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... 10 get more for your money

Re-Tube with

replacements
for your rectifier...

AMPEREX
TUBES

J are DESIGNED by ELEC-
TRONIC TUBE Specialists . .
in a laboratory that is second to
none in the world—and with a
background of experience that
encompasses the entire history
of e¢lectronic development

regardless of make!

# are BUILT BETTER ..and while most makes may
look alike, there are hundreds of little structural de-
sign differences in AMPEREX tubes that combine to
make 2 BIG difference in stability and resistance to
shock or vibration.

# are LONGER LASTING ... because of close electrical tolerances
conscrvative ratings, rigid mechanical requirements, careful construc-
tion, plus painstaking inspection and test. . . to assure the maximum
number of operating hours within our specified ratings.

W ar¢ LOWER in COST ... lower in initial cost—lower in cost per operating hour—
As thousands of others already have done, try AMPEREX prove it yourself, in
your equipment.

S are AVAILABLE for IMMEDIATE DELIVERY ... by leading radio parts
distributors, who have AMPEREX tubes IN STOCK. We list a few of these
establishments that are prepared to serve you instantly

ALLIED RADIO CORP., 833 West Jackson Blvd., Chicago 7, lllinois
W. D. BRILL & CO., 198 10th Street, Oakland, California

DE MAMBRO RADIO SUPPLY INC., 1111 Commonwealth Avenue, Boston 15, Massachusetts
CRABTREE'S WHOLESALE RADIO, 2608 Ross Avenue, Oallas 1, Texas

A. W. MAYER CO., 895 Boylston Street, Boston 15, Massachusetts

RADIO & ELECTRONICS PARTS CORP., 3235 Prospect Avenue, Cleveland 15, Ohio
SOUTHEAST AUDIO CO., 112 West Union Street, Jacksonville, Florida

There are approximately 200 standard types in the complete

line of
AMPEREX TUBES

Rectifying, Transmiuting, Industrial, Radiation Counter,
Electro-Medical . . . there’'s an AMPERFEX twbe for almost
any clectronic application. Have you our latest catalog?
If not, write for it

AMPEREX ELECTRONIC CORP.

25 WASHINGTON STREET, BROOKLYN 1, N. Y,

In Canada and Newfoundland:
Canadian Radio Manufacturing Corp. Ltd.
11-19 Brentcliffe Road, Leaside, Toronto, Ontario, Canada




CONFERENCE & EXHIBIT

Memorial Auditorium

Buffalo, September 18-22, 1950

TENTATIVE TECHNICAL PROGRAM

Monday, September 18
10:00 A.M.

I1.S.A. Session on Instrumentation for
Production Processes. Assembly Hall
Chairman, Warren H. Brand (Oak Ridge
National! Lab., Oak Ridge, Tenn.)

A.S.M.E. Industrial Instruments and
Regulators Session. Lounge. Chairman,
A. A. Markson (Hagan Corp., Pitts-
burgh. Pa.). Vice Chairman, E. K. New-
ton (Hooker Electrochemical Co.. Ni
agara Falls, N.Y.).

Monday, September 18
2:30 P.M.

A.S.M.E. Industrial Instruments and
Regulators Session. Lounge. Chairman,
Floyd S. Eckhardt (Bethlehem Steel Co,,
Lackawanna, N.Y.). Vice Chairman,
Harvey Busch (National Analine &
Chemical Co., Buffalo, N.Y.).

Tuesday, September 19
10:00 A.M.

I1.S.A. Session on Instrumentation for
Production Processes. Assembly Hall.
Chairman, C. E. Bragg (Standard Oil
Co., Whiting, Ind.)

A.S.M.E. Industrial Instruments and
Regulators Session. Lounge. Education
in Instrument Engineering Panel Dis-
cussion. Chairman, Prof. D. P. Eckman
(Case Institute of Technology, Cleve-
land, Ohio). Vice Chairman, W.
Belcher (Brown Instrument Co.. Phila-
delphia, Pa.)

AIP. Scientific Instrument Session.
Room 224. Chairman to be announced.
Three papers on Spectrometry.

1.S.A. Session on Instrumentation for
Testing. Room A. Chairman to be an-
nounced.

I.R.E.—Iinstitute of Radio Engineers Technical
Session. Room B. Chairman and Technical
Speakers to be announced

Tuesday, September 19
2:00 P.M.

A S.M.E. Industrial Instruments and
Regulators Joint Session with A.LLE.E.
Niagara Room, Hotel Statler. Co-Chair-
man, Claire E. Gaylord, ALEE, (N.Y.
Telephone Co., Buffalo, N.Y.). Co-Chair
man, Paul E. Mohn, A S.M.E. (Univer-
sity of Buffalo, Buffalo, N.Y\)

Wednesday, September 20
10:00 A M.

1.S.A. Session on Instrumentation for
Production Processes. Assembly Hall.
Chairman, A. V. Novak (E. 1. duPont
deNemours & Co.. Orange, Texas).
Panel Discussion, Suhject: “Graphic
Panels.” Speakers to be announced.

1.S.A. Session on Instrumentation for
Testing. Room A. Chairman to be an-
nounced.

1.S.A. Inspection and Gaging Session.
Room B. Chairman to he announced.

1.S.A. Maintenance and Operation Ses-
sion. Lounge. Chairman. IL. C. Laird
(Corn Products Refining Co.. Argo. 111.)

AIP. Scientific Instrument Session.
Room 224. Chairman to be announced.

Wednesday, September 20
2:30 P.M.
ALE.E. Electrical Instruments and

Measurements Session. Lounge. Chair-
man to be announced.

Thursday, September 21
10:00 A.M.

1.S.A. Session on Instrumentation for
Production Processes. Assembly Hall
Chairman, D). M. Boyd, Jr. (Universal
0Oil Products Co., Chicago, 111.) Panel
Discussion, Subject: “Flow Control.”

1.S.A. Session on Instrumentation fer
Testing. Room A. Chairman to bhe an
nounced.

1.S.A. Inspection and Gaging Session.
Room B. Chairman to be announced.

1.S.A. Analysis Instrumentation Session.
Lounge. Chairman to be announced

“Continuous Electronic Recording of
the Water Content of Oil Field Emul
sions,” by P. O. fingelder

“Mass Flowmeter—A Method for the
Measurement of Pulsating Flow.”

“Continuous Mecasurements of Vapor
Pressure of Petrolcum Products.”

Thursday, September 21
2:30 P.M.

1.S.A. Session on Instrumentation for
Production Processes. Assembly Hall
Chairman, F. H. Trapnell (E. 1. duPont
deNemours, Wilmington, Del.) “Flow
Control” Panel Discussion. Two papers
to be announced.

ALE.E. Electrical Instruments and
Measurements Technical Session. Niag-
ara Room, Hotel Statler.

Friday, September 22
10:00 A.M.
1.S.a. Session on Instrumentation for

Production Processes. Assembly Hall
Chairman and papers to be announced.

1.S.A. Session on Instrumentation for
Testing. Room A. Chairman to be an-
nounced.

1.S.A. Analysis Instrumentation Session.
Lounge. Chairman to be announced.

1.S.A. Transportation Instruments Ses-
sion. Lounge. Chairman to be announced.

Taking the Akins Film

Automatic Control Demonstration

At the first 3 National Instrument
Conferences, J. Akins and John Kowal-
ski gave their Automatic Control Dem-
onstration. This demonstration has been
filmed in color and sound and in addition
to showing the film at the General Meet-
ing of the 1.S.A., it will be shown on
Monday, Tuesday and Thursday evening
in the Assembly [lall of the Memorial
Auditorium at 8 P.M

IRE Members Admitted Free to Sessions & Exhlbits

Procrepings or Tie |.R.E. September, 1950, Vol. 38, No. 9. Published monthly by The Inatitute of Radio Engineers, Inc., at 1 East 79 Street, New York

21, N.Y. Price per copy: memhbers of the Institute of Radio Engincers $1.00

members in United States, Canada and U.S

toher 26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3, 1879

provided for in the act of

i non-members $2.25, Yeurly

subscription price: to members $2.00; to non

Possessions $18.00; to non-members in foreign conntries $19.00, Entered a4 second class matter, Oc
b . Acceptance for maihng at a special rate of postage 19
ehruary 28, 1925, embodied in Paragraph 4, Section 412, P, L. and R., authorized October 26, 1927.

Table of Contents will he found following page 32A
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Mounting Bell's new microwave
lens in a horn-lens antenna.
Other blocks will complete the lens.

A focus on better, low-cost telephone service

In the new microwave radio relay system be-
tween New York and Chicago, giant lenses
shape and aim the wave energy as a search-
light aims a light beam,

Reasoning from the action_of molecules in
a glass lens which focuses light waves, Bell
Laboratories scientists focus a bhroad bhand
of microwaves by means of an array of metal
strips. To support the strips these scientists
embedded them in foam plastic which is
virtually transparent to microwaves. Rigid
and light in weight, the plastic is easily
mounted on relay towers,

#

S @

This unique lens receives waves from a
wave guide at the back of the horn, As they
pass across the strips, the waves are hent in-
ward, or focused to form a beam like a spot-
light. A similar antenna at the next relay sta-
tion receives the waves and directs them into a
wave guide for transmission to amplifiers,

This new lens will help to carry still more
television and telephone service over longer
distances by microwaves. H’'s another ex.
ample of the Bell Telephone Laboratories
research which makes your telephone service
grow bigger in value while the cost stays low.

Laboratory model of the new
lens. A similar arrangement of
metal strips is concealed in the
foam plastic blocks in the large
picture,

) BELL TELEPHONE LABORATORIES

Working continually to keep vour telephone service big in value and low in cost.




SWIFT, SURE FREQUENCY COMPARISON

NEW @ SECONDARY
FREQUENCY STANDARDS

10,000
usec

MODELS 100C AND 100D

® Sine or rectangular waves

e 100 psec time markers

e Built-in oscilloscope
e Stability 1/1,000,000

e Low output impedance

e New, improved circuits

e Audio, supersonic, rf measurements

F1G. 1. Timing Comb, -hp- Model 100D

SPECIFICATIONS

-hp- 100D Secondary Frequency Standard

Accuracy:
About 2 ports per million per week, nor-
mol room temperoture.

Stobility:
About 1 part per million over short inter-
vols.

Ovtput:
Controlled frequencies: 100 ke, 10 ke,
1 ke, 100 cps, 10 ¢cps. Sine or rectangular
waves; marker pips. Internal impedonce
approx. 200 ohms.

Wave Shape:
Sine wave: less than 4% distortion into
5,000 ohms or higher load.

Marker Pips:
10,000, 1,000 and 100 usec intervals.

Oscilloscope:
Integral with circuit. Establishes 10:1
Lisajous figures to show division ratio.
May be used independently of standard.

-hp- 100C Secondary Frequency Standard

Accuraty:
Within =+ .001% normal room tempera-
ture.

Output:
Controlled frequencies of 100 ke, 10 ke,
1 ke, and 100 cps. Internal impedance
approx. 200 ohms.

Wave Shape:
Sinusoidal only. 4% distortion into 5,000
ahm load.

Power Supply:
(100C and 100D) 115 v, 50/60 cps, regu-
loted to minimize line voltage fluctua-
tions. Power drown approx. 150 watts.

Mounting:
{100C ond 100D) Cabinet or reloy rack.
Panel 19" x 10%,"”. 12" deep.

Data Subject to Change Without Notice

PROCEEDINGS OF TIIE I.R.E.

September, 1950

The new -hp- 100C and 100D Sec-
ondary Frequency Standards incorpor-
ate all the features of the time-tested
-hp- models 100A and 100B, plus
important new advantages including
rectangular wave output, timing pips,
and an internal oscilloscope for con-
venient frequency comparison. The
-hp- 100D may be conveniently
standardized against station WWV
with a minimum of external equip-
ment, and thus provide most of the
advantages of an expensive primary
standard.

Crystal Controlled Frequencies

The new -hp- Models 100D and 100C
employ a crystal-controlled oscillator
and divider circuits offering a new
high in stability and simplicity of
operation. Standard frequencies are
available through a panel selector
switch, and may be employed simul-
taneously. Internal impedance is low
(about 200 ohms), so that standard
frequencies can be dclivered at some
distance from the instrument.

The -hp- 100D Secondary Frequen-
cy Standard offers sine waves at 5

frequencies and rectangular waves at
4 frequencies, plus a built-in oscillo-
scope. The instrument also provides a
timing comb with markers 100, 1,000
and 10,000 microsecond intervals.
Rectangular wave output has a rise
time of approximately 5 microsec-
onds. Accuracy is 2 parts per million.

5 v. at all Frequencies

The more moderately priced -5p- 100C
Standard offers sinusoidal frequencies
at 4 crystal-controlled frequencies
and, like the -4p- 100D, provides 5
volts of output at all frequencies.
Accuracy .001%.

Both models operate from a 115 v.
ac power supply, and power is regu-
lated to minimize power line voltage
fluctuations.

Gef full details. .. see your
-hp- representative or write
direct. .. loday!

HEWLETT-PACKARD (O.

19770 Page Mill Road ¢ Polo Alto, Calif.
Export: FRAZAR & HANSEN, LTO.

301 Cloy Street, San Froncisco, Calif, U.S. A.

Offices: New York, N. Y.; Los Angeles, Calif.
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THE# AL COMPLETE
DISC CERAMIC LINE

Spraguc-Hcrlcc Ccra-mite Capacitors arc a “must” for modern
tclevision circuits.

Now available in NPO and N750 temperaturc-compensating
bodics and in two different high-K bodics, Cera-mites meet
most application nceds in the 10 mmf to 15,000 mmf capaci-
tance range.

These miniature capacitors offer set designers maximum spacc
cconomy, cas¢ of mounting, and improved very-high-frequency
performance.

The flac disc with uni-directional lead construction has min-
imum self-inductance and a higher sclf-resonant frequency than
| a tubular design; hence improved v-f bypass cfficiency.
| Spraguc-Herlec Engincering Bulletin 601B gives the complete
| list of standard ratings as well as performance specifications.
Write for your copy today!

* Trodemork

THE HERLEC CORPORATION « Milwaukee 3, Wisconsin®

{Wholly owned Sprogue Subsidiory)

4a PROCEEDINGS OF THE I.R.E Septembe 19




CLEVELAND CONTAINER

LOW COST, SPIRALLY LAMINATED,
PHENOLIC TUBING

Manufacturers of radio and television receivers know the outstand-
ing advantages of Cleveland Cosmalite* and Clevelite* on both

performance and cost.

* Kk K

Designed to replace at a considerable saving the ordinary phe-
nolic and fibre tubing . . . its properties include great strength,
low moisture absorption, high dielectric strength, low loss and
good machineability, made in lengths up to 8l/, ft. with types,
diameters and thicknesses as desired. May be punched, notched,
threaded and grooved to meet individual needs.

* Trade Marks.

% CLEVELAND

Send for samples today
and investigate its low cost
possibilities for you.

6201 BARBERTON AVE,

PLANTS AND SALES OFFICES ot Plymouth, Wisc. Chicago, Detroit, Ogdensburg, N.Y., Jamesburg, N.J
ABRASIVE DIVISION at Cleveland, Ohio
CANADIAN PLANT: The Cleveland Container, Canada, Ltd., Prescott, Ontario

REPRESENTATIVES

Excellent for
MOTORS

RELAYS

TRANS-
FORMERS

FANS

CONTROLS

TELEPHONE
EQUIPMENT

SWITCHES

BOBBINS

TRANS-
MITTERS

CONTAINER!

CLEVELAND 2, ONHIO

NEW YORK AREA R T. MURRAY, 614 CENTRAL AVE, EAST ORANGE, N. J.
NEW ENGLAND R. S. PETTIGREW & CO., 968 FARMINGTON AVE

WEST HARTFORD, CONN
CANADA WM. T. BARRON, EIGHTH LINE, RR 1, OAKVILLE, ONTARIO

PROCEEDINGS OF THE I.RE. September, 1950




ARNOLD

APPLICATIONS

MAGNETIC AMPLIFIERS
PULSE TRANSFORMERS

NON-LINEAR RETARD COILS
and TRANSFORMERS

PEAKING STRIPS, and many other
specialized applications.

RANGE OF SIZES

Arnold Tape-Wound Toroids are
avalilable in eight sizes of stand-
ard cores—all furnished encased
in molded nylon containers, and
ranging in size from Y2’ to 24"’
L.D., 3%’ to 3’/ 0.D., and Ys" to
Y2’ high.

RANGE OF TYPES

These standard core sizes are
available in each of the three
magnetic materials named, made
fromeither.004"/,.002'' or.001"*
tape, as required.

Center, on black background,
are the eight standard sizes of
Arnold Tape-Wound Toroids.
Around them are 2 number of
other cores of special nature
produced for individual needs.

