details of this
program have previously been discussed in
a separate paper.!

. It has become increasingly apparent
that one of the greatest influences that
systems engineering will have on research
and development programs will be a realiza-
tion of a need for review of the entire
“maintenance problem.” No longer is it
possible to consider that the maintenance
practices previously evolved for simpler
equipments will suffice for the electronic
systems now under research and develop-
ment. As is usually the case, necessity is the
mother of invention, and with encourage-
ment on the part of management the re-
search and development of new main-
tenance techniques applicable to systems
can and should be stressed. In particular,
some of the newer maintenance practices in
the evolutionary stage are as follows:

(1) Provision for “test points” at various
places within the system to enable proper
reading of all types of control voltages.

(2) “Supervisory” control from a re-
mote point over the operations of the sys-
tem including automatic measuring devices
and quality evaluation. By way of example,
provision can now be provided for judg-
ment of the approximate number of hours
of life left in certain elements of a system
prior to the need for replacement of any
element. Also possible is the provision of
remote reading and recording of control
parameters to the end that reliability can
be judged.

1 R. I. Cole. *Management's role in research and
development of electronic systems.” Proc. [.R.E.
vol. 38, pp. 1252-1253; November, 1950,

World Radio Histo

(3) Individual segmentation of circuit
elements to permit replacement as a unit.
This enables subsequent renewal by an en-
tire separate, similar element without the
need to await repair of the original. In
some designs, it may even be possible for
clever engineering to so reduce the cost of
manufacture of the element as to enable dis-
carding rather than repair, in which case
the technical maintenance problem is trans-
ferred back to the factory.

E. While one often hears the term “in-
dustrial designer” (as, for instance, in the
automotive field), his potential influence in
the research and development of electronic
systems is not always realized. In one par-
ticular field, however, namely, that of radio
and television broadcasting, the industrial
designer entering the electronic systems field
has greatly simplified control and at the
same time made for a more pleasing appear-
ance of the elements making up the complete
installation. What has heen achieved there is
undoubtedly possible in other fields, and
the electronic engineer who is not familiar
with the industrial engineering practices
should, before undertaking systems devel-
opment, be made conversant with what can
be achieved by this type of designer.

I1l1. ENGINEERING P’ROBLEMS CONCERNING
SYSTEMS INSTALLATION AND INITIAL
OPERATION

A. It has previously been pointed out
that “electronic systems” must be subjected
to a careful evaluation program during the
research and development stages. During
this period, performance limits will be estab-
lished and the proof of the degree of suc-
cess will be the repeatibility of this data
under actual operating conditions after the
initial installation.

B. The performance of electronic sys-
tems irrespective of the exact nature or
type is, in general, a function of the noise
level either internally generated or induced
within the system from outside radiation.
In either case, one {inds that the noise level
at the output terminals may prove unex-
pectedly large if the planners have not fore-
seen the problems and have recognized the
meticulous detail which must be followed
in electronics installation work. Manage-
ment should appraise these problems as
having a distinct bearing upon operating
success, and should in this regard be guided
by the following:

(1) Keep all lengths of leads as short as
possible.

(2) Design all transfer circuits to be of
the lowest possible impedance since by so
doing the noise pickup factor is greatly
reduced.

(3) Plan for the suppression of direct
radiation pickup insofar as possible by such
methods as shielding and by employing as
great a physical separation from the dis-
turbing element as is possible.
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(4) Insure that where interconnections
between equipments of a system are re-
quired that the connecting “paths” be ex-
amined, particularly when it is planned
that many wires are to be run in the same
cable without shielding.

(5) Insure that provision is made for
adequate grounding of all elements of the
system in order to reduce circulating cur-
rents and hence to reduce the noise level.

(6) Make adequate allowances in the
planning to provide for filtering of expected
noise and to provide for extra filter elements
so that they may be on hand when final test-
ing is to be made.

C. No discussions of systems installation
and, in particular, electronic systems instal-
lation would be complete without mention
of the fact that provision must be made for
special operator and technician training to
carry on the various specialized functions.
Often this action requires management to
set up special training schools as well as in-
suring the preparation of special handbooks
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covering installation practices which may
be placed at the disposal of the operator and
technician.

IV. ENGINEERING MANAGEMENT OF
INSTALLED SYSTEMS

A. Having placed an electronic system
into operation, the problem of how to keep
all elements functioning properly day after
day now assumes greatest importance. Engi-
neering managements must not relax in their
diligence of frequently re-examining the
problem of what could be called “mainte-
nance engineering.” This specialty is one of
the most neglected fields and strong meas-
ures must be taken to insure greatly im-
proved operation at lowest possible cost. The
following are a few of the many problems
which management should stress:

(1) Preparation of adequate systems
maintenance manuals to insure that opera-
tor and maintenance personnel can under-
stand the systems operation and can spot
trouble as it develops.
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(2) Establishing a system of routine pre-
ventive maintenance to insure that mini-
mum outages will result in anv given period.

(3) Establishment of a reserve supply of
components which are most likely to fail
during given periods of operation, often
based upon an interval of time of one year.

(4) Establishment of daily or hourly log
sheets to indicate performance being
achieved, and thereby being able to compare
at any time with that achieved previously.

V. CoxcLusioNs

The guide lines and criteria set forth
herein are but a few of the many that should
be used by engineering management in
evaluating electronic systems engineering ef-
fort. It is apparent that there is room for
tremendous growth in this particular field.
Engineering management must be prepared
to solve ever more complicated tasks if the
great strides promised by new inventions are
to become a reality and consequently be
incorporated into electronic systems,

High-Frequency Gas-Discharge Breakdown’

SANBORN C. BROWN+
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Summary~—A phenomenological description of high-frequencygas-
discharge breakdown is given, describing the similarities and differ~
ences between these discharges and the more familiar dc¢ type. High-
frequency discharge breakdown is controlled by the process of elec-
tron diffusion and, besides the theory of its behavior, the physical
limitations of tube size, gas pressure, and frequency for this type
of breakdown are given. The particular case of hydrogen is cited.
The effects of superimposing a small d¢ field and a magnetic field on
the ac field are also discussed.

INTRODUCTION
]l g NOWLEDGE of the breakdown of a gas dis-

charge under the action of a high-frequency

field has greatly increased in the last few years.
The present paper is written to describe the similarities
and differences between these discharges and the more
familiar dc type of breakdown, discussing the physical
phenomena that occur, and showing the type of in-
formation that may be obtained from these relatively
simple types of breakdown.

* Decimal classification: R139. Original manuscript received by
the Institute, April 23, 1951.

t Research Laboratory of Electronics, Massachusetts Institute of
Technology, Cambridge, Mass. This work has been supported in
part by the Signal Corps, the Air Material Command, and O.N.R.

In a high-frequency gas-discharge breakdown, the
primary ionization due to the electron motion is the
only production phenomenon which controls the break-
down. For this reason, high-frequency studies are much
simpler than the dc type of breakdown which must al-
ways have a source of electrons present (often supplied
by secondary electron effects) to make up for the elec-
trons which are continuously swept out by the field. If
one calculates the maximum kinetic energy in the oscil-
latory motion of an electron at the minimum field in-
tensities for breakdown experimentally determined, one
finds that this energy corresponds to about 10~2 electron
volt. Therefore, it is obvious that the energy of oscilla-
tion is insufficient to account for breakdown.

A free electron in a vacuum under the action of an
alternating field oscillates with its velocity 90 degrees
out of phase with the field. It thus takes no power, on
the average, from the applied field. The electrons can
gain energy from the field only by suffering collisions
with the gas atoms, and they do so by having their
ordered oscillatory motion changed to random motion
on collision. The electrons gain random energy on each
collision until they are able to make inelastic (exciting
or ionizing) collisions with gas atoms. The fact that the
electron can continue to gain energy in the field, on
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the average, despite the fact that the field changes sign,
can be seen by showing that the energy absorbed is
proportional to the square of the electric field and,
hence, independent of its sign. The rate of gain of
energy of the electron from the electric field E., is
P=¢Ev, where e is the electronic charge and v is the
average drift velocity resulting from the applied electric
field.

If the clectrons are acted on by an electric field
L= Ee’#t, oscillating with a radian frequency w, in the
presence of a gas in which collisions act as a viscous
damping force, Lorentz! showed that the equation of
motion may be written

m(dv/dt) + (mv)v = — eEzett. (1)

The collision frequency v, is the reciprocal of the mean
free time between collisions and is considered to be con-
stant. The electron velocity determined from this equa-
tion of motion can be written

—eEgeit/(jom + my,). (2)

The average drift velocity of an electron is proportional
to the electric field in which it travels and the propor-
tionality constant is called the mobility u. Thus
v=—ukF, which may be written in the form of an ac
mobhility.

=

p = e/m(jo + v.). 3)

This expression can be compared with the case of dc
clectric fields where w=0, or with the case of high-
pressure discharges where the collision frequency is
much larger than the radian frequency of an oscillating
clectric field, in which one of the standard expressions
for the mobility of the form p=e¢/nw,.

The current density of # electrons per unit volume is
J = —mnev where the velocity is given by (2). Separating
the real and imaginary parts of the current, we may
write E for E.m,, and

ne’l ve/w . ne’E 1
el @
mw  (v/w)? 4+ 1 mw  (v,/w)?+ 1

The rate of energy gain of the electrons from the field
is the real power going into the gas per unit volume,

P = J,E = (ne?E¥mv) vt/ (v + ?)]. (3)

It is convenient to write the electric field in terms of an
effective field which would produce the same energy
transfer as a dc field

E? = E? [”02/(”02 ol wz) Iv (6)

so that the rate of energy gain of the electrons from the
tield is

P = ne’E 2/my,. Q)

Thus we see that the rate of energy gain of the electrons

' H. A. Lorentz, “The Theory of Electrons,” Leipzig, Germany;
1909,
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in the field is proportional to the square of the electric
field, and therefore in a manner independent of the sign
of that field.

DIFFUSION OF ELECTRONS

A gas-discharge breakdown occurs when the gain in
clectron density due to the ionization of the gas be-
comes cqual to the loss of clectrons. In a dc discharge,
the electron loss is due primarily to the mobility motion
caused by the steady electric field. In the ac case, the
clectrons are not thus swept from the discharge and
their loss can be due to such phenomena as diffusion,
recombination, and attachment. Under all experi-
mental conditions so far studied of high-frequency
breakdown, the loss has been due entirely to diffusion.

Diffusion occurs whenever a particle concentration
gradient exists. The total flow of particles out of a vol-
ume of high concentration may be written from ordinary
kinetic theory considerations? as

I = — DVn, (8)

where D is the diffusion coefficient for electrons, n the
electron density, and I' the electron current density in
electrons per second per unit arca. The diffusion co-
efficient is proportional to the average velocity of the
electrons and in terms of the mean free path, I, may be
written as D=[v/3.

We will develop the breakdown conditions for a re-
gion bounded by walls which absorD electrons. A radio-
active source near the discharge tube provides a small
amount of ionization S in the tube. A detailed study of
the build-up of the discharge is obtained fron: consider-
ing the continuity equation for ¢lectrons

m/ot =vin+S —~ V-1 )
or in terms of (8)

anfat

DVin 4+ vin + S. (10)

In this equation the term DV?z describes the loss of
clectrons by diffusion. The term »;x is the rate of gain
of electrons by ionization and S is the rate at which
electrons are produced by an external source. For the
case of infinite parallel plates

an/ot = D(3°n/3x%) + vin + S. (11)

Assuming that the approach to breakdown is so slow
in time that dn/df may be neglected,

— S = D(3?*n/3x%) + vin. (12)

This is a characteristic value problem which may be
solved under the conditions that S is uniform through-
out the cavity and that the boundary condition on the
electron density is zero at the walls. The solution of this
equation tells us that the electron density before break-
down, at any distance x from the median plane hetween

? E. H. Kennard, “Kinetic Theory of Gases,” p. 188, McGraw-
Hill Book Co., Inc., New York, N. Y,; 1938.
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parallel plates of separation L, may be written

n = (4S/7) cos (zx/L)/[D(x/L)? — v;). (13)

Breakdown can be defined by the condition that the
electron density goes to infinity, which occurs when
v;=D(r/L)%.

If we write v;/D=(w/L)2=1/A?, for parallel plates,
the quantity A is known as the characteristic diffusion
length and is very useful in describing the shape of the
gas container when discussing diffusion problems. One
other example of a very useful boundary condition is
the case of a cylinder of height % and radius 7, with flat
ends. This geometry leads to the relation that 1/A?
= (m/h)*+ (2.4/r)%, where the diffusion to the end plates
is given by the first term on the right and the second
term describes the diffusion to the cylindrical walls.

IonizATION COEFFICIENTS

Gas-discharge phenomena under the action of dc fields
are often described in terms of Townsend ionization co-
efficients. If one considers that electrons in a dc field
create a new electrons in a path one centimeter long
in the field direction, the increase of electrons, dn, pro-
duced by 7 electrons in a distance dx will be dn =an dx,
and # =nge*® where 7, is the initial electron concentra-
tion. The quantity « is called the first Townsend co-
efficient. This first Townsend coefficient may also be
written as the ionization produced by an electron falling
through a potential difference of one volt rather than
travelling one centimeter. This coefficient is given the
symbol 7 and is related to a by n=a/E.

These Townsend first ionization coefficients may be
given in terms of an “ionization” collision frequency.
Since « is the number of electrons produced by the col-
lisions of the primary electrons travelling one centi-
meter, one can write a =v;/v, where »; is the frequency
of ionization and v is the average drift velocity of the
clectrons in the field. The average drift velocity v=|uE|,
and one may write a=v;/uE or

n = vi/uE

By analogy with the first Townsend coefficient for dc
ionization where the electron loss is controlled by mobil-
ity, we may define a coefficient for high-frequency dis-
charges® where the loss is by diffusion as:

(14)

¢ = vi/DE2. (15)

IFrom our previous discussion of diffusion we saw that at
breakdown v;/D=1/A% Thus we may measure the ac
ionization coefficient by measuring the breakdown field
in tubes of known size since { =1/A2E* Measurements
of ¢ as a function of E/p, the ratio of the rms electric
field, and the pressure for various gases are shown in
Fig. 1.

3 M. A. Herlin and S. C. Brown, “Breakdown of a gas at micro-
wave frequencies,” Phys. Rev., vol. 74, p. 291; August, 1948.
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There is a very close physical relation between the ac
and the dc ionization coefficients. If one divides (14) by
(15), there results the relation 7/¢{=D/u. Townsend
showed that the ratio of D/u was a measure of the
average energy of the electrons* and determined this
average energy as a function of E/p, experimentally.
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Fig. 1—AC ionization coefficient for helium, hydrogen, and air.

Thus, in principle, one can determine n from { or vice
versa from these Townsend-like measurements. There
is difficulty in carrying this out exactly, however, he-
cause the actual values depend on how the averaging
of the energy is carried out. Since the electron energy-
distribution functions are different for the ac and the
dc cases, one might expect mathematical camplications
to arise if this were tried in actual cases. For the one
case of hydrogen gas, where considerable simplifica-
tions are possible in the mathematics, it has been
shown® that the dc Townsend coefficient can be deter-
mined from the ac ionization coefficient.

Hici-FREQUENCY BREAKDOWN

Typical of the behavior of the breakdown field at
high frequency with changes in gas pressure are the
curves shown in Fig. 2. At first sight these curves look
similar to corresponding data taken with dc fields, that
is, as the pressure is decreased the breakdown field
first decreases and then increases again at low pressures.
In the low-pressure region, the rising breakdown field
with decreasing pressure in high-frequency discharges
corresponds to the increasing loss of efficiency in the
transfer of energy from the field to the electrons. We
saw in the introduction that the electron only gained

energy insofar as it made collisions with the gas atoms
4+J. S. Townsend, “Electricity in Gases,” Clarendon DPress,
Oxford, England, p. 166; 1915.
8 L. J. Varnerin, Jr.and S. C. Brown, “Microwave determination
of average electron energies and the first Townsend coefficient in
hydrogen,” Phys. Rev., vol. 79, p. 946; September, 1930.
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and that between collisions it oscillated out of phase
with the field and hence gained no energy. Thus, as the
pressure is reduced, one must increase the field to make
up for the loss of efficiency by just the factor of the
effective field given in (6). In the high-pressure region,
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Fig. 2—Typical breakdown curves for hydrogen at a
frequency of 3,000 mc.

the reason for the rising breakdown field with increasing
pressure in high-frequency discharges is the same as in
the dc case. As the pressure increases, the electron mean
free path decreases, and the energy per mean free path
decreases. Since to cause ionization the electron must
gain energy corresponding to the ionization potential,
more and more electric field must be applied to do this
as the pressure increases. The minimum corresponds
essentially to the point where the frequency of collision
between electrons and gas atoms is equal to the fre-
quency of the applied rf field. Thus, at low pressure
where the electron makes many oscillations per collision,
its behavior is governed by strictly ac considerations.
At high pressure, where the electrons make many col-
lisions per oscillation, their behavior is the same as in
a dc discharge.

