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ELECTRONIC TRAPS TO SNARE ATOMIC RAYS

Aids in counting the rays thrown off by esploding atoms are shown in
this assortment of atomic counters. A metallurgist who studies the struc-
ture of metals with the aid of radioactive materials, holds a detector
especially designed to locate “tagged atoms’ in liquid solutions. The

glass-tower'’ counter at left traps geto particles, or high-ipeed electrons,
and it of the kind medical men now use to trace radioactive substances
injected into the human body. In the foreground can be seen a gamma-ray
counter covered with black plastic material to keep out beta rays. After
the rays are captured by any of these aounters, they are recorded on
the receiver in the background, which ‘‘announces’’ the pastage of each
ray over a loudspeaker and ticks off its number on a meter
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We know that our brazing techniques are as

good as can be . .. but we also know that
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NN SILICONE* BUSHINGS..

add to reliability of @B caPACITORS

Here is a new development of im-
portance to all users of specialty ca-
pacitors. It is General Electric’s new
silicone bushing—available only on G-E
capacitors.

This new bushing gives greater de-
pendability and longer life for capacitors.
Being elastic, it is self-sealing—perma-
nent, for all practical purposes, in both
physical and dielectric properties. In-
serted through the openings in the top
of the capacitor casing, it seals by com-
pression—without adhesives or gaskets.
It retains its elasticity over a wide range
of temperatures and will not shrink,
pull away, or loosen during the life of
the capacitor.

This bushing has other advantages—
all of which add to the reliability of

GENERAL $3ELECTRIC
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as second class matter, Octobher 26, 1927, at the post office at Mcnasha, Wisconsin, under the act of March 3,

G-E capacitors. The single piece con-
struction provides permanently high
dielectric strength and insulation re-
sistance. It is highly resistant to oils,
alkalies, and acids; it will not support
fungus growth.

Silicone bushings will be used on all
General Electric Pyranol* capacitors
having solder-lug terminals. This new
G-E first is one more reason for select-
ing General Electric capacitors. Others,
all adding to dependability and long
life, include the positive sealing of cas-
ings by double rolling or roll-crimping
and soldering, the use of highest
grade materials and superior processing
methods, with strict quality control.
Apparatus Dept., General Electric Com-
pany, Schenectady 5, N. Y.

*Reg. U.S. Pat. Of.

407142

This bushing reprosenis one

of the newest uses for the

rocently doveloped G-E fom-
lly of chemicols colled silicones.
Permanently elostic, farmed to close
tolerances, It soals Itself by com-
pression to thoe copacitor casing.

Inc., at 1 East
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Stamped wiring deck, with tubes, transformers, capacitors
and resistors, ready for assembly in metal chassis. This is a
development of the Franklin Airloop Corp., New York City.

Once again,
REVERE says-

Stamped wir-
ing chassis, with

Asrloop, ready for
insertion in cabinet.

“Copper is the Metal of INVENTION"

TAMPED wiring offers new proof of the complete
adaptability of copper to the development of new
ideas. In this type of wiring, copper strips are stamped
into both sides of an insulating sheet, the strips on
one side running at right angles to those on the other.
Connections between the two sides can be made by
eyelets, pins, or other simple methods. It is estimated
that with this system it should be possible to stamp
about 90% of the wiring in the average radio or other
electronic device. Thus many operations such as cut-
ting, skinning, cabling and soldering wires should be
almost completely eliminated. This new idea, though
still in the development stages, will also make possible
large economies in the telephone and communications
fields, and for measuring instrument panelboards of
airplanes, ships, and automobiles. The copper used
is Revere OFHC.

Revere produces many metals, and is glad to collab-
orate with the electronic industry in such matters as

4A

selection and fabrication. These metals are available
in mill products, as follows: Copper and Copper Alloys:
Sheet and Plate, Roll and Strip, Rod and Bar, Tube
and Pipe, Extruded Shapes, Forgings; Aluminum
Alloys: Tube, Extruded Shapes, Forgings; Magnesium
Alloys: Sheet and Plate, Rod and Bar, Tube, Extruded
Shapes, Forgings; Steel: Electric Welded Steel Tube.

REVERE

COPPER AND BRASS INCORPORATED

Founded by Paul Revere in 1801
230 Park Avenue, New York 17, New York

Mills: Baltimore, Md.; Chicago, 111.; Detroit, Mich.; New Bedford,
Mass.; Rome, N. Y.—Sales Offices in Principal Cities, Distributors
Everywhere.
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% Put This Formula
E To Work For You

-
K
The formula '“j@g is a favorite and casily-rememiggred solu-
tion to resistance problems. Radio and clectrogg Engineers
know that IRC offers the most complete lingg of resistance
products in the industry .. . a.fixed or vagigble resistor for
- most every requirement . . . with uniform dgpendability proved
by years of rigorous laboratory and fggld tests. Purchasing
Agents and material control exccutiveggike IRC’s service . . .

@ s e

17 *on-time" deliveries . . . factory stogk-piles of the most pop-
N o ular types and ranges from whichfibey can draw in emergency |
.. . IRC’s distributor network, iroviding speedy, ’round-the- ' -
5 corner service for small orderfjequirements.
. Put this formula to work you ... check below the catalog
§ bulletins in which you interested—tear out this page, and
INSULATEO mail it to us today wi yourletterhead, giving your name and 2 e .
COMPOSIDNON title. International KBsistance Company, 401 N. Broad Street, CONTROLS AND
INSULATED WIRE ] i d . ] ist- SWITCHES
WOUND RESISTORS Philadelphia 8, Pégnsylvania. In Ca'nada. International Resist 1 4 eis
IRC types ance Company, ttd., Toronto, Licensee. Ha& M
BT & BW
L e ——

R CATALIE OATH YorieTin

Q 25TAL0E DATE SBLLETIN

AHLEC T8 USILETED T CaT a6 AYT i

— o T 3 @mf—-
— 18 wrts e o oo a2 eens fees o]

E _—
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FLAT POWER VOLUME WIRE WOUND

WIRE WOUND MATCHED PAIR POgVER
RESISTORS RESISTORS RESISTORS RESISTORS CONTROLS POTENTIOMETERS
IRC type MW IRC type FRW IRC type DS IRC type W

o PN aing U i SOPMARENTL CAPLLRE BT ’

cATSLEC BSVa ELETIN

oy o o o @3 S
= vrell b J - -
A P LA .=
’ -
URY /ol e 5 -
IR LR BTN IS — v ". g :::‘
U N
——————8 | s - l
YOLTMETER POWER RHEOSTATS WATER-COOLED PRECISION HIGH VOLTAGE HIGH POWER
MULTIPLIERS IRC types RESISTORS RESISTORS RESISTORS RESISTORS
Mlgf 2“;8 PR & PRT IRC type LP IRC type MV {RC type MP

OMPANY

Power Reslytors o Precisions o Insuiated Comporition Reslstorselow Wattage Wire WoundseRheastotssConirolss Valtmeter MultiplierseVoltage DividerssHF and High Yoltage Reststors
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TWO-POINT FASTENING

... a typical feature
that insures accuracy, dependability and long life

NE thing you’ll like about the RS 30 and RS 40 is the
Mallory method of fastening the terminals. By means
of heavy staples and round hole stator design, terminals are
held securely at two different points so they can’t twist or
work loose. Proper contact alighment is thus also assured.

There are lots of other features you’ll like, including: the
unlimited circuit possibilities . . . the improved stator design
embracing adequate rotor supports to assure proper rotor
and contact alignment . . . new silver-to-silver double wiping
contacts, formed to maintain high contact pressure . . . where
desired, the exclusive Mallory silver-indium process may be
applied to rotor segments, permitting higher contact pressure

Ask for RS Specification Sheets

with smooth operating torque and a minimum of contact Printed on thin paper 10 permit blucprinting, these
- . ) . o sectional drawinge indicate estandard and optional
e o . .
resistance with extremely low noise level and long life. g‘,g‘e"mn;_mke it casy for you to specify Mallocy
. . . . . switches built . i ircui
Both switches have high torque definite snap indexing, and hanical requiremente | o Peciue cireuit and

both permit 12 terminals on either side per section. Insulation
is different, however—the RS 30 featuring high grade ceramic,
and the RS 40 having low loss phenolic. Write for RS
engineering data folder. Many standard circuit combinations
in Mallory RS 30 switches are obtainable from convenient
Mallory distributors under catalog numbers 160C, 170C and
180C series.

MALLORY :vircuss

(ELECTRONIC, INDUSTRIAL and APPLIANCE)

P. R. MALLORY & CO., Inc., INDIANAP(;LIS 6, INDIANA
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SYLVANIA
RESEARCH NEWS

SEPT. Prepared by SYLVANIA ELECTRIC PRODUCTS INC., Bayside, L. I. 1947

HIGHLY SPECIALIZED TESTING AND INSPECTING
OPERATIONS ASSURE SYLVANIA RADIO TUBE PERFECTION

Sylvania laboratories are con-
stantly on the trail of newer and
better methods and materials to
further assure radio tubes of un-
surpassed quality.

*

For instance, research in al-
loys, tungsten, other metals is
constantly being carried on —
raising higher and’ higher the
famous Sylvania standard of
quality.

One of the instruments used in
this work is the electron micro-
scope (shown), with magnifica-
tions up to 100,000 diameters.
Sylvania Electric Products Inc.,
500 Fifth Ave.,New York 18, N . Y.

SYLVANIA¥ ELECTRIC

MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES: ELECTRIC LIGHT BULBS
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Want to simplify production?

B See how Centralab’s model “M” Radiohm gives
you wide range of possible mechanical variations
.. . belps keep down your inventory, step up your

Production of electronic equipment.

v ‘ d
S. Twin Radiohm and Line Switch with Dual Shaft

with solid shaft

2. Single Radiohm. Line Switch and Detachabie Shaft

4. Twin Radiohm and Line Switch gt

Your choice of detachable and dual
shafts gives you new versatility,
maximum convenience!

ONE LOOK at the many variations you can have from Cen-
tralab’s single model "M" Radiohm, and you'll see why it's
one of the most popular controls on the market today for
cost-conscious manufacturers! Added to this: fine CRL en-
gineering and research have given it a guaranteed minimum
life test of 10,000 cycles (control resistance that is) ...an
average life expectancy of 20,000-25,000 cycles. Available
with shaft and bushing lengths to meet your needs.
For complete facts, send for Bulletin R697-A.

LOOK TO CENTRALAB IN 1947! First in com-
ponent research that means lower costs for the
electronic industry . . . pioneer manufacturer of
Radiobms, switches, capacitors and ceramics,

8a
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Affiliate of

2160 EAST IMPERIAL HIGHWAY ¢ EL SEGUNDO, CALIFORNIA
EXPORT; Frozar & Monsen, Ltd., 301 Clay $t.. Son Froncisco 11, Calif.

Conada: Pawerironic Equipment Lid., 494 King $1., E. Toronto 2, Canoda

LINKING FUNCTION

Engineers and Designers who'in
pendable components have ada
Selenium Rectifiers into their circuits.
They are specifying SCA products, and are
submitting their rectifier problems to us.

Our greatly expanded plant facilities, plus
the recognized dependability of SCA prod-
ucts, make it possible for us to offer the
most complete line of Selenium Rectifiers
- and self-generating Photoelectric Cells.

s
SELENIUM CORPORATION OF AMERICA

[1¢ R § Incorporoted

PROCEEDINGS OF THE L.R.E. September, 1947
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COMPLETE &)W

TEST EQUIPMENT

Here is a complete transmitter maintenance group—
providing every measurement necessary for top-flight operation
from microphone to antenna! Three fast, accurate precision
instruments in one compact whole — specifically designed for
years of trouble-free performance worthy of the finest FM
broadcast equipment. '

These are the -bp- instruments that comprise this group.

1. -hp- 335B Frequency and Modulation Meter.
Continuous measurement of carrier frequency and
modulation swing. Low distortion audio output for
measuring and monitoring.

2. -hp- 206A Audio Signal Generator.
Provides continuously variable audio frequency vol-
tage having a total wave form distortion of less
than 0.1% from 50 cps to 20 kc.

3. -hp- 330C Noise and Distortion Analyzer.

Measures harmonic distortion and noise level from
demodulated carrier or audio channels. Built-in-vac-
uum-tube-voltmeter measures audio level, frequency
response and gain.

All instruments have identical panel sizes for convenient
mounting in relay racks. Can be delivered in colors and finishes
to match your equipment.

GET FULL INFORMATION...WRITE TODAY
HEWLETT-PACKARD COMPANY

1481 D PAGE MILL ROAD + PALO ALTO, CALIFORNIA

This -hp- Maintenance Group Makes These Essential FM BROADCAST MEASUREMENTS

Carrier Frequency: Continuously moni-
tored with accuracy well within
F.C.C. limits.

Modulation Swing: Continuously meas-
ured at instrument installation and
at control console.

Modulation Limit: Alarm lamp flashes
on instrument and console when
pre-set level is exceeded.

Avral Monitor: Demodulated signal pro-
vides listening check for operator.

Harmonic Distortion: Measured from r-f
carrier or audio channel.

Noise: Measured accurately from FM
carrier or audio channel.

Frequency Response: Overall response,
microphone to antenna, of individ-
ual units in transmitter set-up.

@v -
Audio Transmission: Accurately meas-
ures gain of audio channels.

Avdio Level: Measured over range from
+50 db to —60 db at 600 ohm level.

Equalizer Circuits: Characteristics of
circuits and lines can be checked
accuracely, swifily.

Oscilloscope Connections: Facilitates
visual study of noise and distortion.

10A
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BRIEF SPECIFICATIONS .

Frequency Range: Any single frequency,
88 1o 108 mec.

Deviotion Ronge: + 3 ke to —3 ke.
Accurocy: Better than 1000 cps.

Modulotion Ronge: Modulation swing
100 ke. Scale calibrated 100% o175 ke.

Audio Output: Supplied with 75 micro-
second de-emphasis circuit, flat within
s db of standard curve, 20 cps to
20 ke.

Monitoring Output: 1 milliwott into 600
ohms, bolanced, of 100% modvulotion.

Size: Ponel 10%"x 19”'. Depth 137,

BRIEF SPECIFICATIONS

Frequency Ronge: 20 cps to 20 ke, 3
bonds.

Output: 415 dbm to matched resistive
loods. 10 volts availoble for open
cirevit.

Output Impedonce: 50, 150, 600 ohms
center-tapped and balonced. 600 ohms
single-ended.

Frequency Response: Better than 0.2 db
beyond output meter ot oll levels.

Distortion: Less than 0.1% obove 50 cps.
Less than 0.25% from 20 cps to 50 ¢cps.

Hum Level: At leost 70 db below output
signal, or mare than 100 db below (o}
level, whichever is larger.

Size: Panel 10%3"'x 19”. Depth 13",

PROCEEDINGS OF THE I.R.E.

Precision accuracy, unique stability,
new convenience and compact size —
those are but a few of the reasons
why this -hp- 335B is the finest in-
strument ever developed for FM
broadcast monitoring. Here are addi-
tional advantages that help make this
new -hp- instrument an ideal com-
ponent of the -hp- FM group.

Simple to Operate. No adjustments re-
quired during operation.

independent of Signal Level. Readings
of frequency or modulation meter are unaf-
fected by variations in transmitter level.

Unusual Stobility. Low temperature co-
efficient crystal in temperature-controlled
oven combined with specially developed

The -hp- 206A Audio Signal Gen-
erator provides a source of continu-
ously variable audio frequency vol-
tage having a total distortion of less
than 0.1%. This feature, combined
with high stability, flat frequency re-
sponse, and great accuracy of output
voltage, makes it an ideal component
for FM station maintenance. Here
are some of this instrument’s unusual
advantages:

Distortion less than 0.1% between 50
cps and 20 kc.

Continuously variable frequency range,
covered in 3 bands, micro-controlled dial,

September, 1917

electronic linear counter circuits provides
accuracy far beyond that required. Meas-
urements do not depend on accuracy of
conventional discriminator circuits.

Remote Modulotion Meter. Modulation
may be monitored at control console or
other remote point.

Low Distortion. Audio output for meas-
uring purposes has less than .25% residual
distortion.

Low Nolse Level. Residual noise and
hum in audio output are at least 75 db be-
low 100% modulation.

Meets F.C.C. Requirements.

This instrument is small in size, easy
to install, suitable for cabinet or rack
panel mounting. Can be furnished to
match your transmitter color scheme.

effective scale length 477, ball-bearing
smoothness for tuning ease.

Output meter monitors output voltage
signal with accuracy of at least 0.2 db.

Special low temperature co-efficient fre-

quency determining elements provide high
stability and excellent accuracy over long
periods of time.

Precision attenuators vary output signal
level in 0.1 db steps over 111 db range.

This new -hp- generator is con-
venient to use, compact in size. It can
be provided for rack or cabinet
mounting, in colors matching your
installation.




They Lick Humidity and Vibration
at High Frequencies

Polytite TRIMMER
ELECTRODE CORES

Placed in fitted metal sleeves, Stackpole Polytite Trimmer
Electrode Core Forms serve as variable capacitors that
assure honest-to-goodness capacity stability in high-fre-
quency circuits where humidity and vibration must be con-
sidered. The molded Polytite has a high dielectric constant.
Cores are moisture repellent and carry a heavy dielectric
coating that establishes a path of high leakage resistance
between the electrodes. Since these clectrode surfaces have
short, symmetrical current paths, the inductance may be
kept low cnough for use in the 200-megacycle range.
Standard types provide easy capacity adjustment with a
maximum from 20 to 40 mmf., depending on the size.

Write far Stackpale Polytite Trimmer Data Bulletin

STACKPOLE CARBON COMPANY
Electronic Components Division o St. Marys, Pa.

-~

Stackpole Polytite Trimmer Electrode
Capacitors are well suited for mini-
mum capdcity adjustments in tuned
circvits, installed across the tuning
capacitor as in Figure 1 or across
the tuning inductance as in Figure 2.
Trimmers may be mounted directly to
the tuning capacitor.

A typical application using two
Polytite Trimmer Electrode Capacitors
in a circult where bcnd-zﬁrecd tuning
is’ desired. Varlous bands may be
covered by the switching of coils and
preadjusted trimmers.

Hiustrotions
Approx. 1Y, Times
Actuol Size

\
l

) RESISTORS ¢ IRON CORES o SWITCHES
y
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New designs and products
are in continuous develop-
ment at the U.T.C. Research
Laboratory. While m;st of
these items are specific to
customer's vunusual require-
ments, units having general
application are added to the

New U.T.C. catalogue.

150 VARICK STREEY NEW VOR®K 23, M. V.

DXPORT DIVISION: 13 EAST 40tk STRELT, NEW YORK 16, B Y.,

CABLES: “ARLAN™

i R e




FOR SPECIALIZED APPLICATIONS...

ITS NEW |

SUPPLEMENTARY i
HIGH-VOLTAGE

POWER SUPPLY

THE
NEW BASIC
CATHODE-RAY
INDICATOR

Type 286

Type 281 as an independent unit Type 286 as an independent unit

¢ A basic instrument for needs too specialized or ® Exceptionally safe for operator.

advanced for equipment hitherto available. e Output potential continuously variable between

¢ Choice of 4 kv or 8 kv accelerating potential; + 18 kv and -+ 25 kv.

- lies.
FElNCts neg pow et mpplles ® Regulation within 5% for = 10% line voltage

¢ Recordable writing rates of single transients ex- change or 0 to 500 ma. load variation.

ceed 4 in./us.

® No amplifiers or time base, but coupling to all
deflection plates, grid and cathode on front panel;

® Direct-reading output voltmeter accurate within
*+ 2% of full scale.

direct connection to deflection plates on top of in ® Used in standard relay-rack or own dust-proof
strument. cabinet.
* Relay-rack or cabinet mounted. ® May be fastened to Du Mont Type 281.

When combined

® FULL capabilities of the high-voltage Type SRP-A
Cathode-Ray Tube are realized.

® Excells the cold<athode continuously-evacuated
type tubes for photographic recording.

® Writing rate for the Type SRP-A Tube now exceeds
400 in./ps.! Note unretouched photo of single transient
conlaining writing rates of 400 in./us. at right. lo . .

1 205

. Details on request

© ALLEN B, DU MONT LABORATORIES, INC. !

NPT
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GLASS—FLAME—SEAL

Glass — flame — seal. Sounds easy. Just slip a glass bulb down
over the mount assembly. Then by cleverly directed gas flames
geal bulb and stem flare together.

Yes, there is a catch in it. A directed flame applied to glass may
L1 cause severe thermal shock. Local expansion and contraction then
result in strain or fracture. Such thermal shock must be avoided
by gradually raising the temperatures of both bulb and stem be-
fore hitting them with intensely hot flames. Without scientific
control, permanent strains would be set up which might cause
cracks — immediately or at some future time. The finished tube
would become an ‘‘air leaker” and useless.

As this multihead rotary gealing machine indexes, fingers of gas \

flame — mixed with air delicately proportioned to achieve the

—. proper temperature — warm, ghape, and seal bulb to flare. Be- oo
cause it is shielded from the flames by the bulb, the stem i8 pre-

heated before loading. This preheat temperature is maintained :

- throughout sealing by hot air blown up under the flare. The con-
tinual stream of hot air also shapes the seal. Concentrated flames )

cut off the bulb cullet. In high speed operations, the gealing and

subsequent exhaust operations are perf ormed on the same machine.

4

: a:o:;'bulb A precision machine carefully controlled by the glass expert $ealed-In mount ready
€ Stem makes this working with glass easy. Gives you a combination for exhaust. Cullet (F)
D Flare which assures you once again of trouble-free performance {rom cut off by gas flames I3
[ Exhavst tuhe your Hytron tubes. ".Gﬂfd.‘-

SPECIALISTS IN RADIO RECEIVING TUBES SINCE 1921

MAIN OFFICE: SALEM, MASSACHUSIETTS
PROCEEDIN OF THE L.R.E. September, 1947 15A




NOW - A SIXTY-FIVE WATT

-
B 1

Hard Glass

Non-Emitting Grids

Instant Heating
Filament

Low Drive

Low Voltage

Low Feed-Thru
Capacitance

Low Cost
$14.50

TYPE 4-45A

ELECTRICAL CHARACTERISTICS
Filament: Thoriated tungsten

Grid-Screen Amp. Factor (Av.) « - « 3
Direct Inter-Electrode
Capacitances (average)

Grid-Plate - - -« <« « 2 2 2 2 o 0.08 puf
lnput = = = < - 2 o o e e .. 8.0 wuf
Output + « = = = =« « o = « « 2,1 puf

TYPICAL OPERATION

Class C Telegraphy or FM Telephony
(Key Down Conditions, | Tube)

D.C Plate voltage - - - « - 400 1000 2000 v
D-C Screen voltage - - « - - 25 250 250 v
D-C Grid voltage - - =« + + - — 40 —S0 —70 v
D-C Plate current - - - - « 100 125 125 ma
D-C Screen current - - <« - o 40 37 35 ma
D-C Grid current - - - - - - 13 16 16 ma
Peak R-F grid input voltage - - 135 IS5 |80 v
Driving power (approx) - - - 1.8 25 29w
Screen dissipation - - « - o o 100 9.2 8.8 w
Plate power input -« - - « « = 40 125 250 w
Plate dissipation - - « - =+ - 12 30 SOw
Plate power output - - - - - 28 95 200w
16a '

TETRODE

TYPE

4-69A

I,\‘-

B

THE ANSWER TO THE TRANSMITTER-MAN’S PRAYER

Available now, type 4-65A is a small radiation cooled, instant

heating tetrode. Devoid of internal insulating hardware, the
4-65A was designed as a transmitting tube . . . not a blown-up
receiving tube. This rugged new Eimac tetrode really performs
at low voltage, and its instant heating thoriated tungsten fila-
ment makes it ideally suited for mobile installations. The 4-65A
operates well into the VHF, beyond the 160-Mc. band, and is
capable of delivering relatively high-power with a plate voltage
range from 400 to 3000 volts. As do other Eimac tetrodes, type
4-65A embodies the inherent characteristics of low grid drive,
low feed-thru capacitance, and general stability of operation.

Type 4-65A's versatility of operation is demonstrated in the

adjacent data showing typical operation at 400, 1000, and 2000

;9“5. Additional data on the 4-65A are now available, write
irect.

EITEL-McCULLOUGH, Inc.

1771 San Mateo Ave,, San Bruno, California

[ 4
. Follow the Leaders to

M'" The Power of R-F -
S
/TUBE

EXPORT AGENTS: FRAZAR AND HANSEN
SAN FRANCISCO |1, CALIFORNI'AJ,OIU.%.LAA.Y STREET
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ALSIMAG TRANSMISSION LINE
INSULATORS WITH METAL STUDS

low loss AlSiMag Insulators with metal studs solve many

installation problems . . . permit a variety of transmission line
J characteristics.

The Feed Through insulator illustrated is mounted in the
center of an open wire transmission line bracket by means
of a 2” metal stud sunk 17 into the insulator. This stud is
accurately placed and is engineered to be a strong joint
resistant to all types of weather.

The letter reproduced above outlines the experience of one
user of this type of AlSiMag steatite insulator.

The physical characteristics of the principal AlSiMag tech-
nical ceramic compositions are shown on the AlSiMag Property
Chart, sent free on request. Our engineers will gladly co-

operate with you in developing the design most advantageous
to your requirements.

COURTESY GATES RADIO CO., QUINCY, ILL,

4 6 T H Y E A R O F C E R A M t E A D ER S H I P

AMERICAN LAVA C'ORPORAHON

CHATTANOOGA 5, TENNESSEE

B Bratile St., Tel Kirkland 4498 ¢ PHILADELPHIA, 1649 N. Broad St Tel: Stevenson 4-2823
SAN FRANCISCO, 163 2nd. St., Tel' Douglas 2464 o LOS ANGELES, 324 K San Pedro St., Tel: Mutual 9076

SALES OFFICES ST LOUIS, MO, 1123 Washington Ave., Tel’ Gartietd 4959 o CAMBRIDGE, MASS., 38
MEWARK, .., 671 Broad St.. Tel Mitchell 2-8159 o CHICAGO, 9 S_ Clinton SL, Tel” Central 1721 ¢




As electrical constituents go, permanent magnets are rela-
tively new. They made tremendous advances within the past
decade, especially in the communications and aviation
industries, and in the general fields of instruments, controls,
meters and mechanical holding devices.

Many of these uses were problems that just couldn’t be
solved until permanent magnet materials were developed to
do the job—a work of pioneering to which Arnold con-
tributed a heavy share. Many other applications were those
where permanent magnets supplanted older materials
because of their inherent ability to save weight, size and
production time, as well as greatly improve the performance
of the equipment.

To these advantages, Arnold Permanent Magnets add
another very important value—standards of quality and
uniformity that are unmatched within the industry. Arnold
Products are 1009, quality-controlled at every step of manu-
facture. What's more, they're available in all Alnico grades
and other types of magnetic materials, in cast or sintered
forms, and in any shape, size or degree of finish you need.

@ Let's get our engineers together on your magnet applica-
tions or problems.

THE ARNOL]) ENGINEERING CO.

Subsidiary of v f
AN/ ALLEGHENY LUDLUM STEEL CORPORATION

o 147 East Ontario Street, Chicago 11, Hlinais

BVREs ST

Specialists and Leaders in the Design, Engineering and Manufacture of PERMANENT MAGNETS

Wa&D 1296
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One reason why Kcrp crchsmcnshlp offers extra quality and value,

/ is that our key employees, from the president to department heads,
/ literally came up from the ranks. They learned their valuable
fe "know how” at the bench or machine, and their specialized
J experience is long.

91% of our supervisory personnel started in the shop. 80% of
these men have each served the company for a period of 15 years
or mare. 10 of them have served a combined total of 178 years.
3 were with us 22 years ago when the organization was founded
by a small group of perfectionists.

This outstanding combination of knowledge, skill and long expe-
rience builds extra (though often unseen) quality features into
your finished products. It assures you of finest materials and
exceptional workmanship in every detail. It means accuracy and
uniformity in production, which will save you time and money in

assembling. It guarantees handsome appearance, careful finishing
* and ruggedness for long service life.

METAL PRODUCTS €O.,INC.

117 - 30th STREET, BROOKLYN 32, NEW YORK

/9,
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Type TMK Transmitting Condenser

An ideal condenser for exciters and low power transmitters, ’
Available in single ond double stator models.
insulation. Special provision has been mode for maunting
AR-16 exciter ¢oils in a swivel plug-in maunt on either
the tap or reor of the candenser if desired. Over-all

width 2.11/16”, height 2-23/32".

Steoatite

Type TMC Transmitting Condenser

Designed for use in the power stages of trans.
mitters where peok voltoges do nol exceed
3,000. The frame is extremely rigid. Insulation
is steatite. The statar in the split stator models

is supported ot both ends. Over-all width

3-9/16”, height 3.5/8",

M A K E R S o F

CONDENGERS..

«.+o.BASIC TUNING UNITS

These transmitting condensers should be the
basic tuning units of your transmitter designs.
Compact assembly, steatite insulation, sturdy
construction, and conservative ratings will
enable National condensers to prove their su-
periority in your transmitter.

Send for your copy of the 1947 National cata-
log, containing a complete list of variable

condensers and some 600 other parts, today.

National
Company, Inc.

Dept. No. 10

Copacity Air Peak Length Coatalog
{mox.-min.) Gop  Valtoge
35 mmf..7.5 .047”  1500v. 2.7/32” TMK-35
50 -8 .047” 1500v. 2% TMK-50
100 -10 .047”  1500v. 3" TMK-100
DOUBLE STATOR MODELS
35735 mmf.. .047 1500v. 3 TMK.35D
7.5/7.5
100/100-10/10 .047 1500v. 4VY,"” TMK-1000 -
S —— T —
1914

Malden, Mass.

Capacity Peak

{mox.-min.) Air Gap Volt Len Coata

50 mmf.-10 .077" 3000v. 3" TMC-50

100 -13 -0777 3000v. 314" TMC-100

250 -23 .077” 3000v. 6" TMC.250
DOUBLE STATOR MODELS

50/50 mmf..9/9 .077” 3000v. 4%," TMC.50D

100/100.11 /11 0777 3000v. 6% TMC 1000

Complete List in Catalag

Copacity Air Peak

{max..min.}) Gap Yot Len Cata,

75 mmf..25 719" 20,000v. 187" TmL.75E

50 -22 469" 15,000v 84" TML.50D

500 .55 -219”  7,500v. 18/5” TML-500A

DOUBLE STATOR MODELS

30/30 mmf.. 12/12 719" 20,000v. 1875” TML-30DE

60/60- 26/26 469" 15,000v. 185" TML.60DD

100/100. 27727 -344” 10,000v. 184" TMmL-10008

Camplete List in Catalag

1 F E T I m E R A b 1 o

Type TML Transmitting Condenser
This & o 1
steatite Insulators prevent arc-covers. Sturdy
cast oluminum end frames ond dural tle bors
permit an vnusually rigid structure. Precision
end bearings insure smooth turning and per-

KW job thraughout. Special

manent alignment of the Over-all

width 7" height 7.1/8"

raotar,

EQ Ui PMENT
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available ”0

THE NEW 1947

I'I'IIIRIIIIHSII

ELECTRONIC DISTRIBUTOR & INDUSTRIAL SALES DEPT.
MAGUIRE INDUSTRIES INC., 936 N. MICHIGAN AVE., CHICAGO 11, ILL.

PLEASE SEND MY FREE COPY OF THE NEW 1947

‘ “ n n n n n s n n THORDARSON CATALOG, POSTPAID, TO THE ADDRESS BELOW. ®

NAME. e —— — ST

ELECTRONIC DISTRIBUTOR & o H
INDUSTRIAL SALES DEPARTMENT - .

M ® ity ot __ STATE.
|NDUSTRIES,INC.' * o 4 b L . L . . °
936 N. MICHIGAN AVENUE, CHICAGDO ll,lI.I.INOIS

EXPORT: SCHEEL INTERNATIONAL, INCORPORATED
4237 N. LINCOLN AVENUE, CHICAGO 18, ILLINOIS, CABLE HARSCHEEL.

PROCEEDINGS OF THR 1L.R.B. September, 1947 21A




As electrical constituents go, permanent magnets are rela-
tively new. They made tremendous advances within the past
decade, especially in the communications and aviation
industries, and in the general fields of instruments, controls,
meters and mechanical holding devices.

Many of these uses were problems that just couldn’t be
solved until permanent magnet materials were developed to
do the job—a work of pioneering to which Arnold con-
tributed a heavy share. Many other applications were those
where permanent magnets supplanted older materials
because of their inherent ability to save weight, size and
production time, as well as greatly improve the performance
of the equipment.

To these advantages, Arnold Permanent Magnets add
another very important value—standards of quality and
uniformity that are unmatched within the industry. Arnold
Products are 1009, quality-controlled at every step of manu-
facture. What's more, they’re available in all Alnico grades
and other types of magnetic materials, in cast or sintered
forms, and in any shape, size or degree of finish you need.

© Let’s get our engineers together on your magnet applica-
tions or problems.

s,
THE ARNOLI) ENGINEERING CO.

Subsidiary of : P
Nl¢ ALLEGHENY LUDLUM STEEL CORPORATION

o 147 East Ontario Street, Chicago 11, Niinois

Specialists and Leaders in the Design,Engineering and Manufacture of PERMANENT MAGNETS

W&D 1296

J
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(fw rieason why Karp :raftsmanship offers extra quality and value,
/is that our key employees, from the president to department heads,
literally came up from the ranks. They learned their valuable
“know how” at the bench or machine, and their specialized

{ experience is long.

91% of our supervisory personnel started in the shop. 80% of
these men have each served the company for a period of 15 years
or more. 10 of them have served a combined total of 178 years.
3 were with us 22 years ago when the organization was founded
by a small group of perfectionists.

This outstanding combination of knowledge, skill and long expe-
rience builds extra (though often unseen) quality features into
your finished products. It assures you of finest materials and
exceptional workmanship in every detail. It means accuracy and
uniformity in production, which will save you time and money in
assembling. It guarantees handsome appearance, careful finishing
* and ruggedness for long service life.
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CONDENGERS...

...BASIC TUNING UNITS

These - transmitting condensers should be the

basic tuning units of your transmitter designs.
Compact assembly, steatite insulation, sturdy
construction, and conservative ratings will

enable National condensers to prove their su-

periority in your transmitter.

Type TMK Transmitting Condenser

Send for your copy of the 1947 National cata-

An ideol condenser for exciters and low power tronsmitters,

Available in single and double stator models. Steatite |Og Contoining a COf'np'e'e IiS' Of VOI’iOb'e
’

insulation. Special provision has been made far mounting
AR-16 exciter ¢oils in o swivel plug-in maunt an either

the 10p ar rear of the candenser if desired. Over-all condensers and some 600 other parts, today.
width 2.11/16”, height 2-23/32".

-
MNMational
Gap

{max.-min.) Valtage

35 mmf..7.5 .047” 1500v, 2.7/32" TMK-35 compan" 'nc
9 .

50 8 L0477 1500v. 2%"  TMK-50
100 .10 047" 1500v. 3" TMK-100
i Dept. No. 10
DOUBLE STATOR MODELS
35/35 mmf..  .047  1500v. 3" TMK-35D mﬂlden. Mass.
7.5/7.5
100/100-10/10 .047  1500v. 4Y%”  TMK-100D

-

Type TMC Tronsmitting Condenser

Designad far uvse in the pawer stages af trans-
mitters where peck voltoges do nat exceed

3,000, The frame Is extremely rigid. Insulatian Copocity Peak
is steotite. The stotor in the split stotar models {mox.-min.) Air Gop Valt.  Len Cato
:i; ulapﬁoned' at 3bo'h "endx. Over.all width 50 mmf..10 .077” 3000v. 3" TMC-50
-9/16", height 3.5/8 100 -13 .077” 3000v. 3',” TMC-100
250 -23 077" 3000v. 6" TMC-250
DOUBLE STATOR MODELS
50/50 mmt..9/9 077" 3000v. 4%" TMC-50D
100/100-11/1 .077” 3000v. 6%" TMC-100D
Camplete List In Catalog
Ccpctl'y' Air Peak
{mox.-min.) Gop Valt Len Cato
T 719" 20,000v. V875" TmL7sE Type TML Tronsmitting Condenser
50 22 .469” 15,000v. 28A” TML-50D This is a 1 KW jab thraughout. Special
500 .55 219" 7,500v. 1875”  TML-500A steatite insulatars prevent orc-cavers, Sturdy
DOUBLE STATOR MODELS cost aluminum end frames ond dural tle bors
30/30 mmf.- 12/12 719" 20,000v. 187" TmL.300E | Com O" vnvsvolly rigid structure. Precisian
60/60- 26/26 469" 15.000v. 185" Tmieopp | O POSn9% Iniwre smoaih turning and per-
100/100- 27/27 344" 10,000y, 65" TiL-10008 manent olign.mem of the ratar, Over-all
Complete List in Cotalag width 77, hoight LAV
M A K E R S o F L1 FET I M E R A D1 o E Q U1 PMENT
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available ”0

THE NEW 1947

'I'HIIRIIIIHSII

ELECTRONIC DISTRIBUTOR & INDUSTRIAL SALES DEPT.
MAGUIRE INDUSTRIES INC., 936 N. MICHIGAN AVE., CHICAGO 11, ILL.

PLEASE SEND MY FREE COPY OF THE NEW 1947

' “ n n n n n s o “ THORDARSON CATALOG, POSTPAID, TO THE ADDRESS BELOW. ®

NAME e e

ELECTRONIC DISTRIBUTOR & SLel .
INDUSTRIAL SALES DEPARTMENT

MAGUIRE
INDUSTRIES, INC. * ° ’ S e il i PR ®
936 N. MICHIGAN AVENUE, CHICAGO 11, ILLINOIS

city

EXPORT: SCHEEL INTERNATIONAL, INCORPORATED
4237 N. LINCOLN AVENUE, CHICAGO 18, ILLINOIS, CABLE HARSCHEEL.

—___—_______—————_—_——
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ELECTRONIC

BARGAINS

JOBBERS
WHOLESALERS
MANUFACTURERS"

Large inventories of valuable electronic tubes,
devices and equipment are being offered by the
WAA Approved Distributors listed herewith
for your convenience. Alert commercial buyers
are taking advantage of this big bargain oppor-
tunity. Why not fill your present and future re-
quirements from these available stocks. Act
now—while inventories still permit wide se-
lection.

Purchase of this surplus equipment has been
greatly simplified. The Approved Distributors
appointed by WAA were selected on a basis of
their technical background and their ability to
serve you intelligently and efficiently. Write,
phone or visit your nearest Approved Distribu-
tor for information concerning inventories,
prices and delivery arrangements. You'll find
you can “Save with Surplus.”

A,

BOSTON, MASS,
Automatic Radio Mig. Co., Inc
122 Brookline Ave
Technical Apparatus Co.
165 Washingion St.
BUCHANAN, MICH,
Electro-Voice, Inc,
Cartoll & Cecil Sts,
CANTON, MASS
Tobe Deutschmann Corp
863 Washington St.
CHICAGO, ILL.
Ametican Condenser Co
4410 N. Ravenswood Ave
Belmont Radio Corp
3633 S. Racine Ave,
EMPORIUM_PENNA.
Sylvania Electric Products inc,
FORT WAYNE, IND.
Essex wire Corp,
1601 wall St.
HOUSTON, TEXAS
Havigation Instrument Co., Inc
P. 0. Box 7001, Heights Station

LOS ANGELES, CALIF
Cole Instrument Co
1320 S, Grand Ave.
Hoftman Radio Corp
3761 S. Hill St.

NEWARK, N. ).
National Unlon Radlo Corp.
$7 State St.
Standard Arcturus Corp.
Sussex Ave,
Tung Sol Lamp Works, Inc,
95-—8th Ave.
NEw ORLEANS, LA
Southern Electronic Co.
$12 St. Chatles St.
NEW YORK, N_ Y.
Cart 1ndustries, Inc
1269 Atlantic Ave., B'kiyn,
Electronic Corp. of America
353 W. 48th St

Emerson Kadio & Phonograph Corp.
-9th Ave,
General Electronics, Inc
1819 Broadway
Hammariund Mig. Co., Inc.

460 W. 34th St.

Johanns & Keegan Co., Inc.
62 Pearl St.

Newark Electric Co., Inc.
242 W, S5th St

Smith-Meeker Engineering Co,
125 Barclay St.
NORFOLK, VA
Radio Parts Distributing Co.
128 W. Otney Road
ROCHESTER, N. Y
W. & H. Aviation Corp.
Municipal Abrport
SALEM, MASS,
Hytron Radio & Electronics Corp.
76 LaFayette St.
SCHENECTADY N. Y
General Etectric Co
Bidg. 267, 1 River Road
WASECA, MINN
F. Johason Co.
206 2nd Ave., S. W,

Offices located at: Atlanta + Birmingham ¢« Boston * Charlotte « Chicago * Cincinnoti »

OFFICE OF AIRCRAFT AND ELECTRONICS 0ISPOSAL

1284

Cleveland

Kansas City, Mo, Little Rock
Los Angeles ¢ Lovisville » Minneapolis * Noshville + New Orleans « New York ¢« Omoha « Philadelphia

Portland, Ore. » Richmond « St. Louis + Solt Lake City « Son Antonio + Son Francisco « Seottle « Suokone «

Dallas » Denver + Detroit + Fort Worth « Helena » Houston + Jocksonville «

Tulsa

" PROCEEDINGS OF THE LR.E:

k;—¥—

September, 1947




A GOOD TRADEMARK

v

O |
- O BUT A REFLECTION. OF

-~

ary OTHERS

WHEN a manufacturer puts his trademark

oa a product, he not only expresses pride in his own
workmanship, but also his confidence in the trade-
marks of those who have contributed vital parts to its
manufacture. For instance — on capacitors he recog-
nizes the El-Menco branding as his assurance of

trustworthy performance under all operating conditions.

JOBBERS & DISTRIBUTORS Foreign Radio and Electronic Manvufacturers
Arco Electronics, communicate direct with our Export Depart-
135 Liberty St., New York, N_ Y. ment ot Willimantic, Conn., for information.

it Sole Agent tor E)-Menco Products

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

g Write on firm letterhead
for samples and
” catalog.
MOLDED MICA EUMICA TRIMMER

PROCEEDINGS OF THE LR.E September, 1947 22A




7HIS PROVES IT/

1PLIER

FREQUENCY MULT

FREQUENCY
MULTIPLIER
Me 12

SCADE PHAS ASE
Sﬁ.n MODULATOR
GRYSTAL 5 STAGES
OSGILLATOR

oy
AUDIO FREQUENCY
AMPLIFIER

ROSECOND
T PHASIS

NETWORK

"

INVERSE
" FREQUENCY
NETWORK \

PRE EMPHASIS
NETWi e

INVERSE FREQUENCY
NETW!

ORK AUDIO AMPLIFIER 3

RAYTHEON FM

BECAUSE IT:
IS BETTER... -

1. Features direct crystal control
2. Gives the most desirable electrical characteristics

- Contains fewest circuits, fewest tubes
- Has the simplest circuits
. Is easiest to tune and maintain
ays . Has inberently the lowest distortion level
T TR O SR =S

AND ELIMINATES ALL:

High orders of multiplication
. Complex circuits

- Expensive special purpose tubes

Discriminator frequency control circuits
Pulse counting circuits for frequency control
Motor frequency stabilizing devices

See your consultin

Excellorice int Eleactiondes booklet giving com
Write today to:

8 engineer and write for fully illustrated
plete technical data and information.

RAYTHEON MANUFACTURING COMPANY

COMMERCIAL PRODUCTS DIVISION, WALTHAM 54, MASSACHUSETTS

Industrial and Commercial Electronic Equipment, Broadcast Equipment, Tubes and Accessories

Sales offices: Boston, Chattanoogs, Chicago, Dallas, Los Angeles, New York Seattle
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ThE.dow price of ERIE “GP” Ceramif®

cons is not attained by sacrifice of quality,
but by mass production methods; and mass
production methods are possible because
of the wide field of application—wher-
ever the condenser is not directly frequen-
cy determining.

But the economy of ERIE "GP’ Cerami-
cons is not due alone to their low price. They
save space because high capacities are avail-
able in extremely compact sizes, and because
the tubular shape is in itself space-saving

#Ceoramicon is tho registered trade name
of eilverod ceramic ocondonsors made
by Erie Resistor Corporation.

‘ September, 1217

compared to condensers of rectangular shape
in equal capacity. ERIE "GP’ Ceramicons
also speed up production, because they are
easy to handle in the assembly line.

These Ceramicons have excellent elec-
trical properties, with higher resonant fre-
quencies, a factor of increasing importance
with the trend to FM and Television.

ERIE "GP” Ceramicons are made in insu-
lated styles in popular capacity values up to
5000 MMF ., and in non-insulated styles up to
10,000 MMF. Write for details and samples.

Electnonics Diviscon

ERIE RESISTOR CORP., ERIE, PA.

