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Here is a typical example of how K-V custom-builds the
precisely correct transformer for each individual appli-
cation. Our specialized engineering cooperation is at
your service. What's YOUR transformer problem?

©® ADVANCED ENGINEERING AT LOW COST © MODEL SHOP AND PRODUCTION FACILITIES
©® MANUFACTURING KNOWLEDGE @ RIGID INSPECTION AND QUALITY CONTROL
@ ELECTRICAL AND MECHANICAL STABILITY ® SPEEDIER DELIVERY

K-V TRANSFORMER CORPORATION

1699 FIRST AVENUE, NEW YORK 28, N.Y.
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See Western’s Exhibit at the 1. R. E. Radio Show
Grand Central Palace, New York—March 22-25
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— QUALITY COUNTS —

DISTRIBUTORS: IN THE U.8,A.—Graybar
Electric Company. IN CANADA AND NEW
FOUNDLAND—Northern Electric Co., Ltd.



Now available for
general use—

MICROWAVE
MEASUREMENT
ACOMPONENTS

Our engineering staff
stands ready to assist

you with your micro- PRD Microwave Measurement Instruments and Components
wave prob]em.s: . Ade- represent the scientific mastery and creative design of a
quie shop facilities gre staff of over 20 engineers and physicists, many of whom
8V8.llable fO'.‘he fabri- have worked in this field since its first application in
cation of special systems practice. Ingeniously and precisely fabricated to meet the
or measurement com- exacting requirements of the art, these instruments have
ES B MO e become the accepted standards in the foremost government,
specific requirements. industrial and educational laboratories.

The PRD Microwave line now includes instruments in all
our Weoth a1 We wave-guide and coaxial line sizes covering the frequency
1948 IRE SHOW range from 2600 to 26,000 megacycles per second. Available

is #276 equipment includes such items as Resistive Pads and

Attenuators, Slotted Sections and Probes, Frequency Meters,

and impedance matching devices. An illustrated catalog

may be obtained by writing Dept. R3 on company letterhead.

’
RESEARCH
66 COURT STREET

BROOKLYN 2, N. Y. DEVELOPMENT COMPANY, Inc.
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L. F. Transformer courtesy of Standard Coil Products Co.

l. F. Transformers

How Standard Coil uses
Centralab “Filpec”

to simplify production, save space on

See where Standard Coil engineers use ‘‘Filpec’” to take
the place of 2 capacitors and 1 resistor. Result: .im-
portant space and production savings plus trouble-fr

performance and long life.

*Centralab’s revolutionary Printed Electronic
Circuit — Industry’s newest method
for stepping-up manufacturing efficiency!

Fon SMALL SIZE, light weight and long life, there's nothing like

Centralab's new printed electronic cirenit filter! That's why the
Standard Coil Products Co. uses “Fzlpec” in its new 1. F. Transformers.
And that's why you'll want to see how it gives you higher circuit
efhciency, more dependable performance as well as a reduction of line
operations in set and equipment manufacturing.

Filpec combines two capacitors and one resistor into one tiny bal
anced diode load filter unit, saves space, cuts inventory, is highly
adaptable to a variety of circuits. Capacitor values from 50 to 200
mmf. Resistor values from 5 ohms to 5 megohms. Resistance rating
1/5 watt. 100 WVDC. Flash test: 200 VDC. For complete informa-
tion about Filpec performance, see your Centralab representative, or
write for Bulletin 976.

< Cer

Division of GLOBE-UNION INC., Milwaukee

IN 19481

“Filpec” gives you integral construction! Made
with high dielectric Ceramic-X, CRL’s Filpec as-
sures long life, low internal inductance, resistance
to humidity and vibration. Note schematic dia-
gram below, showing typical application.

PROCEEDINGS OF THE LR.E. March, 1948



NOW AVAILABLE (3

——

MICROWAVE RELAYS

=
& Four Sperry Reflex Klystron oscillaoss{or
microwave relay systems are now avarlable for

commercial use. These Klystrons can be used —
either as transmitting types or locdtostittators: —
1 Gatary s boo
They can a.lso be used in the labo..t. ry weh .
oscillators in the development of worrowaye |
relay systems. —
® With these new Klystron tubes, retay
are simplified and the mechanical problesss-
associated with lower frequency retaytmksire
overcome. =
¢ A=
® Other Sperry Klystrons are availalite nt the
frequency range from 500 to 12,000-megaeyeles
Our Industrial Department will gledtysupply:
A - P | B e o
further infermation. — ‘
——
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—
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—
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@ Sperry Gyroscope-Comp

e et e

OIVISION OF THE SPERRY CORPORATION <~ GREAT-NECK_NEW.

NEW YORK - CLEVELAND - NEW ORLEANS - LOS A 8

VISIT THE SPERRY BOOTH —
AT THE I.R.E. SHOW .

»

—
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Compact Design...
Unlimited Circuits...

... plus terminals

that really stay put!

THEY’RE small, they’re flexible, they’re ruggedly
designed. That’s the story of the RS 50 and RS 60—
two Mallory switches especially designed for radio receiver
applications where low torque indexing is required.

An outstanding feature of these switches is the two-point
stapling which assures that terminals won’t work loose.
The terminals themselves are made of heavy spring brass
for strength, silver plated, formed for flexibility, insuring
low contact resistance.

Many other features are notable too: the improved low-loss
phenolic in stator and rotor . . . the star wheel ball index-
ing with 30° between positions . .. silver-to-silver double
wiping contacts . . . where desired the exclusive Mallory
silver-indium treatment may be applied to rotor segments
permitting higher contact pressure with lower, smooth
operating torque and a minimum of contact resistance with
extremely low noise level and long life.

The RS 50 is made with from 2 to 10 positions—the RS 60
with from 2 to 5. For more details, write for engineering
data folder.

o) .

v
30

wod
[

Ask for RS Specification Sheets

Printed on thin paper 10 permit blueprinting, these sectional
drawings indicate standard and optional dimensions—make
it easy for you to specify Mallory RS switches built to meet
your circuit requirements. Aek your nearest Mallory Field
Representative or write direct for a supply.

M P.R.MALLORY & CO. Inc.
Visit ws at A L L o R

Booths 84, 85,86

SWITCHES

LR.E. Show (ELECTRONIC, INDUSTRIAL and APPLIANCE)

Grand Central
Palace
New York
Morch 22.25

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

PROCEEDINGS OF THE LR.E. March, 1948



MEASURE TOTAL DISTORTION
Between 20 cps and 20 ke

]
/

CHECK THESE SEVEN
IMPORTANT FUNCTIONS:

1. Measures total audio
distortion.

2. Checks distortion of
modulated r-f carrier.

3. Determines volitage level,
power output.
4. Measures amplifier gain and
response.
_°~40 ‘ . .
2 ! 5. Directly measures audio noise
§ 0 and hum.
O
] 6. Determines unknown audio
S 40 W
§ R Any frequency between freque“des'
?Kao ,/ dolnd FOgancEs 7. Serves as high-gain, wide-
' band stabilized amplifier.
20 200 2000 20000 i
Figure 1 FRfQUENCY, C.p.S.

This fast, versatile -bp- 330B Analyzer
measures distortion at any frequency
from 20 cps to 20 kc. Measurements
are made by eliminating the funda-
mental and comparing the ratio of the
original wave with the total of re-
maining harmonic components. This
comparison is made with a built-in
vacuum tube voltmeter.

The unique -bp- resistance-tuned
circuit used in this instrument is
adapted from the famous -bp- 200
series oscillators. It provides almost
infinite attenuation at one chosen fre-
quency. All other frequencies are
passed at the normal 20 db gain of
the amplifier. Figure 1 shows how at-
tenuation of approximately 80 db is
achieved at any pre-selected point be-
tween 20 cps and 20 kc. Rejection is
so sharp that second and higher har-
monics are attenuated less than 10%.

Full -Fledged Voltmeter
As a high-impedance, wide-range,
high-sensitivity vacuum tube voltme-
ter, this -bp- 330B gives precision
response flat at any frequency from
10 cps to 100 kc. Nine full-scale

PROCEEDINGS OF THE LR.E.

ranges are provided: .03, .1, .3, 1.0,
3.0, 10, 30, 100 and 300. Calibration
from +2 to —12 db is provided, and
ranges are related in 10 db steps.

The amplifier of the instrument can
be used in cascade with the vacuum
tube voltmeter to increase its sensitiv-
ity 100 times for noise and hum
measurements.

Accuracy throughout is approxi-
mately +3% and is unaffected by
changing of tubes or line voltage var-
iations. Output of the voltmeter has
terminals for connection to an oscil-
loscope, to permit visual presentation
of wave under measurement.

Measures Direct From R-F Carrier

The -bp- 330B incorporates a linear
r-f detector to rectify the transmitted
carrier, and input circuits are contin-
uously variable from 500 kc to 60 mc |
in 6 bands.

Ease of operation, universal appli-
cability, great stability and light
weight of this unique -bp- 330B Ana-
lyzer make it ideal for almost any
audio measurement in laboratory,
broadcast or production line work.
Full details are immediately avail-
able. Write or wire for them—today
Hewlett-Packard Company, 1437D
Page Mill Road, Palo Alto, Calif.

Noise ond Distortion Analyzers
Avdio Frequency Oscillators
Amplifiers Power Supplies
Squore Wave Generotors

March, 1948

Wave Analyzers
Avdio Signal Generators
UHF Signal Generotors
Frequency Standards

Ny

Frequency Meters
VYacuum Tube Volimeters
Attenvators
Electronic Tachometers

/
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SEQUENCE

At Bell Telephone Laboratories, more than 2300 scientists, engineers,

and their associates are continually exploring and inventing, devising

and perfecting for improvements and economies in telephone service.

BELL TELEPHONE LABORATORIES




WHEN YOU AIM AT...

MANUFACTURERS

. . : Our silver mica department is now producin
?acts are stubborn things . . . EIl-Menco Capacitors are backed silvered mica ﬁlmpfor all elecuon;z .pplicas.

by impressive facts . . . proven performance, dependable quality DD B0 (A TS By

.« . earned as components in the world’s finest radio and elec-
Write on Firm

Letterhead for
Catalog and

tronic equipment.

You can’t discount the reputation of leadership El-Menco has
built with the most renowned manufacturers. If you want your Samples.

product to win preference through perfection . . . use El-Menco

Capacitors . . . improve its performance.
Send for samples and complete specifications.

THE ELECTRO MOTIVE MFG. CO., Inc. Foreign .Rndio .nnd £le.ctronic Manufacturers
communicate direct with our Export Depart-

Willimantic, Connecticut ment at Willimantic, Conn., for information.
JOBBERS AND DISTRIBUTORS
ARCO ELECTRONICS

135 Liberty St. New York, N. Y.
is Sole Agent for Ei-Menco Products in United States and Canada.
MOLDED MICA MICA TRIMMER

CAPACITORS
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Outpus of one of the marker

ators used in seiting
sweep speeds fo known
values. This case repre-
sents 0.2 microsecond/

1.2 lines of television
signal. Horizontal
synchronizing and
blanking pulses at
each end. Video
modulation in center,

Fractional part of a line,
Horizontal synchroniz-
ing and blanking are
shown.

OTHER FEATURES...

Provisions for attaching recording
camera. Fine, clear focus over entire
length of trace.

Y-axis: Any degree of attenuation be-
tween 1:1 and 1000:1; greai expan-
sion of negative polarity signal; un-
distorted deflection of at least 2
frequency response within 3 db. from
10 cps. to 10 mc.

X-axist Time-base duration variable
from 1 to 15,000 microseconds. Hori-
zontal deflection of at least 4",
SRP-A Cathode ray Tube. 12,000 volt
accelerating potential.

Time-base can correspond with any
horizontal line in either or both inter-
laced fields. Calibrating generator for
calibration of sweep-writing speeds
by signals of 10, 1, and 0.2 microsec-
ond/cycle.

Wide range of sweep-wrillng speeds;
continuous variation between 0.25 and
3000 microseconds/in.

Delay ranges of 100 or 1000 micro-
seconds selectable for linear time
base,

Indication as fo exact occurrence of
time-base with respect to overall tele-
vision picture.

Interval of 0.25 microsecond may be
measured 1o plus/minus 0.01 micro-
second.

10a

.

T SVl

LA

Fractional part of
line near center of
line. Video modula-
tion produced by
wedge, is shown.

’ DU MONT proudly announces the
new Type 280 Cathode-Ray Oscillo-
graph especially designed for tele-
vision studio and transmitter instal-
lations. Here at last is a means for
accurately determining the dura-
tion and shape of the waveform
contained in the composite tele-
vision signal, as well as the charac-
ter of the picture-signal video in
conjunction with transmitter opera-
tion, according to FCC standards
and practices.

Excellent for research on all tele-

Vertical synchronizing and
equalizer pulses as seen
with 60-cycle-sweep repe-
tition rate; used for check-
ing interlace.

Television waveforms selected
even to the scanning line and
fraction of that line, for critical
study or recording, with the new

DU MONT

Fractional part of
line near center of
atestpatternwhere
wedge elements
are more closely
spaced. Note loss
in amplitude of
modulation.

Trailing edge of horizontal syn-
chronizing pulse.

vision equipment. Also for study of
wide-band amplifiers. Well suited
for industrial use wherever high-
speed single transients are studied.

Consists of four units mounted on
standard relay-rack type panels and
chasses, and installed on mobile
rack. Removable side and rear
panels. Grouped controls for easy
operation.

By virtue of its great range of ap-
plications, Type 280 becomes a
"must” for television studio and
research laboratory.

§ Further Details on Request!

© ALLEN B. DU MONT LABORATORIKS, INC.

emiion Elocthonics & fotoviwion

PASSAIC, NEW JERSEY * CABLE ADDRESS: ALBEEDU, PASSAIC, N. J,, U. S. A,

PROCEEDINGS OF THE I.R.E.
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These capacitors are identical, elec-
trically. The different case styles
were, most of them, developed for
specific applications. However, since
the capacitors are electrically the
same, it is perfectly practical to use
them interchangeably—to use
a ballast capacitor on a motor,
or a motor capacitor with a sign
transformer.

We have made just such proposals
at times—and have frequently been

GENERAL @@ ELECTRIC

able to help manufacturers solve an
unusual mounting or space problem,
and cut their capacitor costs by rec-
ommending a unit not normally
thought of for the application.

The capacitor that you should use
of course depends on your own prob-
lem. For assistance in any specific
case, get in touch with the nearest
G-E Apparatus Office, or write
General Electric Company, Pitts-
field, M assachusetts.

407-151

PROCEEDINGS OF THE I.R.E. March, 1948
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REVERE SHEET AND STRIP
FOR DRAWN PARTS

FOR all products to be made by drawing,
stamping and similar sheet metal operations,
Revere sheet and strip of copper or brass offer
maximum ease of fabrication. Not only are these
metals naturally ductile, but they benefit further
from the metallurgical skill which Revere has
gained in 147 years of experience.

In composition, mechanical properties, grain
size, dimensions and finish, you will find Revere
metals highly uniform. They enable you to set
up economical production methods and adhere
to them. They can help you produce better
products at faster production rates, with less
scrap and fewer rejects.

Revere copper, brass and bronze lend them-
selves readily to the widest variety of finishing
operations—polishing, lacquering, electro-plat-
ing. With these superior materials it is easy to

12a

make radio shields and similar products beau-
tiful as well as serviceable.

That is why wise buyers place their orders
with Revere for such mill groducts as—Copper
and Copper Alloys: Sheet and Plate, Roll and
Strip, Rod and Bar, Tube and Pipe, Extruded
Shapes, Forgings—Aluminum Alloys: Tubing,
Extruded Shapes, Forgings—Magnesium Alloys:
Extruded Shapes, Forgings—Steel: Electric
Welded Steel Tube. We solicit your orders for
these materials.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801
230 Park Avenue, New York 17, N. Y.

Mills: Baltimore, Md.; Chicago, 1ll.; Detroit, Mich.;
New Bedford, Mass.; Rome, N. Y.

Sales Offices in Principal Cities, Distributors Everywhere.

PROCEEDINGS OF THE LR.E. March, 1948
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Qq} +V0q,
Funny Numbers?

« « » perhaps, but they are more
evidence of SPRAGUE LEADERSHIP!

New Phenolic-Molded Sprague
Tubular Capacitors Produced in
Decade Ranges and Color-Coded!

! With the recent introduction of its
sensational new molded tubular ca-
pacitors, Sprague now announces
standardized capacities, and color-
coding for ready identification of
these new units. For example, start-
ing with the number 1, the next num-
bers in the 209, tolerance decade are
1.5, 2.2,3.3,4.7,6.8 and on back to 10.

Established decade ranges and
color-coding have proved their ef-
ficiency and acceptability in the re-
sistor industry over a period of years.

Highly heat- and moisture-resistant * Non-

inflammable * Conservatively rated for

~—40°C. to 85°C. operation ¢ Small in size
Completely insulated * Mechanically rugged
Moderately priced.

Now, for the first time, this same
practice will allow capacitor manu-
facturers the many advantages of
standardized production—advan-
tages which we feel will be cumula-
tive through the years.

In the firm conviction that these
steps toward standardization will
prove mutually beneficial, Sprague
Electric Company solicits your co-
operation and invites your inquiries
for information, samples and applica-
tion data concerning the new
SPRAGUE MOLDED TUBULAR
CAPACITORS. WRITE FOR ENGI-
NEERING BULLETIN NO. 210 A.

THE FIRST TRULY PRACTICAL PHENOLIC-MOLDED PAPER TUBULAR!

SPRAGUE MOLDED TUBULAR CAPACITOR COLOR CODE

N
s Black | Brown | Red | Orange| Yellow | Green | Blue | Violet | Gray | White
1ay Stgnine 0 1 2 3 4 5 6 8
Significant p 7
BAND | .o |SEETEA )
/ 2dp| 55 [signincant] o 1 2 3 5 7
. Slgnifican p 4 6 8 9
. / BAND 55 Number S
3rd Decimal
BAND Mull|pll(~r_> 100 _l()()() 10.000 | 100.000
4th
T |BAND| TOLERANCE +20% +30% | £40% | £5% +10%
.| 5th
BAND RESERVED FOR ARMED SERVICES
NKT F.lsnineane| o | 1+ | 2] s | 4 s el 2| 8| o
- 14 can
\ BA-XD g%:': |_Number =
AT B - P 0 1| e 3 4 5 6 1| s | o
- Significant
BAND £ Number

o

CAPACITORS

SPRAGUE ELECTRIC COMPANY North Adams, Mass.

*KOOLOHM

RESISTORS

SPRAGUE

PIONEERS OF ELECTRIC AND ELECTRONIC PROGRESS

PROCEEDINGS OF THE LR.E.

*Trademark reg. U. S. Pat. Off.
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CONSULT SHERRON’S ANALYTICAL
ENGINEERING-MANUFACTURING SERVICE

In the completeness of its depart-
ments, manpower and the skills and
experience of its personnel, the
Sherron Electronics Co. is organized
to meet any challenge in the design,
development and manufacture of:

In broad terms, Sherron's Analytical
Engineering-Manufacturing  Service
means . . . complete design, devel-
opment, engineering and manufac-
turing of “‘precision electronics™
equipment., Comprehensive, confi-
dential — this service is exclusively
for manufacturers. It is defined by
these facilities, personnel and op-
erations:

DEVELOPMENT-DESIGN: Initiated in
our electronics laboratory by experi-

PROCEEDINGS OF THE I.R.E. March, 1948

Communications equipment . . . Elec-
tronic Control equipment . . . Yac-
uvum Tube Circuit development . . .
Control of Measuring Devices . . .
Instrumentation . . . Television Trans-
mitters . . . Television Test equipment
... Test Equipment for Components.

enced physicists, engineers and
technicians.

ELECTRO-MECHANICAL LABORA-
TORY: Staffed by graduate mech-
anical engineers fully conversant
with the requirements for *‘precision
electronics.”

COMPLETE SHEET METAL FACILITIES

WIRING DEPARTMENT: Headed by
production electrical engineers.

SHERRON ELECTRONICS COMPANY

DIVISION OF SHERRON METALLIC CORPORATION
1201 FLUSHING AVENUE * BROOKLYN 6, NEW YORK

154



M #tot —Rilovolt ratings matching the elevated

R

Typical high-voltage ratings—
Series 84" tubular paper ca-
pacitor rated at 10,000 volts
DCW., and Series “89" midget
oil-filled tubular rated at 3500.

@ Before and since the advent of the first practical
television receiver in 1939, Aerovox capacitors
have marched along with the television pioneers.

Inherent Aerovox quality, PLUS Aerovox extra-
generous safety factor, has successfully met the
surges and fransients, the heat and the humidity,
and the other trying conditions of the twilight zone
of television development. And that goes likewise
for the severe service requirements of cathode-ray

T,

__ peaks and transients of television and

W
Series “14” oil-filled capacitor, usually with single pil-
lar terminal, now available in double-ended design for
maximum insulation at higher potentials. This and the

popular Series 12" double-pillar ribbed-cap oil capaci-
tor, are available in voltage ratings up to 10,000 volis

oscillography.

With larger and more brilliant screen images
calling for still higher working voltages, Aerovox
is again ready with expanded voltage ratings. The
Series 84" paper tubulars, the Series 89" midget
oil capacitors, the Series ""14” and other can-type
oil capacitors are now available in higher voltage
ratings to meet post-war television, oscillograph
and other electronic needs.

e Submit your higher-voltage circuits and constants for our engineer
ing collaboration, specifications, quotations. Literature on request.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS

Nhpn )

anada: *

_,

PROCEEDINGS OF THE I.R.E.
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—

'AEROVOX CORPORATION, NEW BEDFORD, MASS., U.S.A. 7
LES OFFICES IN ALL PRINCIPAL CITIES » Expo
&3 a| le: ‘ARLAB! o In CA
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for HIGH Q TOROID INDI.ICORS

There are many applications in the avdio,
carrier, and supersonic fields requiring in-
dustors of high Q and great stability. The
HQ series of units developed for these ap-
plications have remarkable characteristics,
as illustrated below. HQA coils have high = :
Q 1100 at 5000 cycles) and are available i

PRIQUIRCT-CTCLIS

n inductances from 5 MHY to 15 henrys.
HQB coils have very high Q (200 at 4000 TYPE HQA TYPE HQ: 3
3 CL% DIMENSIONS—143" Dio., x 17" H.— DIMENSIONS—254" L. x 1%” W. ¢ 214" H.—
cycles) and are available in inductances Wi, § om. W1, 14 ors.
Inductance Net Inductance Net
from 10 MHY to 25 henrys. Valve Type No. Price Volue Type Na. Price
5 mhy. HQA-1 $7.00 mhy. Hgs-;
; : 5 mhy. HQA-2 7.00 mhy. HQB-
HUM PICKUP is low due to the toroidal ;gs :h; HQA-3 : mhy. :ga-a
windi ; 30 mhy. HQA-4 . mhy. B-4
winding structure, 70 and 140 microvolts - HQA.S y 5 hy. Hg:.:
er gauss respectively for the HQA 80 mhy. HQA-6 - hy. HGQE-
per 9 pectively fo e HQA and =LA HQAZ ! . hy. HQB.7
HQB at 60 cycles. mhy. HQA-8 ! 5 hy. HQB-8

mhy. HQA-9 : 5 hy. HQB-9
hy. HQA-10 I . hy. HQB-10

75 hy. HQA-N ! . hy. HQB-11
Stability is excellent. For the HQA-7 coil ; 1 HQA-12 ! | : HQB-12
llustrated, inductance change is less than : :g::i

HQA-15
HQA-16

volts 1000 cycles. For the HQB-5 coil HQA-17 -
hy. HQA.18 17.00

¢ 1<, for applied voltages from .1 to 25

illestrated, the inductance change is less

k than 19, for applied voltages from .1 to UNCASED I."GH Q TORO'DS

50 volts 1000 cycles. Change in inductance We can supply any of the Toroids listed
dee to DC current is approximately 19, without case. Deduct $1.50. Specify type

per 10 MA linearly for the HQA unit illus- and inductance value when ordering.

trated and 3/4 °/o for the H@B. All cased SPECIAl TOROIDS

urics are hermetically sealed. Standard ; .
¢ Sizes other than those shown in our stock list can be supplied cn

inductance tolerance is 1%. special order at price of next highest value. Type HQC anc HQD
coils, having maximum Q at 50 kc¢ and 100 kc respectively, a-e
also available.