The remarkable feature of the breakdown curves, for
those used to dc phenomena, is the fact that the greater
the electrode spacing, the easier it becomes to cause a
breakdown. This, of course, is a necessary result of the
breakdown condition of the balance between energy
gained from the field and electron loss by diffusion. As
the electrode spacing becomes less, the diffusion loss
becomes greater; therefore, the field must increase to
make up for the increased loss.

Curves of gas-discharge breakdown as a function of
pressure are often plotted in dc work as Paschen curves
in which, for a particular gas, the breakdown voltage V
is found to be a function of pd independent of the mag-
nitude of the electrode spacing d. The same type of
quantities may be introduced in the high-frequency
case, where for the breakdown voltage we write EA, the
field times the diffusion length, and for pd we use pA.
In the case of high-frequency phenomena we have one
more variable than for the dc case, namely, the fre-
quency, and this may be introduced as the variable pA
where N is the wavelength of the applied field. In terms
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of these three variables, all high-frequency breakdown
data may be put on a three-dimensional surface. This is
illustrated for the case of hydrogen in Fig. 3. In this
kind of a plot, breakdown data taken for a given size
tube at constant applied frequency as that of Fig. 2,

Fig. 3—A surface constructed from the experimental determinations
indicated in Fig. 2, correlating the breakdown voltage measure-
ments in terms of variables derived from dimensional analysis.

fall on lines at 45 degrees in the pA —p\ plane. All the
higher-pressure data taken above the minimum break-
down field correspond to the case of an electron making
many collisions per oscillation. In this case the fre-
quency of the applied field makes no difference, that is,
the data are independent of the variable pA and all the
EA versus pA curves have the same shape, correspond-
ing to the PPaschen Law curves for dc breakdown. This
is shown in Fig. 4.
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Fig. 4—High-pressure ac breakdown data showing similarity to
dc Paschen law when electron makes many collisions per oscilla-
tion. Crosses are data at 10 cm wavelength (7) and circles are
wavelengths of 16,700; 10,600; 8,050; 4,740; 460; and 389 cm (10).

BREAKDOWN THEORY

To derive a more quantitative description of the
breakdown behavior and avoid mathematical complex-
ity, one must choose a gas in which simplifying assump-
tions are most likely to apply. The two most important

of these assumptions are, first, that the frequency of
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collision be constant in energy, an assumption we have
already used in (1), and, second, that all inelastic col-
lisions be ionizing, that is, that there be no excitation.
There turns out to be no such gas in nature, but it is
possible to make such a gas by adding small amounts of
mercury vapor to helium. Let us coin a name of ‘““Heg”’
for this gas. The helium gas by itself has the property,
in the region of electron energy in which breakdown
occurs, of behaving such that v.=constant. Helium
has a metastable level at 19.8 volts since transitions
from this level to the ground state by radiation are for-
bidden. Since the metastable states have mean lives
of the order of thousands of microseconds, practically
every helium atom which reaches an energy of 19.8
volts will collide with a mercury atom and lose its
energy by ionizing the mercury. Therefore, each in-
elastic collision will produce an ionization and the
effective ionization potential will be #;=19.8 volts.

Having thus found a gas to which we can apply a
simple theory, let us first consider what happens at high
pressure. Here the power which goes into the electrons
from the electric field is dissipated in elastic collisions
between the electrons and the gas molecules. This region
corresponds to the lowest values of E/p measured ex-
perimentally. The data on either the Townsend first
ionization coefficient or the ac ionization coefficient,
such as in Fig. 1, show that here E/p is nearly constant
for a wide variation of these coefficients and is equal
in Heg to 1 rms volt/cm/mm Hg. Thus, for an Heg dis-
charge, in which nearly all the loss goes into nonionizing
collisions, the field and pressure are related by the
equation E=p. It can be seen that the high-pressure
breakdown measurements tend to approach this line.
This is shown in Fig. 5.

In the low-pressure region, the electrons make many
oscillations per collision and the breakdown field may
be determined by equating the number of oscillations
to ionize to the number of collisions to diffuse out of the
tube. Since all inelastic collisions are ionizing ones, all
the input power (which is the rate of transfer of energy)
goes into ionization, this is to say that the power is the
frequency of ionizing collisions, v;, times the energy to
ionize a gas atom, ex;. Thus we may write from (7),

v; = Pleu; = eE2/muw.. (16)

Since we are discussing the low-pressure region, we may
assume that w®>v.2in (6) for E.2. In the diffusion section
we found that v;=D/A? and that D =IJv/3. This leads
to a relation for the frequency of ionization of the form
v;=Ilv/3A% If we multiply numerator and denominator
of this expression for »; by the velocity and combine
with (16) we obtain ;

vi = v2/3A%W, = eE%./umw?.

(17)

We solve this expression for the electric field. For w we
may write 2wc/N\, where ¢ is the velocity of light. The
electron energy is related to the velocity by the equation
eu=mv?/2. Combining these, we obtain

Brown: High-Frequency Gas-Discharge Breakdown
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(18)

The collision frequency v, has been measured for many
gases and the results have been summarized by Brode.®
Brode gives his results in terms of the probability of
collision P., which may be defined as 1/pl. The relation
between the probability of collision and the frequency
of collision is .= pvP,, since elementary considerations
show that v. may be written as v//. From Brode's data
we find that »,=2.37 X10%. For Heg the ionization
potential #;=19.8 volts; since we are assuming a very
low pressure where all the power goes into ionization,
the average energy u also equals 19.8 volts. Calculating
the electric field under these approximations leads to a
relation E=1284/pAN. Calculating the electric field
from this relation for the two different size cavities,
for which data are given in Fig. 5, shows that the ex-
perimental values do approach these theoretical lines
at very low pressures.
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Fig. 5—Experimental breakdown electric fields
compared with a simplified theory.

In this paper we have treated the breakdown prob-
lem in a qualitative manner, discussing the behavior of
an average electron. This gives us less accurate agree-
ment in detail than a more rigorous treatment, but
allows us to discuss the mechanisms in a correct and
more easily understood fashion. An accurate description
of the breakdown phenomena can be given theoretically
only by taking into account the electron energy dis-
tribution. The electron energy-distribution function
may be determined by setting up the electron continu-
ity equation, accounting for production and loss of
electrons by ionization and diffusion, and expressing the
results in terms of the high-frequency ionization co-
efficient {. The precision with which such a treatment
predicts the experimental observations gives us con-
fidence in the validity of the approach, but the mathe-
matical complexity of this type of theory largely ob-
scures a clear picture of the mechanisms involved. For

¢ R. B. Brode, “The quantitative study of thecollisionsof elections
with atoms,” Rev. Mod. Phys., vol. 5, p. 257, October, 1933.
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the more rigorous treatment, the reader is referred to
the original papers on the subject.?.?

Tue LiMits OF DIFFUSION-CONTROLLED
BREAKDOWN

Certain basic assumptions have been made in the
calculations of breakdown as a balance between the
ionization rate and the loss of electrons by diffusion. Let
us examine the limits of experimental parameters be-
vond which diffusion is no longer the controlling phe-
nomenon. These limits can be discussed in terms of the
variables pA and pA, and we will choose the case of
hydrogen since more quantitative work has been done
with this gas than any other.

At low frequencies the experimental measurements of
breakdown are always taken in vessels whose dimen-
sions are small compared to the wavelength of the ex-
citing power. For this case, an assumption of uniform
field between the electrodes is very good. At very-high
frequencies there exists a limit to the size of the dis-
charge tube consistent with the assumption of the dif-
{usion theory that there be no region of zero electric
field except at the walls of the tube. This can be written
in terms of the size of the tube allowable to sustain a
single loop of a standing wave of the electric field. The
relation between the parallel plate separation L and
the wavelength is that N\/2=L. Since in terms of the
diffusion length L =74, the Uniform Field Limit shown
in Fig. 3 is calculated from

PN = 2m(pA). (19)

The diffusion theory will not apply where the electron
mean free path becomes comparable to the tube size.
In the limiting case, this can be expressed as the mean
free path [ being equal to the diffusion length A. We
have seen that the probability of collision P, is equal
to 1/pl. To plot this condition in Fig. 3, we write

pA = 1/P.. (20)

The value of P, is not a constant, but depends upon the
clectron energy. Assuming that the average electron
has an energy equal to one third of the ionization poten-
tial, the average electron energy would be 5 volts for
hydrogen. Using Brode’s measured value for the prob-
ability of collision in hydrogen for the average electron,
P.=49(cm-mm Hg)~t. With this value, we obtain the
horizontal line in Fig. 3 marked mean free path limit.
Within the limits of experimental conditions in which
diffusion theory adequately explains the breakdown
behavior, several different phenomena may occur. One
of the important phenomenological changes is the tran-
sition from many collisions per oscillation of the electron
to many oscillations per collision. This can be written
as the condition that v,=w, where v, the collision fre-
quency, is the ratio of the average velocity to the mean

7 A. D. McDonald, and S. C. Brown, “High frequency gas dis-
charge breakdown,” Phys. Rev., vol. 75, p. 411; February, 1949;
vol. 76, p. 1634; December, 1949,
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free path, and w is the radian frequency of the applied
field. From Brode's data, we can obtain the relation
v.=5.93X10%. Putting this in terms of the proper vari-
ables, we obtain

32. (21)

This relation is plotted in Fig. 3 as the dotted line
marked collision frequency transition.

We can calculate a line on the pA—p\ plane cor-
responding to the minimum breakdown field for any
given container size. At low pressure we have seen that
the breakdown field approaches the condition given by
(18). For hydrogen »,=5.93 X10%, u;=15.4 volts and
we again consider #=u;. This leads to a value of
=400/ANp. The limiting value of E/p for the ioniza-
tion coefficient in hydrogen is 8 volts/cm/mm lHg.
Therefore at high pressures [£=8p. Iliminating the
field between these two equations will allow us to cal-
culate the pressure at which breakdown will occur most
easily. In terms of the variables of Fig. 3 this leads to the
equation

PN

A = 50/paA. (22)

This relation is plotted in Fig. 3 as the line marked
optimum breakdown.

When the amplitude of the electron oscillation® in the
electric field is sufficiently high, the electrons can travel
completely across the tube and collide with the walls on
every half cycle. We have already seen that under the
action of the field, an electron attains a velocity
v =eE/mv,. Putting in the sinusoidal variation of the
field with time,

bl

v

— (eEp/mwv.) sin w! (23)

x = (eE,/mwv,) cos wl,

where E, is the peak value of the field. The limiting
case on the diffusion mechanism in which all of the
electrons will hit the walls would be calculated by
setting the oscillation amplitude equal to one half the
electrode separation. Thus the oscillation amplitude
becomes equal to eE,/mwy.=L/2. Substituting N in
terms of w, v/l in place of v, and 1/pP, for | we obtain

PN = (rmchc/e)ﬁL/(Ep/ﬁ).

From Brode's data again we use vP,=5.93 X10%((sec-
mm Hg)~!, and putting in this numerical value with the
parallel plate relation that L=wA, one has

PN = 10°pA/(E,/ p).

This equation can be solved numerically where the ex-
perimental values of the breakdown field are available.
These have been measured, and the calculation yields
the oscillation amplitude limit of Fig. 3.

(24)

(25)

8 E. W. B. Gill and R. H. Donaldson, “The sparking potential of
air for high-frequency discharges,” Phil. Mag., vol. 12, p. 719;
September, 1931.
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PHENOMENA OUTSIDE DIFFUSION-CONTROLLED
BREAKDOWN

Many experimenters have studied rf breakdown out-
side the limits set by the diffusion theory. The phe-
nomena in these regions are complicated by secondary
effects similar to that found in dc discharges. For ex-
ample, when the oscillation amplitude limit is crossed,
the work of Githens® and Thomson!? gives the sudden
increase in the bireakdown voltage EA shown in Fig. 3.
The increase probably results from the increase in elec-
tron loss because of the amplitude of the oscillation
forcing the electrons against the walls and hence out of
the discharge. They found that this hump, shown in
Fig. 3, flattened off, and later work by Gill and von
Engel'! showed that the breakdown field thereafter de-
creased. This decrease, being a function of clectrode
material, is dhe to a new source of electrons entering the
discharge from sccondary-clectron production by the
clectron bombardment.

Some work has also been carried out measuring the
breakdown at high frequencies below the mean free-
path limit.!? Here again the phenomena become com-
plicated by the increased loss and the introduction of
secondary effects, and the problem again approaches
the difficulty of a dc discharge.

ErrEcT oF A SuperiMPOosSED DC FIELD

The gas in a tuke will break down when the losses of
clectrons to the walls of the tube are replaced by ioniza-
tion in the body of the gas. When an ac field alone is
applied, electrons are lost by diffusion. When a small dc
sweeping field isapplied, electrons are lost both by diffu-
sion ard mobility and the ac breakdown field will in-
crease. The breakdown condition can be formulated
mathematically by a consideration of these processes.®

Izquation (8) described the particle current flowing
through a unit area due to the phenomenon of diffusion.
When the electron current is due not only to diffusion
but also to the motion due to an electric field, one may
write similar equations for the electron loss by adding a
mobility motion term. Thus we can have:

T'=— DVn — uEan (26)
and
VI'= — DV — plla(dn/oz). 27)
Equivalent to (10) we may write
on/ot = DV + uka(dn/dz) + vin + 5. (28)

? S. Githens, “The influence of discharge chamber structure upon
the initiating mechanism of the high frequency discharge,” Phys.
Rev., vol. 57, 822; May, 1940.

10 T, Thomson, “Sparking potentials at ultra-high frequencies,”
Phil. Mag., vol. 23, p. 1; January, 1937.

1 E. W, B. Gill and A. Von Engel, “Starting potentials of elec-
trodeless discharges,” Proc. Roy. Soc., vol. 197A, p. 107; May, 1949.

3 E.\V. B. Gill and A. Von Engel, “Starting potentials of high-
frequency gas discharges at low pressure,” Proc. Roy. Soc., vol. 1924,
p. 446; February, 1948.
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In a similar fashion to the solution obtained for the
electron density in (13), (28) may be solved for the case
of a cylinder of axial height L and axial coordinate z,
radius R and radial co-ordinate r by the method of
separation of variables to yield

n = (constant)Jo(2.4r/R) [sin wz/L)erEacz/2D) - (29)

In this expression the term in the zero-order Bessel
function represents diffusion to the cylindrical walls of
the tube; the sine function represents diffusion to the
end walls; and the exponential represents the deforma-
tion of the sinc caused by the sweeping of electrons by the
dc field. This solution is subject to the condition
vi/D=1/As2 where Ag defines a modified diffusion
length given by the relation

1/Aa2 = 1/A + [Ea/(2D/w) |2 (30)

For this case, the characteristic diffusion length is
given by 1/A2=(x/L)*+(2.4/R)? which is the diffusion
length previously discussed for cyvlindrical tubes.

The only difference between the breakdown condition
in the ac-dc case and the pure ac case is the substitution
of a modified diffusion length A for the characteristic
diffusion length A. It will be noted that the modified
diffusion length of a cavity is smaller than the charac-
teristic diffusion length. A cavity whose electron losses
are increased by a dc sweeping field is equivalent to a
smaller cavity without a sweeping field.®

SUPERIMPOSED MAGNETIC FIELD

The discharge breakdown at high frequencies in the
presence of a constant magnetic field has been studied
by a number of workers® in the diffusion-controlled
region. Let us consider the motion of ar. electron be-
tween collisions under the influence of an electric field
along the x axis, E=FE¢*‘ and a constant magnetic
field B along the z axis. The equation of motion similar
to (1) is then

m(dv/dt) + ev X B= — eEyivT. (31)

The solution of this equation corresponds to the super-
position of a circular helical motion and a plane ellip-
tical motion. For the helical motion whose axis is along
the magnetic field, the velocity oscillates at the cyclo-
tron frequency ws=eB/m and the energy of this motion
is constant. For the elliptical motion the velocity oscil-
lates at the frequency of the applied field and the energy
is determined by the magnitude and frequency of the
applied field.