LONDON,

ENGLAND < * TORONTO, CANADA




NEWS and NEW PR
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Turntable Console

Greater efficiency in handling, cueing,
and playing of transcriptions has been
achieved by Detroit's radio station WJR
in cooperation with Fairchild Camera &
Instrument Corp., of Jamaica, N. Y. This
has resulted in a perfected turntable con-
sole said to be capable of meeting the most
exacting reproduction problems with ut-
most flexibility.

A -

Two operators are assigned to the bank
of four turntables equipped with vertical-
lateral pickups. Each pickup has its own
filter network and built-in cue circuit with
separate cueing loudspeaker. Because of
the system of playing recordings of music
as well as spot announcements from this
blind position, the operators also have
built in talkback equipment connected
directly to the announcers’ stand-by and
spot studios. The console is so designed
that cach table can be fed to a different
circuit or mixed on one channel. Two sep-
arate amplifiers have been wired in, one
handling the left two tables, the other the
right pair,

Frequently all four tables will be in
use, one possibly feeding an audition to a
client, one for a chain-break spot, another
for a delayed network program, and the
fourth feeding into the cutting circuit for
re-dubbing purposes.

According to the designers, this cen-
tralization of all waxed activities de-
creases the percentage of damaged or mis-
placed disks, and allows for better over-all
operating efficiency.

The illustration shows push-button
controls and attenuators as well as filter
controls giving the operator full fingertip
jurisdiction over two outgoing channels,
Additional channels may be patched in
upon a moment’s notice,

Such a bank of turntables is most useful
during disk-jockey programs where fre-
quent 33}-r.p.m. commercial spots are
inserted between live patter and 78-r.p.m.
recorded music,

The Fairchild console incorporates
ideas of the entire engineering staff of
Detroit's CBS affiliate.

26

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

Television Capacitors

Television set manufacturers will be
interested in the new series of television
capacitors recently announced as an addi-
tion to the line of capacitors manufac-
tured by Cornell-Dubilier Electric Corp.,
South Plainfield, N. J.

Type G.C.

Type TMC

Inpregnated and filled with Dykanol, a
dielectric liquid which provides exception-
ally long life at high ambient temperatures,
and hermetically sealed, the capacitors are
made in various capacitance and voltage
ranges to meet specific needs.

Type GC1A00, pictured here, is an ex-
ample of these high-voltage units designed
sPeciﬁcal}y for_ filter applicationsin televi-
sion receiver circuits,

Type TMC is extremely compact in
size, moderate in cost, and ruggedly built
to exacting standards. It is housed in
tubular, hermetically sealed containers of
seamless drawn-metal tubing. The capac-
itors are self-supporting, as one lead is
brought out from each end. Available ca-
pacitance range from 0.005 to 0.05 Mfd ,
d.c. voltage ratings from 2,000 to 5,000,

.

NOTICE

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

PROCEEDINGS OF THE I.R.E.
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Degassing Chambers

The operator watches progress of an
interesting phase in the production of elec-
tron-tube parts at the plant of Amperex
Electronic Corporation in Brooklyn, N. Y.

Metal components which are placed in
the vacuum jars get white-hot then high-
frequency current passes through the coils
shown in the photo. This forces the metal
to release occluded gas, which is then
drawn off by the oil-diffusion pump used
in the exhausting process.

New Aluminum Solder

Prolyt, the new aluminum solder from
$witz¢:rland, manufactured and distributed
in the United States by Aluminum Solder
Corp., 10 East 52nd St., New York 17,
N.Y., is used to join an aluminum cable
with a standard copper lug. Soldering tech-
mque, as shown in the picture, is simple
and no flux or flux substitute is required.
Recent tests at the New York Testing
Laboratories have shown that such a joint
when soldered with Prolyt has greater vi-
bration strength than the wire itself. Elec-
trical resistance at the joint is in the range
of 20 microhms. Even after a 250-hour
salt spray, the resistance increased only a
negligible amount.

(Continued on page 484)
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IF 1T's UHF EQUIPMENT

WE CAN
e DESIGN
e DEVELOP
e PRODUCE IT]

LAVOIE LABORATORIES are specialists in high
frequency work. We can begin with your own
ideas — design, develop and produce; or we can
manufacture (in any quantity) from your blue-
prints. ’

In either event, we can do a business-like job
because we have the personnel and equipment
for precision work plus a background of practi-
cal experience.

A few typical examples of LAVOIE-produced
equipment are shown, including Frequency
Standards—Frequency Meters—Receivers, etc.

Complete information and detailed esti-
mates of LAVOIE service are available
promptly without obligation.

\

SLawoio Laboralorios.
RADIO ENGINEERS AND MANUFACTURERS
MORGANVILLE. N. J.
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DEFLECTION COIL P)
SHELL CYLINDER 1

|
L= T

punciep COSMALITE
COIL FORMS FOR..

RECEIVERS

Woas s <L ~
DEFLECTION
COIL CORE

A new and turther step in the ever in-
creasing use of these spirally laminated
paper base, Phenolic Tubes. Perform-
ance based upon approximately seven

years of research.
o

Other Cosmalite Types—

gla-

N

- #96 COSMALITE for coil forms in all
) standard broadcast receiving sets.

7 SLF COSMALITE for Permeability
'!":?: Tuners.

Ty o Spirally wound kraft and fish paper
‘: I TG R Coil Forms and Condenser Tubes.

It X TERIANA‘I_[RING

. .
' Attractive prices.

e
3 RETAINING RING

e Fast deliveries.

g

°
Inquiries
DR~ given
HALF SHELL | ey g
_ specialized
nt ' attention

T

7% CLEVELAND CONTAINER

6201 BARBERTON AVENUE CLEVELAND 2, OHIO

PRODUCTION PLANTS also of Plymouth, Wisc,, Ogdensburg, N. V., Chicogo, 1., Detroit, Mich, Jamesburg, N.J
PLASTICS DIVISIONS at Plymouth, Wisc, Ogdensburg, N. Y. .« ABRASIVE DIVISION ot Clevelond, Ohio

New York Sales Oflice — 1184 Broadwoy, Room 223
IN CANADA —The Clevelond Container Conode Ltd., Prescott, Oatorio
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The famous Model 80 Even Speed \
Alliance Phonomotor operating on 110 or 4
220 volts is made for 40, 50 or 60 cycles, \ y

16 watts input, 78 RPM. It has no gears—

runs at an even speed—has a smooth, \\ AL The M's to make ,’"ngs mOVQ.' \
quiet, positive friction-rim drive. Amply 4 Designs will call for more action—movement! A
proportioned bearings withlarge oilreser- | Flexible pro'duct.performonce needs power
voirs assure long life. A slip-type fan gives i urces which are compact, light weight! Alliance
cool operation—avoids any possible injury. f Pawr-Pakt Motors rated from less than 1-400th

on yp to 1-20th h.p. will fit those “point-of-action”
plates! Alliance Motors are mass produced -at
low cost—engineered |
for small load jobs!

The Alliance Model K Phonomotor, a 25 ‘
cycle companion to the Model 80,
operates on 110 volts, 25
cycles at 12 watt input.
Motor and idler plate on
Alliance phonomotors are
all shock mounted to the
cabinet mounting plate, to
minimize vibration.

For vital compo-
nent power links
to actuate controls...to make
“things move...plan to
use them!

¥ s

WHEN YOU DESIGN—KEEP ® d“‘
‘ MOTORS IN MIND

ALLIANCE MANUFACTURING COMPANY . ALLIANCE, OHIO
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RANGES
Six D.C. Volts to 2,500 at 20,000
Ohms per Yoit.
<ix 0.C. Volts to 5,000 at 10,000
Ohms per Volt.
Six A.C. Volts to 5,000
Ohms per Voit.

Six Current Ranges: 0-50 Mi
amperes 1o 0-10 Amperes.

Three Resistance 0-1000-100,000_

10,000 -20,000 OC 10, Wl

at 10,000

CAUTION ON HIGH
>

cro-

5000V
MODEL 625 NA

Ohms; 0-4 Megohms. .
six Decibel Ranges: —30 fo +80. IRGLLE VOAME e 4
b A MA

Six Output Ranges 1o 5,000 Volts. | | _100MA
' v | O M A

*
High Oh :
m —
- Zw lllnr?r Scale —Thirty-Nine R
Man Who Jakes Pride ire Hes N anges
s Mook

The new MOd
el 625NA, wi
added f . » with 39 ranges a
. eatures, is the widest ran nd many needed for
ype. Note the long mirror scal ge tester of its FM. And general servicing, plus T
meter £ . ale on th - And with 1 + plus Televisi
- r for easier more accurate readi Q l.arge 6" check man 0,000 ohms per volt A. C ion and
nges to 40 megohms give ing. Resistance  where a V. y audio and high impedance you can
you all the ranges requirc:i Aacuum Tube Volt mef: da.n% circuits
. A proven super-servi r is ordinarily
~service instrumen
t

Z Ite/o 14 Y €
H e man otb r
u r r dela 15 todﬂ abo’lt Moae[ 625 \ ’ ﬂ”d tb
p { esters. ‘dd €. } 4 97
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BOOST KVA RATING BY FIVE OR MORE...
CUT PRESENT SIZES OF POWER CAPACITORS ...

27D

Y 4
AEROVOX/SERIES 1780, e ,

4 ' MICA CAPACITORS

@® This new water-cooled oil-filled mica capacitor
handles exceptional KVA loads for its size. This
means that more power can be handled than with
previous capacitors of similar size or, conversely,
; capacitor size can be greatly reduced for given
power ralings.

Series 1780 capacitors attain their higher KVA
ratings in two ways: (1) By exceptional design
such as critical arrangement and location of

- Mm sections; choice of materials; specially-plated
:m b paris; large cross-section of conductors; care-
ful attention to details and true craftsmanship

in production. (2) By the use of a water-cooling sys-
fem so designed as to provide maximum heat trans-
fer from capacitor section fo cooling coils.

{ i All in all, here is a sturdy, compact, hard-working.
w - trouble-free mica capacitor for extra-heavy-duly
service, such as induction furnaces and high-power

' 4
ﬂ transmitiers.
- |
Mica stacks in oil bath. Cooling tors. Four-stud terminal. Grounded
coils in oil bath for efficien! irans. case.
fer of heal.
Heavy welded metal case, her-
Air.cooled operation, 200 KVA; metically sealed. Exceptionally
with water-cooling, 1000 KVA—a sturdy construction.

one-lo-five ralio.
Series-paralle] mica stack designed

Ralings up 1o 25,000 volis A.C. for uniform current disiribution
Test. Capacilances up 1o .01 mid. throughoul.

Rated loads up 10 1000 KVA. Typl-

cal unit: 20,000 V. a1 .01 mid. Silver-plated hardware for mini-

mum skin resistance. To minimize
or eliminate corona, ferminals are
finished with large radii of curva-
Provisions for making conneclions ture. Steatile insulalor shaped to
with high-curreni-capacily conduc- hold gradients below corona limits.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS

Lower power faclor (.01%). Long
life and large faclor of safely.
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RCA Miniatures make practicai, compact, lightweight designs.

QUICK-REFERENCE CHART
MINIATURE TUBES

Often, they provide superior performance at less cost.

Type Performance
Class Applications
No. Equivalent PP
OA2 Valtage ODJI/VRISO | Cold-Cathode Glow-Dischorge
Regulotar Type.
1A3 H-F Diode - Heoater-Cathode type. Discrimine-
for for bottery-oporoted FM re-
celvers; portable h-f meoosuring
equipment. Resonant frequency
about 1000 Mc.
IL4 R-F Amplifier Iu4 Fitamentary type. Shorp cutoff
Pentode charocteristic. For battery-operated
poriobles.
IRS Pentagrid — Filamentory type. Mixer fube and
Converter oscillator in superheterodyne cir-
cuits. For portable receivers.
154 Power Amplifier 354 Filomentory type. For hattery re-
Pentode ceivers.
IS5 Diode-Pentode - Filomentory type. High voltoge
goin. For broadcost recelveors.
174 Super-Control — R-F or i-f amplifier in bottery-
R-F Amplifler operoted receivers, 4
Pentode
1u4 R-F Amplifies INS-GT Shorp cutoff choracteristic. For
Pentode low-droin bottory.operoted re-
ceivers,
202) Thyrotron 2050 Rolay tube and grid-controlled rec-
Tetrodo tifler. Will opeorate directly from
high-vacuum phototube.
3A4 Power Amplifier -— Filomantory typo. A-F output of
Pentode 700 milliwaMs, or r-f output of
L2 wotts at 10 Mc.
3AS H-F Twin Triode Fitomentory type. For use in h-f
applications. Class € output about
2 wotts of 40 Mc
3Q4 Power Amplifier 3Q5.GT Filamentary type. For 3.way bot-
Pentode tery porioble receoivers,
354 Power Amplifier 154 Filoamentary type. For battery port-
Pentode able equipment.
ve Poweor Amplifier 3Q4 Filamentory type. Similor 10 3Q4,
Pentode but hos preferable bosing arrange-
mont. For 3-woy boltery portoble
receivers.
6AGS R-F Amplifier - Sharp cutoff charoctoristic. High
Pentode tronsconductance ond low input
and output capocitonce. I-F video
plifi or r-f up fo
400 Mec.
6AKS R-F Amplifier -— Sharp cutoff characteristic. High
Pentode transcanductance, low input and
output capacitance, and low input
’ cenductance at high froquencios.
6AK6 Power Amplifier 6G6-G Singly or in push-pull in output
Pentode sfoge. A-F powor output || wotts
por tube.
6ALS H-F Twin Diode -— High perveancd makes it panticy-
lorly useful as an F-M dotector.
6AQS Beom Power 6vVe For automobile and oc-oporated
Amplifier receoivers.
6AQ6 Duplex-Diode 6817 Combined detectar, o-f amplifior,
High-Mu Triodo and avc fube.
&6ATS Duplox-Diade 65Q7 Combined d 2] plifier, and
High-Mu Triode avc tube,
6AUS R-F Amplifier 6SH7 Sharp cutoff choracteristic. High
Pantode transconductance and low grid-
plate copacitonce. Limiter for FM
receivers,
6BAS R-F Amplifier 65G?7 Remote cutoff characteristic, High
Pentode transconductance ond low grid-
plote copacitonce, For r-f and I-f
stages of FM ond AM roceivers.
6BE6 Pentagrid 6SA7 Mixer tube ond oscillator in supor-
Convertor hetorodyne circuits, For FMm and
AM receiveors.

32A

TUBE DEPARTMENT

RADIO CORPORATION of AMERICA

HARRISON., N. J.

For additional technical data on these types, refer To The RCA HBE-J Hond

book, or write RCA, Commercial Engineering, Section R-521, Harrison,

and-
N.J.

6J4

3]

6X4

12AT6

12AU6

12aU7

12AWe

12BA6

12BE6

26A6

26C6

26D6

3ses

ISW4

4523

5085

nzza

1654

9001

9002

9003

9006

Class

Performance
Equivalent

Applications

Duplex-Diode
Triode

V-H-F Power
Triode

U-H-F Amplifier
Triode

Twin Triode

Full-Wave
Rectifier

Duplex-Diode
High-Mu Triode
R-F Amplifier
Pentode

Twin Triode
Amplifier

R-F Amplifier
Pentode

R-F Amplifler
Pentode

Pentagrid
Converter

R-F Amplifier
Pentode

Duplex-Diode
Triode

Pentogrid
Convertor

Boom Power
Amplifier

Holf-Wave
Rectiflier

Holf-Wave
Rectifior

Beam-Power
Amplifier

Holf-Wave
Rectifler

Holf-Wove
Rectiflor

Sharp Cutoff
U-H-F Pontode

U-H-F Triode

Remote Cutoff
U-H-F Pontodo

U-H-F Diode

6SR7

6X5

125Q7

125H7

125N7-.GT

6AGS

125G7

125A7

12BAs

12ATS

1 2BE6

3I5L6-GT

3525-GT

50L6-GT

For use os o combined detector,
amplifier, and ovc tube. For outo
ond ac-operated receivers

Class C omplifier and oscillator
Closs C oulput obout 5.5 wols of
moderate frequencies, 2.5 watts
ot 150 Mc.

Primorily for use as grounded-
grid omplifier up to 500 Mc. Trons-
conductance 12000 micromhos,
mu 55, law copocitonces.

Porticulorly useful as mixer or os-
cillator up 1o 600 Mc,

High-vocuum typo. For use in outo
and oc-operoted rocelvers.

For use in compoct ac/dcreceivers,

Shorp cutoff choracteristic. Limiter
tube for ac/dc FM receivers.

Seporote terminals for each cath-
ode, ond mid-topped heater for
6.3- or 12.6-volt operation. Mixer
oscitlator, multivibrator

Sharp cutoff characteristic. R-F am-
plifier for oc/dc FM roccivers.

Remote cutoff charocteristic. For
vse in compact ac/dec receivers.

For vse in compoct ac/de recoivers.

Romote culoff charocteristic. Foa-
tures high trensconductonce. For
12-cell storage-battery operotion.

Combined detector, omplifler, ond
ave tube. For |2-cell storage-bot-
ery operolion.

Mixor fube and oscillotor. For 12-
cell storage-battery operotion.

High power sensltivity and high
efficioncy for use in output stoges
of ac/dc recaivers.:

High-vacuum type. Heater tap for
ponel lamp. Far use in compact
ac/de roceivers.

High-vocuum type. Heater rating,
0.075 ompeore at 45 volts. For
J-way botery portoble receivers.

For output use In ac/dc receivers
Moximum-signal power output, 1.9
walts,

High-vacuum type. For supplying
rectifled pawer to 3-woy boMory
portable equipment.

High-vocuum, filamentary type
Maximum peak inverse rating 7000
volts, filoment current 0.05 ampere

R-F amplifier or dotector in U-H-F
sorvice,

U-H-F detector and amplifier May
be used as oscillotor in superhet-
eradyne recelvers of frequencios
up to 500 Mc.

Useful as o mixor or as an r-f or
i-f emplifier in U-H-F service.

For UH-F service as roctifler, dow
tector, or measuring deovice. Roso-
nant frequency, obou! 700 Mc.

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA
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J. R. Poppele

Board of Directors, 1947

J. R. Poppele was born on February 4, 1898, in Newark, N. J.
He received his education in electrical engineering at Newark
Technical School, and studied wireless at the Marconi Wireless
School in New York City. During the first World War he served as
a radio operator, and upon termination of service was associated for
a year with the Radio Corporation of America.

In 1922, when WOR was established, Mr. Poppele became its
chief and only engineer. Today he heads a staff of eighty technicians,
and is vice-president and secretary of the board of directors of the
station, in charge of all a.m., f.m., television, and facsimile engineer-
ing projects for the Bamberger Broadcasting Service, and the service
departments of that organization.

He is known as one of America's leading engincers, both in vision
and in practice. During his association with WOR he has instituted
and maintained a research laboratory in which many devices now in
common use have been developed to help the advance of broadcast-
ing. Much of the equipment of the 50,000-watt transmitter in Car-
teret, New Jersey, was specially designed under his direction.

In the early days of radio, Mr. Poppele was instrumental in stag-
* ing many broadcasting “firsts.” He superintended the first trans-
atlantic communication test to London, the first play-by-play sports
description of a remote football game, and was responsible for broad-
casting the first on-the-scene golf tournament using intricate elec-
tronic equipment in 1926. In 1924 he helped guide back the dirigible

Shenandoah with radio direction, after it had broken away from its
mooring mast in Lakehurst, N. J. In 1926, he began television ex-
periments, pioneered in f.m., and developed the directional antenna
which concentrates 135,000 watts to a designated area.

Mr. Poppele has also been active in many outside groups. He
makes frequent appearances before technical bodies, engineering
societies, and other groups, for addresses on the varied phases of
radio. He serves as radio consultant to the New Jersey State Police
and helped that body in planning the State’s radio system. He also
aided the Newark, N. J., police in creating its radio car system.
During World War 11 he served as a member of the Board of War
Communications and helped devclop station synchronization to
create enemy deception for radio ranging. '

Mr. Poppele joined The Institute of Radio Engineers in 1930 as
an Associate, transferred to Member in 1939, and to Senior Member
in 1943, He is a member of the board of directors of the Mutual
Broadcasting System and is one of the founders, as well as a director
and now president, for a third term, of the Television Broadcasters
Association, Inc. He was also a founder of the original Frequency
Modulation Broadcasters Association. He is a member of the board
of directors of the Veteran Wireless Operators Association and chair-
man of its scholarship committee, a Fellow of the Radio Club of

* America, a member of the Acoustical Society of America, and a

member of the Society of Motion Picture Engincers.
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It is generally admitted that scientific research is a source_from which
may spring better human health and enhanced individual effectiveness, new
products and processes of social value, and a strong system of national defense.

Pure and applied research have, however, proven in many instances to be
costly and long-term enterprises. Differences of opinion exist as to the most
desirable and dependable sources of the funds necessary for the prosccution
of research, together with safeguards of the freedom of the rescarch workers
against unsuitable outside control of tkeir activities.

The PrOCEEDINGS OF THE I.R.E. accordingly presents below a forceful ex-
pression of one viewpoint on these topics from a prominent educator, author,
and research administrator, now Dean of the School of Engmcc!—mgof :Smnford
University, and also a PPast President of The Institute of Radio Engincers.-

The Editor.

Science Legislation and National Progress

FREDERICK EMMONS TERMAN

It is now generally appreciated that scientific research
is the foundation on which our complex technolegical
civilization rests, and that it is furthermore the basis of
our national security. !

We also have learned that money spent on scientific
research is a highly profitable investment when the benefit
that society as a whole receives is balanced against the
expenditure involved. Thus, the several hundred million
dollars that went into wartime electronic research has
resulted in anunprecedented expansion of the radio industry.
This is taking the form of rapid exploitation of higher fre-
quencies, the development of new types of communication
systems, acceleration in the application of electronic aids
to air navigation, and many other activities. The return
to society in the next two decades, in the form of increased
standards of living and increased safety to life, will un-
doubtedly be many times the entire cost of the wartime
electronic research program.

It is now clear that the prewar level of scientific re-
search, not only in radio but in many other fields, was far
below the level that would have been most profitable from
the point of view of balancing cost against all the values
involved. Morcover, because of the inadequacy of prewar
funds, it was almost the rule rather than the exception for
universities and similar institutions to concentrate their
research largely on problems that called for a minimum of
expenditure, rather than on problems most in need of
being solved.

In the past, the principal support for fundamental
research came from nonprofit organizaticns, such as univer-
sities and foundations. Industrial research, while an in-
dispensable factor in national development and large in
magnitude, is largely confined to activities that have a
high probability of producing an early profit, and of
improving the competitive positicn of the organization
spending the money. Corporations obviously cannot justify
to their stockholders the expenditure of large sums on
activities that make socially desirable additions to general
knowledge, but which have little possibility of bringing a
financial return to the corporation within a reasonable
number of years, or which will produce results that will be
of equal or greater benefit to competitors that do not carry
any of the expense involved. Moreover, the important
values of fundamental research are frequently of a very
long-range type, and it is commonly impossible to foresce
what particular industrial groups will be the chief ultimate
beneficiaries of any particular research,

National science legislaticn is intended to provide fed-
eral support for the type of research that is nceded by
society, and yet which industry cannot be cxpected to

finance, and it is also designed to assist in the training of
the additional research workers so badly nceded by the
country. While nonprofit institutions meet part of these
needs, their resources are hopelessly inadequate to meet
the requirements of the country as they are now under-
stood. The cost of such a program is readily justified by
the fact that money put into research is not a burden on
society, but rather can be a highly profitable investment.

Objection has been raised in these pages to fedcral
support of research on the basis that, if the government
pays the bill, it will dictate the program.! Examination of
the actual situation fails to support this viewpoint, how-
ever. Thus, state-supported institutions have a good
record of carrying on research’in the engineering, physical,
and biological sciences without political domination. More-
over, there is nothing in the record indicating that the
federal government would he more restrictive in the con-
ditions under which it would support research than are
private and corporate donors of funds to nonprofit insti-
tutions. The experience of the past is, in fact, quite the
contrary. An individual donor normally specifies how his
gift is to be spent, and frequently desires a building or a
fellowship that, while serving a useful purpose, does not
provide for the technicians, mechanics, and materials
lhat‘ are needed in laboratory research. As a result, uni-
versity researchers, both faculty and student, commonly
s;.x‘:.nd a large part of their research time being radio tech-
nicians, poor glass blowers, and the like. Similarly, cor-
porate contributors to research quite naturally require
_that the research they sponsor be in a field that is of direct
interest to 'the corporation, and in addition often expect
the university carrying on the research to supply super-
vision and overhead from its own funds. Many parts of
the present program of military-sponsored research are
free of these objections. It is cxpected that a National
Science Foundation with broader objectives than the

military will evolve a method of operation that is at least
as satisfactory,

) The close connecticn between research and radio prac-
tice makes the success of national science legislation of
direct concern to cvery radio engineer. Such legislation
deservqs support, and when a National Science Foundation
comes into being, the radio engincer should interest him-
self in its activitics and co-operate fully, so that the scien-
tific foundation for electronics and other technological

phases of our civilization will become steadily broader
and stronger. '

'R. W. King, “Th q 0 P
vol. 35. p. 339; April, 1045, " 2" science legislation.” Proc. I.R.E.,

September
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An Experimental Simultaneous Color-
Television System

Part I—Introduction’
R. D. KELL{, FELLOW, LR.E.

Summary—During 1945 and 1946 a complete sequential tele-
vision system was constructed and tested. This was followed by the
development of a simultaneous system, compatible with the present
commercial monochrome television. This paper is the introduction
to a group of two papers which describe the transmitting and receiv-
ing apparatus used in the simultaneous system.

WITH THE RESUMPTION of peacetime re-
\

scarch and development, color television be-
came a major item in the research program of
RCA Laboratories.

A color-television receiver of the simultancous type
had been constructed in 1939. The circuit and tube limi-
tations at that time were such that satisfactory regis-
tration of the three-color images could not be obtained.

In 1941 a sequential color system had been used by
the National Broadcasting Company to broadcast tele-
vision pictures. With this work as a background, the
first step of our new research program consisted of build-
ing, and putting into operation, a complete sequential
type of color-television system.! The camera made use
of the new image orthicon for direct studio pickup. The
associated sound was carried by variable-width pulses
occurring during the horizontal-return-line time.? The
result of this work was demonstrated on December 13,
1945. In some of the tests, the radio transmitter op-
erated on 288 megacycles, with a power output of ap-
proximately 5 kilowatts. In other tests, radio-relay-type
equipment was used, operating on approximately 9000
megacycles. With this work as a background it was pos-
sible to evaluate more accurately the technical difficul-
ties more or less inherent in such a system.

,  In parallel with this work, a study was being made
- of the possibilities of a simultaneous color system. The
' important fact that the simultaneous color system could
be made an integral part of the expanding black-and-
white television service made such a system extremely
attractive, Because the three primary pictures are
transmitted at the same time in the simultaneous sys-
tem, each of the three primary color pictures can have
the same number of lines per picture, the same number
. of fields per second, and the same other standards as the
present monochrome system. If they are so chosen, the

* Decimal classification: R583. Original manuscript received by
I the Institute, June 10, 1947,
_t Radio_ Corporation of America, RCA I.aboratories Division,
Princeton, N. [l
_'R.D.Kell, G. L. Fredendall, A. C. Schroeder, and R, C. Webb,
! "“An experimental color tclevision system,” RCA Rev., vol. 7, pp.
| 141-154; June, 1940.
. *G. L. Fredendall, K. Schlesinger, and A. C. Schroeder, “Trans-
I mission of television sound on the picture carrier,” Proc. LR.E,,
. vol. 34, pp. 49-61; February, 1946,

present monochrome and the simultancous color sys-
tems are identical in all basic respects, except that the
color system transmits three independent monochrome
signals at one time. This condition results in the enor-
mously important fact that, with only the addition of
a radio-frequency converter, and without any altera-
tions, a present monochrome receiver will receive the
programs transmitted by the simultancous color method
(reproducing them in monochrome). The radio-fre-
quency signal, corresponding to the green picture, con-
tains information as to picture detail and values of light
and shade which, when translated into black and white
in the monochrome receiver, is capable of producing an
excellent picture. By associating the frequency-modu-
lated sound channel with the green picture, at the same
spacing as in the present monochrome standards, the
tuning of the converter to the green-picture radio-fre-
quency channel not only makes possible the reception
of a black-and-white image from the color transmission,
but also makes possible the reception of the associated
sound. The red- and blue-picture signals may be trans-
mitted on separate radio-frequency carriers and vestigial
sidebands located adjacent to the green signal. Without
regard for compatibility, visual observations alone in-
dicate that the properties of flicker and resolution of
images containing red and green components are suf-
ficiently similar to monochrome images that the same
stancards should also apply. With reference to the blue
component, observations have indicated that an ap-
preciable reduction in the bandwidth of the blue video
is possible without degradation of the color image. This
is due to the eye having lower acuity for blue light than
for red and green light at brightnesses which are con-
sidered desirable and at the relative brightnesses which
produce subjective white. A simple confirmation of the
lower acuity may be made by observation of the blue
component of a black-and-white test pattern of satis-
factory brightness at the normal viewing distance. It
is found that the apparent resolution in the blue image
is definitely inferior to the resolutions of red, green, or
black-and-white images. From the point of view of econ-
omy of bandwidth in channel allocation for color tele-
vision, this is a fortunate condition. A satisfactory blue
video bandwidth for the experimental system was 1.3
megacycles.
The transmission standards used are the following:

525 scanning lines

Odd-line interlacing pgreen, red, and blue components
60 fields
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Standard synchronizing wave form on the green video
signal

4.5-megacycle bandwidth for green and red signals

1.3-megacycle bandwidth for the blue signal.

In the color receiver, the three signals are separated
by means of intermediate-frequency circuits and used
to control the brightness of the three color images, which
are optically superimposed.

Preliminary attempts at producing pictures using the
simultaneous method involved the use of a single cath-
ode-ray tube having three clectron guns with a single
deflecting yoke. The three scanning rasters were at dif-
ferent positions on the face of the cathode-ray tube.
Preliminary results with this tube were sufficiently prom-
ising to justify the design and construction of a color-
slide scanner capable of generating the three color sig-
nals of the simultaneous system.? The limitations in a
system in which different areas of a single cathode-ray
tube are scanned soon became evident. Work was then
concentrated on the construction of a projection-type
receiver having a 15- by 20-inch screen where three small
cathode-ray tubes simultaneously projected the three
color images on the viewing screen.* The reproduction
of a picture by this receiver using signals transmitted by
coaxial cables was demonstrated to the press and others
on October 30, 1946.5

At a later demonstration, on January 29, 1947, receiv-
ers of this type were operated over a radio-frequency
circuit: At this time a simple radio-frequency converter
connected in the antenna circuit of a standard black-
and-white receiver made possible the reception of the
green component of the simultaneous color picture,
along with the associated sound. To illustrate the opti-
cal efficiency of a simultaneous color system, the next
step in the development program was the construction
of a projection-type receiver capable of producing a
picture 7} by 10 feet. This picture had a brightness of

3G. C. Sziklai, R. C. Ballard, and A. C. Schroeder, Part II,
“Pickup equipment.” Proc. I.R.E., this issue, pp. 862-871.

4+ K. R. Wendt, G. L. Fredendall, and A. C. Schroeder, Part 111,
“Radio-frequency and reproducing equipment,” Proc. 1.R.E., this
issue, pp. 871-875.

8 A progress report, “Simultaneous all-clectronic color tele-
vision,” RCA Rev., vol. 7, pp. 459-468; December, 1946.
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approximately 10 foot lamberts. The receiver was dem-
onstrated at the Franklin Institute on April 30, 1947,
using color slides and 16-millimeter motion-picture film
as subject material.

Several major technical items remain before color
television can be considered for a commercial service.
Among these items may be included studio and out-
door cameras. One of the major remaining problems is
the field testing of the complete system. This will in-
volve the construction and installation of high-power
television transmitters with the associated terminal fa-
cilities for film and studio transmission. Propagation
measurements must be made to determine the broad-
cast coverage possible in the new range of ultra-high
frequencies required for color. The preliminary indica-
tions are that much higher effective radiated powers
will be required for color transmissions in the 500- to
900-megacycle region than are at present required in
the commercial television channels. Tests on various
tvpes of receivers under actual operating conditions
must be made to determine the practicability of the re-
ceiver design when placed in the hands of the layman.
The tests of the simultaneous color svstem have been
sufficiently complete to indicate that there are no seri-
ous fundamental technical difficulties. The work with
the system has indicated, directly or as a result of anal-
ysis, the objectives of further research and development.

It is the purpose of this group of papers to describe
the system, the experimental apparatus, and the tests
that have heen made. The description is divided into
two parts: “Pickup Equipment,” and “Radio-Frequency
and Reproducing Equipment.”
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Part II—Pickup Equipment”

G. C. SZIKLAI{, SENIOR MEMBER, I.R.E., R. C. BALLARDY, SENIOR MEMBER, LR.E.,
AND A. C. SCHROEDERY, SENIOR MEMBER, IR.E.

Summary—The technical development of the present flying-spot-
type color-television pickup equipment is described. The use of a
high-voltage kinescope with a short persistence phosphor, of the
multiplier-type photo-tubes and dichroic filters, permit the construc-
tion of apparatus for flying-spot scanning of color slides and color
motion picture film providing excellent color video signals. The cir-

* Decimal classification: R583. Original manuscript received by
the Institute, June 10, 1947. )

t Radio Corporation of America, RCA Laboratories, Princeton,
N. J.

cuit equalization for the phosphor persistence is described in detail.

The use of the simple flying-spot scanner for studio pickup is de-
scribed.

I. INTRODUCTION
NCE a careful study of the technical aspects of
color-television systems reached a point where a
systematic development of a particular system
could be scheduled, the first part of the program was to
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develop terminal equipment with the greatest flexibility
and reliability. For the initial adjustments of the first si-
multaneous-color-television image reproducers, a mono-
scope signal was divided by three parallel-input ampli-
fiers, and thus the three grids of the reproducer were
controlled by the same signal. This type of signal was
perfectly adequate to check resolution, registration, and
proper balance of control voltages to produce a good
black-and-white picture. By adjusting the balance of
the picture signals, a monochrome picture in a choice
of colors could be obtained. The registry obtained with
three identical simple signals was sufficiently encourag-
ing to justify undertaking the development of a signal
source providing a complete color picture.

The use of the monoscope as a source set the stand-
ards high, since it could be relied on for good resolution,
perfect registration, high signal-to-noise ratio, freedom
from spurious signals, etc. In order to obtain a similarly
high-quality color signal, a special slide scanner was
developed, to be used with Kodachrome transparencies
to provide the desired high-quality color video signals
from a wide variety of subjects.!

I1. Tne SLipk PROJECTOR

A signal-generation method using a cathode-ray-tube
flying-spot scanner, with beam splitters and multiplier
phototubes, was chosen because of the inherent registry
and natural freedom from spurious signals of such a sys-
tem. The concept of cathode-ray-tube flying-spot scan-
ning is old. It was attempted both in this country and
abroad several years ago, but due to the lack of satis-
factory components for the system, several times it was
tried and abhandoned.

CONDENSER
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Fig. 1—Diagram of the color-slide scanncr.

A re-examination of the problem in the course of the
development revealed that improved and new tools
were available which made the flying-spot scanning not
only practical, but, from many respects, superior to
other known methods of picture-signal generation, even
for black-and-white transmission.

With the use of very-short-persistence phosphors in
the flying-spot cathode-ray tube, the problem of equali-
zation has been considerably simplified. The use of mul-
tiplier phototubes provides high video input to the am-

.1 The slide and motion (S)icture scanners, as well as the color re-
ceivers, have been described briefly in a progress report; see “Simul-
taneous all-electronic color television,” RCA Rev., vol. 7, pp. 459~
468; December, 1946,
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plifiers, thus minimizing the usual difficulties in shield-
ing to eliminate spurious signals. In spite of the equali-
zation for the phosphor characteristic, the amplifier is
very simple and the amplifier noise is negligible.

The schematic diagram of the color-slide scanner is
shown in Fig. 1. As shown, the optics of a conventional
slide projector are used in reverse. The screen of a short-
persistence-phosphor kinescope replaces the projection
screen, and the projection lamp of the slide projector is
replaced by the light-dividing assembly and the photo-
tubes. The scanning raster is imaged by the projection
lens onto the slide. The transmitted light is then col-
lected by the condensing-lens system and then divided
by dichroic mirrors which reflect one color of light and
pass the other colors. The divided light beams are
further filtered by color-absorption filters, then collected
by multiplier phototubes which convert the varying
light intensity of the spot as transmitted by the slide
into video signals corresponding to the three primary
colors of the slide.

A photograph of the complete flying-spot color video
signal generator is shown in Fig. 2. The synchronizing,
blanking, and deflecting circuits for the flying-spot

Fig. 2—The color-slide scanner.

kinescope are at the bottom of the rack. The anode sup-
ply is in the center and the video amplifiers are at the
top. The location of the cathode-ray tube and light
paths are shown by the dotted lines.

The flying-spot kinescope utilizes a zinc-oxide phos-
phor? which decays to less than 5 per cent of its original
intensity in 1 microsecond. The kinescope is operated
at 30 kilovolts and 400 microamperes. The first-anode
focusing potential is variable around 7 kilovolts. The
raster has a brightness of approximately 200 foot lam-

2 H. W. Leverenz, “Luminescence and tenebrescence as applied
in radar,” RCA Rev., vol. 7, pp. 199-239; June, 1946.
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berts. In order to have a definite black-level reference,
the return lines of the scanning raster are blanked out
by applying blanking pulses to the kinescope grid.

The objective lens is an /1.9 high-quality color-cor-
rected lens in a focusing mount. Lenses with a lesser de-
gree of color correction were tried and were found to
provide satisfactory signals, but the change of lenses is
definitely noticcable; and since the slide scanner is relied
upon as a standard signal generator, the lens with the
best color correction was chosen. ‘The whole optical as-
sembly is mounted on the same chassis with the three
video amplifiers.

I11. Tue Dicuroic MIRRORS

The use of dichroic mirrors for a light-splitter, in-
stead of half-silvered mirrors and color filters, reduces
the light losses and therefore provides a signal with a
higher signal-to-noise ratio. If semitransparent mirrors
were used in the arrangement, as shown in Fig. 1, the
light flux would be divided in three parts, and thus only
33 per cent of the red, blue, or green light of the total
would reach the phototube even if the semitransparent
mirrors were 100 per cent efficient. Actually, the ef-
ficiency of a chromium mirror drops rapidly when the
transmission is reduced, as shown in Fig. 3. Considering
that the first mirror would reflect 17 per cent of the
light to the red tubes, and transmit 58 per cent, and the

0/ TRANSMISSION
t ® om ACrLECTION

_____ ~.
[ REFLECTION N, _THICKNESS

Of COATING

Fig. 3—Transmission and reflection of chromium mirrors.

seccond mirror would divide the transmitted light by
providing 30 per cent of the 58 per cent, or 17.4 per cent,
of the original light, the light flux would be divided
equally, but the over-all efficiency would be reduced by
a factor of approximately 6.

Dichroic mirrors which reflect one color light and
transmit others have been known for some time, and
were made with certain crystals, aniline dyes, or thin
metallic ilms. A thin film of gold transmits green light
and reflects the lights in the red spectral region. The
dichroic mirrors used in the present color-television
terminal equipment are the quarter-wave dielectric-
film type?® This type of dichroic mirror is made by
evaporating alternate layers of insulators with high
and low index of refraction of predetermined thickness
on glass. The mirrors have no appreciable absorption,
and if both sides are properly coated to eliminate un-
desirable reflection, they may be considered 100 per cent

3G. L. Dimmick, “A new dichroic reflector,” Jour. Soc. Mot.
Pic, Eng., vol. 38, pp. 36-44; January, 1942,

PROCEEDINGS OF TIIE I.R.E.

September

efficient. Fig. 4 shows the spectral characteristics of two
dichroic mirrors, the ordinate representing the trans-
mission at various frequencies within the visible range
of the spectrum. The complementary percentage is re-
flection. By using a dichroic mirror with a characteristic
as shown in curve A4 of Fig. 4 as the first beam divider,
practically all the red component of the light flux is re-
flected to the phototube of the red channel, while the
remaining portion of the spectrum is transmitted to the
second dichroic mirror, having a characteristic as shown
in curve B of Fig. 4, reflecting substantially the total
blue portion of the light and transmitting the whole
green component. Thus it may be readily seen that, by
the use of dichroic mirrors, a light-flux input about six
times higher is available than with the use of semitrans-
parent mirrors.

A
T
Fig. 4—Spectral characteristic of two dichroic mirrors.

Another compact beam-splitting arrangement avail-
able with dichroic filters is shown in Fig. 5. The light
beam, after passing the transparency, falls upon the
crossed dichroic mirrors. \While both mirrors pass the
green component, the combination will not pass the red
and blue components of the light, which are reflected
to their proper phototubces.
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.Fig, 5—Crossed dichroic beam-splitier.

Due to the fact that the dichroic mirrors used did not
have th'c ideal spectral response for the three chromatic
separations of the picture, thin absorption filters were
used in front of the phototubes to improve upon the
spectral selectivity of the dichroic mirrors.

IV. T AMPLIFIER Circuits

In some of the literature on flying-spot scanningt it
was assumed that a different frequency compensation
* Kurt Bruckersteinkuhl, “The persistence of phosphors and its

meaning for flying-spot scannin with cathode-ray 7
A.G., vol. 1, pp. 179-186; August, 1030 ¢ TV tubes,” Fernseh
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would be needed for the transition from black to white
than for the change from white to black. This was based
on the known rise-and-decay characteristic of the phos-
phor. The assumption would be correct if a pulse cor-
responding to the video signal appeared on the grid of
the flying-spot kinescope, since the phosphor excitation
is practically instantaneous, while the decay is exponen-
tial. However, when a transition from black to white is
scanned, the spot in time has an exponential shape and
a changing position. Thus it delivers to the phototube
through the front edge of the transition its maximum
brightness; then, as it moves, it still provides the maxi-
mum instantancous brightness plus the decaying bright-
ness. The light input to the phototube is thus propor-
tional to the integral of the original light-decay charac-
teristic. Since the decay curve is an e~# type of function,
its integral is also of the e~= form. As the scanning spot
moves from white to black, the light falling on the pho-
totube decreases according to (1 —e~%), both the rise
and fall signals following the same law. Fig. 6 shows an
oscillogram at line frequency of the voltage generated
in the scanning of a vertical white bar. The shape is

Fig. 6—Oscillogram of the signal from a white bar.

typical of the square-wave response of a circuit in which
the high frequencies are deficient. The fact that the light
decay characteristic of the phosphor is exponential sim-
plifies the cqualization. The equalization required is of
the type supplied by simple resistance-capacitance com-
binations. Fig. 7 shows the same signal after equaliza-
tion. The sides of the wave are now squarc within the
accuracy of the measurement.

Fig. 7—Oscillogram of the corrected signal from a white bar.

The oscillogram is a composite of all the 525 lines of
‘the scanning raster. The irregularities across the top of
the wave are due to the random grain structure of the
phosphor.

The circuit constants used to correct for the phosphor
are much the same as those used to correct for the ca-
pacitance across the input circuit of a conventional tele-
vision-camera amplifier. However, it was found from
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observation of the square-wave response of the flying-
spot scanner that the decay characteristic of the phos-
phor is only to the first approximation a simple expo-
nential.

L44
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Fig. 8—Unit-function responses of the flying-spot scanner.

The square-wave response of the flying-spot scanner
is shown again with time and amplitude co-ordinates as
the bottom curve in Fig. 8. The experimental determina-
tion of the required equalization time constant indicated
that it was about 1.5 microseconds. With this correction
applied, however, it was found that there was a large
tesidual transient overswing response to the square
wave, as shown in the top curve. An additional circuit
having a time constant of 0.2 microsecond was experi-
mentally determined as being required to make the re-
sponse to the square wave come within the accuracy of
measurement.

The circuit diagram of the equalized amplifier is
shown in Fig. 9. The 120,000-ohm resistor shunted by
the 25-micromicrofarad variable capacitor in the plate
circuit of the first stage is adjusted to the time constant
of 1.5 microseconds. The 560 ohms in series with the 390-
micromicrofarad capacitor across the output of the pho-
totube is the other circuit having the time constant of
0.2 microsecond.

It may be interesting to note that some of the multi-
plier dynodes and the photocathode of all three photo-
tubes are supplied by a grounded positive supply, while
the last stages are connected to the regulated B supply
of the amplifier. This circuit arrangement minimizes
the high-voltage requirements with respect to the
ground, as well as the feedback and crosstalk due to the
varying current drain of the last dynode stages. The
voltage of the first seven dyncdes of all three tubes may
be controlled by the variable 1D (dynode) supply, and
by this means the video levels of ail three channels may
be varied simultaneously to compensate for the differ-
ent densities of the slides. Three variable shunt resistors
between dynodes 5 and 7 of each phototube can also be
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used for adjusting the video level, and with control each
channel may be varied individually to provide the de-
sired color balance. Optionally, the potentiometer in the
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of the input to the output light lincar. Since this ampli-
fier attempts to make the over-all gamma unity, it is
called the “gamma-correction amplifier.” There are, of
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Fig. 9—The circuit diagram of the equalizing amplificr.

grid circuit of the second video amplifier may also be
used for color balance. Due to the low impedance of the
controls, the high-frequency response of the signal is not
affected. The output of the four-stage video amplifiers
at normal brightness level is in the order of 1 volt peak-
to-peak.