I TEMS

E W

WRITE FOR OUR
CATALOG PS-408

1SO VARICK STREET i NEW YORK 13, NVY.

EXPORT OIVISION: 13 EAST 40th STREET, NEW YORK 16, N. V. CABLES: “ARLAB"
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4X500A 4.1000A

-

«PERFORMANCE LEADERS

O THESE TUBES HAVE PYROVAC PLATES

4-65A

Tops for high power YHF mobile transmitters, type 4-65A is the
smallest of the Eimac radiation cooled tetrodes. Conservatively
rated at 65 watts plate-dissipation, the tube is but 4!/, high and
2" in diameter. The 4.65A is capable of operation over a wide
voltage range, for instance at 600 plate volts one tube will provide
50 watts of power-output with less than 2 watts of grid drive. At
3000 plate volts a power-output of 265 watts is obtained.

4X100A

Designed for high frequency applications in which horizontal forced-
air cooling would be an equipment design advantage. The char-
acteristics of the 4X100A closely resemble those of the 4X150A ex-
cept for slightly lower plate dissipation, 100 watts.

4X150A

An extremely compact tetrode of the air-cooled external anode
type. Rated at 150 watts of plate dissipation it cenn be operated at
maximum ratings up to 500-Mc. When operated as a doubler, the
4X150A is the standout answer to the STL (studio- transmitter-link)
vacuum tube problem . . . excellent performance is had up to
1000-Me.

4-125A

Forerunner of the Eimac tetrode fine, the 4.125A is probably the
most universally accepted power tetrode yet designed. Its Pyrovac
plate and processed grids impart a high degree of operational
stability, resistance to overloads and exceptionally long life. Rated
at 125 watts plate dissipation, one 4-125A will handle 500 watts
input with less than three watts of grid drive.

4-250A

Higher power version of the 4.125A, type 4-250A also incorporates
a Pyrovac plate, and processed grids. In typical class-C operation
one tube with 4000 plate volts will provide | kw of output power,
with 2.5 watts of grid drive.

18a

4-400A

Specifically created for FM broadcast service, two 4-400A tetrodes
in typical operation, at frequencies in the 88-108 Mc FM broadcast
band, will provide 1200 watts of useful output power, at 3500 plate
volts, while the dissipation from the Pyrovac plate is considerably
under the maximum rating of 400 watts per tube.

4X500A

A small, but high power YHF, external anode type tetrode, rated
at 500 watts plate dissipation. The low driving power requirement
presents obvious advantages to the equipment designer. Two tubes
in a push-pull or parallel circuit provide over 11/3 kw of useful out-
put power with less than 25 watts of drive.

4-1000A
Currently the largest of the Eimac tetrodes, its pyrovac plate is
rated at 1000 watts dissipation, the 4-1000A has the inherent char-
acteristics of all Eimac tetrodes—dependability, stability, optimum
performance and economy of operation. Type 4-1000A is ideally
suited for high-level audio service as well as r-f applications.
Complete data on these tetrodes and other Eimac
tube types may be had by writing direct,

EITEL-McCULLOUGH, Inc.

191 San Mateo Ave.

San Bruno, California
EXPORT AGENTS: Frazar & Hansen—30l Clay St.—San Franclsco, Calif.

Follow the Leoders to
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%s sweet music to us...and to our customers,
we think, to know that Karp Metal Products Co., Inc. soon will
move into a brand new streamlined building of 70,000 square
feet of space, with a 600 foot frontage.

Our new plant will be the last word in modern manufacturing
quarters, equipped with the newest and most efficient machinery
and facilities, including the most complete and up-to-date paint
ond finishing department, scientifically air conditioned and
dustproof. These advancements will enable us to extend the
scope of the precision service we render the leaders of the radio
and electronics industry.

Your loyal patronage has helped make possible this expan-
sion, and you may be sure the favor will be returned in the form
of greater production and better-than-ever Karp service . . .
from the simplest chassis to the most elaborate console.

Visit us at the LR.E. Show ... Booths 48-49
Ask For Our Informative New Catalog

KARP METAL PRODUCTS CO., INC.

117 - 30th Street, Brooklyn 32, New York

Creslom %m)%//nm e Feel Melad
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General Application

LOAD FANGE *REGULATION
MODEL VOLT-AMPERES ACCURACY

150 25-150 0.5%
250 25-250 0.2%
500 50 - 500 0.5%
1000 100-1000 0.2%
2000 200-2000 0.2%

Extra Heavy Loads

LOAD RANGE *REGULATION
MODEL VOLT-AMPERES ACCURACY
5,000% 500-5000  2.5%
10,000% 1000-10,000  2.5%
! 15,000* 1500-15,000 0.5%
|

* Harmonic Distortion on above models 3%,. — —

400-800 cycle Line | The First Line of standard electronic

sogercn e L AC Voltage Regulators and Nobatrons |

LOAD RANGE *REGULATION
MODEL VOLT-AMPERES ACCURACY

D500  50-500 0.5% 4 GENERAL SPECIFICATIONS:

D1200 120-1200 0.5% H T . % : o, ‘g™ |
3pD250 25 - 250 0.5% armonic distortion max. 5% basic, 2% 'S"” models

! 3PD750  75.750 0.5% input voltage nange 95-125: 220-240 volts (—2 models)
Other capacities also available Output adjusteble bet. 110-120: 220-240 (—2 models)
— ~ e mwT Recovery time: 6 cycles: * (9 cycles)

Input frequency range: 50 to 65 cycles

Power factor range: down to 0.7 P.F.

Ambient temperature range: —50°C to + 50°C

All AC Regulators & Nobatrons may be used with 10 load.

*Models available with increased regulation accuragy.

-
3-Phase Regulation
LOAD RANGE *REGULATION
MODEL VOLT-AMPERES ACCURACY

| 3P15,000.1500-15,000 0.5%
§ 3P30,000 3000-30,000 0.5%
3P45,000 4500-45,000 0.5%

-

ki
¥
&

Special Models designed to meet your unusual applications.

® Write for the new Sorensen catalog. It contains complete

The NOBATRON lllle specifications on standard Voltage Regulalors, Nobatrons,

Output Load Range :tncrevolts, T‘r’o;:\sformcerls.,bDC Power Supplies. Saturable Core
Volfuge DC Amps. eactors an eter Calibrators.

) VO"S ]5-40-]00 900000 000000 000000 000000 000000 ©000600 06006000000

28 e 15

28 10-30 R [ N [
e m |2 .y INC.
125 5-10

* Regulation Accuracy 0.25%, from V/, STAMFORD CONNECTICUT

to full load.

Represented in oll principol cities
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GENERAL PURPOSE
CAPACITORS

H1.Q General Purpose Capacitors can be supplied
in any size from .200 x .375 to .340 x 1.875, with
capacity range from 5 to 33,000 MMF., They are
insulated with a clear non -hydroscopic styrene
coating. 1.R. of 10.000 Megohms, working voltages
up to 500 volts D.C. and power factor well under
3 per cent can be assured.

CHOKE COILS

WIRE WOUND RESISTORS

H1-Q components are uniformly superior
because of rigid quality control through-
out all stages of manufacture. Final indi-
vidual inspection insures their conform-
ance to electrical and physical specifica-
tions. When you specify HI-Q components,
you can be sure they ineet your most
stringent requirements for precision, de-
pendability, compactness and uniformity.
Write for complete information and en-

gineering data.

FRANKLINVILLE, N. Y.

Planis: FRANKLINVILLE, N. Y. —JESSUP, PA.
Sales Offices: NEW YORK, PHILADELPHIA, DETROIT, CHICAGO, LOS ANGELES
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NEW PRODUCTS

A NEWS and

March, 1948

Improved Inputuner

A new model of the Inputuner with
several refinements over previous models is
announced by Allen B. DuMont Labora-
tories, Inc., 2 Main Ave., Passaic, N. J.
This packaged r.f. head is available to
television custom-built and line-production
set manufacturers alike, eliminating costly
problems and establishing in advance the
major items of cost.

The Inputuner is a compact, rugged
assembly as easy to install as a speaker. It
requires no aligning, adjusting, or cali-
brating. Built around the Mallory-Ware
Inductuner and including all necessary
components for the complete r.f. head, it
provides for continuous tuning in the 44—
216-Mc. range. This means the coverage
of all 13 television channels plus the f.m.,
amateur, aviation, telephone, and commer-
cial services in that range without a break.
Only one tuning knob is required for both
coarse and fine adjustments,

The Clarkstan Corp., 11927 W. Pico
Blvd., Los Angeles 34, Calif., has recently
announced a new variable-reluctance pick-
up which is claimed to be a high-fidelity,
wide-range device of extreme simplicity
and ruggedness, The stylus can be in-
stantly removed and replaced by the
fingers without the use of tools. This pick-
up has a flat frequency response beyond
f.m. requirements. The needle, which
weighs 31 mg., is the armature and is the
only moving part. A high-impedance wind-
ing is standard, but the unit can be had in
impedances of 5, 50, 250, and 500 ohms,

22A

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

Model 10-D Amplifier

The newest addition to the line of
Brook high-quality audio amplifiers is the
Model 10-D now being manufactured by
Brook Electronics, Inc., 34 DeHart Place,
Elizabeth, N. J.

This amplifier is a 30-watt rack-
mounting unit with 75-db gain, equipped
with volume control and on-off switch on
the front panel. As in all other amplifiers
produced by this company, Model 10-D
uses triodes throughout.

Designed essentially for broadcasting
stations, recording studios, and high-
quality public-address installations, this
audio amplifier provides frequency re-
sponse from 20 to 20,000 cycles within
0.2 db. At § watts output, harmonic dis-
tortion is only 0.6% and inter-modulation
distortion is only 0.2%,. Total distortion is
claimed to be under 24% at full 30-watt
output. The power supply is self-con-
tained. Noise level is 70 db below full
output. Power available for external tuner
or preamplifiers is 250 volts at 90 ma. and
6.6 volts at 5 amperes.

NOTICE

Information for our News and
New Products section is warmly
welcomed, News releases should
be addressed to Mrs. Harriet P.
Watkins, Industry Research Divi-
sion, Proceedings of I.LR.E., Room
707, 303 West 42nd St., New York
18, N. Y. Photographs, and elec-
trotypes if not over 2”7 wide, are
helpful. Stories should pertain to
products of interest specifically to
radio engineers.

PROCEEDINGS OF THE LR.E.
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Sine Wave Clipper

A new Sine Wave Clipper has recently
been announced by Barker & Williamson,
Upper Darby, Pa., which will be wel-
comed by many engineers interested in
audio-frequency circuits.

This new instrument provides a test
signal particularly useful in examining the
frequency response and transients of audio
circuits, Designed to be driven by an audio
oscillator, the clipper provides a clipped
sine wave—hence the name Sine Wave
Clipper.

By feeding the output of the clipper
into audio equipment under test and in
turn introducing the equipment’s output
into an oscilloscope, the experimenter or
engineer may quickly view and analyze
distortion introduced by the amplifier.

A sine-wave analysis after every change
in a component becomes time-consuming
and tedious. By means of the clipper,
however, the effect of making changes in
a circuit may be seen instantly and thus
guide the course of development in the
proper direction. The routine use of the
clipped sine wave, in addition to sine-wave
measurements, makes for a more complete
check on the stability of equipment in
regular operation,

An illustrated instruction book ac-
companies each Sine Wave Clipper. Com-
plete information on this new device is
available from the manufacturer.

New Broadcast-Station
Light

A new indicator light, Type “Q,” de-
signed especially for radio broadcasting
stations, film studios, and applications
where controlled warning lights are re-
quired has recently been put on the market
by Cannon Electric Development Co.,
3209 Humboldt St., Los Angeles 31, Calif.

The new light is available in 24 volts,
15 c.p. or 115 volts, 10 watts. It may be
wired in multiple for several locations so
that all will operate simultaneously. The
left, or green, light is illuminated for 10
seconds and then goes out, when the red
light (at right) glows and the panelis il-
luminated with “On The Air” or other
brief wording adaptable to the use,

(Continued on page 26A)
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® The phenomenaencounteredin

Specialized
:k’lﬂll)ledge a”ld of lower frequencies that many

o facturers find themselves in
Squipuent .
q urgent need of specialized UHF

the UHF field are in many cases so
decidedly different from those true

ﬁﬂz knowledge, in order to develop
equipment that will handle certain

U I I specific conditions.

® Since we are specialists in UHF
engineering, we are equipped not
D E S I G N only to render technicdl advice,
but also to follow through in the

actual production of equipment in
our shops.

® If you are contemplating a new
product, or have a problem invol-
ving ultra high frequency with
present production, our special-
ized knowledge should be inval-
uable for quick, accurate, low unit
cost. There is no cost or obligation
involved in talking this over.

W

N
SawoieSaboralorivs.

RADIO ENGINEERS AND MANUFACTURERS
MORGANVILLE, N. J.

Specialists in the Development and Manufacture of UHF Equipment
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DIFFERENTIAL == BUTTERFLY

Pictured, twice actual size, are three of the smallest air variables ever produced. Each
of the three types is available in four different capacities.

O®@SINGLE TYPE
Takes the place of adjustable padders for trimming RF and IF oscillator circuits. Available

in four models: 1.55 to 5.14 mmf, 1.73 to 8.69 mmf, 2.15 to 14.58 mmf and 2.6 to
19.7 mmlf.

O DIFFERENTIAL TYPE
For switching capacity from rotor to either of two stators, and for shifting tap on capacity
divider. Available in four models: 1.84 to 5.58 mmf, 1.98 to 9.30 mmf, 2.32 to 14.82
mmf and 2.67 to 19.30 mmlf.

O@BUTTERFLY TYPE

Applicable wherever a small split stator tuning condenser is required. Available in four
models: 1.72 to 3.30 mmf, 2.10 to 5.27 mmf, 2.72 to 8.50 mmf, and 3.20 to 11.02 mmf.

Peatures

1. Single hole mounting, flats on mounting 6. Improved stator terminals provide dual low
bushing to prevent turning. inductance path to both stator supports,
eliminates possibility of loosening plates

2. Beryllium copper contact spring. when soldering, avoids bending stresses on

. . stator supports caused by wiring.
3. Split sleeve rotor bearings — no wobble to

7. Low minimum capacity ~— maximum tuning
shaft, range.
4. Steatite end frames 8. Voltage breakdown 750 V. R.M.S. at 2.0
: : mc — .017 spacing.
S. Long creepage paths provided. 9. Other capacities available on special order.

For Full Details Write For Latest JOHNSON Catalog

e

lOHNSON0.0aWw&?@%/

E. F. JOHNSON CO., WASECA, MINNESOTA

3
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The chart above indicates main routes of airlines using
Collins radio communication equipment in the air, on the
ground, or both. This tremendous acceptance had its be-
ginning in the middle thirties, and is the result of early
and never-ending Collins research and development in the
field of aviation communications.

The airlines whose routes are shown include Air France,
All American Aviation, American, American Overseas,
Braniff, British Overseas, Chicago & Southern, Colonial
Airlines, Eastern Air Lines, FAMA (Argentine Republic),
Hawaiian, Northwest, Panagra (Pan American-Grace), Pan
American World Airways System (Latin American divi-
sion, Atlantic division, Pacific-Alaska division), Pennsyl-
vania-Central, Peruvian International, Quantas (Australia),
Royal Dutch, Sabena (Belgium), SILA — SAS — ABA
(Scandinavian Air Carriers), South African, TACA Air-

IN RADIO COMMUNICATIONS, IT'S ...

e &m e Ailnes

ways Agency Aerlinte Eireann (Irish), Trans-Australia, Transe
continental and Western, United, and Western.

Our own planes are in constant use, testing equipment
of advanced Collins design for Government and commer-
cial aviation. A recent and notable example of accomplish-
ment is the Collins 51R VHF airborne receiver and at-
tendant instrumentation, which equip an airplane for
navigational use of the new omnidirectional range system.
This equipment was designed and thoroughly tested in
1946, and was demonstrated to the airlines throughout
1947. As a result, Collins has been awarded the majority
of the contracts which have been let to the time this
announcement is written.

/"\_—-‘
e

| \ |

COLLINS RADIO COMPANY, Cedar Rapids, lewa u

11 West 42nd Street, New York 18, N. Y,

458 South Spring Street, Los Angeles 13, Colifornio
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"CI1.C._Custom-Engineers
The Solution To

Q =

“Thru preoblemy

Feeding an R. F. potential through the wall of
a cavity oscillator presented many
difficulties. Not only was space at a premium,
but extreme changes

in humidity, temper-
ature and other service
conditions had to

be met.

THE ANSWER

C.T.C. 1795B Insulated
Feed-Thru Terminals
fulfilled every require-
ment. Design-features
like these show you why:
Rugged construction that
withstands loosening
under vibration or shock

. . . approved phenolic
insulating material, JAN
type LTS-E-} . . . brass
bushings, cadmium
plated . . . brass thru-
terminals, silver plated for
easy soldering.

SPECIFICATIONS

The 1795B mounts in a 4" hole, and has an
over-all length of approximately %". C.T.C.
Feed-Thru Terminals are available in addi-

iy
% -
RERPS— = > —

Vasit s tional sizes. The 1795A is similar to the
1795B, but with an over-all length of 1”. Also

at Booth 222 similar in design and function are X1771A

IRE National and X1771B, but larger in size and mounting

b in a 34” hole. Breakdown voltages, at 60
Convention, cycles R.M.S,, are:
March 22-25, 1795A. ... 3800V  X1771A ... 8200V
Grand Central 1795B . .. 3200V X1771B ... 6000V
Catalog No. 200 contains details of C.T.C.
Palace, New York standard electric and electronic components,
together with full information on our custom-
engineering service. Write for it today.

Cuslom ov Hlandard
Ysie Gearanleed

.
-

n
o =2

Swager Double-End Split Terminol
Lugs Board

CAMBRIDGE THERMIONIC CORPORATION
456 Concord Avenuve, Cambridge 38, Mass.

206A

News—New Products

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

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

(Continued from page 22A)

Multiple Power Supply

The 103 multiple power supply was de-
veloped by Kepco Laboratories, Inc.,
14245 Roosevelt Ave., Flushing, N. Y.,
to meet the need for a source of power that
would supply four commonly used voltages
from a single compact unit. This multiple
power supply eliminates the cumbersome
use of three, possibly four, power units to
supply heater, plate, and grid voltages.
The power supply is particularly designed
to be used in the study of the characteris-
tics of vacuum and gas-filled tubes as well
as the characteristics of electronic circuits
employing these tubes.

The power supply contains two con-
tinuously variable B supplies delivering
from 0 to 300 volts at currents up to 120
ma., one variable C supply delivering from
—350 to 450 volts at 5 ma., and one heater
supply delivering 6.3 volts at 5 amperes.

The two B supplies originate from a
common power transformer and are con-
trolled by a special circuit containing two
6Y6 control tubes. Each supply will de-
liver from 0 to 300 volts at 60 ma., or 120
ma. together. The ripple voltage is less
than 5 millivolts throughout the entire
range of the operating voltage. The sup-
plies are isolated from the chassis to allow
grounding of the positive terminal if neces-
sary without affecting the C supply. The
voltages are controlled from the front
panel,

The C supply originates from an en-
tirely separate power transformer and rec-
tifying circuit. A special resistor network
allows a continuously variable voltage
from —50 volts to +50 volts at 5 ma. The
multiple supply is available, upon request,
with the C voltage variable from—150
volts to 4150 volts at no extra cost. The
ripple voltage is less than 1 millivolt
throughout the operating range. The C
voltage is controlled from the front panel.

Recent Catalogs

* * *On amplifiers, systems, phonographs
and accessories, Catalog P9-47A by David
Bogen Co., Inc., 663 Broadway, New York
12, N."Y.

(Continued on page 464)
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“What a lucky man | am to have this free G.A.&F.
booklet! Now I know that SF Carbonyl Iron Powder is
perfect for permeability tuning of the FM band. That

it gives remarkably low loss and uniformity. What'’s
more. this same SF powder is ideal for adjusting tele-

vision circuits. Imagine!”

| G AF

carbonyl iron powders

An Antara* Product of
General Aniline & Film Corporation

Clip this coupon—Muail it today!

Antara Products, Dept. 33 ‘

This easy-to-read booklet that can 444 Madison Ave., New York 22, N.V. ‘
save money — real money — for Please send me a free copy of:
every radio engineer and elec- O G.A.&F. Carbonyl Iron Powders [J Polectron® dielectrics
tronics manufacturer!
Name _
. ) H
Ask your core manufacturer—he’s an authority Address

on the use of G.A.&F. Carbonyl Iron Powders.

® _ — — — —
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THE CURE OF RADIO NOISE is a highly specialized task that involves
much more than simply “hooking a condenser across the line”. It requires
exact knowledge of the proper size and type of capacitor to use ... of the
correct place to add it to the noise-making circuit . . . of the necessary
length or positioning of connecting leads. .. and of many other seemingly
trivial, but actually vital, bits of information that cannot rightfully be
expected of the electrical design engineer.

This exact knowledge is available to you wheén you must provide radio
silence for electrical apparatus. Just send us the offending equipment
and we will measure its radio noise output according to standard speci-
fications, will design the most efficient Filterette to cure the noise, will
specify the proper means of installing it, and, upon your adoption of our
recommendations, will authorize your use of the FILTERIZED label that
tells buyers your apparatus will not interfere with radio reception. This
service is free to users of Tobe Filterettes. .. write for details.

TOBE DEUTSCHMANN CORPORATION  NORWOOD, MASSACHUSETTS

ORIGINATORS OF FILTERETTES . . . THE'ACCEPTED CURE FOR RADIO NOISE

28A
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For 24-hour
dependable se

FROM mikes to tower, the chain of broad-
cast equipment must have strong links if
“off-the-air” periods are to be avoided with
success. General Electric offers you a line of
rectifier tubes that will shoulder a full load
reliably . . . husky tubes built for around-the-
clock performance and plenty of it.