The mean energy gain between collisions of the elec-
trons with the gas atoms can beobtained as before, con-

18 .S, Townsend and E. W. B. Gill, “Generalization of the theory
of electrical discharges,” Phil. Mag., vol. 26, p. 290; August, 1938.

A. E. Brown, “The effect of a magnetic force on high frequency
discharge in pure gases,” Phil. Mag., vol. 29, p. 302; March, 1940. ~

B. Lax, W. P. Allis, and S. C. Brown, “The effect of magnetic
field on the hreakdown of gases at microwave frequencies,” Jour,
Applied Phys., vol. 21, p. 1297; December, 1950.
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sidering the input power to an electron as P =e¢Ev. By a
suitable averaging of the velocity and averaging the
energies over the collision times, the mean energy gain
between collisions can be determined as

u= (eEo/4m) {1/ [(wtws)+r2]+1/ [(0—ws)?+r2]}. (32)

At low pressures where the collision frequency ap-
proaches zero, the energy approaches twice the energy
of the elliptical motion of the electron. At higher pres-
sures, such that there are many collisions per oscillation,
the energy of the elliptic motion loses its meaning and
the collision energy becomes eEq?/2mp2. One can use
(32) to define an effective field E, which is the rms field
at high pressure, and (32) may be written u =eEz2/mp.2
This concept is useful when the collision frequency v,
isindependent of velocity since this single function takes
into account the effects of frequency and magnetic field
on the energy. At low pressures the effective field has a
maximum at resonance with the cyclotron frequency, as
shown in Fig. 6.

The electrons produced by ionization have initially
very little energy, but this increases in steps of % until
the energy reaches the ionization energy u;, disregarding
excitation collisions. The number N of free times to
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Fig. 6—The effective field as a function of the frequency showing the
resonance in the presence of a magnetic field.

ionize is N=u;/u when v, is constant. The electrons
thus double their number by ionization every N colli-
sions; unless sonie equally effective process exists which
removes electrons, their number will increase ex-
ponentially. Here we are considering electron diffusion
to the walls of the discharge tube to be the balancing
process. In the absence of the magnetic field, the ran-
dom-walk theory" gives the mean square distance
A*=NI*/3 reached in N free paths of mean square
length 2, so that if the average electron reaches the wall
in a distance A the diffusion process will just balance

WE, H. Kennard, “Kinetic Theory of Gases,” McGraw-Hill
Book Co., Inc., New York, N. Y., p. 271; 1938.
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ionization. This is the condition for breakdown, and it
may be written
12/3A% = v*/3A%2

w/u; = (33)

If there is a magnetic field, # will be altered according
to (32). At the same time the diffusion theory must be
altered to take into account the curved paths between
collisions. This may be done by appropriately decreas-
ing the mean free path or increasing the diffusion
length. We shall adopt the latter and denote the new
length by A,, where

Al = [(‘»‘)b2 + 1’02)/”02]1\2‘ (34)

The effect of a magnetic field is to make the dimensions
of the tube at right angles to the field appear larger to
an electron.

\When the mean free path is much smaller than A.,
the intercollision energy gain u is correspondingly
smaller than the ionization potential. From (33) we see
that breakdown should occur at the same effective
field if the ratio of the mean free path to the effective
diffusion length is the same. That is, the effective field
for breakdown is a function of pA, only. Combining
(32) and (33) we obtain

E2? = 2uu;/3A 2. (35)

We saw in (34) that the effect of a magnetic field is to
make the dimensions of the tube at right angles to the
field appear larger to an electron. Equation (35) shows
that this should reduce the effective field for breakdown
in the same proportion.

E, Breakdown Field in Volts/cm
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Fig. 7—Breakdown of helium in transverse
electric and magnetic fields.

3000

Experimental data for breakdown in Heg, which
again agree with our simplifying assumptions of con-
stant », and no loss of energy to excitation, are shown in
Fig. 7. The result of plotting the effective field in place
of the actual field would be to remove the resonance
effect of the magnetic field.
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We have just been discussing the case in which the
electric field and the magnetic field have been mutually
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Fig. 8—Breakdown of helium in parallel electric and magnetic
fields in a cylindrica! cavity.

perpendicular. If the two fields are oriented in the same
direction, the effect is one of changing the diffusion
only. Experimental breakdown curves in Heg gas for
this case are shown in Fig. 8.

CONCLUSION

In summary it can be said that high-frequency gas-
discharge breakdown is much simpler than dc-dis-
charge breakdown because of the absence of necessary
secondary effects. In all physical cases sc far studied,
the governing loss mechanism has been diffusion of
electrons to the boundaries of the tubes. Although de-
tailed calculations of the diffusion processes lead to con-
siderable mathematical complexity, simplified theories
based on the behavior of the average electron are quite
adequate for many cases. Superposition of dc and mag-
netic fields on the hf field affect the breakdown in gen-
eral as they modify the diffusion loss of the electrons.

Limits can be set on the application of the diffusion
process; when breakdown is studied outside these limits,
the discharge becomes complicated by the same second-
ary phenomena as are present in a dc discharge, even if
the electric field oscillates at a radio frequency.

Simulation—Its Place in System Design’
HARRY H. GOODEft

This paper is published with the approval of the IRE Professional Group on Radio Telemetry
and Remote Control, and has been secured through the co-operation of that Group.—The Editor.

Summary—The place of simulation in system design is developed
in relation to all other steps in the design process. From this, the
relation of simulation to both the analytical attack, on the one hand,
and to a final operational system, on the other, is developed. This
leads naturally to the program to be followed in a simulation setup.
In this discussion the pitfalls to be avoided are emphasized. Then
simulation of a human link in a system is discussed. Finally, a
critique of simulation is given with relation to cost, time, difficulty
of execution, treatment of nonlinearities, and noisy inputs.

INTRODUCTION
WITH THE ADVENT of the large, fast com-

puter many extreme statements were made, pro

and con, about the use of simulation in system
design. Yet, like any other tool, simulation is what its
user makes it. It can be a powerful aid to the skillful
worker.

It is the purpose of this paper to describe this tool,
expound and exemplify its use, and give it its proper
place in design procedure. To avoid spending time dis-
agreeing as to the nature of simulation, let us adopt a
viewpoint to serve for this discussion alone. Simulation,

* Decimal classification: R004 %621.375.2. Original manuscript
received by the Institute, April 9, 1951. Presented, IRE Meeting at
the Waldorf Astoria, New York, N. Y., March 22, 1951.

t Engineering Research Institute, Willow Run Research Center,
University of Michigan, Ypsilanti, Mich.

we will agree, is a tool for the study of a syste:n by the
cut-and-try examination of its mathematical represen-
tation by means of a large analog or digital computer.
The mathematical representation is assumed to be
made up of separate expressions, each concerned with a
svstem component. This definition will be too broad
for some, too narrow for others. Ilowever, it will serve
to delimit the present discussion.

Recently, in the course of the work of a Research and
Development Board panel concerned with simulation,
a program for system design was stated which, with
some modification, will serve as an outline for this dis-
cussion. This modified program consists of

1. Description of system inputs
First-order design
Component analysis
Experiment for required parameters
System analysis
System simulation
Modification toward an optimum system by re-
peating steps (2) through (6).

NN

This ordering of the design steps gives a proper per-
spective to the position of simulation in the scheme of
design.
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These steps require explanation. The statement of
system inputs is, of course, worth a greater expenditure
of time than most give to it. Too frequently the svstem
finally designed operates best for inputs which may
never occur in practice. The expected ranges of input
variables, the frequency spectra, and the multiplicity
of inputs should be explicitly stated. If chance dis-
turbances of the inputs are expected, an attempt should
be made to determine the power spectrum and ampli-
tude of the noise.

PPassing now to the creation of a first-order design,
this step displays the essential difference between the
expericnced designer and the novice. The former, for
a stated set of inputs, can usually choose a reasonably
adequate-looking block diagram of a system which will
meet these inputs. The ability to do this is the in-
tangible, “know-how.” At Michigan we have found it
desirable to stop at the first-order design and attempt a
description of the proposed system operation based on
a quick look at the first-order design. This may lead
to obvious maodifications since the system mav be un-
able to carry out steps which seemed obvious at first.

At this point component analysis begins in carnest.
The tools for such an investigation are mainly analvti-
cal. The questions to be answered are niainly subsystem
questions. What input may be expected at Component
X, and what will its resultant output be? If it is linear,
what is its transfer funcion? If it is not linear, suppose
it 1s linearized and describe its performance. Are tests

available on this type of component; if so, how did it
perform?
In the course of component analysis, experimental

values will frequently be lacking. An extensive experi-
mental program may be needed to obtain the values re-
quired to describe component performance.

While small-scale simulations may be useful at any
time, advocates of the use of system simulation have
often urged its use at many of the points along the
route just followed. However, in the author's opinion
one is not yet ready to pay the price of a system simula-
tion. A system analysis using linear analvtic methods
will profitably eliminate obviously bad system setups
and indicate regions in which further investigation is le-
sirable. The analyst, il he arrives at an expression for the
system at all, will be able to investigate complicated
parameter regions and may even be able to approximate
an optimum set of parameters. But with all this done,
the system must be tried, and no complicated system
can, with cconomical reason, be built, tried, and dis-
carded. This latter technique, by the way, is too often
used even today. Here is where simulation pavs its wayv;
its cost will be discussed later.

In the course of the above steps, the system was, of
necessity, represented mathematically. Using the defi-
nition of simulation given above (i.e., that it is a tool
for the cut-and-try examination of such a system’s
mathematical representation) the system can be set up
and its performance observed. Simulation makes this
possible at a reasonable cost.

OF THE I.LR.E. December

Assuming the simulation completed, it is possible to
designate the places at which the system fails, or per-
forms badly. The designer may then return to the first-
order design and make the necessary modifications in
preparation for repeating his design steps. Of course,
in practice the time order of these design steps is not as
clear-cut as we have made it here. It is indeed a m yvthical
engineering staff that has the leisure to proceed in such
an orderly fashion.

It is desirable to discuss in more detail the relation-
ship of simulation to its two chief competitors in the
svstem-design process. On the one hand, simulation
must be compared with the methods of analysis (i.e.,
mathematical analysis); on the other hand, it must be
viewed as a substitute for designing a syvstem by the
cut-and-try or build-and-discard method.

As pointed out above, analysis is powerful and deci-
sive in an environment which allows acceptable linear-
ization. In some relatively simple cases it may even
deal with noisy system inputs. But with growing com-
plications in the form of nonlinearities, and even dis-
continuities, with a tong path through many boxes for
noisy inputs and with human beings in the system, the
analyst must surrender. Because it deals with non-
linearities, probability, and human beings in a somewhat
more realistic fashion, simulation must supersede an-
alysis in an environment containing such elements.

At the other extreme, the construction of an opera-
tional system allows test under conditions as they ac-
tually are simply because it is the system. However, for
even moderately complicated systems the cost of con-
struction is prohibitive of trial. Moreover, the time con-
sumed in producing the system limits the number of
trials. And finally, the control of ohservations when the
system is built is difficult.

It should be noted that with increasing complication
simulation as a substitute for the two extreme attacks
stands out more and more prominently as the preferred
method. Analysis must be relegated to a preliminary role
and operational construction to the final product since
the reasons above increase in importance with compli-
cation.

When the decision to use simulation has been made,
it is necessary to know something about available auto-
matic computing machines. \Vhen this paper was
planned, it was intended that a short summary of avail-
able machines would be given. Iowever, much more on
the subject may be gained from the April, 1950 issuc
of the ProCEEDINGS or TnE [.R.E., where a bibliogra-
phy on computing machines appears.!

We go on, therefore, to examine in detail the execu-
tion of a program of simulation. It follows from the
previous steps of system design that a detailed mathe-
matical statement of the system has evolved. The simu-
lation program will entail the following steps, each of
which will be discussed further:

1. Choice of computer

2. Programming

3. Choice of cases to be treated
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Coding (or circuit mapping)

Machine setup and debugging

Running

Data reduction

Analvsis of results

9. Reporting.
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I. CuoicE oF COMPUTER

In choosing a machine it will be necessary to consider
the type of problem to be solved. The first choice is
between analog and digital computers. Those problems
which are essentially the solution of a large set of differ-
ential equations fall to the lot of the analog machine.
Thus, mechanical systems, aircraft-systems designs, and
energy-supply systems are all naturally suited to the
analog machine. On the other hand, problems which re-
quire many discrete steps and logical choices fall into
the digital computation category. Telephone systems,
some systems planned for warfare, and trafhic systems
are digital problem types.

Suppese the machine chosen is of the analog type.
The next problem will be the capacity required, a ques-
tion answered directly from an examination of the
mathematical statement of the system with regard to
the number of operations, such as integrations, addi-
tions, etc., required in the problem. The capacities of
various machines, of course, differ with regard to the
type of mathematical operations which they can perform.

Having determined the capacity of the machine neces-
sary, a joint consideration of accuracy and speed of
response will be necessary. If the accuracy require-
ments are high, it will be necessary to pay in time of a
run in order to stay within the speed of response of the
machine chosen. If, on the other hand, accuracy re-
quirements are not great, the speed of response will
not be a factor and one may run as fast as the machine
allows. In case the first situation helds, in which ac-
curacy requirements are high, it may be necessary to
rule out using machines with slow response because of
the time which has been added to a run. It will be seen
later that the number of runs will be chosen on a quite
different basis. If this number s large, some interplay
between these factors and the number of runs will be
necessary in deciding upon a machine.

If the problem is one for the digital computer, it will
be necessary to consider the problem from the point of
view of initial data versus computation. If the problem
is one in which a small amount of data is fed to the
machine an¢ a large amount of computation is neces-
sary, the output being relatively small, any of the ma-
chines designed for scientific epplication are satisfac-
tory. However, if the problem requires a large amount of
data to be put in, a small number of computations to
be performed, and a large amount of information to be
put out, some of the business machines will be more to
the point. Finally, a type of problem which has been
developing in our work requires that a large amount of
data be stored, a large amount of computation be per-

1 “Radic progress during 1949,” Proc. LRk, p. 373; April, 1950
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formed, and a large amount of information be put out.
The machine suited to this type does not exist at present,
but it will probably be available within the next year.

[Having decided on the machine to be used from the
standpoint of capacity, it will be necessary to consider
accuracy requirements and speed of response, as for the
analog machine. However, for the digital machine, this
consideration falls most naturally under “I’
ming.”

rogran-

Il. PROGRAMMING

After the mathematical statement of the problem
has been made in great detail, it may be found necessary
to resort to simplifications. It is dithcult to say without
discussing a particular problem what these simplifica-
tions may consist of. They crop up in various contexts.
Perhaps in later papers some account will be given of
these simplifying methods. One broad principle in con-
nection with those problems containing probability
consideratious is the following:

Where a set of boxes, to which the input is a given
probability distribution, can be represented as an oper-
ator in the mathematical sense so as to provide the dis-
tribution of the output, the entire set may be substi-
tuted by directly generating, equipment-wise, the prob-
ability of the output.

Suppose, for example, a trathic problem is being
studied in which the occurrence of motorists’ speed (v)
is normally distributed with a mecan and variance de-
pendent upon the distance from a traffic intersection.
Suppose further that the problem requires that each
motorist traveling above a speed C will be stopped.
[Squipment-wise, this element of the problem may be
generated thus: ’

medan

-——)-—-, Normal distribu- o —»>C
tion wenerator of | v | Limiter
d vitriance v with mean u| and
] and variance s? caunter
L—sf@nf—>" ' — < C

|
Pulse for

occurrence

of car

Function
generators

However, a simple analysis show that < C will occur
with probability

c 1 (C-u)re X
p= f No, widv = f e dy = f(u, 0) = H(d)

a N2

so that we may substitute this diagram, which is con-
siderably stmpler,

[ Binomial ]- — - 9>C
d | H(d) b distribution
>| generator  [—————>7 £C
Function Pulse for
generator occurrence

of car

When the mathematical setup has been simiplified as
much as possible, it will be nccessary to consider various
computational methods. In the analog computer this
is generally a straightforward affair with components
corresponding to mathematical operations. In the digital
computer there will, in general, be alternatives for a
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particular computational method. Thus, for an integra-
tion one may resort to an extremely short interval and
use a simple tangent approximation of a function to ob-
tain required accuracy. On the other hand, more sophis-
ticated methods entailing high-degree polynomials and
iteration may be used, resulting in a larger interval
being permissible but requiring a larger number of
computation steps within the interval. It is something
of a problem to balance interval size and sophisticated
methods against one another so that an approximation
to the minimum number of computations for a given
accuracy may be obtained.