V. GAMMA-CORRECTION CIRCUIT

For maximum fidelity of color reproduction, the light
output of the receiver should be directly proportional
to the light input to the photosensitive device. In other
words, the gamma of the system should be unity.

Since, in the flying-spot type of pickup, the voltage
output is directly proportional to the light input, the
video signal with linear amplifiers will have voltage pro-
portional to light input.
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Fig. 10—Block diagram of the green channel of the gamma-
control amplifier.

However, the kinescope is not linear, since it takes
more volts to give the same change in light output at
low light than at high lights. A nonlinear amplifier
must, therefore, be provided, with the reciprocal of the
kinescope characteristic, in order to make the relation

course, three separate amplifiers required, one for each
color. In these amplifiers the kinescope blanking is
added to all three signals and the RMA synchronizing
signal is added to the green signal.

Fig. 10 shows a block diagram of the green part of the
amplifier. The other two are identical, except that the
synchronizing amplifier is omitted.

The blanking and video signals are mixed in the com-
mon plate load of two 6AC7 tubes. Most of the blanking
is clipped off by the clipping circuit to leave a small
amount of setup. Since the black level in a color syn-
chronizer must be accurately controlled, the clipper
must be linear down to clipping level, and the clipping
level must be accurately controlled. For this reason a
special type of clipper is used, and a clamp circuit is
used to set the direct current on the grid of the clipper.

+8

L+ T

Fig. 11—Detail of the clamp circuit,
Fig. 11 shows the clamp circuit in detail. Equal pulses
of opposite polarity are applied to the plate and to the
Fathode of two diodes with the indicated polarity. Dur-
ing the time of these pulses, the clamp circuit may be
considered as a short circuit to a point halfway between
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the plate and cathode. The direct voltage of this point
with respect to ground and cutoff voltage of the clipper
is obtained by grounding the proper point of the resistor
between the plate and cathode. Since the pulses are at
horizontal frequency and occur during horizontal blank-
ing, the black level in the picture is held at a constant
direct voltage, which is so chosen that it is very close
to the cutoff level of the clipper.

The pulses for the clamp circuit, which must occur
immediately after each synchronizing pulse, are derived
from the RMA synchronizing signal by a nonlinear dif-
ferentiating circuit, as shown in Fig. 12. Due to the high
positive bias on the grid resistor of the first half of the
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Fig. 12—Detail of the nonlinear differentiating circuit for

making clamping pulses of RMA synchronizing signals.

6SN7, the tube draws considerable grid current and
holds the grid at zero bias. When the output of the am-
plifier driving this tube attempts to swing the grid posi-
tive, the grid draws slightly more current, but holds the
zero bias so that there is no change in the plate current.
However, at the back edge of the input pulse there is
nothing to stop the grid from swinging far below cutoff.
Due to the very small coupling capacitor, the grid im-
mediately starts to charge up to +300 volts at a rate
determined by this capacitor and the grid resistor until
it reaches zero bias again. By adjusting the time con-
stant of this input circuit and the amplitude of the driv-
ing signal pulses, any desired width can be obtained,
starting at the back edge of the synchronizing pulses.
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Fig. 13—Detail of the clipper circuit.

. After some further clipping, these pulses are fed to the

grid of a phase inverter with equal plate and cathode
resistors. These push-pull pulses are then fed to the three
clamp circuits.

Fig. 13 shows the clipper circuit. The plate load re-
gistor is fed through a diode so that, when the plate volt-
age is higher than a certain value, no signal will pass.

.
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This, however, changes the plate load to a higher value,
and the signal is then so high that some of the high fre-
quencies get across the diode capacitance. To eliminate
this, a second diode shorts out the high-frequency plate
load soon after the first diode opens up.

The output of the clipper is fed to the three grids of
the nonlinear gamma-correcting circuit shown in Fig.
14. Black is positive on the grids and is held at zero bias
by the grid current of the three tubes.
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Fig. 14—Detail of the gamma-control circuit.

The screen voltages of two of the tubes are variable
in steps by a five-position switch. When this switch is
in the first position, both screen voltages are at.0 and
these tubes are inoperative, only the 6SK7 passing the
signal. On the second position one of the tubes has some
screen voltage, but its cutoff is low so that only the
blacks are amplified. Going to the third, fourth, and
fifth positions, the blacks are amplified more, and thus
the gamma is further reduced. In order to keep the peak-
to-peak signal constant, the plate load resistor is also
switched, being lowered for each successive position.
The signal is then fed to the cathode follower output of
the amplifier, where the RMA synchronizing signal is
added in the case of the green signal.

VI. MoTiON-PICTURE-FILM SCANNER

Essentially the same scheme was utilized in a motion-
picture-film scanner with the film gate replacing the
slide holder. Since a 30-frames-per-second reproduction
of the film was both acceptable and expedient, the job
at hand was a simple one. The film moving mechanism
of a standard RCA 16-millimeter home sound-film pro-
jector was altered by substituting a synchronous-motor
drive. The arrangement of the motion-picture scanner
is shown in Fig. 15. The flying-spot raster on the kine-
scope replaced the projection screen, and it is imaged by
the f/1.65 lens on the film. The transmitted light is
treated in the same manner as described for the slide
scanner. Under this condition each frame is scanned
twice to give the required 60 fields per second. The pull-
down mechanism may be speeded up considerably; oth-
erwise, it is necessary to blank approximately 30 per
cent of the field time to avoid showing the distorted
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picture produced during the film pull-down time. The
proper 24-frames-per-second operation may be obtained
by any of the schemes utilized in the past with non stor-
age pickup devices.

Fig. 15—The motion-picture scanner.

VII. THE FLYING-SPOT “L1VE” PICKUP

The equipment used for scanning of opaque objects,
shown in Fig. 16, is similar to that used for the slide
scanning. The flying-spot kinescope is mounted hori-

Fig. 16—The live-pickup scanner.

zontally to project the raster by means of a 5-inch focal-
length projection lens of f/1.5 aperture to an area ap-
proximately 18 by 24 inches, about 12 inches behind

September

the rectangular phototube assembly frame, and at a
convenient height from the floor. Illumination from any
source other than that from the kinescope contributes
only a noise component to the picture signal and is,
therefore, to be avoided. The meter beneath the kine-
scope indicates the beam current. Directly below is the
video-amplifier chassis, the circuit of which is quite simi-
lar to that of the slide-scanner amplifier. Beneath this
is the synchronizing, blanking, and deflection chassis,
which is identical to that of the slide scanner. At the
bottom of the rack is the kinescope anode supply. This
unit is a recently developed regulated radio-frequency
direct-current supply which delivers approximately 1
milliampere beam current at 30 to 40 kilovolts.

The three similar uncovered units on the adjacent
rack are regulated direct-current supplies. The panel
with the control at the left is a 2000-volt phototube
supply with grounded positive. Just below is a heater
supply and the main control pancl. The amplifier strips
at the top were added for future development work.

Fig. 17—The phototube assembly,

‘ The phototube assembly used in the opaque pickup
is shown in detail in Fig. 17. It consists of a hollow metal
fan‘1e on three inside edges of which are mounted a
series of type 931A phototubes. These are arranged so
that along the frame there is a succession of red-,
green-, and blue-filtered phototubes. Additional red
tubes are used to compensate for lack of sensitivity in
the long wavelengths. AJ] phototubes of each color were
paralleled to feed into common load resistors.

‘It may be pointed out that, with flying-spot scan-
ning, each phototube picking up light reflected from the
scanned area produces in the reproduced picture an ef-
fe'act thff same as though a light source were at that loca-
tion. Since, with color-selective individual phototubes,
the effect is as though the subject were illuminated by
colored lights, to avoid separation of colors it is desira-
ble to have the phototubes collect light of all three col-
ors at the same point. An auxiliary spot pickup (provid-

-

o
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ing an effect similar to a spotlight) was added to supple-
ment the flat lighting effect of the phototube frame.
This was conveniently accomplished by the use of three
phototubes and the crossed dichroic mirror system. Fig.
18 shows the essential parts. A condenscr lens was used
in front to increase the efficiency.

Fig. 18—The phototube “spot” assembly.

Since the 931-A type of phototube does not lend itself
readily to high-aperture optical systems, new experi-

mental multiplier phototubes have been developed. Fig.

19 compares these with the 931-A type. In the new pho-
totubes the whole front end serves as the photocath-
ode, which in the large tube shown is 5 inches in diame-

Fig. 19—Larger-aperture phototubes.

ter. This tube has a stacked-ring dynode assembly of
the turbine-blade type. Due to the large sensitive area,
it greatly outperforms the 931-A type in signal-to-noise
ratio at low light levels. For color it must be used at
some distance from the subject, or be provided with a
light-mixing system to avoid the color separation pre-
viously mentioned.
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The smaller phototube is of similar construction. Its
11-inch diameter makes it suitable either for close group-
ing or for use with a dichroic mirror system. In either
case, a lens may be added to increase the pickup.

These new phototubes make it possible to exceed the
performance of the human eye at low light levels. An
observer standing beside the phototube is unable to dis-
tinguish details of the subject which are reproduced
satisfactorily by the system.

VIII. PERFORMANCE

The amplifiers have a flat response up to 5.5 mega-
cycles, and a resolution of 400 lines or better can be ob-
tained in both directions. The pictures are free from
shading and other spurious signals and have excellent
halftone gradations. The registration of the three sig-
nals is inherently correct.

With the electron-multiplier phototube operating at
the light levels involved in the flying-stop-scanning ar-
rangement, the noise output of the phototube is propor-
tional to the light input. As a result, the noise is a con-
stant percentage of the signal, giving the equivalent in
appearance to grain in motion-picture film. This is a
very desirable condition, as contrasted with the conven-
tional camera tube where the noise is of constant
amplitude, independent of the picture brightness.

By removing the light-splitter and using a single pho-
totube and amplifier, an excellent black-and-white sig-
nal generator may be obtained. The freedom from
noise, shading, and other spurious signals provides a
contrast range and picture quality not yet attained,
even for black and white, by ary other means than a
monoscope. The simplicity and excellence of perform-
ance of the arrangement is such that it has much to rec-
ommend it as a source of television signals for general
laboratory and factory test use. Its flexibility is such
that it will find application in the television studio as a
very convenient method for televising titles, special
effects, and as a flexible substitute for the monoscope.

APPENDIX

If the light on some spot on the screen is a function of
time, and the movement of the spot is a lincar function
of time, as in the case of linear deflection, the spot may
be considered to have a shape along a line given by the
orginal function of time. )

When the spot moves from behind a mask into an
opening, at first only the light from the spot being hit
by clectrons strikes the phototube. A little later, as the
spot moves farther into the opening, the light from the
spot being hit by the electrons has the light from the
spots which had been hit a short time before added to
it, since they are still emitting some light. In other
words, the light output as a function of time as the spot
moves into an opening is the integral of the light output
with respect to time of the phosphor.

Assume that the light output as a function of time
rises instantancously and decays according to the func-
tion

'
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L(t) = ae ™t + be 1,
Then the signal will be

¢ ¢
S = f L(T)dT = f (ae™T 4 peeT)dT
4 0

a b a
=—+._.__6—Xll__e—x:l

(1)
kl kz kl )\2

so that, when the spot is completely in the opening (at
I= ),

8 a+b
VY

Starting from this level of signal, when the spot goes
behind a mask,

240 f‘Ldt
) AL A 0

= 2 -+ i - f ‘ (ae™1t 4 be<t)dt
AN 0

¢ A l+ b A2
=—€en — €
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The correcting networks for the Z,0—(Z,) phosphor in
the amplifier described are shown in Fig. 20.

CORRECTING CIRCUIT

(a) _m 7 .
[ Low

EQUIVALENT CIRCUIT

of

(b) Low

Fig. 20—Correcting networks,

The unit-function response of the network for which
(a) is the correction is

fl =1-— e—llﬂxcx'
and for which (b) is the correction,

Ra Ra
f2 = + <1 -_ )6_‘/R50’.
Rz + R3 R2 + R3

This means that the flying-spot in passing a boundary
gives a signal as though a unit function had gone
through two networks, one having the unit-function re-
sponse f, and the other f;. In order to find the unit-func-
tion response after going through both these netwcrks,
we use the superposition theorem, which states that

F@) = f1(0)f2(0) + fo f'(t = T)f(T)dT
‘ since

fl(o) =0

F(o) =f0'

R;
e =TIRCy

RCy R:+ R,
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R;
+ (1 E— »)e-mwz] dT
Ry + R;
4
_ R y 1 e_./mc,f TIRCYT | _ R
R, + Ry R,C, 0 Ry 4+ Ry
¢
X — l. - 6—1/Rx0xf T/ RCH~TIRC24 T
R\C, 0
1 R3
= e~—l/RxC: ————— (Rl(-:lelnhcx — R]C])
RlCl R2 + Rs
+ R RiRCiCo (e!/RICI—tRsC1Y
Ry + K3 Ri;C, — R,C,
R; R,
_ (1 —eumey
Ry + R, R: 4+ R;
X qu‘z — (e—l/Rch — g ~l/RxCl)
R:C; — R\C,
R R,C
F(t) = — : l:l - <1 4+ — : »2——>e“/"'“0l
Ry + R, R:C, — R\C,
Ry |
— — 2
RCa+ G

which is the unit-function response of the flying-spot
system without correction. The phosphor-decay char-
acteristic is the derivative of the above:
dF(I) . 7R37 - [R;;Cz - R1C1 + RzCz
dt R+ R, RCy; — R\C,
e URICL _Rzku _6—1/RaCz:|
(Rs«C2 — R\C))R;
— . .‘_.Ria B o [RaCz-R;Cl'i‘RzCz
(R2 + Ra)(Racz - RlCl) R1C1

1
X ——
R1C1

e R

R, :|
— — ¢ t/RiC2
R;

or

R R
- K [(in_i)cf - 1)6—:/3,01 — ffe—tlmc:]

R;
(the —K since R, is larger than R,G,). Therefore, the
phosphor delay characteristic is
R, .
D=K [ 2 e tRCs _ <(R’ + R)C, - 1)6—1/'?:& :
R3 RlCl
In the .ampliﬁer described it was found that, for best
correction, R, =120,000 ohms, C;=12 micromicro-
farad:q, R:=3900 ohms, R, =560 ohms, and C,= 390 mi-
cromicrofarads. Substituting, we find for the phosphor
decay
D = 6.986_‘/0'218 J— .216-”1“‘,

and for the apparent Square-wave response,

F =14 247040 _ 1 3450108
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Part 111—Radio-Frequency and
Reproducing Equipment”

K. R. WENDTY,
AND

Summary—Two possible types of transmission, the three-carrier
system and subcarrier system, are outlined. Radio-frequency and
interinediate-frequency receiving equipment is discussed for both
systems. Several reproducing devices and the associated deflecting
and video equipment for the trinoscope are described. The solutions
of some problems encountered in registration are set forth.

SiMULTANEOUS COLOR TRANSMITTERS

INCE RED, green, and blue video signals exist
S simultaneously, the transmission problem may be

solved on the basis of frequency division. The
subcarrier system and the three-carrier system are pos-
sible choices. Since a subcarrier transmitter involved
much less development work this system was used, but
the choice was one of expediencey. Fig. 1(a) shows the
essential components of the subcarrier transmitter in
which the three color signals are multiplexed, as in the
practice of carrier telephony. One subcarrier at a fre-
quency of 8.25 megacycles is modulated by the red
video signal and the lower sideband is partially sup-
pressed. The frequency of the blue subcarrier is 6.25
megacycles and the blue upper sideband is partially
suppressed. The term “mixer” indicates that a com-
posite signal is formed, which is the direct addition of
the green video signal and the two modulated subcar-
riers (Fig. 1(b)). A substantially linear mixer is required
if cross modulation of the color signals is to be avoided.
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Fig. 1—Simultaneous color transmitter of the subcarrier type.

Finally, the composite signal modulates the radio-fre-
quency carrier, The lower sideband of carrier is partially
suppressed, which results in the radiated spectrum in
Fig. 1(c). Thus, including guard bands, a total channel
width of approximately 14.5 megacycles is called for. All
radio-frequency circuits were designed for this band-
width.

* Decimal classification: R583. Original manuscript received by
the Institute, June 10, 1947.
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As in other multiplex arrangements, the maximum
amplitude of the principal carrier must exceed the
maximum amplitude of a subdarrier by an amount that
derends upon the number of subcarriers. The ratio of
amplitudes is 5 to 1 here.

The three-carrier system illustrated in Fig. 2(a) em-
bodies three substantially independent transmitters
feeding through a suitable coupling device or “triplexer”
into a common antenna. One sideband of each trans-
mitter is partially suppressed by a vestigial-sideband
filter, as in monochrome transmission. Fig. 2(b) illus-
trates one of the many dispositions possible of the three
carriers in the color channel. The arrangement in Fig.
2(b) appears to be especially suitable for reception of
the green signal by a monochrome receiver, because the
red and blue signals act as guard bands against adjacent
color channels.
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Fig. 2—Simultancous color transmitter of the three-carrier type.

Only the antenna must cover the full channel of ap-
proximately 14.5 megacycles. The red and green trans-
mitters have a bandwidth approximately equal to 6
megacycles, the standard width for monochrome tele-
vision, while the bandwidth of the blue transmitter may
be restricted as dictated by the acuity of the eye for blue
light.

SIMULTANEOUS COLOR RECEPTION

‘The signal circuits of a subcarrier receiver for simul-
tancous color reception are shown in block form in Fig.
3(a). Attenuation of the main radio-frequency carrier
by 6 decibels as required for detection in a vestigial side-
band system is provided in the broad-band radio-fre-
quency and intermediate-frequency amplifiers. The
composite video signal T3 in Fig. 3(a) is present in the
output of the linear detector in the same form as the
mixed signal in Fig. 1(b). Attention must be given to
assure lincarity of detection, if cross-modulation of the
color signals is reduced to an imperceptible amount. A
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low-pass filter selects the green video signal, including
the synchronizing signal, and rejects the red and blue
subcarriers and sidebands. The red and blue subcarrier
spectrums are isolated, as Ty and Ty in Fig. 3(d), by
band-pass amplifiers which also attenuate the subcar-
riers by 6 decibels. T and T indicate the desired video
signals obtained by demodulation of Ty and T5.
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Fig. 3--Simultaneous color recciver for subcarrier reception,

Fig. 4(a) is a block diagram showing the essential sig-
nal circuits of a simultaneous receiver which is operable
on the signals of both types of transmission, subcarrier
or three-carrier. The radio-frequency spectrum shown
by S, in Fig. 4(b) may represent both transmissions,
since the distinction is only the difference between the
relative amplitudes of the carriers. A bandwidth equal
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Fig."4—Simultancous color recciver for three-carrier or sub-
carrier reception,

to the channel width must be covered by the radio-fre-
quency and common intermediate-frequency amplifiers,
but subscquent amplifiers which isolate a particular
color signal are 6 megacycles or less in width, Attenua-
tion of the carriers by 6 decibels is accomplished in the
individual amplifiers. Subsequent detection in each of
the chains gives the required video signal.

TRANSMISSION OF SOUND

In the subcarrier system, television sound may b
transmitted either as a subcarrier centered at a point
4.5 megacycles from the main carrier, or as a scparate
radio-frequency carrier at the same point. Such a spac-
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ing is required by the principle of compatibility. A radio-
frequency sound carrier at the final frequency at a spac-
ing of 4.5 megacycles from the green carrier would be
used in the three-carrier color transmitter,

Tne RerkoptveTtioN oF TiE CoLor IMAGE

The kinescope shown in Fig. 5 is the three-gun single-
neck tube mentioned in Part 1. The photograph also
shows the yokc and the optical system used for registra-
tion of the three images. In this tube the three cathode-
ray beams cross inside the yvoke and thus are deflected
by the same field. The three rasters then appear oppo-
site the three guns on different areas of the tube face.
The tube face has a curvature whose center is at the
center of the yoke. The three images are filtered to pro-
duce the three colors, and are combined by a system of
mirrors and the lens to form a registered color image.
It is possible with this tube to register the three images

Fig. 5

Ihrec-gun single-yoke tube.

quite satisfactorily, and experience gained with it indi-
cated that registration might also be achicved with three
separate tubes and lenses. Such an arrangement appears
to be more straightforward, and at the same time leads
to improved resolution and brighter images. This device
has been denoted by the convenient term “trinoscope.”

Tue TriNoscoPE

The term “trinoscope” is a designation for an assem-
l).ly of three kinescopes, three lenses, and three deflec-
tion yokes which are energized from a common saw-
tooth deflection generator.,

An ideal tril}05mpo having identical vokes and tubes
is probably not realizable in an oxp(:rinwntnl setup.
Hence provision was made for adjusting each yoke sepa-
rately. }'iqunlizatinn of the horizontal size was obtained
by moving a voke slightly along the axis of a tube, thus
obviating a complicated size-control circuit containing a
variable inductance with approximately the same Q and
sclf-resonant frequency as the voke. The vertical sizes
are adjusted through a small range, or trimmed bv vari-
able resistors in series with cach vertical win(li'ng. to
produce three rasters of equal size, Each yoke could be
rotated slightly by a mechanieal adjustme}lt for angular
alignment of the scanning rasters,
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On first thought, it would seem best that the same
current flow through each yoke, a condition which
should be insured by a series connection of yokes. How-
ever, identical fields are desired, rather than identical
currents, and since there is a variation between individ-
ual yokes, different currents are required to produce
identical fields. If the variation between yokes is caused
by a variation in the number of turns, then parallel op-
eration is particularly advantageous, since the yoke
having the larger number of turns requires the smaller
current, which is actually the case due to the higher
impedance. At any rate, trimming is necessary, and a
method of connection should not be chosen to minimize
trimming if other difficulties are introduced. There are
at least two serious difficulties in series operation which
are not encountered with the parallel connection. First,
individual centering and trimming of the three yokes
becomes exceedingly cumbersome for the series connec-
tion, but quite simple for the parallel connection. Sec-
ond, and most important, in the series connection, ca-
pacitance to ground of the yokes remote from alternat-
ing-current ground appears as a shunt capacitance
across the yokes nearer ground. These capacitances are
of such magnitude in the horizontal deflection circuit
that considerable current is by-passed around the yokes
nearer ground. Also, high-Q scries resonances occur in
both the horizontal and vertical coils as a result of these
capacitances. These circuits are shock-excited by the
return-line pulse and cause objectionable transients on
the left side of the picture that are different in the three
yokes.

Fig. 6 shows a simplified diagram of the horizental-
deflection system. It is a normal power-feedback circuit
using the 6AS7G damper tube except that three yokes
and centering circuits connected in parallel are substi-
tuted for the usual single yoke and centering circuit.
Fig. 7 shows the vertical circuit. In the absence of a suit-
able transformer, a direct-coupled circuit with feedback
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Fig. 6 —Horizontal-«deflection circuit.

was used. Although this arrangement is wasteful of
power, it gives ample and good deflection with a mini-
mum of time spent on adjustment. The linearity control
is unusual in that excellent linearity is achieved without
cither changing the size or bouncing the raster when
the control is varied.

The yokes for the trinoscope must be carefully de-
signed and built. They should have high efficiency and
should be as ncarly alike as possible. They should pro-

Wendt, Frederdall, and Schroeder: Simultaneous Color Television, Part I11

873

duce a rectangular raster with neither pincushion nor
barrel distortion. Such distortion will produce misregis-
try at the edges or corners of the image, if the assembly
is not mechanically correct. For example, pincushion
distortion occurs commonly when tubes with flat faces,
as in the trinoscope, are deflected. The amount of dis-
tortion at any one point depends upon the total deflec-
tion there, including that from both the sawtooth and

-

LINLARITY

CENTIAING

Fig. 7—-Verti’cal-deﬂection circuit.

the direct-current, or shifting, source. If, then, due to
poor mechanical alignment in the trinoscope assembly,
appreciable electrical shifting of one or two of the
rasters is required to register them, additional distortion
will be introduced. The important point is that the dis-
tortion will be different on the three rasters since the
shifting in each must necessarily be in atdifferent direc-
tion to bring them together. !

The inductance of the horizontal yoke winding is 8
millihenries, or approximately the same as a normal
one-yoke deflection circuit, and the circuit is designed
to supply three times normal current. Presumably,
yokes having three times the normal inductance could
be operated in parallel in order to give normal circuit
impedance. Such an arrangement would reduce the cur-
rent in the circuit, but raise the voltage. Experience,
however, has shown that a yoke with an inductance
above 8 millihenries requires voltages which occasion-
ally may cause breakdown within the yoke. The two
coils of a horizontal pair within a yoke are connected in
parallel. However, the two vertical coils are connected
in series in order to obtain an impedance as high as pos-
sible, since here the impedance is limited by a practical
size of wire. With a given size of wire the impedance for
the serics connection is four times that for the parallel
connection,

The kinescopes for the trinoscope assembly must be
aluminizedt A thin layer of aluminum completely
covers the phosphor and those inside surfaces of the
tube which are held at second-anade potential. This
layer is transparent to the high-voltage clectrons, but
opaque to light. The coating also has high conductivity,
which insures that the three phosphors will be at the
same potential, thus obviating any difference in raster
gize due to different beam voltages in the three kine-

1), W. Epstein and I.. Pensak, “Im roved cathode-ray tubes

with metal-backed luminescent screens,” RCA Rev., vol. 7, pp. 5 -10;
March, 1946.
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scopes. Furthermore, the entire volume inside the bulb
beyond the second anode is equipotential, and no distor-
tion can be caused by spurious wall charges or potential
drops. The kinescope guns shculd be as well-centered
and mechanically stable as possible, since any variation
contributes to misregistry.

The choice of phosphors for the red, green, and blue
kinescopes was guided by a consideration of the over-all
light efficiencies of the phosphors in combination with
any light filters required for color correction. Thus, an
orange phosphor in combination with a red filter yielded
more light than available red phosphors.

The trinoscope optical system included three sepa-
rate lenses. The three tubes were assembled at the corn-
ers of a triangle, as shown in Fig. 8, with their faces in

Fig. 8—Receiver showing trinoscope assembly.

the same plane. The axis of each lens in front of a tube
is perpendicular to the tube face, but is offset from the
tube axis toward the center of the assembly by an
amount sufficient to register the three images. If the
lenses are rectilinear, no distortion will result from such
a displacement. Fig. 9 shows the principle of this regis-
tration with two tubes. The principle is the same as that
used in photography where, by means of the rising
front, tall buildings may be photographed from the
ground without distortion. The image and object, or
film and scene, are simply made parallel and the lens
axis perpendicular to them, the center of the lens being

Fig. 9—Method of optica! registration.

on the line joining the center of the image and object
to make the image distortionless, or rectilinear. This, of
course, requires a larger field, or increased covering
power from the lens. Any noticeable falling off of light
towards the edge of the lens will result in color shading
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in the registered pi-ture, since the shading will be dif-
ferent in the three colors. The lenses for the trinoscope
need not be color-corrected, since each passes only one
color.

RED RED

REFLECTING
TUBE
uzd
N
GREEN ><cnuq_
TUBE £ N oue
~ \

BLUEI

TUBE
Fig. 10—Registration with three dichroic mirrors and one lens.
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Another optical method of registry was tried in which
ordinary mirrors were used to direct the light from the
three tubes into one lens, but the arrangement was re-
jected as impracticable. Half-silvered mirrers, though
feasible, waste much light. Dichroic mirrors,? however,
provide an excellent solution to this problem. Fig. 10
shows the arrangement of the three tubes and the two
dichroic mirrors, which are cut in the middle and
crossed. One mirror reflects red, and passes green and
blue, and the other reflects blue, and passes red and
green. While this arrangement is still in the experi-
mental stage, it offers great promise for a simple and
economical method of registration.

THE VIDEO SYSTEM

The video system consists essentially of three identi-
cal video amplifiers of two stages each, with cathode-
follower outputs. Approximately 75 volts peak-to-peak
is available. The frequency response is flat to § mega-
cycles. Two controls, the gain and background, are pro-
vided in each channel. Eventually, of course, simpler
arrangements would be used, and individual gain con-
trols dispensed with. The gain controls here, however,
are useful for demonstrating color balance, and in mak-
ing experimental adjustments. The background con-
trols must be set accurately. Controls would be neces-
sary even in the simplest receivers, although, once set,
they would require adjustment only if the cutoff of a -
kinescope changed due to aging. Accurate setting of =
the “blacks,” or background, is extremely important in
any additive color system. That is, the black portions
of the reproduced image must correspond with the
blacks of the original scene, and, even more important,
the blacks of the three colors must agree with each other.
If one of the colors were incorrect, such that zero light
were produced when a low value were needed, all of
the reproduced colors requiring low levels of that color
would receive none, and wrong colors would be ob-
tained.

Therefore, the picture direct current is reinserted by
the double-diode clamp, one of the best restorers. The
direct current is reinserted on the grid of the cathode

? See Part II of this series,
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‘ollower. Delayed pulses, obtained from separated syn-
-hronizing signal, operate the clamp circuits during the
back-porch interval. Such a circuit can restore the cor-
rect picture back level and maintain it regardless of
picture content, incorrect or spurious low frequencies,
or switching transients. Restoration is also inde-
pendent of synchronizing-signal height, which means
that the red and blue backgrounds remain correct
when these channels are switched to the green signal,
as when reproducing a black-and-white picture from a
low-band station.

The synchronizing signal is separated from the green-
channel signal. Fig. 11 is a block diagram of the green
video amplifier and the synchronizing-signal circuits.

Safety circuits are provided for protection of the
kinescopes in the event of deflection or power failure.
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Protection against power failure, such as a blown fuse
or disconnected cable, is necessary since the deflection
would cease before the accelerating voltage, and an un-

mu@
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CIRCUITS
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Fig. 11—Video block diagram of green channel.

deflected spot would remain long enough to damage the
kinescope screen.

Flectrical Noise Generators’

J. D. COBINE?, SENIOR MEMBER, LR.E., AND J. R. CURRY], ASSOCIATE, LR.E.

Summary—A new noise source consisting of a gas tube in a
transverse magnetic field has been developed. Characteristics of the
noise source are presented, together with some consideration of the
problems in the amplification of noise. Typical noise-amplifier cir-
cuits are given for frequency bandwidths from 0.1 to 2.5 and 5 mega-
cycles, respectively.

INTRODUCTION

S PART of a noise-application program a study was
made of various noise sources capable of provid-

ing high-level random-noise signals. In general,
it was necessary to have signals consisting of random
noise having frequency components extending over
wide bandwidths. In addition, it was desirable to have
no oscillations present in the signal. Obviously, it was
desirable to have a high level of random-noise volt-
age available to simplify problems of amplification.
In the course of this study a gas-tube noise source
was developed with random noise output much higher
_ than could be obtained from thermal noise,! shot noise,!
or even photomultiplier? tubes. The noise output of the
tube was amplified in order to provide sufficient noise
power for modulation. The design of noise amplifiers

.* Decimal classification: R355.913.21 X R537.9. Original manu-
script received by the Institute, May 28, 1946; revised manuscript
received, September 4, 1946.

_This work was done in whole or in_part under Contract No.
OEMsr-411 between the President and Fellows of Harvard College
and the Office of Scientific Research and Development.

. 1 Formerly, Radio Research Laboratory, Harvard University;
now, Research Laboratory, General Electric Company, Schenec-
tady, New York.

1 Formerly, Radio Research Laboratory, Harvard University;
now, Thompson Chemical Laboratory, Williams College, Williams-
town, Massachusetts.

1 E. B.' Moullin, “Spontaneous fluctuations of voltage,” Claren-
don Press, 1938.

IW. Shockley, and J. R. Pierce, “A theory of noise for clectron
multipliers,” Proc. L.LR.E,, vol. 26, pp. 321-332; March, 1938.

presents special problems not ordinarily encountered
in video-amplifier design.

The noise mecasurements recorded in this paper were
made by two spectrum analyzers. One of these? meas-
ured the noise in a 33-kilocycle bandwidth in the fre-
quency range 100 kilocycles to 10 megacycles. The other*
permitted measurements from 25 cycles to 1 megacy-
cle. Both spectrum analyzers were designed to present
a high impedance to the noise source and to minimize
distortion of the spectrum due to clipping.® The noise
spectra were assumed flat over the bandwidth of the
analyzers. Thus the noise was measured in units of root-
mean-square volts/(Af)"?, where Af was an arbitrarily
chosen small bandwidth. In studying a wide range of
noise sources and generators it was generally found con-
venient to refer the spectral data in decibels to the arbi-
trary level of 10 microvolts per (kilocycle)'/?. The level
of the shot-noise voltage developed by a diode with a
plate current of 10 milliamperes and a 3000-ohm plate
load is 26 decibels below this reference level. The root-
mean-square voltage obtained by integrating an experi-
mentally determined spectrum of irregular shape agreed
well with the value obtained with a wide-band thermo-
couple voltmeter.

GAs-TUBE NOISE SOURCE

The noise source developed consisted of a 6D4 minia-
ture gas triode placed in a transverse magnetic field pro-

3 G. P. McCouch, and P. S. Jastram, “Vidco spectrum analyzer,”
Harvard Radio Research Laboratory Report, OEMsr 411; p. 96.

+J. D. Cobine and J. R. Curry, “Range extender for General
Radio 760 A sound analyzer,” R.S.I., vol. 17, pp. 190-194; 1946.

¢ D, Middleton, “The response of bia saturated linear and
quadratic rectifiers to random noise,” Jour. Appl. Phys., vol. 17, pp.
778-801; October, 1946.
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duced by a small permanent magnet (Fig. 1). The mag-
netic field has the property of climinating undesirable
oscillations characteristic of gas tubes, and at the same
time increasing the level of the high-frequency noisc.”:3

Fig. 1—6D4 permanent-magnet noise source.

The 614 tube was chosen because it combined the de-
sirable features of small size, low power drain, and great
uniformity from tube to tube.

The values of the magnetic field, load resistance, and
operating current were chosen after a systematic study
of the effects of these variables on the noise spectrum.
The effect of the magnetic field on the spectrum is shown
in Fig. 2. A flux density of 375 gauss was chosen to give

- — S
uwx(’i_

800100 |

70!

€0[10
®
o
z 50
@ 40| 1
5 4 O 106 0AUSS
- 30 10080 @
w €G 300 ~
S 20! 0 x 378 ~
228 Te 7500 ~
10/ \* & e00 ~
o & 120 ~

o ai o3 o5 ar i
2ER0 LEVEL » 10, v/ /2 FREQUENCY IN MC/BEC
Fig. 2—Effect of magnetic field strength on the 614 noise spectrum.
Electromagnet used. Load resistance = 20,000 ohms. Anode cur-
rent =5 milliamperes.

the maximum high-frequency noise consistent with the
requirements of a readily equalized spectrum and com-
pact construction of the permanent magnet. The mag-

¢ Special design, made by Cinadagraph Corporation, as Catalog
No. 80-375. )

7J. D. Cobine, and C. J. Gallagher, “Noise and osciilations in
hot cathode arcs,” Phys. Rev., vol. 80, p. 113, 1946. Also, Jour. Frank.
Inst., vol. 243, pp. 41-54; 1947.

8C. J. Gallagﬁer, and J. D. Cobine, “Effect of magnetic field on
noise and oscillations in hot cathode arcs,” Phys. Rev., vol. 70, p. 113,
1946. Also, Jour. Appl. Phys., vol. 18, pp. 110~-116; January, 1947,
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net itself consisted of two short alnico bar magnets sup-
ported in an aluminum casting. No magnetic return
path was necessary. The field was directed transverse
to the normal flow of current and polarized to deflect the
arc to the top of the tube.
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Fig. 3—Effect of load resistance on the 61)4 noise spectrum. Standard
permanent magnet used; B =375 gauss. Anode current=5 mil
liamperes.

The gas tube requires a high nonreactive load resist-
ance in order to develop the highest-level high-frequency
noise. The effect of load resistance is shown by Fig. 3.
It was found desirable to use a load resistance of about
20,000 ohms, since the higher values have little effect on
the noise spectrum and lower values reduce the level
and shift the maximum in the spectrum to lower fre-
quencies. Fig. 4 shows the noise spectra for various
anode currents within the range practical for the 6D4,
The cffect of anode current is greatest at the high fre-
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Fig. +—Effect of anode current on the 6D4 noise spectrum. Standard

pﬁrmanent magnet used; B =375 gauss. Load resistance = 20 000
ohms, '

quencies, and negligible at the peak. The low-frequency
spectrum (not shown in the figure) is substantially flat
down to 25 cycles at the level indicated for 100 kilo-
cycles in Fig. 4. The root-mean-square " voltage for the
band 25 cycles to 5 megacycles is 2.5 volts with a peak-
to-peak voltage of 18 volts. The 6D4 tube was found to
operate 'stably in the magnetic field for at least 600
hours with no appreciable change in noise output. The
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standard deviation of the noise level for a large number
of these units was 1.3 decibels. Thus, the 6D4 noisc
unit is a suitable primary noise source capable of gen-
erating a continuous spectrum of any bandwidth in the
range 25 cycles to 5 megacycles.

DEsIGN AND EQuaLizaTiON OF WIDE-BAND
Noisg GENERATORS

Although the noise spectrum of the Sylvania 6D4
tube falls off rapidly at frequencies higher than 700 kilo-
cycles, it is possible to build a high-level noise generator
that gives as an output a noise spéctrum that is flat up
to 5 megacycles if suitable equalizing circuits are used in
the various amplifying stages.

The following discussion summarizes the principles
involved in designing and building wide-band noise am-
plifiers. Ordinarily, all or some of the following charac-
teristics of the output of a noise amplifier should be
specified: (1) cutoff frequencices, (2) shape of spectrum,
(3) peak-to-peak voltage, (4) type and degree of clip-
ping, and (5) power output.

It is important to keep in mind that the spectrum is
an integrated measurement. The grid of a tube “sees”
the instantaneous noise voltage which cannot be deter-
mined from the root-mecan-square voltage as given by
the spectrum. The peak-to-peak voltage, which deter-
mines the degree of clipping, must be obtained by other
measurements. The method of measuring the spectrum
has been discussed in the first part of this paper. The
most convenient way to mecasure the peak-to-peak

voltage is to put the noise on the horizontal plates of a-

calibrated wide-band oscilloscope and make the hori-
zontal deflection zero. Observation of the noise voltage
on an oscilloscope will also show to what extent the
positive and negative peaks arc clipped. Often the
clipping is unsymmetrical, so in the gencral case the
peak-to-peak voltage cannot be determined by mecans
of a positive-peak-reading voltmeter. Power output may
be determined from the root-mean-square current flow-
ing through a known noninductive resistor. It should be
pointed out that a statement of power output alone is
deceptive unless the output spectrum is also defined.

In broad outline, wide-band noise amplifiers bear a
considerable resemblance to ordinary video amplifiers
but in detail they differ in many respects, particularly
if a high level or a clipped output is desired. In ordinary
video amplifiers the tubes usc class-A; linear operation
(i.e., there is no nonlinear distortion) and frequency and
phase distortion arc climinated by properly designed
coupling circuits. Where high power output is required,
noise amplifiers are overdriven because of the high
peak-to-root-mean-square ratio of the noise from the
noise source. This ratio may be as high as 5 to 1, com-
pared to 1.4 to 1 for sine wave. High power output re-
quires high root-mean-square voltage, not high peak
voltage. Overdriving the amplifier results in a clipped
noise signal, which is usually permissible and increases
the power output. Thus, the dynamic operation of a
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noise amplifier is different from that of an ordinary
video amplifier. In a noise amplifier, nonlinear distortion
will be present. On the negative swing the grid voltage
goes beyond cutoff, and on the positive swing grid cur-
rent is drawn. The positive grid swings may even cause
the tube to operate in the saturated region. Thus 7, and
gm of the tube change constantly, as does the load im-
pedance which the tube sees because of grid current
drawn by the following stage. The clipping that occurs
when an amplifier is overdriven causes a change in the
spectrum. The general effect is to increase both high-
frequency and low-frequency components, with the
greater increase in the low frequencies.® Thus, the equiv-
alent-plate-circuit theorem cannot be used in designing
equalizers. Also, it is not possible to determine the na-
ture of the output noise spectrum by measuring the
frequency response of the amplifier with a sine wave.
The only completely satisfactory way to adjust the out-
put spectrum is to excite the amplifier with the operat-
ing noise signal and adjust the circuit constants while
observing the noise output with a spectrum analyzcr.

The drop-off in the spectrum of the 6D4 at high fre-
quencies is caused by phenomena taking place inside of
the tube. It is not a result of the ordinary shunting
effect of interelectrode capacitances. Thus the spectrum
cannot be made flatter by reducing the load into which
the 6D4 works.

It has been found that it is impractical to put an
equalizing circuit, particularly one for the high fre-
quencies, between the 6D4 tube and the first amplifying
tube. The reason for this is twofold. First, such a circuit
has relatively little effect because the 6D4 has such a
high internal impedance that high-Q circuits cannot be
obtained. The other reason is that such circuits may
cause the 6D4 to oscillate as a relaxation oscillator. It
was found best to insert equalizing circuits in the plate
circuits of the amplifying tubes.

First, consider the problem of obtaining a flat noise
spectrum. For convenience, assume in the following dis-
cussion that the spectrum is to be flat to 5 megacycles.
It will be noted that at 5 megacycles the spectrum of the
6D4 unit is about 30 decibels below the maximum,
which is at 700 kilocycles. In order to bring up this
high-frequency portion, a shunt-peaking circuit is the
most satisfactory. The peaking circuit acts as a parallel-
resonant circuit, the capacitance between tubes forming
one arm. The circuit should resonate at 5 megacycles
and the Q of the circuit is determined primarily by the
load resistance. If the following tube draws grid current,
as it usually docs, the Q of the circuit is lowcered and it
may be impossible to obtain the desired elevation of the
high-frequency end of the spectrum in one stage.

A sine-wave signal and a vacuum-tube voltmeter can
be used to adjust the inductance of the peaking coil 8o
that the resonant frequency of the circuit is at the
proper point, e.g., S megacycles in this case. (For experi-
mental use it is convenient to use coil forms provided
with adjustable powdered iron slugs.) It is not very
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practical to calculate in advance the most advantageous
size of the load resistor. It must be adjusted more or less
by trial and error, using the analyzer to determine the
noise spectrum.

It should be remembered that the chief purpose of
the first amplifying tube is to amplify differentially, i.c.,
it should bring up the S-megacycle region by a factor
of 30 over that of the 700-kilocycle region. This means
that a very smal value (50 to 200 ohms) of load resistor
R, will be used in the shunt-peaking circuit. Little suc-
cess has been expericnced in using a series-peaking cir-
cuit to raise the higher-frequency portion of the 61)4
spectrum to such an extent. A minor advantage of the
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achieved very well by using series-peaking circuits.
They have the advantage of having a greater over-all
amplification compared to the shunt types of peaking
circuit.

For low-frequency compensation it usually suffices to
put a parallel RC circuit in series with the load resistor.
It may be put in the same stage as the shunt-peaking
coil. In this case the capacitance of the RC circuit and
the high-frequency peaking coil will show series reso-
nance and a dip in the spectrum may occur at medium
frequericies. Sometimes advantage may be taken of this
by adjusting these circuits so that the dip occurs at 700
kilocycles and is of the proper magnitude. Thus the two

QoI 110,H 0.01

. 4oovJJ i) +850 v

+300 Vv

Fig. 5—High-level wide-band (0.1 to 2.5 megacycles) noise generator, Ry either 2000 or 4000 ohms,

shunt-peaking circuit is that it is far easier to adjust.
Usually it is impossible to raise the high-frequency
portion of the spectrum sufficiently in one stage. Even
when this is possible, intertube capacitance must be
compensated for in the later stages. The slight addi-

AAAAA

compensating circuits achieve a flat spectrum by raising
the ends and lowering the hump.

Sometimes it is neccssary to pull down either the
hump in the 6D4 spectrum or a new peak that may ap-
pear in the spectrum at some later stage. A convenient

Fig. 6—Wide-band (0.1 to 5 megacycles) noise generator.

tional peaking that is required, and the compensation
that is necessary on account of capacitance, can be

way to do this is to put, at the appropriate point, a
series-resonant circuit to ground. L and C are made to



1947

resonate at the frequency at which the dip is desired,
and the amount of the dip is adjusted by means of a
resistance in series with L.

It must be remembered that in any one stage the
equalizing circuits for the various portions of the spec-
trum are usually not independent of one another. Thus
it is not possible to make the final adjustment on each
one separately. For example, if a shunt-peaking circuit
is adjusted to raise the high-frequency portion of the
spectrum, and then a series-resonant circuit is put into
the same stage to pull down a low-frequency hump that
is present, the latter circuit will have an effect on the
high-frequency portion of the spectrum.