If a designer of transmitters, you may choose
from more than a dozen G-E rectifier tubes
that run the gamut of sizes. Five are shown
here. Mercury-vapor content gives these tubes
the ability to pass high peak currents—also
keeps the internal voltage drop low. All the
tubes are proved veterans of exacting broad-
cast and industrial service.

GENERAL

FIRST AND GREATEST

There’s a type and capacity
to meet every broadcast need

NAME

l;irice...

If a station operator . . . do you want fast
service on rectifier-tube replacements, plus
THE BEST in quality? See your nearby G-E
tube distributor or dealer. He has the tubes—
can get them to you by speedy local delivery;
and should his inventory of any type happen
to be low, G-E coast-to-coast branch stocks
mean overnight replenishment.

There’s pocketbook protection for you, too,
in G.E.’s ironclad tube warranty. Specify G-E
rectifier tubes in original equipment for effi-
ciency, reliability, and value; replace with G-E
tubes to gain the same advantages, plus fast
delivery to your door! Electronics Departinent,
General Electric Company, Schenectady 5, N. Y.

ELECTRIC

1861-G3-8850

IN ELECTRONICS

{also available with
50-watt base as Type

GL-673
{alsa available with
50-watt base as Type
GL-575-A)

- /f GL869-B
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TELEVISION

YCALEX 410

e N

in television seeing is believing . . . and big name makers of televi-
sion sets are demonstrating by superior performance that MYCALEX
410 molded insulation contributes importantly to faithful teleyi- = Specify MYCALEX 410 for:
sion reception. i . Low dielectric loss
Stability in a television circuit is an absolute essential. In the sta- ¥ . High dielectric strength

tion selector switch used in receivers of a leading manufacturer, the
MYCALEX 410 molded parts (shown here) are used instead of infe- . Stability over wide humidity and
rior insulation in order to avoid drift in the natural frequency of the temperature changes
tuned circuits. The extremely low losses of MYCALEX at television 5. Resistance to high temperatures
frequencies and the stability of its properties over extremes in fem- 6
perature and humidity result in dependability of performance which 7. Mechanical strength
8
9

. High arc resistance

AW N~

. Mechanical precision

would otherwise be unattainable. . Metal inserts molded in place
Whether in television, FM or other high frequency circuits, the
mest difficult insulating problems are being solved by MYCALEX 410 10. Cooperation of MYCALEX
molded insulation ...exclusive formulation and product of MYCALEX engineering staff
CORPORATION OF AMERICA. Our engineering staff is atyour service. INCE 1970

MYCALEX CORP. OF AMERIC

“Owners of '"MYCALEX’ Patents”

Plant ond Generol Offices, CLIFTON, N. J. Executive Offices, 30 ROCKEFELLER PLAZA, NEW YORK 20, N. Y.

. Minimum service expense
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Temperature Compensating
Molded Insulated Ceramicons
0.5 MMF—550 MMF
Temperature Compensating
Dipped Insulated Ceramicons
0.5 MMF—15,000 MMF
Temperature Compensating
Non-Insulated Ceramicons
0.5 MMF—1,770 MMF

ﬁl

Types 504B, V2 Watt—518B, 1 Watt
Resistors
10 ohms—22 megohms

Erie “GP” Molded Insulated Ceramicons
10 MMF—5,000 MMF
Erie “GP" Dipped Insulated Ceramicons
0.5 MMF—15,000 MMF
Erie “GP” Non-Insulated Ceramicons
10 MMF—10,000 MMF

Custom Injection Molded
Plastic Knobs, Dials,
Bezels, Name Plates,

Coilforms, etc. -\’|_‘

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

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

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

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

Button Mica Condensers
15 MMF—6,000 MMF

MAKERS OF QUALITY

ERIE RESISTOR has developed and
manufactured a complete line of Cerami=
Condensers for receiver and transmitter

Type 554
Ceramicon
Trimmer

Types 323 and

Type 557 324 Insulated
3.12 MMF Ceramicon | i

g:gg xm 'i"""" Type 7204 J applications; Silver-Mica and Foil-Mica
8-50 MMF - o) Bu:ton Condensers; Carbon Resistors and
({ S ' Suppressors; Custom Injection Molded
WONC ' ;;g; ' = Ty Plastic Knobs, Dials, Bezels, Namerlates

: o and Coil Forms. Complete technical
infarmation will be sent on request.

Type TS2A Ceramicon Trimmer

1.5-7 MMF  3-13 MMF  4.30 MMF
3-12 MMF  5-20 MMF 7.45 MMF

Erie Stand-Off Ceramicons

Electroniza Division
ERIE RESISTOR CORP., ERIE, PA.

LONDON, ENGLAND - TORONTO, CANADA.




A, RCA Fiat/,

RCA SPECIAL RED TUBES
Minimum life =10,000 hours!

® These new RCA Special Red Tubes
are specifically designed for those in-
dustrial and commercial applications
using small-type tubes but having
rigid requirements for reliability and
long tube life.

As contrasted with their receiving-
tube counterparts, RCA Special Red
Tubes feature vastly improved life,
stability, uniformity, and resistance
to vibration and impact. Their unique
structural design makes them capable
of withstanding shocks of 100 g for
extended periods. Rigid processing
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andinspection controls provide these
tubes with a minimum life of 10,000
hours when they are operated within
their specified ratings. Extreme care
in manufacturing combined with pre-
cision designs account for their un-
usually close electrical tolerances.

RCA Application Engineers will
be pleased to cooperate with you in
adapting RCA Special Red Tubes to
your equipment. Write RCA, Com-
mercial Engineering, Section CR52,
Harrison, New Jersey.
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RCA Special Red Tubes can be used as replace-
ments for their counterparts in equipment where
long life, rigid construction, extreme vniformity,
and exceptional stability are needed.

SEND FOR FREE
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James E. Shepherd

Board of Directors, 1948—1950

James E. Shepherd was born on May 29, 1910, in Houston,
Texas. He studied electrical engineering at the University of Mis-
souri from 1928 to 1933, receiving the degrees of A.B. in 1932, and
M.A. in 1933 with a thesis on filter networks. He was active in a
variety of student organizations, both in the engineering school and
in the University at large, including the Engineering School Council
and the University Student Council. He was president of his social
fraternity in 1931, He was elected to membership in the honor socie-
ties of Tau Beta Pi, Eta Kappa Nu, Phi Beta Kappa, Sigma Xij,
QEBH, and Blue Key, and was named a Magna Cum Laude Knight
of St. Pat in the engineering school.

Tn 1934, Dr. Shepherd received a Gordon McKay Scholarship to
the graduate school of engineering at Harvard University, from
which he received the degrees of M.S. in communication engineering
in 1935 and D.S.C. in communication engineering in 1940. His thesis
was concerned with the properties of power triodes operating as fre-
quency multipliers. He served as instructor in communication
engineering and physics at the Cruft Laboratory of Harvard from
1936 to 1941. During this period, he developed the “wide-range,
linear, unambiguous, direct-reading, electronic phase-meter.”

In June, 1941, Dr. Shepherd became a project engineer with the
Sperry Gyroscope Company, concerned with the development of air-
borne electronic devices and early radar systems. Since 1943, he has
been a rescarch engineer and head of the Armament Radar Depart-
ment of the Sperry Gyroscope Company, a group of over fifty engi-
neers and technicians engaged in the development of new radar and

electronic equipment, responsible for all phases of the engineering of
these equipments from the customer contact and early conception
stages through the research, development, design, manufacture, and
test stages. He holds a number of patents on electronic circuits.

Dr. Shepherd is a member of the American Institute of Electrical
Engineers, the Radio Club of America, the Acoustical Society of
America, and the Harvard Engincering Society. He joined The
Institute of Radio Engineers as an Associate in 1936, transferred to
the grade of Senior Member in 1944, and was recently named a
Fellow of the Institute. He has been a member of the Executive
Committee of the New York Section in various capacities since
1943, and is now the Chairman of the New York Section of the
Institute. He is one of two I.R.E. delegates to the Technical Societies
Council of New York, in which he served on the original Constitution
Committee and at present is Chairman of the Admissions and
Membership Committee. He served on the Admissions Committee of
the Institute in 1944, the Membership Committee in 1945, the Tellers
Committee in 1946 and 1947, and is currently serving on the Sections
Committee of the Institute. He served as Vice-Chairman of the 1945
and the 1946 I.R.E. National Winter Technical Meetings, and was
Chairman of the 1947 I.R.E. National Convention in New York.
He is a member of the General Committee for the 1948 L.R.E.
National Convention, and has served as Chairman of the Institute’s
Convention Policy Committee since 1946,

Dr. Shepherd was recently elected to the Board of Directors of
the LLR.E. as a Director-at-large for a three-year term.
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The more closely the words of a man approach the truth, the more sturdily they endure, without erosion or erasure, the rude
buffetting of time and criticism. It follows that only the most thoughtful and accurate statements of men survive.

The Institute of Radio Engineers was fortunate in numbering among its Presidents the late John Stone Stone, who served
effectively in that capacity through 1915. Even in that early day, while the Institute was yet young, Dr. Stone was recognized
as a great scientist, an inspiring and brilliant teacher, and one of the leaders of engineering thought in the field of communications.

At the session of the International Electrical Congress, Section G, held at St. Louis, Missouri, on September 12-17, 1904, Dr.
stone presented a paper characteristic of his mastery of scientific methods and mathematical problems. This paper was later pub-
lished in the October 15, 1904, issue of the journal Electrical Review. Since this paper is in itself one of the appropriate monuments
to the memory of Dr. Stone, and since its contents should be of timely interest to the engineers of a later generation, it has been
deemed appropriate to reprint it in the PROCEEDINGs OF THE I.R.E. forty-four years after its original presentation! It has been
necessary to re-draw the original illustrations and to make a few minor clerical changes of no scientific significance. Otherwise
the paper stands as it left the pen of one of the great builders of the I.R.E. Re-publication of the paper was made possible through
the co-operative permission of the McGraw-Hill Publishing Company, which acquired ownership of the Electrical Review.

It is hoped that the readers of the PROCEEDINGS will thus become increasingly aware of the great tradition of engineering
progress in the communications and electronic field which has been established and maintained by The Institute of Radio Engineers
through the decades. The following paper, which was kindly submitted through the helpfulness of Frederick A. Kolster (himself
a radio pioneer of high standing), is an admirable illustration of the nature of the work of the Institute and of the nature of the
personalities who have guided its activities,—The Editor

The Theory of Wireless Telegraphy

JOHN STONE STONE

JouN STONE STONE

FOREWORD
FREDERICK A. KOLSTER

The remarkable scientific contributions of the late John Stone
Stone in the advancement of the radio art, from its earliest concep-
tion, have, unfortunately, too often passed unnoticed by the later
generation of radio scientists and engineers.

With this thought in mind, and with the sanction of the Editor of
the Institute, the above-titled paper, which appeared in the Electri-
cal Review of October 15, 1904, is reproduced in its entirety, not only

because of its historical interest but also because the information
therein contained is completely pertinent to present-day radio tech-
nique, especially as it concerns antenna theory and design, a subject
which has become of increasing importance with the introduction in
practice of ultra-high frequencies.

I believe everyone will agree that this historical paper deserves
to become a permanent record in the PROCEEDINGS OF THE L.R.E. in
tribute to the memory of one of its most distinguished Past Presi-
dents, and a great teacher who profoundly inspired those whose good
fortune it was to have known him and worked with him.
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The Theory of Wireless Telegraphy’

JOHN STONE STONE

HE theory of modern wireless telegraphy may be

treated in at least two widely different ways de-

pending upon whether it be the object to produce
a simple mental picture of the phenomena involved, or
whether it be the object to lay the foundations for engi-
neering calculations and quantitative research. The first
mode of treatment leads to what may be termed the
popular theory, and the latter to what may be termed
the working or engineering theory.

In this paper only that form of wireless telegraphy
shall be considered in which electrical vibrations are
set up in electrical oscillators whose axes are normal to
the earth’'s surface, and which are connected to the
earth’s surface at their lower extremities.

PART I—PoPULAR THEORY

If the equations for the moving field produced by
Hertz's dumbbell oscillator be examined, they will be
found to show that, in the equatorial plane of the oscil-
lator, the potential is everywhere zero, that there is no
component of magnetic force normal to that plane, and
that there is no component of electric force parallel to
that plane. From this it would follow that if a perfectly
conducting sheet, which is initially at zero potential, be
passed through the equatorial plane of the oscillator, no
currents will be induced in it by the field of the oscil-
lator. In other words, the presence of the conducting
sheet should not distort or otherwise affect the field of
force produced by the oscillator.

On each surface of the conducting sheet will exist
currents which, in their reaction upon the electric and
magnetic field on the corresponding side of the sheet,
will be the exact equivalent and take the place of the
field of force on the other side of the sheet. These cur-
rents will extend radially from the point of intersection
of the axis of the oscillator with the conducting sheet,
and at any point in the sheet will be equal in amplitude,
but opposite in direction or phase on the two surfaces of
the sheet. For a radial distance, measured along the
sheet from the point of intersection with the axis of the
oscillator, approximately equal to one quarter of the
length of the wave radiated by the oscillator, the en-
ergy of the currents will travel out from and a portion
of it back to the oscillator in the time of each oscilla-
tion, whereas for points beyond this radius, the energy
will all low away from the oscillator, never to return to
it, provided only the conducting sheet be infinitely ex-
tended in all directions.

Since the infinitely conducting sheet is a complete

* Decimal classification: R100. A republication of a paper pre-

sented by John Stone Stone before the International Electrical Con-
gress, Section G, at St. Louis, Mo., September 12-17, 1904.

barrier between the two regions it separates, it is easy
to see that each half of the Hertz oscillator, with its
appropriate infinitely conducting and infinitely exten-
sive surface is a complete oscillating system entirely
independent of anything which may take place on the
other side of the conducting sheet, and that the field of
force at or above the conducting sheet is the same as
that which would be found at or above the equatorial
plane of the complete Hertz oscillator, were the con-
ducting sheet absent. These considerations lead to a
very simple and popular theory or means of explaining
the manner in which the electromagnetic waves of
wireless telegraphy are developed and propagated.!

This theory regards the vertical transmitting oscil-
lator of wireless telegraphy as one-half of a Hertz oscil-
lator normal to the earth’s surface, which must be re-
garded as practically infinitely conductive in the im-
mediate neighborhood of the oscillator, or for about a
quarter of a wavelength from the point at which the
oscillator is connected to the surface of the earth. By
this theory, therefore, the waves of wireless telegraphy
are developed in exactly the same manner as if the
vertical oscillator and its electrical image below the
surface of the earth together formed the real oscillator
of which the surface of the earth is the equatorial plane.

A graphical representation of this theory is given in
Figs. 1 and 2.
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1 André Blondel, Association Frangais pour I’Avancement des
Sciences, Congress of Nantes, 1898.
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This theory, which for convenience may be termed
the electrical image theory, bears a close resemblance to
that mode of treating a single-wire or grounded tele-
graph or telephone circuit as one-half of a two-wire or
metallic circuit which was first suggested by Oliver
Heaviside.? He conceives a metallic circuit such as
that shown in Fig. 3, cut in half longitudinally by an
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Fig. 3

infinitely conducting plane at zero potential as shown
in Fig. 4. Since the points on the metallic circuit cut by
the plane would normally be at zero potential, no change
in the distribution of currents results from the connec-
tion with the infinitely conductive plane. A little con-
sideration will also show that the electrostatic capaci-
tance and inductance of the circuit will moreover re-
main unchanged. The surface of the earth is not infi-

1
T E ___________ ZERD POTENTIAL PLANE -
—

Fig. 4

nitely conductive, however, and therefore neither the as-
sumptions made in the electrical image theory of the
transmitting oscillator of wireless telegraphy or the elec-
trical image theory of the grounded telephone line are
completely justified, though the conditions of the theory
may be more nearly approximated in the case of wireless
telegraphy, as will become apparent later.

Before proceeding to a consideration of a more com-
prehensive theory, some of the more obvious conclu-
sions to be drawn from this theory may well be stated.

These are:

1. The waves which emanate from the vertical oscil-
lator are horizontally polarized electromagnetic waves.

2. The energy of these waves will diminish as the
square of the distance from the oscillator, if the surface
of the earth be assumed to be flat.

3. The energy of the waves is greatest at the earth’s
surface and diminishes gradually as the point of ob-
servation is raised above the earth’s surface.

4. The waves do not induce currents in the earth’s
surface, except when the surface deviates from the
equatorial plane of the system formed by the vertical
oscillator and its electrical image.

5. At points where the earth’s surface is at an angle
to the equatorial plane of the system formed by the
oscillator and its electrical image, the currents which
will be induced in the earth’s surface tend to bend the

? Oliver Heaviside, “Heaviside's Electrical Papers,” vol. 2, p. 326.
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wave front at the earth’s surface into a position normal
to that surface.

6. In consequence of the tendency of the wave front
at the earth’s surface to maintain itself normal to that
surface, the waves will not necessarily travel in straight
lines, but will tend to follow the earth’s surface, what-
ever be its contour.

7. Owing to the fact that when the waves meet ir-
regularities in the earth’s surface, currents are de-
veloped in that surface which dissipate a portion of the
energy of the waves, the energy of the waves will, in
general, be better conserved when the transmission
takes place over the surface of the sea than when it
takes place over land, and more particularly when the
land is mountainous or heavily wooded.

The first four consequences of the electrical image
theory, above cited, follow directly from the ordinary
theory of the Hertz oscillator, while the sixth and
seventh consequences cited above are self explanatory.
It therefore remains to consider the fifth consequence.
For this purpose it will be sufficient to consider what
happens to the wave front when a plane-polarized
electromagnetic wave falls upon a conducting surface
inclined at a definite angle to the plane of the electric
force and at a definite angle to the plane of the magnetic
force. Under those conditions, only that component of
the electric force which is parallel to the conducting
surface is effective in producing a current in the surface,
and the energy of this component of the electric force is
therefore dissipated or redistributed, partly in the form
of heat in the surface and partly in a reflected wave
which travels off in a direction normal to the surface.

The remainder of the electric force of the primary
wave at the conducting surface is therefore normal to
that surface.

That component of the magnetic field at the conduct-
ing surface which is normal to that surface likewise
tends to develop a current in the surface, and its energy
is likewise redistributed in the form of heat and in the
production of a reflected wave. The remaining magnetic
force of the primary wave at the conducting surface is
therefore parallel to that surface. The direction of
motion of the primary wave must be normal both to the
magnetic force and to the electric force, and will there-
fore be parallel to the conducting surface. It follows,
therefore, that the electromagnetic waves of wire-
less telegraphy emanating from a vertical oscillator
grounded at its lower extremity will pass over and
around hills and other irregularities in the surface of the
earth, and that they will also follow the general curva-
ture of the earth.

The electrical image theory lends itself to the explana-
tion of most of the phenomena of wireless telegraphy in
a gross and qualitative way, for it is not, in general, a
very difficult task to make the surface of the earth in
the immediate neighborhood of the oscillator highly
conductive, and at greater distance from the oscillator
the current density in the surface of the earth is so
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slight that the conductivity need be but slight in order
to guide the waves without great loss of energy. This
theory is, however, ill-adapted to give quantitative re-
sults, and particularly the class of quantitative results
most desired by the wireless telegraph engineer, for he is
as much, if not more, interested in the currents and
potential in the vertical oscillator as he is in the field
surrounding the oscillator. Moreover, the vertical oscil-
lators best adapted for wireless telegraph purposes are
quite different from the Hertz dumbbell oscillator, and
the field produced by the electrical oscillations of a
system formed of one of these oscillators and its elec-
trical image would in many instances be difficult to
predetermine.

Some roughly quantitative results which may be
predicted by this theory are:

The rate of radiation of energy is caeteris paribus
proportional to the square of the length of the oscillator,
the square of the quantity of electricity set in motion
in the oscillator, and the fourth power of the frequency
of the oscillations.

If we assume that the receiving vertical oscillator is
exactly similar to the transmitting oscillator, and is as
good an absorber as it is a radiator, then the energy
received should be directly proportional to the fourth
power of the lengths of the oscillators and inversely pro-
portional to the square of the distance separating them,
and we should therefore expect that with a receiver of a
given sensitiveness, i.e., requiring a given amount of
energy to operate it, the distance to which transmis-
sion could be carried on between these two stations
would caeteris paribus be proportional to the square of
the lengths of the oscillators at the two stations.?

PART II—WORKING THEORY

When the effects of radiation may be neglected, it is
in general not excessively difficult to predetermine the
electrical vibrations in simple electrical systems. The
problem is then much the same as that of determining
the mechanical vibration of mechanical systems, and
the modes of attacking such problems have been ex-
haustively treated and are to be found in the litera-
ture.24:8

In wireless telegraphy, however, the damping of the
vibrations in the vertical oscillator is almost wholly due
to the radiation of energy from the oscillator, and the
effect of this radiation cannot be neglected, whether the
oscillator considered be a transmitting or a receiving
oscillator. It is often possible, however, to use the same
mathematical methods in treating those cases which
involve radiation as are applicable in the study of cases
with no radiation, and in order to illustrate this point,
a very simple system may first be considered.

3 This relation between the lengths of the vertical oscillators and
the distance to which transmission may be successfully carried has
been empirically determined by Mr. Marconi and is termed “Mar-
coni's Law,” by Professor Fleming.

4 Lord Rayleigh, “The Theory of Sound.”

§ Qliver Heaviside “Electromagnetic Theory,” vol. 2, p. 69.
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Let a source of electromotive force be connected in a
straight uniform wire at a point distant a from the end
of the wire, which end shall be assumed to be insulated,
and let the wire extend to infinity on the other side of
the source. Such a system is illustrated diagramati-
cally in Fig. 5.

—Q

Fig. §

In order to exclude the possibility of radiation from
this wire, it may be assumed to lie in the axis of a per-
fectly conducting cylindrical shell. The conductor will
then have uniformly distributed resistance, inductance,
leakage, and permittance as in the case of a single wire
cable. If now the electromotive force of the source
vary abruptly by changing from one constant value to
another, two waves of potential and current will be de-
veloped in the wire. This, of course, means two waves
of electric and magnetic force about the wire. One of
these waves will travel off from the source to infinity
along the wire, carrying with it a portion of the energy
developed by the source, while the other wave travels
from the source to the insulated terminal of the wire, is
there reflected, and returns along the wire past the
source and on to infinity along the wire, taking with it
the remainder of the energy developed by the source,
with the exception of that which has been converted
into heat in the wire.

The distance apart of the two waves as they travel
off to infinity will be four times the distance from the
source to the insulated end of the wire, or if the distance
between the two waves’ fronts be designated by A,
then

A = da.

It will be readily seen that the infinite wire to the
right of the source shown in the system illustrated in
Fig. 5, draws off the energy from the source and the
rest of the system in much the same way as that in
which the conducting surface of the earth is supposed to
draw off the energy from the vertical oscillator in the
electrical image theory considered-in Part I of this
paper. The wire to the left of the source may therefore
be likened to the vertical oscillator, and the infinite
wire to the right may be likened in its function to the
infinite conducting plane of that theory.