Finally, with regard to programming, it is to be noted
that the detailed consideration of the computational
methods to be employed will suggest to the designer
questions about his original design and sometimes make
it possible for him to better his original system merely
from a consideration of these methods. This will occur
most frequently when the system itself contains many
computational processes. The attempt to simplify the
simulation computation will result in a simplification of
the actual system computation,

I11. Cnoick oF CASES

The next steps in the execution of the program are
the choice of the cases to be run, measures of effective-
ness to be used, methods of reduction of data, and the
determination of the total number of runs to be made. In
choosing the cases to be run, nothing will substitute for
experience in doing a problem. However, some general
notes are as follows:

The designer should permit great flexibility in chang-
ing these runs when, in the course of examining the out-
puts, necessary changes become evident. There is some
tendency to set up a program of runs and drive it to the
bitter end in spite of the fact that the designer knows,
early in the game, that he will have to change the direc-
tion of his investigation.

Again, before running on a full program it is desir-
able to sample a few points. This may result in a com-
plete shift of the emphasis, which was chosen on an
a priori basis as the result of analysis. In choosing values
in a given variable range it is desirable to have at least
three values. These, as nearly as possible, should be
located at the minimum and maximum reasonable
values and at a guessed optimum. From these values,
one obtains some knowledge of the curvature of the
function being used as a measure of effcctiveness.

The smaller the number of design variables per-
mitted the casier will be the execution of the program,
Where possible, consideration of some design variables
should be eliminated on the basis of the preliminary an-
alysis. Otherwise the number of runs required becomes
excessive, even for today’s fast machines.

With regard to measures of effectiveness, it is desir-
able to use as few as possible for the evaluation of the
results. To a large extent, the choice of these measures is
inherent in the physical problem. However, cases have
occurred where redundant measures of effectiveness
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have been used. It is worth the time necessary to elim-
inate such redundancies since they serve only to con-
fuse the designer when he evaluates his results. It is
desirable that measures of cffectiveness be dimension-
less. The purpose of this is to enable the designer to
extrapolate from the results of cases run to those cases
which have not been run, but whose parameters in
dimensionless form are the same as those already run.
Where possible, the quantity used should have a readily
apparent meaning.

It will pay the designer to know what his final
answers will look like. The effort expended toward this
end will minimize the number of unnecessary steps
taken in the course of simulation. Moreover, knowing
the required answer leads immediately to a choice of the
variables to be recorded, which in any machine of
modest size is by no means a trivial problem. Recording
facilities will, in general, be found to be limited, and a
well-considered choice of variables will be profitable.
At this point, it is well to consider also the possibility of
cutting down human computation by making the out-
puts of the machine as nearly like the final form as
possible. This will not always be permissible because of
the amount of equipment used up in relatively unneces-
sary computations; however, where such equipment is
available, much will be gained by putting out final re-
sults directly from the machine.

The number of runs to be made at a parameter space
point in a system subject to chance occurrence is a diffi-
cult question to answer without some experience with
the problem at hand. The designer usually has no time
for a detailed statistical analysis by which the signifi-
cance of the values he is obtaining may be determined.
Such a statistical analysis is frequently a larger problem
than the system analysis. llowever, there are some
compensating factors. It is found that in the ordinary
run of problems convergence toward a stable value for
the measure of effectiveness is fairly rapid. In our ex-
perience about 70 runs at a point determine the required
function at that point within adequately close limits. If
there are no probability considerations in the problem,
only one correct run will, of course, be necessary at any
point.

IV. CopinG (or CircuiT MAPPING)

The definition of “circuit mapping,” as used here,
applies to an analog machine, and is that step in the
computational procedure concerned with the choice of
the particular circuit to be followed through the ma-
chine. There is a choice of using highly trained or tech-
nical personnel to execute this step, with a resultant
saving in equipment for performing a particular opera-
tion, or of using personnel without such technical quali-
fications and thereby absorbing equipment at a much
higher rate. The designer will have to make this choice
on the basis of the personnel and facilities available to
him,

A careful look at the circuit map will prevent hasty
conclusions concerning what the machine is actually
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computing. A detailed examination of the circuits being
used may prevent many hours of search and wonder.
A technique which has been found useful in our work
has been the maintenance of a one-to-one relationship
between the boxes in the actual system and the diagram
of the computational components used in the machine.
This has two useful results: It enables the trouble sites
to be located more easily and it allows the designer to
visualize, with greater ease, what is happening in the
simulator.

The corresponding operation to circuit mapping for
the analog machine is coding for the digital machine.
Here too, time spent in checking and rechecking the
coding will pay off in less time consumed for false runs.

With regard to probability operations in the digital
machine, a number of techniques have been evolved for
the generation of random numbers. There is a much
better control of the distribution generated in a digital
machine than on the analog machines where one is at
the mercy of physical processes for generating such
distributions.

V. SETTING UP THE MACHINE

Where possible, a removable plug board, such as that
which the Reeves people have recently added to the
REAC, should be employed on an analog machine. This
arrangement is desirable from the point of view of an or-
ganization concerned with several problems. It makes
possible having two or more problems set up on the
machine. Time may then be shared among the prob-
lems. It is then possible for engineers on one problem to
examine results while another problem is being run.

The choice of display from the machine is of some
importance. We have found it useful to make_this dis-
play as graphic as possible in terms of the geometry of
the real system.

VI. RUNNING THE PROBLEM

Notes about running the problem are as follows:

When possible, data reduction should be carried on as
the machine completes each run; the results may then
be monitored for any required re-orientation of the pro-
gram. The design engineer can frequently spot an ob-
vious difficulty or need for change, thus reducing the
number of runs and, therefore, time and cost expended.

The time per run may sometimes be cut by running
the problem on a fast time scale. In case such a proce-
dure is adopted, it is necessary to consider carefully the
operations involved so as to be certain that the actual
system conditions are not being violated.

It will be necessary to have some kind of check to de-
termine if the machine is turning out correct results. In
cases where probability is not a consideration, hand-
computed solutions for relatively simple conditions will
furnish a clue to whether the machine is operating prop-
erly. Where probability enters into the system, it will
be necessary to check the problem with a “no noise”
condition and to accept the results of probability runs
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as correct when those with no noise have turned out
correctly. For this purpose, the outputs of the original
probability distribution generators should be recorded
and frequently tested.

VII. Data REDUCTION

As pointed out above, it is desirable to know what
the final answers will look like before the runs begin. It
is even more desirable to choose the methods of data
reduction in advance. These methods may run all the
way from a simple tabulation of the result turned out
by the machine to a complicated graphical and ana-
lytical method of obtaining the measure of effectiveness.

In large organizations, it is administratively desirable
to clarify the responsibility involved in following the
simulation through the steps outlined above.

For completeness, the steps of analysis and reporting
have been added to the outline given above. These two
steps will require the direct attention of the system de-
signer since they lead directly to the future course of
action in the system design.

A subject deserving special discussion in connection
with simulation is the human being treated as a simu-
lated member. Several levels of realism required may be
distinguished. For those systems in which decision mak-
ing is his function, it is frequently satisfactory to repre-
sent the human being’s response by a time delay. In air
traffic control, for example, the response of a pilot to a
voiced command will be delayed. A normal distribution
of delay times about a measured average may be ade-
quate.

If his response is functional, the problem becomes
difficult and attempts to represent his presence have
been weak. The reasons for this are threefold: The
human being is a nonlinear device whose functional re-
sponse is difficult to obtain; his functional response is
dependent upon his recent past history; even where re-
sponse is a reasonably well-known functional form,
numerical values are difficult to obtain.

This state of affairs usually leads to an attempt at
simulating the system and putting a real human being
into it—offering him the proper operational stimuli and
furnishing him with operational controls for response. It
is frequently not realized, after all this trouble is taken,
that one or two human beings do not adequately repre-
sent the population from which the ultimate system
operators will be drawn. It is desirable in those cases in
which the human being is a factor to consult with both
the psychologist and the statistician.

Finally, it is desirable to mention some of the fre-
quently quoted remarks about simulation and discuss
their implications:

1. “Simulation is costly”: Simulation costs have been
estimated at a fraction of a cent per run, and an actual
cost of $15,000 a run has occurred in a recent govern-
ment-sponsored experiment. But the correct answer on
cost is a complicated one. It depends on the problem, on
the extent of realism required, on the familiarity with
the system, on the reliability of the equipment used, etc.
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However, no one now doing simulation would suggest
an order of magnitude under dollars per run, and prob-
ably no one would accept as necessary over $100 per run.
The way to measure cost is not in absolute number of
dollars but in the cost of doing without. At its worst,
this may mean the building of a useless system.

Trajectory calculation is a fair measure of run cost on
some typically complicated current systems. Rough
estimates of these costs for a few machines are: dif-
erential analyzer at M.I.T.—830, Cyclone at Reeves
Instrument Corporation—8$15, Meteor at M.[.'T—8§25,
and Mk I at Harvard—3$30.

2. “Simulation is casy”: Simulation is not casy; it re-
quires deep understanding of the problems being solved,
the booster of simulation notwithstanding. Just as the
physicist must decide what factors are ¢ priord, irrele-
vant to his experiment, so must the system designer be
able to point out simplifications which will lessen the
detail in setting up the system, but will not vitiate the
results.

In this connection, it has been found desirable in our
work to state explicitly the ways in which the simula-
tion we undertake differs from the real system. This has
two uscful purposes: a. The limitations of the results
are expressly stated and conclusions are, therefore,
warily drawn. b. When these limitations are too great,
a solution to the obvious problem of the nced for in-
creased scope, complexity, and realism of the simula-
tion is sought.

3. “Simulation complexity vitiates results”: This can
certainly be true if care is not exercised. 1lowever, two
notes are of importance here: First, the complicated
group of components may frequently be substituted by
the result of a previous analysis and simulation of the
group of components. The greatest exercise of both care
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and ingenuity are necessary in this regard. Secondly,
the performance of analog gear in this respect has
amazed those using it for large and complicated sys-
tems. It is true that an inherent accuracy of 0.1 per cent
of full-scale reading for any one component is all that
the average user can afford. It is also true that errors
in such components, if used in an open-ended chain,
will pile up according to known laws. However, in most
systems of complexity many closed loops occur, and the
system itself is usually a large closed loop. This results
in our experience showing an error of less than 0.5 per
cent of full scale maximum allowable answers due to
computation for problems involving as many as 90
operational amplifiers (or, put another way, in computa-
tions with upwards of 100 fundamental mathematical
operations).

4. “Simulation is fast”: To the engincer waiting for
results on a system simulation, it is certainty not fast.
Yet the true measure of speed lies in what comparable
operational tests of equipment, if available, would re-
quire in time. Then, no matter how slow the computer,
no matter how many bugs occur in the setting up, and
no matter how many human computers make errors in
reducing data, simulation is fast—at least tenfold over
operational attempts.

Of course, accuracy may be paid for with time, as
usual. In the analog sctup, if the system input contains
high frequencies, a slow time scale is necessary to allow
computational components time to respond. With the
digital computer, the payment is again in time, with
the necessary iterations for integration accuracy, or the
choice of a small-time increment for high-frequency re-
sponse. But over-all simulation is fast.

It should now be clear that, without minimizing its
difficulties, simulation is a powerful tool.

The Civil Aeronautics Administration
VHF Omnirange®

H. C. HURLEYT, ASSOCIATE, IRE, S. R. ANDERSONTY, ASSOCIATE, IRE,
AND H. F. KEARYY, ASSOCIATE, IRE

Summary—This report describes the development of a vhf-omni-
range system, operating in the frequency band of 112 and 118 mec.
The range furnishes magnetic-bearing information with respect to
the range station, and provides definite track guidance between the
station and any point within its service area.

The omnirange produces two 30-cps signals: one is constant in
phase and independent of the aircraft’s position, and the other varies
in relative phase directly in accordance with the magnetic bearing of
the aircraft from the station. A phase-measuring device in the re-
ceiver enables the pilot to determine his magnetic bearing with re-

* Decimal classification: R526.12. Original nanuscript received
by the Institute, October 2, 1950; revised manuscript received,
April 16, 1951.

t Civil Aeronautics Administration Technical Development and
Iovaluation Center, Indianapolis, Ind.

' Report on Air Trafhc control, prepared by Special Committec
31.

spect to the station, and to select and fly a range course on any
desired magnetic bearing.

The accuracy of the system, including the receiver plus ground
equipment, in operation at the Civil Aeronautics Administration Ex-
perimental Station, Indianapolis, Indiana, is approximately 1.5 de-
grees. The ground equipment has been in continuous operation for
more than 3 years.

The vhf omnirange has been selected as part of the common Civil-
Military System, Transition Program, as recommended by the
Radio Technical Commission for Aeronautics.!

INTRODUCTION

N PLANNING a system of airways as a means of
navigation for all aircraft and facilities for the
separation and maintenance of a continuous flow
of a large volume of traffic, it becomes apparent that
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radio ranges defining courses or tracks in only a few
directions are inadequate.

The CAA has carried out the development of two-
course visual, two-course aural vhf ranges in accord-
ance with recommendations made by the Radio Tech-
nical Commission for Aeronautics in the summer of
1939. Development was completed early in 1942, but
the conversion of the airways to vhf-range operation
was interrupted by World War I1I. Just prior to 1945,
however, the conversion program was resumed on a
limited scale with the establishment of the Chicago-New
York vhf airway. Simultaneously, the CAA had been
working on the development of a vhf omnidirectional
radio range, along the principles proposed by D. G. €.
Luck of RCA, at the Kansas City mecting of the RTC.\
in the summer of 1939. Progress on this development has
taken such a promising turn that two-course vhf ranges
were rapidly superseded by omnidirectional vhi ranges,
more commonly referred to as “omniranges.”

The general principle of the omnirange dates back to
l.ee de Forest, who proposed rotating a radio heam
keyed to identify the sectors forming the 360-degree
sweep of the beam.? Another omnirange was developed,
using a rotating beam; however, an omni-identification
signal was transmitted each time the beam passed
through north.? The beam rotated clockwise so that the
time interval between the omnisignal and the beam
alignment with the observer, measured by means of a
stop watch, would be a measure of the observer’s azi-
muth. A practical form of this type of range was de-
veloped in England by rotating a loop antenna.* Later
this rotation was accomplished electrically.® A purely
electrical means of rotating a field pattern for use in an
omnirange has been proposed.®’-% The omnirange de-
veloped by RCA was described in a paper by Luck.? In
a paper'? presented before the RTCA annual meeting
in January, 1945, Stuart, Director of the Office of Tech-
nical Development, described an early model of the
CAA omnirange.

The present omnirange has elements in common with
other types of radio ranges and direction-finding sys-
tems, and represents a refinement in practice rather
than a fundamental departure in principle. It may be
likened to the standard four-course aural radio range,
with a means provided for precisely determining the

2 United States Patent No. 833,034; 1906.

3 J. Zenneck (Trans. Seelig), “Wireless Telegraphy,” McGraw-
Hill Book Co., New York, N. Y., p. 308, 1915.

¢+ T. H. Gill and N. F. S. Hecht, “Rotating loop radio transmitters
and their applications to direction-finding and navigation,” Jour.
Inst. Elec. Engrs., vol. 66, p. 256; 1928,

5 H. A. Thomas, “A method of exciting the aerial system of a
rotating radio beacon,” Jour. Inst. Elec. Engrs., vol. 77, p. 285; 1935.

$P. H. Evans and J. W. Grieg, United States Patent No.
1,933,248; 1933.

7 J. W. Grieg, United States Patent No. 1,988,006; 1935.

8G. H. Brown and D. G. C. Luck, United States Patent No.
2,112,824; 1938.

* D. G. C. Luck, “An omnidirectional radio-range system,” RCA
Rev., pt. I, vol. VI, no. 1; July, 1941; RCA Rev., pt. 11, vol. VI, no. 3;
January, 1942; RCA Rev., pt. 111, vol. VII, no. 1; March, 1946.

10 ), M. Stuart, “The omnidirectional range,” Presented before
the RTCA Annual Meeting; January, 1945; later published in Aero
Digest; June 15, 1945,

ratio of the two signals at any point and thereby the azi-
muth from the station at any point, rather than at
points lying only on certain specific courses where the
signal ratio is unity.