A few attempts have been made to equalize by means
of cathode degeneration. These have not been very suc-
cessful. The general effect of cathode degeneration is to
lower the level of the entire spectrum.
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Fig. 7—Noise spectrum for circuit of Fig. 5.

. P Voltage Power
urve eak- output,
to-peak RMS. watts
D—Plate, 813, R =4000 ohms, 1800 590 87
C—Plate, 813, R, =2000 ohms, 1400 400 80
B—Grid, 813 300 55 —_
A—Grid, 6L6G 92 — —

The amount of clipping can often be adjusted by
changing the grid bias. In special cases a resistor can be
put in series with the grid so that clipping occurs when
grid current is drawn, or diode clippers may be used. An
important phenomenon connected with clipping is that,
if the noise is clipped severely in one of the intermediate
stages of a multistage amplifier, it will not as a rule ap-
pear clipped to the same extent in later stages. Some-
times it even becomes practically unclipped. This action
has been observed many times and its practical impor-
tance is that if one desires a clipped output from the
final stage, one cannot simply arrange things so that the
clipping occurs at an earlier stage and then expect the
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clipped signal to be transmitted through the later stages
with the usual voltage inversions. This phenomenon is
probably caused by phase distortion. In clipped noise a
completely random distribution of the phases of the
noise components does not exist. Phase distortion re-
stores the randomness in the phase relations.
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Fig. 8—Noise spectrum at plate of 807 for circuit of Fig. 6.
Peak-to-peak voltage =285 volts.

Both low-pass and high-pass filters have been used
when it has been desired to obtain spectra with special
characteristics. As a rule they are not very successful
when they are used in intermediate stages. The effect,
of the filter is partially counteracted by later clipping,
which tends to raise the level of the low- and high-
frequency components. However, filters work very well
on the output of the amplifier. They can be calculated
from ordinary circuit theory. In this connection, Rice
has shown that, if clipped noise is fed into a narrow-pass
filter, the noise coming out of the filter will be unclipped.®

Typical amplifiers designed according to the foregoing
principles are shown in Figs. 5 and 6. These amplifiers
were designed to give substantially uniform noise spec-
tra extending from 100 kilocycles to 2.5 and 5 mega-
cycles, respectively. The output spectra are shown in
Figs. 7 and 8. In additions the spectra obtained at the
intermediate stages of the 2.5 megacycles amplifier are
shown in Fig. 7. Although these amplifiers were designed
to modulate high-frequency oscillators, it was not possi-
ble to determine the equivalent “impedance” presented
to the modulator by the oscillator. The spectra were ob-
tained with the last amplifier working into a pure resist-
ance load.
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The Design of Speech Communication Systems”
LEO L. BERANEKY, SENIOR MEMBER, LR.E.

Summary—A method is presented for calculating the ability of a
communication system to transmit speech intelligibly in the presence
of noise. The total speech arriving at the ear of a listener is deter-
mined by adding the orthotelephonic gain of the system to the speech
spectrum which would be produced by a talker at the eardrum of a
listener at a distance of 1 meter. The total noise arriving at the ear
is determined in terms of its spectrum level from measurements of
the noise pickup of the microphone and the acoustic attenuation of
the earphone cushions. The area lying between the spectrum level
of the peaks of the speech and the spectrum level of the total noise
arriving at the eardrum when plotted on a distorted frequency scale
determines a quantity called articulation index which can be corre-
lated with articulation scores. Methods for determining the maximum
gain permissible in the system are discussed. The validity of the
method is established by comparison of calculated with carefully
measured articulation scores.

. INTRODUCTION
VOICE COMNMUNICATION using microphones,

carphones, or telephone receivers has risen to a
new level of importance as modern transport has
increased in complexity and tempo. No longer is it ade-
quate to communicate by radiotelegraph signals be-
tween aircraft and the ground or by messages handed
from the engineer to the station master. These slow
methods, by which only a minute quantity of informa-
tion can be exchanged while the vehicle moves into
sight and out again, have had to give way to the effi-
ciency of the spoken word. Furthermore, as the number
of vehicles has increased, and as the time allotted for an
exchange of vital information has decreased, specch as
we ordinarily know it has had to be replaced by a group
of code words such as “angels” for “height in thousands
of feet,” “mattress” for “bottom of a cloud layer in
thousands of feet,” and “wilco” for “message received,
understood, and will be acted on.” As airplanes increase
in speed and number, landing operations at air terminals
may require the use of even more condensed language,
each word of which would convey the meaning con-
tained normally in a sentence or even a paragraph.
The more information that each word conveys, the
more significant becomes the loss of a word, and the
more nearly perfect the communication system must be.
As a result, the radio engineer finds himself called on
today to design equipment which will transmit and re-
ceive the most difficult words and syllables in an atmos-
phere of noise so loud that two people are unable to
hear each other even when shouting.
* Decimal classification: 621.385X534, Original manuscript re-
ceived by the Institute, June 13, 1946; revised manuscript received,
- September 30, 1946. Presented, National Technical Meeting of the
Acoustical Socicty of America, New York, N. Y., May, 1946.
This research, begun under Contract No. OEMsr-658 between
Harvard University and the Office of Scientific Research and De-

velopment, is continuing under contract with the U. S. Navy, Office

of Naval Research. . . )
t Formerly, Harvard University, Cambridge, Massachusetts;
now, Massachusetts Institute of Technology, Cambridge, Massa-

chusetts.

Through the pioneering efforts of the Bell Telephone
Laboratories, considerable data had been accumulated
by 1941 on what constitutes an effective communication
system for the transmission of speech over telephone
circuits. Their data apply primarily to the design of
systems for operation at low signal levels in reasonably
quiet surroundings with the talker speaking in a normal
tone of voice. Their findings were succinctly summarized
by Fletcher! when he wrote in 1942 that “substantially
complete fidelity for the transmission of speech is ob-
tained by a system having a frequency range from 100
to 7000 cycles per sccond and a volume range of 40
decibels.” This statement, although conclusive, gives
the design engineer no guidance on how far it is safe to
depart from thesec specifications.

More recently French and Steinberg have presented a
method for calculating the performance of voice com-
munication systems in ¢nvirons in which the ambient
noise is moderate.? Their findings, and data obtained
at the Electro-Acoustic and Psycho-Acoustic Labora-
tories (Harvard) during tle past five vears, form the
basis of the procedure for calculating the performance
of voice communication svstems in any environment of
noise which is presented in this paper. -

IL Tue Articvration Test

The articulation test has heen used®4 as a quantitative
measure of the intelligibility of speech transmitted over
communication systems. In performing the test, an an-
nouncer reads carcfully prepared lists of syllables or
words to a group of listeners, and the percentage of
items correctly recorded by these listeners js called the
articulation score. Differences in talkers, listeners, or
word material profoundly affect the score, hence only
those tests which are performed under identical condi-
tions can be compared. In order to determine how a
particular communication system is likely to perform it
must be subjected, during the articulation test, to those
stresses which it will encounter in use, such as interfer-
ing noise, reduced atmospheric pressure at altitude,
method of holding or facing the mircophone, etc.

During the initial stages of design, articulation test-
ing is costly and slow. Hence, the need arises for a
method of calculating the effect on speech intelligibility
brought about by changes in the physical characteristics

of the system or the ambient noise in which it will oper-
! H. Fletcher, “Hearing, the determini H i
trar;smission!” Proc. I.R.E,, vol. 30, pl;)m;g()[azc;;)r _{3;: Igi}(,])-alﬁzdehty
telligar).ililt{)‘ i‘)fre:"g] ill"‘l J. f,\.'; inberg, “Factors go\'err;ing tl;e in-
4 " of speech sounds, A A Y
lelg;rliqnui—:ry, e our. Acous. Soc. Amer., vol. 19, pp-
3 H. Fletcherand J. C. Steinberg, “Articulat i ”
Bell .}‘ysp Tech. Jour, vol. & pp. 806.854: Ontotor 1oz9.5 Methods
- P.Egan and F. M. Wiener, “On the intclliéibilit‘ f bands of
speech in noise,” Jour. Acous Soc, A 138 Al oo
e mer., vol. 18, pp. 435-441; Oc-
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ate. It is not implied that the articulation test can be
dispensed with, for in the final analysis it is the only
way one can make certain that all possible variables
have been taken into account,

I11. T CHARACTER OF SPEECH

The average spectrum of speech, produced at a dis-
tance of one meter by typical young male voices in an
anechoic (echo-free) chamber? and measured by a micro-
phone compensated to be flat over the frequency range
indicated, is shown by tke upper curve of Fig. 1.¢ Some
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Fig. 1—Average spectrum level of speech measured in one-cycle
band-widths in decibels versus frequency for young male voices
talking at a level six decibels below the maximum they could
sustain without straining their voices. Microphone placed one
meter in front of talkers in an anechoic (ec{:o-free) chamber.
Upper curve taken at sea level; lower at 35,000 feet simulated
altitude. One decibel has been added to remove the effect of
pauses between words in the total spectrum level.

voices were considerably stronger than others; the
maximum spread of the data obtained on scven subjects
was of the order of +7 to + 10 decibels. It is seen that
the average total sound pressure level at one meter for
half-effort is about 68 decibels.

Oscillographic records® showed that about 20 to 25
per cent of the total talking time was consumed by the
space between words. Hence, approximately one decibel
was added into the spectrum level of Fig. 1 to yicld the
average level of the speech itself. ‘These curves, at sca
level and 35,000 feet of altitude will be referred to as B,
versus frequency in later use.

Dunn and White published data showing the root-
mean-square pressures developed by the voice in suc-
cessive }-second intervals in fourtecen contiguous fre-
quency bands.” An extension of their findings, taken
from footnote reference 2, is shown in Fig. 2. Inspection

¢ L. L. Beranck and H. P. Sleeper, Jr., “Design and construction
of anechoic sound chambers,” Jour. Acous. Soc. Amer., vol. 18, pp.
140-150; July, 1946.

¢ H. W. Rudmose, K. C. Clark, F. D. Carlson, J. C. Eisenstein,
and R. A. Walker, “The effects of high altitudc on speech and hear-
ing,” Paper No. 31, 318t Meeting, Acoustical Society of America, New
York, N. Y., May 11, 1946,

7H. K. Dunn and S. ). White, “Statistical measurements on
conversational speech,” Jour. Acous. Soc. Amer., vol. 11, pp. 278-288;
January, 1940,
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of the frequency range between 500 and 4000 cycles per
second shows that the contour lines arc essentially par-
allel. Hence, taking the 1000- to 1400-cycle-per-second
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Fig. 2—Root-mean-square sound-pressure levels measured in succes-
sive }-second-long intervals at one-foot distance in an anechoic
chamber (from French and Steinberg). Contours show percentage
of intervals in which the level exceeded the values shown on the
ordinate at different frequencies.

band as typical of all bands in this region, a plot was
made of cumulative level distribution in thke }-second
intervals. (See Fig. 3.) The long time 'average sound
pressure for that band was 62 decibels. Now as was
just stated, about 20 per cent of the intervals of specch
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Fig. 3—Curve showing cumulative level distribution of speech in an
octave band in }-second-long intervals versus the sound-pressure
level in decibels minus long-time average sound-pressure level in
decibels. The right-hand ordinate has been added to the original
graph of French and Steinberg.

are consumed by pauses between words and breathing.
If the right-hand side of the graph is observed the im-
portant conclusion is reached that, the total dynamic
range of speech is about 30 decibels in any one band.
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IV. Tne NATURE OF HEARING

Extensive data have been taken to determine the
average threshold of hearing for the population of the
United States. The threshold curve for young people

“most commonly published® and later found to hold for

acute young ears® is shown in (a) of Fig. 4. Another
type of threshold curve derived recently!® by adding a
correction curve to the American Standards Association
curve for the difference between. pressure in the free-
field and at the eardrum is shown as (b) of Fig. 5. It
gives the threshold levels in terms of the pressure pro-
duced at the eardrum.,
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Fig. +—Thresholds of audibility for pure tone sounds
with subjects in quiet.
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Fig. 5—Widths of critical masking bands plotted as a function of
frequency. The upper curve gives the critical bandwidths in
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At the other extreme we need to know the maximum
intensity of a pure tone or speech which the ear can
tolerate without discomfort or injury. Recent unpub-
lished data obtained at the Central Institute for the
Deaf, St. Louis, Missouri, have shown that three dif-
ferent upper thresholds for pure tones or speech will be

8 Acoustical Society of America—American Standard for Noise

" Measurements Z24.2~1942, Jour. Acous. Soc. Amer. vol. 14, pp. 102~

110; July, 1942,

9 J. C. Steinberg, H. C. Montgomery, and M. B. Gardner, “Re-
sults of the world’s fair hearing tests,” Bell Sys. Tech. Jour., vol. 19,
pp. 533-562; October, 1940.

1 F, M. Wiener and D. A. Ross, “The pressure distribution in the
auditory canal in a progressive sound field,” Jour, Acous. Soc. Amer.,
vol. 18, pp. 401-408; October, 1946.
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determined by a group of listeners depending upon how
much exposure to intense noises they have had previ-
ously. These thresholds are essentially constant as a
function of frequency and are known as thresholds of
(a) discomfort, (b) tickle, and (c) pain; and for listeners
who have not been exposed to high noise levels the
values for pure tones are approximately 110, 132, and
140 decibels respectively, re 0.000200 dyne/cm?. These
three thresholds will be approximately 10 decibels higher
for people who have been exposed to loud noises for
several -hours daily over a period of several days.

Of interest in communication at high altitudes is the
variation of hearing acuity with decreasing atmospheric
pressures. Data taken at the Electro-Acoustic L.abora-
tory® indicate that there is no measurable change in
the average threshold of hearing between sea level and
35,000 feet.

One needs only to turn to everyday experience to
know that a sound which is faintly audible is “drowned
out” or masked when even a moderately loud noise is
produced nearby. By definition, the masking of a pure
tone by noise is equal to the difference between the new
and the old threshold levels of the tone, i.e., M=T—-T,
where M is the masking, T’y is the threshold level of the
pure tone in quiet, and T is the level of the pure tone
when it is just audible with the noise present. All three
values are expressed in decibels.

Of great importance in understanding the ability of
the ear to interpret transmitted speech is the way in
which various noises mask desired sounds. Extensive
tests have shown that for noises with a continuous
spectrum, it is the noise in the immediate frequency
region of the masked tone which contributes to the
masking." For example, if a band of noise with a con-
tinuous spectrum is used to mask a tone of 800 cycles
per second, it will be found that after the band (centered
about 800 cycles per second) is made increasingly wider
than 50 cycles per second, the same amount of masking
will be obtained as was attained for a band exactly 50
cycles wide. For narrower bands the masking decreases
in proportion to the logarithm of the bandwidth. The
bandwidth at which the masking just reaches its stable
value is known as a “critical band.” \Most noise produced
in aircraft, locomotives, tanks, cngine or boiler rooms,
wind tunnels, and near spinning or weaving machines
is of a continueus spectrum type although the spectrum
may slope upward or downward. Bands of speech appear
to be masked by continuous-spectra noises in much the
same way as pure tones are masked by them. For this
reason it is possible to divide the speech spectrum into
narrow bands and study cach hand independently of the
others.

Published data'-? indicate that the critical band-
width is a function of frequency, and curves are shown in

% H, Fletcher, “Auditory patterns.” R :
4765+ Jammne T o040) y p ns,” Rev. Mod. Phys., vol. 12, pp.

. ' Psycho-Acoustic Laboratory, Harvard University “Tl k-
ing of signals by noise,” 0.S.R.D. Report No. 5387 Ogt'ol)erlin;gis.
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two ways in Fig. 5.2 Observations indicate that when a
critical band of frequencies is at a just-audible level the
total energy in the band is the same as the energy of a
just-audible pure tone located at the center of the band.

A relation between the masking of a pure tone whose
frequency lies between 200 and 8000 cycles per second
and the level of a masking noise of the continuous spec-
trum type is shown in Fig. 6. This curve shows that
the masking increases linearly with noise level.

MAUNG (M) IN GYuiBILS

L o2 0 40 % @ 70 »”
EFF9CTIvE LEVEL (1) 1IN OECISELS

Fig. 6—Relation between masking and the effective level of a critical
band width. M is the change in the threshold of a pure tone due
to the noise. Z is the number of decibels that the total energy in
a critical band is above its threshold level.

V. ORTHOTELEPHONIC GAIN

Before proceeding farther, a definition of a perfect
communication system will be made. Although subject
to proof by test, it is obvious that two intelligent people
with normal hearing, speaking in loud, clear tones could
understand each other nearly perfectly if placed in an
absolutely quiet room, free from reflecting surfaces and
facing each other at a distance apart of one meter. With
this condition as a reference, a perfect communication
system is defined as one which produces exactly the
same sounds at the ear of a listener as would be pro-
duced in the above-described situation. The same talker
would need to be used in both cases. Orthotelephonic
gain is now defined as

Orthotelephonic Gain = 20 logio (p2/$1) )

where p; is the pressure produced by the talker in a
free sound field at a distance of one meter and p. is the
pressure measured in a free sound field which produces
with the listener prescnt the same loudness in his ear as
that produced by the communication system under test.
These data must be taken in narrow frequency bands
as a function of frequency. Alternatively, p1is the pres-
sure produced at the eardrum of a listener seated facing
a talker in an anechoic chamber at a distance of one
meter, and p. is the pressure at the cardrum produced

B A, H. Inflis, “Transmission fcatures of the new telephone sets,”
Bell Sys. Tech. Jour., vol. 17, pp. 358-380; July, 1938.
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by the communication system under test. That is to
say, the orthotelephonic gain can be measured either
subjectively, i.e., by the loudness produced, or objectively,
by using a small probe microphone to determine the
pressures at the eardrum. Actually these two mecasure-
ments of orthotelephonic gain appear not to be equiva-
lent. For reasons still obscure, it seems that to producc
the same sensation of loudness about 6 or 7 decibels more
sound pressure must be produced at the eardrum by an
earphone than by a loudspeaker at a meter's distance.'
Hence the orthotelephonic gain obtained using the loud-
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Fig. 7—Procedure for obtaining the real-voice calibration of a micro-
phone. Upper step shows measurement of speech spectrum; lower
shows measurement of voltage output of microphone.

ness-balance technique described later will be 6 or 7
decibels less than that determined by measuring pres-
sures at the eardrum with a probe tube. The method of
handling this difficulty will be described later.

14 Recent data demonstrating this point were taken by F. M.
Wiener at Harvard. Reference should also be made to .. J. Sivian and
S. 1. White, “On minimum audible sound ficlds,” Jour. Acous. Soc.
Amer., vol. 4, pp. 288-321; April, 1933. (The difference between
curves B and C may, in part, he due to this effect.)
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From a physical standpoint, it is difficult to mcasure
the orthotelephonic response in one step. It is custom-
ary, therefore, to perform the measurement in two steps,
first by measuring the “real-voice” response of the
microphone and secondly, by measuring the “real-ear”
response of the earphone. Then the two are added to-
gether to yield the orthotelephonic response, taking into
account the loss or gain of the interconnecting amplifier
or transmission line.

The first step in the determination of the real-voice
response of a microphone (sce Fig. 7) is to measure the
speech spectrum of the particular talker and word mate-
rial used. A standard microphone is placed before the
talker in an anechoic chamber at a distance of one
meter. Then speaking at half-effort, the talker produces
a voltage at the output of the microphone which is
analyzed' by a group of parallel filters to yield the root-
mean-square sound pressure po. The second step is to
replace the standard microphone with the microphone
under test and to repeat the measurement. The ratio of
the root-mean-square voltage produced by the micro-
phone under test across its load resistor ¢, to the root-
mean-square pressure obtained in step A (po) for cach
of the frequency bands yields the real-voice calibration.
If pressure at the cardrum is desired, a transfer curve
from free field to cardrum is necessary. Such a curve for
an average of twelve subjects is given as (A) in Fig.
16(f).'°
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Fig. 8—Subjective procedure for measuring the real-car calibration
of an earphone by a loudness-balance method.

As stated before, the real-ear calibration of an ear-
phone can be determined either objectively or subjec-
tively. The procedure necessary for measuring the pres-
sure directly at the cardrum involves the usec of a very
small probe tube attached to a capacitor microphone
and is a delicate and physiologically dangerous measure-
ment. Reference should now be made to Fig. 8, where

% H. W. Rudmose, K. C. Clark, F. D. Carlson, J. C. Eisenstein,

and R. A. Walker, “An integrating audio-spectrometer,” Paper No.
42, 31st Meeting, Acoustical Society of America, May 11, 1946,
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the procedure for subjective calibration is given. In
step A, a loudspeaker, located at a distance of onc
meter from a standard microphone, is energized by an
oscillator whose output voltage is adjusted to a value
of E, for which a convenient sound level is indicated by
the microphone. Next, a high-fidelity earphone, known
as the transfer standard, is placed over one car of an
observer whose head replaces the microphone. In step
B the switch is thrown to connect the transfer standard
to the output of the attenuators, and the voltage E; is
reduced by an attenuation of A4, until the earphone
produces a sound which the listener judges to be as loud
as that produced by the loudspeaker with a voltage E,
across it. Then, in sttp C, the carphone under test is
placed on the opposite car and the attenuator A, is
adjusted until the same loudness is produced by the un-
known as is produced by the transfer standard. Auto-
matic, frequent switching of the voltage E; between the
two sources of sound being compared in cach of the two
cases leads to results which are repeatable to a satisfac-
tory degree. Ior results typical of a population, a num-
ber of human subjects must be used and the data aver-
aged at each frequency. The real-car calibration then is
expressed as being the voltage required to produce the
same loudness at the car as is produced by a sound field
measured before the listener enters it.

The orthotelephonic gain is now found by cither (2)
or (3) below:

O.T. Gain (Subjective Method)
= 20 log (eo/po) + 20 log (f3/e0) + 20 log (/) (2)

where Py is the free-field pressure necessary to produce
the same loudness in the car as was produced by the
earphone with a voltage I%s across it; E,/eq is the voltage
amplification of the amplifier: and e is the voltage pro-
duced by the microphone across the input resistor of the
amplifier by a voice which produces a pressurce pg at a
distance of one meter in a free field. Alternatively,

O.T. Gain (Objective Method)
= 20 log (eo/po) + 20 log R + 20 log (ea/¢0)
+ 20 log (p./e2) 3)

where R is the ratio of the pressure produced at the car-
drum of a listener by a source of sound to the pressure
which would ‘be produced by the same source at the
listener’s head position if he were removed from the
field (see Fig. 16 (f), curve A), p.is the pressure produced
at the eardrum of a listener by the carphone with a volt-

age e, across it, and the other quantities are the same as
before.

V1. MICROPHONE AND Earrnoxe Noisk Pickup

To measure the noisc-pickup characfcristics of a
microphone, a person holding the microphone in a nor-
mal manner is immersed in a diffuse noise field having a
rcasonably flat spectrum. The voltage ¢’ produced by
the microphone arross its load resistor js determined by
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the audio spectrometer. Then the spectrum of the noise
¢’ is measured by the spectrometer at the position
where the person’s Lead was located, using a standard
microphone. The ratio ¢’/p’ as a function of frequency
as just measured is the noise pickup characteristic of the
microphone.

The amount of ambient noise reaching the ear
through the earphone cushion is dependent on the noise
attenuation properties of the cushion. The cushion at-
tenuation can be measured either subjectively or ob-
jectively. To measure the attenuation subjectively, a
person is seated in a diffuse noise field having a con-
tinuous spectrum bandwidth of about 20 cycles per
second. The level of the noise is adjusted by means of
an attenuator in the noise amplifying circuit so that
the noise sounds equally loud with the cushion on as it
did before adjustment of the noise with the cushion off.
The change of the setting of the attenuator in decibels
is a measure of the cushion attenuation at that fre-
quency. Alternatively, the cushion attenuation is meas-
ured objectively by determining the change in pressure
at the cardrum when the cushion is placed on the ear
with the person secated in a diffuse sound field from its
valuce with the cushion off. Similar to the results ob-
tained for determination of orthotelephonic gain, the
cushion attenuation seems to be greater for the subjec-
tive than that for the objective type of measurement by
about 6 or 7 decibels.

The important conclusion is now drawn that it is
necessary, to avoid ambiguity of results, always to pair
objective orthotelephonic gain with objective cushion at-
tenuation measurements and subjective orthotelephonic
gain with subjective measurements in the method of calcu-
lation which follows.

VI1I. CONCEPT OF ARTICULATION INDEX

‘The concept of articulation index advanced by French
and Stcinberg and the basis of both their calculation
scheme and the one given in this paper was introduced
by Harvey Fletcher many years ago. The articulation
index A4 is defined as a number obtained from articula-
tion tests using nonsense syllables under the assumption
that any narrow band of speech frequencies of a given
intensity in the absence of noise carries a contribution
to the total index, which is independent of the other
bands with which it is associated, and that the totals of
all the bands is the sum of the contributions of the
sceparate bands.? It is necessary to prove that there is an
unique function relating syllable or word articulation to
A for any given articulation crew and choice of word
list. In determining an articulation index (4) under the

“ conditions stated above, there are cssentially two
paramcters of a lincar communication system that can
be varied: (a) the level of the speech above the threshold
of Fearing, and (b) the frequency response of the sys-
tem. Lincar systems free from noise are assumed.

The procedure necessary for determining the relation-
ships between syllable articulation, articulation index
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(A), gain and frequency response for a given articula-
tion crew have been presented by French and Steinberg?
and will not be repeated here. From those data they de-
rived a curve of articulation index (A) versus cut-off
frequency of a group of low pass filters (see Curve B of
Fig. 9) under the special condition of optimal loudness
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Fig. 9—Articulation index versus cutoff frequency of ideal low-pass
filters as determined by French and Steinberg.

at the car and negligibly low noise levels for combined
men’s and women's voices. Curve A of this graph, for
men's voices alone, is based on an estimate, but will be
used as the basis of discussion here. From Curve A,
several things can be perceived:

1. Extending the frequency range of a communica-
tion system below 200 or above 6000 cycles per second
contributes almost nothing to the intelligibility of
speech.

2. Each of the following frequency bands makes a
5 per cent contribution to the articulation index (4),
provided the orthotclephonic gain of the system is
optimal (about +10 decibels) and there is no noise
present. Male voices arc assumed.

TaBLE |

FREQUENCY BANDs OF EQUAL CONTRIBUTION TO
ARTICULATION INDEX

No. Limits ' Mean ’ No. \ Iimits Mean
1 200 1o 330 270 11 1 1660 to 1830 1740
2 330 10 430 380 12 | 1830 to 2020 1920
3 | 430 to 560 490 13 \ 2020 to 2240 2130
4 560 to 700 630 14 2240 to 2500 2370
5 700 to 840 | 770 15 i 2500 to 2820 2660
6 840 to 1000 920 16 2820 to 3200 3000
7 | 1000 to 1150 | 1070 17 3200 to 3650 3400
8 | 1180+to0 1310 1230 18 3650 to 4250 3950
9 1310 to 1480 1400 19 4250 to 5050 4650

10 1480 to 1660 1570 20 5050 to 6100 5600

Throughout the following discussion a distorted fre-
quency scale based on Table | and plotted as shown in
Fig. 10 will be used. On this graph is shown the informa-
tion of Section 111 of this paper, namely, the total dy-
namic range of speech in cach of the bands (Fig. 3)
plotted as 12 decibels above and 18 decibels below the
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average root-mean-square spectrum of speech of Fig. 1.
If the ear is able to hear all the region represented by
the shaded area, speech should be perfectly intelligible
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MEAN FREQUENCIES OF BANDS OF EQUAL
CONTRIBUTION TO ARTICULATION INDEX

’
Fig. 10—Total speech spectrum and threshold of audibility for con-
tinuous spectrum sounds plotted versus frequency on distorted
frequency scale.

and the per cent articulation index A should be equal to
one hundred. The premises now made and to be proven
are that the articulation index A is (a) linearly related
to the per cent of the shaded area of Fig. 10 which can be
heard by the listeners, and is (b) uniquely related to articu-
lation scores for any given syllable, word, or sentence list
and crew of talkers and listeners used during the test.
The following nomenclature will now be introduced:

A=3 Wa(BA)mex = 3 0.05W, (4)

where

A =total articulation index =sum of contribu-

tions of all bands
(AA) =contribution of any one band
(AA)max = maximum contribution of any one band =

0.05

W.=per cent of maximum contribution con-
tributed by any band.

Fletcher! states that studies at the Bell Telephone
Laboratories show that the ear integrates such varying
sounds as spcech over about }-second intervals. For
example, the integrated sound energy in a critical band-
width over a %-second interval will sound as loud as a
pure tone in the same frequency band which produces
the same energy in cach §-second interval. The }-second
intervals of the data of Figs. 2 and 3 are short enough
so that this statement applies to tl.em. Hence, if a criti-
cal bandwidth of speech is expressed as root-mean-square
sound pressure level (in decibels) in 3-second intervals,
the resulting 30-decibel spread in levels can be plotted
as a function of frequency on the same graph along with
a continuous spectrum masking noise, provided the
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latter is expressed as sound pressure level in decibels for
critical bandwidths. The difference between the upper
side of the 30-decibel spread and the noise curve will be
equal to the level by which the peak levels of speech ex-
ceed the masking level of the noise (by virtue of Fig. 6).
Also, the threshold of hearing (4, Fig. 4) can be plotted
on the same graph to show the level of the speech above
the threshold level for the cases when no noise is present.

It is gencrally customary to express noises in terms of
their spectrum levels, i.c., in terms of energy contained in
one-cycle-wide bands. To convert levels in a critical
bandwidth to levels in one-cycle-wide bandwidths, the
lower curve of Fig. 5 should be subtracted from the
speech, noise, and threshold curves just described. The
curves of Fig. 10 are already plotted in this way. Noise,
expressed in terms of its spectrum level, can be plotted
directly on that graph and the difference between the
upper edge of the shaded region and the spectrum level
of the noise will be equal to the level of the speech peaks
above the masking level of the noise.

If assumptions (a) and (b) stated in italics above are
valid, W, for each band of equal contribution to speech
intelligibility can be written

(level of speech peaks) — (level of noise)

Wop=——— 0 (5)

where W, is limited to unity as a maximum value.
VIII. EXPERIMENTAL VALIDATION OF THE CONCEPT
OF ARTICULATION INDEX

To demonstrate that the concept of articulation index
is useful it is necessary first to show that a given area

100 T T T T T T T

0 .

3
T
1

-~
o
T

1

(o) (b)

3
T

»
Q
1

() WORD LISTS AND CREW OF
SERIES . -1

(b) SYLLABLE LISTS AND CREW
OF SERIES I. T

PERCENT ARTICULATION SCORE
g
L
1

w
(=]
1

o “ L L 1 L L 1 i )
o 0 20 30 90 100

40 50 60 70
ARTICULATION INDEX A

Fig. ll—Experimentqlly determined relations between
syllable articulation and articulation index 4.

word . or
of Fig. 10 is uniquely related to measured articulation
scores, regardless of whether the area js spread over a
wide frequency range with a small sveech-noise differ-
ence in each band or over a narrow frequency range in
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ny part of the graph with the W’s near unity. Carefully
aken articulation data from the Psycho-Acoustic and
Tlectro-Acoustic Laboratories for twelve quite different
nterphone systems* operating with two different con-
inuous spectra noises at the listeners’ ears were exam-
ned by the author. This group of measurements will be
eferred to as Series I, and the widths of the frequency
yands can be found from Figs. 12 and 13. For each of

100 T T Y T T Y
s EXPERIMENTAL DATA— g
CALCULATED DATA * * (1 130-9000
sol NOISE SPECTRUM A (2) 340-4000 ]
& L SERIES 1 (3) 570-2500
bl
3
£t -
o (4) 880-2500
’so = b
= (5) 570-1550
& e} .
z
g %} i
& (6) 880-1550
20F -
[1+] of . -1
1 Il 1 1 L 1
%0 40 50 0

0 20 30
ORTHO-TELEPHONIC GAIN IN THE PASS BAND

Fig. l;—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 1 to
6 in Noise Spectrum A.

those systems the articulation index was computed by
plotting one of the two noise spectra on the same graph
as the speech spectrum of Fig. 10 to which the ortho-
telephonic gain of the system had been added. The re-
sults are shown in Table II. The gain settings of the
amplifier assumed in the calculations were chosen from
the articulation tests as those which yielded 20, 40, 60,
and 80 per cent articulation. Examination of the top row
of Table 11, for example, shows that the average of the
computed articulation indices for the twelve systems
necessary to produce 20 per cent syllable articulation in
the presence of Noise A is equal to 0.0249.
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With Noise B, where the noise spectrum had almost
the same shape as the speech spectrum, less area was
required to produce the same syllable intelligibility as
for Noise A, which had an essentially flat spectrum. This
is particularly true for the wide-band systems, numbers
1 and 2. The reason for this must be that the ear is more
able psychologically to piece together fragmentary in-
formation from many bands into the complete syllable
than it is if more information is given in fewer bands.
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L ] of EXPERIMENTAL DATA—— _
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eol- NOISE SPECTRUM A (7) 570-4000
Enl . -
3 {10) 880-4000
8, semest i
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gl A
3 {8)1300-1900
F of (12) 1800-2500 ]
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L 1 L 1
°—»o tl’ 7 . 50 %0
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ORTHO-TELEPHONIC GAIN IN THE PASS BANO

Fig. 13—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 7 to
12 in Noise Spectrum A.

However, this effect is important only when the signal-
to-noise ratio is small. The average articulation index for
the two noises is shown in the extreme right-hand column
of Table 11 and these values are plotted in Fig. 11 as
curve (b). This curve shows the relation between articu-
lation score and articulation index (4) for the syllable
lists and crew used during these tests.

Using curve (b), the complete articulation curves for
the twelve systems were computed and the results are
shown in comparison with the measured scores in Figs.
12 and 13. The method has reliably rank-ordered all of
the systems. Because the two types of noises are ex-

TasLE 11

Per cent

COMPUTED ARTICULATION INDEXES FOR SERIES I TeEsTs

Articulation System Number Average Avciti'age
_ [Noise | 1 | 2 | 3 | 4 1 s [ e | 1] 8 |9 T | on | 2 4 ;%33_
o | A |0.233 | 0.224 |Bﬁ76 } 0;29‘6__()_.31:)_v-0;241;&£\ 0.240 | 0.215 | 0.278 | 0.293 | 0.227 ‘;‘Lﬁg—! -
| B \0.101 | 0.143 |o.212 | 0.237 | 0.191 | 0.242 | ; | . } o018 |
O 73 1 - ) B ) ) X ey
| B |0.252|0.304 | 0.319 | 0.363 | 0.342 | l ‘ | . 0.340
T [T A o515 0579 0546 | T louses | | 0.530 | 0.605 | | | 0.574 |
-lﬁlrjljo;ct—ljtojéﬂ 0.491 | 0.451 ‘ | l Toass | O
R IR X (N I N N N VT O S . o1 P 27
| B |o.651|0.720 | [ { | | l | ‘. | | | 0.685
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tremes of what are usually found in practice, the results
will be generally better for practical situations.

Similar results are shown in Fable |11 for a sccond
series of tests performed on three types of aircraft inter-
phones. The curve of articulation score versus 4 is
shown as (¢) in Fig. 11 and the calculated versus meas-
urcd scores are shown in Fig. 14, Because words rather
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(2)
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3 eof ]
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Fig. 14—Comparison of experimentally determined and calculated
types of interphone systems in an

1

d culation scores lor threg

untreated bomber.

than syllables were used in the Series I1 tests, the rela-
tion between articulation score and 4 is different from
that for Series I tests as would be expected.

TasLE 111
CoMPUTED ARTICULATION INDEXES FOR SERIES |1 TEsTs

System Number

Per Cent Average
Articulation 1 2 3 A

20 0.125 0.123 0.114 0.121

40 0.187 0.177 0.185 0.183

60 0.252 0.254 0.280 0.262

80 0.324 0.336 0.385 0.348

IX. MaxiMmum GAIN SETTINGS

Inspection of the data in Fig. 14 shows that, for the
particular articulation crew used in Series 11 experi-
ments, the scores reached a maximum and then turned
down again as the gain was increascd. It is believed that
no estimates have been macde before on what constitutes
the maximum gain to which an audio system can be
adjusted before no further contribution to speech intel-
ligibility is obtained.

On the basis of the average articulation-index data
versus per cent articulation of Table 111 and of addi-
tional datum points computed for the cases where the
speech peak curves did not exceed 90 decibels, but where
the word-articulation scores approached 90 per cent, a
fairly well-defined relationship between 4 and the per
cent word articulation was established (sec (a) of Fig.
11). Then, for the three systems just described, articula-
tion indices were computed for a number of points in
the region where the gain curves had flattened off, or

PROCEEDINGS OF THE I.R.E.

September

started to bend downward, utilizing one of four assump-
tions successively: (a) setting no upper limit heyond
which no contribution to 4 would be permitted; (b)
setting the limit at 100 decibels; (¢) at 95 decibels, and
(d) at 90 decibels. The results are shown in Table IV in
terms of the deviations of A from the value it should
have to lie on the per cent word articulation versus A
relationslip of Fig. 10(a).
TapLe IV

DEVIATION OF COMPUTED ARTICULATION INDEXLS FROM I’FR CENT
WORD ARTICULATION VERSUs A RELATION oF F1cG. 14,

Ceiling Value

System Al?;pl.iﬁer
AN Unlimited | 100 95 90
1 18 0.195 0.087 0.009 0.111
1 10 0.062 0.047 0.001 —0.080
1 0 v v 0.000 0.017
2 22 0.177 0.084 0.006 | —0.102
2 18 0.108 0.071 0.010 | —0.089
2 6 < < 0.004 | —0.025
3 24 0.125 0.080 0.026  —0.087
3 15 v 0.168 0.052 0.010
Average Deviation 0.133 0.089 0.008 | —0.063

* Speech peaks did not rise above level of following column

A limiting value of 95 decibels viclds values of A
more nearly correct than for any one of the other three
It is concluded, then, that the region above 935 decibels
per cycle should not be considered as contributing to 4.
A speech level of 95 decibels per cycle corresponds to an
over-all speech level of about 125 decibels, which ap-
proximates the region of “tickle” in the car. For this
reason, if for no other, the speech peaks should not be
amplified beyond this point.

A complete graph is shown in Fig. 15 for System 2 of
Series Il with an amplifier gain ot 46 (Iec'il)cls. I'he

1400 | 1740 | 2130 2666 | 3400 | 4650 |
380 630 920 1230 1570 1920 2370 3000 3950 5600

MEAN FREQUENCIES OF BANDS OF EQUAL
CONTRIBUTION TO ARTICULATION INDEX

SOUND PRESSURE LEVEL IN DB PER CYCLE
re 0.0002 dyne/cm?

Fig. 15—Chart demonstrating the calculation of articulation index
Upper black region shows probable arca of no contribution to
articulation index. Lower black area shows masking effect of noise
Shaded region shows speech arca presented to ear of a listener in
the presence of the noise and is cqual to the articulation index I
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lower black region is the total root-mean-square noise
level arriving at the eardrum from the microphone and
through the earphone cushions. The shaded region
shows the area of speech which is not masked out by the
interfering noise. The upper black area is the region of
no contribution to A. The articulation index 4 is about
0.5 in this example.

X. DETERMINATION OF SYSTEMS PERFORMANCE

In order to calculate the articulation index of a voice
communication system, data of the type described in
Sections V and VI are needed. These data are often
tedious to obtain. As an alternative, use of response
data taken on artificial voices or ears (couplers) will
sometimes permit the computation of approximate
articulation indices.'

The articulation index for a particular interphone sys-
tem will now be calculated to demonstrate the method in
detail. Both the talker and the listener will be assumed
to be in the same noise field. It is further assumed that
the system is substantially free from nonlinear distor-
tion, and hence, amenable to treatment by this pro-
cedure. Articulation scores have previously been ob-
tained so that the accuracy of the results can be checked.

1. The real-voice response of the carbon microphone is
shown in Fig. 16(a) as the root-mean-square voltage
produced across a 100-ohm resistor by a human voice
which, without the microphone to interfere, would pro-
duce a root-mean-square sound pressure level of 74

decibels at a distance of one meter in an anechoic,

chamber.

2. An objectively measured real-ear response of an
ANB-II-1A headset in the doughnut-type cushions is
shown in Fig. 16(b). The curves are plots of sound
pressure in decibels re 0.000200 dyne per centimeter
squared produced in the outer ear canal of an average
listener as a function of frequency by the headset with
one volt impressed across the terminals of the two ear-
phones of the headset in series.

3. The response characteristic of the amplifier is as-
sumed to be flat and the voltage gain at 1000 cycles per
second is expressed as:

Amplifier Gain = 20 log E»/E,

where
E,=voltage developed by the microphone across a
200-ohm load resistor
Ea=voltage delivered by the amplifier across its load
measured at 1000 cycles per second.
4. The noise pickup characteristic of the microphone is
given in Fig. 16(c).
5. The objectively measured noise-exclusion character-
istics of the doughnut type of earphone cushions are given
in Fig. 16(d).

1 Specifications on acceptable artificial voices and cars are being
drawn u by Sub-Committee Z-24-B of the American Standards
Association at this time.
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6. The ambient noise spectrum used for the articula-
tion tests is shown in Fig. 16(e).

7. The real-ear and real-voice curves along with the
response of the amplifier, are combined to yield the
orthotelephonic gain of the over-all system. Two decibels
were added to the microphone response to account for
the difference between the 100-ohm test resistor used
with the microphone and the amplifier input impedance
of 200 ohms.
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Fig. 16—Detailed steps in calculation of articulation index.

The procedure is outlined in the text.

A correction must be added to the data of curves (a)
and (b) above if they are to be used in the calculation of
the orthotelephonic gain. The curve for converting free-
field pressure to pressure at the eardrum is given as (a)
in Fig. 16(f). This curve should be subtracted from Fig.
16(a) to convert the real-voice calibration curve of the
microphone to give the voltage produced by the micro-
phone for a constant sound pressure of 74 decibels at the
eardrum of an average listener.

The curve for converting the pressure in the outer ear,
under the cushion, over to the pressure at the cardrum is
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average root-mean-squarc spectrum of speech of Fig. 1.
If the ear is able to hear all the region represented by
the shaded area, speech should be perfectly intelligible
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Fig. 10—Total speech spectrum and threshold of audibility for con-
tinuous spectrum sounds plotted versus frequency on distorted
frequency scale.

and the per cent articulation index A should be equal to
one hundred. The premises now made and to be proven
arc that the articulation index A is (a) linearly related
to the per cent of the shaded area of Fig. 10 which can be
heard by the listeners, and is (b) uniquely related to articu-
lation scores for any given syllable, word, or sentence list
and crew of talkers and listeners used during the test.
The following nomenclature will now be introduced:

A= Wi (A)max = 2. 0.05IV, (4)

where

A =total articulation index =sum of contribu-

tions of all bands
(AA) =contribution of any one band
(AA)max =maximum contribution of any one band =

0.05

W,.=per cent of maximum contribution con-
tributed by any band.

Fletcher! states that studies at the Bell Telephone
Laboratories show that the ear integrates such varying
sounds as speech over about 3-second intervals. For
example, the integrated sound energy in a critical band-
width over a §-second interval will sound as loud as a
pure tone in the same frequency band which produces
the same energy in each }-sccond interval. The }-second
intervals of the data of Figs. 2 and 3 are short enough
so that this statement applies to them. Hence, if a criti-
cal bandwidth of speech is expressed as root-mean-square
sound pressure level (in decibels) in }-second intervals,
the resulting 30-decibel spread in levels can be plotted
as a function of frequency on the same graph along with
a continuous spectrum masking noise, provided the
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latter is expressed as sound pressurce level in decibels for
critical bandwidths. The difference between the upper
side of the 30-decibel spread and the noise curve will be
cqual to the level by which the peak levels of speech ex-
ceed the masking level of the noise (by virtue of Fig. 6).
Also, the threshold of hearing (4, Fig. 4) can be plotted
on the same graph to show the level of the speech above
the threshold level for the cases when no noisc is present.

It is generally customary to express noises in terms of
their spectrum levels, i.e., in terms of energy contained in
one-cycle-wide bands. To convert levels in a critical
bandwidth to levels in one-cycle-wide bandwidths, the
lower curve of Fig. 5 should be subtracted from the
speech, noise, and threshold curves just described. The
curves of Fig. 10 are already plotted in this way. Noise,
expressed in terms of its spectrum level, can be plotted
directly on that graph and the difference between the
upper edge of the shaded region and the spectrum level
of the noise will be equal to the level of the speech peaks
above the masking level of the noise.