The operational solution of the problem just con-
sidered in the case of pure diffusion has been given by
Heaviside® who also shows how such operational solu-
tions may be readily converted into the ordinary alge-
braic form, both in the case in which the impressed elec-
tromotive force varies as a simple harmonic function of
the time, and in the case in which it abruptly changes .
from one constant value to another.

Let the impressed electromotive force be e. Let the
resistance, inductance, leakage conductance and per-
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mittance per unit of length of the wire be respectively
R, L, K,and S.

Then if distances along the wire be measured from
the insulated end of the wire and be designated by z,
the potential for points to the right of the source will
be:

[
V, = 7 (e-q(z—a) — e—q(a+z))

and for points to the left of the source the potential
will be:

Vy, = — i (e—q(a—Z) - e—q(¢+z))
2

where
g = {(K+ SP(R+ Lp)} .
The corresponding currents are

R+ Lp

to the right, and

e /‘/I(—i-—sp (e—q(a—-z) — e~q(a+z))

C =
R+ Lp

Dfee

to the left.
At the source the current is:

K+ 57
1 e (1 — ¢ 299) .
2e/‘/R+LP( € )

At the source, the potential on the right and left of
the source is

Co=

Ver = %e(l = 6"2"'“)

to the right, and

Vo =

je(1 4 %)

to the left.
The resistance operator of the wire measured from
the source to the right is:
I,01
Zl = - =
Co

VR +1Ip
K+Sp

while the resistance operator measured to the left from
the source is

R+ Lp 1+ e
Co VKk+sp1—ems

If e be a simple harmonic function of the time and
of frequency n/2m, it is sufficient to substitute ni for p
in the above expressions in order to algebraize them.

In this case, therefore,

Zy =

+ o

(RK + LSn?

KL + RS\'*
K? 4- Sp? )

’ KZTi_ S2n2
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which shows that, so far as the currents and potential
in the rest of the system are concerned, the infinite
length of wire to the right of the source may be replaced
by any device having dissipative resistance

172
—  (RFDW) K FSm)+RK+L
{2( " 5m?) (W (R*+L2n?)(K2+S?) n)}

and reactance:—

1/2
{m (V(R*+L*n?)(K*+-8n%) ~ RK—Ln)}

such device being grounded as shown in Fig. 6. Another
arrangement which is the exact equivalent of the sys-
tems shown in Figs. S and 6, is shown in Fig. 7.

e
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Fig. 7

If the wire be of copper and the frequency of e be
sufficiently great, a condition always present in the
vertical oscillators of wireless telegraphy Z; reduces to

(%)1/2 or by the relation S=z-1;; it further reduces to
Ly where v is the velocity of light.

Under these conditions, the device 4 of Figs. 6 and
7, which takes the place of the infinite wire to the right
of the source in Fig. 5, becomes a simple resistance of
value Ly.

This resistance is such as completely to absorb the
energy of the waves which emanate directly from the
source, and of those which are reflected from the insu-
lated end of the wire to the left of the source. It cor-
responds exactly, therefore, in its reaction on the rest
of the system, to the reaction produced by the infinite
extension of the wire to the right of the source in draw-
ing away the energy from the rest of the system. It
may be likened to the reaction produced on the system
by the complete radiation of its energy in each half
period.

To illustrate the application of the foregoing con-
siderations to an oscillator of known form, they may
be employed to determine the relation between the im-
pressed force and current in the Hertz dumbbell oscil-
lator.

In the case of this oscillator the energy radiated per
second is $?n4/317, where ® is the maximum electrical
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moment of the oscillator expressed in absolute electro-
static units. The amplitude of the current is $n/2a in
the same units, 2a being the length of the oscillator;
therefore, the value of the resistance which must be con-
ceived to be placed in the oscillator in order to simulate
the effect of radiation from the oscillator is 8/3 a*n?/v
in absolute electromagnetic units, or 8a?n?/(9X10'%)
ohms. The oscillator may now be treated as if it were a
circuit from which there is no radiation, but having re-
sistance

, ia’v’
2Ra + R' = 2Ra + —

’
v

inductance

4a 3
L' = 4a (log. —_— —)
p 2

and permittance

r
7 =
=
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where p is the radius of the wire connecting the two
spheres of the oscillator and r is the common radius of
the spheres. If then eo be the amplitude of the impressed
simple harmonic force which maintains the oscillations
of periodicity n=2r/T and ¢, be the amplitude of the
resulting current:

1 2y 1/2
co{(2Ra + R')2 + (L'n — ’—‘> } Co
S'n

which suggests the more general expression

1 8 a? _l>°
S’y 3 v ? ’

¢ = (2Ra +L'p +

Where, as before, p stands for the operation of differ-
entiation with respect to time, ™! for the inverse opera-
tion of integration with respect to the time, and where
R is the true dissipative resistance per unit of length of
the wire connecting the spheres of the oscillator. It
should be carefully noted, however, that the mathemati-
cal solutions so far obtained for the field of force about a
Hertz oscillator are only applicable when the length of
the oscillator is a small fraction of one-half of the length
of the wave radiated by it into space. When this condi-
tion is fulfilled, the oscillator may be regarded as a
straight current element of length 2a, the current at
every point of which is ®n/2a. The expressions for the
field at great distances from the oscillator are then ap-
plicable, as are therefore also the expressions for the
energy radiated.

Since a straight linear oscillator is the equivalent of
an infinite number of such current elements varying in
lengths from zero to the full length of the oscillator, the
field at a distance from such an oscillator may be de-
termined as the vector sum of the fields produced by
the separate uniform current elements.
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By considering the straight linear oscillator as com-
posed of a limited or finite number of uniform current
elements the field at a distance from the oscillator and
the energy radiated may be determined to any desired
degree of precision for any given or assumed distribu-
tion of current along the oscillator. The value of R’, or
what may be termed the resistance equivalent of the
radiation, may then be determined, and the relation of
impressed electromotive force to the currents and po-
tentials along the oscillator may thereafter be treated
as if there were no radiation from the oscillator, as in
the case of the Hertz oscillator considered above.

The exact predetermination of the distribution of cur-
rent and potential in a linear oscillator consisting of a
straight wire of length 2a, alone in space, or of a straight
wire of length a normal to the earth’s surface and con-
nected to the earth at its lower extremity, presents grave
difficulties which as yet have not, as far as I am aware,
been completely overcome. Fortunately, however, a
great variety of cases in modern wireless telegraphy
may be readily treated with sufficient precision for engi-
neering purposes upon the assumption that the waves of
potential and current travel along the conductor of the
vertical oscillator with a constant velocity v.

The distribution of current and potential in a straight
wire grounded at its lower extremity through a source
of electromotive force e and through a system A whose
resistance operator is Z, as illustrated in Fig. 6, may
next be considered under the above-mentioned assump-
tion. In this instance, it will be convenient to regard
distances as measured {rom the earthed terminal of the
oscillator.

The circuital equations for the wire are then:

av
—— =LpC and — — = SpV
dx
from which flow
d2V 2 2
CL e
dx? v? x v?

The most general solution of these equations is

A cosh ix-i- B sinhix

V=
v v
1
C=-— —(B coshi x4+ A sinhi x>
Ly v v
At x=a, C=0,
B=—4 tanhﬁa.
v
At x=0, Vo=A4 and
Co=—tanh—a
Ly ?
Vv
S Ly cosh 1 a.
0 v
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This is the resistance operator measured from the
source in the direction of the insulated end of the wire
and shall be designated by Z.

It follows that

[4

(v(l =
Z+ 27,
Z elv
4= and B = — —
Zo+ 2 Zo+ 2
7
V=—e (Zcosh—P—x-—Lvsinhix>
Zo+ 2 v v
e
Co=—""—"—
Lv(Zo+ 2)
(Lv cosh 1 x — Z sinh i x)
v v

In the simple harmonic regimen, p =1n and the hyper-
bolic functions are converted into the corresponding
circular functions.

The chief interest to the engineer lies in the functons
Z and Z,, and more particularly in the former which be-
comes

n 1 n

— Lycot—a or — —cot—a.
v Sv ?

We see that Z vanishes when n=m(wv/2a), where m
is any integer. This corresponds to the case of mA =4a
where X is the length of the waves on the wire. For the
fundamental or gravest mode of vibration of the oscil-
lator, m=1 and A =4a.

It appears, therefore, that for oscillations graver than
the fundamental of the oscillator formed by the wire
per se and its electrical image, the reactance Z is nega-
tive or a capacitance or permittance reactance, whereas
for periodicities higher than that of such fundamental
the reactance of the oscillator becomes positive, or an
inductance reactance. In other words, the reactance of
the wire measured at the source or driving point of the
system may be the equivalent of a capacitor of capaci-
tance.

1 n Sv n

S’ = —tan—a = —tan—a
Lon ] n v

or of an inductance.

Ly n 1 "
L'=—cot—a=—cot—a
n v Svn v
depending upon whether cot (n/v)a positive or negative,
respectively.

Curve 1, Fig. 8, shows the variation of the reactance
Z, i.e., the reactance of the wire a of Fig. 6 per se for
different periodicities n of the impressed force.

Curves 2 and 3 of Fig. 8 show the equivalent capaci-
tance and equivalent inductance of the same wire for
different values of the periodicity n of the impressed

Stone: Theory of Wireless Telegraphy

313

force, the equivalent capacity being shown by curve 3
and the equivalent inductance being shown by curve 2.

With regard to the resistance operator of the system
A of Fig. 6, if this be a simple dissipative resistance Ry

v
—

[ T ] BHeET ] I

[ \ [ 1 [T

!

—tde

.
FUNDAMENTAL
1
w
2'ND, HARNONIC |

-«

2

Fig. 8

then Z=Ry,+R’. If it be coil of resistance R, and in-
ductance Lo, Zo=Ro+Lop+R’. If there be a condenser
of permittance S, in sequence with the coil, then

Zy =R0+L0P+—1‘+R'p
Sop
and if the condenser be in parallel with the coil,
_ 14 ReSop + LoSop?
~ Re+Lep

In every case the resistance equivalent of radiation
must be added to the resistance operator of the system
A. For the high values of the time rate of change of cur-
rent employed in wireless telegraphy,

+ R'.

0

Zo = R' 4+ R,,
Zy = R’ 4 Lop,
1
Zo=R 4+ Lop + —>
0 Sop
or
So
Zy =R 4+ Re— — Sop,
Lo

for the four cases considered above.

For more complex systems the resistance operator
may be readily determined by the simple operational
method devised by Heaviside. The algebraizing in the
case of a simple harmonic regimen is also easily ac-
complished by the substitution ns for p.

The foregoing treatment applies more specifically to
a transmitting linear oscillator. In the case where the
oscillator is employed for receiving, the circuital equa-
tions become:
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E-—ﬁ,—=LpCand-—-d—C—=Spv {E—z-(Bcosh—p—x+Asinh—p—x>}-
dx dx v v v

in which E is the induced electromotive force per unit Atz =¢, C=0." B =
of length of the wire.

From these equations result E-4 . sinh . a
v p o<,
d_x;=;V and -d_xzz;{c— sp. :COSh-v—a

At x=0, Vo=A4 =—2,Cy

. :
€7 | c
il cosh—a —1
obnt s Comp
3 =i4.82] ~ .
\ «|=l6.02] - Lp cosh —a 4+ Zysinh —a
my \ Slmi7.18] ~ v v
w 6w 820 «
= T |=19.98 ~
!
A | [ 5
/A | 1
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5 In the foregoing the explicit assumption has been
R40C 5 . .

u TR \\ made that the inductance and capacitance are uniformly
EE(= N b distributed along the oscillator and that the velocity of
1600t 5 v propagation of the waves along the oscillator is equal

<N N . . > .
SN to that of light. This was done in order to simplify the
T : S mathematical analysis, and to present the theory in a
it N s concrete and easily understood form; but these condi-
l : ‘\.,_'H tions do not completely limit the applications of the
PERIODICITY s ] formulas deduced, for it is capable of demonstration that
: s [11e : iox’be even when L and S are functions of x provided only
Fig. 10 that the ratio of L/S be independent of x, then though
the velocity of the waves will vary from point to point
L. along the oscillator, yet there will be no reflection of the
The general solution is: waves except at the ends of the wire, and the most im-
p ) portant function, namely Z, the resistance operator of
V = A cosh o x + B sinh " x the oscillator does not change its form. It is sufficient,
under these circumstances, to substitute a’ for a in the
C = _l_ expressions for Z, and C, where a/v=a’/v’, v’ being the

Lp average velocity of the waves along the oscillator.
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Another important case which may occur is that in
which L and S are both functions of x, but in which the
product LS is constant. Under these conditions, the
quantity 1/4/LS which is of the nature of a velocity, is
constant along the oscillator, but reflection takes place
at every point, giving rise to a variable wave velocity.

R — Hii@m
111 T lemeer (8] | |
12 X102 -1 -
| |=|e0 FEET [ ) )]
. 2|=l60 |- 1=
! 3]=lso |- EEYEn;
| 4(=1000 -1 | |} = { —t
\ 5|=)e0 [« A 11
H, 6 =40 |« l fil i)
1= T|=)60 |~ i J
*1g 8[=180 |~ 5l 1 ] i
[:: 7 T
z
-2 A
e 404
[ B &
I /r s A
-~ =
2 T ’5""'"—‘
fo L [y
= 2 . 2.l
1la
5 PERIODICITY
[} 20 a0 [ [e0 80 100X}
Fig. 12

The solution in this case is no longer of the same form as
that considered above, but may be readily obtained in
the form of cylindrical harmonics, provided L and S
are respectively proportioned to x™ and x~™ where m is
any quantity integral or fractional; positive or negative.
Some writers have regarded the vertical oscillator as a
simple capacitance area. This is obviously inadmissible.
The first approximation to a more complete theory is
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to regard the vertical oscillator as a capacitance area
connected to the earth through an inductance. This
mode of treatment corresponds to the first approxima-
tion to the theory of the transverse vibration of a
stretched string in which the mass of the string is as-
sumed to be collected at its center.

The theory here outlined corresponds to the second
approximation to the complete theory of the transverse
vibrations of a stretched string in which the mass is
assumed to be uniformly distributed along the length
of the string.

It is not to be expected that the results of experi-
ments should verify in all details the conclusions to be
drawn from the theory which has been presented, but all
the most important characteristics of the behavior of a
vertical oscillator as indicated by this theory are found
to be confirmed by certain experiments, the results of
which are presented to you in the form of curves in Figs.
9, 10, 11 and 12.

These curves need no explanation, the title of each
showing sufficiently clearly its purport.

Figs. 11 and 12 are the most instructive, showing as
they do very clearly the increase of the apparent
capacitance of the oscillator as the frequency of the
oscillations is gradually increased and the tendency of
this apparent capacitance to become infinite as the fre-
quency of the oscillations approaches the frequency of
the fundamental of the oscillator per se.

Mr. Stone expressed his thanks to the United States
Naval authorities at Washington, and very particularly
to Captain E. K. Moore, for the courtesy he had re-
ceived in being permitted to use the 180-foot wireless
telegraph mast of the Boston Navy Yard for the prose-
cution of the experiments the results of which he had
just presented to the congress.

A Proposed Loudness-Efhciency Rating for Loud-
speakers and the Determination of System Power
Requirements for Enclosures®
H. F. HOPKINSt anp N. R. STRYKER{

Summary—Experimental and computed data relating to the loud-
ness contribution of various ranges of the frequency spectra of speech
and music are correlated with the corresponding energy distribution.
A relatively simple measurement of sound pressure and a knowledge
of certain acoustic radiation phenomena are applied to this correla-
tion to form the basis of a method for predicting the loudness estab-
lished by loudspeakers in enclosures. A loudness-efficiency rating
for loudspeakers is suggested, and its application to sound-system
engineering problems is described.

* Decimal classification: R265.2. Original manuscript received by
the Institute, May 11, 1947; revised manuscript received, Septem-
ber 19, 1947. Presented, Chicago Convention, Society of Motion
Picture Engineers, Chicago, 111., April 21-25, 1947. .

t Bell Telephone Laboratories, Inc., Murray Hill Laboratory,
Murray Hill, N. J.

INTRODUCTION

OR SOME TIME those associated with the in-

dustrial application of acoustics have expressed

the need for a loudspeaker rating directly related
to the loudness that the instrument can produce under
specified acoustic conditions. Assuming that the suit-
ability of a loudspeaker for its intended use has been
determined on the basis of a full appraisal of its various
attributes, this paper is confined to the problem of de-
fining its loudness, discussing in detail a study of factors
involved in establishing a practical loudness rating, and
presenting a method for applying it.
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Certain factors based on the theory of loudness!s?
are used in developing the relationships involved in this
study. Loudness is a subjective function, and requires
considerable experimental data before it can be quanti-
tatively expressed. Such data have been compiled,
although not all are available in published form. Sound
intensity, on the other hand, is very generally under-
stood, and is commonly obtained from a measurement of
sound pressure. The relationship of loudness and in-
tensity is complex, but is readily derived using physical
factors which have been determined experimentally.
Since the energy spectrum of the reproduced sound
must be known in determining the loudness contribu-
tion of specified frequency bands, the present discus-
sion will be limited to speech and music, for which such
data are available. These are, of course, the most com-
monly reproduced sound spectra.

The conclusion is that a relatively simple measure-
ment of sound pressure can be used to determine the
loudness efficiency of a loudspeaker. This measurement
must be related to the total acoustic output of the in-
strument, and, therefore, the directivity must be de-
termined. The loudness-efficiency factor thus obtained
can be used to determine the loudness per available elec-
trical watt in any enclosure for which the acoustic con-
stants are known. Sound levels, necessary for ade-
quate reproduction of speech and music, are established,
and the power requirements for any specified enclosure
are readily determined. Certain simplifications have
been introduced in the interests of practicability.

DETERMINATION OF LOUDNESS-EFFICIENCY RATING

Theory

The intensity-versus-frequency distribution in aver-
age speech for men and women has been published by
French and Steinberg.? The data are shown in curve A,
Fig. 1, in the form of the intensity per cycle throughout
the frequency range for a maximum r.m.s. intensity
level of 78 db over 0.25-second intervals. This is a rep-
resentative level! existing at a distance of 2.5 feet from
the lips of a person talking conversationally. Curves B
and C indicate the intensity-versus-frequency distribu-
tion for music played by a 15- to 18-piece and by 75-
piece orchestras at intensity levels of 96 and 106 db,
respectively.5® These levels’ are representative and
exist at a distance of 30 feet from the source. As shown

1 H. Fletcher and W. A. Munson, “Relation between loudness and
masking,” Jour. Acous. Soc. Amer., vol. 9, pp. 1-10; July, 1937.

t H. Fletcher and W. A. Munson, “Loudness, its definition, meas-
urement, and calculation,” Jour. Acous. Soc. Amer., vol. 5, pp. 82—
108; October, 1933.

3 N. R. French and ]. C. Steinberg, “Factors governing the intel-
ligibility of speech,” presented May, 1945. Jour. Acous. Soc. Amer.,
vol. 19, pp. 90-120; January, 1947.

¢ 76 db at a distance of 1 meter.

§ L. J. Sivian, H. K. Dunn, and S. D. White, “Absolute ampli-
tudes and spectra of certain musical instruments and orchestras,”
Jour. Acous. Soc. Amer., vol. 2, pp. 330-371; January, 1931.

¢ H. Fletcher, “Hearing, the determining factor for high-fidelity
mission,” Proc. I.R.E,, vol. 30, pp. 266-277; June, 1942.

7 104 and 94 db at a distance of 10 meters.
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later, the sound meter and volume indicator, which
integrate over 0.25-second intervals, will indicate levels
10 db below those given above, when used to indicate

41 4
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Fig. 1—Intensity-versus-frequency distribution for
speech and music.

long r.m.s. intensity levels over intervals much greater
than 0.25 second. On Fig. 2 the data for speech and
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Fig. 2—Percentage of intensity and loudness below any frequency in
the spectrum for speech or music.

music are replotted in terms of the percentage of in-
tensity in the frequency band below each frequency of
the abscissa. An average curve which is assumed to be
sufficiently representative for either speech or music is
also shown. The data for speech are more comprehen-
sive than those for music, but, because of the similarity
of the two spectra, it is believed that the average should
provide a good compromise on which to base an over-all
loudness rating.

Experimental speech data from unpublished work of
W. A. Munson and given very briefly by Fletcher® are
shown by the dots on Fig. 2 in terms of the percentage
of loudness in the frequency band below each frequency
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of the abscissa. Employing curve A of Fig. 1 and the
methods outlined by Fletcher and Munson,! loudness
computations for spcech were made. The results are
plotted on Fig. 2. The computed and experimental
data for speech agree quite closely. Therefore, it may
be assumed with reasonable confidence that the same
method of calculating loudness may be applied to other
sound spectra such as those indicated for music. Apply-
ing this method to curves B and C of Fig. 1, an average
curve for music is shown on Fig. 2. A representative
average of the curves for speech and music is also
shown. It is observed that the average curve for in-
tensity differs greatly from that for loudness. The
loudness-versus-frequency distribution will vary some-
what with intensity. Between intensity levels of 90 to
110 db for music and 70 to 90 db for speech, however, the
maximum variation is only 2 per cent. The intensity
levels employed in this analysis are 78 db for speech
and 101 db for music.

If the relationship between loudness and intensity for
these typical high-level sound spectra can be estab-
lished, a simple acoustic measurement involving the
intensity may be made indicative of the loudness. The
intensity of any part of a sound spectrum is equal to the
product of the frequency bandwidth and the average
intensity per cycle within that band. Thus, for a flat
sound spectrum, equal frequency increments would
contribute equal proportions of the total intensity.
The loudness contributions for the various frequency
increments, as indicated on Fig. 2, however, differ
materially from the intensity contributions in the same
frequency increments. Therefore, an intensity measure-
ment will be proportional to loudness only if the in-
tensity contributions of the frequency bands are prop-
erly weighted.

Complicated relationships between sound intensity
and loudness exist for complex, intermittent sounds
such as those involved in speech and music. Since we
are here concerned with a limited range of sound levels
and loudspeakers having relatively uniform response,
some simplification can be attained by neglecting cer-
tain factors in the general loudness theory. This leads
to the conclusion that, within certain limits, a sufficient
approximation of loudness may be determined from a
loudness-versus-intensity relationship involving only
frequency weighting. This relationship may be derived
from the curves of Fig. 2, establishing a frequency-
weighting factor which, when applied to a sweep-fre-
quency band, reduces equal sweep-time intervals to
equal proportions of the total loudness. Applying this
sweep-frequency band to a loudspeaker, a single meas-
urement of the resulting sound pressure can be used as
a measure of loudness for the intensity-level ranges
specified above. Experimental verification of this pro-
cedure is presented later.