The antenna system, which is so widely employed in
direction-finding and radio-range systems, is the familiar
arrangement of five radiating elements located at the
corners and the center of a square. Opposite pairs of
antennas are operated 180 degrees out of phase, and the
clectrical spacing between the elements is small com-
pared to the wavelength, resulting in a figure-of-eight
field pattern. This field pattern is rotated, so to speak,
by means of a capacity goniometer, which is driven by
a synchronous, 1,800-rpm motor. The rotating goniom-
eter acts as a balanced modulator, eliminating the
carrier frequency and supplying sideband energy at a
carrier frequency + 30 cps to the two antenna pairs.
Since the entire field is, in effect, rotated once for each
rotation of the goniometer, it is obvious that each direc-
tion in space will have a certain phase of the rotational
frequency associated with it, and that this phasc will
change degree for degree with a change in azimuth rela-
tive to the station. If we have a signal supplying a 30-cps
voltage of reference phase which is independent of the
azimuth, we can determine the azimuth from the sta-
tion by comparing the phase of the two 30-cps signals.

The purpose of this report is to present a description
of the latest CAA omnirange system and to indicate
what improvements have been made over the earlier
model.

(GROUND-STATION EQUIPMENT
General

A block diagram of the essential components of the
ground-station transmitting equipment is shown in Fig.
1. A conventional vhf transmitter has its final stage
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Fig. 1—Block diagram of vhf omnirange transmitting equipment.

amplitude modulated by a subcarrier and simultaneous
voice. The subcarrier itself is frequency modulated at
30 cps. The output from the final stage is fed to the
center antenna of the five-loop array and also to the in-
put of the modulation eliminator. A goniometer func-
tions as a mechanical sideband generator and delivers
30-cps sideband energy to its output circuits. Output
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Number 1 of the goniometer delivers 30-cps sideband
energy of zero-degree audio phase to one pair of diago-
nally opposite loop antennas. Output Number 2 of the
goniometer feeds 30-cps sideband energy of 90-degrees
audio phase to a second pair of diagonally opposite
loops. The four antennas are arranged in the form of a
square around the center loop antenna and are fed in
such a manner as to produce two figure-of-eight field
patterns. The two figure-of-eight patterns are in phase
quadrature in both space and time, and can be visual-

Fig. 2—Omnirange ground facility.

ized as a single figure-of-eight pattern with a positive
lobe and negative lobe rotating at an audio rate of 30
cps, which produces amplitude modulation (in space) of
the main rf carrier transmitted from the center antenna.
This energy, when detected in a suitably designed re-
ceiver, is known as the “variable-phase” signal. The

P .. — \ e
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Fig. 3—Omnirange transmilling equipment.

30-cps signal produced in the receiver from the fre-
quency-modulated subcarrier is termed the “reference-
phase” signal. The purpose of the subcarrier modulation
is to provide a means of discriminating between the two
30-cps voltages in the receiver.

Fig. 2 is a view of a CAA omnirange ground facility
using a 30-foot tower. The antenna array is situated
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inside the cylindrical housing on the tower. The trans-
mitters and associated equipment located in the build-
ing on the ground are shown in Fig. 3. Approximately
half the equipment is “standby” to permit maintenance
while providing continuous service.

Antenna Array

The polarization most desirable for an omnirange
operating in the 100-mc region of the radio spectrum
was determined by experiment. The maximum amount
of scalloping!! was 43 degrees for the vertically polar-
ized arrays and £ 0.7 degree for the horizontally polar-
ized array. The site used for these tests was considered
to be about average. Trees probably caused the scallop-
ing which was observed.

The polarization used in the present omnirange sys-
tem is horizontal, as a result of conclusions drawn from
the early comparison tests. Fig. 4 shows the arrange-
ment of the loop radiators and the approximate shape
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Fig. 4—Mechanical layout, currents of radiators, and
theoretical horizontal-plane field patterns.

of the horizontal-plane field patterns. The pair of an-
tennas with currents I; produces the figure-of-eight pat-
tern Esp. Similarly, the pair of antennas with currents
I» produces the pattern Egsps. The center antenna with
current I, radiates the E. pattern. The three patterns
combine in space to produce an amplitude-modulated
wave whose modulation frequency is p/2w. The most
significant characteristic about this amplitude-modu-
lated wave is the phase angle of the modulating fre-
quency, which varies as the azimuth angle, ¢, for small
values of spacing, S.!?

The diagonal spacing between each pair of sideband
antennas is 112 degrees at midband, 115 mc. Each side-
band antenna is mounted on top of a pedestal 168 de-
grees above the counterpoise. The carrier antenna also
is supported by a pedestal 222 degrees above the coun-
terpoise. The spacing between adjacent sideband an-

1 Scalloping is defined as the amplitude of the course-deviation
indicator’s fluctuations due to the effect of reflections from trees,
buildings, wires, the earth’s surface, and the like.

12 H. C. Hurley, S. R. Anderson, and H. F. Keary, “The CAA vhf
omnirange,” CAA Technical Development Report No. 113.
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tenna sides is 10.5 degrees, and the sideband antennas
are symmetrically disposed around the carrier antenna,
Three rf receptacles are mounted directly under each
loop transposition. Two of the receptacles are connected
directly to the transposition. RF power is fed to the loop
antennas through Type RG 8/U, solid, dielectric co-
axial cable. Since the loop antenna is a balanced circuit,
it is necessary to convert from unbalanced to balanced
line in order to feed the loop in the proper manner. The
conversion is accomplished by the use of an 180-degree
section of unbalanced line.

Diagonally opposite pairs of sideband antennas are
connected through 350-degree lengths of cable and are
excited 180 degrees out of phase, This line length was
found to be optimum at 115 mc for minimum parasitic
currents in the sideband antennas, induced therein by
the center antenna. The 180-degree phase relation is
obtained by reversing the connections at the transposi-
tion in one loop antenna of each diagonal pair. One pair
of sideband loops is fed from the goniometer output
Number 1 and the second pair of sideband antennas
from output Number 2. The center carrier antenna is fed
directly from the transmitter output stage by coaxial
cable.

Tests conducted to determine the operating charac-
teristics of the vhf loop antennas included field measure-
ments to obtain the horizontal-plane patterns, imped-
ance measurements to ascertain impedance matching
requirements, rf-current measurements to determine
current distribution and balance around the periphery
of the loop, and measurements of parasitic currents due
to interaction between loops grouped together under
normal operating conditions.

During the development of the omnirange it was
found that the antenna shelter will produce errors if it
is not cylindrical in shape (see Fig. 5). A square house
was found to produce an octantal error curve of £1.5
degrees.
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Fig. 5—Flight-calibration error with cylindrical and square
antenna houses. Bearing selector in degrees.

Fig. 6 shows the vertical-plane field-strength pattern
of the present omnirange antenna array mounted on 15-
and 30-foot high counterpoises. The measurements were
made from an airplane as it flew away from the station,
and include the pattern of a horizontal-V receiving an-
tenna located on top of the vertical stabilizer of a DC-3

airplane. It will be seen that the lobes, at small values
of 8, are essentially independent of counterpoise height
because the energy is reflected from the counterpoise in-
stead of the ground. On the other hand, the lobes at
large values of # are dependent upon counterpoise height
since little energy is reflected from the counterpoise at
these angles and the earth reflects a considerable signal.
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Fig. 6—Measured vertical-plane field patterns of antenna array
mounted on 15- and 30-foot high counterpoise. Relative field
strength.

Goniometer and Subcarrier Generator

The goniometer consists of two mechanical sideband
generators on a common drive shaft, rotating at 1,800
rpm. One sideband generator is oriented 90 degrees with
respect to the other so that the electrical outputs of the
two generators are in phase quadrature at the modula-
tion frequency, as shown in Fig. 7(a). The important
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Fig. 7—(a) Arrangement of stator and rotor plates of goniometer.
(b) A view of one-sideband generator of the goniometer showing
its capacities. (c) Schematic diagram of (b).

capacities of one of the sideband generators are shown
schematically in Fig. 7(b). Fig. 7(c) is a schematic dia-
gram of sideband generator Number 1.

It is demonstrated in another report!? that the cur-
rents flowing in the loads 2Z, of Fig. 7 are of two fre-
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quencies, one higher and the other lower than the carrier
frequency by the goniometer rotational frequency. Also,
the Number-1 and Number-2 outputs consist only of
sidebands that are 90 degrees out of phase at the modu-
lation frequency.

Fig. 8 shows a view of the goniometer. Two rotors,
each having four plates, are mounted one at each end of
a longitudinally split rotor shaft to form one section of
the sine-wave modulating capacitors. The rotor is driven
at a speed of 1,800 rpm by means of a synchronous
motor. The stators consist of five plates each, angularly

Fig. 8—View of goniometer with shield plates removed.

displaced by 90 degrees. The goniometer receives un-
modulated rf power from the modulation eliminator and
delivers two rf outputs having amplitudes proportional
to the sine and cosine of the rotational angle of the goni-
ometer. Transmission-line balance sections are required
to permit operation of the balanced goniometer from
the concentric coaxial cable. The medium for coupling
the rf carrier from the modulation eliminator to the sine-
wave modulating capacitors consists of a pair of rotor
plates, located near the center of the rotor shaft and in
close relation to a set of stators, each consisting of two
plates. Faraday plates prevent capacitive coupling be-
tween the modulating stators and the coupling stators.
A 360-degrec dial with a vernier indicator makes it pos-
sible to determine the rotor position. The dial is adjusted
to indicate zero when the tf power from one of the two
output circuits is a minimum.

The input impedance to the goniometer is 40 to 60
ohms resistive, and is —10 to 4 10 ohms reactive, over
the frequency range of 112 to 118 mc. The input is
resonant at 115 mc. The rated rf power input is ap-
proximately 100 watts. Practice has shown that suffi-
cient accuracy can be obtained if the null locations are
90 degrees apart + 2 degrees, and the maxima are equal
to within +5 per cent. The waveform should be a true
sine wave with not more than S-per cent harmonic dis-
tortion.

The 9.96-kc subcarrier, which is frequency modulated
at 30 cps, is produced by an electromechanical sub-
carrier generator in the form of a tone wheel. The sub-
carrier generator and goniometers are driven on a com-
mon shaft. Teeth, machined into the periphery of the
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wheel, vary the magnetic field during rotation, produc-
ing a voltage in a pickup coil.

The output from the pickup coil is somewhat more
than 0.6 mw into a 600-ohm load. An accurate phase
adjustment over a range of +10 degrees is provided to
permit exact adjustment of the phase of the reference
phase signal with respect to the variable phase signal.
This adjustment is accomplished by moving the yoke
containing the pickup coil. The wheel provides a refer-
ence-phase signal that can be securely locked in step
with the 30-cps variable-phase signal.

Modulation Eliminator

The modulation eliminator was developed to remove
the 9.96-kc subcarrier modulation and voice modula-
tion from that portion of the omnirange transmitter
output which is fed to the goniometer. Provision is made
for proportioning the transmitter output between the
carrier and sideband antennas.

Referring to Fig. 9(a), let us imagine a bridge circuit
made of three equal lengths of coaxial transmission line
and a fourth length which is 180 electrical degrees
longer than the others. The transmitter supplics power
to the bridge at the junction marked 4. The other three
terminals of the bridge are connected to impedances
Zo, Zy, and Z,, which are normally pure resistances. Z,
represents the load impedance presented by the capacity
goniometer. The characteristic impedance of each of
the transmission lines of the bridge is also Z,. When
Zy=2,, the bridge is balanced. A voltage F, at point 4
sets up traveling waves in the branches ABC and ADC,
which arrive at point C equal in magnitude and opposite
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Fig. 9—Block diagram and schematic diagram of modulation elimi-
nator.* 75Q twin lead passes through stub tuner.

in phase. Thus, the voltage E, at point C is zero. When
Ze#Zy, the output voltage Eg is not zero and power is
delivered to the load. Iig. 9(b) shows a schematic dia-
gram of the unit.

The oscillograms reproduced in Fig. 10 show the re-
quired performance of the modulation eliminator. All
instantaneous voltages that exceed the modulation
trough value are reduced to the trough value. This is
accomplished by making both Z; and Z, resistive loads.

'World Radio History
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The value of Z; is a function of the modulation-elimi-
nator input voltage. Point 4, Fig. 10(a) corresponds to
point 4, Fig. 10(b); Z2:#Z), therefore Eq#0. A short
time later at point B, Fig. 12(a), Z,=2, for the incre-
ment exceeding the trough value so that the instantane-
ous voltage output is that marked by point B, Fig.
10(b). Only that portion of the applied voltage which
exceeds the trough value is cancelled at the output of
the modulation eliminator.

A rear view of the modulation eliminator unit is
shown in Fig. 11. Three of the four bridge arms are
composed of solid dielectric lines, one-eighth wave-
length long at 115 mc. The fourth arm of the bridge
is also composed of solid dielectric line and is five-eighths
wavelength long. The ML-322 diodes were especially de-
signed for application in the modulation eliminator. The
plate-cathode de resistance is approximately 80 ohms
in the forward direction and approaches infinity in the
reverse direction. In order to obtain a low value of diode
plate-cathode resistance for satisfactory operation of
the circuit, the spacing between plate and cathode was
held to about 0.010 inch. The plate-to-cathode capacity
of the diodes is neutralized by a variable inductor, con-
sisting of a short-circuited section of 70-ohm coaxial line.

The modulation eliminator is tested by observing the
output of the unit on an oscilloscope, with the de path

vOLTS

vOLTS

(b)
Fig. 10—(a) Voltage wave form at input to modulation eliminator.
’ (b) Voltage wave form at output of modulation eliminator,

of the eliminator opened and then closed. When the
dc path is open-circuited, the modulation eliminator is
inactive so that the oscilloscope will display the modula-
tion at the output of the transmitter. The dc path should
then be closed to permit the unit to function and the
envelope to be observed.

Typical power measurements of a modulation elim-
inator are

P,=power output of transmitter =185 watts,

THurlev, Anderson and Kearv: CAA VITF Omnirange
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P,=power into climinator =58 watts,

Pi=power output of eliminator =13.1 watts,

P,=power info carrier antenna =127 watts,

efficiency of modulation eliminator = P;/P,=22.6 per
cent,

efficiency ol system = P,+ P/ P, =75.7 per cent.

These data were obtained with carrier only from the
transmitter. TThe modulation eliminator current was 56
ma. Since the unit is set to limit to the trough value of
the amplitLde-modulated envelope, the theoretical

Fig. 11—Rear view of modulation eliminator,

maximum efficiency of the unit, as mcasured above with
the 9.96-kc modulation off, is 67 per cent. 'T'his assumes
that only the power represented by the voltage above
the trough value is lost.

Transmitter and Audio Equipment

The omairange transmitter® is designed to deliver an
output of 200 watts of carrier in the [requency range 108
to 127 mic, capable of being modulated 100 per cent over
the range 60 to 12,000 cps. The input circuit of the
audio section provides the simultancous transmission of
three modulations, including voice, a 9.96-kc subcarrier,
and a 1,020-cps tone for the purpose of station identifica-
tion. The voice and subcarrier levels are cach set to
produce 30-per cent modulation of the carrier, while the
tone signal is adjusted for 10-per cent modulation.

Monitor

Proper operation of the omnirange reqaires that the
30-cps signal of the variable-phase channel and the 30-
cps signal of the reference-phase channel be exactly in
phase at maguetic north. The monitor provides an alarm
for a shift in {he relative phase of the two 30-cps signals
and for a decrease in amplitude of either the variable-
phase or reference-phase signals.

13 United States Dept. of Commerce, CA\, “Installation Instruc-
tions for VHF Omnirange,” Federal Airways Maunual of Operations
1V-B-2-3. For further equipment instructions, refer also to “Descrip-
tion and Theory of VHF Omniranges,” Federal Airways Manual of
Operations IV-B-1-3.

World Radio Histo
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Fig. 12—Block diagram of vhf navigation receiver.

Station Identification

Identification of the omnirange is provided in two
ways. One method utilizes an automatic voice-reproduc-
ing system for the benefit of aircraft pilots who are un-
familiar with the international Morse code. Station
identification is transmitted approximately every 15
seconds by voice. The latter is recorded on a sound film
which is moved continuously by a motor and a suitable
arrangement of gears and pulleys so that the transmis-
sion at any desired interval between 10 and 20 seconds
may be repeated.