“roromar. CORES

of DELTAMAX

4-79 MO-PERMALLOY
SUPERMALLOY *

In addition to the standard toroids described at left, Arnold
Tape-Wound Cores are available in special sizes manufac-
tured to meet your requirements—toroidal, rectangular or
square. Toroidal cores are supplied in protective cases.

THE ARNoLD ENGINEERING (JoMPANY

SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION

General Office & Plant: Marengo, Illinéis'f\;'i

September, 1950
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Mallory Vibrators

Roll Up Big Savings. ..
Protect Customer Good Will!

Reducing component parts costs—and at the same time,
improving performance—is a welcome combination! The
economy and dependability of Mallory Vibrators have made
important contributions of this kind for Mallory customers. ‘

MALLORY
VIBRATORS

Mallory Vibrators are based on
exclusive design and manufac-

turing methods that assure long . - -
& =5 Here’s just one example! A radio manufacturer was receiv-

trouble-free service. Send the ing serious field complaints on vibrator performance. The
substitution of two Mallory Vibrators—one a standard type,
and the other especially designed for his problem—not only
eliminated the difficulty but saved the customer $30,000 in
vibrator costs alone! And the changes were accomplished

with virtually no modification in eircuit designs.

details of vour application. Get
Mallory’s recommendation on
the Vibrator or Vibrapack*
power supply best suited to

your needs.
That’s service beyond the sale!

And whether your problem is electronic or metallurgical
what Mallory has done for others can be done for you.

Vibrators and Vibrapack” Power Supplies

M

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

SERVING INDUSTRY WITH

P.R.MALLORY & CO. Inc. Capacitors Contacts
Controls Resistors
Rectifiers Vibrators
Special Power
g Switches Supplies

Resistance Welding Materials

ey, 1.8, Pat. Off.

PROCEEBDINGS OF THE I.R.E September, 1950 7




KAA-284 is of “inestimable value”
to Northern Natural Gas Company

Radio Station KAA-284, Owatonna, Minn., is part of a
radio network used in the operation of a pipe line system
owned by the Northern Natural Gas Company, Omaha, Neb.

Typical equipment is the Motorola special FM transmitter,
operating on 33.18 megacycles, 500 watt input, 250 watt
output. Station range is approximately 100 miles.

The Truscon tower at Owatonna, Minn. is one unit of this
system which in total consists of twenty-one fixed stations
——————————5—) used in connection with 150

MINNE . . .
mobile units in cars, trucks and
K ¥ . . «
5 two airplanes.“They are of inesti-
- --| mable value for communication
4 in control of line pressures, emer-

TRUSCON

&v‘y TOWER OF STRENGTH

gency repairs, and general operation and maintenance,”
according to the Northern Natural Gas Company.

Truscon Radio Towers are serving all types of communica-
tion and broadcasting needs, under a wide variety of con-
ditions in all parts of the world. Truscon can draw upon
this extensive experience in engineering and erecting
exactly the tower you need—tall or small . . . guyed or
self-supporting . . . tapered or uniform in cross-section . . .
for AM, FM and TV transmission. Your phone call or
letter to any convenient Truscon district office, or to our
home office in Youngstown, will bring you immediate,
capable engineering assistance. Call or write today.

TRUSCON STEEL COMPANY
YOUNGSTOWN 1, OHIO
Subsidiary of Republic Steel Corporation

SELF-SUPPORTING AN

i TOWERS
CROSS SECTION GUYED

TRUSCON COPPER MESH GROUND SCREEN

: 8a PROCEEDINGS OF THE I.R.E. September, 1950
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THE A

APPLIANCE PARTS RADIO AND ELECTRONIC MACHINE PARTS
AND INSULATORS TELEVISION PARTS COMPONENTS ACHINE EARY

HELIARC WELDING TIPS

b

Your use may be similar to, or complete-
ly different from, those listed here . . .
yet AlISiMag may solve your problem.

This versatile material is solving production, design and technical
problems for many industries. For your business, AlSiMag may
offer lower costs, improved manufacturing processes, increased
production, or possibilities of o new product.

CAN YOU USE ALSIMAG?AISiMag is the trade marked name
of a large family of technical ceramic compositions. They are naw being
used in production machines, electronic equipment, chemical processing
equipment, gas and electric appliances and in many other consumer
products. AlSiMag ceramics are custom made as to physical character-
: istics, size and shape. Special combinations of raw materials, fluxes,
EXTRUSION AND pressures, processes and firing temperatures produce ceramics with STRAINER CORES FOR
DRAWING DIES characteristics to meet individual requirements. These compositions are MOLTEN METALS
; fabricated by us into finished parts, ready for your production line. y
Given your requirements, our Research Division can frequently develop a
ey a special composition to svit your need. Carefully cross- ’ /
indexed research records vsually permit a prompt and accu- 2
rate reply to inquiries, even if they involve most vnusval -
requirements. If you have a problem that can be solved by . . s
a special component of unusual physical characteristics, out- F L Y J
line that problem to vs. We can 7 -
indicate the possibilities of its 3
SENT FREE ON REQUEST solution by the use of AlSiMag

The AlSiMag Property Chart 501 Technical Ceramics. Your inquiry
involves no cost or obligation. 4 4

s t——

N =
=

oiL BURNER AMERICAN LAVA CORPORATION
IGNWASN (HIBRATONS CHATTANOOGA 5, TENNESSEE

JIGS FOR RF HEATING “

OFFICES: METROPOLITAN AREA: 671 Broad Street, Newark, N. J.,
Mitchell 2.8159 « CHICAGO, 9 South Clinton Street, Central 6172
PHILADELPHIA, 1649 North Broad Street, Stevenson 4-2823
LOS ANGELES, 232 Souvth Hill Street, Mutual 9076
NEW ENGLAND, 38-B Brottic Street, Combridge, Massachusetts,
Kirkland 7-4498 + ST. LOUIS, 1123 Washington Avenue, Garfield 4959

ey
HEAT SHOCK AND
CHEMICAL RESISTANCE

ELECTROPLATING
HOLDERS

P atH

! GAS BURNER TIPS

FIRING PINS AND PADS

4
\

¥
A kg




ELECTRONICS

SOLVE DESIGN PROBLEMS
WITH THE SWITCH
OF 10,000 USES

A member of the well known SB-1 switch
family can find a useful place on almost
any large electronic control panel. The
precision-built parts of chis all-purpose
switch permit as many as 40 stages — four
banks of ten stages each—to he operated
in tandem, Switches with up to 16 stages
and 12 positions are commonly furnished.
Over 10,000 circuit-sequence combinations
are possible. Ratings go to 20 amperes at
600 volts a-c or d-c. See Bulletin GEC-270.

S$B-1 switch,
cover-removed

PANEL INSTRUMENTS—A COMPLETE LINE
Accurate and Reliable

FOR MEASURING D-C, A-C, RF, AF, VU

General Electric panel instruments have long
been known for their reliability and accuracy.
Recent design changes provide for better per-
formance, readability, durability, and appear-
ance. G-E voltmeters, kilovoltmeters, ammeters,
milliameters, microammeters, and vu volume-
level indicators; thermocouple types and rectifier
types; round or square, with conventional or long
250-degree scales—all will give your measure-
ments the accuracy required and your panel that
smooth, modern appearance. To bring you up to
date on the latest improvements in cases, faces,
and mechanisms, G.E. offers a comprehensive 24-
page bulletin containing all information neces-
sary for ordering. Write for Bulletin GEC-368.
For vu indicators, see Bulletin GEC-369,

SAVE PANEL SPACE
WITH ONE-UNIT PUSH-BUTTON

Iluminated

pushbutton  AND INDICATING LIGHT

This space-saving pilot-circuic switch con-
sists of a sturdy push-button uni, 253
inches high, with a hollow translucent cap
and G-volt lamp. The switch is the mo-
mentary contact type, single-pole, with one
normally open and one normally closed
circuit. It uses movable-disk type contacts.
Buttons are supplied in clear, red, green,
blue, amber, and white. For more data on
this and other G-E push-button units, see
) Bulletin GEA-4254,

GENERAL &3 ELECTRIC

10A
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\ TIMELY HIGHLIGHTS
. ON G-E COMPONENTS

\
.

"N o 9 6 06 6 06 06 0 0 ® 0 0 0 0 0 0 0 o o
A

NO DERATING AT 125° C OPERATION " WITH LIFE EXPECTANCY OF
60,000 HOURS!

For operation at high ambient temperatures, these standard-line
G-E Permafil capacitors are naturals. They're paper dielectric

units and can be used at temperatures up to 125° C without Now available from G.E. are 26-volt RMS selenium rec-

derating. All are metal encased, compression-sealed, and have tifier cells with a continuous-service life expectancy of
long-life silicone bushings. Ratings: up to 2 muf for operation over 60,000 hours. Their initial forward resistance is
at 400 volts d-c and below. Case styles: 53,61, 63, and 65 (JAN-
C-25 specifications). For more data, write Capacitor Sales Div,
General Electric Co., Pittsficld, Mass.

very low and samples show an average increase in resist-
ance of less than 6% after 10,000 hours of operation.
General Electric knows of no other high-voltage sele-
nium cell on the market that can even approach their
| performance.

The high output voltage permits the design of smaller
stacks while the low resistance means cooler operation
and the space saving that goes with it.

Stacks made with the new G-E cells may be obtained
with rated outputs from 18 to 126 volts d-c at .15 to 3.75
amps. Write now for Bulletin GEA-5280.

rCTTT T ===
STEPLESS VOLTAGE VARIATION | General Electric Company, Section D667 -7 :
| Apparatus Department, Schenectady 5, N. Y. |
Inductrols are G-E dry-type induction voltage regulators for 120 | Please send me the following bulletins: I
and 240.volt operation. Hand-operated models provide smooth | Indicat GEA—4254 Push-b " I
and extremely precise voltage adjustment for such uses as instru- | g ,I:,o ¢ GEA—4508 Iu; -'u'l'on o |

ment calibration and rectifier control. Motor-operated models | reference GEA_5280 snlw. e i
are used with automatic control to maintain voltage within | only (V) GEC— 5 oy TS I
narrow limits, ir respective of supply variations. Sizes range from I for planning ot A :B-I ;\.m'd‘ I
10%4 x G4 x 77 inches for the smallest hand-operated unit to i an "'{’“ed'):"e EC-“B one "“'"""‘""f . |
14 x 6 x 107 for the largest motor-operated unit. One unit pro- | project (X) GEC—369 Vu volume-level indicators |
vides a voltage range of 10% raise and lower on 3 and 6-kva i I
circuits, another gives 10007 raise and lower for 2.4 and 3.6 kva | i 1 |
circuits. Complete information in Bulletin GEA-4508. I COMPANY :
| ADDREZ? I

|

| city STATE :
L 4
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g d TYPE LRD
TYPE LR Y with SP ST line

without line switch % 9 switch

TYPE LRA-10
with DP ST line

These sturdy little Stackpole LR type controls handle
DUAL higher wattages more dependably than most controls
that are a good bit larger in size. Less than an inch in

c 0 N c E N "' R I c S diameter, they're conservatively rated at .S watt for use

_ where voltage across the units does not exceed 350
Fo R volts for linear tapers, or for non-linear ones having
Tv a taper of no less than 10% of the total resistance at
50% rotation, provided that 225 volts is not exceeded.
Thus there is plenty of wattage capacity for a wide va-
riety of present day uses including many television
applications. Stackpole LP type controls,slightlylarger,
are rated .6 watt at linear taper if 500 volts is not e¢x-
cecded and also at .6 watt if the resistance is not less
than 10% at 509 rotation, provided that 250 volts is
not exceeded.
LR controls are available as concentric shaft duals.

Electronic Components Division

STACKPOLE CARBON COMPANY
ST. MARYS, PA.
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CERAMIC DISK CAPACITORS

Hi-Q Ceramic Disk Capacitors for by-passing, blocking, or coupling are
being used by the millions by television receiver manufacturers who
demand the utmost in performance.

Unit cost. time and labor may be saved by using several of the mul-

\ tiple capacity H1-Q Disks where applicable in your tclevision circuit,
\ Multiple capacities having a common ground are available in standard
\ units as shown in the chart below. Hi-@ Disks are coated with a non-
\ hy(lroscopiv phenolic to insure protection against moisture and high
\ humidities. Hi-Q Disks like all other HI-Q components assure you of
\ the highest quality workmanship at the lowest possible cost.
\ Our Engineers are ready and willing to discuss the application of
\ these highly eflicient, dependable capacitors in your circuits. Write
\ today for your FREE copy of the new Hi-Ge Dataloy.
\ ' i
\
\
= =T T : e .cd ]
e . g :
TP | blametor | tead Width ] Thickness -
B.P.D. .00047 S46’’ max. 36’ t the’’ ! $42"" max.
|
B.P.D. .0008 546’ max. \ e’ t vie’’ | %2" mex.
B.P.D. .001 | 3%’ max. ‘ 14" t 16’ | %2" max.
B.P.D. .0015 3% max. | W + 1/;5"' 542" max.
‘ | 16’
B.P.D. .002 I The" max. | %" t : 542" max.
‘ 1/8"
B.P.D. .004 ' 194,"" max. ( 14" t 0 S42"" max.
1 "
B.P.D. .005 ‘ 194," max, 15" t & 542" max.
B.P.D. .01 | 34" max. ‘ 3" i 18" ‘ 542" max.
|
B.P.D. 2x.001 'l 19, max. | %’ t 15" S42"" max.
B.P.D. 2x.0015 | 1942 max. l 35" t 15" ' 542" max.
B.P.D. 2x.002 | 194" max. ! 35" i 15" 542" max.
B.P.D. 2x.003 %' mex. | W T g S42"" max.
B.P.D. 2x.004 ‘ 34" max. 3 t 14" 542" max.
B.P.D. 3x.0015 %' max. ' T | %42 mex.
| B.P.D. 3x.002 3%’ max. W’ T S42" max.
r —
l Insulotion . Durez ond Wox impregnated tnsulation Resistonce: 7500 megohms min
Leads ‘7? gouge puie tinned deod soft copper Power Factar: Mox. 2.5% ot 1 KC ot not
| Copocity : Guaranteed mininum as stomped over 5 volts RMS
I All copacitonce measurements made ot 25°C Test Voltage : 1500 voits D.C
| ot | KC ot o test voltoge not over 5 volts RMS,

JOBBERS — ADDRESS: 740 Belleville Ave., New Bedford, Mass

Electiical Reactance Corg.

SALES OFFICES: New York, Philadelphia PLANTS: Olean, N.Y., Franklinville, N Y
Detroit, Chicago, Los Angoles Jossup, Pa., Myrtle Beach, S.C.
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Because 0f § Outstanding Features

1
\

Pyrovac Plate

Long-Life Filament

~— Non-Emitting Grids

_ 7Input-0utput Shielding

Low-Inductance Leads

-

Eimac 4-125A tetrodes fill more key
sockefs than any other 125-watt tefrode.

The Eimac 4-125A is the heart of modern radio communication systems. Its de-
pendability-of-performance has been proved over years of service in many thousand
transmitters. It will be to your advantage to consider carefully the economy and
circuit simplification the Eimac 4-125A offers.

As an example of Eimac 4-125A performance, two tubes in typical class-C tele-
graphy or FM telephony operation with less than 5 watts of grid-driving power
will handle 1000 watts input; or, two 4-125A’s in high-level modulated service
will handle 750 watts input.

Take advantage of the engineering experience of America’s foremost tetrode
manufacturer . . . Eimac. Write for complete data on the 4-125A and other
equally famous Eimac tetrodes.

EITEL-McCULLOUGH, INC.
San Bruno, California
Export Agents: Frazar & Hansen, 301 Clay St., San Francisco, California

Follow the Leaders to

2

UBES e er The 4-125A is another

Eimac contribution to electronic progress.
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A BETTER MOTOR (APAC\TOR

Motor manufacturers ond r;lofo;
i i itor. Enclose
rs like this capache

t'“e\O-gc:ge steel tubing. Broc:ket

. ot welded on Silicone bushm?‘s

sprovide permcnent seal. Avo‘| -r

Zb\e from stock in all populd

ratings.

PROCEEDINGS OF TIIE IR
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eneral Electric Capacitors
are all individually tested

THAT’S WHY YOU CAN DEPEND ON THEM.

Every G-E capacitor receives an individual seal test, capacitance check
and a thorough test for opens, shorts, and grounds.

This is in addition to one of the most exiensive and elaborate
systems of checks and controls on raw materials and manufacture
that has ever been developed for any electrical product.

General Electrie Capacitors, both a-c and d-¢, are available in a

wide range of capacitance ratings, voltages and case styles. They
are designed and manufactured to meet the latest commercial
standards and armed-service specifications. The use of General
Electric’s recently developed silicone bushings maiterial is being
rapidly extended throughout the entire line. In addition to superior
electrical qualities these bushings meet new standards of physical
endurance under exacting conditions. Apparatus Department, General
Electric Company, Schenectady 5, N. Y.