A frequency band having a range of 100 to 6000
cycles includes 96 per cent of the loudness spectrum.
Ten frequency bands in this range which contribute
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equal loudness increments may be selected, as shown
on the abscissa of Fig. 3, with midfrequencies as indi-
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Fig. 3—Midfrequencies of ten equal loudness bands.

cated on the curve. The data from this curve may be
utilized to establish the time rate of frequency change
for a weighted sweep-frequency band, since the fre-
quency sweep in each of these ten loudness increments
should occur during an equal time interval. This rela-
tionship is shown by the curve of Fig. 4, the slope of
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Fig. +—Frequency-versus-time modulation for loudness
weighting.

which indicates the rate of frequency change in a sweep-
frequency band which, when applied to a loudspeaker,
will permit a pressure measurement to be made that is
representative of loudness. This measurement of pres-
sure must be related to the total acoustic output of the
loudspeaker.

The total acoustic power radiated from a loudspeaker
is a function of the size and shape of the radiating area
as well as of the frequency. If the radiating area is a
point source the total power is easily derived, because
the spatial energy distribution is uniform throughout a
solid angle of 47 steradians. As the size of the radiating
area of the practical loudspeaker is increased, it becomes
more directional. Other investigators® have derived

® Lord Rayleigh, “Theory of Sound,” Macmillan Publishing Co.
New York, N. Y., vol. I, 1896. !
92’7H. O. Stenzel, Elec. Nach. Tech., vol. 6, pp. 165-181; August,
1 .
19 H. O. Stenzel, Elec. Nach. Teck., vol.4, pp. 239-253; June, 1927,
1 I, Wolff and L. Malter, “Directional radiation of sound,” Jour.
Acous. Soc. Amer., vol. 2, pp. 201-241; October, 1930.
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the means for the determination of the total power
radiation from a line or a rigid disk radiator located in
an infinite baffle. Since all types of loudspeakers are not
located in an infinite baffle, the total power radiation
must be obtained for other boundary conformations.
For a given electrical input, the axial pressure is a func-
tion of the efficiency of the loudspeaker as well as of its
boundary conformation. Consequently, pressure meas-
urements on the zxis of a loudspeaker are indicative of
the total acoustic power radiated only if a proper cor-
rection factor for the directivity of the device can be
determined.

Considering these facts, let us assume first that the
loudspeaker is a point source of sound located in free
space. An electrical power W, is supplied over the
loudness-weighted sweep-frequency range of 100 to
6000 cycles. The rate of frequency change is assumed to
be in accordance with the slope of the characteristic of
Fig. 4. The axial sound pressure p,z, in dynes per square
centimeter, as indicated by a thermal meter, is de-
termined at a distance of 30 feet from the source. The
reason for choosing a test distance of 30 feet will be
made evident later.

The sound intensity in watts/cm.? for an electrical
power of W, watts, is

Pas’
pc

Ta: = X 107, (1)

The intensity level in db relative to reference intensity
(10 watts/cm.?) is
Li.. = 10 log I.. + 160 2)
or the pressure level in decibels
Lpes = 20 log pas + 74. 3)

Then the total loudness-weighted acoustic power radi-
ated, in watts, is

Wi =S, XI.. 4)

or, if the pressure p,; is used,

Sipas?
Wy = X 107 watts (5)
pc
in which
S, =surface of a sphere in cm.? having a radius of 30
feet.

=10.5X10%m.? or 70.2 db relative to 1 cm.?

pc=characteristic plane-wave impedance of air in
mechanical ohms/cm.2 If a reference pressure p,
of 0.0002 dynes per square centimeter is assumed
at a reference intensity I, of 10~ watts/cm.?, a
value of 40 mechanical ohms per square centi-
meter follows for pc. pc does not actually attain
this value for typical atmospheric conditions, but
the error due to this assumption is only a few
tenths of a decibel.
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Defining W,. as the power capacity!? of the loud-
speaker in watts, the total loudness-weighted acoustic
power per available electrical watt input is

Selaz

Wie= (6)

ac
Then L,, the loudness-weighted acoustic power level in
db relative to 1 acoustic watt per available electrical
watt, is

Sila:
L. = 10 logm WL, = 10 logm

ec

Li— 160 +70.2 — &
= L, —89.8 — k )

where k=10 log,s W.,..
In terms of the pressure p,;,
L, = 20 logio paz — 15.8 — k. (8)

Equations (7) and (8) apply to a point source, which
is a convenient reference because maximum power is
radiated throughout the entire frequency range for a
given axial intensity. The acoustic power radiated
from a loudspeaker, which is a source of finite size, can
be expressed in terms of its ratio to that radiated from a
point source. This ratio, K, expressed in db, may be
termed the loudness-directivity index, and can be ap-
plied as a correction factor in (7) or (8). Since loudness-
weighted sweep-frequency power has been assumed in
determining the effective pressure, either of these equa-
tions may be used to derive a loudness rating for loud-
speakers. Thus L,, the intensity level in db relative to 1
acoustic watt per available electrical watt, is

L,=L,—89.8—k— K, (9)

12 Considerable thought has been given to an appropriate rating
for electrical power input to a loudspeaker. Recently the available-
power method has been gaining wide acceptance because of certain
simplifications in measurement which result from its use. By this
method, the power is defined as that delivered to a resistance R
equal to the rating impedance of the loudspeaker from a source of
constant voltage E in series with a resistance also equal to the rating
impedance. The power available is then E*/4R, and when power to
the loudspeaker is referred to, this quantity is meant.

The power capacity of a loudspeaker is then the maximum avail-
able power at which satisfactory operation of the instrument may
be obtained. Depending upon the type of loudspeaker, the power
capacity may be limited, due to distortion or mechanical breakage.
Tolerable distortion may be determined by listening tests or meas-
urements, and the value will depend on the requirements involved in
the specific type of application. There appears to be no standardized
procedure for determining the safe operating point from the stand-
point of mechanical failure. At Bell Telephone Laboratories, we have
been testing in a manner which appears to insure mechanical stability
but which may result in a conservative rating as compared to other
methods. For direct-radiator devices, a uniform sweep-frequency
band from 50 to 1000 cycles is applied to the loudspeaker set up in
the recommended operating condition. The power capacity of the
loudspeaker is then considered to be the maximum available power
at which no failures occur in a continuous testing period of 100 hours.
No ambient temperature is specified except where special applications
are involved. For horn-driver units, a sweep frequency 2000 cycles
wide whose lowest frequency is 100 cycles below the lowest resonant
frequency of the loudspeaker is used. This assumes that the unit is
equipped with a recommended horn. Since no standardized method
for determining the power capacity of loudspeakers exists at the
present time, W.. may be considered to be the manufacturer's rating
of his product.
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or the total loudness-weighted acoustic power per avail-
able electrical watt is

L,
Wee= 1010 - (10)
The term loudness-efficiency factor LR has been se-
lected as a suitable expression for rating the loudness of
a loudspeaker. Thus,

LR = 100W ., in per cent. (11)

This factor provides an expression for the loudness
efficiency of a loudspeaker which may be obtained from
a simple measurement of the axial sound pressure in a
free field for a weighted sweep-frequency power supply,
and is suitable for determining the amplifier power and
the number of loudspeakers required for a specified
sound-system installation.

The correction factor K; used in (9) has been termed
the loudness-directivity index, and may be defined as
the ratio, expressed in decibels, of the total loudness-
weighted power radiated by a loudspeaker to that radi-
ated by a point source producing the same axial pres-
sure. It is possible to compute the total acoustic power
from most radiating devices at any specific frequency.
The ratio of this power to that radiated by a point source
producing the same axial pressure, expressed in decibels,
may be defined as the directivity index. Since the direc-
tivity index of a loudspeaker is a function of the shape
of the radiating area and its boundary conditions, as
well as of the frequency, these factors must be taken
into account in determining the loudness-directivity
index. If the directivity index of a given radiating device
be computed for each of the ten midfrequencies of the
equal loudness bands shown on Fig. 3, the loudness-
directivity index may be computed as shown by (53) in
the Appendix.

Although loudspeakers exist in a wide variety of
shapes, the radiating areas, in general, are simple geo-
metric forms, either baffled or unbaffled, most of which
lend themselves to theoretical analysis. Various types
of loudspeakers used in practice are described in the
Appendix, and derivations of their loudness-directivity
indexes are given.

Determination of Test Sweep-Frequency Power

The test-frequency range of 100 to 6000 cycles, which
includes 96 per cent of the loudness range, was used for
accuracy in computing the loudness-directivity index K.
In order to attain simplicity in the measuring equip-
ment, a modification in the width of the test sweep-fre-
quency band can be made without materially affecting
the results. Fig. 2 indicates that 75 per cent of the loud-
ness as well as the intensity of speech and music occurs
between 300 and 3300 cycles (only 1.3 db less than the
total). A sweep-frequency band of this width would
appear to provide a range adequate for a pressure
measurementindicating loudness. The frequency-versus-
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time relation providing a loudness-weighted sweep band
is indicated by the “NORMAL?” curve of Fig. 5. The
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Fig. 5—Frequency-versus-time relations of 300- to 3300-
cycle sweep band.

rate of frequency change is not linear and would re-
quire a specially shaped capacitor plate in a frequency-
modulated generator. It appears desirable from a prac-
tical standpoint to make this frequency variation linear
throughout the range, as indicated by the “LINEAR”
curve of Fig. 5. A linear frequency sweep can be made
to produce the same pressure or intensity level as the
“NORMAL?” frequency sweep if the proper corrective
electrical network is inserted in the output circuit of
the generator. Equalization for this purpose was com-
puted using the average curve of loudness for speech
and music shown on Fig. 2. The computed curve as well
as the frequency characteristic of a suitable equalizer
providing a close approximation are shown on Fig. 6.
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Fig. 6—Loudness-weighting equalization for a linear frequency-
versus-time sweep band.

A schematic of this equalizer is also shown on the figure.
A possible alternative source of power might be a flat
noise spectrum equalized in this manner.

A sweep-frequency band is a frequency-modulated
signal in which discrete frequency components result
throughout the entire bandwidth, as pointed out by
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other investigators.!*-1* The amplitude and the number
of components are dependent on the modulation index,
which is a function of bandwidth and the rate at which
the carrier is modulated. The form of the envelope of
the components is of great importance in this problem.
The most uniform amplitude envelope and the maxi-
mum number of components occur for a linear fre-
quency-versus-time relation having a unidirectional fre-
quency sweep, a sawtooth envelope, and a high modula-
tion index. A reciprocating frequency sweep such as that
shown on Fig. 7(a), with a sweep rate of 6 per second,
produces 500 components having an envelope of the
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Fig. 7—(a) Frequency-versus-time relation for a linear reciprocating
sweep, (b) Envelope of the components of the sweep band ef (a).
{c) Envelope of the components of the sweep band of (a) with
loudness-weighting equalization.

13 J. R. Carson, “Notes on the theory of modulation,” Proc.
I.R.E., vol. 10, pp. 57-66; February, 1922,

14 Balth van der Pol, “Frequency modulation,” Proc. 1.R.E., vol.
18, pp. 1194-1205; July, 1930.

B'W. R. Bennett, unpublished memorandum, Bell Telephone
Laboratories, Inc.
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form shown on Fig. 7(b). With the equalizer in circuit,
the envelope is modified as shown by Fig. 7(c).

Experimental

In order to justify the validity of this method, the
loudness rating of a series of loudspeakers representing
a wide range of response-versus-frequency character-
istics was determined experimentally. The loudness of
these loudspeakers relative to that of a reference condi-
tion as judged by a number of observers was also de-
termined for comparison with the measured loudness
ratings.

A Western Electric 728-B loudspeaker was used as
a reference instrument. The loudspeaker system shown
on Fig. 8, in which various test conditions could be ob-

al g — r—q S_,.o
DECIE, IAMPLIF IER|
PAD $ ¢ ?2 9
L ¢ o [ (O
TEST
TEST Nl@lﬂ” P»Lm LOUD SPEARER
ICONDITION] | LOW PASS
ALTERS OCTAVE
N0~ =0 -0
TO
POWER
SOURCE ﬂ
— -l
REFERENCE
LOUD SPEAKER

Fig. 8—Test circuit for loudness observations.

tained by the use of networks, was used for these tests.
The networks employed consisted of low- and high-pass
filters and a network producing a 6-db-per-octave rise
in the response of the test loudspeaker. This loudspeaker
system consisted of a 6-db pad, the networks, a variable-
gain amplifier, and a 728-B loudspeaker having prac-
tically the same response-versus-frequency character-
istic as that of the reference unit. The system was con-
sidered as an individual loudspeaker for each circuit
condition. The gain settings of the amplifier were dif-
ferent for each condition, to provide a range of effi-
ciencies. A D-173181 Western Electric loudspeaker, de-
veloped to provide high intelligibility under noisy con-
ditions, was included as an additional test unit.

Response-versus-frequency characteristics for the
reference condition and for each of the test conditions
were made in a dead room at a distance of 3 feet from
and on the speaker axis, and are shown on Fig. 9. The
power supply and the sensitivity of the measuring cir-
cuit were held constant in each case. These data permit
a determination of the efficiency in the passed band for
each condition relative to that for the reference con-
dition.

Using a source of sweep-frequency power having the
characteristics shown on Fig. 7(b) and 7(c), the axial
pressure p.z, 3 feet from each speaker, was measured
in the dead room for a range of input power, all measure-
ments being made with thermal meters. Over the range
of power employed, a linear pressure-versus-power rela-
tion existed and, therefore, the effective pressure for 1
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Fig. 9—Response-versus-frequency characteristics of loudspeaker used for the reference and test conditions.

watt input was readily obtained for each test condition. from (9), (10) and (11), are shown in Table 1. It will be
These data and the loudness-efficiency factors,computed observed that the effective pressures for the unweighted
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power supply deviate materially from those for the
weighted conditions as the frequency range is decreased
and the response is made less uniform. This deviation
is negative for the low-pass and positive for the high-
pass filter conditions. The loudness-efficiency factor for
each of the test conditions relative to that for reference
condition is expressed in decibels in the last column of
the table. If this method of rating loudspeakers is valid,
the relative loudness of the loudspeaker conditions
represented when judged by an observer listening to
speech and music should confirm the data in this
column.

To provide the desired correlation of the measured
data with aural observations, listening tests were con-
ducted in a room 26X18X12 feet. The observer was
located 15 feet away from and in front of the reference
and test loudspeakers, which were placed as closely as
possible to one another at one end of the room. A switch
was provided to permit a quick change to be made from
the reference to the test condition. The source material
consisted of selected speech and orchestral records. For
all tests, the intensity level supplied by the reference
speaker at the observer’s position was maintained at 68
db for speech and 91 db for music, as indicated by a
sound meter. The power in the test loudspeaker was
adjusted until the observer judged that reproduction
from the reference and test loudspeakers was equally
loud. Six observers made judgments for all conditions,
while one judged only a few conditions. The resultant
data are shown in Table II. The variation in loudness
judgment among the observers is surprisingly small
except in the cases where highly distorted systems are
involved. The loudness for speech reproduction is ob-
served to be approximately the same as that for music
for all low-pass filter conditions, but an increasing de-
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parture from equality is shown to exist as the cutoff
frequency of the high-pass filter condition is raised.

In order to express the aural data in a form which
permits comparison with the measured data, the ob-
servations for speech and music were averaged together
for each condition. These data and the comparable
measured data from Table I are shown in the last two
columns of Table II. It is observed that very good agree-
ment exists for all except high-pass filter conditions
having cutoff frequencies above 1100 cycles per second.
It is doubtful if any loudspeaker having distortion as
great as this would ever be used in any normal sound re-
producing system. The reason for the discrepancy that
appears for the high-pass filter conditions will be made
evident in later discussion. This experimental work indi-
cates that, from a practical standpoint, a satisfactory
measure of the relative loudness for a wide range of
loudspeaker conditions may be obtained by the pro-
posed method.
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Fig. 10—Power input versus spectrum range of speech and music for
equal loudness in a room.

As indicated by the response curves of Fig. 9, the
relative pass-band efficiencies are different for the vari-

TABLE 1
LoUDNESs MEASUREMENTS OF REFERENCE AND TEST LOUDSPEAKERS
Effective Pressure Intensity level Loudness efficiency
Daz (dyne/cm.’) aft 3 feet for Loudness atd ii)O f(;et Ly, L&)iudness fagtor of t?st

s 1 watt of sweep-frequency AP in db relative to efficiency condition relative

Loudspeaker condition power d.ll:zctlv}(ty 1071 watts/cm.3 factor to that of the refer-

(D=5 &) LR—9, ence condition in

Weighted!® Unweighted Weighted db
Reference—728-B #1 19 18.6 7.0 79.6 1.89 0
1—728-B #2 17 16.2 7.0 78.6 1.51 -1.0
2—Condition 14-3000~LP 14 12.9 7.0 76.9 1.02 - 2.7
3—Condition 14-2100~LP 10 9.0 7.0 74.0 0.525 - 5.6
4—Condition 14-1100~LP 6.0 4.2 7.0 69.9 0.203 -10.0
5—Condition 14+ 700~LP 4.9 3.5 7.0 67.8 0.126 —11.8
6—Condition 14 S500~LP 4.0 2.6 7.0 66.0 0.0825 -13.§
7—Condition 14+ 230~HP 18 17.6 7.0 79.1 1.69 - 0.5
8—Condition 14 S00~HP 13.7 14.7 7.0 76.7 0.966 - 2.8
9—Condition 14 800~HP 14.7 15.7 7.0 7.4 1.14 - 2.2
10—Condition 141100~HP 12.0 14.4 7.0 75.6 0.75 - 4.0
t1—Condition 14-1500~HP 9.6 11.3 7.0 73.6 0.475 - 6.0
12—Condition 142100~HP 6.2 7.1 7.0 69.8 0.205 - 9.7
13—D-173181 24 27 4.8 81.6 4.98 + 4.2
14—Condition 146-db-per- 9.2 11.0 7.0 73.3 0.477 - 6.3
octave network

16 Weighted in accordance with equalization of Fig. 6. These values were used in determining loudness-efficiency factors.
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ous test conditions. The system was purposedly ad-
justed to provide these differences so that a range of
loudness efficiencies would be encompassed by the tests.
However, since the loudspeaker response is relatively
flat, a fundamental loudness relationship of consider-
able interest may be shown by correcting the test con-
ditions for equal passed-band efficiencies. This is the
condition that would exist if perfect filters were inserted
in the transmission system. The aural data corrected in
this manner were plotted as shown on Fig. 10 to indicate

Hopkins and Siryker: Loudness-Efficiency Ratings for Loudspeakers

323

this relationship. The ordinates of the curves represent
the power required for a loudspeaker having a limited
frequency range relative to that for a loudspeaker of
the same relative efficiency per cycle reproducing the
complete spectrum of speech and music at equal loud-
ness. Since the response of the system is flat, the
ordinates arc also a measure of the relative intensity
levels in the room. For the low-pass filter conditions,
the curves are similar for speech and music. For the
high-pass filter conditions, however, the relative in-

TABLE II
LoupNEss JuDGMENT TESTS
Ratio in Decibels ofi E!Ig:;:ic[?;ul(’ig;;- ki:r lfl::ell::znuc:l LL%L:I%?ee:Sker Relative to that lLOIi_I ;jcr;f)srsg‘mg:{‘cy
- T condition relative
T o s Ob- | Ob- | Ob- | Ob- | Ob- | Ob- | Ob. |Average Range of . B
Server | server | server | server | server | server server b- i - il’l speech decibels from
! 2 & < S . ' 7 se?vers (ti:cils)els n?:gic Table I
1. 728B f2 , -
Vit o1 o S Zi|Zi| 6| 0 Zos| 1 |-o4] =-1o0
8 g{;’é‘féﬁ“" 1H3000~LP 2 | —25 -4 | -3 | - -3 | -3 |-209]| 2 a0 a0
Music -4 -4 | =3 ]- -1 | =2 |=-27]| 3 : .
3. Condition 14-2100~LP
Speech -7 | -4 |-5|-55-65-6|-6|-56| 3 . e
Music -4 -4 -8 — - 8 -8 — 6.2 4 :
4, Condition 141100~LP
Mucie T2 [T D0 (T | T [T [Zos| 2 | -97| -0
> g,‘,’é‘éi‘ﬁim’ T+ 700~P ol i2 [ —is [ =1 =2 | =8 | =8 | —104] i s
Music —12 | =11 | 14 | =14 | =10 | =11 | —11.75| 4 : :
o g,‘,’é‘éfﬁi“ 14 S00~LP 14 | =15 | =15 | —14 | =13 | —14 | —141 | 2 e P
Music —13 | —13 | —16 | =16 | —14 | =13 | —14.0| 3 : .
7. Condition 14 230~HP
e Y Y2 T 6| 35 | -0 = 0.5
5 Sﬁ,’é‘e‘i‘ﬁ“ i aso~E -1 | - -3 | -3 |=-19]| 2 e Y
Music -2 - -3 -3 — 2.5 1
> S,S’é‘éiiﬁi“ i s0o~e -3 |—-3|-6|-6]-42| 3 o .
Music -1 - -2 -1 - 1.2 1 .
10. Condition 141100~HP
Mueie gl Bt D Bl B b0 B el 2 it A R 20 IR
11. Condition 141500~HP
Speech 10 | -11 | -9 | -9 [—-15 [ —14 | —10.8]| 6 _ 3.6 _ 6.0
Music -10 | -8 | ~10 | ~-11 | —4 | —4 | — 7.2 7
1 S;’é‘e"fﬁ‘“ 1H2000~HP —15 | —16 | —13 | =13 | —20 | —18 | —15.1 | 7 . — o7
Music —14 [ -8 [ =11 [ ~10 [ =9 [—7 | —-93]| 7 -
13.?;:3}:81 +2 | +1.5/+2 | +3 |+ +2 | +2 | +22]| 1.5
Music 47 +4 | +12 |+ Yao ¥s5 |+42| 100 | T3 + 4.2
14. Condition 14-6-db-per-
gcpg‘éfunetwork 10 [ =10 | -10 { =8 | -7 | =10 [-9 [ -9 3 _ _ 6.3
Music -7 |=-7|-5|-8|~-4 -4 |55 4 :
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tensities for speech differ materially from those for
music for cutoff frequencies above 1000 c.p.s. due to the
differences in their energy spectra. The point at which
the high-pass and low-pass curves intersect represents
the frequency at which the loudness is equally divided.
This intersection point for speech occurs at a frequency
of 1000 c.p.s. The reduction in intensity at this point
is about 5 db, whereas Munson'’s earlier data, obtained
with headphone receivers, indicated a value of 10 db.
The only apparent explanation for this difference is
that the acoustic environment existing when listening
to a loudspeaker in a room is quite different from that
existing when headphone receivers are used.

The average curve from Fig. 10 has been replotted on
Fig. 11 for comparison with similarly treated measured
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Fig. 11—Averaged power input versus spectrum range of speech or
music for equal loudness in a room, asdetermined by aural, meas-
ured, and computed methods.

data and computed values. The computations were
made using the applicable response-versus-frequency
characteristics of Fig. 9 and the loudness-weighting
characteristic of Fig. 6. The difference between the
computed and measured data is due to the nonuni-
formity of the energy distribution with frequency in
the sweep-frequency power applied as indicated in Fig.
7. From the curves, it may be concluded that the choice
of this type of sweep-frequency power results in meas-
ured values of relative loudness which are in close
agreement with the aural data.