A second method of station identification employs
international Morse-code signals. A motor-driven keyer,
with suitable cam and contact arrangement, transmits a
series of dots and dashes in code to produce the identi-
fication letters assigned to the station.

AIRBORNE EQUIPMENT

Fig. 12 is a block diagram of a typical navigation re-
ceiver which operates on the omnirange system and
other navigational facilities, such as the two-course
range, the 90-150-cps localizer, and the phase localizer.

General Performance Requirements

Some of the important requirements for the receiving
equipment may be listed as follows:

1. The range courses and bearing will be shown in a
visual manner.

2. It will be possible for the pilot to select rapidly any
range course to or from the station,.

3. The course-deviation indicator, when compared to
a 360-degree indicator of similar size, will effectively
amplify the course sensitivity in degrees by approx-
imately five times.

4. An off-course condition will produce a direct volt-
age which can be used with automatic-pilot equipment
and with a course-line computer.!

5. The receiving equipment will operate on localizers
as well as on two-course and omnirange facilities.

6. The equipment will be capable of receiving voice
communications from localizers, ranges, control towers,
and communications stations.

7. It will be possible to provide an automatic indica-
tion of the magnetic bearing to the station.

Radio Frequency, Intermediate Frequency, and Detector

In general, the receivers are comprised of either a
single, double, or triple superheterodyne rf section and
an audio-converter section, consisting of filters and
measuring circuits which connect to external naviga-
tional indicators. The frequency selection is accom-
plished by either manually tuning the rf-input circuits
and simultaneously varying the frequency of a local
oscillator, or by step tuning in conjunction with crystal
control of the local oscillator. “Crystal-saver” circuits
are used in step-tuned receivers to decrease the number
of crystals required to provide 280 channels at 100-kc
intervals over the frequency range of 108.1 to 136 mc.
A delayed-action agc circuit is used to provide satisfac-
tory operation of the measuring and indicating circuits.
A high-level detector having excellent linearity is re-
quired to minimize cross-modulation components, in-
cluding the unwanted components produced by propel-
ler modulation. The detector output contains a com-
bination of several signals. Suitable filters are necessary

Y F. J.Gross and H. A. Kay, “Initial leght Tests and Theory of
an Experimental Parallel Course Computer,” CAA Technical De-
velopment Report No. 83; September, 1948,
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to separate these signals. The most important is the
30-cps low-pass filter which attenuates the unwanted
signal caused by propeller modulation.

Phase-Shift Methods

The phase angle to be measured by the phase shifter
is the one between the 30-cps Ergr signal, which has
the same phase at all directions from the range station,
and the 30-cps Evar signal, which has a phase that is a
function of the magnetic bearing of the aircraft from the
station. The Evar signal is in phase with the Egrgr signal
at the magnetic north of the station. As the aircraft is
flown clockwise around the station, the phase of the
Evar signal lags behind that of the Egrgr signal by an
amount equal to the magnetic bearing of the aircraft
from the station.

As shown in Fig. 13(a), a quadrature circuit ar-
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Fig. 13—(a) Schematic of inductive phase shifter. (b) Schematic
of improved inductive-type phase shifter,

rangement is used to provide the 90-degree phase dif-
ference required for the phase-shifter unit. If R=1/wc
at 30 cps, the phase of E,’ will be advanced 45 degrees
and the phase of E,’ will be retarded 45 degrees from the
phase of E. The stators of the phase-shifter unit will
have voltages E; and E; of equal amplitude, but a phase
difference of 90 degrees. The magnitude of the resultant
rotor output is proportional to (E;? sin? 84 E,? cos? 6)'/?
= Eg, where 8 =rotor angle in degrees. If E,=E,, then
Ep is constant for any phase angle. The phase angle of
Er is ¢ and ¢ =tan™! E; sin 6/E, cos 6. For equal volt-
ages, when E;= E,, ¢=0. The error introduced by un-
equal voltages E; and E; will be the difference of ¢ and
6 in degrees. The error caused by a 5-per cent decrease
in E, is 1.4 degrees.

Errors may also be caused by variation in power-
supply frequency at the transmitter. The quadrature
relationship of voltages E,’ and E,’ remains unchanged,
but their amplitudes will vary with a change in fre-
quency. At a frequency of 31.5 cps, the difference in
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amplitude between E,’ and E;’ is 5.0 per cent, which
will cause an error of 1.4 degrees.

The error caused by incorrect phasing of E; or E; by 1
degree is 1 degree.

In order that errors produced by the inductive-type
phase shifters be held to a negligible value, the units are
usually constructed by high-permeability laminated
core material, similar to MU-metal, with a skewed
rotor winding connected to a high-impedance load. The
number of turns on the two stators must be the same
ard the two magnetic fields must be in exact quadra-
ture.

Fig. 13(b) shows an improved method for using the
inductive-type phase-shifter unit. In this method a sin-
gle tube is used to feed the phase shifter and an rc cir-
cuit is connected across each stator. The use of a single
tube insures greater reliability. The vector diagrams
show the operation of this circuit arrangement.

In general, the inductive-type phase shifter provides
the simplest means of obtaining accurate phase varia-
tion, which is directly proportional to the angular posi-
tion of the rotor and provides constant output for all
phase angles. The resistance-type phase shifter does not
provide constant output, and is difficult to construct so
that accurate phase variation proportional to the angu-
lar pointer position may be obtained.

Phase-Comparison Methods

The Evar signal from the phase-shifter unit, com-
monly known as the “omnibearing selector,” is mixed
with the Eggr signal in a phase-comparison circuit in
which a zero-center instrument indicates the phase con-
dition. Fig. 14 shows one type of phase-comparison cir-
cuit which has been used in navigation receivers. The
circuit operates a dc instrument, which is a desirable
feature since adequate damping is easily obtained and
operation into automatic-pilot control systems is pos-
sible. From an inspection of the circuit diagram, Fig.
14(a), it is evident that current through rectifier G,
causes point C to be positive with respect to point D.
Current through rectifier Gz causes point C to be nega-
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Fig. 14—Phase-comparison circuit and vector diagrams.
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tive with respect to D. Other polarity conditions may
be deduced as follows:

t If the currents through rectifiers G, and G, are
equal in magnitude, the net charge accumulated by the
1,000-uf capacitor, i.e., the sum of the currents through
the indicator, is zero over cach alternating-current
cycle.

2. If the current through rectifier G; is greater than
that through Gg, point C has a positive potential with
respect to 1. Indicator current 7I,, will flow from point
CtoD.

3. If the current through rectifier G, is greater than
that through G, point D has a positive potential with
respect to C, and indicator current I, will flow from
point D to C, causing the indicator pointer to deflect
in a direction opposite to that in (2).

Vector diagrams b to f, inclusive, indicate phase rela-
tionships and indicator currents for various conditions.
[t has Dheen shown that the resultant direct current
through the indicator varies in amplitude and direction,
depending on the phase relationship of the applied volt-
ages. Since the instrument indicates average currents,
the pointer deflection will be proportional to

KI = [E? + Fa? 4 2EE, cos §]1/2
— [E?+ B2 — 28.E; cos 0]172],

where K is a constant. It follows tkat the current 7
changes sign as 6 passes through 90 and 270 degrees,
respectively. This action is desirable since it provides
“sensing” to the instrument indication when used in
the omnirange system. Sensing is defined here as the
relative direction of motion of a course-deviation indi-
cator needle, resulting from the departure of an aircraft
in a definite direction from the desired flight path. The
fact that there are two phase angles where the course-
deviation indicator current is zero makes it necessary
that both phase conditions be resolved and indicated.
One method of doing this is shown in Fig. 15. The
method used has a second phase-comparison circuit
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Fig. 15—Phase-comparison circuit with flag
alarm and to-from indicator.
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operating at a 90-degree phase displacement from the
first phase-comparison circuit, together with an instru-
ment to provide the indication desired. The sensing ac-
tion of this indication is used in the omnirange system to
show whether the numerical reading of the omnibearing
selector for an on-course indication of the course-devia-
tion indicator represents the bearing to or from the
station. This instrument is commonly referred to as a
“to-from indicator.” In the circuit shown a small portion
of the Evar and Ergp voltages is rectified and fed to the
course-deviation indicator to operate the flag-alarm
movement, which is now included in the latest type of
indicators.

Ommnibearing Indicators

To provide an automatic and continuous indication
of the magnetic bearing to the omnirange station re-
quires additional circuits and instrumentation. Fig. 16
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Fig. 16 - -Ommnibearing indicator circuit.

shows a method of providing an automatic phase in-
dicator. As shown in the diagram, the Eggr signal is
split into quadrature components and fed to the stators
of a phase-shifter unit. The rotor output is fed into a
servo amplifier, where it is combined with the Eyay sig-
nal in a phase-detector circuit. The phase-detector cir-
cuit consists of two tubes which are connected to two
saturable reactors which, in turn, are connected to a
balanced two-phase induction motor. When an unbal-
ance exists, the motor rotates and, by means of a gear
arrangement, turns the rotor of the phase-shifter unit
to the point where a balanced condition exists. Vector
diagram 1 shows the condition when the circuit is bal-
anced and vector diagram 2 shows the condition when
the circuit is unbalanced. Voltages 24 and Es in diagram
2 are of different amplitude and, as a result, the currents
through the saturable reactors are of different ampli-
tudes. This creates an unbalance in the motor circuit,
causing it to rotate and turn the rotor of the phase
shifter to a position where a balanced condition again
exists.

Radio- Magnetic Indicator

The navigation indicators described thus far provide
omnirange bearing and course information independent
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of the aircraft heacing. An instrument has been de-
veloped that is known as the “radio-magnetic indicator”
(RMI) which, when used in combination with the omni-
range and flux gate or gyrosyn systems, will automati-
cally show both the heading and the magnetic bearing
of the aircraft to the station. The instrument is, in ef-
fect, an omnibearing indicator, as previously described,
together with a servo unit operating from the flux gate
or gyrosyn svstem. The complete omnibearing indicator
rotates to a position determined by the heading of the
aircraft. The pointer of the instrument will indicate the
station, and this action is analogous to that of the 360-
degree indicators used with low-frequency automatic
radio compasses. Fig. 17 shows the circuits of this in-
strument.

Omnirange Instrumentation

An example of omnirange instrumentation, using the
instruments described, is illustrated in Fig. 18. In the
example shown, the aircraft is south of the station and
flying a course to the station and beyond. The ommni-
bearing selector is set for a course of 330 degrees. When
flving this course to the station, the sensing is such that,
when the needle of the course-deviation indicator de-
flects from the zero center, it is necessary to fly the air-
craft in the same direction in which the necedle deflects
so that the needle can return to the zero center; i.c.,
if the aircraft is flown to the left of the course, the needle
will deflect to the right. To return to the course so that
the needle will read zero, the aircraft must be flown to-
ward the right.

IFor the 350-degree omnibearing course to the station,
the magnetic coampass in the aircraft reads 350 degrees
also, neglecting instrument errors and the crab angle.
As the aircraftt passes directly over the station, the to-
from and course-deviation indicators will show several

rapid fluctuations. After passing the station and con-
tinuing on the same course, the course-deviation indi-
cator will show on-course and have the same sensing as
when approaching the station; but the to-from indicator
will point to the word “from,” indicating that the mag-
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Fig. 17—Radio magnetic-indicator circuit diagram.

netic bearing of the aircraft from the station is 350 de-
grees. ‘The magnetic compass will continue to read 350
degrees since no change of heading has beea made.

If, after continuing on this course, the aircraft makes
a turn of 180 degrees to fly the same course back to the
station, the course-deviation indicator and to-from in-
dicator will not change, except for small variations due
to banking, and the like. However, the magnetic com-
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Fig. 18&—Omnirange instrumentation combined with magnetic information.
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pass will now read 170 degrees and the sensing will be
reversed. Therefore, it is necessary to change the omni-
bearing selector to show a course of 170 degrees to the
station. This will cause the to-from indicator to point to
the word “to” and show the correct sensing of the
course-deviation indicator. It should be pointed out
that, under the correct conditions of flying omnirange
courses, the omnibearing selector should read approxi-
mately the same as the magnetic compass.

Fig. 19 illustrates how the omnirange may be used

Fig. 19—Omnirange utilization for «etermining
position and ground speed.

to provide position and ground-speed information for the
pilot. The intersection of the two lines corresponding to
the bearings observed from any two stations gives the
position of the aircraft. A second similar observation
made sometime later will provide information that can

Fig. 20—Calculated field pattern in horizontal plane,
balun arrangement and componert parts.

be used to determine the actual ground speed of the air-
craft.

Aircraft Antenna

Since the signal radiated from the omnirange station

December

is horizontally polarized, it is necessary that the aircraft
antenna be designed to receive horizontally polarized
signals. One type of antenna which has been used ex-
tensively for reception in the frequency band of 108 to
122 mc is the V-type antenna, the parts of which are
illustrated in Fig. 20. The diagram in this illustration
shows the method used to connect a balanced antenna
to a coaxial transmission cable. The impedance match-
ing between the antenna, which has been determined
to have a radiation resistance of approximately 33
ohms, and the standard 52-ohm RG 8/U cable, is ac-
complished by using a one-quarter wavelength balun
section having a 42-ohms impedance. Also shown in
this figure is a calculated field pattern for an antenna
having one-quarter wavelength elements and an apex
angle of 80 degrees.

The aircraft antenna is usually installed either on
top of the fuselage behind the pilot’s compartment or on
the tail structure, as shown in Fig. 21. For this reason,

Fig. 21—Antenna mounted on vertical stabilizer.

it is necessary to make antenna measurements over a
ground plane and also in free space. Standing-wave ratio
measurements of the V-type antenna, between 108 and
122 mc for free-space conditions, showed a minimum of
1.3 and a maximum of 3.0. Similar measurements made
over a ground plane showed a standing-wave ratio mini-
mum of 1.4 and a maximum of 3.0.

Recesvers and Their Characteristics

The first commercial omnirange-receiving equipment
was developed in 1946 by the Aircraft Radio Corpora-
tion. The receiverisan eight-tube superheterodyne, hav-
ing continuously variable tuning over the frequency
range of 108 to 135 mc.

Fig. 22 shows the Type 51R-1 airline-type equip-
ment developed by the Collins Radio Company. The
receiver is a double superheterodvne which may be
tuned from 108 to 135 mc in 100-kc steps by a remotely
controlled mechanism, called an “autopositioner.” Bear-
ing information is provided by a complete set of instru-
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ments, including a frequency selector, radio-magnetic
indicator, omnibearing indicator, course-deviation indi-
cator with flag alarm, and an omnibearing selector with
a to-from meter.

Late in 1947 a contract was entered into with the
National Aeronautical Corporation to develop a low-
cost, lightweight navigation receiver for private-flyer
use. The receiver supplied on this contrast is a seven-
tube superheterodyne, having continuously variable
tuning over the frequency range of 108 to 122 mc. Bear-
ing information is provided by a tapped-potentiometer-
type bearing selector, a to-from indicator, and a single
needle-type course-deviation indicator. The total weight
of the unit, exclusive of cables, is 15 pounds, and provi-
sion is made for adding a vhf-transmitter unit to this
equipment.

OMNIRANGE OPERATIONAL CHARACTERISTICS

Siting of Ground Stations

The vhf omnirange requires reasonably good sites.
Surfaces formed by objects, such as trees, huildings,

Fig. 22—Collins-type 51R-1 navigation receiver.

wires, hills, and the like, re-radiate or attenuate energy
from the antenna system, causing course-deviation in-
dicator fluctuations.® Course errors result if the fluctua-
tions are very slow. A large number of installations
offering a variety of siting conditions have been studied
to determine siting requirements for satisfactory opera-
tion of the omnirange.

To briefly suinmarize siting requirements, it has been
found that the site must be located on flat terrain or on
top of a knoll that has uniform contours for a distance
of 1,500 feet and is cleared of all obstacles, such as large
buildings, woods, power lines, and the like, capable of
serious re-radiation to a distance of 1,000 feet. In addi-
tion, all obstacles within 2,000 feet should subtend an
angle in the vertical plane of less than 2.0 degrees, and

B J, M. Lee, R. G. Pamler, and B. M. Lahr, “An Investigation to
Determine the Characteristics of Horizontal and Vertical Polariza-

tion for Very High-Frequency Two-Course Visual Radio Ranges,”
CAA Technical Development Report No. 58; July, 1947.
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the power line to the station should be installed under-
ground for a distance of 750 feet.