Write for descriptive information on d-c capacitors, a-¢ capacitors, or ballast capocitors
to: Copacitors Sales Division, 42-304, General Electric Compony, Pittsfield, Mass.

GENERAL \

;\\

N ELECTRIC

15A




GALEX

MINIATURE TUBE SOCKETS

7-PIN and 9-PIN...and SUBMINIATURES

Now MYCALEX offers both 7-pin and 9-pin miniature
tube sockets . .

with superior low loss insulating prop-
erties, at new low prices that offer ceramic quality for

the cost of phenolics.
MYCALEX miniature

tube sockets are injection
molded with precision that affords uniformity and

extremely close tolerances. MYCALEX insulation has
high dielectric strength, very low dielectric loss, high
arc resistance and great dimensional stability.

Produced in two grades: MYCALEX 410 conforms
to Grade L4 specifications, having a loss factor of

only .015 at 1 MC. It is priced comparably with
mica fillea phenolics.

MYCALEX 410X is for applications where low
cost of parts is vital. It has a loss factor only one-

fourth that of “everyday” quality insulating ma-
terials, and a cost no greater.

Prices gladly quoted on your specific require-
ments. Samples and data sheets by return mail.

Our engineers will cooperate in solving your
problems of design and cost.

Mycalex Tube Socket
Corporation

“"Under Exclusive License of Mycolex Corporotion

of Americo'

‘"“d’j’_’ MYCALEX CORP. OF AMERICA

TAY “Owners of ‘MYCALEX' Patenis”
o TRADE MARK REG.US.PAT, OFF Executive Offices: 30 Rockefeller Plaza, New York 20, M. Y.
16a

Plant and Generai Offices: Clifton, N. J.
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announces

four new
cameras
FOR more versatile SINGLE-TRANSIENT recording ...FOR thrifty SINGLE-FRAME recording
The New Du Mont The New Du Mont
Type 295 Type 296

+-.FOR improved FINISHED-PRINT recording +».FOR simplified MOVING-FILM recording

The New Du Mont The New Du Mont
Type 297 Type 321

'NOW! more than ever it’s DuMont when you RECORD TO REMEMBER




|

The Du Mont
Type 295

Transient phenomena represent.
ing writing rates as high as
180 inches per microsecond are
recorded effectively with the
Du Mont Type 295. The high-
writing-rate capabilities of the
Type 295 are obtained by the use
of an /1.5, 50mm, coated lens
having excellent resolution and
a minimum of rectilinear distor-
tion, The camera accommodates
plain or perforated 35mm film
or paper and will make 40
exposures frem a standard 36.
exposure cassette Film may be
removed from the camera as it
is exposed by use of a cut.off
knife and a detachable, light.

The Du Mont
Type 297

For applications where minute-
to-minute comparison of wave-
forms is required, the Du Mont
Type 297 furnishes a finished
print in a minute, by the Pola-
roid-Land Process. The Polaroid-
Land camera-back is attached to
the mirror housing by means of
a slide adaptor which has three
snap stops making it possible to
record one, two, or three traces
on a single print, The camera
may be set at any point along
the slide so that adjustment may
also be continuous where more
than three traces are desired on
a single print. An illuminated
data card permits recording
information photographically on

A mew and complete line of oscillograph-record cameras.

tight, film take-up cassette. Thus,
a portion of the film may he
developed while subsequent
exposures are being made. Com-
fortable binocular viewing is
possible while recording. An
illuminated data card records
pertinent hand-written informa.
tion directly below the exposed
trace. The housing has a side-
access door through which the
lens aperture is accessible. The
aperture control has “click” set-
tings. Both Time and Bulb expos-
ures may be taken. The camera
may be adapted for remote con-
trol of film advance and shutter
release.

the print. All possible confusion
between similar prints is elimi-
nated. The camera is positioned
so that the operator pulls the
film toward him. Thus, the
quick, smooth motion necessary
to obtain clean prints is achieved
with ease and comfort. The Type
297 incorporates a special, {/2.8
coated lens. Exposures may be
taken at shutter speeds of 1/200,
1/100, 1/50, 1/25, 1/10 sec.,
Time, and Bulb. The recorded
image is reduced to one-third
the object size. The Type 297 is
mountable on any 5-inch cathode-
ray oscillograph and is supported
completely by clamping it to the
Du Mont Type 2501 Bezel.

ALLEN B. DU MONT LABORATORIES, INC.
INSTRUMENT DIVISION
1000 MAIN AVE., CLIFTON, N.J.

7 .

The Du Moni
Type 296

Type 2501 Bezel. A high-quality,
/2.8, 41.5mm, coated lens
increases the writing-rate capa-
bilities of the Type 296 approxi-
mately 57% over the Type 271-A,
which it supersedes. Shorter |
focal length shortens the over-
all length of the Type 296. A §
self-winding shutter has speeds
of 1/200, 1/100, 1/50, 1/25,1/10
sec., Time and Bulb. A comfort-
able, softrubber eyepiece per-
mits simultaneous viewing and
recording. The Type 296 weighs
only 5 lbs.

Single-frame recording provided
by the Type 296 represents the
most versatile and inexpensive
general-purpose technique. Oscil-
lograph.record application of
the Type 296 is unlimited except
by the specialized needs of
moving-film recording and ultra+
high writing speeds. Compact in
design, light in weight, and
sturdy in construction, the Type
296 is easy to handle and is
mounted quickly to all 5-inch
cathode-ray oscillographs
equipped with the Du Mont

The Du Monl}‘
Type 321

The moving-film camera makes
possible the presentation of
waveforms upon an unusually
long time-base, and augments the
performance of the cathode-ray
oscillograph.

Many improvements from the
standpoints of performance and
operation have heen incorpor-
ated in the Type 321 to simplify
moving-film recording. The
camera accommodates 400 feet
of perforated or unperforated
35mm film or recording paper.
Both the load and take-up maga-
zines may be detached from the
camera in a few seconds. Film.
loading is amazingly simple —
there is no threading necessary,
no complicated path to follow.
Film speed is variable in eigh.
teen steps from approximately
one inch per minute to 10,800
inches per minute (15 feet per
second).

Full speed is attained almost
instantly. Less than one inch
of film is wasted in
stopping the mo-
tion of the film
even when the
camera is operat.
ing at the highest speed. Spe-
cially designed film-braking
minimizes the possibility of clog-
ging, jamming, or breaking of
the film. A film-supply indicator
gives positive indication when

the recording film is exhausted.

The camera may be rotated 90§
degrees. permitting either verti-
cal or horizontal recordings to
be made without rotating the
cathode-ray tube or reversing
deflection-plate leads. Single-
57\ frame records may also be made.
<2 with the Type 321. Film travel
may be time-calibrated by a
flashing glow lamp. The light
shield permits simultaneous
viewing and recording. An illu.
minated data-card transfers per-
tinent information 1o the film.
The Type 321 uses an f/1.5,
50mm, coated lens. Focus is fixed
for general oscillographic appli-
cations but may be adjusted
where required. Any desired
length of exposed film may be
removed from the camera by
means of a cut-off knife. The
take-up magazine may be re-
moved quickly and carried to
the darkroom. Additional
magazines are relatively in-
expensive. Stand
mounting makes
the Type 321 high.
ly mobile. It can
be mounted either
from the floor or bench top.
There is no mechanical connec-
tion between the camera and the
oscillograph. A sponge-rubber
sleeve makes the mounting light-
tight and vibration proof.

~




UTC was the largest supplier of transformer-components in World War
Il. Present UTC production is on'a similar basis. lllustrated below are a
few of the thousand military types in UTC 1950 production.

N. Y.

150 VARICK STREET < NEW YORK 13,

EXPORT DIVISION: 13 EAST 40th STREET, NEW YORK 16, N. Y. CABLES: *‘ARLABR"



A : Sylvania research
5% ~b55%, develops new |

gé :ézzz:% _ |
7 germanium subminiature |

\ photo-electric units

\ tiny photocell of high efficieney /

and photo-sensitivity is another out-

s
standing development of Sylvania reaearch. X
Achieved atter eareful studies of 3
the photo-electrie charaeteristies of o
germanium, these devices are so sehsitive .2
i

that useful current changes are
obtained with very small changes in
light intensity.

Among the many potential appli- /
cations of these units ave such varied
uses as: decoding punched tape
¢lectronic computing and sorting,

and the direct operation of relays /
for many tasks such as opening [
and closing doors. and actuating

alarm and signal deviees.

Although these photocells are it

still in the rescareh stage and eh”{' vy
not yet commerciallv available. "“'llmenl.
their compactness and nnusual /

SCNSIIVItY promise 1o sui {

them for many jobs where cost

Vitzer,)

circuit complexity, and space

T 5 : Heg o har /.

imitation are iniportant c,,,,,"”rp,/:u,,,” ”/“,,_.,, of
I o,

factors. Yty ,, " au i
atel luury

SYLVANIA
ELECTRIC

ELECTRONIC DEVICES; RADIO TUBLS; TELEVISION PICTURE TUBES: ELECTRONIC TEST EQUIPMENT; FLUORESCENT TUBES, FIXIURLS, SIGN TUBING, WIRING DEVICES: LIGHT BULBS; PHOTOLAMPS; TELEVISION SETS
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ity meagsufe

Commerdo\ e V] Commeuid equivolent of
!wo-'em\mo\ voltmeter, (95 ohms bolanced) A new achievement in sensitivity! fField intenst
i 88-400 mc.  Fiel ments, 1V microvolt per-meter using rodi 10 microvolts-pers
shielded directive 100P- As fwo-terming volt-

Sensitivity ©%
2 microvolts 15-125 MC;
intensity meosuvemencs using

ronge includes FM ond TV Bonds.

frequency

Commeuio

Sensitivity ©% !wo-!em\ino\ v

Field intensity ™

PRM-V.
supply opﬁono\.

volent of AN
Field intensity with V2

Commerdo\ equi
d botteries. AC. Sensitivity ©%
y

Self-containe
cwo-!em\'mo\ volimeter, 1 microvolt.
meter rod ontennd. micvovol's-pev-me'ev; w'owble loop 10 microvo 1s.
wpplied. includes standord broodcost bond, rodio ronge dipole. frequency range includes Citizens
ons frequencies: cotor TV gond.
ments llustroted cbove serve

WWVY, ond commun’u:oﬁ
ond celioble instrv

Since 1944 stoddort RIFI* instruments hove estoblished 1he he rugged
stondard for superiof quolity ond unexcelled performance: equolly well in field of loborotory. I
These instruments fully comply with test equipmen! require- for consisten! results vsing internol stondard ©
ments of sueh radio interference specification’ os JAN-1-225: Meter scoles morked in microvolts ond D8 obove one
ASA C63.2, 16E4(SHIPS), AN-1.240, AN.1.42, AN.1.270, AN-1-40 function selector enables measurement of sinusoidal or €©
ony of these speciﬂcoﬁons were written or re: waveforms, giving averoge, Pe° or quosi-peok
demonstrote in Accessories pvovide meons tof measuring either
d r.f. voltoges- Grophic recorder avoiloble.
2

ond ofthers. M
or rodiate

vised 10 the stondords  ©
Stoddort equipment.

performonce

*Radio Interference and Field Intensity.

Precision Attenuotion for UHF !
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. 10, 20,
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ALLEN B. DU MONT LABORATORIES, INC.

WHBF-TV

ROCK ISLAND, ILLINOIS

Channel 4

Another Television station with an eye to the future!
WHBF-TV now goes on the air with Du Mont equipment
assuring dependable, economical operation with all the
advantages of the Du Mont “Grow As You Earn” system
of equipment expansion. Air-cooled tubes, finest TV trans-
mitter engineering and quality workmanship stand for low-
operating expense characteristic of Du Mont TV transmit-
ting equipment.

WHBF-TV operates on Channel 4 in Rock Island, ., cover-
ing the Quad Cities Area. We take this opportunity to
congratulate WHBF-TV and welcome it to the ranks of the
ever-increasing commercial TV stations of America.

Remember, its smart business to investi-
gate Du Mont first — and then compare.

s e i i

T
X W

——————

» TELEVISION TRANSMITTER DIVISION, CLIFTON, N.J.
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EL-MENCO CAPACITORS

Small, high-capacity fixed mica El-Menco capacitors are made
to protect the performance of your products under severest oper-
ating conditions. They give long, dependable service because they
must meet exacting conditions of Quality Test before they can be
incorporated in your product. Tested at double their working
voltage for dielectric strength, for insulation resistance and capacity
value, El-Menco condensers can be depended upon for the utmost
in performance protection.

-

SPECIFY EL-MENCO -

CM-15

Actual Size 9/32" x 1/2” x 3/16"

For Television, Radio and other Electronic
Applications.

2 mmf. — 420 mmf. cap. at 500v DCw.

2 mmf. — 525 mmf. cap. at 300v DCw.

Temp. Co-efficient 50 parts per million per
degree C for most capacity values.

6-dot Color Coded.

First Choice For Long Life and Dependability

THE ELECTRO MOTIVE MFG. CO., Inc.

WILLIMANTIC CONNECTICUT Write on your

firm letterhead

for Catalog and Samples. |
MOLDED MICA MICA TRIMMER

CAPACITORS

FOREIGN RAOID ANO ELECTRONIC MANUFACTURERS COMMUNICATE OIRECT WITH OUR EXPORT OEPT. AT WILLIMANTIC, CONN. FOR INFORMATICH.
ARCO ELECTRONICS, INC. 135 Liberty St, New York, N. Y.—Sole Agent for Jobbers and Distributors in U.S. and Conada
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Design and Production Facilities
E-X-P-A-N-D-E-D

for Contract and Sub-Contract

JED is the world’s largest producer of com-
munications and tcievision parts and acces-

sories. We grew up with the industry ... and
know it well.

JED’s new, increased facilities for the design and manufacture of tele-
vision and communications accessorics are second to none. Two large
plants are completely equipped with the latest, most efficient machinery
...and stafted by experienced personnel with the required “know-how”".

Inguiries Invited

FIRST in Antennae
and Accessories
~Established 1929

MANUFACTURING €O., Inc.

6107 16th AVENUE, BROOKLYN 4, N. Y.
FIRST in Television Antennos and Accessories

224 PROCEEDINGS OF THE IR.E. September, 1950
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New Instruments for Microwave Testing ,
COMPLEMENT SPERRY’S t/%f?ﬁ/ﬁw

Models 348, 349 and 350, new cavity frequency meters shown below, extend to
the SHF and EHF frequency ranges, techniques which are now available at
lower frequencies. These broadband instruments are designed for both
transmission and absorption-type indications. They are suitable for
search-type frequency measurements or any other requirement where
an accuracy of .1 percent frequency set is neceded. These are among
the many new microwave test and measuring instruments which
have been added to the ever-increasing Sperry Microline.

\

FREd-ENCY ‘ETERS
Model 348 349 350

Description CAVITY CAVITY | CAVITY

Other new instruments in the frequency ranges of the
above mentioned meters are

st Model Frequency Range me Frequency Range mc | 13,000-18,000 | 19,000-26,000 26,500-39,000

Impedance Meter 320 18,000-26,500

Impedance Meter 346 26,500-40.000 Absolute Accuracy 1/1000 11000

Impedance Transformer 347 26,500-40,000 . AN

Directional Coupler 405 26,500-39,000 .

Directional Coupler 413 18,000-26,500 ApprOX"nate Loaded Q 1000 450 | 1000

Directional Coupler 415 18,000-26,500 9

B ain & G ttings ! KF UG419/U | UGAZy/U - UG-38L
,000-39,000 Fittings 4 ..

Sont T 26,500-40,000 1 Video UG-419/U UHF UG-381/U

Short 312 12,400-18,000 '

Termination 401 12,400-18,000 Catalog information on these and other Microline instruments Is available on requost. #Trade Mark

Termination 402 26,500-40,000

Detector and Mixer 357 12,400-18,000

Detector and Mixer 358 18,000-26,500

Detector and Mixer 359 26,500-40,000

Detector and Mixer 382 26,500-40,000 ﬁ””‘fcﬂp[ cﬂﬂpllr

Magic Tee 3% 18,000-26,500

Magic Tee 391 26.500-40,000

BIVISION OF THE SPERRY CORPORATION, GREAT NECK. NEW YORK o CLEVELAND © NEW ORLEANS » NEW YORK ¢ LOS ANGELES  SAN FRANCISCO - SEATTLE
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Over 30,000 readers in the Television Industry look to the pages of the exciting, informative and ente
TELEVISION MIS-INFORMATION for the “lowdown” on the news, the
news that rarely make the trade press, and predictions of things to come.

rtaining
facts behind distortions of the
Here are a few of the two previous issues’ predictions that came true:

1 — New Tube Types

2 — The Great Demand for 19” T-V Sets

3 — Advertising Exaggerations

4 — Establishment of Standards for the Industry

The third issue of Television Mis-Information is on the press! Its circulation will be limited to 40,000
copies. Be surc you reserve your copy. Mail coupon below.