AcousTic POWER REQUIREMENTS IN ENCLOSURES

When a loudspeaker projects sound into an enclosure,
its acoustic performance as determined under open-air
conditions is modified by the acoustic properties of the
space, but the total power radiated is essentially un-
changed. If the enclosure has very high absorption, the
direct energy predominates and the characteristics of
the loudspeaker will be similar to those for open air.
The more live the room becomes, the more the reflected
energy will predominate and, therefore, the greater will
be the effect upon the radiation from the loudspeaker.

When a source of sound is started in a room, the
energy spreads from the source and then strikes the
various wall surfaces, where it is partially absorbed and
partially reflected to other surfaces, where again it is
partially absorbed and partially reflected. This process
continues until the energy in the room builds up to a
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steady-state value, when the rate of absorption at the
various surfaces and in the air is equal to the emission
of energy from the source. At any point in the room,
then, the energy density may be conveniently considered
to be made up of two parts. One portion is contributed
by direct radiation from the source and is equal to
that which would be established at the point if the walls
of the room were removed and the source were radiating
into free space. The second portion is made up of energy
which has been reflected one or more times from the
various surfaces of the room. The first will be called
the direct and the second the reverberant energy.
The direct energy is distributed according to the in-
verse square law, while the reverberant may be con-
sidered as random in direction and uniform in distribu-
tion throughout the volume of the room.

The total energy in a room in the steady state is taken
asl7

4EV
aSRc

(12)

paV =

in which

V =volume of the room
pav=average energy density
E =rate at which the source emits energy
a=average absorption coefficient for the surfaces of
the room
Sr=the total surface area of the room
¢=velocity of sound.

This energy is made up of the total reverberant energy,
assumed uniform in distribution, and the total direct
energy. The reverberant energy is obtained by sub-
tracting from (12) the total direct energy which depends
upon the directional characteristics of the source and
the position of the source in the room. Thus, if the source
radiates uniformly in all directions (a point source), the
direct energy will be a maximum when the source is in
the center of the room; while if the radiation is concen-
trated in a relatively small solid angle, the direct
energy will be a maximum when the source is at the side
of the room and the energy radiated toward the center.
Let us assume that the direct energy is that contained
in a sphere having the source at its center and a radius
equal to the mean free path between reflections in the
room.'*20 Such a sphere will have a volume very nearly
equal to that of the room for all rooms of reasonable
proportions. The two volumes will be equal if the mean
free path is taken as 0.63%\/V, while accepted values
of the mean-free-path range from 0.63*\/V to 4V/Se

17V, 0. Knudsen, “Architectural Acoustics,” John Wiley and
Sons, New York, N. Y., 1932, p. 127.

18 E, R, Eyring, “Reverberation time in ‘dead’ rooms,” Jour.
Acous. Soc. Amer., vol. 1, pt. I, pp. 217-241; January, 1930.

19 See p. 137 of footnote reference 17.

2 E, H. Bedell, unpublished work.
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If we use the value 4V/Skg, the total direct energy con-
tained in such a sphere is

1EV

(13)

Pdl' =
SRC

where pq4 is the average direct energy density. The total
reverberant energy in the room is then

_ 4EV  4EV

HSRC SRC

p-l

(14)
where the average reverberant energy density? p, is
4F (1 - a)
pr = —— -
! SRC 3

The direct energy density ps due to radiation from a
point source at a point distant » from the source is

(15)

= (16)
Pd = .
‘ 47ric
If the source does not radiate uniformly,
EQ
pa = 17
‘ 47ric (n

in which Q=4w/Q, Q being the solid angle of radiation
which is related to the directivity.

The average energy density p,, at any point within
the enclosure is the sum of the direct and reverberant
energy density pg and p,.

E-Q

4mric

4E(1 — a)

SRCa

ErQ i 167
4wc l: r’ R :l
in which aSg/1 —a is defined as the room coefficient R
because of its flexible use in practical problems.

From (18) it is possible to determine the manner in
which the average energy density varies with the dis-
tance from the source in enclosures having various room
coefficients. It is also useful to determine this variation
relative to an arbitrary open-air condition (R= «),
using r=1 as a reference since it is intended to refer an
axial-pressure measurement of a loudspeaker made
under open-air conditions to that which would exist in
an enclosure. Thus, the ratio of the average energy
density in an enclosure relative to the reference open-
air condition, expressed in decibels, is

Pav =

(18)

Pavens

6 =10 lOglo

Pa Vopen air at r=1

16
= 10 lOglo [Q + '_W].

R (19)

% H. F. Olsen and F. Massa, “Applied Acoustics,” P. Blaki-
ston's Son and Co., Philadelphia, Pa., second edition, 1939.
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This relationship for point-source radiation (Q=1) is
plotted on Fig. 12 for various values of room coefficient.
These results are independent of the power radiated by
the source. These curves show that it is possible to ob-
tain a substantial increase in energy density in a room
as compared to that for open air. Since point-source
radiation was assumed in obtaining the curvesof Fig. 12,
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Fig. 12—Average energy density versus distance from the source for
enclosures having various room coefficients relative to the energy
density at 1 foot from the source in open air, expressed in deci-
bels; point-source radiation assumed.
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Fig. 13—Curves showing the effect of the directivity of the source on
the average energy density in enclosures having various room co-
efficients.
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the effects of the directivity of the source on these rela-
tionships must be determined before applying the
results to practical conditions.

The effect of the directivity of the source may be de-
termined readily by assuming various values of Q in
(19). Curves illustrating this effect have been plotted on
Fig. 13, for values of Q of 1, 2, and 4 for a range of room
coefficients. Values of Q greater than 4 are not likely to
be encountered in practice. It will be observed from the
curves that the effect of directivity upon the energy
density is small for distances of 30 feet or more, except
for extremely large enclosures where Ris large.

Consideration of this data indicates the fact that, if
a representative distance from the source is selected, a
gain in energy density over that for open air can be
determined. It is observed that, beyond distances of
10 feet in small rooms and 30 feet in large rooms, the
energy density remains constant and is practically all
reflected energy. This fact is important because it per-
mits the evaluation of the intensity throughout an en-
closure from a single point observation. This suggests
the use of 30 feet as a reference distance from the
source. If the axial-pressure measurement p,. of a loud-
speaker under open-air conditions is made at a distance
of 30 feet or corrected to the value that would exist at
that distance, a room gain factor K,, may be computed
for any enclosure. This factor represents the gain in
intensity level that would exist in an enclosure relative
to that measured in open air at a distance of 30 feet for
a given available power input.

The room gain factor may be computed as a function
of room volume if it is assumed that all enclosures have
an optimum reverberation time. The optimum rever-
beration time of enclosures has been determined by
many investigators.?*=» Average values of these data
are shown on Fig. 14. It has been established that the
shape of the room will have a negligible effect upon the
results,

The value of K2 may be obtained directly from Fig. 12
if the room coefficient R is known, or it may be computed
in the following manner:

According to Eyring,® the reverberation time T of
an enclosure in seconds is

0.05V
—Seln (1 — a)

(20)

in which
V =volume of the room in cubic feet
Sk =the total surface area of the room in square feet
a = the average absorption coefficient.

2 Watson Architecture, May, 1927,

8 S, Lifschitz, “Acoustics of large auditoriums,” Jour. Acous. Soc.
Amer., vol. 4, pp. 112-121; October, 1932.

# P. E. Sabine, “Acoustics of sound recording rooms,” *Trans.
Soc. Mot. Pic. Eng., vol. 12, pp. 809~813; September, 1928.

* W.A. MacNair,” Optimum reverberation time for auditoriums,”
Jour. Acous. Soc. Amer., vol. 1, pt. 1, pp. 242-248; January, 1930.
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Letting A=0.05V/Sk and substituting in (20),

a=1— ¢4, 21)
Since R=aSr/1 —a, by substitution

R = Sp(etT — 1). (22)
22— 1 1
20
gm -
i
Eur
gu
310
3
e
! (R I I N1 . N AT

500 [ees)

[} 2 5 0 £ 50 0 200
AOOM VOLUME IN THOUSANDS OF CUBIC FEET

Fig. 14, —Optimum reverberation time as a function of room volume
(512 c.p.s.).
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Fig. 15—Room gain factor for rooms having optimum
reverberation times.

From Fig. 12, the ratio of the energy density at 30 feet
to that at 1 foot in open air expressed in decibels is

L, (23)

1
10 loglo g);

= — 29.54 db.

From (19), (22), and (23) it is readily shown that, at
a reference distance of 30 feet, the total gain in the en-
ergy density K, due to moving the source from open air
to an enclosure is

Q 167
Kz = 10 loglol: + (24)

L
r?  Sr(ef/T — 1)

If only the first three terms of the exponential series
for ez are employed, (24) reduces to
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Ko = 10 logso | 2 + Tt L. (25)
= o — —_— | — .
’ Bl 1'[1 . o.osv] !
25eT

The error introduced by this approximation will be a
maximum of 10 per cent for a room volume of 108 cubic
feet, and will be only 1 per cent for a room volume of
10% cubic feet. Values of K3, computed from (25) for
optimum reverberation time, are shown on Fig. 15. If
the reverberation time differs from optimum by +30
per cent, the error will be 1.4 db. If the reverberation
time is known, an approximate correction of the room
factor may be obtained by assuming the acoustic power
to be inversely proportional to the reverberation time
for a given room volume.

It is now necessary to establish representative sound
levels for the reproduction of speech and music in en-
closures. Since Fletcher® has tabulated the required
data, only a brief summary of this information is given
in Table III.

Asindicated in columns 1, 2, and 3 of this table, maxi-
mum peaks of speech or music are about 20 db above
the long r.m.s. power indicated by a volume indicator
or sound meter, while the maximum r.m.s. power is
about 10 db above the volume-indicator value. Ampli-
fier design is frequently based on the maximum r.m.s.
power since the peaks that exceed this value are of
short duration and occur during a very small percentage
(1 to 5 per cent) of the time. The data for conversational
speech were obtained at a distance of 20 feet and con-
verted to the levels existing at 2} feet, as shown in
columns 4 and 5. An adequate speech level to be estab-
lished within the enclosure has been selected as the
level existing at 21 feet from the lips of a person talking
conversationally, as indicated in columns 6 and 7. The
levels shown in column 6 of the table are applicable for
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amplifier design. From the table it is evident that a
maximum r.m.s. intensity level of 78 db for speech, 96
db for small orchestras, and 106 db for large orchestras
should be established in an enclosure for adequate re-
production.

From the above data, the acoustic power required
for a specified intensity level in any enclosure may be
computed. The maximum acoustic power radiated from
a point source throughout a solid angle of 4x steradians
in open air may be determined from (4) and (5). For
the required intensity levels of 106, 96, and 78 db, the
maximum r.m.s. acoustic power W, is 41.2, 4.12, and
0.065 acoustic watts, respectively. Applying the room
gain factor K, the maximum acoustic power W, re-
quired for the desired levels of speech and music for
any room volume having an optimum reverberation
may be obtained from

Way = Wa10(Ka110), (26)

Values so computed are shown on Fig. 16. The optimum
reverberation time at a frequency of 512 cycles was
used in order to simplify the computation of power.

However, MacNair? has shown that, for the loudness
of all pure tones to decay at the same rate as the sensa-
tion level at all frequencies, which is our premise, the
optimum reverberation time for a given enclosure must
change with frequency. It is constant between fre-
quencies of 700 and 4000 cycles and about one-half of
this value at a frequency of 100 cycles. Using MacNair’s
data and the midband frequencies of the equal loudness
increments (Fig. 3), the values of K; were recomputed
for various room volumes, and found to be within one-
half of a decibel of the values obtained for a frequency
of 514 cycles. Therefore, the ordinates of Fig. 16 are an
adequate indication of required power based on loud-
ness.

TABLE 111
SouND LEVELS FOR SPEECH AND MusiC

Data Extragolated to 30 Feet from Measurements at a 20-Foot Distance
xpressed in Decibels Relative to 10~!¢ watts/cm.?

Desired Levels within Enclosure
Maximum A(r;lg;;f;l‘er ir\\/c(l)il:an::r Speech Levels Normal for 2.5-Foot Distance
Type of sound peaklmtt;nsxty maximum reading Recom- Recom-
eve r.m.s. } second | long r.m.s. | mended for Volume mended for Volume
amplifier indicator amplifier indicator
design design
1 (2) (3) @) %) (6) Q)
Conversational speech
Men 66.5 56.5 46.5 78 68} 78 68
Women 64.5 54.5 44.5 76 66
Music
1 voice 97 87 77 87 77
100 voices 117 107 97 107 97
75-piece orchestra 116 106 96 106 96
18-piece orchestra 106 96 86 96 86
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In many cases, reproduction may be required in
noisy places. It is always desirable to maintain the
signal-to-noise ratio a maximum. However, when the
noise level is very high (90 to 100 db), a signal-intensity
level of 10 db above the noise level?® is sufficient for
adequate intelligibility of speech, in which case the
78-db noise level assumed for speech reproduction may
have to be increased. The acoustic power required for
this condition will then exceed the values shown on
Fig. 16 by an equivalent amount.
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Fig. 16—~Maximum r.m.s. acoustic power as a function of room vol-

ume for intensity levels of 78 db for speech and 96 and 106 db for
music.

The solid curves of Fig. 16 show the computed rela-
tionship between room volume and the acoustic power
required to reproduce speech and music at intensity
levels of 78, 96, and 106 db. The curve indicated by the
broken line of the figure represents the listening judg-
ment of many observers on the basis of satisfactory or
“pleasing” sound levels. It will be observed that close
agreement between computed and empirical data exists
at larger room volumes. The agreement is found to be
somewhat poorer in the case of small rooms, where a
maximum deviation of 3 db occurs. Since the empirical
data is based on personal judgment, it is difficult to
reconcile these differences. The computed levels of 78,
96, and 106 db for speech and music would appear to be
at least adequate. In determining power requirements,
however, it may be well to bear in mind that in small
rooms a somewhat higher power may be necessary for
satisfactory psychological effects. Fortunately, the de-

* N. R. French, unpublished data.
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viation becomes appreciable only in small rooms where
relatively little power is needed.

Amplifier Power

The amplifier capacity required for various enclosures
determined by converting the ordinate of Fig. 16 to
electrical watts for various values of the loudness-effi-
ciency factor LR are shown on Figs. 17 and 18. The
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number of loudspeakers required may be determined
by dividing the required amplifier power by W.., the
power capacity of the loudspeaker.

Application

The following illustrative example may serve to
clarify the application of the foregoing proposals. A
power source having a sweep-frequency rate of § to 10
per second and covering the frequency range from 300 to
3300 cycles, equalized in accordance with the character-
istic shown on Fig. 6, is assumed. An open-circuit volt-
age of 31 volts is applied to the test circuit of a 12-inch
direct-radiator loudspeaker having a rating impedance
of 8 ohms. The available power will then be 30 watts,
which is assumed to be the power-capacity rating of the
loudspeaker. Under this condition, the sound pressurec at
6 feet on the axis of the speaker is measured in open air
and found to be 50 dynes per square centimeter. The
intensity level as indicated by a sound-level meter
would be 108 db. From these data it is now possible to
determine the loudness-efficiency factor of the loud-
speaker, the amplifier power necessary for the prescribed
levels of reproduction for speech and music in any en-
closure, and the number of loudspeakers required.

A pressure of 50 dynes per square centimeter ob-
tained at an axial distance of 6 feet corresponds to an
intensity level of 94 db relative to 107'® watts/cm.?
when extrapolated for a distance of 30 feet. Since
W.. is 30 watts, k=14.78 db relative to 1 watt, and
K, from Fig. 26 in the Appendix is 6.8 db, substituting
in (9), (10), and (11).

L.=L,;—89.8—k—K,
=94 —-80.8—-14.8—-06.8

= — 17.4db
Wi, = 10-17-4/10
= ,0183
LR = 100 X .0183

= 1.83 per cent.

For the reproduction of speech and music in a room
having a volume of 108 cubic feet and an optimum re-
verberation time, Figs. 17 and 18 indicate that, when
LR is 1.83 per cent, an amplifier power of 980 watts is
required for music from large orchestras, 98 watts for
small orchestras, and 1.53 watts for speech. One loud-
speaker is sufficient for the reproduction of speech, three
loudspeakers for music from small orchestras, while 33
loudspeakers are required when music from large orches-
tras is reproduced.

The application of these results would require that
manufacturers of loudspeakers make certain measure-
ments to determine the loudness rating of their prod-
uct. Such a determination would require that the fol-
lowing conditions be met:

(1) Tests should be made in open air or in a dead
room without reflections above 300 cycles.
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(2) The pressure measurement should be made on
the geometric axis of the loudspeaker at a distance that
is at least three times the maximum transverse dimen-
sion of the radiating area. The resulting pressure should
be corrected to that which would exist at a distance of
30 feet, employing the inverse-square law.

(3) The electrical supply for the test should be a 300-
to 3300-cycle sweep-frequency tone, with the desig-
nated weighting equalizer in the circuit. The sweep-fre-
quency source should have a reciprocating linear fre-
quency change with time at a rate of 5 to 10 times per
second to obtain an amplitude distribution of the com-
ponents in accordance with that indicated on Fig. 7.

(4) The pressure pa;, or the intensity level L., should
be obtained on the axis with a power supply sufficient
to drive the loudspeaker at its rated power capacity.
If powers lower than W, are used in making this meas-
urement, the appropriate correction must be made in
the formulas.

(5) The loudness rating LR of the loudspeaker may
then be obtained from (9), (10), and (11).

It must be recognized that, in addition to loudness,
many other factors must be considered in establishing a
true merit rating for loudspeakers. Uniformity of fre-
quency response, harmonic distortion, frequency range,
intermodulation, damping, and uniformity of distribu-
tion all have their effects on the performance of an in-
strument. These factors are controlled by basic instru-
ment design, and their magnitudes are established by
laboratory measurements. Listening tests, if carefully
performed, provide a practical method of evaluating the
extent to which the factors have been controlled and the
suitability of an instrument for its intended use. Instru-
ments for special or scientific uses require, of course,
more careful selection.

In spite of the various compromises and assumptions
which had to made to arrive at a practical and simple
factor for rating loudspeakers, it is believed that the
proposed method should give a reasonably accurate
measure of effective loudness efficiency. Its use in prac-
tice should materially simplify the problems of the
sound-systems engineer.

APPENDIX
DERIVATION OF LOUDNESS-DIRECTIVITY INDEX

Typical loudspeaker systems used in practice and the
shape of their radiating areas are given in Table IV. The
theoretical condition assumed to approximate each
practical condition is also shown.

In the analysis of the theoretical conditions, it is as-
sumed that the radiating surface vibrates axially, and
that the distance from the source at which the acoustic
power is computed is sufficient to insure that the pres-
sure and particle velocity are in phase.

The directivity index may be derived as follows:

Referring to Fig. 19, consider the center of the ra-
diating area to be located at the origin O. At a given dis-
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tance r the effective pressure p and the particle veloc-
ity £ are in phase. For this condition, p is equal to pcf
where p is the density of the medium and cis the velocity
of sound.

Fig. 19—Source of radiation.

TABLE IV
TYPES OF RADIATION FROM LOUDSPEAKERS

Practical Condition Theoretical condition

assumed to

Type of Ap})roxlmate shape | approximate practical

loudspeaker radiating area condition
A. Baffled

Single Unit
Horn Circle Rigid disk in infinite baffle
Direct radiator | Circle Rigid disk in infinite baffle
Direct radiator | Rectangle Rigid rectangular plate in

on horn infinite baffle

Sectoral horn Cylindrical sector | Sectoral radiation in infi-

nite baffle
Multicellular Rectangular spher-| Uniform radiation over
horn ical sector equivalent solid angle in
an infinite baffle
Two Unit
Direct radiator | Rectangle+-cylin- | Rigid rectangular plate
on horn+-sec- | drical sector +sectoral radiation in in-
toral horn finite baffle
Direct radiator | Circle4cylindri- Rigid disk +sectoral radia-
+sectoral horn | cal sector tion in infinite baffle
Direct radiator | Rectanglerec- Rigid rectangular plate
on horn4mul- | tangular spherical | 4-uniform radiation over
ticellular horn | sector equivalent solid angle in
infinite baffle
Direct radiator | Circle+rectangu- | Rigid disk+4uniform radi-

<+ multicellular
horn

B. Unbaffled
Horn or direct
radiator in
small enclosure

lar spherical sector | ation over equivalent solid

angle in infinite baffle

Circle Rigid disk set in sphere

The power radiated from a vibrating area in the X ¥
plane, located at the center of a sphere, is $?/pc per unit
area of the spherical surface. Then the power flowing
through an elementary area d4 of the spherical surface
is

2
dP = f— dA.
pc

(27)
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From Fig. 19, the elemental spherical surface is
dA = rsin 6dd-rdf
= r%sin 8d0d ®. (28)

If the radiating area is symmetrical about the Z axis,
the total power transmitted through the spherical sur-
face is then

'2 2r

Py=— d@f p? sin 046

21r7’2
f #? sin 646

where p is the effective pressure at any angle 6.
* Then the directivity index for radiation over a hemi-
sphere (baffled condition) is

27rr?
f p? sin 6d6
0
— 10 lo —
810 — Py

(29)

D.I, = (30)

p,,,’ sin 646
pC 0

where p,. is the axial pressure. Since p.. may be consid-
ered constant, the denominator becomes (4772/pc)past.
Let ps be the ratio of the pressure at any angle § relative
to paz; then

1
D.I.h = — 10 loglo 7 Poz sin 6d8. (31)

0

Then the directivity index for radiation over a sphere
(unbaffled condition) is
D.1I., =

1 x
— 10 logyo ?f pe? sin 046, (32)
0

The directivity index for the types of radiation as-
sumed in Table IV may now be derived.

Rigid Disk in Infinite Baffle

When a rigid disk located in an infinite rigid baffle vi-
brates axially in a free fluid, the pressure ratio p, of the
pressure in space at any angle 6 from the normal to that
existing at an equal distance on the axis, has been shown
by Stenzel® 19 to be

2J1(ka sin 6)

= 33
b ka sin 6 (33)

when the distance from the disk is at least five times the
disk diameter.