If assumptions (a) and (b) stated in italics above are
valid, W, for each band of equal contribution to speech
intelligibility can be written

B (level of speech peaks) — (level of noise)

Wa
30

v (5)

where W, is limited to unity as a maximum value. .
VIII. EXPERIMENTAL VALIDATION OF THE CONCEPT
OF ARTICULATION INDEX

To demonstrate that the concept of articulation index
is useful it is necessary first to show that a given area
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Fig. 11—Experimentally determined relations between

syllable articulation and articulation index A4.

word -or

of Fig. 10 is uniquely related to measured articulation
scores, regardless of whether the area is spread over a
wide frequency range with a small specch-noise differ-
ence in each band or over a narrow frequency range in
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any part of the graph with the W’s near unity. Carefully
aken articulation data from the Psycho-Acoustic and
Electro-Acoustic Laboratories for twelve quite different
nterphone systems* operating with two different con-
inuous spectra noises at the listeners’ ears were exam-
ned by the author. This group of measurements will be
-eferred to as Series I, and the widths of the frequency
bands can be found from Figs. 12 and 13. For each of
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Fig. 12—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 1 to
6 in Noise Spectrum A.

those systems the articulation index was computed by
plotting one of the two noise spectra on the same graph
as the speech spectrum of Fig. 10 to which the ortho-
telephonic gain of the system had been added. The re-
sults are shown in Table II. The gain settings of the
amplifier assumed in the calculations were chosen from
the articulation tests as those which yielded 20, 40, 60,
and 80 per cent articulation. Examination of the top row
of Table I1, for example, shows that the average of the
computed articulation indices for the twelve systems
necessary to produce 20 per cent syllable articulation in
the presence of Noise A is equal to 0.0249.
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With Noise B, where the noise spectrum had almost
the same shape as the speech spectrum, less area was
required to produce the same syllable intelligibility as
for Noise A, which had an essentially flat spectrum. This
is particularly true for the wide-band systems, numbers
1 and 2. The reason for this must be that the ear is more
able psychologically to piece together fragmentary in-
formation from many bands into the complete syllable
than it is if more information is given in fewer bands.
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Fig. 13—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 7 to
12 in Noise Spectrum A.

However, this effect is important only when the signal-
to-noise ratio is small. The average articulation index for
the two noises is shown in the extreme right-hand column
of Table II and these values are plotted in Fig. 11 as
curve (). This curve shows the relation between articu-
lation score and articulation index (4) for the syllable
lists and crew used during these tests.

Using curve (b), the complete articulation curves for
the twelve systems were computed and the results are
shown in comparison with the measured scores in Figs.
12 and 13. The method has reliably rank-ordered all of
the systems. Because the two types of noises are ex-

TasBLE 1]
COMPUTED ARTICULATION INDEXES FOR SERIES | TEsTS

Per cent

A
Articulation System Number .Average :e/irj\ge
0 — or
| Noise | 1 2 30| 4 s | 6 | 7 | 8 | 9o | 10| n| w and B
o | A |0.233]0.224 | 0.276 10.206 | 0.219 | 0.244 | 0.243 | 0.240 | 0.215 | 0.278 | 0.293 | 0.227 | 0.249 oot
| B |0.101|0.143 | 0.212 | 0.237 | 0.191 | 0.242 | ‘ | L . 1 | 0.218|
10 [ A |0.376 | 0.388 | 0.435 | 0.425 | 0.364 | 0.394 | | 0.369 | 0.453 | 0.443 | | 0.405 | -
| B |0.252|0.304 | 0.319 | 0.363 | 0.342 | | 5 | E 1 | 0.340 | '
A |0.515 | 0.579 | 0.546 l i | 0.598 | | 0.530 | 0.605 | i | 0.574 |
60 . l 0.513
B | 0.411 | 0.462 | 0.491 | 0.451 | | f { I ' 1 | 0.453
A |0.770 | l | | | 0.818 ‘ | | 0.794
80 : 0.739
B | 0.651 | 0.720 | | | | l \ | 0.685
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tremes of what are usually found in practice, the results
will be generally better for practical situations.

Similar results are shown in Table I for a second
series of tests performed on three types of aircraft inter-
phones. The curve of articulation score versus A is
shown as (a) in Fig. 11 and the calculated versus meas-
ured scores are shown in Fig. 14. Because words rather
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Fig. 14—Comparison of experimentally determined and calculated
articulation scores for three types of interphone systems in an
untreated bomber.

than syllables were used in the Series [1 tests, the rela-
tion between articulation score and A4 is different from
that for Series | tests as would be expected.

TasLE 111
COMPUTED ARTICULATION INDEXES FOR SERIES 1] TEsTs

System Number

Per Cent Average
Articulation 1 2 3
20 0.125 0.123 0.114 0.121
40 0.187 0.177 0.185 0.183
60 0.252 0.254 0.280 0.262
80 0.324 0.336 0.385 0.348

IX. MaxiMmuMm Gaiy SETTINGS

Inspection of the data in Fig. 14 shows that, for the
particular articulation crew used in Series Il experi-
ments, the scores rcached a maximum and tken turned
down again as the gain was increased. It is believed that
no estimates have been made before on what constitutes
the maximum gain to which an audio system can be
adjusted before no further contribution to speech intel-
ligibility is obtained. ’

On the basis of the average articulation-index data
versus per cent articulation of Table 111 and of add;i-
tional datum points computed for the cases where the
speech peak curves did not exceed 90 decibels, but where
the word-articulation scores approached 90 per cent, a
fairly well-defined relationship between A4 and the per
cent word articulation was established (see (a) of Fig.
11). Then, for the three systems just described, articula-
tion indices were computed for a number of points in
the region where the gain curves had flattened off, or
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started to bend downward, utilizing one of four assump-
tions successively: (a) setting no upper limit beyond
which no contribution to 4 would be permitted; (b)
setting the limit at 100 dccibels; (c) at 95 decibels, ang
(d) at 90 decibels. The results are shown in Table 1V i
terms of the deviations of 4 from the value jt should
have to lie on the per cent word articulation versus 4
relationsl.ip of Fig. 10(a).
TaBLE IV

DEVIATION OF COMPUTED ARTICULATION INDEXES FROM PEgr Cent
\WORD ARTICULATION VERsus A RELATION OF Fig. 14,

Ceiling Value

Amplifier
System : =
Gain (G limited | 100 95 9

1 18 0.195 0.087 —-0.009 | —0.111

1 10 0.062 0.047 —0.001 | —-0.080

1 0 G 3 0.000 | —0.017

2 22 0.177 0.084 —0.006 | —0.102

2 18 0.108 0.071 0.010 | —0.089

2 G J —0.004 | —0.025

3 24 0.125 0.080 0.026 | —0.087

3 15 « 0.168 0.052 0.010
Average Deviation 0.133 0.089 0.008 | —0.063

* Speech peaks did not rise above level of following column.

A limiting value of 95 decibels yields values of 4
more nearly correct than for any one of the other three.
It is concluded, then, that the region above 95 decibels
per cycle should not be considered as contributing to 4.
A speech level of 95 decibels per cycle corresponds to an
over-all speech level of about 125 decibels, which ap-
proximates the region of “tickle” in the car. For this
reason, if for no other, the speech peaks should not be
amplified bevond this point.

A complete graph is shown in Fig. 15 for System 2 of
Series Il with an amplifier gain of 46 decibels. The
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lower black region is the total root-mean-square noise
level arriving at the eardrum from the microphone and
through the earphone cushions. The shaded region
shows the area of speech which is not masked out by the
interfering noise. The upper black area is the region of
no contribution to 4. The articulation index 4 is about
0.5 in this example.

X. DETERMINATION OF SYSTEMS PERFORMANCE

In order to calculate the articulation index of a voice
communication system, data of the type described in
Sections V and VI are needed. These data are often
tedious to obtain. As an alternative, use of response
data taken on artificial voices or ears (couplers) will
sometimes permit the computation of approximate
articulation indices.'

The articulation index for a particular interphone sys-
tem will now be calculated to demonstrate the method in
detail. Both the talker and the listener will be assumed
to be in the same noise field. It is further assumed that
the system is substantially free from nonlinear distor-
tion, and hence, amenable to treatment by this pro-
cedure. Articulation scores have previously been ob-
tained so that the accuracy of the results can be checked.

1. The real-voice response of the carbon microphone is
shown in Fig. 16(a) as the root-mean-square voltage
produced across a 100-ohm resistor by a human voice
which, without the microphone to interfere, would pro-
duce a root-mean-square sound pressure level of 74
decibels at a distance of one meter in an anechoic
chamber.

2. An objectively measured real-ear response of an
ANB-II-1A headset in the doughnut-type cushions is
shown in Fig. 16(b). The curves are plots of sound
pressure in decibels re 0.000200 dyne per centimeter
squared produced in the outer ear canal of an average
listener as a function of frequency by the headset with
one volt impressed across the terminals of the two ear-
phones of the headset in series.

3. The response characleristic of the amplifier is as-
sumed to be flat and the voltage gain at 1000 cycles per
second is expressed as:

Amplifier Gain = 20 log E»/E;

where
E,=voltage developed by the microphone across a
200-ohm load resistor
E.= voltage delivered by the amplifier across its load
measured at 1000 cycles per second.
4. The noise pickup characteristic of the microphone is
given in Fig. 16(c).
5. The objectively measured noise-exclusion character-

istics of the doughnut type of earphone cushions are given
in Fig. 16(d).

1 Specifications on acceptable artificial voices and ears are being
drawn u by Sub-Committce 7-24-B of the American Standards
Association at this time.
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6. The ambient noise spectrum used for the articula-
tion tests is shown in Fig. 16(e).

7. The real-ear and real-voice curves along with the
response of the amplifier, are combined to yield the
orthotelephonic gain of the over-all system. Two decibels
were added to the microphone response to account for
the difference between the 100-ohm test resistor used
with the microphone and the amplifier input impedance
of 200 ohms.
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Fig. 16—Detailed steps in calculation of articulation index.
The procedure is outlined in the text.

A correction must be added to the data of curves (a)
and (b) above if they are to be used in the calculation of
the orthotelephonic gain. The curve for converting free-
field pressure to pressure at the eardrum is given as (a)
in Fig. 16(f). This curve should be subtracted from Fig.
16(a) to convert the real-voice calibration curve of the
microphone to give the voltage produced by the micro-
phone for a constant sound pressure of 74 decibels at the
eardrum of an average listener.

The curve for converting the pressure in the outer ear,
under the cushion, over to the pressure at the eardrum is
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average root-mean-square spectrum of speech of Fig. 1.
I the ear is able to hear all the region represented by
the shaded area, spcech should be perfectly intelligible
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Fig. 10—Total speech spectrum and threshold of audibility for con-
tinuous spectrum sounds plotted versus frequency on distorted
frequency scale,

and the per cent articulation index 4 should be equal to
one hundred. The premises now made and to be proven
arc that the articulation index A is (a) linearly related
to the per cent of the shaded area of Fig. 10 which can be
heard by the listeners, and is (b) uniquely related to articu-
lation scores for any given syllable, word, or sentence list
and crew of talkers and listeners used during the test.
The following nomenclature will now be introduced:

A= W, (Ad)pax = 2 0.05W, 4)

where

A =total articulation index =sum of contribu-

tions of all bands
(A4) =contribution of any one band
(AA)uax =maximum contribution of any one band =

0.05

W.=per cent of maximum contribution con-
tributed by any band.

Fletcher! states that studies at the Bell Telephone
Laboratories show that the ear integrates such varying
sounds as speech over about }-second intervals. For
example, the integrated sound energy in a critical band-
width over a }-second interval will sound as loud as a
pure tone in the same frequency band which produces
the same energy in each }-second interval. The }-second
intervals of the data of Figs. 2 and 3 are short enough
so that this statement applies to them. Hence, if a criti-
cal bandwidth of speech is expressed as root-mean-square
sound pressure level (in decibels) in $-second intervals,
the resulting 30-decibel spread in levels can be plotted
as a function of frequency on the same graph along with
a continuous spectrum masking noise, provided the
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latter is expressed as sound pressurc level in decibels for
critical bandwidths. The difference between the upper
side of the 30-decibel spread and the noise curve will be
equal to the level by which the peak levels of speech ex-
ceed the masking level of the noise (by virtue of Fig. 6).
Also, the threshold of hearing (A, Fig. 4) can be plotted
on the same graph to show the level of the speech above
the threshold level for the cases when no noise is present.

It is generally customary to express noises in terms of
their spectrum levels, i.c., in terms of energy contained in
one-cycle-wide bands. To convert levels in a critical
bandwidth to levels in one-cycle-wide bandwidths, the
lower curve of Fig. 5 should be subtracted from the
speech, noise, and threshold curves just described. The
curves of Fig. 10 are already plotted in this way. Noise,
expressed in terms of its spectrum level, can be plotted
directly on that graph and the difference between the
upper edge of the shaded region and the spectrum level
of the noise will be equal to the level of the speech peaks
above the masking level of the noise.

If assumptions (a) and (b) stated in italics above are
valid, W, for each band of cqual contribution to spcech

intelligibility can be written
: (level of speech peaks) — (level of noise) )
o 30 ’

where W, is limited to unity as a maximum value.
VIII. EXPERIMENTAL VALIDATION OF T CONCEPT
OF ARTICULATION INDEX

To demonstrate that the concept of articulation index
is useful it is necessary first to show that a given arca
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Fig. 11—Experimentally determined relations between
syllable articulation and articulation index 4.

word or

of Fig. 10 is uniquely related to measured articulation
scores, regardless of whether the arca is spread over a
wide frequency range with a small specch-noise differ-
ence in each band or over a narrow frequency range in
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any part of the graph with the W’s near unity. Carefully
taken articulation data from the Psycho-Acoustic and
Electro-Acoustic Laboratories for twelve quite different
interphone systems* operating with two different con-
tinuous spectra noises at the listeners’ ears were exam-
ined by the author. This group of measurements will be
referred to as Series I, and the widths of the frequency
bands can be found from Figs. 12 and 13. For each of
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Fig. 12—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 1 to
6 in Noise Spectrum A.

those systems the articulation index was computed by
plotting one of the two noise spectra on the same graph
as the speech spectrum of Fig. 10 to which the ortho-
telephonic gain of the system had been added. The re-
sults are shown in Table II. The gain settings of the
amplifier assumed in the calculations were chosen from
the articulation tests as those which yielded 20, 40, 60,
and 80 per cent articulation. Examination of the top row
of Table 11, for example, shows that the average of the
computed articulation indices for the twelve systems
necessary to produce 20 per cent syllable articulation in
the presence of Noise A is equal to 0.0249.
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With Noise B, where the noise spectrum had almost
the same shape as the speech spectrum, less area was
required to produce the same syllable intelligibility as
for Noise A, which had an essentially flat spectrum. This
is particularly true for the wide-band systems, numbers
1 and 2. The reason for this must be that the ear is more
able psychologically to piece together fragmentary in-
formation from many bands into the complete syllable
than it is if more information is given in fewer bands.
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Fig. 13—Comparison of experimentally determined and calculated
articulation scores for speech transmission systems numbers 7 to
12 in Noise Spectrum A.

However, this effect is important only when the signal-
to-noise ratio is small. The average articulation index for
the two noises is shown in the extreme right-hand column
of Table 11 and these values are plotted in Fig. 11 as
curve (b). This curve shows the relation between articu-
lation score and articulation index (4) for the syllable
lists and crew used during these tests.

Using curve (b), the complete articulation curves for
the twelve systems were computed and the results are
shown in comparison with the measured scores in Figs.
12 and 13. The niethod has reliably rank-ordered all of
the systems. Because the two types of noiscs are ex-
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tremes of what are usually found in practice, the results
will be generally better for practical situations.

Similar results are shown in Table 111 for a second
series of tests performed on three types of aircraft inter-
phones. The curve of articulation score versus 4 is
shown as (a) in Fig. 11 and the calculated versus meas-
ured scores are shown in Fig. 14, Because words rather
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Fig. 14—Comparison of experimentally determined and calculated
articulation scores for three types of interphone systems in an
untreated bomber.

than syllables were used in the Series I1 tests, the rela-
tion between articulation score and 4 is different fron
that for Series I tests as would be expected.

TasLE 111
CoMPUTED ARTICULATION INDEXES FOR SERIES 1 TESTS

System Number

Per Cent Average
Articulation 1 2 3
20 0.125 0.123 0.114 0.121
40 0.187 0.177 0.185 0.183
60 0.252 0.254 0.280 0.262
80 0.324 0.336 0.385 0.348

I1X. MaxiMuM GAIN SETTINGS

Inspection of the data in Fig. 14 shows that, for the
particular articulation crew used in Series Il experi-
ments, the scores reached a maximum and then turned
down again as the gain was increased. It is belicved that
no estimates have been made before on what constitutes
the maximum gain to which an audio system can be
adjusted before no further contribution to speech intel-
ligibility is obtained.

On the basis of the average articulation-index data
versus per cent articulation of Table 111 and of addi-
tional datum points computed for the cases where the
speech peak curves did not exceed 90 decibels, but where
the word-articulation scores approached 90 per cent, a
fairly well-defined relationship between A and the per
cent word articulation was established (see (a) of Fig.
11). Then, for the three systems just described, articula-
tion indices were computed for a number of points in
the region where the gain curves had flattened off, or
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started to bend downward, utilizing one of four assump-
tions successively: (a) sctting no upper limit beyond
which no contribution to 4 would be permitted; (1)
setting the limit at 100 decibels; () at 95 decibels, and
(d) at 90 decibels. The results are shown in Table 1V in
terms of the deviations of 4 from the value it should
have to lic on the per cent word articulation versus .1
relationskip of Fig. 10(a).
TaBLE IV

DEVIATION OF COMPUTED ARTICULATION INDEXES FROM I’ER CENT
WORD ARTICULATION VERsUs 4 RELATION oF FicG. 14,

Ceiling Value

System Aniplifier
am Unlimited 100 95 90
1 18 0.195 0.087 0.009 0.111
1 10 0.062 0.047 0.001 0.080
1 0 s e 0.000 0.017
2 22 0.177 0.084 0.000 0.102
2 18 0.108 0.071 0.010 | —0.089
2 6 * e 0.004 0.025
3 24 0.125 0.080 0.026 | —0.087
3 15 * 0.168 0.052 0.010
Average Deviation 0.133 0.089 0.008 | —0.0063

* Speech peaks did not rise above level of following column

A limiting value of 93 decibels vields values of 4
more nearly correct than for any one of the other three
It is concluded, then, that the region above 95 decibels
per cycle should not be considered as contributing to 4
A speech level of 95 decibels per cycle corresponds to an
over-all speech level of about 125 decibels, which ap
proximates the region of “tickle” in the car. IFor this
reason, if for no other, the specch peaks should not be
amplified beyond this point.

A complete graph is shown in Fig. 15 for Si'stem 2 of
Series II with an amplifier gain of 46 decibels. The

60

~n -3
(=) (=)

re 0.0002 dyne/cm?
(=)

-20

SOUND PRESSURE LEVEL IN DB PER CYCLE

1400 | 1740 | 2130 2666 | 3400 | 4650
380 630 920 1230 1570 1920 2370 3000 3950 %600

MEAN FREQUENCIES OF BANDS OF EQuAL
CONTRIBUTION TO ARTICULATION INDEX

Fig. 15—Chart demonstrating the calculation of articulation index.
Upper black region shows probable arca of no contribution to
articulation index. Lower black area shows masking effect of noise
Shaded region shows speech area presented to car of a listener in
the presence of the noise and is equal to the articulation index A
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lower black region is the total root-mean-square noise
level arriving at the eardrum from the microphone and
through the earphone cushions. The shaded region
shows the area of speech which is not masked out by the
interfering noise. The upper black area is the region of
no contribution to 4. The articulation index A4 is about
0.5 in this example.

X. DETERMINATION OF SYSTEMS PERFORMANCE

In order to calculate the articulation index of a voice
communication system, data of the type described in
Sections V and VI are needed. These data are often
tedious to obtain. As an alternative, use of response
data taken on artificial voices or ears (couplers) will
sometimes permit the computation of approximate
articulation indices.'

The articulation index for a particular interphone sys-
tem will now be calculated to demonstrate the method in
detail. Both the talker and the listener will be assumed
to be in the same noise field. It is further assumed that
the system is substantially free from nonlinear distor-
tion, and hence, amenable to treatment by this pro-
cedure. Articulation scores have previously been ob-
tained so that the accuracy of the results can be checked.

1. The real-voice response of the carbon microphone is
shown in Fig. 16(a) as the root-mean-square voltage
produced across a 100-ohm resistor by a human voice
which, without the microphone to interfere, would pro-
duce a root-mean-square sound pressure level of 74
decibels at a distance of one meter in an anechoic
chamber.

2. An objectively measured real-ear response of an
ANB-II-1A headset in the doughnut-type cushions is
shown in Fig. 16(b). The curves are plots of sound
pressure in decibels re 0.000200 dyne per centimeter
squared produced in the outer ear canal of an average
listener as a function of frequency by the headset with
one volt impressed across the terminals of the two ear-
phones of the headset in series.

3. The response characteristic of the amplifier is as-
sumed to be flat and the voltage gain at 1000 cycles per
second is expressed as:

Amplifier Gain = 20 log E»/E,

where
E;=voltage developed by the microphone across a
200-ohm load resistor
E.= voltage delivered by the amplifier across its load
measured at 1000 cycles per second.
4. The noise pickup characteristic of the microphone is
given in Fig. 16(c).
5. The objectively measured noise-exclusion character-
istics of the doughnut type of earphone cushions are given
in Fig. 16(d).

'8 Specifications on acceptable artificial voices and cars are being
drawn up by Sub-Committee 2-24-B of the American Standards
Association at this time.

6. The ambient noise spectrum used for the articula-
tion tests is shown in Fig. 16(e).

7. The real-ear and real-voice curves along with the
response of the amplifier, are combined to yield the
orthotelephonic gain of the over-all system. Two decibels
were added to the microphone response to account for
the difference between the 100-ohm test resistor used
with the microphone and the amplifier input impedance
of 200 ohms.
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Fig. 16—Detailed steps in calculation of articulation index.
The procedure is outlined in the text.

A correction must be added to the data of curves (a)
and (b) above if they are to be used in the calculation of
the orthotelephonic gain. The curve for converting free-
field pressure to pressure at the eardrum is given as (@)
in Fig. 16(f). This curve should be subtracted from Fig.
16(a) to convert the real-voice calibration curve of the
microphone to give the voltage produced by the micro-
phone for a constant sound pressure of 74 decibels at the
eardrum of an average listener.

The curve for converting the pressure in the outer ear,
under the cushion, over to the pressure at the cardrum 18
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given as () in Fig. 16(f). This curve then should be
added to those of Fig. 16(b) for the real-ear calibrations
of the headsets to convert them to sound pressure pro-
duced at the eardrum for a constant voltage of 1 volt
across the headset. Because the curves (b) and (a) are
subtracted to yield the orthotelephonic gain, their dif-
ference given as the smoothed curve (c) can be used.

The orthotelephonic response of the system with a
gain control setting of zero is given in Fig. 16(g) (see
(3)) and will be designated as G in the remainder of this
section. It was found by adding together curves (a), (b),
and (¢) of (f) minus a constant factor of 74 decibels.

8. Three noises arrive at the ear, (1) that entering at
the microphone, (2) that entering through the cushion,
and (3) that produced by amplifier. For this problem,
the amplifier was adequately quiet.

To determine the noise entering at the ear via the mi-
crophone, curves (b), (c), and (e), the gain of the am-
plifier, and curve (b) of (f) are added together. If the gain
control is adjusted during the experiment, the curve
showing the noise arriving at the ear from the migro-
phone must be adjusted upward or downward ac-
cordingly. The total noise arriving at the ear from the
microphone will be designated as (B,+G), to show that
the values must be changed when the gain of the ampli-
fier is changed.

The noise entering the system at the earphone
through the cushion is designated as B, and is deter-
mined by adding together the curves of (d) and (e).
These data must be corrected to produce the pressure
at the eardrum. An approximate curve for this purpose
is shown in (). The values of (B1+4G,) for zero gain
control setting and B, for our illustrative problem are
shown in (i).

9. The peaks of speech lic about 12 decibels above the
average level and so the curve of Fig. 2 called B, should
be displaced upward by 12 decibels for our purposes.
We shall call the new curve (B,+p), where p =12 deci-
bels. To get the spectrum level of the peaks of speech
arriving at the ear, we need to add in the curve for the
orthotelephonic gain and the correction curve 4 of (f),
thereby yielding (B,4p+G). For talking levels which
measure different from 68 decibels at a distance of one
meter, the value of B, should be corrected accordingly.
The values of (B,4p+G) with zero gain control setting
for our iilustrative examples are shown in Fig. 16(j).

10. To calculate the articulation index, the first step in
the process of determining the articulation index is to
plot (B,4+p+G), B; and (B,4G) on a graph with the
distorted frequency scale of Fig. 10. The value of each of
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these quantities at the mean frequency of the band is
plotted in the center of the band as shown.

To determine the total noise produced at the ear, an
energy summation of the noises (B,4G) and B; must be
made. This can be done easily on the graph by plotting
a new curve B which lies 3 decibels above (B,4+G) and
B if the two have the same value, i.c., cross each other;
2 decibels above the larger if the larger lies 2 decibels
above the lesser; 1 decibel above the larger if it lies 6
decibels above the lesser; and on the larger if it lies
greater than 7 decibels above the lesser (sce Fig. 16(k)).
The useable area for contributing to intelligible speech
lies between (B,4p+G) and B and is similar to the
shaded region of Fig. 15. In case B should lie so low that
it crosses over the threshold of hearing at the bottom
of the graph, an energy summation of B and the
threshold curve should be made as though the threshold
curve was determined by a noise having a continuous
spectrum. The discovery of the identity of the threshold
curve with a continuous spectrum noise is to be at-
tributed to the Bell Telephone Laboratories. For each
of the bands (A4)=0.05 1V, (sce (4) and (5)), and can
easily be determined by using a small scale marked from
0 to 0.05 with each 0.01 division being equal in length
to 6 decibels on the graph. The total articulation index
equals the sum of the (AA4) values for the twenty differ-
ent bands. If the (B,+p+G) and the B curves lic more
than 30 decibels apart, a value of 0.05 should be as-
signed to that band as being its maximum contribution.
If (B,+p+G) lies above 95 decibels, only the contribu-
tion up to 95 should be counted. For this example, 4 is
0.495. The measured articulation score was 88 per cent
using words.

In general, an entirely satisfactory system for d given
ambient noise is one for which the articulation index is
greater than 0.5, while an unsatisfactory system will
have an 4 of less than 0.3. For values of A between 0.5
and 0.3, the system should be viewed with suspicion and
subjected to an actual articulation test using the exact
ambient noise spectrum if possible. Approximate values
of word or syllable articulation scores can be obtained
from Fig. 11, but it must be remembered that those rela-
tionships are valid only for a particular test crew and
lists of speech material.
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3- and 9-Centimeter Propagation in Low Ocean Ducts”
MARTIN KATZINT, SENIOR MEMBER, LR.E., ROBERT W. BAU(‘HM.‘\NI, AND

WILLIAM

Summary—One-way radio propagation measurements on 9 and
3 centimeters between ship and shore, coupled with meteorological
measurements on ship and ashore, were made in the Atlantic trade-
wind area off the east coast of Antigua, British West Indies, early in
1945. Persistent low-level ducts, aversging 20 to 50 feet in height,
with an effective strength of 5 to 10 M units, were found to exist all
the time. The height and strength of the.duct appears to depend on
the wind speed, low winds producing low ducts of moderate strength
while higher winds result in higher but weaker ducts.

Various antenna-height combinations were explored to determine
the optimum heights for utilization of the duct. Very effective trapping
was found on 3 centimeters, the optimum height being between
6 and 15 feet, depending on duct conditions. On 9 centimeters the
degree of trapping was only partial, and the strongest signals were
obtained with the highest heights available (46 feet transmitting
and 94 feet receiving). Rates of decrease of signal averaged 0.85
decibel per nautical mile on 9 centimeters up to about 80 miles, and
0.45 decibel per nautical mile on 3 centimeters for all ranges. Beyond
80 miles the rate of decrease of signal on 9 centimeters was much
less, about 0.2 decibel per nautical mile. Rain squails had no ob-
servable effect on the strength of received signals.

Measurements inland from the shore site showed that the duct is
destroyed within one-quarter mile from the water's edge, but that
effective radio transmission can be obtained with installations up to
at least a mile inland if the terrain is flat and low-lying. The duct
reforms on the leeward side within a distance of 2 miles offshore.

Radar measurements of 3 centimeters gave results substantiating
the one-way measurements. Ranges up to 47 miles on a small vessel
were obtained with the antenna at 6 feet, lower maximum ranges
being obtained with higher heights of radar antenna, in agreement
with the findings of the one-way measurements.

INTRODUCTION

NTEREST HAS been drawn during the past few
years to low-lying ducts' formed close to the sur-
face of the sea, particularly in those areas where the

* Decimal classification: R113. Original manuscript received by
the Institute, June 10, 1946; revised manuscript received, January
27, 1947. Presented, 1946 1.R.E. Winter Technical Meeting, Jan-
uary 26, 1946, New York, N. Y.

t Naval Research Laboratory, Washington, D. C.

t Formerly, Naval Research Laboratory, Washington, D. C.;now,
Idaho Falls Electric Company, 1daho Falls, Idaho.

§ Formerly, Naval Research Laboratory, Washington, D. C.;
now, Pan American World Airways, New York, N. Y.

Y'In a nonhomogeneous atmosphere whose index of refraction de-
creases with height, rays of sufficiently smallinitial elevation angle are
refracted downward with a curvature proportional to the rate of de-
crease of the index of refraction with Eeight. If the radius of curva-
ture is less than the radius of the earth, such rays reach a maximum
height and are confined, or trapped, between this height and the
earth’s surface. This process is referred to as trapping, and the region
of the atmosphere within which it occurs is called a duct, because of
the analogy of wave-guide propagation.

_Itis convenient to represent the variatios of refractive index with
height by a quantity M, defined by

M= n—14h/a)-10°¢

n being the index of refraction of the atmosphere at a height h over
the earth of radius a. M is thus the excess over unity of the modified
index of refraction, in parts per million. It is customary to plot this
relation in rectangular co-ordinates with M as abscissa and h as
ordinate, resulting in the so-called M curve. For trapping to be
possible, it can be shown that the M curve must have a region of
negative slope.

BINNTANS

trade winds prevail. The existence of these ducts was
first discovered by the British through meteorological
measurements made over the Irish Sea late in 1943.
These measurements showed that a rapid decrease in
the humidity, accompanied by a superadiabatic lapse
rate of temperature, occurred very close to the surface,
resulting in a duct of height 20 to 50 feet. Calculations
_indicated that 1-centimeter waves should be strongly
trapped by these ducts, and 3:centimeter waves trapped
to some extent. The importance of such trapping in
radar applications and in inter-island communications
was also pointed out.

Further meteorological measurements which verified
the existence of these ducts were made in the Caribbean
off Panama early in 1944 by a Washington State College
(\WWSC) group, in conjunction with the Naval Research
Iaboratory.? Still further meteorological measurements?
were made by the WSC group off the northeastern coast
of New Guinea and off the island of Saipan which
showed the presence of these ducts in every case. Duct
heights were found to vary between about 20 and 50
feet, apparently being a function of wind speed, higher
wind speeds producing higher ducts. M curves' calcu-
lated from the soundings indicated that 3-centimeter
transmissions could be trapped, and possibly 10 centi-
meters to some extent as well.

In order to obtain experimental verification of the pre-
dicted trapping, an experiment in the Atlantic trade-
wind region was undertaken. It was decided that one-way
transmission measurements between a shore station
on the windward side of an island and a ship off shore,
providing a transmission path over the ocean, would
yield suitable quantitative data. In order to deter-
mine optimum antenna heights, antennas installed
at heights of approximately 100, 50, 25, and 15 feet
at the shore station, and 50 and 25 feet on the ship,
were proposed. Two frequencies were chosen for the
experiment, their wavelengths being 9.1 and 3.2 centi-
meters. These will be referred to as 9 and 3 centimeters,
respectively, for conciseness. Duplicate facilities for 9-
and 3-centimeter transmissions were to be provided.
Meteorological measurements were to be made both
ashore and aboard ship. A 173-foot patrol vessel of 350
tons displacement was assigned for the experiment,
although a larger vessel would have been more suitable.

t K, E. Fitzsimmons, S. T. Stephenson, and R. W. Bauchman,
“Low level meteorological soundings and radar correlations for the
Panama Canal Zone,” Department of Physics, Washington State
College, Rexort No. 6; June 12, 1944,

3 P. A, Anderson, K. E. Fitzsimmons, G. M, Grover, and S. T.
Stephenson, “Results of low-level atmospheric soundings in the
Southwest and Central Pacific Oceanic areas,” Department of Phys-
ics, Washington State College, Report No. 9; February 27, 1945.
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OUTLINE OF EXPERIMENT

After extensive examination of available climato-
logical data of the Caribbean area, the island of Antigua
(latitude 17° 08’ N, longitude 61° 48’ W), British
West Indies, one of the Leeward Islands of the Lesser
Antilles chain, was chosen for the site of the experi-
ment. The shore station was located on the northeast-
ern shore of the island, affording a clear, unobstructed
view into the prevailing northeasterly winds. The air
over the path was thus of long ocean trajectory, un-
modified by passage over any intervening land mass.
At this point of the island, the ground was very low—
only a few feet above sea level—and flat for some
distance inland. Tide variations amounted to only
about one foot.

Most of the receiving and transmitting equipment
used during'the experiments was loaned by the Radia-
tion Laboratory of the Massachusetts Institute of Tech-
nology. The transmitters, which were installed on the
ship, were composed largely of radar components. The
magnetrons of the transmitters were mounted in a
water-tight box on the signal bridge, in order to keep the
transmission lines to the antennas short, and connected
by pulse cable to modulators installed below decks. The
magnetrons were pulsed at arepetition rate of 600 cycles
per second, with a pulse width of 1 microsecond. The
power output was monitored by means of directional
couplers and thermistors connected in the radio-fre-
quency lines leading tc the antennas. Peak power out-
puts averaged 42 kilowatts on 9 centimeters, and 31
kilowatts on 3 centimeters. Fig. 1 is a view of the ship
after the installation was completed.

Fig. 1—Ship used in experiments,

The shipboard antennas were full parabolic dishes of
36-inch diameter for 9 centimeters and 18-inch diameter
for 3 centimeters. For the higher of the two heights,
antennas were installed on either side of the yardarm
at an elevation of 46 feet above the water. The lower-
level antennas were at a height of 16 feet, obtained by
installation of the dishes off the deck of the signal bridge
on either side of the ship. In each case duplicate an-
tennas were mounted facing fore and aft, to enable
measurements to be made when the ship was running
either way over the path.

The 9-centimeter antennas were fed with J-inch
stub-supported coaxial line, while }- by 1-inch wave
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guide was used with the 3-centimeter antennas. The co-
axial line and wave guide werc pressurized. A radio-fre-
quency switching arrangement ‘was associated with the
magnetron installation to allow connection of the output
to any one of the four antennas for cach band.

Near the end of the one-way transmission experi-
ments, after it had been found that low antenna heights
gave the strongest signals on 3 centimeters, an addi-
tional 3-centimeter antenna was installed at a height
of 8 feet on the ship, aimed forward. Only two runs were
made using this antenna.

Fig. 2—90-foot tower with 9- and 3-cemimeter receiving antennas.

The receiving antennas were mounted on a 90-foot
wooden tower installed on a concrete foundation 60 feet
from the water’s edge. Two wooden buildings, ap-
proximately 10 by 14 feet, were installed at the base of
the tower, one for the one-way receiving equipment, the
other for meteorological work. Four antennas for each
band were installed on the tower (Fig. 2), one each at
heights of 94, 54, 24, and 14 feet above mean sea level.
On 9 centimeters, 48-inch full parabolic dishes were
used. The 3-centimeter antennas were 48-inch dishes
cut to 2 feet in the horizontal dimension to broaden the
horizontal beam. This was done to allow minor devia-
tions of the ship from a radial course to occur without
undue loss in signal strength. Midway in the experi-
ment another 3-centimeter antenna was mounted at
the base of the tower at a height of 6 feet, since results
up to that time indicated that the lowest available an-
tenna height gave the strongest signals on 3 centi-
meters. All antennas were mounted on swivels to allow
alignment on any course over a 40-degree arc. Wave
guide for 3 centimeters and stub-supported coaxial line

for 9 centimeters were also used on the shore installa-
tion. ’

™
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Two 9-centimeter and two 3-centimeter receivers
were used, their outputs feeding recording milliam-
meters. The 9-centimeter receivers had a minimum
sensitivity of 110 decibels below 1 watt, while the
minimum sensitivity of the 3-centimeter receivers was
105 decibels below 1 watt. It was necessary to use auto-
matic frequency control on the 3-centimeter receivers,
but manual tuning was employed for the most part on
the 9-centimeter receivers, because of the greater
dynamic range that could be obtained without auto-
matic frequency control. This was possible by virtue of
the good frequency stability of the 9-centimeter mag-
netron and local oscillator. The receivers were calibrated
with standard test sets before and after each run. Since
only two receivers on each band were available, it
was necessary to use a radio-frequency patching ar-
rangement, similar to that used on the ship, for connect-
ing the receivers to the antennas.

Two-way voice communication between the ship
and shore station was maintained at all times for co-
ordination of operations. The facilities of a radio direc-
tion-finding station. on the island were available to ob-
tain bearings on the ship.

In order to determine the effect on the received signal
of moving the receiving antenna inland, a mobile unit,
consisting of a 3-centimeter receiver, test set, recorder,
and 18-inch parabolic dish, was mounted in a truck and
operated from a gasoline-driven generator. During
the course of runs made on March 24 to 27, 1945, this
unit was operated at points up to one mile inland from
the tower site.

Coupled with the inland radio measurements, mete-
orological soundings were made inland to determine
the destruction of the duct back from the shore. Addi-
tional soundings were made on the leeward side of the
island to determine how rapidly the duct reformed. A
discussion of this work is given in the meteorological
section.

In an attempt to determine the direct effect of these
ducts on radar, and to verify the results indicated by the
one-way measurements, a 3-centimeter aircraft search
radar was set up at the tower site and a series of meas-
urements made. This system had a peak power output
of about 30 kilowatts, with a 29-inch parabolic an-
tenna. The installation was mounted at the base of the
tower. This placed the antenna elevation at approxi-
mately 6 feet above sea level. Measurements of received
signal strength versus range using the test ship as a
target were made. The effect of the duct upon the
height of the system was evaluated by placing the unit
on a truck and operating along a coastal road at heights
of 15, 50, and 90 feet above sea level.

ONE-WAY RADIO PROPAGATION MEASUREMENTS

A typical procedure was to align the ship at a point
about 7 miles off shore (closer ranges were not feasible
because of reefs lying off the northeastern coast of the

Katzin, Bauchman and Binnian: 3- and 9-Cm. Duct Propagation

893

island) and commence a run on a prescribed bearing
away from the tower. This bearing was predetermined
by -the ship from observations of the current wind and
sea directions. The receiving antennas were aligned for
maximum received signals and secured in this position
by clamping to the platforms. The ship operating speed
was usually around 10 knots, depending somewhat on
the current sea conditions. While the ship was moving
on course, antenna heights on the transmitting end
were switched every twoshours. After making several
runs using this procedure, results showed that there
was no discernible diurnal variation of signal strength.
Therefore, in the subsequent runs the antennas at the
transmitting end were switched only at the conclusion
of the outward run. Periodic changes of the receiving
antenna heights were made in order to obtain records for
all possible antenna combinations during each run.
The ranges of these runs extended up to a maximum of
190 miles.

Sixteen one-way transmission runs, consisting of
round trips to maximum ranges of 70 to 190 miles,
were made in a seven-week period during February
and April, 1945. During each run, sngnal records of all
antenna combinations were taken, using the radio-fre-
quency switching arrangement described prevnously
Each of the 9-centimeter receivers was switched peri-
odically between two of the four 9-centimeter an-
tennas. The same was done on 3 centimeters for the first
half of the experiment until the extra antenna at 6- foot
elevation was added, after which one of the receivers

" was rotated between three antennas.

TRANS ANT. HT- 46FT.

RECEIVER ANT, HT. 9CM

e e 3\_ |4¥24 14
4.5 = 24
5.0 '4_7 24 = 7‘4 : 3._ I
617 Mg+ ——+— =
696 ==3 = ~: ! i
M ARY - == ' } = ~
= Cioe==— =2
=0l 55 Mi == 20 Mi
g === / = — - —— - 1’_: =
S g “TIME (HOURS) 7
o >
@  RECEIVER ANT. HT. 3CM TRANS. ANT HT- IGF‘[
O A WD e & WX LR
W see: 14 vy - 5‘..-
.[1_3 417 '_ ) - =
8 Rx % (25 e =
O ere e == t ; —
798 - Xy 1 : ~ z
— L

040 = - 1‘
B8, “"'7 JJ 7////2”'*/&
= — TIME (HOURS)Y *

Fig. 3—Portion of 9- and 3-centimeter records of March 13, 1945,
range of 20 to 50 miles.

The receiver outputs were recorded on strip charts,
with a chart speed of 3 inches per hour. Fig. 3 shows
portions of typical 9- and 3-centimeter records, taken
during the run of March 13, 1945. This figure shows the
signals received betwecen ranges of 20 and 55 miles.
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Fig. 4 shows the records of the same run for ranges of
150 to 190 miles, indicating the manner in which the
signal faded out at the end of a run. The rapid fluctua-
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Fig. 4—Portion of 9- and 3-centimeter records of. March 13, 1945,
range of 150 to 190 miles.

tion of the received signal over wide limits is quite ap-
parent. Presumably this was due principally to the
pitching and tossing of the ship in the heavy prevailing
swells. To check this, the recorder charts were speeded
up to 60 times normal speed (to 3 inches per minute)
and the fluctvations on all four recorder charts com-
pared. Fig. § shows sections out of one 9- and one 3-
centimeter record, taken on March 20, at a range of
34 miles. At the shorter ranges the variations were
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Fig. 5—High-speed records of March 20, 1945, range of 34 miles.

simultaneous on all records, indicating that the signals
were fluctuating because of ship’s motion. At greater
ranges the fluctuations were more severe and random,
particularly on the 9-centimeter records. This is illus-
trated by Fig. 6, taken on March 20 at a range of 90

miles.
To allow the measurements to be reduced to quantita-
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tive terms, calibrations of the over-all transmission
losses between transmitting and receiving equipments
were made. This was done by removing the transmitting

FT, “19CM -

T 3

=

J— — S
wes! RECEIVER ANT HT-14 *,\1TRANS. ANT HT-I6FT !
s — e
R E = %

7

e ==/ == £
L] - ~
TIME(MINUTES)
V51 RECEIVER ANT. HT= 14 FT. + 5 3CM 5 TRANS ANT. HT-46FT =
e e e e e

=77 =
YT 777
TIME (MINUTES)
Fig. 6—High-speed records of March 20, 1945, range of 90 miles.

antennas from the ship, sctting them up on shore at
close range, encrgizing them from test sets, and de-
termining the ratio of transmitted to received power on
each frequency. In this way, the data could be converted
into absolute values of attenuation. The over-all ac-
curacy of these calibrations is believed to be within 2
decibels. The results of thesc calibrations have been
taken into account in the computation of the data
presented in this paper.
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Fig. 7—Received power versus range at 9 centimeters,
March 15, 1945.

Results

The one-way transmission records ‘have been an-
alyzed by plotting the peaks of the signal versus range.
Figs. 7 and 8 show the results of the run of March 15,
1945, during which normal winds prevailed. The curves
for some of the height combinations have been omitted
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from these figures to avoid confusion. It can be seen that
for the 3-centimeter link, in particular, the very lowest
combination of 16-foot transmitting and 6-foot receiv-
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Fig. 8—Received power versus range at 3 centimeters,
March 15, 1945,

ing antennas shows the highest signal level. The 9-centi-
meter records indicate the reverse to be true, with the
46- to 94-foot antenna combination giving the highest
average signal level. On 9 centimeters, the signal level
decreases steadily with decreasing antenna height, while
on 3 centimeters the highest heights give the weakest
signals. This run was made out to 150 miles and back.
The 3-centimeter receiving antennas were alternated
every 15 minutes for both the run out and back, while
on the 9-centimeter receivers the 54- and 94-foot
heights were recorded continuously going out, and the
14- and 24-foot heights coming back.

Closer examination of the 3-centimeter records shows
that the curves for the 6- and 14-foot receiving-antenna
heights lie fairly close together. This was found to be
the case on most runs. Although the 6-foot antenna
height more often gave a slightly higher signal level, the
14-foot height was the higher on several runs. For this
run, which is rather typical of the average results, the
average slopes of the curves are 0.4 decibel per nautical
mile for the lower height combinations, while the
higher heights show an average attenuation of 0.5 deci-
bel per nautical mile.