KEEP INFORMED! Get the latest information on Sheldon’
and Round Television Picture Tubes shown in its “General

s complete line of Rectangular, Glass-Metal
Characteristics & Dimensions” Wall Chart.

SHELDON ELECTRIC CO.

Division of Allied Electric Products Inc.
68-98 Coit Street, Irvington 11, N. J.
Bronch Offices & Warehouses: CHICAGO 7, I1tL, 426 5. Clinton St. » LOS ANGELES 26, CAL., 1755 Glendole Blvd.

KEEP INFORMED! Mail coupon TODAY for your FREE copy of '

Television Mis-Information No. 3 and Sheldon Picture Tube Wall Chart,

F-------------------------------1
8 Sheldon Electric Co., 68-98 Coit St., Irvington 11, N. J. 3 g
" [0 Send me "Television Mis-Information" ]
NATURAL IMRcE | a [0 Send me Sheldon Picture Tube Wall Chart [ |
< i : (They're both FREE . . . but please print your name) :
SOFT cLow BNames s ivacring: crapanersis eresarrryauvanses Ty aasens . oininss -
Pmmh : COMBANY. .00 o awans snsms b axan i S Had s win  Kons bhradenmoncoies s :
B Streer. .. T T A P — [}
1. ]

L ity 2 Zone. ... State

FLUORESCENT LAMP STARTERS AND LAMPHOLDERS + SHELDON REFLECTOR AND INFRA-RED LAMPS
SPRINC.ACTION PLUCS » TAPMASTER EXTENSION CORD SETS AND CUBE TAPS - RECTIFIER BULBS

TELEVISION PICTURE TUBES - CATHODE RAY TUBES -
PHOTOFLOOD AND PHOTOSPOT LAMPS -

24A PROCEEDINGS OF THE I.R.E September, 195




TYPES AND SIZES
For Every Resistor Need!

In addition to the many types of
resistors shown, Ohmite offers re-
gistors in more than 00 sizes—
ranging from 2!:” diameter by 20”
long, to %" diameter by 17 long
— 1o meet your exact require-
ments. Many sizes are carried
in stock.

@) s O

Be Right with

OHMITE

Reg. U. S. Por. Off.

R i 1
RHEOSTATS + RESISTORS « TAP SWITCHES g @ = _jD E)L_
Jndustry's Girst Choice




FEATURES:

® High Resolution and Accuracy—1/1,600,000
second.

® Direct Indication of intervals up to one second
— recycling of counter can be observed or
recorded for longer intervals.

® Retains Indication of measurement until reset.

® Easy to actuate — pulses from common or
separate sources can be used.

® Dependable and stable — no adjustments
required.

® Accepted standard in practically all govern-
ment proving grounds.

APPLICATIONS:

PROJECTILE VELOCITY MEASUREMENTS
CAMERA SHUTTER TIMING
FREQUENCY MEASUREMENTS

|

| PRINCIPLE OF OPERATION:

[

|

I

|
PRECISION TACHOMETER :

I

1

|

I

|

A quartz crystal, continuously oscillating at 1.6 mc
is used as a time base. During the time interval to
be measured the cycles are gated into four binary
counting stages having a capacity of 16 counts.
The neon indicator lights of these stages are
numbered 1/16, 2/16, 4/16, and 8/’16 (sixteenths
of 10 microseconds or 0.625 microsecond). Fol-

lowing the binary stages are five decade counting
cOuNTERs 16 MEGACYCLE units having a capacity of 100,000 counts. Each

RELAY CONTACT TIMING
GEOPHYSICAL MEASUREMENTS
GAS TUBE MEASUREMENTS

DECADE

COUNTERS 32 TR - count entering the decades from the binary stages

represents 10 microseconds. Therefore, the time
interval between 10 microseconds and 1 second is
registered in the decades and the remainder is
T M registered in the binary stages. For instance a

R méﬁr asﬁTi{;ﬁ;}p‘lLo time interval of .5374825 second wou.ld pe indicated
100000 STEPS 16 STEPS OF as follows: .53748 on the decade indicators plus

OF 10 L SECS. 0.625 L SEC, . : : :
4/16 (of 10 microseconds) on the binary indicators.

HIGH SPEED ELECTRONIC COUNTERS, COMPUTERS AND PRECISION IN-
TERVAL TIMERS FOR ALL APPLICATIONS—ADDRESS INQUIRIES TO DEPT. 5A

POTTER INSTRUMENT COMPANY '

INCORPORATED /
115 CUTTER MILL ROAD ¢ GREAT NECK ¢ NEW YORK  ‘“Soun®
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ine ew DuMort ¥

edge to edge
‘ sharpness...

the latest refinement in the most copied gun structure.

| l niform sharpness of trace to the very edges of the
screen distinguishes the new Du Mont Bent-Gun.

A higher degree of pre-focusing passes a smaller-
diameter beam through the deflection field. Spot dis-
tortion is reduced and a uniform overall focus results.
Other design changes are: Improved bulb spacer insures
proper anode contact and electron gun centering;
rounded corners on pertinent gun parts eliminates
stray emission at higher anode voltages; new grid-
cathode assembly allows a longer G-2 (second grid)
without increasing overall length.

This new Du Mont Bent-Gun is now being incorpo-
rated in ALL Du Mont Teletrons. Therefore, whether
planning a new TV receiver or modifying an old one,
be sure to include the Du Mont Teletron for the best
in TV pictures. Simply specify DU MONT.
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BRADLEYUNIT DIMENSIONS—1;, Wat—3 in. lang x 9/64 in. diam. 1 watt
—9/16 in. lang x 7/32 in. diam. 2 Wan—11/16 in. lang x 5/16 in. diam.

QUALITY FIXED RESISTORS

SOLID MOLDED
ADJUSTABLE
RESISTORS

Available in single,
dval, and triple unit
canstructians with salid
malded resistar ele-
ments, Any resistance—
ratatian curve. Rated at
2 watts,

28A

for Electronic Circuits

Bradleyunit resistors are small in size . . . but “super’ in the
performance demanded by electronic engineers. Bradleyunits
are rated at 70 C ambient temperature, not 40 C. Thus, they
have a much wider safety factor. Furthermore, under continuous
full load for 1000 hours, resistance change is less than 5 per
cent. And, Bradleyunits require no wax impregnation to pass
salt water immersion tests. Another advantage is the differential-
ly tempered leads which prevent sharp bends near the resistor.

Bradleyunits are packed in honeycomb cartons to keep the
leads straight and avoid tangling. They are available in Y2, 1,
and 2 watt ratings in standard R. M. A. values up to 22 megohms.

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

ab

ALLEN-BRADLEY

FIXED & ADYUSTABLE RADIO RESISTORS

Sold exclusively to manufocturers 0 u 0 l”V g of radia and electronic equipment

.
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TRANSFORMERS
& INSTRUMENTS

“PRODUCTS OF EXTENSIVE RESEARCH

NO. 1060 YACUUM COMMERCIAL

TUBE VOLTMETER NO 1030 LOW HIGH FIDELITY COMPONENTS

INPUT IMPEDANCE FREQUENCY "Q TRANSFORMERS DISCRIMINATORS QUALITY —
50 MEGOHMS INDICATOR 1/, DB 20 CPS 10 30 KC 10 CPS TO t MC DEPENDABILITY — PR

NO 1140 NULL
DETECTOR NO.1020 MEGOHMMETER HERMETICALLY

COMPLETE WITH 2.000 000 MEGOHMS SEALED COMPONENTS
SELECTIVE CIRCUITS DIRECT READING TO MEET MIL.T-27 SPECS

TOROIDAL INDUCTORS MINIATURE INDUCTORS
60 CPS TO | MC 1000 CPS TO 100 KC

SUB MINIATURE
NO, 1210 NULL SUB MINIATURE MERMETICALLY SEALED SLUG TUNED

DETECTOR & VACUUM DECADE INDUCTORS HERMETICALLY SEALED COMMUNICATION COMPONENTS

TUBE YOLTMETER 30 CPS TO 300 KC TOROIDAL INDUCTORS COMPONENTS 1000 CPS TO | MC

NO 1150 UNIVERSAL NO. 1010 COMPARISON POWER
BRIDGE BRIDGE STEPDOWN PULSE TRANSFORMERS TRANSFORMERS
S AC BRIDGES IN ONE FAST, ACCURATE TRANSFORMERS FROM WATTS 1O RUGGED, DEPENDABLE
UNIT RELIABLE 50 WATTS TO 3 KW MEGAWATTS INEXPENSIVE,

<>
|

4 1170 D.C. SUPPLY R AR SEMENEAL =)
, IND
DIRECT CURRENT UP TO A”ﬁ{g;‘gf,;’“;gﬁ‘ PRECISION FILTERS CHANNEL MOUNTING FOSTERITE TREATMENT
' 10 CPS. 1O 1 MC. INEXPENSIVE—RELIABLE ANE-I9 SPECS.

500" MMA. EVERY LAB,

-~ SEND éon LATEST CATAL
FREED TRANSFORME

DEPT. SP 1718-36 WEIRFIELD ST., (RID!




NEW PRODUCTS

A NEWS and

SEPTEMBER, 1950

Wide-Band DC Amplifier

The Model 120, wide-band dc amplifier
was designed by Furst Electronics, 12 S.
Jeiferson St., Chicago6, I11., to increase the
sensitivity of cathode-ray oscilloscopes
with extended low-frequency response. It
is also suitable to extend the range of vac
uum-tube voltmeters, frequency analyzers,
and other instruments, when unusually low
frequencies are involved.

The amplifier uses push-pull amplifica
tion throughout, and a special cross-cou
pled circuit is used to achicve stability and
low drift. Another advantage of this cir
cuit is the good phase-inversion obtained
through its use, so that the amplifier can he
used equally well with balanced or unbal
anced input signals. If two different signals
are applied to the input terminals, the in
strument acts as a differential amplifier
whereby the ditference of these two signals
appears push-pull at the output terminals.
This makes it possible to observe both the
signal to be investigated and a marker or
timing signal at the same time. Two inde
pendent push-button operated input atten
uators permit, in the latter case, mixing of
signals of different amplitudes.

The maximum gain is adjusted to ap-
proximately 100 and the input attenuators
reduce this gain to approximately 10 and 1
(40 db, 30 db, and 0 db, respectively). A
fourth position on each attenuator grounds
the grid of its input tube, a convenient fea-
ture, when, for instance, a single-ended
signal isapplied to one input terminal only
Grounded terminals are also provided
near both de¢ and ac terminals.

Low Loss Capacitors

A line of vitreous enamel capacitors’
0.68 puf to 1,000 uuf rated at 500 volts de»
is being marketed by Vitramon, Inc., Step
ney, Conn.

Each unit is a laminant of a low loss
ceramic dielectric and metallic silver, sint-
cred to produce a monolithic block with
stable temperature characteristics. The
properties of the materials and the small
size insure low losses for all frequencies at
temperatures from —55° C 1o +4200° C
The capacitors are finished to meet JAN
requirements.

30a

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

New RF Millivolt Meter
for VHF

\ new type MV-18b high-frequency
vacuum-tube millivolt meter to measure
frequencies from 1 Mc to 200 Me flat with
direct calibration charts is available from
the manufacturer, Millivac Instruments,
P.O. Box 3027, New Haven, Conn. Its
sensitive ranges cover millivolt measure
ments at frequencies up to 200 Mc and
down to a single millivolr.

I'he instrument contains a new carrier
type dc amplifier having exceptionall
heavy negative feedback to insure ac-
curacy and stability. Germanium crystal
probes are used to rectify weak rf signals
with minimum circuit loading. These new
probes are designed to have 1.0-uuf input
capacity with a tolerance of +25 per cent.

Sharp-Cutoff Miniature
Pentode for TV
Receivers

The 6CB6, a miniature pentode, for use
in television rf tuners and video if ampli-
fiers, with design schematic for a video if
amplifier system operating in the 40-M¢
region, is available from Radio Corp. of
America, Tube Dept., 415 S. Fifth Sr
Harrison, N. ].

The manufacturer admits that there
are various other rf pentodes having lower
grid capacitance; however, this is ac
complished by shielding the plate, which
increases the output capacitance. Because
the only capacitance in the tuned circuits
of most I'V, tf, and if amplifiers is that of
the tube electrodes and the wiring, an in
crease 1n outpul capacitance causes a de
crease in plate-circuit impedance and a
conscquent loss in gain. The maximum
grid-plate capacitance of 1he 6CB6 ix 0.020
uuf its output capacitance is 1.9 puul.

PROCEFDINGS OF THE IR.E

New Vibrator

\ new vibrator for dc conversion i
hereby announced by Harold J. Brown,
Mattapoisett, Mass., specifically designed
for severe andd exacting requirements; and
embodying new concepts of design

I'his vibrator will be available in both
standard and high frequency forms, and
for low and high power applications. 1t is
generally smaller and more easily applied
than is usual, while at the same time i1 is
rugged and shock resistant. When com
bined with proper circuitry, either long life
or high power may be obtained. \ mini
mum of excitation power is needed for use
in very low power applications such as in
zero output devices.

Electronic Television
Mixer

A new electronic television mixer, Type
I'V-19-A, for automatic and manual fad
ing, lapping, and dissolving of television
pictures, has been announced by the Com-
mercial Equipment Div., General Electric
Co., Electronics Park, Syracuse, N. Y.

When combined with GIZ conirol pan
els TC-21-A or TC-31-A, the mixer will
provide split-second timing between chan
nels and, because the operation of the sys
tem is largely automatic, switching errors
are reduced. It is built for both portable
and studio use.

The new electronic mixer will take up
to four noncomposite inputs from caniera
channels and will fade or switch between
any two of the four. The output of the vi
deo mixer is fed 10 a sync mixer and then
to the output stage. The output is com
posite and ready for transmission use. Any
one of the four mixer inputs can be by
passed around the video mixer to the svnc
mixer and output circuits; and thus leave
the remainder of the mixer free for re-
hearsals which can be viewed by the non
composite monitor output. Manual opera
tion is also provided for special effects,

such as superpositions.
(Continued on page 40A4)
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For TV, FM, and AM. .. RCA preferred-type receiving tubes
offer these important advantages. ..

Flexibility —RCA preferred-type re-
ceiving tubes cover virtually every tube
function essential in TV, AM, and FM
receivers . . . and allow the engineer
latitude to express individuality in his
circuit designs.

Performance —These tvpes have dem-
onstratedtheir reliabilityovera period
of time in circuits of widely different
designs. Proved in service, they are
most likely to succeed in future
designs.

32a

Economy —This group of 44 tuberypes
represents more than half of RCA’s
current receiving tube volume. By
concentrating production on these
few types, substantial savings are real-
ized in manufacturing costs which are
passed on to the equipment manufac-
turer . . . and quality and uniformity
are sustained at a high level.

Standardization— By concentrating
on RCA preferred tube types, the
equipment manufacturer also benefits

by his ability 1o standardize on com
ponent parts . .. resulting in purchas-
ing and stocking ¢conomics.

A reference booklet (3F953), describing
RCA’s preferred-type receiving tubes and a
wall chart (31955R), listing these types, are
available with-
out charge.
Write RCA,
Commergial
Fngineering,
Secuon 147R,
Harrison,
New Jersey.

The Fountainhead of Modern Tube Development is RCA

PROCEEDINGS OF THE IR.E.

RADIO CORPORATION of AMERICA

ELECTRON TUBES

HNHARRISON, . N.J.
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T'revor H. Clark

DIRECTOR—1950

I'revor H. Clark, assistant to the president of the
Federal Telephone and Radio Corporation, Clifton,
N. J., was born on July 16, 1909, in Haviland, Kansas.
He received the A.B. degree in physics and mathematics
from Friends University in 1930. Upon graduation he
became service manager for the George . Marshall
Company in Wichita, KKan.

Mr. Clark received the M.S. degree in physics from
the graduate school of the University of Michigan in
1933, and continued his studies during 1934, when he
joined the Research Laboratories of RCA at Harrison,
N. J., as assistant to Browder J. Thompson. Until
1938, he conducted experiments on magnetrons, velocity
modulated tubes, photoelectric and secondarv emission
surfaces, and vacuum systems in the RCA Laboratories.

In 1938 he joined the International Telephone and
Telegraph Corp. and was sent to their Paris Labora-
tories (Les Laboratories LMT) where he continued his
work on unconventional clectronic devices. After the
French Armistice in 1940, Mr. Clark was transferred to
Standard Electrica in Lishon, Portugal, where he
studied communication problems of the Portuguese
Colonial Administration and the Portuguese Navy. Dur-
ing this time he made a survey trip toAngola, Portuguese
West Africa, to study a comprehensive communication
network then being installed.