Distance-Range and Course-Deviation Indicator Fluctua-
tions

Flight tests have confirmed the fact that vhf-naviga-
tional facilities are limited to a usable distance range
approximating line-of-sight. Certain rare cases have
been reported where the distance range was found to be
much greater than line-of-sight for a short time. How-
ever, this phenomenon has not been experienced at the
experimental station.

Fig. 23 shows reproductions of flight recordings of
the course-deviation indicator deflections, made when
an airplane flew a straight ground track from an omni-
range station and flew over the station at 10,000-foot
altitude. The variation in course-deviation sensitivity!®

Fig. 23—Recordings of course-deviation indicator at two altitudes,
Radial flight across VOR 10,000-foot altitude above ground. CDI-

course-deviation indicator. OBS-omnibearing selector. Type-51R
receiver, tail V-109 antenna, and C47-type aircraft.

is indicated by the deflections on the recording, for
adjustments of the omnibearing selector, of 10 de-
grees. It will be observed that the course-deviation indi-
cator fluctuations are very small in amplitude on this
recording. Course fluctuations are caused mainly by
poor site conditions at the range stations; consequently,
some stations will show more course fluctuations than
others. Although a 20-degree course-deviation sensitiv-
ity was used for these tests, flight experience has shown
that a 30-degree course-deviation sensitivity is more
satisfactory from the pilot’s viewpoint. The site condi-
tions at this range station are considered good. The
course fluctuations shown on the recording made at
10,000 feet indicate a cone area directly over the station
where the bearing information is not accurate. llow-
ever, these violent fluctuations are such that they
provide a positive-position indication of the station.

Course Stability

The prototype vhf omnirange, which has been operat-
ing for more than 3 years, has been monitored continu-
ously. Faults have occurred at the station usually be-

18 Course-deviation sensitivity is defined as the total number of
degrees of adjustment of the omnibearing selector required to cause

the pointer of the course-deviation indicator to move from full-scale
left to full-scale right.
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cause of a tube failure; this results, for example, in low
power output with very high 9.96-kc modulation, at
which time a course measurement by the monitor was
not possible because of low signal levels. llowever, dur-
ing normal operation the course monitor has indicated
a maximum of 1-degree deviation from the correct read-
ing. I'ig. 24 shows a set of monitor readings which were
taken over a period of 30 days. The monitor antenna is
located on a line, which is magnetic north of the station
and where the two figure-of-eight patterns are of equal
magnitude, so that any change in the relative sizes of
the patterns will be observed. Courses in other directions
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Fig. 24—Course shift as indicated by the VOR monitor versus time.

have been checked either by a theodolite flight calibra-
tion of the facility or by turning the antenna arrav
through 360 degrees. Stability comparable to that indi-
cated at the monitor was found.

Flight Calibration

The flight calibration of an omnirange system has
been described in a previously published report,'” and
only a brief description of the method used will be given
here.

The method used consists of recording the voltage ap-
plied to the course-deviation indicator as the aircraft
circles the station at a radius of 6 to 15 miles. The
omnibearing selector is advanced in 10-degree steps to
keep the course-deviation indicator on scale and to
provide a recording wherchby the indicated magnetic
bearing from the range station may be obtained. The
indicated bearing is compared with the magnetic bear-
ing, as measured by a theodolite operated on the ground
at the range station.

Polarization Frrors

Tests have demonstrated that, while the omnirange
antenna array radiates horizontally polarized cnergy,
currents induced on the surface of the pedestals support-
ing the sideband loops radiate energy that is vertically
polarized. This vertically polarized energy will produce
omnibearing indications which are at quadrature with
true bearing information, and errors caused by such
radiation are termed “polarization errors.”

If an aircraft equipped with a navigation receiver
flies over a fixed ground-check point at a number of

'7T.S. Wonnell, “Flight Calibration of VHF Omnirange System,”
Technical Development %(eport No. 69; July, 1947.
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different headings, the indicated omnibearing may be
found to vary with the heading. The aircraft, when
over the ground-check point, has only one correct omni-
bearing, and it is independent of heading; conscquently,
the change in the omnibearing with heading is one form
of polarization error, referred to as “push-pull error.”
The term comes from ecarly navigational-aids work.
where the course was observed to be pushed ahead of the
aircraft, or pulled toward it when flying across the
course. The aircraft receives the signal from the horizon-
tally polarized wave primarily; however, as the heading
is changed, the ratio of vertically to horizontally polar-
ized pickup varies, producing different omnibearing in-
dications when the aircraft is over a ground-check
point. Polarization errors, in general, vary with the type
of aircraft and with the location of the receiving antenna
on the aircraft. Table I shows how the push-pull error
may vary with heading.

TABLE I

Pusu-PuLL PoLARIZATION ERROR TESTS IN A DC-3 AIRCRAFT WITH A
RECEIVING ANTENNA-LOCATED JusT BEHIND THE ASTRODOME
(Aircraft Located at 0-degree Azimuth)

Azimuth Selector Readings for the 11\:13’::;
Following Headings Over
— - _all
Headings (Degrees) | 0 % | 15| 1s0| 225 | 270 | 315 | Ercor
Pedestals Exposed —1.5 0 -3.0 | —2.5 [4+1.0 | —-3.0 [ -6.0 7.0
Uskon Cloth Around | ’
Pedestals |—0.5 | =1.0 |—1.0 1.6

SHEO) 4]

-1.5 [—1.0 |

Many attempts have been made to reduce the polar-
ization error. The most successful of these was the place-
ment of Uskon cloth around the pedestals, as a group,
and the cloth was insulated from the pedestals by
wooden strips. This cloth has an rf resistance of about
377 ohms per square. Table I lists the indicated bear-
ings observed when the vertically polarized-field effect
was reduced by a factor of approximately four when
Uskon cloth was used.

Another form of polarization error occurs when an
aircraft is banking or turning. Under these conditions,
the indicated omnibearing may change even though its
direction from the station is unchanged. This type of
polarization error is gencrally referred to as “attitude
error.” Flight tests made before and after the Uskon
cloth was installed showed that its installation decreased
the attitude errors. Table 11 lists the maximum errors
observed in 360-degree turns, at a 30-degree bank, dur-

TABLE I1

ATTITUDE ERROR AT VARIOUS DISTANCES WITH AND
WITHOUT CLOTH INSTALLED

Maximum Error

. Distanc_e B . e
“0'("\?]“*‘)‘0" With Cloth Installed  Without Cloth I[nstalled
abeS (Degrees) (Degrees)
13.75 +1.5 o
23 +1.75 ¥3.4
38 ¥201 +3.1
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ing a flight test in a DC-3 airplane. The tests were
conducted at various distances from the station, and
ARC-15 receiving equipment and the tail V antenna
were used. Table 11 shows a comparisor: of the attitude
errors noted wher using the tail V antenna and the for-
ward V antenna. These tests were also conducted in a
1DC-3 airplane, using ARC-15 rece:ving equipment. The
Uskon cloth was in place during hoth tests.

TABLE 11

CoMPARISON OI ATTITUDE ERRORS WHEN U'siNG TaiL V
ANTENNA AND FORWARD \" ANTENNA

Maximum Error

R Disance - e o
¥ ron£lslta§1011 Tail V Antenna Forward V Antenna
e (Degrees) (Degrees)
13.75 +1.75 +2.0
23 +1.86 +1.8
38 +1.75 +1.25

Propeller Modulation

In the early stage of development of the omnirange
syvstem it was observed that aircraft propellers caused
the reccived signals to modulate. As a result of the
modulation produced by the propellers, the course-
deviation indicator will oscillate at an amplitude and
rate depending on the amplitude and rate of the propel-
ler modulation. Flight tests were conducted on omni-
range systems using 30, 40, and 60 cps for the variable-
and reference-phase signals. It was determined that a
frequency of 30 cps would be the most desirable since
the cruising propeller rpm of all known aircraft produces
a propeller-modulation frequency higher than 30 cps.
Simultaneous flight recordings of omnirange courses,
using a 30-cps range systemn and a 60-cps range system,
are shown in Fig. 25. The engine speed was adjusted to

TAL V" ANTENNA | FORWARD "V ANTENNA
B 90 3 3 P 2, 18T 30 300 w0 - ‘ = ==

/ f A / /
ot M 7
:‘& ERE b\ {3
LW 4 \ : v . dcha)

360" TURN | r ODRECTION OF FLIGHT ———=-

HEADNG W CEGREES

_ e ’ g 249 90 @f o 2o

IR \w-» «mm\ \

o A

Fig. 25—Comparison of course-deviation indiator fluctuations for
30- and 60-cps omniranges. NC-182 (DC-3/c-47) 2,130 rpm both
engines flight altitude 3,000 feet. Absolute distance from ranges
5 to 10 miles. Receiver 30~ommregewer Number 7. Limiter in
10-kc reference channel. Wein bridge in variable channel. 60~omni-
receiver number 6. Antennas: tail V coaxial type; forward V delta
type. 60-omnitransmitter 125 mc. 30~omnitransmitter 114.3 mc.

TAL V® ANTENNA ] FORWARD 'y* ANTEN
— r—5
1

wﬂ."’!‘u"*' ~f 1 {, 1~¢—L1p-—4—-w
L

i

— DIRECTION  OF  FLIGHT

provide a propeller modulation of approximately 60
cps. It will be observed that the 30-cps range is free of
variations caused by propeller modulation when the
tail V antenna is used, and shows only a small variation
when the forward V antenna, which is located near the
propellers, is used. Recent improvements in navigation-

receiver design provide further improvements in free-
dom from propeller-modulation effects.

Interference between Stations

Flight tests have been conducted to determine the
interference characteristics existing between omnirange
stations operating on the same carrier frequency and on
adjacent frequency channels of 100-kc separation. ARC-
15 navigation receivers were used for all tests.

To determine the interference area between two
omnirange stations operating on the same frequency,
those at Allentown, PPa. and Raleigh, N. C., separated
by 383 miles, were both tuned to 117.5 me. The area
between the two stations was flown at various altitudes
from 12,000 to 20,000 feet, and fixes were obtained by
means of the MEW radar installation located at the
Washington National Airport. The information ob-
tained in the flight tests is shown in Fig. 26. The mini-
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I
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Fig. 26—Interference characteristics of two omnirange facilities
operating on the same frequency. Distance in miles XA-117.5 mc.

Allentown, Pa. VOR clev. 670-feet MSL. DU-117.5 mc. Raleigh,
NC. VOR elev. 403-feet MSL.

mum interference altitude appears to be approximately
14,500 feet since below this level the limiting factor is
inadequate signal strength. Above 14,500 feet, the inter-
ference arca consists of a combination of severe audio
heterodyning and variations of the course-deviation in-
dicator. Summarizing, when two omnirange stations
are operated on the same frequency, the useful distance
range at high altitudes is approximately 40 per cent of
the spacing between the stations.

The investigation of adjacent frequency-channel in-
terference was made using omnirange stations located at
Raleigh, N. C. and Spartanburg, S. C. The Raleigh sta-
tion was operated on a frequency of 117.4 mc, and the
Spartanburg station on a frequency of 117.5 mc. The
geographical separation was 192 miles. The information
obtained in these flight tests (see Iig. 27) indicates that
from approximately 60 per cent at 6,000 feet to 75 per
cent at 13,000 feet of the total distance is usable without
interference. In this test it is important to note that the
results obtained are dependent to a great extent on the
selectivity characteristics of the receiving equipment.

World Radio Histo
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The use of an airline-type receiver, such as the Collins
S1R, would have provided vastly different results in the
usable distance range.

Additional information concerning the co-channel
interference was obtained by laboratory tests, and is
shown in Fig. 28. For these tests, simulated omnirange
signals from two signal generators were fed to an air-
line-type receiver, and the ratio of the rf signal levels
was varied. The phase of the variable-phase signals was
adjusted to cause the greatest interference on the indi-
cators.
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Fig. 27—Adjacent channgl.ipterference ch;l.ractenstxcs of two
omnirange facilities. Distance in miles.

Power- Frequency Varialion

In some remote sections of the courtry, where it may
not be possible to obtain a standard commercial source
of 60-cps power, it may be necessary to operate the sta-
tion from local power or, perhaps, to, utilize the emer-
gency supply which is standard equipment at all CAA
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RATIO OF DESINED TO UNDESIRED rf INPUT SIGNAL VOLTAGE

Fig. 28—Course error versus ratio of desired to
‘ undesired signal strength.

radio-range stations. In some cases these sources of
power do not maintain a constant frequency of 60 cps,
and deviations as much as + 2 cps may be experienced.
At those stations where the power-supply frequency
variation exceeds 0.6 cps, a stabilized 60-cps tuning
fork-type generator and amplifier will be installed to
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supply power to the goniometer and subcarrier equip-
ment.

CONCLUSIONS

As a result of several years of study and development,
in addition to 4 years of operation of omnirange facili-
ties, the following general conclusions have been
reached:

1. The theoretical aspects of the phase-comiparisop
system for omnirange operation are sound.

2. Horizontal rather than vertical polarization pro-
vides steadier course indications.

3. A transmitter power rating of 200 watts is adequate
for line-of-sight operation to a distance of approximatel
200 miles at an altitude of 20,000 feet, 100 miles at
5,000 feet, 63 miles at 2,000 feet, and 45 miles at 1,000
feet. f

4. An accuracy of approximately =+ 1.5 degrees mair
be realized on radial courses where the sites are free df
serious reflecting objects. The accuracy figure is for the
complete omnirange system, receivers, plus groun
equipment.

5. Sites located on flat terrain with all obstacles, such
as large buildings, woods, power lines, and the like,
cleared to 1,000 feet, and all obstacles within 2,000 feét
subtending a vertical angle of less than 2 degrees have
proven to be satisfactory. Nearby hills, higher than th;
site, reduce the distance range on radials passing over
the hills. :

6. Generation of sidebands by means of a rotating
capacity goniometer was found more stable and reliable
than methods using electronic sideband generators.

7. For unattended operation, a monitor must be ir-
cluded as part of the ground equipment. This provides
the maintenance personnel with continuous knowledge
as to the status of the facility and with a useful tool fcfr
corrective maintenance. The monitor will show up &
fault as soon as it occurs, and will further insure tha’t
the pilot receives only correct information.

8. Either automatic or manually operated indicating
devices may be used to provide the pilot with naviga-
tional information. The latter type, however, defines the
range course more accurately. !

9. Modulation factors of 30 per cent each are satis-
factory for the reference and variable-phase signals, an
the remaining 40 per cent is adequate for voice moduli
tion and 1,020-cps tone identification.

10. Propeller modulation of received signals inter-
feres with the omnirange courses under certain critical
conditions of heading and propeller speed. A reduction
in frequency from 60 to 30 cps, for the reference and
variable-phase signals, has minimized this interference.

As a result of this development and operational ex-
perience, the vhf omnirange has been adopted as one
of the basic clements of the Common-Civil-Military
System, Transition Program, as recommended by the
Radio Technical Commission for Aeronautics, Special
Committee 31,
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Information Theory and the Design
of Radar Receivers”
PHILIP M. WOODWARD

Summary—The paper deals with the problem, frequently en-
countered in radar, of extracting simple numerical information from a
noisy waveform. It is suggested that the only ideal way of doing this
is to use the principle of inverse probability and convert the wave-
form into a probability distribution for the quantity sought. The
method is applied to the problem of determining the time delay of a
periodically modulated rf waveform in the presence of white Gaus-
sian noise when the undelayed waveform without noise is exactly
known. As a result, the matched predetection filter of- Van Vleck
and Middleton is automatically specified, and the theory of ideal
detection is briefly indicated.