J1 = Bessel’s function of the first order

wdf
ka = — = 2.32-4df- 104
c

where d =diameter of disk in inches
¢ =velocity of sound in inches per second
f=frequency in cycles per second.
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Substituting (33) in (31) and integrating,?” the direc-
tivity index for a rigid disk in a baffle is

Jl(Zka)jI. (34)

T
DIs=—101o 1 —
' B0 oyl =

Rigid Rectangular Plate in Infinite Baffle

In this case, (31) for the directivity index cannot be
used because the pressure is not uniform on a circle
about the axis of the plate in any plane parallel to the
plane of the plate. McLachlan?® has shown that, when a
rigid rectangular plate of length 24 and width 25 vi-
brates axially in an infinitely rigid baffle in the XZ plane,
the pressure p(r, 8, ®) in space at an angle 6 with re-
spect to the Z axis and at an angle ® with respect to the
X axis in the X Y plane, at a distance r from the origin,
is

p(r, 6, @) = 2pfab[sm (ka sin 6 cos (b):l

ka sin 0 cos &
[sin (kb cos 0)}
kb cos 0
where p is the density of the medium and £, the accelera-

tion of the plate. The axial pressure p,. on the ¥ axis is
obtained when 6=7/2 and ®=7#/2, and is

(39)

- 2pktab

ax

r

Therefore, the directivity index is

f f p*(r, 0, ®)-r2sin d6d P
D.Iy= =

— 10 logyo Tnripe st

1 * = [sin (ka sin  cos ®)
- 10 logm ——‘f f [ N ]2
4 J 0 ka sin 6 cos ®

l:sin kb cos @
kb cos 6

2
:I sin 6d6d . (36)

In an unpublished memorandum, C. T. Molloy has
shown that (36) may be transformed into

1 /2
D.I.,=—10 logm—f M (ka sin 6)
ka 0

in (kb cos )72
.[sm( cos )] )

37
kb cos 6 (37)

17 N. W. McLachlan, “Besse! Functions for Engineers,” Oxford
Press, New York, N. Y., 1934; p. 98.

1 N. W. McLachlan, “Loudspeakers,” Oxford Press, New York,
N.Y., 1934; p. 101.
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in which

M (ka sin 6) =%|:f e OJo(x)d)\—Jl(Zka sin 0)].

The values of D.I.; used in this paper were obtained by
a “Simpson’s Rule” numerical integration of (37).

Sectoral Radiation in an Infinite Baffle

For the case of radiation from a sectoral horn, rigor-
ous analytical treatment is extremely difficult. With cer-
tain assumptions, however, a derivation which approxi-
mates the practical condition can be obtained. A radiat-
ing area in an infinite baffle was assumed to have a ra-
diation pattern in which the pressure throughout the
sectoral angle « is constant over an arc in any given
plane parallel to the X ¥ plane, and is zero outside the
angle a on this arc. In the vertical direction, the radia-
tion pattern was assumed to be that of a line radiator of
length Z lying on the z axis with its center at the origin.
Further unpublished work of C. T. Molloy has shown
that the total power P radiated at a distance r from the
source is

arpas? (*[sin ka cos 07)? |
P = f —— | sin 648
0

pc ka cos 0

(38)

where @ is the angle between a radius vector from the ori-
gin to a field point, and the Z axis and a=1/2 and the
power from a point source producing the same axial
pressure is

47r?
Paz = Pa:z- (39)
pC
The directivity index is, therefore,
a (" 7[sin (kacosf)]?
D.I.,=—10 logw—f [ ——«] sin 646, (40)
4 J ka cos 6

which has been shown by Molloy to reduce to

o olog & [2 Si (2ka) (sin kaﬂao -
T = — 10 logio— - .
' B0 ol (2ka) ke

¥ Method of Computation of [13*Jo(N)dA: In the interval 0 Sa <5
this function is tabulated in “Table of Integrals fo*Jo(f)dt and
Jo*Yo(t)dt” by A. N. Lowan and Milton Abramowitz, Jour. Math. and
Phys., vol. 22, May, 1943. In the interval 5 £a=25, [i?*Jo(A)dA=

S JoN)aN—VZ[C(10)+5(10) | +VZ [C(2a) +S(2a) ]

where Cand S are Fresnel Integrals, and are tabulated in “Functions
and Tabies” by k. Jahnke and F. Emde, p. 35, 1943, Dover Publica-
tions. In the interval 25 Sa, use the same formula as for preceding
interval, but compute C and S by the following asymptotic formulas:

1 sin (2a)  cos (2a)
C) =t e ™ tavine
1 cos (2a) sin 2a
20) = — — ol ——
S = e tavia

The function Ji(2a) may be found in “British Association for the
Advancement of Science Mathematical Tables, vol. VI, Bessel Func-
tions,” University Press, Cambridge, 1937.

% The integral sines, Si, are tabulated in Jahnke and Emde, p. 6.
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If o =, the directivity index for a line radiator of length
2a results; thus,

1 St (2ka) sin ka\?
DIy = — 10 loglo~|:2 — ( )] (42)
2 (2ka) ka

When a is zero and « is equal to 7, the radiator becomes
a point source in a baffle. Then D.I.; =3 db.

Uniform Radiation Over a Portion of a Spherical Zone

For this case, the pressure is assumed uniform over
an area of a sphere, intercepted by two planes at an an-
gle o passing through the Z axis and two planes at an
angle 8 passing through the X axis.

Referring to(29), the total power transmitted through
this surface is

4p2r2 /2 »/2 sin 8d0
P, = f d¢ fcot~'(tan (8/2) sin ¢) (43)
pC */2—a/2
Integration of (43) viclds:
4552
P, = —P——-sin . [sin 2 sin -Ejl (44)
pe 2 2

The power from a point source producing the same
axial pressure is

4wrip, .t
Pyy= ———. (45)
pc
Therefore, the directivity index is
1 . oa B
D.I., = — 10 logyp—sin™! [sm —-sin —] (46)
T 2 2

It is observed that the directivity index for this case is
independent of frequency.

Piston Set in Sphere

In this problem, the directivity index may be obtained
from (32). Morse® has established the equations for the
pressure distribution in space resulting from a rigid pis-
ton vibrating axially, set in a sphere of radius @, and sub-
tending an angle 26,. Molloy has extended this work to
include the actual distribution for a number of specific
cases.

The spatial pressure is

Mo (PC)
| p(r, 0)| = P ’(k—r)L((’)

47)
in which go = the maximum radial velocity of the piston,
and the maximum axial pressure is

| Pmex | =

Mo
3y (48)

pc
=0
™ (0)

# P. M. Morse, “Vibration and Sound,” McGraw-Hill Book Co.,
New York, N. Y., 1936.
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Mol mao Dm
Mo

Un = Dl [Pm_1(cos 85) — Pmyy(cos 8o) ]
D, = { [mim(ka) = (m 4 1)jmi1(ka)]?

2m + 1
+ [mam(ka) — (m + V) nmyi(ka) ]2} 12
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Fig. 20—Directivity index of a rigid disk vibrating axially
in an infinite baffle and in a sphere.

Then, substituting in (32), the directivity index is

D.[.s = — 10 10g10 2L2(0)L L2(0) sin 046 (50)
or, if a(6) =L2(9),
1 »
D.I.s = — 10 logy, —f a(6) sin 646. (51)
20’0 0

Molloy has also shown that this may be reduced to

2

D.I.s = — 10 logye ‘R, (52)

moo
in which
S,=piston area in square centimeters

.. . dynes/cm.?
R, =radiation resistance in —— ———

k=w/c.

pc cm./sec.
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Equation (51) may be evaluated by numerical integra-
uon.

The relation between the directivity index and the
argument ka for each of the theoretical radiation con-
ditions is shown on Figs. 20 through 24. These curves
reveal interesting relationships between the various
conditions of radiation.

Referring to Fig. 20, on which the directivity indexes
for a rigid disk in a baffle and in a sphere are plotted, it
is observed that, when ka exceeds unity, the directivity
indexes are approximately the same for the two condi-
tions. For lower values of ka, the directivity indexes for
the rigid disk in a spherc approach those for the baffled
condition when ¢ becomes very small. It is apparent
from Fig. 21 that the curve shape for the rectangular

DIRECTIVITY INDEX IN OECIBELS

——— —— ——ESTIMATED
———————— COMPUTED
ka=484 x104af '
kb =484 xi04p?

2aAND 2b = SIDES OF
RECTANGLE IN INCHES

2 1T 1

[ | R X ! |
w0 [ 40
ka

Fig. 21—Directivity index for radiation from a rigid rec-
tangular plate in an infinite baffle.

plate is similar to that for the circular disk. The results
of a further investigation of this similarity are shown
on Fig. 22, where the directivity indexes are plotted in
terms of radiating area for both the disk and the plate.
It is observed that the directivity indexes for the circle,
square, and rectangle are approximately the same for a
given arca. These data were computed for a frequency
of 1000 c.p.s., but this conclusion applies at any fre-
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Fig. 22—Directivity index for radiation from a rigid disk and a rec-
tangular plate in an infinite baffle as a function of area.

quency. From Fig. 23, which shows the directivity in-
dexes for sectoral radiation, it should be noted that,
when « is equal to 180 degrees, the directivity indexes
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apply for radiation from a line of length I. Fig. 24 pre-
sents the directivity indexes for radiation from a portion
of a spherical zone, a condition which approximates the
multicellular horn. Since two variables, a and 8, are in-
volved, some simplification in succeeding computations

DIRECTIVITY (INDEX 1IN OECIBELS

_ i 4
ka =2 320f=10°*
£ <2a(IN INCHES)

+ 4

04 0506 06 10 —% 3 4 5 8
ka
Fig. 23—Directivity index for sectoral radiation
in an infinite baffle.

41
8 10

may be attained by expressing the directivity index in
terms of the equivalent solid angle of radiation, values
for which are shown on the figure.
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Fig. 24—Directivity index from a portion of a spherical
zone in an infinite baffle.
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Fig. 25—Directivity indexes of rigid disksof various diameters in an
infinite baffle at each of the midfrequencies of the ten equal-loud-
ness bands.

The above data provide a basis for determining the
loudness directivity indexes of the various loudspeak-
ers listed in Table IV. The loudness-directivity index of
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Fig. 26—Loudness-directivity index for radiation from a rigid disk
in a sphere and in an infinite baffle (circular horn or direct radia-

tor, baffled or unbaffled).
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Fig. 27—Loudness-directivity index for radiation from a rigid rec-
tangular plate in an infinite baffle (rectangular horn, baffled).
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Fig. 28—Loudness-directivity index of sectoral horn.
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Fig. 29—Loudness-directivity index for radiation from a portion of
a spherical zone in an infinite baffle (multicellular horn, baffled).
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Fig. 30—Loudness-directivity index for a dual system involving sec-
toral radiation and radiation from a rigid rectangular plate in an
infinite baffle (rectangular low-frequency horn and sectoral high-
frequency horn, baffled).
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Fig. 31—Loudness-directivity index for a dual system involving sec-
toral radiation and radiation from a rigid disk in an infinite baffle
(circular low-frequency direct radiator and sectoral high-fre-
quency horn, baffled).
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Fig. 32—Loudness-directivity index for a dual system involving ra-
diation from a rigid rectangular plate and a portion of a spherical
zone in an infinite baffle (rectangular low-frequency horn and a
multicellular high-frequency horn, baffled).
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Fig. 33—Loudness-directivity index for a dual system involving ra-
diation from a rigid disk and a portion of a spherical zone in an
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any radiating device may be defined as the average of
the directivity indexes for the ten midfrequencies of the
equal loudness bands, and may be expressed as follows:

10—D151I10+10—01n/10+ . e . IODlno/lO
K1=—10 lOglo( )(53)

10

where f1 to f10 are the midfrequencies of the equal-loud-
ness bands shown on Fig. 3. The loudness-directivity in-
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dex may be obtained graphically by making use of curves
such as those shown on Fig. 25 for the rigid disk in an
infinite baffle. Thus, for various types of radiation the
loudness-directivity index may be determined in terms
of the dimensions of the radiating device. The loudness-
directivity indexes for loudspeakers of the types listed
in Table IV have been determined in this manner for a
range of practical sizes, and they are shown graphically
on Figs. 26 through 33.

Limiting Resolution in an Image-Orthicon-Type
Pickup Tube’

HENRY B. DEVORE{}, SENIOR MEMBER, LR.E.

Summary—An analysis is made of some of the factors which limit
resolution in a television pickup tube of the image-orthicon type.
Particular attention is given to effects of the glass-target characteris-
tics and to departure from perfect focus in the image section, result-
ing from electron-emission velocities.

It is shown that, as the width of lines in a resolution pattern is
reduced, the signal generated tends to take the form of a small pe-
riodic modulation superimposed on a constant signal. This gives, in
the reproduced image, a gradual reduction in contrast. A quantitative
determination of limiting resolution, expressed as a number of lines,
depends upon a physiological evaluation, not as yet available, of the
minimum contrast in the reproduced image which will permit the
pattern to be recognized as having a multiplicity of separate lines
rather than a continuous blur.

The general effects of target thickness and of color of incident
light discussed herein have been confirmed experimentally.

tubes of the electron-image type, it is desirable to

establish what limits, if any, can be set as to the
possible improvement in tube performance, particularly
as concerns the resolution capabilities of the tube. For
example, it is desirable to know whether a tube having
dimensions comparable to the present model (image
orthicon® or image vericon?) can be designed and oper-
ated so as to give a picture having 1000-line resolution;
and if so, what operating conditions must be met to
achieve this result?

In an over-all television system using a pickup tube
of this type, the resolution is limited by: (a) kinescope
spot size; (b) amplifier pass band; (c) limitations in the
scanning system of the pickup tube, including beam size
and shape; (d) the characteristics of the pickup-tube
target—resistivity and thickness; and (e) the resolution

:]:[N THE FUTURE development of television pickup

* Decimal classification: R583.6. Original manuscript received by
tll';i;nstitute, April 22, 1947; revised manuscript received, August 28,

t Formerly, Remington Rand, Inc., South Norwalk, Conn.;
now, RCA Laboratories Division, Radio Corporation of America,
Princeton, N. J. This paper was prepared while the author was asso-
ciated with Remington Rand, Inc.

1 A. Rose, P. K. Weimer, and H. B. Law, “The image orthicon—
a sensitive television pickup tube,” Proc. I.R.E., vol. 34, pp. 424~
432; Auly, 1946.

? A registered trade mark of Remington Rand, Inc.

existing in the electron image formed on the target in
the image section of the tube. Thislast item is externally
affected by leakage into the image section of the mag-
netic and/or electric fields from the scanning-coil sys-
tem, but it will be assumed that the effect of these stray
fields can be completely eliminated by suitable shielding
means, possibly combined with auxiliary field-bucking
coils,

SCANNING SECTION

If we disregard, for the moment, the image-resolution
loss occurring in the image section, and that due to the
glass target, the remainder of the system has the char-
acteristics of a vericon or orthicon image-conversion
system, with the same limitations. O. H. Schade? has
demonstrated to the author the capabilities of such a
system. He used an amplifier chain built to have a
20-Mc. pass band, and a kinescope specially selected for
small spot size. With this system and a typical 2-inch
orthicon (mosaic approximately § X 1% inches), he was
able to show resolution in a wedge test pattern to about
900 lines. The limit here was set by the kinescope spot
size, as he demonstrated by placing the signal on the
tube during the retrace time. This extended the resolu-
tion to approximately 1400 lines. It would appear, then,
that if the charge image on the scanned side of the
target of an image tube has resolution of the order of
1000 lines, the scanning section should be able to trans-
mit this information.

TARGET

The image-tube target acquires a positive charge dis-
tribution on the image side corresponding to the light
distribution on the photocathode. During the time
between scans, some of this charge diffuses through the
target. The scanning beam deposits on each element
enough negative charge to neutralize the positive charge
which has diffused through the target, plus enough just

3 RCA Victor Division, Radio Corporation of America, Harrison,
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to equal the remainder of the positive charge which has
not yet reached the scanned side. The resistivity of the
target must be sufficiently low to permit these free
positive and negative charges to reach and neutralize
each other during the time between successive scans.
Higher resistance than this will cause the signal from a
moving object to be greater than that for the same
object stationary.

We can estimate the resistivity requirements quan-
titatively by considering an element of the target as
equivalent to a plane-parallel capacitor shunted by a
resistor. The time constant of this combination should
be small compared with a frame time. If the target
thickness is d and the area of an element is 4, then the
capacitance and resistance are given respectively by:
Ci=11KA/47d X102 farad and R,=pd/A ohms, di-
mensions being in centimeters. Hence, the time con-
stant for leakage through the target material is

1.1Kp
T, = RlCl =

X 10-12 gec.,

1I'

To have charge neutralization within a frame time, 1/30
second, we must have 7,<1/30 sec. Solving for p, using
K =6 for the diclectric constant of the glass, we have
pK6X10"Y ohms cm. We may select as an upper
acceptable value for the resistivity p=2X10'" ohm cm.
This is realized by Corning type-015 glass at tempera-
ture 46°C., or by Corning type-008 glass at temperature
72°C.

The charge deposited on an element of the target by
the photoelectrons can diffuse laterally through the glass
as well as directly to the opposite face. The result of this
lateral diffusion is to cause gradual spreading of the
images of small picture elements, with consequent loss of
resolution. This loss of resolution due to charge spread-
ing in the target is significant only at low light levels.
At high-light-level operation, the spreading charge is
continuously neutralized by collection of the secondary
electrons released when the photoelectrons strike the
target. The following discussion applies, therefore, only
to low-light-level operation. The rate of spreading will
decrease as the target thickness is reduced. We can set
up the condition that the amount of charge which leaks
in this manner to a distance as great as a picture ele-
ment-width within one frame time should be small.

Quantitatively, consider a strip element of the target
having width of one picture element ¢ and unit length,
receiving a charge from the photoelectrons. The re-
sistance between this strip and the uncharged region of
the target at a distance ¢ from this strip is given by
Ry=1}(ps/d) ohms. The capacitance of this strip to the
target screen at a distance s from the target (s>>d,
and ¢ >5) is

.10
X 1012 farad.

4xs

C, =

Hence the time constant for charge leakage along the
target is given by
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1.1p0?

X 1012 gec.,

8wsd

or, since

2
p=2X 100 ochm cm.. 1, = s.sid X 10~ sec.
s
In order to have small leakage to a distance equal to a
picture-element width in a frame time, we must
have 72>1/30 sec. Solving for target thickness d,
d<2.6 X107%?%/s. For example, if the scanning pattern
is 0.825 inch high and resolution of 500 lines is required,
¢=1.65X10"2 inch. The screen can not be mounted
uniformly much closer than 10=3 inch from the target
surface. Then, for these conditions, d<<7.2 X107 inch.
Since these figures involve considerable approximation,
it may be concluded that target thickness should be of
the order of 0.0001 inch.
For a better evaluation of the resolution capability of
a target of given thickness, a more detailed analysis is
indicated. We may consider the projected electron
image as having the form of uniform strips separated by
blank strips of the same width (alternate white and
black bars) and examine the charge distribution on the
target at the end of a frame time. Consider a section of
the target taken across the resolution pattern, as repre-
sented in Fig. 1. The shaded sections represent regions

et e o s 5 e e e A T T AL, 1&2&'\_______‘_-
= | i
&\f\\\\\\\l e AR <; $
—*dx Target (Thickness Exaggerated)

Fig. 1

on which charge is deposited. This charge tlows into
the clear regions, changing the potential distribution in
both clear and shaded regions. Let us examine the
charge accumulated in some element of width dx across
the strips and of unit length along the strips. Charge
will flow into the clement, from the left, at a rate de-
termined by the potential gradient at the left end of the
clement, and out of the element at a rate determined by
the potential gradient at the right end of the element.
The accumulation of charge in the element is at a rate
given by

g, dq: aqq
]
But
dq, —1 9V,
% R oz
and
dgs —1 9V,
_Ot_ N 7 dx
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where R is the resistance of the target material per unit
area, R=p/d. Hence,

9q. 1<aVl vV, 1 9%
S —————)———dx.

at B R \ dx ax

There will also be a charge accumulation from electrons
impinging on the target, at a rate

9q.
( ! ) dx
at /.
depending on the position of the element. This will

have a constant value in the shaded regions and be zero
in the clear regions. Hence,

g 1 9%V aq.
=|— —++ ) dzx.
al R 9x? a /.
Now the potential of the element is determined by the
charge g, and the capacitance C; of this element to the

screen. ¢,= V,Cdx, where C is the capacitance of unit
area of the target, and hence C,= Cdx.

1% 1 v aq.
C——dx=|:——+ )]dx,
at R 3x? at /.

v 1

or

This equation, integrated over a frame time, gives the
charge distribution across the target at the time of
scanning. For evident reasons of symmetry, it is suffi-
cient to consider the distribution between the center of
a bright strip and the center of a dark strip.

The equation for charge distribution is identical in
form with that for heat flow along a unidimensional
conductor having a number of heat sources along its
length.

The solution of this equation presents very severe
difficulties. An approximate solution, however, may
be obtained as follows:

At time ¢, increments of charge dg are added to the
images of the illuminated strip. This produces an in-
crease in potential dV=dg/C, in each element of these
regions, These charges may be regarded as spreading
into the unilluminated regions, as though no other
charges existed, for the interval from time ¢ to time 7,
the end of a frame time. After this interval, the potential
distribution due to these elements of charge will be
(V)2 These may then be integrated with respect to ¢,
summing up the contributions of all deposited charges to
the final potential. First we investigate the distribution
of potential after time ¢ when the initial distribution is
in the form of bars and blank spaces of equal width .
The equation of flow

av v

—=k— (> 0), k
ot axz( )

[

! 1
RC (1)
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must be solved so as to satisfy the boundary conditions

V=Jf(x) (¢t=0 —0=2x=0) 2

and

(V) Z=g = (V) Z=—g

<%E),.,= (%),__, =0= <%),. >0 O

The initial potential distribution (strips) may be repre-
sented by a Fourier expansion

(V)tmo = f(x) = a0 + (al cos = by sin —W—i)

g g

2rx 27 x
+ ((12 cos — + b, cos—) + -

g g

In this expansion, the coefficients are given by

1 e L
ao = _f f(x)dx; a, = —f f(x) cos nxdx;
2¢J GV

1 4
by = —f f(x) sin nxdx.
[ —0

A solution of (1), satisfying the initial boundary condi-

tions, is
nrx
+ bnsin )e‘("""’/"’ ‘

V= Z(a,. cos
g g

n=0

nrx

Now it is apparent from the symmetry of the problem
that V,=V_,, for t=0. This condition is satisfied if
b.=0 for all values of =.

Thus
-]
nrx
V=2 aacos e-tintritehys
n=0 g
= nrx q
= D a.cos LSSt
Na=0 g
where
kr? w2
K=—=——.
a? RCo?

For this problem, the initial function is

fx) = Vo<—%<x<%>
and

g g
f(x)=0<—a<x<—7;?<x<a>.

Evaluating the coefficients,

1 a/2 Ve
ag = — Vodx = ==

g _g/2 2

Vo r°? nrx 2Vy | nm
a, = — cos X = — siln —

aJ 2 g nr 2

2V, 2V, 2V,
ag=—1 a=0,a3=——, a3 =0, ag = — etc.

T 3r Sw
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This gives (approximately) the potential distribution in
the target at the time of scanning, resulting from uni-
form deposition of charge in the resolution pattern
strips. The actual resolution obtained may be estimated
by first expressing this potential distribution as a
modulation

I'x-&) - Vx-v

M

Vo

Then

1
R —_ p— 2Ky _ ...
+125(1 e BR7)

]

Then
Vo 2Vo T . 2Vo 3rx R
V=—4—cos e Kt — — cos e 9K
2 T a T a
2Vo Smx .
4+ " cos WKL
5w a
(2n 4+ Dwx
B - [o{01] R
= I_q 2& Z (=) - ,(,T_ e @ntD’KL
2 T n=0 (2}1 + 1)
) 1 )
2l (1 —e Ky — — (1 — e %)
27
M = -
7Kt n
4

This is now to be integrated with respect to ¢, to find
the potential distribution due to charges arriving at
various times during the cycle.