The finite value of the attenuation constant found
for the 9-centimeter transmissions is to be expected,
since this wavelength is not completely trapped by the
duct. On 3 centimeters, however, the first mode should
be completely trapped,*so that its attenuation should be
zero. The fact that an appreciable attenuation does exist
may be attributable to scattering of the radio waves at
the surface of the sea. If this takes place, rays of suffi-
ciently small vertical angle to be trapped within the duct
will be partially scattered to steeper vertical angles,
some of which can no longer be trapped, and hence

¢ C. L. Pekeris, “Wave theoretical interpretation of propagation
of 10-centimeter and 3-centimeter waves in low-level ocean ducts,”
Proc. I.R.E., vol. 35, pp. 453-462; May, 1947,
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escape from the duct. This is equivalent to a loss of
power from the duct, and thus would result in a higher
attenuation than expected on the basis of a theory
which assumes a perfectly reflecting surface. If such a
scattering process does indeed occur, its magnitude
should increase with frequency. This suggests that there
may be an optimum frequency for utilization of these
ducts for long-range surface transmission.

The order of gain of the lowest-height combination
over the highest used was often greater than 30 deci-
bels, although sometimes as low as 10 decibels, depend-
ing on conditions. Free-space levels have been indicated
on the figures at 80 and 160 miles. Out to ranges of 80
miles, the low 3-centimeter antennas receive signals 2 to
20 decibels above this level. High antennas, meanwhile,
may receive signals as much as 25 decibels below this
level at 80 miles.

For the 3-centimeter records, a straight line may be
fitted fairly well to the plots of received signal (in
decibels) versus range. In the 9-centimeter records,
however, there is a marked change in the slope at a range
which varies from 70 to 90 miles. The 9-centimeter
records show an average slope of 0.7 decibel per
nautical mile for the high height combinations out to
90 miles, and a slope of 1.1 decibels per nautical mile for
the lower height combinations out to 50 miles. Beyond
these points the slopes of all combinations are nearly
the same, being about 0.2 decibel per nautical mile to
the maximum range. This decrease of slope was found
to be a distinctive characteristic of all the 9-centimeter
signal records. The difference in received power between
the two extremes of antenna heights used is in the order
of 25 to 30 decibels out to the region where the slope
changes, after which point the records become inter-
mingled, and the height gain with the higher antennas
is never over 5 decibels. This is characteristic of all
runs, although the limits of height gain over the entire
operating period may vary plus or minus 10 decibels
from the 30-decibel figure given above.

A possible explanation of the change in slope of the
9.centimeter curves has been suggested by C. L.
Pekeris.* He points out that the 9-centimeter record of
Fig. 6 looks like a scattered type of signal. If this is
indeed the case, then the rate of attenuation of the
signal will depend on the mechanism by which the
scattering sources are illuminated. Why scattering of
this type should take place on 9 centimeters but not on
3 centimeters, however, is not clear.

From the 3-centimeter curves, it is strikingly evident
that the lowest combination of antenna heights—16-
foot transmitting and 6-foot receiving—give the highest
received powers. Since the increasingly higher heights
yield successively lower signals, it would seem likely
that a lower transmitting height than 16 feet would
produce a higher signal level. It further indicates that
the optimum height for antenna location may exist at
a lower height. To dctermine this optimum height, an
8-foot 3-centimeter transmitting antenna was located on
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the ship and used during the last two runs made. Mid-
way through the first of these runs, the antenna broke
loose because of the heavy pounding from the seas at
such a low elevation. The record for the second run
with this low antenna was obtained without mishap,
and the results obtained are shown in Fig. 9.
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Fig. 9—Received power versus range at 3 centimeters, April 10 and
11, 1945; transmitting antenna height, 8 feet.

Further plots have been made to show a composite
picture of the variations between the various antenna-
height combinations over the entire period in which ob-
servations were made. Fig. 10 is one of these plots show-
ing how the received signal for the 46- to 94-foot 9-centi-
meter antenna combination changed from run to run.
Differences of 30 to 35 decibels with varying meteoro-
logical conditions are noted. Fig. 11 shows a similar
composite plot of the results for the 16- to 6-foot 3-centi-
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meter antenna combination. Differences in the order of
30 to 35 decibels occurring at the same periods of time
as the changes on 9 centimeters are noted. Further
references to these and similar plots will be made in
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Fig. 10—Received power level versus range at 9 centimeters.
Composite of all runs with 46- to 96-foot antennas,

the discussion of the radio and meteorological correla-
tions,

Analysis of Results

The most important information that was sought
from the experiment was the rate of attenuation of the
signals and the optimum antenna heights. In order to
extract quantitative information on these points from

TABLE |

ATTENUATION SLOPES FOR ALL ANTENNA COMBINATIONS, FEBRUARY 21, 1945, To APRIL 11, 1945

9 Centimeters , 3 Centimeters
Transmitting Antenna Transmitting Antenna Transmitting Antenna T it
16 Feet 46 Feet 16 Feet ransmatgx;gei\ntcnna
Receiving Antenna Receiving Antenna Receiving Antenna ivi
Height, Feet Height, Feet ’ Height, Feet Recl?lle‘i”g?ngt,AFpet:tnna

Date 14 24 54 94 | 14 24 54 94 || 6 14 24 s 94 6 14 24 54 o4
2-21 0.80 0.80 0.65 0.65 l 0.35 0.25 0.57
223 1.15 1.10 0.43 °  0.92 0.27 0.49 0.28 0.57
o 0.92 0.80 1.15 1.50 1.07 1.26 0.28 0.28 0.87 0.74 70025 1.62 1.95
2.28 0.43 1.04 1.61 1.96 1.27 1.03 0.19 0.41 0.72 0.63 T 219 161
3-1 0.83 1.26 0.97 1.00 | 0.86 0.58 1.36 1.53 0.40 0.59 0.48 0.40 0.47 0.57 0.51 0.42
3.3 1.03 1.15 1.04 1.00 | 1.15 0.97 1.15 1.32 0.42 0.64 0.72 0.86 0.40 0.48 0.49 0.87
3.9 0.86 1.07 0.78 1.06 0.92 1.06 1.07 0.43 0.46 1.00 0.89 0.42 0.65 0.83 1.11
3.13 0.83 0.86 0.84 1.15 1.09 1.38 1.15 0.35 0.40 0.47 0.59 0.36 0.48 0.5
3-15 1.23 1.26 0.78 0.78 0.78 1/ 0.43 0.40 0.48 0.49 0.57 | 0.63 0 30 0.42 0.72 0.57
3-19 0.80 0.87 0.88 0.77 [0.95 0.87 0.97 0.92 | 0.63 0.51 0. 61 0.69 | 0.51 0.45 0.55 ~ 1.15
3-24 1.09 1.09 1.55 0.86 | 1.96 2.07 1.84 1.61 | 0.49 0.97 2.30 1.84 0.28 0.75 0.76 0.86
3-27 1.38 1.49 1.45 1.29 (2.42 2.30 1.84 1.84 || 0.17 0.34 0.59 | 0.31 0.30 ' 7 0.80
3-28 0.69 0.69 0.80 0.84 |2.40 2.19 1.95 1.38 (| 0.84 0.75 0.92 0.71 1 0.72 0.63 0.75 0.77
3.30 0.51 0.58 0.57 0.55|0.81 0.8 1.01 0.88 || 0.51 0.80 0.81 0.92 0 89 0.63 0.54 0.63 0.64 0.64
4-5 1.03 0.95 0.88 0.910.81 0.80 0.86 0.94 |/ 0.21 0.51 0.40 0.46 0 5 0.53 0.40 0.46 0.61 0.36
4.10 0.94 1.11 1.11 1.15|1.15 1.72 1.26 1.95(10.23 0.14 0.23 0.26 047 ) ) : ‘
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the experimental data, the signal plots, such as those
given on Figs. 10 and 11, have been analyzed to obtain
the slopes and height gains.

The slopes were determined from straight lines giving
the best fits to the plots of received signal versus range.
Since the data plotted are received power in decibels
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Fig. 11—Received power level versus range at 3 centimeters.
Composite of all runs with 16- to 6-foot antennas.

versus range on a linear scale, these straight lines repre-
sent exponential rates of signal decay.® The slopes of
the 9-centimeter plots which are given are for the initial
80 miles or so, before the characteristic change of slope
mentioned previously occurs. Table I gives the 9- and
3-centimeter slopes for the individual runs. These were
then divided into three groups, corresponding to periods
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of low, normal, and high winds. It was during these
periods of distinct variation in prevailing winds that
the most marked changes in the signal occurred, other
changes being only of a secondary nature. The result-
ing values, as well as the general average for all the
runs, are given in Table II. From this tabulation, it can
be seen that the lowest attenuations were associated with
high winds.
TasLE 111

HEe1GET GAIN DISTRIBUTION IN DECIBELS (NORMALIZED AT 16-FEET
170 6-FEET FOR 3 CENTIMETERS AND 46-FEET TO 94-FEET
FOR 9 CENTIMETERS)

Antenna Height Height Gain

Co(t.r:‘b;::tt)xon A=23 centimeters =9 centimeters
. (in decibels) (in decibels)
16-6 0 24.0
16-14 2.5 24.0
16-24 6.5 16.0
16-54 3.0 10.0
16-94 5.0 10.0

46-6 0

46-14 4.0 14.0
46-24 8.5 6.0
46-54 4.0 2.0
46-94 7.5 0

In order to show the height-gain relations, the values
of received power at 20 miles have been taken from the
smoothed curves for each combination of transmitting
and receiving antenna height, and averaged over all the
runs. These were then normalized by taking ratios
(decibel differences) to the height combination which
was best, on the average. That is, the reference height
combination was 46 feet to 94 feet for 9 centimeters,

TasLe 11
AVERAGE ATTENUATION RATES FOR VARIOUS WIND CONDITIONS

9 Centimeters

3 Centimeters

Transmitting Antenna
16 Feet

Transmitting Antenna
Feet

Transmitting Antenna
16 Feet

Transmitting Antenna
46 Feet

Receiving Antenna

Receiving Antenna
Height, Feet

Receiving Antenna
Height, Feet

Receiving Antenna
Height, Feet

Height, Feet

Condition 14 24 54 94 14 24 54 94 6 14 24 54 94 6 14 24 54 94
General Ave. | 0.84 1.00 1.03 1.07 | 1.31 1.10 1.26 1.24 | 0.44 0.44 0.61 0.76 0.66 [ 0.51 0.51 0.55 0.91 0.82
Low Wind 1.38 1.49 1.55 1.44 |2.42 2.30 1.96 1.84 || 0.80 0.97 2.30 1.84 0.74 | 0.71 0.86 0.74 0.86 1.95
Normal 0.86 0.92 0.86 0.97 | 0.86 0.80 0.97 0.97 || 0.42 0.34 0.5} 0.69 0.69 | 0.46 0.51 0.51 0.74 0.74
High Wind 0.46 0.57 0.57 0.57 | 0.69 0.46 0.80 0.80 || 0.23 0.17 0.23 0.34 0.46 | 0.51 0.34 0.28 0.46 0.40

s It should be noted that this attenuation rate applies to a rela-
tion of the form

W= Wo.e—lJUﬂ(R—Bo)

(a)
where W is the received power density at the range R nautical miles,
Wo is the received power density at a range Ro nautical miles, and
« is the attenuation rate given in Tables I and II. For cylindrical
propagation such as takes place in a duct, a relation of the form

W = W, %e—uua' (R—Ry) (b)

would be expected, the factor Ro/R accounting for horizontal di-
verFenoe of the beam. It was found, however, that relation (a)
yielded a much better fit to the data than relation (b).

and 16 feet to 6 feet for 3 centimeters. These differences
are tabulated in Table III, and have been plotted
against the antenna heights on Figs. 12 and 13. In this
way, a representation of the average height-gain distri-
bution is obtained for the two frequencies used.

From Fig. 12, which shows the distribution of 9-centi-
meter signal level with height, it can be seen that the
gain increased continually with height up to the 94-
foot level, which was the highest height available. The
gain obtained using the 46-foot transmitting antenna
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instead of the 16-foot antenna is in the order of 10
decibels. The fact that the signals continue to increase
all the way up to the highest height shows that the
9-centimeter waves are not strongly trapped in the
duct, but leak rather badly. From this, it follows also
that only a single mode is propagated in the duct.
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The 3-centimeter average height-gain curves on Fig.
13 show quite a different behavior. Here the effect of
more complete trapping is rather clearly evident. The
saddle-shaped curve having two maximums, one at 6
feet, the other around 60 feet, indicates that-at least
two modes are trapped. The optimum height is 6 feet
(or below) on the average, while a pessimum height is
indicated at about 30 feet. These are average results,
of course, and on individual runs deviations from this
behavior were observed. It has already been pointed
out that on some occasions the 14-foot height gave the
strongest signals. In one case the strongest signals oc-
curred at the 24-foot height. In general, these condi-
tions were associated with periods of low wind.

The 8-foot-height transmitting antenna has not been
drawn into the comparisons on the height-gain plots
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because so few data were available. In order to judge
the performance of this height relative to the others,
the received power levels at two ranges, 40 and 70
miles, have been tabulated for the various transmitting
heights. Table IV gives a summary of the levels, ex-
pressed in decibels below the free-space levels, at the
40- and 70-mile ranges. The variations in received signal,
referred to this level, for the 8-, 16-, and 46-foot antennas
transmitting to the 6-, 14-, 24-, 54-, and 94-foot receiv-
ing antennas indicate the increase in gain of the very
low heights over the 46-foot height. However, there is
only one point where the 8-foot combination affords
any advantage over the 16-foot combination, and the
gain in that case is so small as to be within experimental
error. Other comparisons between the two agree within
the same limits. A summary of all the combinations

TaBLE IV

POWER LEVELS IN DECIBELS ON A=3 CENTIMETERS FOR 8 AND
16-FooT TRANSMITTING HEIGHTS NORMALIZED TO FREE SPrACE

Power Level in Decibels Above Free-Space I.evel

I}\eceiving ﬁ ————— — e
ntenna pril 10, 11, 1945 G s
Hgight, Transmi}tin Antenna rransn.l}tlt;inggh?ntenna
eet Height
8 feet 16 feet 8 feet 16 feet 46 fect
R =40 miles:
6 + % - 23 + 33 + 4%
14 = { 11 + 77 4+ 71
24 — 2} 1 — 33 - 2%
54 - 81 _ 53 —132 - 1}
94 16 — 91 — 6} — 63
R =70 miles:
6 - 3 ~ 5 + 2 + 3 -2
14 -5 = 4 = g = {l -5
24 = 7 — 43 -1 -5 -6
54 —19 —~10 —15 —13 —18
9 213 —16 —17 —16 —21

|
|
|
|

shown, therefore, scems to indicate that the optimum
height for 3-centimeter transmitting antennas lies be-
tween 8 and 16 feet, for the particrlar conditions then
prevailing.

Ininterpreting these results, it is important to bear in
mind that the heights of the transmitting antennas
actually were not constant, due to the rolling motion of
the ship. The average amount of roll was between 15
and 30 degrees, depending on the roughness of the sea,
with peaks as high as 50 degrees. Since signal peaks
were scaled, from the records, the height of transmitting
antenna vyielding these peak values may actually be
somewhat less than the nominal values stated.

RADAR MEASUREMENTS

In the observations which were made with the 3-centi-
meter airborne search radar, the normal sector scan was
not used, the antenna being trained manually through
a rope-and-pulley arrangement. Thus the radar meas-
urements apply to “scarchlighting” illumination of the
target.

With the radar set up at the base of the tower, several
runs were made to determine maximum ranges and the
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variation of echo level with range. The echo strength
was measured by means of a test set which injected an
artificial echo into the receiver through a directional
coupler. Then, by matching the target and test-set echoes
on the A scope (which displays echoes on a linear range
scale), the received signal strength was evaluated. Be-
cause of the violent fading of the echo, it was difficult
to do the echo-matching, and the method gave rather
rough data. In making the signal strength measure-
ments, the ship was maneuvered on an S-shaped course
so as to present broadside aspects at periodic intervals
of range out from the tower. )

In order to verify the one-way results on the effect of
antenna height on received signal, observations of re-
ceived-echo-level variation with range were made with
radar antenna heights of 15, 50, and 90 feet above sea
level. All these observations were restricted to the test
ship, which was the only target available at the time. At
the same time, maximum range of sea return, or “clut-
ter,” was determined at each height. The sea-clutter
observations were made on the plan-position-indicator
and A scopes. During one of these runs, measurements
were made with a 48-inch dish replacing the regular
radar antenna, in the hope that greater ranges would be
obtained.

On the leeward side of the island, the radar truck was
stationed at four different positions, with various
heights above sea level. Observations on islands and
available ship traffic from heights of 10, 15, 75, and 100
feet were possible. During the period of observation,
several small islands and only one ship were detected
from the vantage points selected. The locations avail-
able were disadvantageous because of the island’s
topography on the leeward side.

Calibrations similar to those made on the one-way
antennas were made using the radar antenna. These in-
cluded measurements of antenna gain, test-set calibra-
tion, and insertion loss of the directional coupler.

The values of received echo from the ship were
plotted against range and average attenuation rates
smoothed therefrom, as was done in the one-way meas-
urements. The results are shown in Table V.

TaBLE V

MAXxiMUM RANGE AND ATTENUATION RATES ON
3-CENTIMETER RADAR

Radar Antenna dP/dR Maximum Range
Height (decibels per (in nautical
(feet) nautical mile) miles)
90 1.2 26.5
50 1.4 28.0
16 0.8 34.0
6 0.8 47.5

Although the radar measurement was quite difficult
and gave somewhat rough results, the slopes of the
curves for the lower heights were definitely lower than
for the higher heights. Also, the maximum ranges were in
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the order of decreasing height. These results are in
general accord with the results of the one-way transmis-
sion measurements.

The observations on the leeward (west) side of the
island gave scanty information, due to the scarcity of
ship traffic at the time. They did serve to show, how-
ever, that the duct is reformed on the leeward side, as
evidenced by the detection of a ship at 45 miles. This
was obtained with the radar at approximately 75 feet
above the water. In this instance, a lower site from which
to make the same observation was not available, because
the island’s topography provided limited low-elevation
sites.

Echoes from islands lying to the west of Antigua
were the chief results of the observations on the west
side of the island. At a 15-foot height an island at 37.5
miles was detected with a very strong signal, but at a
100-foot height the same island gave only a weak echo.

METEOROLOGY

As an introduction to the low-level meteorology of the
Atlantic tradewind region, the following paragraph is
included as a description of the climate in question.

The significant feature of the climate at Antigua dur-
ing the late winter is its persistence. The weather is
determined largely by the position and strength of the
Bermuda High, a large, semipermanent high-pressure
area covering the Atlantic from 10 to 30 degrees north
latitude. The northeast trade winds blow around and
out of the southern rim of this high-pressure area.
With a few exceptions, the wind direction at Antigua
during the period of the experiment was east-northeast.
Once, for a period of three days, it went around to
north-northeast, and on two separate occasions it blew
from the east. Average daily surface wind speed was
16 knots, with occasional variations between 8 knots
and 27 knots. Representative air temperatures varied
between 74 and 78 degrees Fahrenheit; relative humidi-
ties between 60 and 80 per cent. The sea-water tem-
perature was reasonably constant at 77.5 degrees
Fahrenheit, with occasional variations between 76.5 and
78 degrees. No significant horizontal gradients of sea
temperature were found. Precipitation was wholly in
the form of showers, with a maximum frequency of
occurrence around sunrise. Periods of relatively dry
weather followed by periods of relatively showery
weather and accompanying transitions were experi-
enced. It is felt that these variations were caused by
fluctuations in the intensity and position of the Ber-
muda High, or by the trough effects ahead of dissipating
cold fronts.

Low-level metecorological measurements were made
principally at two locations; namely, aboard the ship
and at the receiving tower. Aboard ship, soundings were
taken at the rate of approximately one per hour by two
methods; the first, by means of a halliard which ran from
the outboard end of the main yardarm to a 15-foot
boom extending out from the ship’s side approximately

.
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amidships; the second, by means of a captive balloon
flown from the fantail. Halliard soundings were used to
make detailed measurements of temperature and hu-
midity at levels below 44 feet. It was found that meas-
urements below 14 feet were impracticable hecause of
the heavy seas and the accompanying ship's roll and
large amounts of spray, With winds averaging around
15 knots, all types of soundings were out of the question
when the ship was moving into the seas with a speed of
10 knots; the spray and, in many cases, solid water and
the motion of the ship made low-level soundings impos-
sible. It was found, however, that with proper precau-
tions against the effects of radiation from the ship and
the sun and against salt spray, psychrometric observa-
tions could be obtained on the signal bridge at an eleva-
tion of 20 feet. These observations, together with wind-
speed measurements made with a hand anemometer
which would be moved to the optimum location for the
particular attitude of the ship, and measurements of the
sea temperature, were taken hourly on all outgoing runs.
Sea teinperatures and winds were, of course, recorded
inbound as well. '

All soundings were made with Washington State Col-
lege equipment.? Due to the large sensitivity of the
temperature and humidity elements, most of the turbu-
lent short-time variations in temperature and relative
humidity were indicated on the meters. Wide fluctua-
tions of the order of plus or minus one-half a degree
Fahrenheit for the temperature and plus or minus three
per cent for the relative humidity were observed at a
given height above the water. These fluctuations were,
in some cases, greater than the average total change
between the lower and upper heights of the halliard
soundings. Consequently, one was faced with the prob-
lem of obtaining the average temperature and humidity
from observations which showed wide variations of tem-
perature and humidity over a period of several minutes.
The most satisfactory method seemed to be the record-
ing of six to ten meter readings at each level and taking
the arithmetic average.

Since ship soundings were impractical except when
running with the wind, aeration of the elements in the
radiation shield proved difficult when the relative wind
became small. Balloon soundings proved equally rough.

Meteorological measurements ashore consisted first
of soundings made on a halljard rig which ran from a
pole at the top of the tower to a point at the water’s
edge. Readings at about one foot were made by holding
the instrument over the water. Kite soundings made
beside the tower furnished temperature and humidity
information up to heights averaging 600 feet, with oc-
casional soundings to over 1000 feet. Tower soundings
were made every two hours, kite soundings every eight
to twelve hours. Other equipment included two ane-
mometers mounted on the windward side of the towers,
one at 10 feet, the other at 100 feet; hygrothermographs
were installed on the tower at the 10-, 20-, 50-, and 90-
foot levels. For a short period of time, a halliard rig was
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installed on a 50-foot windmill about three-quarters of
a mile inland from the beach.
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Fig. 16—Sample M curve for March 2, 1945, sounding.

The same turbulent fluctuations in temperature and
humidity were observed on the tower soundings that
were found at sea. The data were taken in a similar
manner. Effects of the radiation from the narrow strip
of ground between the tower and the water were noted,
particularly in the daytime. Individual soundings
showed a tendency to give much warmer temperatures
in the region between 20 and 50 feet in the daytime than
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at night. The lower and upper portions were not af-
fected as severely. Unreasonable variations of tempera-
l
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February 28, 1945, 1900 ship sounding.
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ture with height were found to be common, particularly
in the daytime. Unreasonable humidity curves were not
as prevalent, probably because the humidity drop with
height was more pronounced than the temperature
drop. Also, the sounding equipment allows only a sec-
ond-order effect of temperature on mixing ratio.

In addition to the schedule of soundings given above,
a number of very-low-level soundings were taken, when
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time permitted between runs, at various locations and
with several techniques. On one occasion a sounding
from 10 feet down to 1 foot was taken 100 feet out from
the shore in front of the tower with the sounding instru-
ment attached to a pole. Another site chosen for special
low-level work was the end of a dock which extended
about 200 feet out from the windward shore of the
island. The third type of very low measurements was
conducted from the bow of the ship while anchored in
the lee of submerged reefs a mile or so to windward of
the tower. The radiation shield was held out on the end
of a long pole ahead of the ship and various heights from
20 feet on down were investigated. The results of these
independent measurements will be given later.

The weather regimes encountered fall into a number
of categories; the soundings have been examined ac-
cordingly. During the entire period of observations, a
simple surface duct was found to exist over the water.
From the second week in February through the third
week in March, and again in the first week of April,
synoptic and duct conditions appeared reasonably con-
stant. Surface winds during these periods were of the
order of 15 knots from the east-northeast, the trades
being well developed. This condition will henceforth
be referred to as the normal condition. Figs. 14 through
19 show typical and mean soundings for this condition;
Figs. 14 through 16 are soundings made ashore; Fig. 17
was made aboard ship; and Fig. 18 consists of two very
low-level soundings, one made at the dock, the other
aboard ship while anchored off shore. Fig. 19 shows
other very low-level data. The sounding made 60 miles
off shore is of doubtful validity due to poor aeration.

In order to minimize the roughness of the soundings,
and for the purpose of correlation with the radio data,
the recorded temperatures and humidities at each
height have been averaged and used to compute the
corresponding values of modified index of refraction, or
M, from the averages. All water surface temperatures
and the derived mixing ratio and M values at the sea
surfzce were taken from water temperature as measured
aboard the ship. Examination of the sea-temperature
records indicated no significant horizontal gradients
except within 50 to 100 feet from the beach. Tempera-
tures inside the submerged reefs which lay about five
miles off shore were not found to differ from those at
sea.

Certain features of the normal case may be pointed
out. The duct height (the height of the minimum value
of M, or “nose” of the M curve) appears to be at about
40 feet. The gradients of both temperature and mixing
ratio, particularly the latter, are extreme in the first
foot above sea level. Reference to Figs. 18 and 19 will
show that the kink at the one-foot level is not confined
to soundings made at the tower site. Undoubtedly the
roughness of the water plays a large part in determining
the shape of the lower portions of the temperature and
mixing-ratio curves. The waves at both the dock and
anchorage position of the ship were about 1} to 2 feet
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high, while at the beach they were somewhat less. In the
open ocean, of course, the seas were considerably higher,
running from 4 to 8 feet, depending on the wind speed.

The important quantity in determining the extent of
trapping is not the value of M, but the total decrease of
M in the portion of the M curve of negative slope. This
total decrease of M is called the M deficit. In the light of
the sharp gradients found below one foot and the lesser
gradients above, it was found convenient to divide the
temperature, humidity, and M deficits into two por-
tions: total deficits are the values at the sea surface
minus the values at the nose of the M curve; effective
deficits are the values at one foot minus the values at
the nose.

The effects of the heating from below by the land be-
tween the tower and the water’s edge are shown on the
temperature plots in Fig. 14. The circles are the average
of the measured values for the daytime period. A curve
joining these points appears utterly unreasonable for a
simple unstable case over water, and it is felt that such
a curve as is described by the points is the result of
localized heating. The temperature curve obtained after
sundown appeared plausible.

Considerable help in evaluating the representative-
ness of the shore data was derived from the psychro-
metric measurements made aboard ship when running
into the wind. These showed that the air at 20 feet was
colder than the water. An examination of the diurnal
variations ot air and sea temperatures was made. The
air temperatures were measured with care to avoid
heating of the thermometer by the sun or by radiation
from the ship. It appears that despite all the precautions
that were taken, the diurnal variation of air tempera-
ture, both over a two-month period and over one 24-
hour period, was larger than current belief calls for.
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Soundings made to heights in the vicinity of 600 feet,
both on the ship and ashore, show no evidence of the
existence of any higher ducts. The tradewind inversion,
with .its accompanying sharp decrease in moisture
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through the inversion, was shown by radiosonde observa-
tions to be present at all times at heights between 5000
and 10,000 feet, depending on the synoptic condition.

Turning to variations from the normal conditions,
the qualitative effect on the low-lying duct of changes in
wind speed will now be discussed. Fig. 20 is an example
of the low-wind condition. The change in duct height
is not too clear, but the heights appear to be lower for
the lower winds. In addition, while there is little change
in the total M deficit, the effective M deficit has in-
creased.
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High winds produced further changes in the M curve.
Fig. 21 shows a pronounced decrease in the effective A
deficit, a less pronounced increase in duct height, and lit-
tle change in total Af deficit when compared with the
curves for the normal condition.
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The other major change in the weather was the influx
of air which was either dryer or more moist than under
the normal condition. Iig. 22 is an example of the M
curve under dry conditions, Fig. 23 under moist condi-
tnons..'l‘he principal difference between the two is the
large increase in total M deficit when the air was dry.
This, of course, is to be expected.
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During several periods of measurements, rain squalls,
which varied in intensity from heavy showers to light
intermittent rainfall, were present over the radio trans-
mission path. These squalls at times covered a large
part of the path, as evidenced from the precipitation
echoes present on the radar. Soundings taken just prior
to their development and almost immediately follow-
ing their dispersion showed great similarity of duct con-
ditions. On one occasion a storm at sea was present
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Fig. 23—Modified index curve for 1900, April 11, 1945.

over the path and observed to be moving in over the
island. At this time a sounding happened to be in
progress. The expected increase in moisture content of
the air developed with the presence of falling rain drops,
which at first were not heavy enough to prevent com-
pletion of the sounding. The sun was intermittently ob-
scured, thus causing a fluctuation of readings, in par-
ticular of temperature, probably due to radiation ef-
fects. However, smoothing over this effect by using the
averaging method, normal lapse rates of temperature
and mixing ratio, and resulting M curve, were found.

In order to evaluate the effect of the island on the
low-lying duct, soundings were made inland from the
tower, and aboard ship to leeward of the island. These
soundings showed that the duct was destroyed within
the first one-quarter to one-half mile from shore (in the
daytime), but was completely restored at two miles off
shore on the leeward side. Unfortunately, shallow water
prevented the ship from coming in closer to the leeward

side of the island to check restoration of the duct in de-
tail.

Analysis of Meteorological Dala

In the following paragraphs there is presented a num-
ber of plots of various meteorological parameters relat-
ing to the formation and behavior of low-lying ducts
over the ocean. The validity of the results of such an
analysis is dependent primarily on the validity or repre-
sentativeness of the data used. In the light of observed
influences which are disturbing go the representative-
ness of the measurements, such as radiation effects, the
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presence of salt spray, and poor judgment in the use of
equipment or in evaluating average values of tempera-
ture and humidity of a medium whose properties are
turbulent, the analyst of such data faces many ob-
stacles. Suffice it to say that the data were the best ob-
tainable under circumstances which were at times ad-
verse to the meteorologist. For example, the values of
temperature and humidity at a height of one foot above
the water surface are difficult to obtain over the open
sea. When such measurements are made in smoother
water the immediate reaction is to condemn them as
nonrepresentative of rough water conditions, a per-
fectly justifiable remark. However, as a first-order ap-
proximation, it is believed that measurements made
over relatively calm water aré better than no measure-
ments at all.

Because of the dimensions of the ship available,
reasonably accurate soundings above 44 feet were not
made. The necessity of maintaining a heading either
directly into the wind or directly with the wind for pur-
poses of obtaining radio data, together with the state of
the sea, confined shipboard soundings to those times
when proper aeration of the radiation shield and proper
sampling of representative ocean air were hindered by
low relative winds and sometimes large effects of the
ship on the air being sampled. Thus, the ship data, with
the exception of the psychrometer observations made at
one level while heading into the wind, and sea-water
temperature and wind-speed measurements, are of
limited accuracy.

Ashore, the air sampled at the tower was most cer-
tainly modified by the land immediately in front of the
tower and probably by the smoother water that lay
along the shore. Turbulent variations in temperature
and humidity were correspondingly large at the tower
site. On the other hand, the operational advantages of a
shore-based sounding station are obvious. Attempts to
obtain very-low-level measurements over the water
were a compromise between questionable measurements
at the tower or near-by sites and no measurements over
the open sea.

Turning to the plots, it was found that the most suc-
cessful results were obtained by using the average of a
number of observations under a given weather regime.
The use of individual soundings in the raw or un-
smoothed form turned out to be hopeless. Attempts at
smoothing the M curves directly would, in many cases,
mask the existence of temperature and humidity rough-
nesses which were out of phase. Therefore, the tempera-
ture and mixing-ratio curves were smoothed separately
and the corresponding M curve computed. Such a prac-
tice is subject to considerable human judgment in de-
termining the smooth curves. Furthermore, slight
changes in the slope of the mixing-ratio curves would
manifest themselves in significant changes in the slope
of the M curve. The evaluation of the height of the duct
by the smoothing method was subject to considerable
guesswork on the part of the analyst, as changes of the
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same order of magnitude as the sensitivity of the meas-
urement of mixing ratio at a given height, introduced
by smoothing, would often determine whether the slope
of the M curve was positive or negative.

In estimating the accuracy of the psychrometric
measurements made aboard ship, one must remember
that the procurement of dry- and wet-bulb temperatures
accurate to one-tenth of a degree Fahrenheit is most
difficult and not easily checked. The tolerance for these
readings is probably of the order of plus or minus three-
tenths of a degree Fahrenheit, and plus or minus one- to
two-tenths of a gram per kilogram for mixing ratio. The
tolerances of the temperatures and mixing ratios ob-
tained from the Washington State College sounding
equipment are at best plus or minus two-tenths of a
degree Fahrenheit for temperature and plus or minus
one- to two-tenths of a gram per kilogram for mixing
ratio, neglecting entirely the disturbing influences of
turbulence and radiation. It is clear, therefore, that for
measuring differences of temperature and mixing ratio
of the order of a few tenths of a degree or a few tenths of
a gram per kilogram, respectively, the sounding équip-
ment is somewhat inadequate. It is with the above re-
marks in mind that the correlation plots must be exam-
ined.

An attempt was made to determine whether the dif-
ference between the sea temperature and that of the air
above was connected with the force of the wind. A plot
versus wind speed of sea temperature minus the air
temperature at 20 feet showed no correlation. A similar
scattering appeared when a plot of sea-air mixing-ratio
difference versus wind speed was made. These plots did
show, however, that there appears to be a critical wind
speed above which the humidity deficit takes a sudden
jump for a small increase in wind speed. The critical
wind speed becomes greater as one approaches the con-
dition of neutral equilibrium, where the temperature
deficit is zero. At all wind speeds, the larger the tempera-
ture deficit, the larger the humidity deficit. The critical
wind speed appears in each case to lie between 15 and 20
knots. It might be noted that this is about the wind
speed at which waves in the open sea begin to break.

The remaining plots are the result of an analysis of the
soundings themselves. In most cases, the data are taken
from the soundings made on the tower. It was necessary
to confine the analysis to these soundings because most
of the shipboard soundings did not reach above the duct,
and it was impossible to obtain very low measurements
at sea. It was found to be advisable to use the values of
duct height, effective M deficit, total M deficit, and
derived parameters averaged over a 2- to 23-day period.
Some of the plots contain values of the parameters ob-
tained from individual soundings which were smoothed
in the manner mentioned earlier in the paper.

The variation of effective M deficit (the difference be-
tween the values of M at one foot and the minimum A1)
with wind speed is shown in Fig. 24. In general, the two
tend in opposite directions. Fig. 25 presents a plot of
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the ratio of duct height to effective M deficit versus
wind speed. Here a trend in the same direction is indi-
cated. The scatter in this diagram can be attributed
largely to the difficulty in obtaining an exact value of
the height of the duct due to the rather gradual re-
curvature of the M curve at the nose. In Fig. 26 plots of
the variations of effective M deficit with duct height and
wind speed show that there appears to be a critical
value of wind speed of about 15 knots at which, for a
given duct height, the variation of effective M deficit
with wind speed changes sign.
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Figs. 24 and 25 should prove useful for evaluating
such quantities as duct height, effective M deficit, and
total M deficit for purposes of prognosticating the
dimensions of a simple surface duct found over water.
It must be remembered, however, that any extrapola-
tion of the data to regions of the world where the sea-
air temperature difference is large is likely to prove un-
wise. When the sea-air temperature difference is sig-
nificant, conditions of neutral equilibrium no longer
hold, and the stability of the boundary layer plays an
increasingly important role in the vertical distribution of
M in the boundary layer.

CORRELATIONS

In the analysis of the radio and meteorological data,
attempts have been made to draw what correlation may
be present from the averaged results. In establishing a
basis for such an analysis, it was evident that an average
of the recorded observations had to be made if any
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pertinent information was to be drawn out of the com-
parison. The data in the unsmoothed form offered too
many variations caused by indeterminate factors in the
methods of making both the radio and meteorological
observations. Even after taking the smoothed data and
comparing plots of meteorological information possibly
related to the radio plots for the same period, the prob-
lem of making any correlation is somewhat complex.
However, the available data have been analyzed with a
view toward determining what quantitative or qualita-
tive information is present.
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With this in mind, plots of the rates of attenuation in
decibels per nautical mile for each antenna combination
for both 9 and 3 centimeters over the seven-week period
were made from the radio data. Similar plots showing
the variation in the power level at 20 miles over this pe-
riod were made. To correlate with the meteorological
findings, the variation of the average values of effective
M deficit, total M deficit, slope of the M curve below
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the nose, using both the effective and total M deficit,
and the wind speeds as measured on the ship and shore
were compared with these signal records. From the re-
sults of these comparisons, it appears that the only pos-
sible meteorological factor which can be expected to
show clear interdependence with attenuation rates and
signal level is the wind speed. Figs. 26 and 27 show such
comparisons. These are chronological plots of signal
strength at 20 miles, slope in decibels per nautical mile,
and wind speed. It is apparent that, on the whole, both
signal strength and slope show correlations with wind
speed, higher winds giving stronger signals and lower
slopes.

CONCLUSIONS

Several significant deductions are apparent from the
results obtained during these experiments. A summary
of the more important of these is given below.

An extremely low-lying surface duct, averaging in
height between 20 and 60 feet over the sea, persists in
the trade-wind regions. The height and strength of this
duct vary with wind speed, the lower wind speeds (8 to
15 knots) producing a low, moderately strong duct,
while higher winds (20 to 30 knots) produce a higher but
weaker (smaller M deficit) duct. Changes in wind speed
have no clear effect on fotal M deficit, which is deter-
mined essentially by the temperature and humidity of
the air mass as a whole. Passing squalls and rain showers
do not wipe out the duct or decrease the received signal
strength. The duct is not present over land, but is de-
stroyed within about one-quarter mile in from the wind-
ward shore. The duct is reformed on the leeward side of
small land masses, such as small islands within several
miles beyond the coast line.

Transmissions of sufficiently high frequency can be
trapped within such ducts, so that it is possible to trans-
mit such frequencies successfully to far beyond the
horizon with appropriately located antennas. Signal
strength and attenuation rate appear to be related to
wind speed, stronger winds resulting in stronger signals
and lower attenuation rates, in general. On 9 centi-
meters, stronger signals are obtained with higher an-
tennas, up to at least 100 feet. On 3 centimeters, how-
ever, antenna heights of very low elevation (6 to 15 feet)
give stronger signals and greater ranges. Radar perform-
ance is in accord with the results of the one-way trans-
mission measurements. The effect of the duct in trap-
ping these waves can be utilized with installations in-
land up to at least a mile from the shore, provided the
terrain is low-lying.

Measured rates of attenuation give higher values on
3 centimeters than expected on the basis of theory,
possibly due to scattering caused by the roughness of
the sea. This suggests that there may be an optimum
range of frequencies for utilization of these low ducts. On
9 centimeters, a marked, and as yet unexplained, de-
crease in attenuation rate takes place for distances be-
yond about 80 miles.
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Broad-Band Noncontacting Short Circuits
for Coaxial Lines

Part 1.

TEM-Mode Characteristics*

WILLIAM H. HUGGINSY, ASSOCIATE, IR.E.

Summary—This paper discusses the factors that must be con-
sidered in the design of an S-type noncontacting plunger, which will
present an effective short circuit to the TEM-mode in a circular co-
axial line over a frequency tuning ratio of 3 to 1 or more Since there
are no sliding contacts, a coaxial resonator may be tuned an unlimited
number of times with this type of plunger and still remain free from
physical wear, “finger noise,” and mechanical hysteresis and drag.
It was the use of this type of plunger that made possible the develop-
ment of local oscillators which can be tuned an unlimited number of
times over a microwave frequency range as great as 2 to 1.

Subsequent Parts II and IIT of this paper will deal with the
analysis and methods of controlling the parasitic resonances which
may occur in a noncontacting plunger when the operating wavelength
is less than the circumference of the outer coaxial line.

INTRODUCTION '

HE CIRCULAR coaxial-line section is an ex-
Ttremely useful circuit element in the design of

microwave circuits which must be tunable over
a large frequency ratio. Applications of such coaxial-
line sections to oscillator resonators, radio-frequency
preselectors, and tunable filters have been reported else-
where.!

The principal advantage of the circular coaxial-line
section over other wave-guide shapes is that it possesses
a principal (TEM) mode which allows operation at fre-
quencies much lower than those required for propaga-
tion of the higher-order TE and TM modes. Hence, tun-
ing ratios of 2 to 1 or more are practicable in a coaxial
line, whereas in a rectangular wave-guide section, for
example, the allowable tuning range is considerably
less than 2 to 1.2

However, to fully realize the wide-tuning-ratio fea-
ture of the coaxial-line section, it is necessary to provide
a short circuit, the position of which can be varied
mechanically. The simplest form of short circuit is a
ring {or plunger) having spring fingers which make a
sliding metallic contact between the inner and outer co-
axial conductors. While a plunger of this type is prob-
ably satisfactory for applications requiring only a few
tuning operations, when the coaxial-line section is to be
tuned roughly 1,000,000 times the unavoidable me-
chanical wear is almost certain to produce erratic per-
formance, a change in frequency calibration, and tuning

* Decimal classification: R141XR310. Original manuscript re-
ceived by the Institute June 19, 1946; revised manuscript received,
September 18, 1946.

t Communications Laboratory, Cambridge Field Station, Air
Materiel Command, Cambridge 39, Massachusetts. This paper is
based in part upon work done for the OSRD under Contract No.
OEMsi-411 with the President and Fellows of Harvard College.

! Radio Research Laboratory Staff, “Very-High-Frequency Tech-
niques,” McGraw-Hill Book Co., New York, N. Y., 1947,

? Greater tuning ratios may be obtained, however, by using a
ridged wave guide.

“noise.” Furthermore, the contact resistance may be so
great as to prohibit this type of short circuit, particu-
larly at the very short wavelengths where line dimen-
sions are necessarily small and the surface resistivity is
large. The finger-contact power loss may be reduced by
incorporating appropriate transmission-line sections
ahead of the fingers to transform the contact resistance
to a much smaller value. Although choke joints incor-
porating this principle have been used extensively in
equipments tuning over a narrow range, there is a
widespread notion that such circuits are inherently nar-
row-band devices and that tuning ratios in the order of
3 to 1 are impossible to obtain,

It is the purpose of this paper to present a discussion
of the factors that must be considered in the design of a
noncontacting plunger which can simulate an effective
short circuit to the 7E1f mode over a frequency range
of 3 to 1 or more. Since there are no sliding electrical
contacts, a coaxial line may be tuned an unlimited num-
ber of times with complete freedom from physical wear,
tuning noise, and mechanical mysteresis and drag.

This paper will be divided into three parts: (I) TEM-
Mode Characteristics; (I1) Parasitic Resonances in the
Unslotted Plunger; and (ITT) Control of Parasitic Reso-
nances. The plunger theories were evolved during the
development of wido-tuning-range reflex oscillators, and
the examples presented herein relate for the most part
to that application.

TEM-Mobk CHARACTERISTICS

The principal function of the plunger is to close off the
coaxial line and reflect completely all energy in the in-
cident wave which impinges upon it, Actually, a plunger
can only approximate this ideal behavior because there
will always be some loss of power. This power loss is of
two kinds: the surface power loss that arises from the
surface resistance of the conductors forming the coaxial
line and plunger, and the leakage power loss due to
energy which escapes past the plunger into the rear
cavity. The practical design of the plunger is such that
these two losses are more or less independent of each
other, and it is therefore possible to calculate each by
ignoring the other and then to combine the losses thus
calculated to obtain the tota] power loss.

In order to treat the plunger as a ‘circuit clement,
it is convenient to consider the plunger as presenting a
plunger input impedance, Z,=R,+jX,, at its “face.”
The plunger input resistance R, is simply equal to the
total power loss divided by the square of the effective
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current at the plunger face. Hence, the plunger input
resistance may itself be expressed also as the sum of two
components: that due to “surface” energy losses, and
that arising from rear-cavity leakage losses. As usual,
it has been found convenient to normalize the plunger
impedance with respect to the characteristic impedance
R, of the coaxial line. The normalized plunger impedance
will hereafter be designated by lower-case symbols,
Zo/Ro=2,=1,+j%,.