Mr. Clark was recalled to the United States in 1941
to assist in setting up the research laboratories of the
International Telephone and Telegraph Corp., in New
York, N. Y. He occupied various positions during the
formation of these laboratories, and in 1943 he became
department head in charge of research and development
of certain direction finders for the Armed Forces. For his
work in this field he was awarded the U. S. Navy Cer
tificate of Commendation. In 1946 Mr. Clark was made
head of the Special Projects Division of the Federal
Telecommunication Laboratories, later becoming as-
sistant to the executive vice-president and in 1948
assistant to the president of the Federal Telephone
and Radio Corp. He is now in charge of engineering
services for the Federal Telecommunication l.abora-
tories.

Mr. Clark is a Senior Member of the IRE, and a mem-
ber of the Acoustical Society of America, the American
Institute of Physics, and the Armed Forces Communi-
cation Association. He has served on the following IRE
Committees: Membership, 1937; Tellers, 1945-1946—
Chairman, 1947; Banquet Committee of the National
Convention, 1946-1947—Chairman, 1948: National
Convention Committee, 1948—Vice-Chairman, 1949 and
1950; Annual Review, 1948-1949; Admissions, Chair-
man, 1949; Membership, Chairman, 1950,
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For centuries, classical theories in the field of physics sufficed for the study of phenomena and the |
prediction of effects. More recently, complex and puzzling small-scale occurrences forced the develop-
ment of a more penetrating set of theories. Heisenberg's uncertainty principle, the methods of statistical |
mechanics, modern communications theories, the laws governing certain nuclear phenomena, and even
developments in cybernetics have largely revolutionized scientific thought in branches of physics, chem-
istry, and biology and begin to impinge on psychology.

It is already clear that, on the “micro” scale, phenomena are largely random, unpredictable, sta-
tistical in nature and influenced by extremely minute disturbances. The “micro” phenomena then build
up to, and “control” the larger-scale or “macro” effects. Thus initial uncertainty, minute influences, a

| definite effect, amplification of that effect, and a major result all seem parts of the same chain of events,

Modern communications engineers will therefore tind much to interest and stimulate them in the
following searching and inspiring guest editorial by the Technical Director of the Federal Telecommuni-
cations Laboratories, Inc., who has received the Fellow Award of The Institute of Radio Engineers and
has served on a number of its Technical Committees.—The Edilor.

Growth and Amplification

HENRI BUSIGNIES

T YHE urge of educated man to see, feel, and analyze smaller and smaller quantities, as well

fJ:[ as to see and communicate farther, has been satisfied with no greater brilliance than in the

production of the microscope, telescope, and electronic amplifier. Actually, amplification

has already reached in some fields that extreme limit where distinguishable patterns of intelli-
gence or orderliness have disappeared in the apparent chaos of random effects.

It is at this low level of random effect that all events and all things that later become per-
ceptible to man are born and grow. This applies to thoughts that, in the originating or some
other brain, are developed intentionally or otherwise to produce a masterpiece of art or litera-
ture, an airplane crash, the tallest building, or a concept of human progress. It includes such
things as the molecules that assemble into the seed that may precede by even a decade or two a
mature living creature, and also the agitation of the still air that produces the tornado.

History shows that at some particular place and time and in a favorable environment a very
minute pattern emerges from chaos and, supported by other forces, feedback, and correlation,
attains a growth that finally produces a significant phenomenon of distinguishable proportions.
Then through some such effect as saturation, growth stops and stabilization occurs, only to be
succeeded by decay. Growth is not linear in most cases; it proceeds through thresholds and inter-
mediate steps, and consumes from microseconds to years to produce an end result. At its origin
and for a fraction of its early life, the magnitude of the emerging pattern is so minute that it
could be influenced, shifted, modified, or destroyed by a force of the same order of magnitude.
One is led to believe that, however small they may be, brain waves could influence the outcome
of physical events if they were available in suitable form at just the right time, and thus by the
proper application of man-made patterns of very small magnitude, beneficial control of large
physical effects could be achieved.

In the superregenerative circuit of Professor Armstrong, a small electromotive force cor-
responding to a signal pattern just above the thermal-agitation level builds up in a fraction of a
millisecond to become perceptible to the human senses: but it could have been influenced by a
dissimilar, although just as minute, force applied with a timing accuracy of some microseconds.

An effect of very small relative magnitude is used by Doctor Langmuir in seeding clouds to
throw out of balance a low-level threshold controlling atmospheric conditions over a large area.
Similar thresholds exist in many forms and at verying levels; they represent stages of develop-
ment where potential growth has momentarily stopped.

In the fields of education and propaganda, thought seeds that are properly timed produce
opinions and prejudices that become strongly entrenched. Although they may encounter many
thresholds and, particularly, saturations, they are very difficult to modify once they have
reached a high level of acceptance.

From an engineering point of view, one marvels at the possibilities of low-level control of the
growth of events and things favorable to humanity. The electronic engineer, with his knowledge
and experience in amplification and control, together with his accurate notion of timing, may
soon explore and harvest in this promising field of growth control.
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T'he Present Status of Color Television®

Foreign Cominerce.

CHAPTER 1—SCOPE OF THE IN-
VESTIGATION AND SOME BASIC
CONCLUSIONS

I. INTRODUCTION

THIS REPORT has been prepared at
the request of the Chairman of the

Scnate Committee on Interstate and
Foreign Commerce. It represents an inde-
pendent appraisal of the present status of
color television in the United States, and
takes into account observations of the black-
and-white television service now offered to
the public, as well as demonstrations of
three color-television systems proposed for
public use by Color Television, Incorporated,
the Columbia Broadcasting System, and the
Radio Corporation of America. The report
is confined to technical factors expressed so
far as possible in nontechnical terms.

The report is organized as follows:
Chapter 1 outlines the activity of the Com-
mittee, describes the approach of the Com-
Mittee to its assignment, and sets forth some
basic conclusions. Chapter 2 analyzes color-
television service in general and lists the
apparatus and performance characteristics
by which competing color systems should
be judged. Chapters 3, 4, and 5 describe,
respectively, the three proposed color sys-
tems, in alphabetical order, namely, those of
C.olor Television, Incorporated, the Colum-
bia Broadcasting System, and the Radio
Corporation of America. These chapters
state theactualand potential performance of
the systems, in terms of the characteristics
listed in Chapter 2. Chapter 6 consists of a
comparison of the three color svstems and
the black-and-white system, and includes a
tabular tally sheet on which the systems
may be judged.

* Decimal classification: R583. Original manu-
script received by the Institute, July 12, 1950. This
material comprised the Report of {he Senate Advisory
Committee on Color Television to the Senate Com-
mittee on Interstate and Forelgn Commerce.

Swuart L. Bailey, Fellow, IRE
\Wm. L. Everitt, Fellow, IRE
Donald G. Fink, Fellow, IR

Newbern Smith, Senior Member, IRE.

No recommendation for the adoption of
a specific system is given, since the Com-
mittee believes that the decision to adopt a
system must include consideration of many
social and economic factors not properly the
concern of the technical analyst. It is hoped
that the report will provide a comprehensive
and understandable basis on which the tech-
nical factors may be considered in arriving
at a decision.

Il. NARRATIVE OF 1HE COMMITTEE
ACTIVITY

T'he Senate Advisory Committee on
Color Television was appointed in June,
1949, by its Chairman, Dr. E. U. Condon,
the Director of the National Bureau of
Standards, in response to a request by
Senator Edwin C. Johnson of Colorado,
Chairman of the Senate Committee on
Interstate and Foreign Commerce. The
letter from Senator Johnson to Dr. Condon
requesting the investigation, dated May
20, 1949, is appended to this report as
Annex A.

On May 26, 1949, the Federal Communi-
cations Commission announced that, at a
hearing to be convened to consider expan-
sion of the commercial television service,
evidence would be taken concerning the
possibility of instituting a public color-
television service. Excerpts from the FCC
Public Notice No. 49-918 relating to the
color-television aspects of this hearing are
appended as Annex B.

Meetings of the Senate Advisory Com-
mittee (hereinafter referred to as “the
Committee”) were held August 3, 17-19,
October 7-10, November 21-22, 1949,
January 19, 20, February 1, 20, 23, March
11, 14, April 26, May 22, and July 5, 6, 1950,
During these meetings, demonstrations of
color television were attended by two or
more members of the Committee as follows:
CTI system, February 20, 23, March 14,
1950; CBS system, October 6-10, Novem-
ber 21-22, 1949, January 20, February 1,
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The Senate Advisory Committee on Color Television, under the Chairmanship of Dr. .E. U. |
Condon, Director of the National Bureau of Standards and Senior I\Icn'll)cr of th.e IR, has lS.Sl.lc(l
a comprchensive report on the principles, practices, and major factqrs involved in co.l(?r television
systems, together with an analytical study of various presently available color television systems
(followed by appendices giving relevant and supporting technical data).

The members of the above committee are:

In view of its technical and tutorial value, the above report is here presented in full with the
consent of Senator E. C. Johnson, Chairman of the U. S. Senate Committee on Interstate and

It is further planned to publish in early issues of the PrRocrEDINGs OF THE |.R.E. summaries or
complete versions of reports of other committees actively studying technical and scientific aspects
of color television. These committees include the Joint Technical Advisory Committee (JTAC),
under the chairmansthip of John V. L. Hogan, and the National Television System Committee
(NTSC), under the Chairmanship of Dr. \W. R. G. Baker.

Itis believed that the membership will derive direct engincering benefit from these publications.

The Editor.

23, April 26, 1950; RCA system, October
6-10, November 21-22, 1949, January 19
23, 1950; Hazeltine demonstration, Mav
22, 1950. These demonstrations included the
comparative demonstrations of the color svs
tems before the FCC held November 21-22
1949, and February 23, 1950, at which all
members of the committee, or designated
alternates, were present.

At its meeting of November 21, 1949
the Conmunittee discussed the question of the
basic terms of reference of the report, par-
ticularly regarding the availability of addi-
tional channels not then contemplated by
the FCC proposals. A\s a result of this dis-
cussion, an inquiry was prepared and for-
warded 1o Senator Johnson as of February
2, 1950. A copy of this inquiry is appended
hercto as Annex C.

Shortly thereafter, the formation of the
President’s Communications Policy Board
was announced. In view of the contemplated
activity of this Board, Senator Johnson
advised the Committee to proceed within
the terms of rtference proposed by the
FCC, namely, to consider channels in the
very-high-frequency (vhf) band from 54 to
88 and 174 10 216 megacycles, and channels
in the ultra-high-frequency (uhf) band from
475 10 890 megacycles.

At its meeting of March 11, 1950, the
Committee inet with Senator Johnson and
discussed matters pertinent to the report.
The final report, approved unanimously at
the meeting of the Committee, July 5-6
1950, is presented herewith.

ITl. TERMS OF REFERENCE OF THE REPORT
(A) The 6-Mc Radio- Frequency Channel.

This report is concerned only with color-
television systems intended for a 6-Mc radio-
frequency channel, that is, a channel equal in
width to that now assigned to black-and-
white stations. Since color systems of supe-
rior performance have been demonstrated
using channels wider than 6 Mc the justifica
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tion for confining this report to the 6-Mc
channel is stated at the outset.

As shown in greater detail in Chapter 2,
the choice of the channel width in a tele-
vision system is necessarily a compromise
between gquality and guantity; quality of the
reproduced television image on the one hand,
and quantity of television service on the
other.

If the radio channel width were doubled,
a clearly perceptible improvement in the
quality of the image should be apparent,
but the number of channels available would
be halved, thereby greatly reducing the
possible number of stations.

Morecover, as the width of the channel is
progressively increased, the corresponding
improvement in picture quality apparent to
the observer under normal viewing condi-
tions, becomes less pronounced. There is, in
other words, a law of diminishing returns
that ultimately affects the attempt to im-
prove image quality by increasing the width
of the channel. On the other hand, no such
diminishing law affects the relation between
channel width and the number of channels.
Each time the channel width is doubled,
the number of channels is halved, and this
law holds without diminution as the channel
width is increased.

Evidently a point is reached, as wider
channels are considered, at which the slight
improvement in image quality afforded by a
substantial increase in channel width is not
worth the reduction of service that would
be entailed. The optimum channel width
must be chosen, therefore, by a body quali-
fied to judge that combination of quality of
image and quantity of service which best
serves the public interest.

This judgment has been entrusted by
statute to the Federal Communications
Commission, which established the 6-Mc
channel for black-and-white television as
early as 1937. This channel width provides
an image quality roughly comparable to that
of 16-millimeter home motion pictures, and
allows 12 channels to be assigned in the
very-high-frequency spectrum, due account
having been taken of the needs of other
services.

When a color-television service is con-
sidered, the optimum compromise between
quality and quantity, similarly determined
as meeting the public interest, does not
necessarily lead to the same value of channel
width. In fact, the addition of color to the
image brings about a degradation of certain
other qualities in the image (particularly
pictorial detail and freedom from flicker,
see Chapter 2) when the channel width is
unchanged. To avoid degradation of these
qualities in the color image, a wider channel
must be assigned.

In the face of this fact, a mitigating
circumstance has appeared, in the form of a
new development (known as “dot interlace,”
explained in Chapter 2) which is capable of
substantially improving the pictorial detail
of the television image, without requiring
any increase in the width of the chanrel.

Specifically, when dot interlace is
adopted in a color television system, the
technique can provide a color image whose
pictorial detail is substantially equal to that
of the black-and-white images currently
rendered to the public. This fact implies
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that color service, capable of being rendered
on a 6-Mc channel, may achieve a quality
generally as satisfactory as that of current
black-and-white broadcasts.

Another factor affecting the choice of
channe! widths is an economic one, relating
to the investment by the public in black-
and-white television receivers when color
television is first offered as a regular public
service. If the investment is substantial,
when compared to the ultimate per capita
investment to be expected in the then fore-
seeable future, it is desirable that after any
change or extension of the television service,
the service can be used with then-existing
receivers with a minimum of expense, in-
convenience and/or degradation of the
quality or quantity of the service. If the
new service operates on channels wider than
6-Mc, existing receivers cannot use the new
service.

Based on the foregoing analysis, the Com-
mitlee concludes thal the allocation of 6-
Mc radio-frequency channels for color tel-
evision is the proper compromise belween
the quality and the quantity of the color
service.

(B) Comprehensive Nature of Systems Con-
sidered,

In restricting its consideration to three
color-television systems, the Committee is
aware that certain other systems, known to
the members, might have been considered.
The report is confined to these three systems,
not merely because they are the ones actively
proposed at present, but rather because they
comprise, as a group, all of the basic types of
sequential color systems.

Television images, as outlined in greater
detail in Chapter 2, consist of picture cle-
ments (dots) arranged along lines, the lines
being assembled to cover the field (the pic-
ture area) A succession of fields is trans-
mitted to create the illusion of continuity
and motion in the image. The dot, the line,
and the field are then the three basic ele-
ments of a television picture. No matter how
the picture is analyzed in the television
camera or synthesized at the receiver screen
the process of transmission can always be
described in terms of these three elements.

It is most fortunate, therefore, that the
systems of color television actively proposed
are based respectively on these three attri-
butes of the image. The RCA system is a
dol system, since the color is assigned to
successive picture elements, or dots, of the
image. In the CTI system, a line system,
the color is assigned to successive lines of
the image. The CI3S system is a field system,
the color values being assigned to successive
fields of the image. Other color systems
(notably the simultaneous system developed
in 1946 by RCA but discontinued in favor
of the dot system) are known, but they are
difficult if not imnpossible, to adapt to a 6-
Mc channel.

1f, therefore, only 6-Mc systems are lo be
considered, the Committee concludes that
the color television system wultimately
adopted must be either a dol sequential
system, a line sequential system or a field
sequential system. No other methods need
be considered, in the light of present or
foreseeable technical developments.
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(C) Mutually Exclusive Nature of the Color
Systems.

Because the three color systems herein
discussed are based on fundamentally dif-
ferent aspects of the television image, they
are to a very large extent mutually exclusive,
so far as public service is concerned. All use
the 6-Mc channels, and in many other
respects are similar (each uses the same type
of sound system, for example). Each, how-
ever, is fundamentally different from the
others in the way in which the color values
are distributed among the dots, lines, and
fields of the image, and this difference is so
profound that the receivers for one system
cannot be converted to another except at
considerable expense.

At the present stage of the art, a uni-
versal receiver, capable of receiving trans-
missions of all three types, would represent
three separate receivers in a single cabinet,
with certain elements in common. Changing
the connections of the common elements,
to convert from the dot-system to the line-
system or to the field-system of reception
would involve a highly complicated and
vulnerable mechanism. Moreover, the com-
promises inherent in the design of such a uni-
versal receiver would most certainly impair
the performance of at least one system, and
perhaps of all three systems.