In the time interval between ¢ and {+d¢, an increment
of charge dgq, is deposited in the illuminated strip. This
causes a potential rise d V, along this strip, given by
dVo=dgqo/C, where C) is the capacitance between the
illuminated strip and the target screen. It may be
written

with Iy representing the current flowing to the illu-
minated strip.

The charge spreads along the target, in a direction
normal to the strip, for the time interval from ¢ to 7, the
end of a cycle, at which time the entire charge is re-
moved by the scanning beam. At the time 7, the con-
tribution to the potential of an element at distance x
from the center of the illuminated strip, made by this
charge element dgo, will be

@y= 2| -+
( xl_C] 2

T n=0

Integrating on ¢, between limits 0 and 7, we get the total
potential at the point x:

2 0
=3 (-)r—

1
[(1 _e-xy)_2_17(1 — ¢ 9K _*_175(1 — ¢~BK7) _]

The modulation, as a function of K7, is plotted in Fig. 2.

Estimate of thickness of target required is now de-
pendent upon the assumed minimum useful modulation
in the image. From the curve, a corresponding value of
K7 may be determined. Then

wir w2d X dxwst

Kr = — .
RCq? 1.1pg% X 1012

Solving for d,
2.66p(Kr)a?

s

d X 10713,

If, for example, a modulation of 30 per cent gives suffi-
cient contrast to be resolvable, then, for M =0.3,
(KT)=6.9, and d=1.00X10* inch, or a glass target
0.10-mil thick would be sufficient to give 500-line resolu-
tion, s and ¢ having the same values as above.

It is convenient to reverse this formula and determine
the number of lines resolution as a function of modula-
tion, using a target region 0.825 inch high, for various
target thicknesses.

2n + D7nx
Cos

- e @ntD2E(r=0 | 7,
2n + 1)

"/Ifxinw
2.66p(KT)

Thus

2n 4+ D7

COS —

Vo=

T 2 =
S T

2 K7I' nu=0

(1 — e (Zn+1)2K 7Y

a
@2n+1)
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3 825 . 2.66p(Kr) Resolution, as a function of modulation, is plotted in
e 1/(15 % 1013 dimensions in inches). Fig. 3 for representative values of p and d.

It may be noted that the target thickness required
For for a given resolution is proportional to the target re-
— 103 incl ., o sistivity. If, for example, the resistivity is lowered from
i ek, p =2 X 101 ohm cm,, 2X10' ohm cm. to 1 X10'° ohm cm., the target thick-

ness required for a given resolution is halved.

N=1.90 /‘/
d Tue IMAGE SECTION

For In the image section of the tube, electrons emitted
by the photocathode have a random distribution of
d = 10~4 inch, N = 190/Kr. initia! velocities, both as to direction and speed. Because
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'°\T**4\TT"HT“L“* {
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a1§_L — T-L ']f IJI*
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Fig. 2—NMlodulation in charge image on target caused by spreading through target.

LINES RESOLUTION

.60 KY) w00
MODULATION

Fig. 3—Resolution limit determined by target leakage.
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of this, the electrons from a point source can not be re-
focused to a mathematical point image at the target
surface. The size of the image obtained will set a limit
to the possible resolution obtainable. In operation of the
tube under high-light-level conditions, the initial charge
distribution obtained in the focused electron image will
be modified by the redistribution of the returning
secondary electrons. The following discussion is there-
fore limited to the case of operation under low light level,
or “full-storage” conditions.

To simplify the problem as much as possible, assume
that the accelerating field is plane parallel and that the
magnetic focusing field is uniform as in Fig. 4. Both
conditions will be met reasonably well over the greater

L Screen Target

-V o

Fig. 4—Plane-parallel accelerating field and uniform magnetic field
condition.

part of the image. The transit time for an electron
moving from the photocathode to the target is given by

L 2L

Voo  Um + Vig

where v,, =average velocity
m =maximum velocity
v;e=initial velocity along tube axis.

From the well-known equations of motion for an elec-
tron in an electrostatic field, we have

2V,
U = ,‘/ + v;,2
m

If the electron is emitted at an angle 6 to the tube axis,
with an energy V; electron volts, then the initial

velocity is
,‘/ 2V,
v =
m

and the longitudinal and radial components are, re-

spectively,
2Vie 2Vie |
Vie = cos 9 and v, = sin 4.
m m
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Then

2Vie

2Ve
Um = /‘/_+
m m

2L

cos? 8

and

2We 2Vie Ve

— 4 cos? 0 + /‘/ cos? @

m m m
For an electron with zero initial velocity, the transit
time is

2L
—
Vo
Then the fractional reduction in transit time cor-
responding to a given initial velocity becomes
oo _, 1
To V142243

0 =

where

Vi
2?2 = — cos? .
|4

Since 2«1, we may use the approximation

1
—=1 -3

itttz

To—T 1/7.-
—_— =z = — cos 6.
To Vv

It will be convenient, in the following discussion, to
express all velocities in terms of equivalent electron
volts.

The projected path, at the target, of an electron hav-
ing an initial radial velocity component corresponding
to V, volts, moving under the influence of magnetic
field of H gauss in the image section of the tube, is a cir-
cle having a diameter

Hence,

i=61Y

cm.,

traversed at uniform rate and described in time

3.55X 107
1= ————_-——— SecC.
H

The circle is tangent to a magnetic flux line passing
through the point of origin of the electron at the photo-
cathode.

Now,
2L X 10-7
= ——— SecC.
°T 5,03V
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With L =4.5 em., and V =300 volts,
T, = 8.77 X 1079 sec.
Since the time for one loop of focus is

3.55 X 1077
= — sec.,

1 = —

I

there will be 2.47 X10~2H loops of focus. For one loop
of focus between photocathode and target, the magnetic
field should be

10?
=
2.47

= 40.5 gauss.

As the numerical values given are representative oper-
ating conditions for the tube, it may be concluded that
there will be one loop of focus in the image section of
the tube, under usual operating conditions.

If the transit time T differs from T, the electron will
describe less than a full circle (projected path) and will
arrive at the target at a distance r from the true focus,
as shown in Fig. 5.

Fig. 5—Electron path as a consequence of transit time.

The angle « is given by

T T,—-T
a=2r{1—— )= 27| ———
T] Tl
d L a ) I, —T
r =2{—])sin =dsinw{—— ).
2 2 T,

Since it has been assumed that conditions have been
established for focusing the zero initial-axial-velocity
electrons, T, =T,

and

and
To - T . 17_1'
r = d sin r(—*-) = d sin (n’ — €O0S 0).
T, V
Now,
my,?
V' e ’
2e
so that
‘my,?
g/
e i
d = — = 6.7 sin 6.
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Hence,

Vi 12
r=6.7\/—sin05in<1r —cos()).
H V

Actual operating focusing conditions will differ
slightly from those appropriate to the zero initial-
axial-velocity electrons, in the sense that the charge dis-
tribution derived here will be slightly more diffuse
than that actually obtained. However, this departure
should be small enough not to affect the results seriously.

At this point it is appropriate to make a numerical
estimate of V..

The general equation of photoemission, Vae=hv—W
=h(v—v,), gives the maximum emission velocity of
photoelectrons in terms of the incident light frequency
v and the work function W, or equivalent threshold fre-
quency v, characteristic of the photosurface. For a
silver-oxygen-cesium photosurface, the threshold fre-
quency varies considerably, but, a reasonable value
may be taken as corresponding to a wavelength of
10,000 Angstrom units. On the other hand, the image
tube is generally employed under conditions utilizing
considerably shorter wavelengths in the visible portion
of the spectrum. An incident light frequency corre-
sponding to a wavelength of 5500 Angstrom units, the
peak sensitivity of the eye, may be taken as a useful
region for discussion. Then the maximum emission
velocity is derived from

|
c< — >= 1.60 X 10-* erg.
5.5 X 10

1.00 volt.

Ve = h
10-4

¥

As this value is small compared with the 300-volt ac-
celerating potential, we may, in the above expression

for r, replace
. Vi
sin <7r — CoS 0)
| 4

by the argument, giving

Vi Vi
v sin 0-#,‘/— cos 6.
H 4

= RV.' sin 20,

r=26.7

where

Let us now follow an argument substantially identical
with that first used by Fry and Ives.!

¢ A. L. Hughes and L. A. DuBridge, “Photoelectric Phenomena,”
McGraw-Hill Book Co., New York, N. Y., 1933, pp. 129-131.
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From an element d4 of the photocathqgde, there will
be emitted I«dA4 electrons. Of those emitted at angle 8
to the normal, those with initial velocities between
V: and V;+4dV; will strike the target at radii, from
perfect focus, between r and r+dr. Thus, the permitted
range in emission velocities for this region is (dV,;/dr)dr.
Of the electrons emitted, a fraction p(0)df will start
within the angular range between 8 and 6+d#@, and of
these a fraction p(V,;)dV; will have velocities to permit
falling within the target range under consideration.
Hence, the total number of electrons falling between r
and r+dr from the focus will be

v,
Tod A p(O)dop(V) —=dr.
r

These electrons fall upon a target region having the
area 2mrdr. Hence, the current density at radius r from
the focus will be
. Io’l'zl Bmax . II'V.'
i, = v»lf p(0)dop(17y) — -
8, dr

'min

27r

The integration limits are the extreme emission angles
within which some electrons can land within the target
region. The lower limit 6,,in is determined as the small-
est angle for which electrons with the largest initial
velocity Vi, can strike the target at the given value of r
from focus:

r
$in 20pin = —— -+
RV:'m

The upper limit On.x is given by

™
Omax =

2

- ominv

as is apparent from the expression

r
——— = 2 sin 6 cos 0.
RV;

Now it has been found experimentally that p(f) and
p(V;) can be represented by

p(6) = 2sinfcos @ = sin 20  (Lambert distribution)

6 Il I7i\?
p(V) = — [* = = (-) :] (empirical form).

VinlVin  \Fin
Since
i r csc 20 dV; csc 20
"SR W T R
Hence,

IodA max 6 V; Vi 2 csc 20
o= [ sin 2 [; (- )]do-——
27r min I"| m I’-im Vim R

3IdA Omax r csc 20
= ——f csc 20(1 — — ) de.
,".RZV‘,MZ fmin RV"M
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Let RV;.=a, which is the maximum distance from true
focus at which an electron can land.

Then
) 3[0’]“1 fmax r csc 20
th = f csc 20| 1 — )d()
'"'a2 fmin a

314dA r
= ) [log tan 6 + — cot 20]
a

ma

Brr.ax

fmin
[ ]
Substituting for the limits 6., and Onin, as given above,

. 31dA [] (a + \/a_z_—-_rz> \/‘a_z_—,-z:l

=
ma’® r

3IdA r Vat = r?
= [sc:‘ch‘l (—) = —:I
Ta’ a a
This equation gives the charge-density distribution at
the target corresponding to electrons emitted with a
charge density I, from an element d4 of the photo-
cathode.

Consider now the charge-density distribution in the
image of an illuminated strip of width W on the photo-
cathode. In computing the current-density distribution
in the image, we can distinguish three cases: W2 2a,
2az2W=a, and W<a.

a

Case I. W=2a, Outside Boundary of Strip

The current density at the point P is found by sum-
ming the contributions from all elements of the photo-
cathode in the illuminated strip, such that the pro-
jected distance from the point P on the target is less
than or equal to a, since none of the emitted electrons
can strike the target beyond r=a. (See Fig. 6.) The

Light

LY

7

/

L x .

Fig. 6—Charge density outside the boundary of a wide
illuminated strip.

contribution at the point P of charge emitted by the
clement d4 is

3r1 r 12 — r?
dip = -—-2 |:sech‘l () - l/( —A] dady, dA = dxdy

Ta a a
31, VX + 22+ y?
= — |:sech i ( )
Ta a

2 (X 32— ’1,2
v (X + %) - ] dxdy.
a
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Since integration is over that part of the illuminated
strip for which r=<a, the integration limits are
y=++/a>— (X+x)? and x=0 to x=a — X. For reasons
of symmetry, the y integral can be represented as twice
the integral from y=0 to y= x/a2 (X+x)% Then the
current density at the point P is

= f 25 [ (YOEE)
v /a?— (X +. 6_: y?

:li.ui V.

By making the substitutions y/a =v and x/a =w, this
equation may be integrated, with the result

X\
%)

a

Io

_<l

2

Ip =

Simplifying the notation,

where

1

2

(i

(545

This gives the charge density outside the boundary
of the image of a wide illuminated strip. We have next
to consider the distribution inside the strip boundary,
and also that for a strip which is not wide.
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Case I1. Inside Strip Boundary

[P vaa—(X—-2)?2 \/(X _ x)z + y
f f sech™!
[0 ra? a
2 _ —_— X — —_
V= ( %) - ‘y_] dxdy
a
0 VG- X7

X+a var-(r-X)2
f f [sech !
*Jx o a

= x—X’— v?
A ( ) ]d\‘d\

Td

a

which may be integrated, with the result

S )

If, now, the strip width W is less than 2a, the dis-
tribution inside the image boundaries is modified,
while if W<a the distribution outside the boundary is
also modified. (Sce Fig. 7.)

Ip
Io

Derk

Fig. 7—Charge distribution inside the strip boundary.

Case I11. Outside Boundary of Narrow Strip.

For values of X such that (X+ W)/a>1, we have the
same value of charge as for Case I,

- - -
1.0 u 0 0la0la Oda 0Ga 084 a I2ea 14e lGa LBa Za | |
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o [ t ! ' h
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Fig. 8—Curves of charge density at the target of the image vericon with slit of light of width W on photocathode.
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I,

Ip X Since the charge distribution in the image is the same

= ( ) for any strip width for which W22a, it is only neces-

sary to extend calculations to this width. The curves in

When X 4 W<a, the integration limits on x are changed  Fig. 8 give results for charge distributions, calculated
from from the formulas above.

In order to resolve two strips of a given width, their

{x =a—X " {x W separation must be great enough that the charge dis-

x=0 x=0 tribution formed by their overlapping image patterns

gives a double-humped, rather than a single-humped,

total distribution. For the separation of two parallel

Ir X W4+« bright strips of a given width, this means that, in the
P( )-—P ) OSX<a—-TW).

a

With these limits, the integration gives

= charge distribution for each, the peak charge plus the
_ charge at a distance S from the center must be greater
Case IV. Inside Boundary of Narrow Strip. than twice the charge a:t a distance ‘,9/ 2.

The common resolution test for pickup tubes uses a
wedge of black and white strips of equal width. The
center-to-center distance S is twice the width W of each
illuminated strip. Furthermore, since there is a multi-
5 e (545 5% =W plicity of .strips, the image charge patterns may overlap

P to 50 to a considerable extent, as shown in Fig. 9.

x = x=

0 a a

Here we have the same two integrals as in Case 1,
with the difference that the limits on the second are
changed from

Carrying out the integration, we obtain

I X e = T s
7’_'=1—P(—)—P( ) (W S 20). e
0

T e T T e T ~._ Tetal Cha
a a Qe

. Individual
Summarizing the expressions for charge distributions in /\/\/\ Cherge Patteras

the image of an illuminated strip of width W:

For Fig. 9—Image charge pattern overlap.
W 2 2a, 3
I X It can be seen that the peak charge is given by the
F_p (_> outside boundary (0 £ X < a) peak charge for one strip plus twice the charges at
I, a distances from the strip boundary given by
I X
L. 1—-P (—) inside boundary (0 £ X < a). - X ZzuW W 4n—-1W
Io a —_——=—— —_——_—= —— — .
a a 2a 2 a
For . . _— .

This must include contributions from all regions such
W < 24, that (X/a)<1,n=1,2,3, - - - . Similarly the minimum,

or valley, charge is given by twice the charges at
Ip X W4+ X . - .
—~=p _) . ), 0OEXsa—-W) distances from the strip boundary for which
Io a a

X X W W dn+11W
y - _—= _—= - n=0)1121".'
=P{—) @-W=sX=<a a a 2a 2 a
a

outside boundary  For the resulting total charge distribution, we shall de-
charge at peak — charge at valley

Ie X W—X fine the modulation M by
—=1_P(—>—P< ), O0=x=sWw)

inside boundary. charge at peak

In the above expressions, a=RV,, cm. where Vin is The curve of Fig. 10 shows modulation as a function of

the maximum initial velocity expressed in volts, and strip width.

R=L/V. The problem of the limiting resolution obtainable in
For an image orthicon operating at L=4.5cm. and V  the image section now resolves itself into the question of

=300 volts, R=1.50%10-2. Hence, for Vin=1.0 volt, the minimum observable modulation in the reproduced

2=1.50X10"2 cm.=0.15 mm. picture. No data are available to answer this question.
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Furthermore, there is a loss in contrast in the repro-
duced picture caused by noise, by the finite bandwidth
of the transmission system, and by contrast loss in the

DeVore: Limiting Resolution in the Image Orthicon
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the maximum initial velocity. The scanning raster in
these tubes is approximately 21 X28 mm. The limiting
resolution is given by Res. =2.1/W_ lines. (See Table I).

| | ' 1 j
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Fig. 10—Modulation in electron image of resolution pattern.

kinescope. This last loss is due partially to finite scan-
ning-spot size and partially to light scattering. Esti-
mates of the minimum modulation that would enable
one to recognize the separate lines of the resolution
pattern vary; but perhaps 20 per cent + 10 per cent may
be taken as a reasonable assumption.

We have, for minimum line width as given by the
modulation curve,

Modulation 10 per cent— W, =0.28
Modulation 20 per cent— W, =0.41
Modulation 30 per cent— W, =0.48.

We have already seen that for an image vericon or
image orthicon in normal operation, with — 300 volts on
the photocathode, a =1.50X10-2 V,, cm. where V., is

TABLE 1
Minimum Res. at 5500
Modulation Wy, Centimeters Res. Lines Angstrom Units
(per cent) 0 (Vim =1.00 volt)
10 0.42X 107 Vi L 500 lines
"m
20 0.62X10 Vi SI,i.O 340 lines
30 0.72X107 Vi i 290 lines
im

Fig. t1—Modulation in image on target of image vericon.

The effect on limiting resolution of the wavelength
of the incident light may be seen in the curves of Fig. 11,
based upon A\o=10,000 Angstrom units.

CoNCLUSION

The analysis herein indicates the manner in which the
resolution capability of an electron-image type of tele-
vision pickup tube is affected by target material and
thickness and by the color of light employed, taken in
conjunction with the cutoff characteristic of the photo-
sensitive surface. The results have been confirmed in a
qualitative fashion by tests with tubes having different
target characteristics and by tests using different color
filters in the optical path.

In order to predict quantitatively the resolution to be
expected with any given tube design, it would be neces-
sary to know the modulation in a picture which is
required in order that a fine-line pattern will just be dis-
cernible as discrete lines. In the absence of such in-
formation, the analyses given in this paper serve to indi-
cate means whereby resolution can be improved and
provide an estimate of the improvement to be expected
from any given change.
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Reflections of Very-High-Frequency Radio Waves
from Meteoric lonization”
EDWARD W. ALLEN, JR.{, MEMBER, LR.E.

Summary—The reflection of v.h.f. radio waves by ionization,
produced by the passage of meteors through the upper atmosphere,
results in echoes of short duration. For frequencies between 40 and
50 Mc. the duration is usually not more than a few tenths of a second,
although infrequently one of several seconds duration is observed.
The characteristics of the echoes as determined by measurements
are discussed, and correlations shown between the distributions of
occurrence and the theoretical and observed distributions of meteors.
The observations indicate that the reflection cannot be treated as
specular, but that the reflected waves form a lobe in the direction of
the reflected ray which would exist if the reflection were specular.

were obtained under a project for the continuous

recording of selected f.m. and television stations
in the frequency range from 42 to 84 Mc. After some pre-
liminary tests at a temporary site in Washington, D. C.
in 1942, four continuous chart recorders, operating from
a single half-wave antenna, were set up at the Federal
Communications Commission’s Monitoring Station at
Laurel, Md., and recordings were begun on February 1,
1943. During the summer and fall of 1943 additional
equipment became available, and recorders were in-
stalled at the monitoring stations at Allegan, Mich.,
Grand Island, Neb., Atlanta, Ga., and Portland, Ore.
The stations were chosen so as to provide data on the
magnitude of the effects of the lower atmosphere at
various distances and times, which would furnish a
measure of the reliability of the Commission’s theoreti-
cal signal-range charts, and to obtain recordings of sig-
nals reflected from sporadic patches of abnormally high
ionization in the E layer, which were known to occur on
frequencies up to about 60 Mc.

In addition to the signals which travel via the lower
atmosphere, commonly called tropospheric signals, and
the sporadic-E signals, an unexpected signal of different
type was observed, which was termed a “burst” because
of its characteristic rapid rise and short duration. The
bursts varied in intensity from bare audibility above
receiver noise, which would produce no motion of the
recording pen, to indicated values of about 70 micro-
volts per meter. The duration was usually not more than
a few tenths of a second, although infrequently one of
several seconds duration was observed. In the great
majority of the bursts the signal was apparently undis-
torted, and short passages of music or speech would be
heard with great clarity. Occasionally, however, notice-
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able distortion occurred and in the bursts of longer dura-
tion a flutter would sometimes be present, indicating the
arrival of waves by two or more paths. At times when
bursts were received simultaneously with the tropo-
spheric wave from relatively near stations, Doppler
whistles of extremely short duration, and usually of
descending pitch, were heard. There were also rumbles
and other multipath distortion at such times.

When the bursts were first identified as being some-
thing other than peaks of rapidly fading tropospheric
waves, several possible causes were advanced by those
who had observed them, such as reflection from aircraft,
from undulating tropospheric discontinuities, or from
patches of ionization. A further extension of the latter
theory was to the effect that the patches of ionization
were caused by the passage of meteorites through the
upper atmosphere. The ionization effects of meteors in
connection with radio propagation at lower frequencies
had been investigated by A. M. Skellett,! J. A. Pierce,?
and others, and the occurrence at 10 Mc. of bursts of
somewhat longer duration than those at 40 to 50 Mec.
had been attributed to meteoric ionization by Pierce.
Short-distance scatter effects at 10 Mc., which consisted
of bursts of from one-half to one second duration, had
also been investigated by T. T. Eckersley?® and attrib-
uted to patchy E-layer ionization, for which meteors
had been advanced as a probable cause. Upon the instal-
lation of recorders at Allegan, Atlanta, and Grand
Island, signal bursts from frequency-modulation sta-
tion WGTR at Paxton, Mass., were found to be re-
ceived at all points. Since the distance from WGTR to
Grand Island, 1370 miles, is about the limit of distance
for single reflections from the E layer, theories of com-
paratively low-level reflections, such as from aircraft
and the troposphere, were abandoned-in favor of iono-
spheric reflection.

In order to determine the propagation path lengths
of the burst pulses, a series of pulse tests was made at
Laurel in conjunction with station W2XMN at Alpine,
N. J., 197 miles away, in October 1943. This station was
selected because.a relatively steady ‘signal was needed
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