Actually, for satisfactory performance the plunger
need not simulate a perfect short circuit. It is only nec-
essary that the power loss (i.e., R,5 be negligible; the
plunger reactance simply alters the position of the
equivalent short circuit. Thus the effect of a reactance
x, measured at the face of the plunger is equivalent to
that of a short circuit located 8, electrical degrees be-
hind the face of the plunger, where

6, = tan™! (x,). 1)

The total power loss in the plunger may be expressed
in terms of a power-absorption coefficient ¢ which is de-
fined as the ratio of the power absorbed by the plunger
to the power in the incident traveling wave. In terms of
the voltage reflection coefficient 7 at the plunger, this is

o=1—|r[ 2
and in terms of the normalized plunger impedance
rP+ij,

4r,

e Y

THE S-TYPE PLUNGER

The type of plunger that seems to offer the greatest
rear-cavity isolation over the widest tuning ratio may
have any of the forms shown in Fig. 1. These plungers

BRITISH “s" S CHOKE-BUCKET
wel™ /] L\ ==
FACE:

& - _ NP, 4
T 3

Las

\ yaul

r

Fig. 1—Cross sections of equivalent forms of the S-type plunger.

are all equivalent electrically in their behavior with re-
spect to the principal (TEM) coaxial mode and as a
class will hereafter be referred to as S-type plungers.?
These plungers do not touch either the inner or outer
coaxial conductors and hence they must be supported
from the rear by some sort of carriage which will main-
tain accurate alignment. For proper operation the clear-
ance between the plunger and the outer and inner con-

. 3The choke-bucket configuration may have a slightly greater
internal power loss. For a comparison of the S-type plunger with
other possible types, see footnote reference 1, chapter 32.
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ductors must be kept very small (0.010 inch being a
common clearance) and sporadic contact between
plunger and cavity must be avoided if proper operation
is to be obtained.

Transmission-line techniques may be applied in
analyzing the performance of these plungers, but first
the following assumptions will be made in order to sim-
plify the analysis:

1. The discontinuity effects are neglected and the vari-
ous parts of the plunger are replaced by sections of sim-
ple coaxial line. These line sections are all assumed to be
equal in length.

2. The spacing of each low-impedance gap is negligi-
ble compared to the spacing between the inner and outer
conductors of the main coaxial line. The characteristic
impedances of all low-impedance gaps are identical.

3. The thickness of the plunger walls is assumed to be
negligible. Hence, the characteristic impedances of the
“internal” line sections are equal to that of the main
line.

4. The section of coaxial line to the rear of the
plunger is terminated in its characteristic impedance.
This is equivalent to assuming that the coaxial line is
semi-infinite in length, so that any energy that “leaks”
past the plunger is not reflected back to the plunger.
(Although this assumption is not fulfilled in practice,
this assumption is necessary if the plunger characteris-
tics are to be independent of those of the rear cavity.)

On the basis of these assumptions, then, the equiva-
lent circuit for the S-type plunger appears as shown in

QR, tan ©
v, W = o
—
j R°
2,

|-—9’ —-II” |—~——’e——-—|

Q)

A S
:
l

5

J2R, tane6

R,
(b)l’ 5 2z, 2 N f:'ﬂ]}"o
===

Fig. 2—Equivalent circuits for the plungers shown in Fig. 1.

Fig. 2. In this diagram, the following nomenclature ap-
plies:
I,=current at front face of plunger
I,=current at rear face of plunger
8 =electrical length of transmission-line sections
E,=transverse voltage at front face of plunger
Ro=characteristic impedance of main coaxial line
Z,=characteristic impedance of low-impedance gaps
Z=impedance presented by internal section of
plunger.

The input impedance of the transmission-line circuit
shown in Fig. 2(b) may now be calculated using con-
ventional methods. It would be possible to include the
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internal losses due to the resistivity of the plunger and
conductor surfaces by introducing the appropriate
propagation factor for each transmission-line section.
This, however, would lead to a very complicated soln-
tion and, furthermore, would not indicate the division
of the power losses. Therefore, we shall make two calcu-
lations. The first calculation will be for the energy that
leaks past the plunger and is absorbed by the rear of
the cavity (i.e., by Ry). The slight losses in the transmis-
sion-line section may be neglected in making this cal-
culation since they will have only a negligible effect on
the current in R,. Finally, the internal losses will be
calculated from the idealized current distribution over
the conductor surfaces.

R,
Vg = — = —————
P Ro

INrUT REACTANCE AND REAR-CAvVITY
POowER LEAKAGE

The input impedance of the circuit of Fig. 2(b) may
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[cos 26 — m tan 6 sin 20]? +
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of the plunger and also the plunger resistance r,. Prac-
tically, however, it is found that r,&<x,, and for calcu-
lation of r, the accuracy of (6) is not good. An expres-
sion for the plunger resistance w hich yields much better
accuracy may be obtained as follows:

Since the internal losses are zero, all net energy flow-
ing into the plunger must eventually be dissipated in
the rear-cavity termination. Hence,

R,|1,|? = Re| I| (7)

But the second row of (S) expressed I, in terms of I,
Substituting this relation into (7) and dividing out (/,)?
gives

1
. (8)
m?[sin 20 — m(1 — cos 26) tan §]?

For the practical case where m>>1, the first term in the
denominator of (8) may be neglected over the useful
range of operation and a good approximation is

be most easily obtained by multiplication of the _ fr,\“ - ) __1_ - . (8a)
matrices for the individual four-terminal networks.4 " Re ™ m[mtan6(1 — cos 20) — sin 20]?
E, cos 0 |72Z,sin 6 1 [j2Rotand| | coso [j2z,sine 1 Ro [[o] o
- . ] . .
I, J_sino| coso 0 1 ! -]—sin(U cos 8 0 1 ‘ I |
2Z, || 24, 1 [

Multiplying out these matrices, and performing vari-
ous algebraic and trigonometric simplifications, one ob-
tains:

_—
E,

I,

where m is the gap-impedance ratio, Ro/2Z,. The two
equations contained in (5) may be used to calculate the
input impedance of the plunger (assuming, of course,
perfect conductors). Since with perfect conductors the
tangential voltage drop across the face of the plunger is
zero, the transverse voltage at the plunger is simply the
gap voltage E,, and the plunger impedance is the ratio
E;/I,. By using (5), the plunger impedance is expressi-
ble in terms of gap-impedance ratio m and the parameter
y=tan 0 as

2
[1 = (1 + 2m)y?] +j[—+ 2]¢
Zy m

L - — S— — . (6
Ro  [1 — (14 2mW?] + j2m[1 — my?]y (©)

-Equation (6) may be used to calculate the reactance x,

¢ Paul I. Richards “Applications of matrix algebra to filter
theory,” Proc. LLR.E., vol. 34, pp. 145-150P; March, 1946.

i 1 S
Ro[cos 26 — m tan 6 sin 20] + JjRo [— sin 20 + (1 + cos 26) tan 0]
m

T [cos 26 — m tan 6 sin 26] +_7[m sin 20 — m*(1 — cos 26) tan 5]— i

The resistance and reactance characteristics of a
typical noncontacting S-type plunger as calculated from
(6) are shown in Figs. 3 and 4. As these functions are

-Io (5)

e —— |

even- and odd-symmetric, respectively, about =90
degrees, they have been plotted only for the interval
0 <0 <90 degrees. Equation (8a) has been found to give
excellent accuracy over the useful frequency range of
the plunger. The plunger becomes antiresonant, how-
ever, at a very low frequency (corresponding to the
electrical length, 6,=1/+/m radian) and (8a) does not
apply in this region (see Fig. 3). (IFig. 10 shows how the
leakage resistance as calculated from 8(a) varies with
the gap-spacing parameter m for several different values
of electrical length 0.)

Experimental measurements of the plunger reactance
have yielded data that compare quite closely with the
calculated values shown in Fig. 4. The principal dis-
crepancy between calculated and experimental values is
that, because of the capacitive-loading effect of the dis-
continuities inside the plunger, the zero-resistance con-
dition apparently occurs at about = 80 degrees, instead
of # =90 degrees.

o~
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SURFACE-RESISTANCE PowER Loss

Throughout the normal operating range of the S-type
plunger, the input impedance of each of the rear low-
impedance gaps is negligible compared to the high-
impedance Z of the internal line section, and for the

IR
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Fig. 3—Typical plunger leakage as a function of frequency

(6 is proportional to frequency).

T
|
0.2 T
|
| |
00 —
o | // :
x | |
5 -0.2 /1
5
s CALCULATED FOR TYPICAL _|
« l VALUE OF me 18,6
. -0.4 —
o
z
>
«d
a
-0.8
-08
o 20 40 60 80

ELECTRICAL LENGTH, © -~ DEGREES

Fig. 4 —Typical plunger reactance as a function of frequency
(6 is proportional to frequency).

practical purpose of estimating the current distribution
over the plunger surfaces, we may assume that the rear
low-impedance gaps are equivalent to perfect short cir-
cuits. Hence, if the internal high-impedance line section
were unfolded, both inner and outer plunger gaps when
viewed from the face of the plunger would have equiva-
lent circuits such as that shown in Fig. 5.

In terms of the current I, at the short-circuited end
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of the internal high-impedance line section, the current
and voltage at any distance x from the short circuit are

x
e, = jRol, sin—l—- (9a)
0x
i.= I, cos —l— (9b)
e |« 6 —
| .
|
; R, | L}
o- : |
INPUT — A o I
. P
le—— £ T £ i

Fig. 5—Equivalent circuit for approximating the current
and voltage distribution.

At the junction of the high-impedance with the low-
impedance line sections, the current and voltage are

E,. = jRoIz sin @ (10&)
Im = I;cosd (10b)

and at any distance y from this junction into the low-
impedance line, the current and voltage are

] 0
e, = (jRoI2sin 6) cos—l y + FZ (12 cos 6) sin —ly (11a)

j : .6 0y
iy = 7 (jRol sin 6) sin - y + (I2cos8) cos—l . (11b)

g

From (11b) the plunger input current is found to be

I, = [cos? 8 — 2m sin? 0]1.. (12)

Since m>>1, ordinarily, we shall use the approximation
— 1T

L~——> (12a)

" m(1 — cos 26) ’

If we now calculate the total power loss occurring over
all surfaces in the plunger region, the power loss thus ob-
tained when divided by I,? will be equal to the component
of plunger resistance arising from the surface losses. We
shall first calculate the power loss in the coaxial cylin-
drical surfaces and then in the radial surfaces. In the
following derivations, let

R, =surface resistivity =0.087/4/A for brass (A in

centimeters)
a =radius of inner coaxial conductor
b=radius of outer coaxial conductor

Ry =characteristic impedance of main coaxial line

Z,=characteristic impedance of gap sections

m = Ry/2Z,=gap-impedance ratio

n=2377 ohms=intrinsic impedance.

Cylindrical Sections

Both surfaces of the outer gap section are assumed to
have the same radius b, and both surfaces of the inner
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section are assumed to have the same radius a. The total
resistance per unit length for the low-impedance gaps is,
therefore,

1 1
R=R,2<—+ ) (13)

27a m

The power loss in the low-impedance sections is, there-
fore,

1]
P, = f Ri,Mdy (14)
[

where 4, is given by (11D). Evaluating (14); using
(12a); and dropping terms that are negligibly small
for m>1, one finds that

[ sin 20]
1 —
26

e ‘A-,,.[ 2.
[1 —cos20] °°

Py~ Rl - (15)

The total resistance per unit length of the high-im-
pedance sections is also given by (13). Hence, the power
loss is obtained from the current distribution given by
(9b) and the integral !

l
P, =f Ri.2dx
0

Rl[l+ sin 20] e (16)
2 20 r

Using equation (12a),

[1 " sin 20]
RI 20

o~ ——————==o/f P

T 2m? [1 - cos 262 °

Of the two losses, we see that P, is smaller than P,
roughly by the factor 1/m?, and that most of the loss,
therefore, occurs in the low-impedance line sections.

Radial Sections

There are five radial surfaces that also contribute to
the power dissipation. These are shown in Fig. 6. The

el Lol L L L ek TR W WY WIY)

Ltz 1t 2., !

A S Y BT A Gl S e Lo S awr vy a7 o sz ot 4

Fig. 6—Currents in radial surfaces.

resistance of a radial disk which short circuits a coaxial
line having a characteristic impedance Z, is simply

Zo Ry
— R, = —R,. (17)
] 377

Hence, the total power loss in the radial sections is
P, = (I, + 212 + 21,2 R g
r = b 4 2 m 377 []

+ (3 + cos 26) ] R
—[ m2(1 — cos 26)21377

R-T,%  (18)
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Here also we find that power loss across the front face
of the plunger is roughly m? times greater than the
power losses in the other (internal) radial segments
forming the plunger.

Total Surface Power Loss

The total internal power loss is the sum of the com-
ponent losses given by (15), (16), and (18). It is sig-
nificant that for the practical case of m>>1, nearly all
of the power loss occurs in the low-impedance gaps and
across the face of the plunger. Both of these losses are
substantially independent of the gap parameter m. In
fact, if we assume that the conductors are brass, the
total power loss may be approximated by

sin 20
| — ——
P D 231 X I()“‘R l_] 4+ oox 20 ; (19)
e = Xooeo— | 2 )
’ VA ol_ 1 — cos 20_] !

where the geometrical parameter x is defined as

_ ) (I 1 7
x_ln(b/a). a+7)' (20)

‘The component of the normalized plunger resistance due
to the surface losses of the brass conductors is, therefore,

I’ . sin 26 "l

231 X 108 20
e — s [I+2x- 1,_-C-0»52~0J.
Obviously, the surface losses for conductors other than
brass may be obtained by direct proportion of the

surface resisitivities of the conductor.

(21)

Total Powikr ABSORPTION

We now have sufficient data to calculate the power-
absorption coefficient of the plunger. The leakage re-
sistance given by (8a) is added to the surface-loss resist-
ance given by (21) to obtain the total plunger resistance.
The plunger reactance is known from (6). These values
when substituted into (3) give the power absorption
coefficient o.

Fig. 7 shows the power-absorption coefficient for a
typi(':al S plunger designed to operate from 7 to 14
centimeters in a 13- by 15/16-inch coaxial-line re-
sonator. The length / of the plunger sections is 1.7
centimeters and the gap parameter m is 18.6. The oper-
ating range of this particular plunger corresponds to
clectrical length 6 ranging from 45 to 90 degrees.

The data of Fig. 7 illustrate several important points.
First, it is apparent that the lowest loss will occur when the
electrical length 0 is considerably less than 90 degrees.
Hence, the minimum surface loss does not occur at
6=90 degrees (where the leakage loss is the least) but,
in the practical case, the minimum internal loss will oc-
cur at the long-wavelength limit of the tuning range.
Except for the change due to variation in surface
resistivity with frequency, the internal loss is nearly con-




1947

stant for electrical lengths less than § =90 degrees. But
for electrical lengths greater than =90 degrees and ap-
proaching 6 =180 degrees, the internal loss rapidly in-
creases because of internal resonance effects. This as-
symetrical behavior of the internal loss characteristic
is a very important consideration since it shows that, to
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Fig. 7—Power-absorption coefficient for typical brass plunger. 4,

total loss; B, surface loss components; C, rear-cavity loss com-
ponent; D, solid short circuit (shown for comparison).

obtain the least loss, the greater part of the working

range of the plunger should correspond to electrical -

lengths less than =90 degrees. To prevent excessive
rear-cavity leakage at these short electrical lengths,
however, requires a greater gap-impedance ratio m and
the extremely small gap spacings thus needed may not
be practical. Hence, the actual design must be a com-
promise between the maximum power absorption that
may be tolerated and the minimum gap-spacing that
may be maintained mechanically. The next section il-
lustrates these design considerations.

DesioN oF S-TyPE PLUNGER

The design of the S plunger is based upon the con-
sideration that the electrical length should be as short
as practical in order to reduce the internal power loss at
the high-frequency end of the tuning range, and that
throughout the tuning range the rear-cavity leakage loss
must be less than the internal loss by some reasonable
factor. The reason that the leakage loss as defined here
must be made less than the internal loss is that reso-
nance effects in the rear cavity may increase this loss by
several times. In actual practice, where dissipative mate-
rials may be placed in the rear section of the coaxial line
to reduce the Q of any resonance therein, an arbitrary
safety margin of 10 to 1 has been found satisfactory.
Therefore, we may empirically state that the gap-
parameter m should be such as to reduce rear-cavity
leakage resistance to 1/10 the value of the internal leak-
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age resistance at the low-frequency end of the tuning
range.

Inspection of Fig. 7 yields further design information
of a rather empirical nature. A reasonable compromise
between internal loss and gap spacing indicates that for
a 2-to-1 tuning ratio, the design length I should be such
that 8 varies from 45 to 90 electrical degrees. For a 3-to-1
tuning ratio, the electrical length / should be chosen so
that 8 varies from 40 to 120 electrical degrees. The selec-
tion of a plunger length [ still shorter than that recom-
mended above would yield practically no decrease in
internal loss and instead would increase enormously the
difficulties in maintaining the mechanical tolerances re-
quired for proper operation. Hence, a 2-to-1 tuning
ratio corresponding to 45 degrees <6 <90 degrees, and
a 3-to-1 tuning ratio corresponding to 40 degrees <6
<120 degrees are taken arbitrarily as “optimum” design
ranges.

For either a 2-to-1 or 3-to-1 tuning ratio, the internal
component of the plunger resistance at the longest
wavelength \; of the tuning range may be expressed ap-
proximately as®

231 X 10— [1 + 0.72x]
Po o ——— L .
SRRV ¥ .
We shall now determine the value’of m required to
make the leakage resistance (as given by (82)) equal to
1/10 or less of the internal resistance (as given by (22)).
It is obvious from Fig. 7 that, if the leakage resistance is
less than 1/10 of the internal resistance at the long-
wavelength limit of the tuning range (i.e., at 6 =40 de-
grees or 45 degrees), the leakage resistance will be much
less than that value over the remainder of the tuning
range. Therefore, by substituting the appropriate value
of § in (8a) and equating to 1/10 of the value given by
(22), one finds:
For a 2-to-1 tuning ratio, I=\;/8

(22)

1 4+ 0.72x7~1/4
mu0.5+14.5[ — ] 5 (23)
Y
For a 3-to-1 tuning ratio, I =\;/9
1 4+ 0.72x7~V4
m=~0,71+ 17.32 [~— ——] 5 (24)
VA

Fig. 8 shows (22), (23), and (24) in graphical form.
This figure may be used to design an S-type plunger
for minimum power absorption. An example of such a
design will now be given.

EXAMPLE

Let us design a noncontacting plunger for use in a
coaxial line having inner and outer diameters of 0.542
and 1} inches, respectively. The tuning range is to be
from 4000 to 8000 megacycles (i.e., from 7.5 to 3.7
centimeters).

§ This is (21) evaluated for 6 =42.5 degrees,
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Since the tuning ratio is 2 to 1, we have, by (20), (22),
and (23) or Fig. 8,

I = (7.5)/8 = 0.94 centimeter = 0.366 inches.

0.366 0.366 0.625
x=(cortoo)/ ===
0.271 0.625 0.271
. m = 15.1.
mFOR 3y _ | ?;
TUNING RATIO 5
20 — ooor &
SN
o 3
' . \\ — 3
£ N~ K
< Cmeor 20 ) / | R
t | TuNinG raTio __] A
= — 8
§ 0 / \‘Fo.ooos ?_
N CPLUNGER  RESISTANCE 2
5 AT LOW-FREQUENCY LIMIT ___ | ]
11/ |||
2 [T ]
: CONDUCTORS ARE ASSUMED | | L5
1{/ TO BE OF BRASS. f
,[ L o
4

o ] 2 3
(v + 0.2 X)45~ N’

Fig. 8—“Optimum?” design data.

The characteristic impedance of the coaxial line is
b
Ro = 60 In — = 50 ohms,
a

Hence, the gap characteristic impedances must not be
greater than

R
Z, = — = 1.66 ohms,
2m

For low-impedance gaps in which the gap spacing ! is
much smaller than the mean circumference ¢ the char-
acteristic impedance is approximated by Z,=nt/c.
Hence, the gap spacings ¢, and ¢, between the plunger
and inner and outer conductors are )

Z, e .
la =\— ) 2xa = —In (b/a) = 0.0075 inches.
n 2m
b .
ty = —In (b/a) = 0.0173 inches.
2m

A scale drawing of the final plunger is shown in Fig. 9,
where

! = 0.366 inch
D, = 2a 4 2, = 0.577 inch
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2b — 2ty = 1.215 inches
Sty = 0.087 inch.

Dy =
S

The dimension .S is taken arbitrarily as 5 times the larg-
est gap spacing. The plunger walls should be made as
thin as mechanically practical. From either (22) or Fig.
8 the normalized minimum plunger-resistance value js
found to be 0.00025.

— £ —Sf— £ —]
- > >~ "'Z
/
7 7
— —- /]
~— 2 —| £
D, o -- == 7-—
e 7 o
3 N ki |
oy
7 4
Yy ) 1

Fig. 9—Cross section of example plunger.

LARGE-GAP-SPACING DESIEN

In the event that the minimum plunger gap which may
be used is restricted by other tolerances in the system,
it may not be possible to obtain the value of m required
for the optimum design. Since the rear-cavity leakage
cannot then be reduced by using a large m value, it is
necessary to achieve the necessary rear-cavity isolation
by shifting the center of the operating range toward
6=90 degrees. In view of the fact that the rear-cavity
leakage is ideally symmetrical about =90 degrees, the
largest tuning range for a given rear-cavity leakage
will be obtained when the center frequency corresponds
to 8=90 degrees. Conversely, the greatest tuning range
will be obtained with the smallest value of m under
these conditions.

To illustrate, suppose in the example just considered
that the smallest clearance that could safely be provided
between the inner conductor and the plunger was 0.012
inch. In this event, the maximum possible value of the
gap-impedance ratio m would be

m o (204-: t“) In (b/a)

~ 05,

(25)

For_the optimum design previously considered, the
minimum plunger resistance was found to be 0.00025.
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Hence, satisfactory performance should be obtained in
this present case if we can determine a minimum elec-
trical length which will present for m =9.5 a rear-cavity

Pl ] ]
| |
\ _ EVALUATED FOR ___ 44— - -

© EQUAL TO | | {
il seey |
10 [~ a4k 1

1 1 —
| | |

| ]

41 TUNING RATIO

I
| | !

w45

|
138 T

.3 60°
LY nzo-} T — 311 TUNING RATIO —
720 | |
6* L 10ee} ,

LEAKAGE COMPONENT OF PLUNGER RESISTANCE, Tp

10
21
.. TUNING RATIO
w711+
1501
-7 | TUNING RATIO | -
0 — 5 — + —_t o —
| 1 L 1|
) 1) 10 18 20
GAP PARAMETER, m = R,/2Z4

Fig. 10—Plunger leakage as a function of gap spacing.

loss of 0.000025 (i.e., 10~*%) or less. Referring to Fig.
10, we find by interpolation that, with m=9.5, the
leakage loss will equal 10~ when § =57 degrees. There-
fore, the 4000-to 8000-megacycle tuning range will cor-
respond to a variation in @ from 57 to 114 degrees, and
the length of the plunger sections should be
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57
= <3_6—0> (7.5 centimeters) = 1.19 centimeters

= 0.467 inch.

To provide an additional safety margin, the outer gap
should be made as a small as is mechanically convenient.

CONCLUSION

We have shown that the power loss in the plunger is
of fundamental importance in determining the tuning
range and have derived equations showing how this
power loss is related to the physical shape of the plunger.
By using these relations in an inverse manner we have
derived formulas and plotted curves by means of which
a plunger may be designed to operate over a given fre-
quency range.

A word of caution must be interpolated at this point.
Although the analysis as presented thus far applies quite
properly to the principal wave in the coaxial line, we
have said nothing about the plunger behavior to higher-
order TE waves. As a matter of fact, we shall see in
Part II of this paper that parasitic resonances can occur
at wavelengths corresponding to submultiples of the
circumferences of both the inner and outer gaps. How-
ever, as shown in Part III, these parasitic resonances
may be suppressed by supplementary slots, and the
design of the plunger for proper behavior to the prin-
cipal mode is not changed. The design procedure de-
scribed above is still that employed to obtain the major
dimensions of the plunger and is in no way affected ap-
preciably by subsequent parts of this paper.

Velocity-Modulated Reflex Oscillator’

J. M. LAFFERTY{, MEMBER, LR.E.

Summary—A mathematical analysis of the mechanism utilized
by the microwave reflex oscillator in producing high-frequency os-
cillations from a direct-current beam of electrons is presented. A
gimplified small-signal theory is postulated in which the electrodes
are assumed to be ideal parallel planes and the electron motion is
rectilinear, uninfluenced by space charge. The finite transit time of the
electrons in traversing the modulator gap is taken into consideration.

From this theory are derived expressions for the velocity modu-
lation and the resultant current-density modulation of the beam by
action of a retarding field. An equation is derived for the fundamental-
frequency component of the current induced in the tank circuit. The
necessary conditions for the self-starting of oscillations are deter-

INTRODUCTION

F ALLTHE velocity-modulationoscillators, none
has become more popular than the single-gap

reflex type. This low-power oscillator has found
wide application as a local oscillator in superheterodyne

_* Decimal classification: R355.912.3. Original manuscript re-
ceived by the Institute, April 24, 1946; revised manuscript received,
July 29, 1946.

t General Electric Company, Schenectady, New York.

mined, and the minimum starting current is given as a function of
the tank-circuit characteristics and the optimum transit-angle values.
Equations are derived for the rate of change of oscillating frequency
with reflector voltage and beam voltage. To determine the amount
of electronic tuning possible, calculations are made of the range over
which the reflector voltage can be varied for a particular mode and
oscillations maintained. An efficiency curve is given for the conver-
sion of beam-current power to high-frequency power, and optimum
efficiencies are calculated for conditions in which the amplitude of
oscillation is small, Efficiency curves are also presented for the case
of large amplitudes when the transit angle of the modulator gap is
negligibly small.

radar receivers, and as a power source for experimental
bench work. The reflex oscillator has many advantages
where frequent tuning is required. Since there is only
one cavity resonator the tube structure is greatly sim-
plified, and the problem of making multiple resonators
track over an appreciable frequency range is avoided.
Frequency changes of as much as 15 per cent produced
by changing the resonator gap length are not uncommon
in present reflex-oscillator tubes. Small, rapid changes
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in frequency can be easily produced by varying the re-
flector voltage. Since the reflector is usually operated
so that it draws no current, automatic-frequency-con-
trol circuits may be casily adapted to the oscillator.

Despite the importance of these tubes, the literature
published on the subject has not been very abundant.1-¢
A complete analysis of the reflex oscillator would, of
course, be extremely complicated and, in general, can-
not be rigorously carricd out. However, by postulating
certain idealized conditions it is possible to determine
results which are of great help in understanding the
basic principles of operation. 1t is with this purpose in
mind that the following material is presented.

Operation of reflex oscillators with the reflector at
zero or positive voltages will not be discussed here. A
theoretical discussion of the Hahn- Metcalf reflex oscilla-
tor! with the reflector operated at zero voltage has ap-
peared in the literature.® A discussion of reflex-oscillator
operation with a positive voltage on the reflector has
been given in a paper by Wang.*

It will be assumed that the reader has an understand-
ing of the operating principles of the reflex oscillator,
and so a description of its operation will not be given
here.

Certain simplifying assumptions are made in the
analytical discussion which follows. The motion of the
electrons is assumed to be rectilincar and expressed by
means of the single space co-ordinate z which is at right
angles to the electrode system. The modulating elec-
trodes are assumed to be ideal parallel-planc grids with
a uniform radio-frequency field between then. Sideway
deflections or interception of the electrons by the grid
wires are disregarded. Space charge is assumed to have
no influence on the electron motion, and the initial veloc-
ity of the clectrons at the cathode is taken equal to
zero. Other assumptions are discussed in the text.

VELOCITY MODULATION OF THE ELECTRON BEAM

A simplified schematic diagram of the electrode ar-
rangement in a reflex oscillator is shown in Fig. 1. A
plane-retarding electrode reflector is placed parallel to,
and at a distance S from, a parallel-plane-grid modula-
tor. The modulator is at potential V, with respect to
the cathode, and a negative potential V., is applied to
the reflector. These potentials are assumed to produce a
retarding uniform field E=(V,— V.)/S in the interven-
ing space. The modulator grids are separated- by a
distance d between which a high-frequency field
V/d sin (wt+a/2) is assumed to exist. An electron

! A. E. Harrison, “Kinematics of reflection oscillators,” Jour.

Appl. Phys., vol. 15, pp. 709-711; October, 1944,
1 J. R. Pierce, “Reflex oscillators,” Proc. LLR.E., vol. 33, pp. 112~
ebruary, 19485,

118;

*E. L. Ginzton and A. E. Harrison, “Reflex-klystron oscillators,”
Proc. I.LR.E., vol. 34, pp.97-113; March, 1946.

¢ W. C. Hahn and G. F. Metcalf, “Velocity modulation tubes,”
Proc. L.LR.E., vol. 27, pp. 106-116; February, 1939.

¢ H. E. Hollman and A. Thoma, “On the theory of drift tubes,”
Hochfrequenez. und Elektroakustik, vol. 56, pp. 181-186; December,
1940

¢C. C. Wang, “Reflex oscillators utilizing secondary emission
current,” Phys. Rev., vol. 68, p. 284; December, 1945.
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current I which is uniform with time enters the modu-
lator with a velocity v, corresponding to the potential
Vo. The transit angle of the modulator in the absence
of the radio-frequency field 1s then given by the follow-
ing expression :

d 1 d 1
a = rc\2mfe (—) — =317y <—> (1)

WARVASS AoV

where Vi is expressed in volts, and d and X in the same
units.
Vsin(wt+ «/2)

Fig. 1—Schematic diagram of modulator system with retarding ficld,

By applying Newton’s Law and making the assump-
tion that all the clectrons cross the radio-frequency gap
with the constant transit angle a, it is possible to show
that the clectrons will leave the modulator and enter
the retarding field with a modulated velocity

v = 29(1 + & sin wi) (2)
where
6= MK/2, 3)
K = 1/T,, 4
and ’
e sin a/2 . )
a/

6 is the depth of modulation, K the ratio of the peak
radio-frequency voltage across the gap (i.c., the maxi-
mum instantaneous line integral of the electric field
across the gap) to the direct-current beam voltage, and
M the gap coefficient. It can be scen from (2) that the
velocity modulation of the clectrons leaving the gap lags
in phase behind the modulating voltage by one-half the
gap-transit angle. The assumption that all the electrons
cross the gap with a constant transit angle may be
realized by making « large or by making K small.

If « is practically zero, the final velocity of an elec-
tron leaving the gap at time ¢ is, from quasi-static
considerations, given by the energy relation mv?/2
=e(Vo+ V sin wt), which yiclds

v=19\14+Ksinwt. (6)
The binomial expansion of this gives

K?

K
v=vo<l+7sinwt——8—sinzwt+---). (6a)
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The first two terms of this expansion are identical with
(2) for a=0. Equation (2) may be considered to apply
for all values of @ when K is small and for all values of
K <1 when a is very large. Equation (6) is valid for all
values of K <1 when a is very small.

CONVERSION OF THE VELOCITY-MODULATED ELECTRON
BEAM TO A CURRENT-DENSITY-MODULATED BEAM
BY THE RETARDING FIELD

The electrons which leave the modulator and enter
into the retarding field at time ¢, are, in accordance with
(2), given a velocity v=v(1+8 sin wh). Since these
electrons have a uniform decelerated motion in the re-
tarding-field space, their position at any time ¢ is given
by the familiar expression

z=u(—bh) — —;—z— (t — )’ )

where —eE/m is the deceleration. It is assumed that the
reflector is sufficiently negative to turn back all the elec-
trons which enter the retarding field.

The time 7 for the electrons to make a complete
round trip in the retarding field is obtained by letting
z=0in (7):

= ®)
T =0 —"
' ¢E
Writing in the value of »;, the results may be expressed
as
rw = B(1 + & sin wty) (9

2wm S NAD
g = 0 = 12,716 ~-—) _
¢E AN/ Ve— V.

where

(10)

B is the retarding-field transit angle of the electrons in
the absence of the high-frequency modulating voltage.
In (10) the potentials are expressed in volts,and S and\
in the same units.

It is assumed that the transit time of the electrons in
crossing the modulator is short enough so that no ap-
preciable bunching of the electrons takes place in this
region. Thus the current leaving the modulator isa con-
stant I,, independent of time. Electrons leaving the
modulator at time ¢, will cross a plane z="> in the retard-
ing ficld at time ¢. Electrons leaving the modulator at a
later time (f,4dt) will cross this same plane at a later
time (¢4dt). The quantity of charge leaving the modula-
tor between the time ¢, and (&4+dt) is Tedty. This same
charge flowing across the plane z=b5 in the time interval
dt corresponds to a current I; thus Iedt = Isdt, or

dt,
-y
dt / ;s

The value of this derivative is obtained by differentia-
tion of the equation of motion (7). In general, it will be
a double-valued function at any plane z=b; one value
applying to the electrons traveling into the retarding
field, and the other value to the returning electrons.

(11)
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Both of these functions must be included in computing
the total net-current flow across the plane. At the start-
ing plane z=0, only the returning electrons contribute
to the alternating component of the current density.

In the reflex oscillator the modulator plays the double
role of both buncher and catcher. The current-density
modulation of the returning beam has a nonsinusoidal
wave form and, when it passes back through the modu-
lator, harmonic components of current are induced to
flow through the modulator tank circuit in addition to
the fundamental component. However, since the im-
pedance of the tank circuit is very low at all harmonic
frequencies, the flow of harmonic cucrents produces very
small voltage drops, and the power delivered to the load
is small. At the fundamental modulating frequency the
tank impedance is very high, and the fundamental-cur-
rent component produces a large voltage drop across it,
giving rise to appreciable power output. Thus, in de-
termining the power output only the fundamental-
frequency component of the conduction current is of
importance. This is found by writing the fundamental-
frequency terms of the Fourier series corresponding to
the current function given by (11) in the interval 0
to 2m:

Iy = I, sin wt + I ;4 cos wl (12)
where

1 27 fdt .

I, = ——f I <-——> sin w! dwl (13)
L 0 dt 2=0

~and

I % [dy

I = ——f Io <"~) cos w! dwl. (14)
™ 0 dt gm0

These integrals may be simplified by the elimination
of . Electrons which return to the modulator (plane
z=0) at time ¢ left the modulator at an earlier time
ty=1—7 where 7 is given by (9). On substituting # for ¢
the limits remain the same, and the above integrals be-
come

IO 2

Iy = — sin [wh + B(1 + & sin wty) Jdwt, (15)
T Jo
and
IO 2x .
I = -—f cos [wh + B(1 + & sin wty) Jdwly. (16)
™ Jo
On performing these integrations the results are
I,s = — 2I¢J,(B3) sin B (17)
and
I.o = — 210J1(B5) cos B (18)

where J,(88) is a Bessel function of the first kind. The
vector sum of these two currents (see Fig. 2) gives the
total fundamental-frequency component of the conduc-
tion current:

T, = 21.J.(88) sin (vt — B — =/2). (19)
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This current lags in phase behind the velocity modula-
tion of the beam by (8+w/2) radians. The electrons
returning from the retarding field tend to bunch around

Fig. 2—Phaserelations of the modulator voltageand variouscurrents.

those electrons which emerged from the modulator when
the alternating-current component of the velocity was
changing from positive to negative, one quarter cycle
after the velocity modulation passed through its maxi-
mum. Since the clustering of the electrons corresponds
to a current maximum, the current lags 90 degrees in
Phase behind the velocity modulation in addition to the
time 8 taken for the electrons to travel into the retarding
space and back.

1]
INDUCED CURRENT FLOW IN THE Tank Circulr

The electron beam has been velocity modulated and
directed into a retarding field from which it returns cur-
rent-density modulated. The fundamental-frequency
component of the current in the returning beam has
been calculated (19). In traveling back across the gap
again, this varying space-charge density induces a cur-
rent flow in the tank circuit attached to the modulating
grids. There now remains the problem of computing the
magnitude and phase of the fundamental-frequency
component of this induced current.

If it is assumed that a beam of electrons having a cur-
rent-density modulation of the form I, sin wt passes
across a radio-frequency gap with a constant velocity
(as would be realized if the radio-frequency gap voltage
is small compared to the beam voltage), the cur-
rent induced in the circuit attached to the gap is
I M sin (wt—a/2). The current is reduced in ampli-
tude by the factor M and retarded in phase by the
angle a/2.

Applying these results to the fundamental-frequency
component of the electron conduction current (19) pass-
ing back through the gap, the induced electric current
becomes

I = 2I,MJ\(89) sin (ot — B — a/2 — x/2).. (20)
This is shown in Fig. 2. Comparing this expression with

the modulating voltage V sin (wt+a/2), it is seen that
the induced current lags in phase by the angle

¢=a+p+r/2 (21)

The induced current may be resolved into an active
component /z and a reactive component I, as shown in
Fig. 2:

(22)

(23)

Ir = — 2I:MJ,(B9) sin (a + B),
I.= — 2I,MJ,(B5) cos (a + B).
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The electron beam which induces the current flow I
in the tank circuit may be replaced by an equiva-
lent generator, shown in Fig. 3, with an admittance
Y,= —~1/V.Hence,

¥ 1 " 1 Ig I

‘R, jx, v v
Substituting (22) and (23) and equating the real and
imaginary parts give the electronic conductance g. and
susceptance B, of the equivalent generator circuit :

P L 7 XS S
R, Vo 6
B, = ! 0 -A/-PJ,(B&) cos (a + B). (25)
X, Vo &
Ll M (B8)an(a+B)
l o | v

TANK CIRCUIT

l_‘C LOAD

Fig. 3—Equivalent circuit for a reflex oscillator.

Under steady oscillating conditions the admittance of
the cquivalent circuit is zcro, so that, with the equiva-
lent load circuit? shown,

g=—=—g, (26)

R
and

B=u —1jul = — B, (27)

CONDITION FoOR SELF-STARTING OSCILLATIONS
MiINIMUM STARTING CURRENT

'Th.e radi9-frequoncy power transferred to the tank
circuit and its associated load by the electron beam can
be derived from (22):

P=V¥/2R = InV/2 = — 2VoI07,(85) sin (a + B). (28)

since Volois the direct-current power input to the beam,
it 'follows that the electronic efficiency in converting
this power to radio-frequency power is

n = — 207,(89) sin (a + B). (29)

The only conditions under which the tube can oscillate
are those in which 7 is positive. Further, if the oscilla-
tions are to be sclf-starting, » must remain positive as
they build up from zero amplitude. Since g is always
positive, 8.J,(88) will be positive for all values of V from
zero up to the point where 1"=7.66 Vo/BM, i.e., where

" The load and tank-circuit losses are ass
b ! umed to b -
gether in the single shunt resistance R, TG
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36 =3.83, the first root of J.. Hence, for the oscillator
to be self-starting, sin (a+pB) must always be nega-
tive. A plot of the power P,= —2VoI48J1(B8) sin (a-+PB)
supplied by the electron beam as a function of the modu-
lator voltage for the case where —sin (@+4p) >0 is
shown in Fig. 4. The power P= V?/2R dissipated in the
load is also plotted as a function of V for three different
values of R. Under steady oscillating conditions, accord-
ing to (28), V will adjust itself so that the power sup-
plied by the electron beam is just equal to the power
dissipated in the load. Thus, the operating point is given
by the intersection of the two curves P and P.. It is
obvious from Fig. 4 that, for a given set of beam condi-
tions, the power output is dependent upon the value of

Pe,P
; i P 0

P

POWER OUTPUT

Pe

AMPLITUDE OF OSCILLATION \

Fig. 4—Power output as a function of oscillation amplitude.

v

R. In fact, if R is so small that P always lies above P.,
the power output is zero and oscillations cannot start,
since the curves intersect only at the origin. If R is
large enough so that P lies below P, for small values of
V, as shown for example by P’ and P”, oscillations will
start, because any slight current fluctuation which in-
duces a voltage across the gap will velocity modulate
the beam. This produces a current-density modulation
of the returning beam which in turn induces an increased
current flow in the tank circuit giving rise to a larger
modulating voltage. This cycle of events repeats until
the oscillations build up to the operating point. Mathe-
matically, the condition for se)f-starting may be ex-
pressed as

V2/2R < — 2VolsdJ1(88) sin (a + B)
or

Io

0

M?
1/R < : - J1(B) sin (a + B)

where 8 is very small. The expansion of J1(89) in a power

series gives 38/2 for the first term. This substitution
yields

In M
1/R < — — — B sin (a + B). (30)
Vo 2
Expressing M in terms of V, and « gives
I
1/R< —1.98X10~7 ——— Bsin? (a/2) sin (a-+B)  (30a)

(a/M)?

where 7, is expressed in amperes, R in ohms, and d and
\ in the same units. The right-hand member of these
expressions gives the magnitude of the electronic start-
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ing conductance. If it is greater than the conductance
of the tank circuit, oscillations will start. These oscilla-
tions then build up to the point where the magnitude of
the electronic conductance is reduced to a value just
equal to the tank-circuit conductance. From (24) and
the expression in (30) it is seen that the ratio of the beam
conductance for an oscillation amplitude V to the start-
ing conductance is ge/ge.o=2J1(88)/B5. A plot of this
equation shows that beam conductance is a maximum
as the oscillation amplitude approaches zero.?

From (30a) it can be seen that for a given geometry
and set of operating voltages there is a minimum beam
current, called the starting current I, below which
oscillations cannot start. I, is given by using an equality
sign in (30a) and solving for Io: -

5.05 X 10° (d/N)?
e D) (@ L) [ R ] @1

The expression in the brackets depends only on the mod-
ulator gap and connecting tank circuit. For a given tube,
o and 8 depend upon the applied direct-current voltages.

On maximizing —B sin? (a/2) sin (a+pB) with respect
to o and B, the minimum starting-current conditions are
found to be 8(3—p?)/(38?—1)=tan § and f=tan af2.
The optimum values of a and B obtained from these
relations are as follows:

a B —sin%(a/2) sin (a+8)
2.4242%m 2.66 0.816
2.90 8.21 0.980
3.00 14.34 0.993
3.04 20.57 0.996
3.07 26.82 0.998 (32)
3.08 33.08 0.999
3.09 39.35 0.999.

For large B, « and 8 approach the optimum values
a+ B =2r(n+ 3/4) )
a = Zarlm 4+ 1/2) (33)
B = 2x(p + 1/4) 5

where m, n, and p are integers. Introducing the values
of « and 3 given by (33) in (31) gives
d/\)? 1
Im = 8.04 X 10° (-/ 4)—— _— (34)
R p+1/4

for the minimum starting current.

ELECTRONIC TUNING AND FREQUENCY STABILITY

The operating frequency of the reflex oscillator is de-
termined by the condition expressed in (27). Multiply-
ing this equation through by sin (a+8) and introduc-
ing (25) and (24) gives the resonance condition:

wC — 1/wL = g cot (a + B). (35)

Let wo=1/A/LC be the resonant frequency of the tank
circuit and woC/g the Q. Making these substitutions in
(35) and solving for w gives

L
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. .
wfwo = o leot (a + ) + Vel ¥ +8) 37| (36)

If Q is large compared to cot (a+8), then

t
w/wo = - (;Qi?_) +1, (37)
or if Aw=w —wy, then
t
Aw/wo = ﬁ.%’@iﬂ_) . (38)

For the operating conditions given by (33) in which
a+B=2m(n+3/4), the power output is ncarly maxi-
mum and Aw=0; that is, the oscillator operates at the
tank-circuit frequency wo. If (@+8) is displaced from
27(n+3/4) by an amount A(a+pB), the frequency
change will be
tan A{a +8)

Aw = - 39
/wo 20 (39)
For infinitesimal changes, differentiation of (35) at we
where a4-8=2r(n+3/4) gives ,
dvw — da—df
i 0 (40)
[A])) 2Q

Since a and B are functions of the beam voltage and re-
flector voltage, any variation in these voltages will be
accompanied by a corresponding change in the oscillat-
ing frequency. Electronic tuning by variation of the
reflector voltage is particularly desirable, since the reflec-
tor draws no current.

The range over which 8 may be varied, by changing
the reflector voltage and oscillations maintained, can be
formally calculated by solving (26) for 8 as 5 approaches
zero. These calculations have been made graphically for
six operating modes, and the width of the oscillating
range AB for cach mode is plotted as a function of
(d/N)?*/RIo in Fig. 5. It is scen that a large clectronic
tuning range is favored by a large beam current. Fig. §
also shows that if all parameters are held constant and
only the reflector voltage is varied, the tuning range is
greater for the higher-order modes.

NS ——1—

ol im e 12)

3 e
Wating,

Fig. 5—\Width of oscillating range for several modes of operation.

The rates of change of @ and 8 with beam and re-
flector voltages are found by substitution of the partial
derivatives obtained from (1) and (10) in the expres-
sions da = (da/dw)dw+ (/3 Vo)d V, and dB = (B8/0w)dw
+(38/3V,)d Vo4 (38/0V.)d V., thus giving

dVy

dw
la = ———, 41)
o “ [wo 2VoJ (
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and
do 14 1V/V, dV 1 dV,
dp = ﬂ[ : . e ()
wo 1 Vo/Ve 2V 1 —Vo/V. V.,
Substitution of these expressions in (40) yiclds:
[ 1+ l’o/l’c] dV o} dv,
P
d 1 —Vo/V J2Vy 1 —Vo/V, V.
——— v / (43)
o0 204 («+8)

If Q is assumed large comparced to a+8, then the rate of
change of frequency with beam voltage is

dw Wo 1 1 + lro/l"c
— = «@ ’ (44)
Ve ¥V, 40 1 — Vo/V,
and with reflector voltage,
dw wo 1 ﬁ
= (45)
dV. V.20 1= 1)V,

where a+8=2x(n+3/4). The rate of change ot fre-
quency with reflector voltage thus inceases with load
ing, but from Fig. S it is scen that the range over which
AB, and hence the reflector voltages, can be varied and
oscillations maintained, decreases with increased load.
These two effects are opposing oncs, making the total
clectronic tuning range less dependent on loading,

MAxiMUM Powir OUTPUT AND [EFFICIENCY

It is obvious from Fig. 4 that there is an optimum
value of oscillation amplitude V at which the c¢lectron
beam delivers maximum power to the tank circuit. The
oscillator may be made to operate at this optimum volt-
age if the shunt resistance of the tank circuit is chosen
so that it dissipates this maximum power at the opti-
mum voltage. This condition corresponds to curve P’ in
Fig. 4.