Past experience, notably in Great
Britain in 1936, with multiple standards of
television transmission has proved that such
action encourages a portion of the viewing
public to purchase equipment which loses
its value when the final decision is made
among the multiple standards. The decision
can be made, and should be made, on the
basis of analyses and tests conducted prior
to the inauguration of the public service.
Moreover, these analyses and tests are well
under way, and the final decision can be
made without unwarranted delay. But any
authorization of color television transmission
on a multiple-standards basis is a guarantee
of confusion that may well impose a much
greater delay in the development of the
color-television service.

The Commiltee concludes that one and
only one of these systems should be
licensed for service lo the public and that
therefore the decision among the dot, line
and field systems must be made in ad-
vance of the introduction of a color tele-
vision service

IV. SUMMARY

In summary, the Committee bases this
report on the following basic conclusions.

1. A 6-Mc radio frequency channel is
adequate for color television service,
and represents a proper compromise
between quality and quantity of serv-
ice.

2. The three systems of color television
herein described comprise all of the
basic systems of color television which
need be considered for a 6-Mc chan-
nel.

3. The three systems are mutually ex-
clusive. One, and only one, of these
systems must be chosen in advance of
the inauguration of a public color
television service.




———— e~ —————— ety

982

CHAPTER 2—COLOR TELEVISION
PRINCIPLES

V. NaTURAL VIsION VERSUs TELEVISION

In natural vision, the scene before the
observer is focused on the retina of the eye,
which contains millions of tiny light-sensi-
tive elements, all of which are continuously
exposed. These retinal elements are con-
nected to the optic nerve, which comprises
hundreds of thousands of separate fibers,
each of which is capable of carrying a part
of the visual impression to the brain. In
this manner all parts of the scene are appre-
hended simultancously.

When an artificial medium, such as mo-
tion pictures or television, is interposed
between the scene and the eve, it is not prac-
ticable to imitate the continuous nature of
the actual scene. Rather, it is necessary to
present to the viewer a rapid succession of
still pictures, each differing very slightly
from the ones preceding and following it.
In motion pictures, this is done by printing
a succession of pictures on a strip of film
and passing the film through a projector.
Each picture on a movie film is a compre-
hensive still picture of the whole scene. In
motion pictures, therefore, the camera
apprehends the whole scene at once, but
it does so in discontinuous fashion, one still
picture at a time,

In television, a similar succession of
still pictures is transmitted, but it is not
practicable to transmit the whole area of
cach sull picture at once. This would re-
quire hundreds of thousands of separate
cable or radio circuits, corresponding to the
hundreds of thousands of separate fibers in
the optic nerve. Any channel of an electrical
communication system using telephone lines
or radio waves can transmit only one thing
at a time. Therefore the picture must be
analyzed into a finite number of picture
elements whose light intensity must be
converted into signals one after the other,
sent over the communication channel, and
reassembled on the viewing screen in the
proper position, all within the time nor-
mally used in a motion picture for show ing
one frame. The numbse of picture elements

which must be distinguished in television is
dependent upon the detail desired.

If the processes of dissecting and reas-
sembling are carried out very rapidly, the
whole receiver screen appears 1o be illumi-
nated simultancously.

V1. TELEVISION SCANNING: “READING”
THE CONTENT OF THE SCENE

Television images are dissected and
reassembled by a process known as “scan-
ming,” a term which arises from the simi-
larity of the process to the action of the eye
in scanning pages of printed matter. The
cye reads from left 1o right along the first
line of type, then returns rapidly to the be-
ginning of the next line, scans it, and so on
until the bottom of the page is reached. The
page is then turned, and the process is re-
peated on the next page.

In a televised scene, corresponding to
the individual letters of print are rapid or
gradual variations in light and shade, de-
pending upon the nature of the scene. These
variations are arranged in horizontal lines,

PROCEEDINGS OF I'llls R E.

like lines of print, and the lines are arranged
parallel to one another, filling the picture
arca. In the television camera the variations
along the uppermost line are explored
rapidly from left to right, and signals are
generated which correspond to the degree of
light or shade along the line. W hen the first
line is thus scanned, another line below the
first is similarly covered, and so on, until
the bottom of the picture is reached. In a
communication system the signal cannot
change abruptly from one value to another,
and the shortest distance along the line
which can be made to change from white to
black is called a picture element. The
shorter this distance the greater is the detail
which can be transmitted, but the greater
are the requirements on the system, par-
ticularly the wider is the bandwidth which
must be allocated to the communication
channel. In some cases these picture ele-
ments may be made up of dots definitely
located along the lines, but in the present
black-and-white system variations may start
or stop at any point and no dot structure is
observable, although the line structure
always is observable. However, for purposes
of explanation these picture elements will be
generally referred to as dots.

Like the lines of print in a double-
spaced typewritten page, cach line of ele-
ments is separated fromn the line above it
and the line below it by a blank space of the
same height as the line. The blank spaces
are filled in during the next successive scan-
ning of the picture area. The two sets of lines
are thus “interlaced” one within the other.
As these two sets of lines are scanned, all of
the light and shade values, over the whole
area of the picture, are translated into a
succession of eclectrical counterparts. The
picture is scanned in two sets of interlaced
lines, rather than in one set of consecutive
lines, in order to minimize flicker in the
image. This is explained in Section VIII.

At the receiver, a spot of light moves
across the picture screen in the same scan-
ning motion. Acting under the control of the
broadcast station, the spot changes in
brightness as it moves along each line and
thus recreates the light and shadows of the
original scene. Since the light spot on the
viewing screen moves in precise step with
the scanning processat the television camera
cach dot of light falls in its proper place,
and has its proper value of light or shade.

This description of scanning shows how
important it is that the operation of the
television system be standardized. Once the
number of lines and the number of pic-
tures per second have been established, it is
essential that all receivers be capable of
operating with that number of lines and that
number of pictures per second. Any change
in the scanning standards adopted for the
transmitter thus requires an exactly equiva-
lent change in the scanning process at each
of the many millions of receivers in the hands
of the public.

VII. PictoriaL DEraiL: How Many
Dots IN THE PIcTURE?

The choice of scanning standards starts
with this basic question: How many dots are
required in the whole picture area to repro-
duce a picture of acceptable quality?
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If there were no economic limitatiors
and if the radio spectrum was limitless, it
might be desirable to transmit a picture
containing many millions of dots. Thus an
8- by 10-inch printed photo engraving of
the highest quality (150-line-per-inch half-
tone, printed on high-gloss paper), contains
about 2 million dots. Such a picture can
be examined closely by the unaided eye,
without the dots themselves becoming sep
arately visible.

In television and motion pictures, it is
not necessary to examine the picture mi-
nutely. \WWhen a performance is to be viewed
continuously for many minutes or hours, in
fact, it is necessary that the whole picture
area be contained within such a ficld of view
as to avoid excessive movement of the neck
or eyes. For example, most people find it
uncomfortable and fatiguing to view con-
tinuously a picture one foot high from a dis
tance less than three feet. This ratio of
viewing distance to picture height applies
equally well with other picture sizes: ic
the minimum viewing distance, to avoid
excessive fatigue, is generally taken to be
three times the height of the picture. Many
individuals cannot look for long periods at
a picture unless it is viewed from a consid-
erably greater distance than this, say five to
eight times the picture height. These points
are indicated by the location of the seats
chosen in a motion picture theater by pa
trons who have a free choice.

\When the image is to be viewed at a
distance greater than three times the pic-
ture height a pictorial detail of several
hundred thousand dots suffices, as against
the millions of dots that would be required
for closer inspection. If a larger number of
dots were used, the excess would be wasted,
since the eye cannot perceive the additional
detail from a distance.

This limit on required detail has led to
the choice of various sizes of motion-
picture film. Professional 35-mm filn1, as
commonly projected in motion picture
theaters, has a pictorial detail equivalent
to about one million halftone dots. The
16-mm movie film, used by the advanced
amateur, has the equivalent of 250,000
halftone dots in lhe‘picturc arca, when film
and projector are in first-class shape. The
average perforinance of 16-mm home-movie
film and projectors is such, however, that
the effective pictorial detail seldom exceeds
the equivalent of 200,000 dots. The smallest
movie film currently used is the 8-mm size.
This film has the equivalent of about 50,000
halftone dots in the picture area.

The pictorial detail offered by various
motion-picture systems, professional and
amateur, is a compromise. The upper limit
is set by the cost of film and processing,
cameras, and projectors. The lower limit is
set by the reactions of the viewer, who
objects to an image having so little detail
that it is incapable of portraying a wide
variety of subjects satisfactorily. All those
who have viewed 16-mm and 8-mm movies
of the same subject matter are well aware of
the greater sharpness of the larger films.
In payment for the superior performance
of the 16-mm system, approximately four
times as much money must be paid for film
and processing for a given period of viewing
time, relative to the 8-mm type. Accord-
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ingly, economic factors have given the 8-
mm film a commanding position in the
amateur film market. At the other end of
the scale, movie theatres employ virtually
nothing but 35-mm film to meet the high
standard required for elaborate and expen-
sive production.

In television, a similar compromise must
be found, since it is expensive to set up a
television system having too much detail
in the image. The expense resides not only
in the extra cost oi transmitiing and re-
ceiving equipment, but also in the extra
space occupied by the television channels in
the radio spectrum. In a given portion of the
spectrum, for example, the number of chan-
nels which can be accommodated varies in
inverce proportion to the number of picture
elements in the image, all other factors
remaining unchanged. Thus, a change from
a television system approximately equiva-
lent to 16-mm home movies (200,000 dots)
to one equivalent to 35-mm professional
movies (1,000,000 dots), would force a
reduction in the number of channels in the
ratio of five to one. For the sake of complete-
ness, it should be mentioned that on the
basis of geometric resolution alone a
200,000-dot motion picture system will be
superior to a 200,000-dot television system,
because the line structure is not present in
4 motion picture.

Faced by this conflict between gquality
(pictorial detail) on the one hand an
quantity (number of stations and choice of
programs) on the other hand, the Federal
Communications Commission in 1941
adopted for public television broadcasting a
black-and white system having about the
equivalent of 200,000 halftone dots in the
picture area. This choice appears to have
merit, because it follows the standard of the
best visual medium of entertainment hither-
to used in homes, 16-mm home movie sys-
tems. More fundamentally the 200,000-dot
television system permits the picture to be
viewed at a distance as close as four times
the picture height, without the picture struc-
ture’s becoming too cvident. This viewing
distance is close to the minimum value of
three times the picture height, set by the
fatigue factors previously discussed.

When it is decided that the television
picture should be equivalent to 200,000
halftone dots, it is necessary to select the
number of lines and the number of dots per
line. This is not a critical matter. For ex-
ample, a picture of 400 lines, each having
500 dots, would provide a 200,000-dot pic-
ture (200,000 =400 X 500). A picture having
500 lines, each containing 400 dots, would
serve equally well. The present black-and-
white system employs 525 lines, about 490
of which are actually visible on the screen,
and each line has the equivalent of about
420 dots along its length. As previously
stated, the 490 visible lines are actually
scanned in two sets of 245 lines each, one
set interlaced within the other.

Experience with the 525-line black-and-
white system since 1941 has shown that it
provides an adcquate basis for a public
television service, so far as pictorial detail
is concerned. But this is not to imply that
additional detiil would not be desirable if it
were available without excessively reducing
the guantity of service. For this reason, the
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ntroduction of dot-interlace to the black-
and-white system is being considered. This
recently-developed technique would increase
the pictorial detail of the black-and-white
image from 200,000 dots to something over
350,000 dots, without any increase in chan-
nel width.

Before leaving the question of pictorial
detail, it must be emphasized that this as-
pect of television system performance is
capable of a considerable degree of misin-
terpretation in comparing the merits of
different proposals. The difficulty arises
from the various types of subject matter
which may be portrayed by television.

When a scene is viewed in a close-up
shot, as for example when the face of a per-
former fills the whole screen, not much pic-
torial detail is required. To show the essen-
tial features and details of a face it is not
necessary to use more than 50,000 dots, as
experience with the 8-mm movie system has
amply demonstrated. \When, however, it
is desired to show the whole area of a base-
ball diamond, or some other equally exten-
sive subject, the requirement for pictorial
detail is very much larger. In fact 200,000
picture elements may then be insufficient to
show more than the bare outline of the
individual players.

Since a television system is called upon
to depict both close-ups and long shots,
sufficient pictorial detail must be provided
to take care of the long shots, desgite the
fact that a large part of the detail is wasted
when close-up shots are being transmitted. A
test of a television system which comprises
only close-up shots does not reveal the
pictorial-detail limit of the system. Such
tests must show the whole range of subject
matter for which the television system is
intended.

Since the appreciation of pictorial detail
is a highly individual reaction of the
viewer, it is unlikely that complete agree-
ment on this aspect of system performance
will be reached by all participants in a
test. But it is possible to state categorically
the effect of pictorial detail in the following
terms:

Consider a suhject viewed in a close-up
shot, and suppose that the camera moves
back from the subject so that the close-up
shot gradually becomes a medium-length
shot and finally a long shot. At some point,
as the camera recedes from the subject, a
given viewer will find that the pictorial
detail becomes inadequate and the portrayal
is unsatisfactory. This is the point at which
the pictorial detail of the image becomes the
limiting factor, for that particular observer.

If now the picture detail in the television
image is increased, the area viewed by the
camera can be increased in the same propor-
tion, without exceeding the critical limit set
by that ohserver. Suppose for example, that
the number of dots is increased four times,
from 50,000 to 200,000. Then the camera
can take into view an area four times as
great, with the same degree of visual satis-
faction. In concrete terms, if the face of one
actor can be shown, with a given degree of
satisfaction, on a screen of 50,000 dots, four
actors can be shown with the same degree of
satisfaction with a screen of 200,000 dots;
if the action covering 1,000 square feet of a
basketball court is portrayed satisfactorily
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with a 50,000-dot image, action covering
4,000 square feet may be portrayed with the
same satisfaction with 200,000 dots.

Any limitation in the detail of the tele-
vision image constitutes, therefore, a lini-
tation on the program director with respect
to the area which he can pick up withagiven
degree of satisfaction. If the pictorial
detail is low, say, 50,000 dots, the camera-
man must use close-up shots almost exclu-
sively; whereas if 200,000 dots were avail-
able, medium shots could be used with the
same degree of satisfaction. Finally, if
very high detail were available, say a million
or more dots, long shots would display the
same degree of visual distinction as medium
shots and close-ups.

It follows that the flexibility with which
the program director can use lenses and cam-
eras is intimately tied up with the detail
provided in the image, and any restriction
on pictorial detail implies a restriction on
the use of the camera. It is true that this
restriction can be circumvented in many
types of programs by rapid switching from
camera to camera, each showing a close-up
shot. In athletic contests and other large-
scale presentations, however, the restriction
on viewing angles may prevent the viewer
from following the over-all aspect of the
action. This limitation is clearly evident in
telecasts of footballand hockey, but is much
less noticeable in the confined arena of a
boxing or wrestling match.

The technical term for pictorial detail
is “resolution,” because this quantity repre-
sents the ability of the television image to
resolve the fine details of the scenes it de-
picts. As we have seen, resolution is meas-
ured by the total number of equivalent half-
tone dots in the image. The number of equiv-
alent dots along each line (conventionally
measured as the number of dots in a dis-
tance equal to the picture height) is the
“herizontal resolution.” The number of dots
resolved at right angles to the lines is known
as the “vertical resolution.” As outlined in the
following chapters of this report, resolution,
measured in the horizontal and vertical
directions, is one of the basic criteria by
which the proposed color television systems
must be compared.

VIII. Imacr ConTINUITY: HOWw MANY
PicTUrRES MUsT BE TRANSMITTED PER
SECOND?

The second question in the choice of
scanning standards is the number of com-
plete pictures to be sent per second. In
considering this question it is necessary to
have clearly in mind the meaning of the
terms “field” and “frame.” In Section VI
it was pointed out that the television image
is scanned in two sets of lines, one inter-
laced within the other. One set of these
lines, having blank spaces between lines, is
known as a field. The lines of one field cover
only one half the area of the picture. The
other half of the area (the space between
the lines) is filled in by the lines of the
next successively scanned field. tlence all
points in the picture have been covered
when two successive fields have been
scanned. Two successive fields, conprising
all the lines in the image, are known as a
frame.

To insure continuity in the motion of
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the image, it is necessary that the fields suc-
ceed one another at a rapid rate. If the fields
are presented at a rate slower than about
15 per second, the apparent motion in the
image will be disjointed or “jerky.” This
corresponds to running a motion picture
filin through a projector at too slow a speed.

In practice the rate of scanning the suc-
cessive fields must be much higher than
this minimum value of 15 per second,
because of another effect known as flicker.
Flicker appears because the light on the
screen is cut off between the successive pic-
tures. If the rate of scanning successive
fields is too low, the light on the screen
will appear to blink on and off in a manner
which is annoying to watch and induces
severe visual fatigue. 1f the successive fields
are scanned at a sufficiently rapid rate, how-
cver, the sensation froin one picture persists
throughout the dark interval between fields
and the screen appears as if it were con-
tinuously illuminated.