[. INTRODUCTION
N4 I YHE OBJECT of this paper is to outline, in terms

of a somewhat idealized example, a mathematical
method by which a theoretically ideal radar re-
ceiver may always be specified in principle. It was for
some time customary to regard signal-to-noise ratio as
.n all-important quantity in receiver design. Efforts
were made to ensure that as high a ratio as ideally possi-
ble was obtained at the output. This seems now to be a
tistaken philosophy, since signal-to-noise ratio does
ot measure information, and is something which can
often be artificially enhanced by passing the waveform
through a nonlinear device which does not alter the in-
rmation content at all. The present method deals, not
ith signal-to-noise ratio, nor even with quantities of
information, but with the information itself.
In radar, we have to answer such questions as whether
a target is present or absent, what its range is, whether
it is moving, and so on. If we attempt to design a re-
ceiver which would answer any or all of such questions
‘xactly, we are attempting the impossible, because of
the noise which must inevitably introduce false indica-
tions. But if we demand, on every occasion, an automatic
assessment of the rclative probabilities of all possible
nswers, we are being completely realistic and no re-
deiving device can possibly do better. The present paper
ows how this idea works out in one rather familiar
problem—that of determining the time delay of a peri-

e adic waveform of known shape and amplitude. This

dmounts, in radar, to determining the range of a sta-
tionary target known to be present and giving an echo
of knowr strength, and is obviously an artificial prob-
lem. But it suffices to illustrate the method, and is not
altogether without practical interest. The quantity of
?nge information latent in such a radar waveform has

* Decimal classification: R537.13. Original manuscript received
by the Institute, June 23, 1950; revised manuscript received, March
9, 1951. The present paper is a revised version of the paper originally
communicated to the Institute by G. G. Macfarlane, under the title
“The decoding of radar information.”

t Telecommunications Research Establishment, Ministry of Sup-
ply, T.R.E., Great Malvern, England.
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been evaluated elsewhere! without reference to any
actual method of extracting it. Here the emphasis is on
designing the idecal recciver rather than on evaluating
its actual performance.

The whole of the present approach is based on the
principle of inverse probability briefly summarized in
the following section. There is nothing new in this
principle, but in spite of the growing application of
probability theory to such problems as arisc in radar, as
for instance bv Kaplan and McFall,? thcre does not
seem to have been a systematic attempt to apply in-
verse probability. The necessity for doing so becomes
quite appareat, once the foundations of modern com-
munication theory® have been studied. The present
paper may perhaps help to “set the ball rolling,” for the
method can be applied to a very wide variety of radar
problems.

II. TuE PRINCIPLE OF INVERSE PPROBABILITY AND
THE INFORMATION FUNCTION

A “direct” probability describes the chance of an
event happening on a given hypothesis, but if the event
has actually happened and there are various hypotheses
which would explain it, one is faced with a problem of
inverse probability. Prior to the event, the various hy-
potheses may not have seemed equally probable, and
such previous knowledge is expressed in terms of the
a priori probabilities of the hypotheses. After the event,
which will usually be an experimental observation
specifically performed to test the hypotheses, their rela-
tive probabilities may become changed. The principle of
inverse probability expresses the a posteriori probabili-
ties in terms of the corresponding a priori ones, by
utilizing the probabilities that the actual observation
would have been obtained if each hypothesis in turn had
been true. It is valid only when the hypotheses are
mutually exclusive and exhaustive.

Let HH,, and so on, denote the hypotheses,

P(H,) the a priori probability of H,

P(Ob|I1,) the probability of the observation if
H, were true

P(H,,[ 0b) the a posteriors probability of H,

after the observation is known.

The theorem* may then be written briefly in the form

1P, M. Woodward and I. L. Davies, “A theory of radar informa-
tion,” Phil. Mag., ser. 7, vol. 41, p. 1001; October, 1950.

2 S, M. Kaplan and R. W. McFall, “The statistical properties of
noise applied to radar range performance,” Proc. L.R.E., vol. 39,
pp. 56-60; January, 1951. :

8 C. E. Shannon, “A mathematical theory of communication,”
Bell Sys. Tech. Jour., vol. 27, pp. 379, 623; July and October, 1948.

4 Harold Jeffreys, “Theory of Probability,” chap. I; Oxford Uni-
versity Press; 1939.

!
s World Radio Histo



1522 PROCEEDINGS

P(H,| 0b) « P(H,)P(0b| H.,). (1)

In the present application, the hypotheses are all the
possible delay times of a given periodic waveform, and
the “observation” is simply the given waveform delayed
an unknown amount, and with white Gaussian noise
added to it. We shall call this the “received waveform,”
but it is not the output from a receiver because this
would prejudge the whole question. It is the waveform
as it enters the receiving system, including any noise
which the recciver itself may subsequently introduce.
The a priori probabilities of the hypotheses will form a
continuous probability density distribution for the un-
known delay time 7, and for simplicity this distribution
will be taken uniform over an interval equal to one pe-
riod of the waveform. In other words, we take all
inherently unambiguous delay times to be equally likely
a priori, though any other prior knowledge can subse-
quently be inserted in the theory.

The best that any receiver can do is to form the a
posteriort distribution of probability for 7, from the re-
ceived waveform. This distribution is the actual in-
formation sought, and is most conveniently handled in
logarithmic form. We shall call its logarithm the “infor-
mation function” and denote it by Q(r). Equation (1)
may now be written

Q(r) = log P(Ob| 7) + constant, (2)

where P(Oblr) denotes the probability density for the
received waveform on the hypothesis 7. The constant
term is merely the logarithm of the normalizing factor
for the a posteriori distribution. It serves no useful pur-
pose and is in the future omitted.

ITI. EvarLuaTtiox oF THE INFORMATION ['UNCTION

LLet us consider a particular occasion when the true
value of the delay time 7 happens to be 14, and write the
received waveform in terms of real functions as

Y() =Gt — 7o) + I(1). (3

Here G(¢) is the rf waveform which would have been re-
ceived in the absence of noise or of any time delay, and
is assumed known a priori. It is also assumed that G(¢) is
periodically modulated, and although it is convenient
to use the language of pulses, the theory is, in fact, valid
for any periodic modulation whatever, including fre-
quency modulation. The function I{¢) represents added
noise. The probability distribution for the magnitudec
of I(t) at any particular time ¢ is assumed Gaussian, but
it is necessary here to generalize this concept. It can be
shown, either by resorting to sampling-point analysis®
or by means of a statistical mechanical argument, that
the probability density for the whole waveform /(¢), in
an appropriate number of dimensions, is proportional to

exp l:— —1\3—()][(!)2(”]' 4)

8 C. E. Shannon, “Communication in the presence of noise,”
Proc. I.R.E., vol. 37, p. 10; January, 1949.
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where N is the mean noise power per unit bandwidth.!
The observer has access to Y(¢) but not to 7 directly,
and must therefore try out all possible values of 7 in
turn. On the hypothesis 7, he can argue that the noise
waveform alone would have to be 1 (f) —G(t—7), for
which the probability density is proportional to

exp {— %—f Y@ — 6@ - r)]ﬂdt} . (35)

iV o

Consequently, by (2), we have

O(r) = — —l— [Y(t) -Gt = T)]Zdl. (0)
Ny

The information function is thus proportional to the in-
tegrated square of the departure of the received wave-
form from a hypothetical noise-free waveform of lag 7.
As the hypothetical 7 is varied, the value which gives
least-mean-square departure from the received wave-
form produces a maximum in the information function,
and this, from the observer’s point of view, is the most ’
probable value of 7.

The limits of integration in (6) are chosen to corre-
spond with whatever portion of the received waveform
is being examined, and it is necessary to take this to be #
whole number of repetition periods of the modulation. If
the integrand be expanded into three terms, it will be
found that the G?integral is independent of T because 0’
periodicity, and the Y2 integral depends on 74 but not
on 7, from (3). These two terms can consequently bhe
onmitted from Q(7), since anything independent of r may
be absorbed into the normalization, which has alread
been omitted. We are left with ,

2 e
0(r) = o f F(OG(E — 7)dt. G,

The integrand may be said to exist for all values of ¢,
but 7 is confined within certain fixed a priors limits, say
between 0 and the repetition period R of G(f). The dot
main of the integrand may be represented diagrammati-
cally (Fig. 1) as a strip of indefinite length in the ¢ direc-
tion, and of width R in the 7 direction. If it is required to

i
=

Fig. 1 —Two methods of integrating range information.

A < S

2R

form the information function Q(r) to represent all the
information contained in Y(¢) in the interval (O, R),
then Y(f)G(¢—7) must be integrated with respect to
between the limits 0 and R for each value of 7 as indi-
cated by the shaded square. Further observation of the
received waveform will entail further integrations in the :
obvious manner, and the limits of integration will always -
be represented by vertical lines on the diagram. The

trouble with this process, from a practical point of view,

is that all the accumulated information of any one in-
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terval becomes available instantaneously at the end of
the interval, and is followed by a lull while fresh integra-
tion is being performed.

Fortunately, there is an alternative method which is
more natural, though mathematically less straightfor-
ward. By carrving out the integration, not in successive
squares, but in parallclograms such as the one indicated
on the diagram, the information function becomes avail-
able from 7=0 to R (4 to B in the diagram) progres-
sively in time. The moment B has been reached, a fresh
trace can be developed from C to D. In this way, we
have sct up a saw-tooth relationship, a time base in fact,
connecting 7 and £.

This process of “progressive” integration does not, of
course, correspond to fixed limits on the integral (7), but
to a pair of limits advancing together in time. In fact,
the value of the information trace at time {=nk+7,
where u specifies the #th trace and 7 is confined between
0 and R, is given by
v i

Ou(r) = i YOG — r)di. (8)

EANH) t-R

It is mathematically inconvenient that the information
functior. Q is the logarithm of an a posteriori probability
distribution for  only when the limits of integration are
constant. In other words, each hyvpothesis r should,
strictly, he tested out on the same piece of the received
waveform. Space does not permit a full discussion of this
point, and it must suffice to remark that the progressive
probabiiity distribution

. i 1)"(7.) = eQn(T), (())

normalization omitted, behaves for all practical pur-

'&)oses as though it were a strict a posteriori distribution.
In particular, when the information from successive
periods of the received waveform is combined, either by
summing the @, over » or by multiplyving together the
P.,, the resulting distribution differs from a true a pos-
teriori distribution only because of end-effects, which
hecome progressively less and less important.

IV. Tuz IneEal PREDETECTION FILTER

The progressive information function given by (8)
happens to have a very simple electronic interpretation.
The form of the expression, being a linear superposition,
will be recognized as that of the output from a linear
filter. In fact, it is the output at time t=nR47 from a
filter whose input is the received waveform Y(f), and
whose impulsive response is given by

2
G(—1), 0<It<R
3(t) = { Ny (10)
0, t<0and t > R.

Such a filter, apart from the special scaling factor 2/.V,,

has been discussed by Van Vleck and Middleton,’ who

¢ J. H. Van Vleck and D. Middleton, “A theoretical comparison
of the visual, aural and meter reception of pulsed signals in the
presence of noise,” Jour. Appl. Phys., vol. 17, p. 940; November,
1946.
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show that it is the unique linear filter which gives maxi-
mum peak signal-to-noise performance. (This property
is, however, izrelevant to the present theory.) The filter
has a frequency response which, in amplitude, has the
same shape as the amplitude spectrum of one period of
the input signal G, but which in phase is equal and op-
posite to that of G.

The output from the filter is, of conrse, a modulated
radio-frequency waveform, and when passed through an
exponential rectifying device in accordance with (9), it
becomes the progressive a posteriori probability distri-
bution for 7. 1t has already been pointed out that several
traces of Q may be added together, before such rectifica-
tion, if the information from several periods of the re-
ceived wavceiorm is to be combined. This is simply
phase-coherent pulse-to-pulse summation, and must not
be performed unless 7 is completely independent of time,
as has so far been assumed.

The underlying effect of this ideal filter is to cause the
output signal peak to look exactly like a particularly
large noise peak; all the pattern information, which
originally distinguished signal from noise, has been ex-
tracted from the waveform and converted into ampli-
tude discrimination. This may seem surprising in view
of the fact that the signal and noise outputs have differ-
ent power spectra. Or again, if the input signal is a
square pulse, the noise output can be regarded as a
multitude of overlapping square pulses, while the signal
output will be a triangular pulse. However, the fact re-
mains that a multitude of square pulses overlapping at
microscopic intervals to form Gaussian noise provides a
background against which the pattern of a single tri-
angular pulse cannot be distinguished. If, indeed, pat-
tern information could still be utilized in the filter out-
put, one is led to a reductio ad absurdum, since it has
been shown that the most probable value of 7 is given
by selecting, regardless of pattern, the largest amplitude
in the filter output.

V. DiscussionN

The u posteriort probability distribution for the delay
time 7 has been shown to take the form of a modulated
rf waveform, obtained at the output from a lincar filter,
distorted in amplitude or “rectified,” by means of a
device having an exponential characteristic. This natu-
rally results in a function of 7 whose envelope, if the
signal is large enough, is peaked near the true value
7¢, but which contains under its envelope a multitude
of fine peaks produced by the carrier. This fine struc-
ture represents a succession of probable and improba-
ble values of 7 resulting from comparison of the carrier
phase in Y({) and G(#). When this highly ambiguous
knowledge of range is of no interest, it may be removed
by smoothing or “detecting” the a posterior: distribu-
tion in such a way that areas over intervals of an rf
cycle are preserved. In fact, when 7 changes with time
sufficiently rapidly to render the rf information out
of date from one trace to the next, but not rapidly
enough to affect the modulation appreciably, successive
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traces may be combined only after removal of the rf.
The detected a posteriori distributions must then be
multiplied together, or alternatively their logarithms
must be added. Mathematical readers will see immedi-
ately that, in this way, an ideal detection characteristic
(of the form log I, where I is the modified Bessel func-
tion) is uniquely specified by the theory when post-
detection pulse-to-pulse summation is to be performed.

Without, for the present, developing any further the
theory of removing any of the idealizations, it should
be clear that any problem of extracting all the informa-
tion from a noisy waveform, can, in principle, be solved
uniquely and ideally by one universal method. One
simply has to state the question, write down the a pos-

OF THE I.R.E. December
teriori probability distribution for all possible answers
to it, and interpret the resulting formula in terms of a
physical device, on the principle that anything which
can be computed mathematically, can also be computed
electronically. No problem of waveform decoding then
remains, for the a posteriori distribution 7s the required
information; anything further is pure guesswork.
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Summary—The paper describes the basic principles involved in
an operating system of rf repeaters, and discusses the planning and
installation of this system in Cuba. It mentions the types of antennas
used and briefly describes the physical layout of the equipment in-
volved. Also included is a resumé of the difficulties that arose and
how they were overcome.

NE OF THE principal radio-broadcasting chains
indicated about 2 years ago their need for some
form of network transmission system that would

enable them to overcome the inadequacies of the avail-
able Cuban telephone lines. The service provided by
these lines was undependable and, when available, was
noisy and wholly unsuitable from a program-quality
standpoint.

The plan involved the use of radio repeaters to relay
programs originating in Santiago studios near the
Eastern end of Cuba and to service a network of AM
broadcasting stations extending some 500 miles west
to Havana. At an average 50-mile distance between
repeaters this would necessitate at least ten repetitions
of the program material.

To use the conventional form of repeater would have
been practically impossible since demodulation and re-
modulation at each repeater point would have intro-
duced a prohibitive amount of noise and distortion due
to nonlinearity in the detection and modulation sys-
tems. This factor alone usually dictates a maximum of
S or 6 repeaters even for voice-communication circuits,

* Decimal classification: R480. Original manuscript received by
the Institute, March 22, 1951; revised manuscript received May 22,
1951, Presented, National Conference of the IRE Professional
Group on Vehicular Communications, Detroit, Michigan, November
3, 1950,

t Link Radio Corp., 125 W. 17th St., New York 11, N. Y.

and the requirement in this case was for program quaﬂ
ity. The common form of repeater, when stripped of
embellishments, remains essentially a radio receiver
and a radio transmitter operating back-to-back.

To overcome the foregoing limitations a radio-frJ
quency repeater system was developed. In this repeater,
as the name implies, rf is used exclusively. Frequenciesy
between 150 and 180 mc can be accommodated by this
particular system although the principles are being read-
ily applied to the other commonly used vhf and uhf
bands. The actual frequency range used in the Cuban
system is from 163 to 170.2 mc.

From the functional block diagram in Fig. 1 it is
seen that a typical operating frequency of 165.0 mc
has been chosen as the incoming carrier for the purpose
of illustration. This frequency is fed from an antenna
to a single stage rf amplifier. From this amplifier it is
heterodyned with a locally generated signal originating
in a “channel” oscillator. This oscillator is controlled
by a quartz crystal operating as a harmonic oscillator
at a frequency of approximately 45 mc. The crystal
frequency is tripled and then amplified at 137.5 mc, as
chosen in the block diagram, and is then fed to the first
mixer stage. This crystal is the only one that requires
changing when a different carrier frequency is to be
used. The beat frequency between the incoming signal
and the local oscillator is always 27.5 mc for any in-
coming carrier, and this frequency enters the first inter-
mediate frequency amplifier consisting of two high-gain
stages.

As the signal leaves the first I