Differentiating (28) with respect to § and sctting the

results equal to zcro gives, as the condition for opti-
mum V,

Jo(B8) = 0, (46)
V = 4.81V,/841. (47)

Introducing this condition in (28) gives the maximum

ie.,

power output:
Pr = — 2.50V,1, sin (a,f*'ﬂ), (48)
with an efftciency of g
tm=— 25048 (49)

B

To obtain this optimum cfiiciency, the shunt conduct-
ance of the tank circuit must be

1/R = —0.216 {/° M8 sin (a + B). (50)
0 .

This is obtained by substituting (47) in (24). Compari-

son of (50) with (31) shows that the values of « and 8

which make the starting current a minimum are identi-

cal \yit‘h those which make the required shunt resistance

a minimum under the optimum oscillating-amplitude

September
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condition. The ratio of the electronic conductance at
optimum oscillating amplitude to the starting conduct-
ance is 0.432.

An examination of (47) through (50) shows that, if
the beam voltage and current are held constant and the
gap spacing is increased so that « increases, for example,
from 7 to 3, the power output and efficiency remain
constant. However, the oscillation amplitude will be in-
creased by a factor of three, the tank-circuit current
will be reduced to one-third, and the required shunt re-
sistance of the tank circuit will be increased by a factor
of nine. -

[:2]

24¢

38

-

08

Rk s f:201(n s 373)

on
02

% 3 " ) " 16 pulRisve

Fig. 6—Conversion-efficiency characteristic curve.

An indication of the reflex-oscillator performance un-
der more general conditions may be obtained by elimi-
nating the oscillation amplitude term from (28). Multi-
plying (28) through by —8/I,Vosin (a+p) gives

Bn
— — = 2p6J,(B9). 31
— sin (a + B) L &y
By expressing V2 as 42V 2/ M?in (28), the following equa-
tion may also be obtained:

— BM?2RIg sin )
BM’RI, sin (o + B) _ B (52)
Vo 11(66)

. B .
| o8 Xt i i ‘<“—"”
r 08 : \\ ! - | -

\\ \\f
e b s 7
‘ % l
0; i IR a'" a8 € 7 9 0

Fig. 7—Contour map of

By plotting the left-hand members of these last two
equations, one against the other, for corresponding val-
ues of 38, the curve shown in Fig. 6 is obtained.® For
simplicity in writing in the co-ordinates for this curve,
—sin (a+pB) was taken equal to one; however, this
restriction is not necessary, and the sine term may be
included according to (51) and (52).

¢ Asimilarcurve is given by A. E. Harrison, “Klystron Technical
Manual,” Sperry Gyroscope Co., Inc., Brooklyn, N. Y., 1944, p. 39.
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Equations (48), (49), and (50) may not be expected
to hold accurately for small values of 8, because, accord-
ing to (47), under these conditions the oscillation ampli-
tude is quite large. Similarly, Fig. 6 will not hold for
large values of 8. However, the efficiency may be investi-
gated quite easily in the region of large K values for the
case in which a=0. Use of (6) in (8) leads to the follow-
ing value of (13):

21,
Irb - == ¢(Br K)

™

(53)

where

w0 [

12

sin wt; cos (v 1+ K sin wiy)dwt;. (54)
Since for a =0 the induced current-is equal to the funda-
mental-frequency component of the conduction current,
the power output is

IrbV K
P=—— = Voo —¢(8, K) (55)
2 ™
with an efficiency
K
1= —¢(8, K). (56)
™

In order for (56) to be valid, at no time during the
radio-frequency cycle may the radio-frequency voltage
be so large as to reverse the direction of the electron flow
in the process of crossing the gap, i.e., there must be no
piling up of electrons. There is, therefore, an upper limit
for the value of K which is, in general, less than one.
The final velocity v of an electron entering the gap at
time ¢ and returning through the gap is found from the
following energy relation:

1/2mv* = e[Vo 4+ Vsinwt — Vsin ot + -r)]

where 7 is the time spent by the electron in the re-
tarding space. From (6) and (8), wr is found to be
BvV/1+K sin ot. Making this substitution and letting
wt =90, the final velocity is found to be

= 9{1 — K[sin (6 + 8\/1 + K sin8) — sin 0]}1/2 (57)
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n as a function of K and 8.

At any time 0 during the cycle, K must not be so large
as to permit the velocity to become imaginary. The
limiting value of K is found by setting (57) equal to
zero and solving for K at the most adverse time during
the cycle. This has Leen done by a graphical method and
is plotted as a dotted line on the contour map of 7 n
Fig. 7. The efficiencies were calculated by graphical in-
tegration of (56). This work was done on the General
Electric differential analyzer.
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PROCEEDINGS OF THE LR.E.

Design of Simple Broad-Band Wave-Guide-

. » . *
to-Coaxial-Line Junctions
SEYMOUR B. COHNt, MEMBER, LR.E.

Summary—A wave-guide-to-coaxial-line junction having a bet-
ter than 2-to-1 bandwidth with less than 2-to-1 voltage-standing-
wave ratio was required in the design of microwave filters and re-
ceiver transmission systems. Several types of junctions satisfying
these requirements were designed using simple transmission-line
theory. One type designed for a standard wave-guide cross section
has a bandwidth ratio of 2.7 to 1. The design method is presented in
this report with a detailed description of a number of particular
junctions. Some of these models are for use with very thin wave
guide, which is ideally suited for wave-guide filters; some for use
with the more usual rectangular cross sections; and one for use
with ridge (“loaded”) wave guide. The latter junction is capable of

at least a 6-to-1 bandwidth.
NK& tions now in use belong to one of three general
classes. In the first class, the inner conductor of
the coaxial line contacts the side of the wave guide op-
posite to the one contacted by the outer conductor. In
the second class, the inner conductor projects as a probe
only part way into the wave guide. In the third class,
the inner conductor connects to a coupling loop inside
the wave guide. The types described in this report are
all of the first class. In addition, only structures in
which the inner conductor of the coaxial line inside the
wave guide is a small part of a quarter wavelength will
be considered. With this restriction imposed, the vari-
ous structures discussed in this paper can be represented
quite accurately by a simple equivalent circuit.

It has been shown in the literature that a wave guide
behaves like an ordinary transmission line.!? It has also
been shown that reflection at an abrupt change in cross-
sectional shape in a wave guide may be calculated by
means of ordinary transmission-line formulas by using
a properly defined wave-guide characteristic impedance
on each side of the discontinuity, and by including a
lumped shunt reactance at the point of discontinuity.
For several types of discontinuities, this shunt reactance
has been calculated and plotted in an unpublished Radi-
ation Laboratory report.® These data show that, for
changes in height of a wave guide, this lumped reactance
may often be ncglected when the maximum height is
much smaller than the width. This is especially true in

I. INTRODUCTION

OST types of wave-guide-to-coaxial-line junc-

* Decimal classification: R118. Original manuscript received by
the Institute, May 9, 1946.

The work reported in this paper was done at the Radio Research
Laboratory under contract with the Office of Scientific Research and
Development, National Defense Research Committee, Division 15.

1 Formerly, Radio Research Laboratory, Harvard University;
now, Cruft Laboratory, Harvard University, Cambridge, Massachu-
setts.

! J. C. Slater, “Microwave transmission,” pp. 168-194; McGraw-
Hill Book Co., New York, N. Y. 1942,

1 S. A. Schelkunoff, “Electromagnetic waves,” D. Van Nostrand
Co., Inc., 1943,

?To be published at an early date by McGraw-Hill Book Co., as
No. 10 of the Massachusetts Institute of Technology Radiation
Laboratory series, “Waveguide Handbook,” by N. Marcuvitz.

the design of wide-band junctions, since neglecting small
discontinuity reactances has a much smaller effect in
wide-band equipment than in narrow-band equip-
ment. In the following analysis, therefore, discontinuity
reactances have been neglected, and the final experi-
mental results have shown that this procedure is justi-
fied.

The characteristic impedance to be used for rectangu-
lar wave guide in the TE,, mode is

C377 b 1

0= ,
VK a 1//1 (fc )2
f
where b and a are the cross-sectional dimensions (sce
Fig. 1), f is the frequency at which Z, is calculated, f, is
the cutoff frequency of the wave guide, K is the dielec-

tric constant (K =1 for empty space), and C is a con-
stant near unity which depends on the manner in which

LA

Fig. 1—Cross section of rectangular wave guide,

(1)

b |
N S

o =

Zy is defined. It has been found experimentally that the
formula for Z, which works best in designing wave-

+guide-to-coaxial-line junctions has C=1r/2', and there-

foret
377 © b 1
0 =

VK 2 4 t/,l—(ffc-)z

600 & 1

0 =
VK u 1/ S\’
- (5)
” . f
T'he wavelength in the wave guide differs from that in
unbounded media, and is given by

B A
4 2
Vi)
- f
where ), is the guide wavelength and \ is the wavelength

in the unbounded medium K. The cutoff frequency for
rectangular wave guide is given by .

, 3(10)t0 ]
c = C
2av/K ycles per second

(2)

or, very nearly,

(3)

A, (4)

(5
where @ is in centimeters,

* This corresponds to the “volta e-current” iti
p- 319 of footnote reference 2). ARG 6 (5
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Equations (3), (4), and (5) will be used throughout
this paper, along with the usual transmission-line equa-
tions and circle-diagram charts. Only physical configu-
rations that lead to a simple equivalent circuit will be
considered.

I1. THE BAsIC JUNCTION

Fig. 2(a) shows the simplest junction of the type con-
sidered in this report. This particular junction has been
used previously, and it has been pointed out that at the
center frequency fo the wave-guide characteristic im-
pedance should be equal to the coaxial-line impedance,
and the wave-guide shorting block should be a quarter
of a guide wavelength (}\,) from the point of junction.®
For 50-ohm coaxial line, the wave guide must also have
a 50-ohm characteristic impedance at the center fre-
quency. Equation (3) shows that the ratio of guide
width to height (a/b) will be about 16 to 1.

(a)

50 n
Aog /4

[ s

o—
60 1 WAVEGUIDE 50 0 COAX
o— + — -0

(b)

—

(o)

[ la—coax LNE, 20

@]

Fig. 2—Simple matched junclion.) (a) Basic construction. (b) Ap-
proximate equivalent circuit. (c) Center conductor widened to re-
duce inductance. (d) Double feed.

The approximate equivalent circuit is shown in Fig.
2(b). A more exact circuit would show an inductance in
series with the coaxial line at the point of junction. This
is the inductance of the short length of coaxial-line
center conductor inside the guide. If its diameter is
small compared to width a, its inductive reactance
will cause considerable mismatch, despite the fact that
it is extremely short in the 50-ohm guide. An idea of the

5 Reference is made to unpublished early work by Dr. J. P.

Woods, J. F. Byrne, and G. A. Hulstede, formerly of the Radio Re-
search Laboratory, Harvard University, Cambridge, Mass.

I
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magnitude of this reactance may be obtained from an
unpublished Radiation Laboratory report on a cylindri-
cal post contacting the top and bottom of a wave guide.
Our case differs mainly in that a 50-ohm load resistance
must be considered in series with the post. A cylindrical

(b)

? d T LIO T T
VA | /
Vo<l YR T

TR A

7 ‘\ 9 — 1, Y] //

(2111
"-
L
TS
-
<
~
<
N\
~

©)
Fig. 3—Generalized matched junction. (a) Construction with high-
impedance end section. (b) Most generalized design. (c) Calcu-
lated response for junction of Fig. 2 (a).

post is shown to be equivalent to a tee network of a
shunt inductance and series capacitances, all of whose
reactances arc so much less than 50 ohms that they may
be neglected if the post diameter has an optimum value
of about 0.15 times the width a of the wave guide.?
Therefore, in all wide-band junctions of this type, the
center conductor should be about 0.15a inside the guide.
A practical compromise construction is shown in Fig.
2(c).

The equivalent circuit shows this junction to be
cquivalent to a continuous length of 50-ohm transmis-
sion line with a shorted length of 50-ohm line shunted
across it. So long as the shunt line has a reactance large
compared to 50 ohms, the voltage-standing-wave ratio
of the junction will be low. The voltage-standing-wave
ratio is also affected by the fact that the wave-guide
characteristic impedance can be 50 ohms at only one
frequency. This effect is most detrimental at the low-
frequency end of the band, and complete mismatch re-
sults at the guide cutoff frequency where the character-
istic impedance is infinite.

An cffective method of increasing the bandwidth of
the junction is now evident. By increasing the char-
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acteristic impedance of the shorted shunt line, its re-
actance may be kept high compared to 50 ohms over a
wider band (sce Fig. 3(a)). Fig. 3(b) shows the most
gencralized design for the basic junction.

In calculating the voltage-standing-wave ratio re-
sponsc of these junctions, the equivalent circuits are
solved by transmission-line formulas and charts. At cach
frequency, the proper guide wavelength and character-
istic impedance given by (3) and (4) must be used. The
voltage-standing-wave ratio values may be read di-
rectly from most transmission-line charts once the input
impedance of the junction has been computed. In cal-
culating the voltage-standing-wave ratio it does not
matter which pair of terminals is regarded as the input,
so long as the output terminals are assumed loaded by
the characteristic impedance of the coaxial or wave-
guide line they connect to.

Fig. 3(c) shows the calculated response of the junction
of Fig. 3(a), for several values of characteristic imped-
ance of the shorted shunt wave guide. Even for Zy, equal
to Z,=50 ohms, the bandwidth is 1.65 to 1 for a voltage-
standing-wave ratio of 2 to 1. For Zn=3Z¢=150 ohms,
the bandwidth is 2.2 to 1.

These thin wave-guide junctions are particularly usc-
ful when used with a wave-guide filter requiring coaxial
terminations, since such filters can, and often must, be
constructed with thin wave guide. A high-pass filter can
be simply a short length of wave guide with a wide-band
junction at each end. The subject of wave-guide high-
pass and band-pass filters have been considered in de-
tail in a recently published book.®

The junctions described in this paper will not excite
the TE;, mode, since the coaxial line connects to a
point of zero electric field for that mode. Except for the
junction which follows, the ones described in this sce-
tion are gencrally not usable at frequencies above the
T'Eso cutoff frequency, which occurs at three times the
TEyo cutoff in rectangular wave guide. Since the junc-
tions set up the 7'/ mode freely above its cutoff fre-
quency, both the TEy and T3 modes are present at
once in this region. The guide wavelength for the two
modes is different, especially near the T'Eg cutoff, and
consequently the phase relation between the modes will
vary with frequency, causing corresponding loss varia-
tions.

One type of junction for rectangular wave guide
which theoretically will not excite the TE3 mode is
shown in Fig. 2(d).” The coaxial line (assumed 50 ohms)
is split into two 100-ohm lines, cach of which joins the
wave guide one-third in from the sides. This is a point
of zero clectric ficld for the TE3 mode, and consequently
this mode should not be set up. Since the two junction
points are driven in phase, the TEy and TE,, modes
should likewise not be set up. A good match into the
T'E,, mode is at the same time obtainable. This design

* Radio Research Laboratory Staff, “Very High-Frequency Tech-
nique,” McGraw-Hill Book Co., New York, N. Y., 1947.

7 This design was proposed by J. F. Byrne of the Radio Research
Laboratory, Harvard University, Cambridge, Massachusctts.
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requires very accurate locating of the junction points,
and carcful design of the coaxial ¥ connection in order
to reduce discontinuity effects. Although this junction
will theoretically not set up the T'Eq, TEse, and TE,
modes, discontinuitics in a wave-guide line, such as
twists and bends, can do so with consequent irregulari-
ties in the over-all transmission loss.

HT. THE TRANSFORMING JUNCTION

The junctions of Part It can be used with guide hav-
ing a higher impedance than the coaxial line if a suffi-
ciently long taper, cither in the guide or the coaxial line,
is used to transform the coaxial-line impedance to the
guide impedance. An exponential taper about one wave-
length long at the lowest frequency for which good
transmission is desired will suffice for many purposes.
Several specific designs of this type will be deseribed in
a later section.

ZOJ. fe3
A
O——ZM 12,,. ) —0
wAVEGUlOE’ Aog/u [ Z, coax
- —o0
(b)

'(
Fig. 4 'l‘ransforming%,\'pejunction. (@) Schematic. (1) Approximate

equivalent circuit. (¢) Admittance curves for fe=for=fo.

For guide impedance not over about three times the
coaxial-line impedance, a good broad-band match may
be obtained by means of a PNos (N, is guide wavelength
at fo) transformer in the guide (sce Fig. 4(a)). A par-
ticular case is that of “toll-ticket” tubing, which has
inside dimensions of 23 X inches, a cutoff frequency of
2140 megacycles, and a characteristic impedance of 103
ohms at 1.65 f.. This shape of wave guide is very con-
venient for receivers, low- and medium-power transmit-
ters, laboratory equipment, and filters,
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Besides providing an impedance match at the center
frequency, the transforming junction has the advantage
that the susceptance introduced by the {Xo, trans-
former at frequencies other than the center frequency is
of opposite sign from the susceptance of the oy
shorted shunt line. By choosing the optimum character-
istic impedance (Zo3) for the latter element, a cancella-
tion of susceptance is possible over a wide band. This is
illustrated by Fig. 4(c). Note that the abscissa is plotted
in terms of Ag,/\,, which in wave guide is not propor-
tional to frequency. The ordinate is in terms of Yo,
which is not constant. When actual mismatch values
at a particular frequency are desired, points from Fig.
4(c) must be transformed by (3) and (4).

Fig. 5(a) shows the dimensions of a junction designed
for a perfect match at a center frequency of 3200 mega-
cycles. The measured voltage-standing-wave ratio is

given in Fig. 5(b).

53"
“
|
CCONNECTOR
298"
£y T
F-—I 220 obes— 1 .22% i
(a)
3
TOLL-TICKET WAVEGUIDE
LS 2140 Mc.
c:z \\\\\
=
»
>
U
2.% 3.0 cJok) N.0 ¥.%

(b)

Fig. 5—Transforming junction matched at center frequency of 3200
megacycles. (a) Construction. (b) Frequency response.

By purposely transforming the guide impedance to
less than 50 ohms, a wider bandwidth may be obtained.
This is illustrated by the junction of Fig. 6(a) and its
measured response in Fig. 6(b). This junction was de-
signed to transform to 33 ohms at a center frequency of
3530 megacycles, giving a theoretical mid-band voltage-
stand-wave ratio equal to 1.5.

Using the notation of Fig. 4(a), the junctions for Figs.

\

Cohn: Wave-Guide-to-Coaxial-Line Junctions

923

5 and 6 were designed with fo, =f.2 =f=fe. By making f.,
about 0.8 f. and f.;=f., a large improvement near the
guide cutoff is obtained. This is because the electrical
length of the transformer does not become zero at f,
and because the “transformed impedance” looking from
the point of junction through the transformer towards
the properly terminated wave guide is almost constant,
except very near f.. This latter point is illustrated by
Fig. 7(a), where the “transformed impedance” is plotted
and compared with the characteristic impedances Za
and Zg,. Note that the function plotted is not the true
input impedance of the transformer, but rather is the
input impedance of a hypothetical transformer that is
I\, long at all frequencies. The curve does, however,
give an idea of the improvement in match made possible
by this reduction in f.

The reduction in f.. may be obtained by widening
this portion of the wave guide. A better method is to
use a length of ridge (loaded) wave guide. The cross-
scctional shape of ridge wave guide is shown in Fig. 8.
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) 1
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T375°
. S Wll’ ///%;}‘ %
f L.u.os-..l..,n.os-_.}
gnui"ro?
HAPE A
(a) IN FIGURE 5A

TOLL-TICKET WAVEGUIDE
feo = 2140 Mc

VSWR

2.8 3.0 3.% 4.0 u.s .
e 5.0 8.5

(b)

Fig. 6—Transforming junction designed to have voltage-standing-
wave ratio = 1.5 at center frequency of 3550 megacycles. (a) Con-
struction. (b) Frequency response.

This type of wave guide has a lower cutoff frequency
and a lower impedance than ordinary rectangular wave
guide having the same width and maximum height. The
cutoff frequency of ridge wave guide may be calculated
by a method given by Ramo and Whinnery.® The char-
acteristic impedance may be calculated for a cross sec-
tion having a single ridge by the following formula,
which is exact for infinitesimally thin wave guide, and

¢S, Ramo and J. R. Whinnery, “Fickds and Waves in Modern

Radio,” John Wiley and Sons, Inc., New York, New York, 1944,
p. 364,
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is very close for wave guide such as “toll ticket.” For
double-ridge guide, the characteristic impedance s
multiplied by two.

120%2b,

(o b ! AN
A sinf,+— cos 8, tan 0.,) V 1 —( >
b, 2 f

where N’ is the cutofl wavelength in centimeters and
f<’ the cutoff frequency of the ridge guide. a,, aq, by, and
bs arce the dimensions in centimeters shown in Fig. 8. 6,
and 0y are given by

Zo= (())

a a, —a

2
6 = 360° 9, = ? 360°.

2\, 22
Derivation and discussion of this formula, together
with a discussion of other useful propertics of ridge

1.,
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Fig. 7—Ridge-block lrunsformin(g junction. (a) “Transformed™ im-
pedance. (b) Construction. (c) Frequency response.

guide *are given_in another paper.® Curves are included
giving both Z, and f.” as functions of the physical par-
ameters, thus making a sclection of dimensions to suit
a particular problem very simple.

Fig. 7(b) shows the dimensions of a “toll-ticket” guide
to 50-ohm cable junction using a ridge transformer. The
calculated ridge-guide cutoff frequency is 1620 mega-

» S. B. Cohn, “Properties of ridge wave guide,” Proc. I.R.E., vol.
35, pp. 783-789; August, 1947.
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cycles, and the characteristic impedance at center fre-
quency fo=3540 megacycles is 58 ohms.eThis should
give a transformed impedance at fo of 33 ohms, cor-
responding to a voltage-standing-wave ratio of 1.5/1,
The measured response appears in Fig. 7(c), and is seen
to check closely the calculated voltage-standing-wave
ratio at fo. Hencee this checks closely (0) for these dimen-
sions. The improvement in low-frequency response is
cvident, and the over-all bandwidth ratio is seen to be

5300/2400=2.2/1.

IV. A JuNncTioN ror RipGr Wave Guipi
As explained in Part U, the higher modes in wave
guide can seriously interfere with transmission of the
Tlie mode. This frequency range limitation can be
solved by the use of ridge wave guide in place of ordi-
nary rectangular wave guide. In the paper on ridge wave

‘guide,® it is shown that the ratio between the cutoff

frequencies of the 7'/ and T/, modes can easily be
made as high as about 4 or &, or e¢ven higher, as com-
pared to the 2-to-1 ratio for ordinary rectangular wave
guide, and between the 75y, and 713, modes about 6
to 10 as compared with 3.
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Fig. 8—('mss-scclion‘pannnclvr.~ of (a) single- and (b)
double-ridge wave guide.

The construction of a ridge-wave-guide junetion is
shown in Fig. 9. Fig. 9(a) shows the generalized struc-
ture in which the shorted back cavity is of ridge guide,
which may have any shape, characteristic  imped-
ance, and cutoff frequency. Figs. 9(h) and 9(c) show
two casily constructed specific designs. In both casoes,
the cutoff frequeney and characteristic impedance of
the back cavity are higher than that of the ridge wave
guide fed by the junction. The approximate circuit
of Fig. 3(b) applics to this junction, and shows that
the junction acts as though the cquivalent  wave-
guide line of characteristic impedance Zywere connected
directly to the coaxial line of impedance Zgs, with a
reactance X duce to the shorted back cavity shunted
across the pointof junction. The \'nll.'lgu-st;m(iing-wavc-
ratio response may be calculated from this circuit.

The junction of Fig. 9 differs from the other junctions
described in this paper principally in that the cutoff
frequency of the back cavity of the former occurs within
the operating range of the junction. Although the wave-
length in wave guide approaches infinity as the fre-
quency is lowered toward cutoff, the \\':n"(--guide char-
acteristic impedance also approaches infinity, with the
result that the input impedance of (he back ‘:'wity in the
vicinity of cutoff is greater than zero and is finite. The
theoretical input impedance of o shorted length of wave
guide which is a quarter of a guide wavelength long at
1.414 times the cutoff frequency is plotted in Fig. 10.
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The standard equation for the input impedance of a
short-circuited line was used, with Z, and A, given by

1_§ ]
@ b
[
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Fig. 9—Junction design for ridge wave guide, (a) Generalized type for
single-ridge wave guide. (b) and (¢) Two specific easily built varia-
tions of (a). (d) Generalized type for double-ridge wave guide.

(6) and (4). As indicated on this graph, if the character-
istic impedance of the back-cavity section at infinite fre-
quency Zo, is made to be three times the coaxial-line
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Input impedance of a shorted wave-guide line.

(=g at f=1.41f.)

Fig. 10

impedance, the input reactance is greater than the co-
axial-line impedance between f; and f,, about a 6-to-1
frequency range. If the cutoff frequency of the ridge
wave guide fed by the junction is made to come at fi,
the junction will work well from almost f; to fa. Other

Cohn: Wave-Guide-to-Coaxial-Line Junctions
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values for the various parameters involved might give
still wider bandwidth. This design may be used with
any other form of “loaded” wave guide besides ridge
wave guide.

V. TAPERED-RIDGE JUNCTIONS

The most common wave-guide cross-section shape for
signal transmission is one with about a 2-to-1 ratio of
width to height. A transforming junction like those in
Part I11 would not give a very wide bandwidth for this
shape wave guide. However, any of the junctions de-
scribed above may be used with a sufficiently long
tapered section of wave guide which will gradually trans-
form the low impedance at the junction to the high im-
pedance of the 2-to-1-ratio wave guide. “Loaded” wave
guide, such as ridge wave guide, is particularly suitable
for this taper, since its lowered cutoff frequency causes
its impedance and wavelength to remain finite at the
cutoff frequency of the main guide. The earliest junction
known to the writer having this general design is shown
in Fig. 11.1° The “loaded” wave guide in this case con-
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Fig. 11—\ wave-guide-to-coaxial-line junction having a length of
tapered loaded wave guide as matching element.
sists essentially of a parallel-conductor transmission line
tapered from the 50-ohm impedance of the coaxial in-
put line to the wave-guide impedance. The coaxial con-
nection to this balanced line is made at a point thatis a
quarter wavelength from the shorted end of the bal-
anced line at some intermediate frequency in the oper-
ating range. This junction had a measured voltage-
standing-wave ratio varying between 1.3 and 2.3 over
a frequency range of 2.15 to 1. Impedance measure-
ments showed that the reactance remains close to zero,
and that the resistance is high, around 100 ohms at the
low-frequency end of the band, and around 60 ohms at
the high-frequency end of the band. By bringing the
tubes closer together, the balanced-line impedance at
the junction point could be made more nearly equal to
50 ohms, and the standing-wave ratio would be im-
proved over a large part of the frequency range.

Ridge wave guide is especially well suited for such a
junction because of the simple construction it offers,
and also because it can be designed so that its TEsg
cutoff frequency is cqual to or greater than that for
rectangular wave guide having the same width. As
shown in the paper on ridge wave guide,® this is accom-
plished by restricting the ridge width to a value between
onc-third and two-thirds of the total wave-guide width.,

19 T'his design was suggested by Andrew Alford and was developed
under his direction by J. Nelson, both of whom were then at the ﬁc -

dio Research Laboratory, Harvard University, Cambridge, Massa-
chusetts.
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A junction using tapered ridge wave guide is shown
in Fig. 12. It consists of a short length of ridge wave
guide tapered from the main guide impedance to 50

2o

e commiltem

(b)
Fig. 12—Tapered-ridge junction for 3X1§-inch wave guide.
(a) Construction. (b) Frequency response.

ohms at the point of junction with the 50-ohm coaxial
line. Beyond this point is a quarter wavelength of 150-
ohm ridge guide shorted at the end. This length is a
quarter wavelength long at some point in the oferating
range. The operation of this junction is similar to those
of Part 1.

The cross-sectional shape of the ridge for a 50-ohm
impedance was taken from the ridge-wave-guide curves
in the paper on ridge wave guide.® Fxperimentally it
was found that these dimensions actually gave an im-
pedance of 35 to 40 ohms, the error heing due to the in-
accuracy of (5) for small ratios of width to height of
the wave guide. The dimensions shown in Fig. 12(a)
give an impedance of about 50 ohms. They were found
experimentally by a brief cut-and-try process. The fre-
quency response®appears in Fig. 12(h). The ridge was
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(b)
Fig. 13—Tapered-ridge junction for 1.5-X0.75-inch
(a) Construction, (1) Frequency response.

wave guide.

given an approximately exponential taper with the
change in guide wavelength along the ridge taken into
account. Fig. 13 shows the dimensions and response of
another junction of the same type scaled down for
1.5X0.75-inch wave guide. This second junction works
much closer to cutoff than the first because its tapered-
ridge section is in proportion twice as long.
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The sharp increase in voltage-standing-wave ratio at
the upper limit in both ridge junctions is duc to the
17’15 and/or 7'My modes, whose cutoff frequency is 4900
megacycles in the large guide, and 10,400 megacycles in
the small guide. With a symmetrical double-ridge taper,
these modes will not he exeited. Also, a thin conducting
sheet in the center of the guide perpendicular to the /£
ficld will suppress these modes. With such a construc-
tion, good performance up to the 7/ cutoff frequency
(6240 megacycles in RG-48/U wave guide) is possible.

The dimensions of a double-ridge junction are given
in Fig. 14, along with the measured voltage-standing-
wave-ratio response. It is seen that a low voltage-stand-
ing-wave ratio is obtained from slightly above the 7'/,

(h)
Fig. 14—Double-ridge junction for 3X1.5-inch wave guide,
(@) Construction. (b) Frequeney response.

cutoff up to the 7'/ cutofi. The bandwidth ratio is 2.7
to 1 for a voltage-standing-wave ratio less than 2 to 1.
If a longer ridge taper were used, a bandwidth ratio of
very nearly 3 to 1 could be obtained. The 50-ohm
double-ridge cross scetion was obtained directly from the
curves in the ridge-wave-guide paper,® the cut-and-try
process being unnccessary in this case,

V1 METHOD OF TESTING

The test setup is shown in Fig. 15. The over-all
-alibration of crystal detector, amplifier, and voltmeter
was carcfully checked throughout the test range. Ex-
cept for Fig. 13, all curves were taken using for a load
over 20 decibels of RG-21A/1U lossy cable with a UG-
18/ type-N connector. For Fig. 13, a 100-foot length
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Fig. 15 ~Test setup.

of RG-8/U cable was used with a UG-21 13/U connector.
This last connector is far superior to the previously
available type-N connectors, expecially above 4000
megacycles. In all cases, however, it ml'js( be remem-
bered that the connectors have a considerable effeet on
the over-all voltage-standing-wave-ratio response,
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“The Maximum Range of a Radar Set”’”

KENNETH A. NORTON axp ARTHUR C. OMBERG

Jerome Freedman:' A discussion of the factors which
led Messrs. Norton and Omberg to conclude that 1000
megacycles is the optimum choice of frequency for an
early-warning set is presented. It is shown that the prin-
cipal factor which determined their conclusion was the
choice of 5000 as a maximum permissible antenna gain.
A discussion of the factors which principally control the
maximum permissible antenna gain is therefore pre-
sented. The desirability of further investigation of the
effect of scanning losses on permissible antenna gain is
indicated. It is shown that the required amount of intel-
ligence (plots per minute and range) will determine the
maximum permissible gain and antenna-rotation speed.
The antenna-rotation speed will in turn limit the maxi-
mum permissible area. This determination, plus the
available transmitter energy, will principally determine
the choice of operating frequency. A frequency of 1000
megacycles appears to be the optimum choice for the
particular conditions of 17 plots per minute at a 300-
mile range with § hits per target per scan. Specification
of other requirements will shift this choice of frequency.
Procedure and curves have been included which permit
this determination for other requirements. In general,
the requirement of more plots per minute shifts the
choice to lower frequencies, at the expense, however, of
angular resolution and increased power and attendant
weight.

Discussion of Norton's Range-Index Curve

1. Several of the factors in the authors’ range index
(see (16)) are dependent in magnitude upon the operat-
ing frequency of the radar set. Therefore, these factors
were plotted versus frequency (Fig. 1 and Fig. 2 of the
paper under discussion) and the results used in cal-
culating the range index, which is again plotted versus
frequency. This equation is here restated for conven-
ience:

RI=920 (G'/f)"*(E,L.L,/VNF)"* miles.

2. The factors plotted by the authors versus fre-
quency are: (a) antenna gain G’ (for constant area of 1000
square feet and for constant gain equal to 50600), () re-
ceiver noise figure NF, (¢) transmitter pulse energy
L, (in joules), and (d) range index R/ (in miles).

3. The parameters plotted by Norton and Omberg
as listed do not readily illustrate the manner in which
they operate on the range index. The cffect each of

* Proc. |.R.E. vol. 35, pp. 4-24; January, 1947.
! Watson Laboratories, Red Bank, New Jersey.

those factors has on the range index can be more
readily perceived if they are plotted as they function in
the range-index equation:

(a) antenna-gain index (G'/f)"?, (b) receiver noise-
figure index (1/NF)"%, and (c) transmitter pulse-
energy index (E,)"*.

4. These parameters are showr in Fig. 1 versus fre-
quency. The authors’ range index is also shown in this
figure. It is apparent that the receiver noise-figure index
and the transmitter pulse-energy index do not have any
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significant frequency dependence compared with the
antenna-gain index. The shape of the antenna-gain-in-
dex curve largely determines the shape of the range-
index curve. In fact, the maximum on the range-index
curve coincides with the maximum on the antenna-gain-
index curve. This maximum occurs at the point of inter-
section of the constant-antenna-areacurve with the con-
stant-antenna-gain curve, since the first increases with
frequency, while the second curve is an inverse function
of the frequency. It is readily apparent, then, that the
authors’ determination of an optimum operating fre-
quency at 1000 megacycles was a direct result of as-
suming that 5000 was the maximum utilizable antenna
gain. Choice of a maximum utilizable antenna gain of
20,000 would have made 2000 megacycles equally ac-
ceptable. Their determination of 5000 as a maximum
gain is based on two requirements:
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(a) That the beam must not be so narrow in cleva-
tion that it will not illuminate all targets up to
altitudes of at least 50,000 feet.

(6) That the beam must not be so narrow in azimuth
that it cannot cover its scctor of search in a
reasonably short period of time; experience indi-
cates that antenna gains greater than about 5000
cannot be uscfully used.

The first requirement can casily be met by using a beam
as narrow as desired and obtaining the necessary vertical
coverage by the use of multiple offset feeds as suggested
by E. G. Schncider.? The second requirement is not
clearly understood and no supporting evidence has been
supplied. Therefore, the choice of 5000 as a maximum
antenna gain cannot be taken as final and deserves fur-
ther consideration, particularly since its choice will de-
termine the optimum frequency.

The Fffect of Scanning Losses on Maximum Anlenna
Gain

5. The factors which control the maximum permis-
sible antenna gain are physical limitations, scanning
losses, and vertical coverage. As stated in paragraph 4,
the vertical-coverage limitation on the antenna gain can
be overcome by use of multiple feeds. Scanning losses
and physical limitations will then be the controlling fac-
tors, and the rotational speed will be one of the variables
in each case.

6. Itis important to know how scanning losses affect
the range-index equation. The range index as derived
by Messrs. Norton and Omberg quite properly is based
on the energy contained in a single pulse. Unfortunatety,
at present nonc of our indicating devices operate prop-
crly on the basis of the return of the energy contained
in one pulse, but require the integration of the energy
contained in a number of pulses. If a linear integrating
device were available (i.e., one whose indication would
rise lincarly with the number of pulscs received), for the
condition of searchlighting, it would merely be neces-
sary to multiply the term £’ in the authors’ range index
by F, the recurrence frequency of the pulses, and the
basis for comparison of radar sets would then obviously
be the average power. Unfortunately, the sitvation is
complicated by the fact that the best presently available
indicating device, the cathode-ray tube with A scan, is
not a linear integrator. A. V. Hacff3 has experimentally
shown that the results are proportional to the FVe
power and not F for the condition of scarchlighting.
Therefore, for scarchlighting, the number of pulses in-
cident on a target are of some significance but not as
great as might be supposed, since the range index be-
comes a function not of average power which would be

* E. G. Schneider, “Radar,” I’roc. L.R.E., vol. 34, pp. 528-578;
August, 1946.

3 A. V. Haeff, “Minimum detectable radar signal and its de-
pendence upon parameters of radar systems,” PProc. 1.R.E., vol.
34, pp. 857-861; November, 1946.
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(1o X F) but of (I£X F'3), Norton and Omberg have cor-
rected their range index from a one-pulse basis to the
condition of scarchlighting by incorporating Hacff's re-
sult in his visibility factor.

7. Itis necessary to correct the range-index equation
not for the condition of scarchlighting but for the con-
dition of scanning, since the normal carly-warning sct
does not scarchlight but scans. The scanning normally
consists of rotating the antenna at a uniform rate con-
tinuously in azimuth. The rate of rotation will he deter-
mined by the permissible penetration for the attacking
planc and, therefore, will be dependent on the speed of
the plane. The fundamental problem is how far the
plane may enter a given perimeter Lefore the antenna
again points in that dircction and the plane is detected.
In general, the greater the speed of tl e attack, the greater
must be the rotation rate of our antenna. As a result of
this rotation requirement, the number of pulses incident
on a target at a given azimuth is limited. The effect of
this limitation on the range is known as scanning loss,
and we must know quantitatively how this affects the
range. Norton and Omberg insert a factor £, in their
visibility term, but give no explicit relationship.

8. The number of pulses or hits per target per scan
will be determined by the rotation speed, the antenna
beam angle, and the pulses per second of the transmit-
ter. For the condition of scarchlighting which Haeff's ex-
periments assumed, F does represent the number of hits
and we have '

I
ARE

1" =

where Nois the number of hits per target per second.
L. V. Berknert in his range cquation includes a term S
which is the equivalent of the visibility factor 1" given
by Norton and Omberg. IHe suggests that

1

A

where Nis the number of hits per target per scan.

The normal radar scarch antenna, while scanning,
turns at a sufficiently slow rate so that 5 to 40 hits (at a
rate of about 300 per sccond) are placed on a target, and
then the antenna moves on and does not return to the
target until once revolution time (4 to 60 scconds) has
clapsed. This manner of operation is sufhiciently differ-
ent from the experiments performed by Hacff so that
there would be little justification for the application of
Haefi's results to the range-index equation for the con-
ditions of scanning except where the number of hits per
target per scan is large. Unfortunately, the region of
interest for carly-warning systems at present lies in the
range below 20 hits per target per scan. Some experi-
mental work appears to bhe necessary to establish the
empirical relationship between visibility and the number

L. V. Berkner, “Naval airborne radar,” Proc RE, v
34, pp. 671-706; September, 1946, " oc: LRE, vol.
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of hits per target per scan as obtained by the normal
radar set. Present experience scems to indicate that a
minimum of 5 hits are required to properly illuminate
the cathode-ray-tube indicators, and that there is little
to be gained by increasing the number of hits above 10.
This observation is probably explained by the non-
linearity of the cathode-ray-tube screen, which requires
a minimum energy for illumination but saturates rap-
idly on further increascs of energy. It may, perhaps, be
possible to write an expression for the visibility factor
which includes Haeff's results and considers Berkner’s
suggestion and these observations as follows:
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9. It may be possible to incorporate such an empirical
factor in the authors’ range index with good results.
However, there is another approach which yields results
and will require no operation on the range index. The
number of hits per target per scan is given by

v (1)
w
where v is the pulses per second, 8 is the antenna hori-
zontal beam angle, and w is the scan rate in degrees per
second ; assuming a right conical beam the axis of which
is normal to the plane of the antenna.
10. The gain of an antenna is given by

A
oo
(l = 41rk| xz (2)

where N =wavelength, A =area, and k, = utilization fac-
tor. The utilization factor k, is approximately 0.65 for a

|
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parabolic reflector.? The area 4 for a parabolic reflector
is assumed to be the aperture area and therefore equal to

D?
U —
G' =64 (3)
where D =aperture diameter.
9 = 57.3(k:A/D). (4)

k, from Berkner is equal to 1.2 for a parabolic reflector.
Combining 1, 3, and 4 and solving for G,

vt 313 X 10
¢'=—X .
w2 N2

11. An expression is now available which relates the
antenna gain to the pulse-repetition frequency, scan
speed, and number of hits per scan. By stipulating 5 hits
for N in the expression, the maximum permissible an-
tenna gain can be plotted versus antenna-rotation speed
for various values of y. Fig. 2 represents such a plot
with pulses per second of 220 and 110 (300- and 600-
mile sweeps, respectively). For convenience, the an-
tenna gains available from 1000- and 500-square-foot
antennas are also shown versus frequency. It is possible
for any rotation speed at these pulses per second to
determine the maximum permissible antenna gain and,
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Ly extending horizontally across the graph, to intersect
the antenna-gain versus frequency curves. The maxi-
mum permissible frequency for a given antenna speed
and size can then readily be determined. Fig. 3 indicates
similar plots for the case where 10 hits per target has
been stipulated for N.

12. A word of caution is necessary. The calculations
have been based on a parabolic reflector. The tendency
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has been to use truncated parabolic reflectors to increase
the vertical coverage. This tends to give a smaller
horizontal beam angle for an antenna of a given gain or
area than would be obtained with a parabolic reflector.
‘Therefore, the maximum permissible antenna gains ob-
tained from the use of Fig. 2 will be somewhat larger
than may actually be used in the case of truncated para-
bolic reflectors. The minimum permissible horizontal
beam angle required to provide 5 hits per target per scan
has been plotted on the same graph. While this factor
does not appear directly in the range-index cquation, it
gives the minimum beam angle in the plane of the
target permissible for any type of antenna at a given
rotation speed.

13. In order to choose an optimum frequency, it ap-
pears necessary to have available a family of constant-
gain and constant-arca curves such as has been drawn by
Norton and Omberg for an area of 1000 square feet and
gain of 5000. Such curves, when drawn, should consider
the latest available pulse energies as indicated in foot-
note 9 by Messrs. Norton and Omberg. The procedure
would be first to determine the maximum permissible
antenna gain bascd on the necessary antenna rotation
speed, hits, and pulses per second. Then a decision must
be made as te the maximum area which can be rotated
at the stipulated rotation speed. The intersection of the
constant-gain curve and the constant-arca curve in the
family will give the optimum frequency.

Discussion of the Factors Controlling the Range

14. The significant predictable factors affecting the
range of a scarchlighting radar system at any one fre-
quency are: (a) transmitted energy, (b) antenna gains,
and (¢) recciver noise figure. The range index of a radar
system varies with the one-fourth power of the trans-
mitted energy, the minus onc-fourth power of the re-
ceiver noise figure and the one-half power of the com-
bined antenna gain G,G,. It is apparent then that the
most significant improvement in the range index of a
system can be achieved by increasing the antenna gain.
In the conventional type of radar system, the increased
antenna gain is accompanied by three other changes, a
decrease in the horizontal and vertical beam angles and
an increase in size. As has been previously stated, ap-
parently there is a limit beyond which the horizontal
beam angle cannot be reduced for any given.rotation
speed in the conventional system. The limit on decrease
in the vertical angle is set by the vertical coverage re-
quired. For the range of frequencies over 1000 mega-
cycles, the antenna gain and not the antenna size ap-
pears to be the limiting factor at the antenna rotation
speeds presently required. It is necessary to scek meth-
ods which will reduce scanning losses and increase the
vertical coverage, if further advantage of this significant
factor is to be obtained. Tt should be borne in mind that
decrease in the beam angle is by no means entirely
detrimental since the amount of intelligence obtained,
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a factor which is not considered in the range equation, is
increased proportionately.

15. Examination of the receiver noise-figure index
(1/NF)' as plotted in Fig. 1 will indicate that, if it is
increased to the perfect value of one, the range improve-
ment obtained at 100 megacycles is 1.2 times, that ob-
tained at 1000 megacycles is 2 times, and that obtained
at 10,000 megacycles is 3 times. It is important to re-
member that this improvement applies only in the ab-
sence of external noise. Therefore, it is apparent that no
significant gain in range can be obtained at 100 mega-
cycles by further improvement of the receiver. The
range may presumably at best be doub