The lrighter the television image, the
more perceptible is the flicker. Hence, in
deciding how many fields must be scanned
cach second, it is necessary to decide how
bright the picture must be, and then choose
1 field rate high enough to avoid flicker at
that level of brightness.

Different  compromises have been
adopted in this respect in different countries.
In Great Britain, the pictures are scanned
ataraie of 50 fields per second, whereas in
the United States, in the black-and-white
system, they are scanned at 60 fields per
sccond. The brightness at which flicker is
perceptible goes up very much faster than
the increase in fiell rates, with the result
that the American rate of 60 per second
permits pictures to be about 6 times as
bright as the British pictures. In conse-
quence, British receivers must be viewed in
a darkened room, whereas most American
receivers can be viewed satisfactorily in
rooms illuminated by direct daylight.

Two types of flicker must be distin-
guished in comparing the performance of
color television systems. The first is “large-
area flickcr,” which applies to the whole
area of the image, or to any bright part of
the image occupying a substantial portion
of the field of view. The more closely the
image is viewed, the larger is the portion of
the field of view occupied by the bright
portions of the image, and the more notice-
able is the large-area flicker effect,

The second type of flicker, known as
“small-area flicker,” appears in areas having
the size of a few picture elements or the
width of a few scanning lines. This type of
flicker is most noticeable on close inspection
of the image, but it may be apparent at
normal viewing distances under certain
conditions.

One form of small-area flicker applies to
individual scanning lines. \We have noted
that each picture is scanned successively in
two sets of lines, one set interlaced within
the other. Hence any one line in the image
is illuminated only half of the time, and the
flicker rate which applies to a single line is
accordingly half that applying to the image
as a whole. This low flicker rate gives rise
to the so-called interline flicker and line
crawl. Interline flicker manifests itselfl as a
blinking of thin horizontal lines in the image,
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such as the roof line of a house. Line crawl is
an apparent motion of the lines upward or
downward through the image, due to the
successive illumination of adjacent lines in
the picture, particularly in bright parts of
the image.

Flicker can be controlled either by dim-
ming the image, or by increasing the rate
at which the successive fields are scanned.
Both methods of flicker control are subject
to severe limitations. If the image is dimmed
too far, the fine detail in the iinage cannot
be perccived by the eye, and eyestrain re-
sults. Also, even at considerably brighter
levels than the eyestrain limit, it is necessary
to darken the rooin to secure accurate
rendition of all the shades of gray (in a
black-and-white picture) or all the satura-
tions of color (in a color picture). On the
other hand, if the picture-scanning rate is
raised too high, the spectrum space required
by the signal becomes exorbitant, as ex-
plained in Section X below. The choice is
essentially a compromise. Experience has
shown that rates between 48 and 60 fields
per second are required to produce flicker-
free pictures of adequate brightness.

In passing, it should be noted that the
picture scanning rate is sometimes expressed
in frames per second. Since a frame contains
two scanning fields, the frame rate is one-
half the field rate. Thus the G0-field per
second rate of the American black-and-
white system may also be stated as 30 frames
per second. The most useful term, applicable
to both black-and-white and color systems,
is the rate in fields per second, and this term
is used in this report unless specifically stated
otherwise.

IX. CHANNEL WiDpTH: HOow MaNy
MEGACYCLES FOR A TELEVISION
Station?

The channel width required by a tele-
vision station is determined directly by the
scanning specifications described in the
preceding paragraphs, namely the number of
equivalent dots per picture and the number
of fields transmitted per second.

Therelationship between these quantities
can be traced as follows: From Section VII
we recall that the standard black-and-white
picture corresponds to about 200,000 dots,
and that these dots are distributed in two
sets of interlaced lines. One set of the inter-
laced lines (one field) thus encompasses
about 100,000 dots. From Section VIII we
recall that the fields are transmitted one
after the other at a rate of 60 per second.
Nominally, then, 100,000 dots must be
transmitted in 1/60 of a second. Actually,
since a portion of the lines is not visible
in the picture the time available is about
1/80th of a second. Consequently, the rate
of transmitting dots (100,000 of them in
1/80th second) is about 80 by 100,000 or
eight million dots per second.

To transmiit picture dots at a rate of eight
million a second, it is necessary to employ a
channel width of at least four million cycles
per second (4 Mc). This bandwidth of 4
Mc is required for the picture alone and is
referred to as the video channel. [n addition
to this 4-Mc minimum requirement, chan-
nel space of about 0.2 Mc must be allowed
for the sound transmission, and additional
space must be allowed to prevent mutual
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interference between the picture and sound
signals of the station. Finally a substantial
amount of additional space (about 25 per
cent) must be allowed to permit proper
operation of the television transmitter and
receiver (to permit “vestigial sideband”
operation). When all these requirements are
added, the radio-frequency channel width
required for transmitting picture dots at a
rate of eight million per second plus associ-
ated sound, is 6 Mec.

The foregoing discussion shows that the
channel width is determined fundamentally
by the number of picture elements (dots)
in cach field multiplied by the number of
fields transmitted per second. If the number
of dots were increased from 200,000 to
400,000 per picture, the channel width
would have to be doubled. Similarly if the
number of fields per second were increased
from 60 per second to 120 per second, the
channel width would have to be doubled. If
both the number of dots and the number of
fields per second were doubled, the ehanncl
width would have to be quadrupled.

When the channel width is fixed at 6 M
as is assumed throughout this report, and
in the absence of dot interlace, the number
of dots can be increased above the 200,000-
dot limit only if the number of fields per
second is correspondingly reduced below the
60 per second figure. Alternatively, the
number of fields per second can be increased
only if the number of dots is proportionatels
decreased.

The dots represent pictorial detail, and
the field rate determines the brightness at
which flicker hecomes apparent. Hence
pictorial detail can be increased only at the
risk of incurring flicker, and flicker can be
controlled only by incurring a loss in pic
torial detail, once the channel width and
picture brightness have heen decided upon

The conflict between pictorial detail and
flicker has occupied the center of the stage
in television development for many years.
One result of this conflict is the division of
the lines in a television picture into two
groups, one interlaced within the other. This
technique of “lien interlace” was developed
as early as 1934 to reduce flicker while
maintaining the pictorial detail at a satis-
factory level. In line interlacing, the area of
the image is illuminated twice while the
pictorial detail (200,000 dots) is laid down
only once. While interlacing introduces
interline flicker and similar small-area de-
fects, these faults are worth accepting in
favor of the general reduction of flicker
and the permissible brightening of the pic
ture.

Much more recently (first announced
publicly in 1949), an extension of this
principle known as “dot interlace” was de-
veloped. In dot interlace, the picture ele-
ments along each line are arranged with
blank spaces between them. In other words
they are actual dots, and the blanks are
filled with dots on the next scanning of that
line. When added to the line interlace just
discussed, the dot-interlace system permits
the area of the picture to be illuminated
four times while the pictorial detail is laid
down once. \Vhen the frequency of illumi-
nation is maintained at 60 fields per second,
dot interlace plus line interlace thus per
mits all the pictorial detail to be laid down

I
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in 1/15th second (actually about 1/20th
second when the blanked-off portions of the
lines are taken into account). Dot interlace
therefore permits 400,000 dots to be accom-
modated in the picture as contrasted with
200,000 dots when only line interlace is
used.

X. CorLor REproDUCTION: THE ROLE
of PriMARY COLORS

The addition of color values to a tele-
vision picture involves the reproduction of
the thousands of different colors which the
eye can distinguish. This seemingly formid-
able task is vastly simplified by the fact
established in Newton's time, that all colors
can be very closely represented by combin-
ing just three colors, known as primary
colors.

There are two types of primary colors.
When the reproduction is effected with
layers of colored material, one on top of
another, through which light must pass in
succession, the so-called “sublractive pri-
maries” must be used to obtain a satisfac-
tory range of mixture colors. The subtrac-
tive primaries are red, blue, and yellow.
These are the familiar primary paint colors
known to students in elementary school.
Subtractive primaries are used in oil and
water-color paintings, in color printing, and
in color photography (prints and transpar-
encies). In color printing and photography,
the primary colors used are a bluish red
(“magenta”), a greenish blue (“cyan”), and
a greenish yellow. These subtractive pri-
maries are the ones most commonly known
to the public.

In color television, the reproduction is
not effected with layers of colored material
one over the other, but rather consists of
individual lights of the primary colors pre-
sented. one after the other in time sequence.
For this type of color reproduction, the so-
called “additive primaries” must be used.
The additive primaries are red, blue, and
green, If pieces of red glass and green glass
are placed one beside the other (not one on
top of the other) and white light is passed
through them in such a manner that the red
and green light thus formed falls on the same
area of a viewing screen, the combined light
will have a yellow color. If red, greep, and
blue glasses are similarly employed, the
combined light on the screen will appear
white, or near white.

With these primaries combined in proper
proportions it is possible to reproduce any of
the hues of the visible spectrum, plus purples
which do not appear in the spectrum, plus
all the shades of gray from white to black, as
well as mixtures of the above. With only
three primary colors it is not possible to re-
produce all the spectrum colors exactly, but
the color match can be made so close that
only simultaneous inspection of the original
color and the reproduction will reveal the
difference. Experience with various types of
color photography has shown, in fact, that
a highly realistic rendition of natural colors
can be achieved with three properly chosen
primaries.

When only two primary colors are used,
the rendition is very much less realistic. The
primaries customarily used in the two-color
process are a red-orange and a green-blue.
With these, it is not possible to reproduce a
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pure (saturated) red, a pure blue, a pure
yellow, or a pure green. Some improvements
have been obtained by making the two pri-
mary colors change with brightness, but
even so a system of such limitations cannot
properly reproduce the colors in nature. For
this reason, two-color processes have not
been widely employed in motion pictures,
nor have they been proposed for public
color-television service. All of the color-
television systems discussed in this report
use the three additive primary colors, red,
green and blue.

Since at least three primary colors must
be used to achieve realistic color reproduc-
tion, it follows that three color images must
be transmitted by a color-television system.
The three color images are transmitted in
sequence, hence the name “sequential color
television system.” In the dot-sequential
system, the primary colors are assigned to
successive dots of the image. In the line-
sequential system, the primary colors are
assigned to successive lines of the image. In
the field-sequential system, the colors are
assigned to successive fields of the image.

The manner in which the colors are inter-
spersed is discussed in detail in the following
chapters relating to the three systems. Here
it suffices to say that three separate images,
one in each of the primary colors, must be
dissected in a particular sequence at the
transmitter and reassembled in the same
sequence at the receiver. The dissecting and
reassembling processes are performed so
rapidly that the primary colors are not
separately perceived one after the other, but
appear to the observer to blend or “fuse,” as
though they existed simultaneously.

Thus, while it is true that only one pri-
mary color is actually present on the receiver
screen at any one instant in each of the
three sequential systems here described, per-
sistence of vision causes the picture screen to
appear as if all three primary colors were
present simultaneously, throughout the
area of the screen. We may then conclude
that a color television image is equivalent to
three images superimposed one on top of the
other, each image being made up of light of
one of the primary colors. As we shall see
later, in each of the proposed systems the
color images may be somewhat less detailed
than the equivalent black-and-white image.
But this is a difference merely of degree. In
principle, a three-color television system
employs the equivalent of three images,
each depicted in light of one of the primary
colors.

An important implication of this princi-
ple is this: All other factors being equal, the
video channel occupied by a three-color
television system must be three times as
wide as that required for an equivalent
black-and-white system. A color system
equivalent in pictorial detail to the black-
and-white system must transmit three
images, cach containing 200,000 dots, and all
these images must be transmitted in the
same time as that of one image in the black-
and-white system. Hence the rate of trans-
mitting picture elements (dots) in color is
three times the rate in black and white, and
the viden channel width must be trebled to
accomtnodate the transmission.

If a color-television system is to be fitted
into a 6-Mc channel, something must be
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sacrificed. Either the dots must be reduced
in number, thereby reducing the pictorial
detail, or the number of scanning lines must
be reduced, thereby again reducing the pic-
torial detail, or the rate of scanning the
fields must be reduced, thereby incurring
flicker unless the picture brightness is
dimmed by a substantial amount, or the
number of fields per color picture must be
increased, thereby increasing the blurring
of motion. Some such compromise has been
adopted in all three of the proposed color
systems. The nature of the compromise, and
its effect on the over-all image quality, is an
important basis on which the systems must
be compared.

The fact that three separate, apparently
superimposed, images are involved in a
color-television system gives rise to several
potential sources of trouble. The first is “im-
proper registration.” The three primary-color
images must be precisely the same size, have
precisely the same shape, and must appear
to lic one directly over the other if the color
reproduction is to be accurate. Lack of regis-
tration is familiar in color printing. It occurs
when the impression of one printing plate is
out of position with respect to the other
impressions. The outlines of objects are
thereby blurred, the fine detail of the image
is obliterated, and objects are outlined with
color fringes.

Considerable care is required in the de-
sign and operation of a color-television sys-
tem to secure proper registration. The three
types of systems described herein employ
different methods to secure registration, and
their performance in this respect differs, as
outlined in Chapter 6. In particular, the
field-sequential camera has at present better
performance in this respect than the dot-and
line-sequential cameras.

The second source of difficulty, rooted
in the sequential nature of a color-television
image, is known as “color breakup.” When
the eye moves while viewing a color-tele-
vision image, either casually or in following
the motion of the image, the successive
fields laid down on the screen occupy slightly
different positions on the retina of the eye.
If each successive field is displayed in one
primary color, as in the field-sequential
system, the separate primary colors are then
visible in the form of fringes around the out-
lines of objects. This effect is present only in
the field-sequential system, since in the dot-
and line-sequential systems the color-switch-
ing rate is many times greater. Fortunately,
the majority of observers possess, or soon
acquire, a substantial tolerance for the color-
breakup effect, under normal conditions.

The third effect is color fringing. This
occurs when a rapidly moving object is
televised in color. If the object has color
components in more than one primary (as
do the vast majority of objects), and if the
object is scanned in successive fields of dif-
ferent color (as in the field-sequential sys-
tem), the object will be scanned in one color
on one field and in another color on the next
successive field. If the object is moving
rapidly, its position on the screen will have
changed between the successive scannings,
and the object will appear fringed with color
or, if the motion is very rapid, as several ob-
jects in different colors. Like color breakup,
color fringing does not occur to a noticcable
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degree in the dot-sequential and line-sequen.
tial systems, since the color-switching rate
is many times greater,

XI. CorLok FipELiTY. HOWw TRUE Is
TiE COLOR REPRODUCTION?

It is evidently of paramount importance
that the reproduced colors be sufficiently
faithful copies of the original colors to induce
a sense of realism in the observer. A first re-
quirement of faithful color rendition is that
the primary colors employed at the receiver
are chosen to cover a suitably wide gamut of
colors. Since a free choice of phosphors and
color filters is open to all, this factor does not
necessarily operate to the advantage of one
system over the others.

A second requirement for proper color
rendition is color balance, a term that indi-
cates that the brightnesses of the three
primary-color images are in proper propor-
tion. This is especially important when all
three primaries are combined to produce a
white (or nearly white) element in the pic-
ture. Unless the three primary images are in
precise balance, the element intended to be
white will exhibit a greenish, reddish, or
bluish tinge (or other off-color tinge), de-
pending on what primary (or what pair of
them) is present in disproportionate bright-
ness. Color balance is particularly important
in reproducing the delicate tones of flesh
color. A slight excess of green, for example,
can transform a ruddy glow into a sickly
pallor. Color balance requires the correct
choice of camera color filters to accord with
the recciver color primaries and with the
lights used in the studio. It also depends
upon the correct operation of the transmit-
ter, the correct functioning of the receiver,
and the correct adjustment of contrast. Here
again these basic techniques of maintaining
color balance can be used by all three sys-
tems, although there are differences in the
ease with which it can he accomplished.

So long as the dots, lines, and fields occur
in their proper places and in the proper se-
quence, and so long as the proper color
balance is maintained, a high standard of
color reproduction is possible in each of the
proposed systems of color television. The
observed differences in color fidelity are
ascribable partly to poor color balance. and
partly to lack of registration (of dots, lines,
or fields with minor effects due to color
breakup and color fringing as described in
Section X).

XI1I. THE ApDITION OF Brack-anp-
WHITE DETAIL TO A CoLor IMAGE

In color printing it is customary to em-
ploy four impressions, one in each of the
primary colors, and the fourth in black (or
dark brown). The black plate impresses
shades of gray over the colors. One purpose
of the black impression s to overcome an
inherent shortcoming of the primary-color
printing inks which, by themselves, are not
able to represent as dark shades of gray as
may be desired. Another purpose is to pro-
vide one impression (the black impression)
which carries the basic pictorial detai! of the
subject, and thus relax 10 some extent the
need for precise register among the three
primary-color impressions.

This printing technique suggests that a
similar method might be used in color tele-
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vision. It all the fine picwrial detail of a
color-television image is presented in shades
of gray, the detail of the primary colors may
be allowed to be somewhat coarser without
adverse effect on the over-all sharpness of
the colar image. ‘This would allow an image
of given sharpness to be sent over a narrower
channel than would be required if the pri-
mary colors were sent in full detail and no
gray image was employed.

Suppose, then, that the color image is to
have a pictorial detail corresponding to
200,000 dots, equal to the detail of the pres-
ent standard black-and-white image, and is
to be sent at a field rate of 60 per second
with conventional line interlace. Suppose
further that all fine details having a width
not greater than corresponding to two dots
are transmitted only in shades of gray,
whereas all details of width greater than two
dots are transmitted in three colors. Then
the fine detail in the gray image corresponds
to frequencies from 2 to 4 Mc and thus re-
quires a video channel width of 2 Me, while
each of the three primary color images cor-
respond to frequencies from zero to 2 Mc and
thus require three more video channels of
2 Mc. The total video channel width is there-
fore 8 Mc. By the method of dot interlace
the three 2-Mc color channels may now be
interspersed and compressed. In the RCA
form of the dot-interlace system the color
channels are compressed into a single video
channel from zero to 4 Me, or two-thirds of
the sum of the three channels. This color dot
signal is finally mixed with the fine detail
gray signal and we have the entire picture
signal occupying a video channel width of
4 Mec, permitting it to be transmitted on a
6-Mc radio channel. (A more detailed de-
scription of dot interlacing -the color images
and mixing them with the fine detail gray
image is given in Chapter V.)

Hence by confining the finest detail to
shades of gray, and by using dot interlace, it
is possible to compress a color transmission
into the same channel now occupied by the
black-and-white transmission, and to retain
substantially the full detail of the image
(200,000 dots) and the full flicker-brightness
performance (60 fields per second).

The technique of transmitting fine detail
in shades of gray only is known as the
“mixed highs” system, from the fact that
the highest frequencies in the three color
signals are mixed together before transmis-
sion to the recciver.

In the example given above, the dividing
line between full-color transmission and
gray-tone transmission was taken at a detail
size equal to the width of two dots. The di-
viding line can be set at details considerably
larger than this. In fact, in the RCA system,
as described in Chapter 5, certain practical
shortcomings of the dot-interlace transmis-
sion process, currently embodied in the ap-
paratus, reduce the detail transmitted in
true color to items having the width of 8§
dots. Since there are some 120 dots or more
to the line, this still represents a very good
color detail and no adverse effects are noted.
Moreover, the shortcomings of the present
apparatus in this respect are not fundamen-
tal and can be compensated rather exactly,
should the need arise.
~ The technique of transmitting fine detail
in tones of gray is applicable only to the dot-
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sequential system of color television. It is
not applicable to the line-sequential and
field-sequential systems because these sys-
tems make no color distinction between the
dots along any one line of the image. Hence
whatever detail is provided, as each line is
scanned, must necessarily be provided in full
to the particular color present in that linc
Thus all three color images contain the finc
detail, and there is no opportunity to confing
the fine detail to a single (gray) inage

XIH. RELATION oF COLOK SIRVICE TO
EXISTING BLACK-AND-W IIITE SERVICF

The principles discussed in carlier sec
tions of this report refer to the intrinsic
properties of sequential color systems which
are rooted in the choice of scanning method
These properties determine the long-time
utility of each system, since they are based on
the fundamental attributes of human vision

There are several additional properties of
a less fundamental nature, but of great eco
nomic importance, which refer to the tran
sition from the existing black-and-w hitc
service to the future color service. The prob-
lems of this transitional period will endure
so long as both black-and-white and color
transmissions are available in a given lo
cality, and this situation may continue ir
many populous areas for an indcfinit
period. Accordingly, the Committee helieves
that the relative suitability of the color sys
tems for public use must Le judged, in part
in terms of their relation to the existing
black-and-white service.

The transitional properties of the color
systems are described by three terms. com.
patibility, adaptability. and convertibilit
defined as follows:

Compatible color system. A compatible
color system is one capable of producing
black-and-white images on existing black
and-white receivers without any modifica-
tion of the receivers.!

Adaptable color system. An adaptable
color system is one in which existing black-
and-white receivers can be modified to re-
ceive color transmissions in black-and-white

Convertible color system. A convertible
color system is one in which existing black-
and-white receivers can be modified to re-
ceive color transmission in color.

In comparing systems on the basis of
adaptability or convertibility, the cost, in-
convenience, and technical complexity as-
sociated with the modifications are evi-
dently important considerations. Compara-
tive quantitative data on these aspects are
at present inconclusive, in view of the rapid
state of development of the systems, but it
is possible to give a qualitative estimate of
the relative adaptability or convertibility of

each system

The transitional properties of each sys-
tem are stated in Chapters 3, 4 and 5, and

compared in Chapter 6.

! This definition was first advanced by the Joint
Technical Advisory Committee in testifying before
the FCC at the color hearing and adopted by the
majority of those testifying thercafter. It is restricted
to the rendition of color transmission on black-and-
white sets. as defined. Another form of compatibility,
so netines called “reverse compatibility,” relates to
the reception of Llack-and-white transmissions on
color receivers. Since the latter type of compatibility
can be possessed by color receivers of all three sys-
tems to a ncarly equal degree. and wil) undoubtedly
be possessed by all color receivers manufactured dur-
ing the transitional phase, the Committee believes

that reverse compatibility is not an important dis
tinctlon between systems.

;'



1950

XI1V. SysTEM CHARACTERISTICS

Those performance characteristics which
are of paramount importance in comparing
color television systeins are:

(A) Resolution. The amount of pictorial
detail or the number of picture elements
(dots) contained within the picture area.
The greater the number of dots, the more
copious the pictorial detail in the repro-
duced image.

(B) The flicker-brightness relationship.
The rate at which the successive fields are
scanned determines the maximum bright-
ness of the reproduced picture, above which
flicker becomes objectionably apparent.

(C) Continuity of motion. The number
of fields presented per second must be high
enough to perinit motion in the image to be
rendered in apparently continuous fashion.

(D) Effectiveness of channel ulilization.
Since the space in the radio spectrum for
television channels is severely limited by the
needs of other services, it is of paramount
importance to determine the relative effec-
tiveness of the color systems in utilizing the
6-Mc channel. The preceding sections have
shown that the channel width is devoted to
the performance characteristics above
named, that is, adequate resolution, ade-
quate brightness without flicker, and ade-
quate continuity of motion. A system whose
performance is inadequate in any of these
aspects makes relatively ineffective use of
the channel. In comparing two systems hav-
ing equally adequate performance in one or
two of these aspects, the system having
superior performance in the remaining as-
pect or aspects is defined as making the most
effective use of the channel. On this basis it
is possible to compare the systems, on a
qualitative basis, with respect to channel
utilization.

The techniques for improving channel
utilization include line interlace, dot inter-
lace, the mixed high method, and the use of
long persistence receiver screen materials to
reduce flicker.

(E) Color fidelity. Color fidelity is the de-
gree to which the television receiver re-
produces the colors of the original scene. It
is particularly important that the system be
capable of maintaining color fidelity over
extended periods of time.

(F) Defects associated with superposition
of primary-color images. These defects in-
clude improper registration, color breakup,
and color fringing.

(G) Cost of color recesivers. A final basis of
comparison is the cost of a color receiver
having adequate performance in each of the
respects listed above. While it is manifestly
necessary to take this factor into account in
arriving at a decision between the systemns,
the presently available cost figures are, in
the opinion of the Committee, not indicative
of the situation to be expected when manu-
facture of receivers actually commences on a
large scale. If, as seems probable, a tri-color
tube is to be used in future receivers, no
matter which system is adopted, the costs
will be more nearly equal than if a rotating
filter disk is used in one system (CBS), a
three-tube dichroic-mirror receiver in an-
other (RCA), and a triple-projection re-
ceiver in the third (CT1). In view of the fact
that a definitive answer to the question of
receiver costs cannot be available until the
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color service is actually instituted and large-
scale production is under way, the Commit-
tee believes that it will not be possible to
take the relative receiver cost factors into
consideration in arriving at the necessary
policy decisions affecting color television,

In the following chapters these factors
are related explicitly to the three proposed
systems, and the apparatus used in each sys-
tem is described as it relates to performance,
complexity, and cost.

CHAPTER 3—THE CTI LINE-
SEQUENTIAL SYSTEM

XV. INTRODUCTION

The information on the CT1 systein, con-
tained in this chapter, is based in part on the
document “Written Comments of Color
Television Incorporated” dated August 25,
1949 submitted in evidence before the FCC
Hearing, and in part on verbal comments
offered by representatives of CTI at the
demonstrations of the system. The descrip-
tion is based on the system as demonstrated
by CTI on May 17, 1950, namely, that using
the so-called “interlaced color shift.”
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XVI. THE CTI SCANNING PATTERN:
How THE PicTURE 1s Put TOGETHER

Fig. 1 illustrates the manner in which the
CTI line-sequential color television image is
scanned. The figure shows the scanning lines
in the six fields required to make up a com-
plete color picture. The lines are separated
by blank spaces of equal depth. In the first
field the top most line (line 1) is scanned
wholly in green, the next line below (line 3)
wholly in blue, and the next line (line 5)
wholly in red. As successive lines are scanned
(lines 7, 9, 11, etc.) the sequence of lines in
green, blue, and red is repeated until the
bottom of the image is reached. This com-
pletes the scanning of the first field,

Thereafter the second field is scanned in
the same manner, also covering lines num-
bered 1, 3, 5, 7, 9, etc. Line 1, this time is
scanned in red, line 3 in green, line § in blue,
and so on until the bottom of the second
field is reached.

The third field is scanned next, again
covering only the odd lines. This time line 1
is scanned in blue, line 3 in red, and line § in
green, and so on until the last odd line of the
field is reached.
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The image has now been scanned in all
three colors covering the odd lines only, and
this process is then repeated for the even
lines, which lie midway between the odd
lines scanned in the first three fields.

In the fourth tield the color sequence is as
follows: line 2 is scanned in green, line 4 in
blue, line 6 in red and so on, down to the
bottom of the field. For the fifth field the
color sequence is line 2 blue, line 4 red, line 6
green and so on, and finally in the sixth field
the color sequence is line 2 red, line 4 green,
line 6 blue and so on.

All the lines have now been scanned in all
three colors, and a complete color picture
has been produced.

The image consists of 52§ lines, about
490 of which are visible on the viewing
screen, and the fields are scanned at a rate of
60 per second. The radio channel width used
is 0 Mc, corresponding to a video bandwidth
of about 4 Mc. These numbers are identical
to those employed in the standard Dblack-
and-white system. Consequently the number
of picture elements per line is the same as in
the black-and-white system, about 420 pic-
ture elements per line. The maximum num-
ber of picture elements in the image, com-
prising 490 visible lines each with 420 dots,
is about 200,000,

The whole sequence of color scanning is
completed after six fields have been scan ned,
and the sequence then repeats. Since the
field scanning rate is 60 per second, there are
one-sixth as many, or 10, complete color
pictures per second.

XVII. EssENTiAL EQUIPMENT OF
THE CTI SysTEM

Before discussing the performance of the
CTI system, it is necessary to describe
briefly certain essential items of equipment,
unique to this system. These include the
camera at the transmitter and the viewing
apparatus at the receiver (picture tubes and
viewing screen).

The CTI camera employs one image
orthicon camera tube, of the type commonly
used in black-and-white broadcasts. \When
used for black-and-white transmissions, one
lens focusses the image on the sensitive plate
of the camera tube. \When used for color
transmission a system of color-selective
filters is used for producing three images
side by side on the sensitive plate, one for
each of the three primary colors.

The lenses are so positioned that they
form three images on the sensitive plate, one
beside the other in a horizontal row. These
images appear in the three filter colors, and
are arranged in the order red, green, blue,
from left to right.

The three images are scanned, from left
to right as a group, by sweeping a beam of
electrons across the sensitive plate. As the
beam sweeps it creates an electrical signat
proportional to the values of light and shade
along a particular line in each of the images.
Consequently as the beam Sweeps once across
the group of images, it scans first a line in
red, then a line in green, and finally a line in
blue.

The beam then scans across the group of
three images, along an appropriate path
parallel to the first, and thereby produces
three more lines in red, green, blue, and so
on. This scanning process continues, each
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passage of the beam across the group creat-
ing three lines in the three primary colors,
until the bottom of the group of images is
reached. The beam has now scanned a com-
plete field, corresponding to one of the
scanning patterns shown in Fig. 1 and de-
scribed in Section XVI.

The beam then returns to the topand the
scanning process is repeated across the
group of images. By properly adjusting the
starting point of the scanning process in
each successive ficld the color sequence is
arranged to conform with the scanning se-
quence described in Section XVI and illus-
trated in Fig. 1

The signal created by the camera is
transmitted to the receiver. Here the images
are reproduced on the screen of a picture
tube. The screen is composed of three differ-
ent types of fluorescent material arranged
side by side, one material producing red
light, another green light and the third blue
light. ‘The scanning beam in the picture tube
moves over this three-part screen in exactly
the same pattern as the beam in the camera
and thereby recrcates on the screen three
images side by side, in red, green, and blue.
These images are, therefore, replicas of the
optical images focussed on the sensitive
plate of the camera tube.

The three primary color images are
combined by projecting them through three
lenses onto a common viewing screen. Care
must be taken, in the scanning of the camera
and picture tube and in the positioning of
the camera and projection lenses, to insure
that these three images are precisely in regis-
ter on the viewing screen. A reproduction of
the original scene in color thereby appears
on the projection screen.

If a black-and-white receiver, of the type
commercially available in the United States,
is tuned to a color transmission from a CT]
color camera, a black-and-white image re-
sults. This follows from the fact that the
CTI system operates with 525 lines. 60 fields
per second, which are identical to the scan-
ning rates of the standard black-and-white
system. For this reason, the CTI system is
known as a “Compatible system,” i.e., a color-
television system which will provide a
black-and-white version of the color trans-
mission on present-day black-and-white re-
ceivers, without requiring any change in the
receiver.

XVIII. PERFORMANCE CHHARACTERISTICS
OF THE CTI SysteEM

On the basis of the foregoing description
of the CTI system, we can examine its per-
formance characteristics in accordance with
the outline presented in Chapter 2, Section

V.

The first of these characteristics is resolu-
tion, Section XIV (4). Since the scanning
rates and channel width of the CTI system
are identical to those of the standard black-
and-white system, the number of picture
clements per line is, in theory, the same in
the two systems, namely about 420, and the
number of lines visible in the image is also
the same, ahout 490. Therefore the over-all
resolution of the CTI and black-and-white
systems are the same, about 200,000 picture
elements.

These resolution figures are based wholly
on the geometry of the scanning pattern, and
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take no account of other cffects, such as im-
proper registration and line crawl, which
may reduce the effective resolution :vailahle
in the CTI system, as discussed below.

The second performance characteristic is
the Aicker-brightness relationship Section
XIV(B). Since the number of fields per
second in the C'TI system is 60, the same
number as in the black-and-white system
the large-area flicker performance is a pproxi-
mately the same. The small-area flicker ef-
fects are accentuated by the fact that each
line is scanned in any one primary color only
10 times per second. Morcoy ¢r, two lines of
the same color in any one field are separated
by two other lines in different colors, plus
three blank spaces. These two effects to-
gether cause an apparent motion of the lines
upward or downward in the picture, known
as line crawl. In common with all flicker
effects, line craw! becomes more pronounced
as the image becomes brighter.  Conse-
quently this effect mav in fact set the upper
limit on the acceptable brightness of-a linc
sequential color image.

'he phenomenon of line crawl is ac-
companied by an apparent grouping of the
lines and this effect reduces the apparent
vertical resolution below the value set by
the scanning pattern geometry.

Interline flicker is also pronounced in the
image produced in this system, particularly
when a primary color is being transmitted
because each line is then illuminated only 10
times per second. If the image is bright,
sharply defined horizontal edges exhibit a
marked blinking effect.

The third performance characteristic
Section XIV(C), is continuily of motion. So
far as large-area portions of the image are
concerned, the continuity is determined by
the field rate, so the performance is not
noticeably different from that of the black-
and-white system. On the other hand, the
sharpness of edges of colored objects in mo-
tiun is noticeably affected by the fact that
the complete color sequence occurs at a ra te
of 10 per second, whereas the complete se-
quence in hlack-and-white images occurs at
30 per second.

The fourth characteristic, Section
X1V(D), is effectiveness of channel utilization
Here the principal shortcomings of the CTI
system, as thus far demonstrated, are the
impracticability of using dot interlace and
the poor small-area flicker performance. If
dot interlace were attempted, while the reso-
lution would be doubled, the complete color
sequence rate would hbe lowered to § per
sccond, thus greatly accentuating the small-
area flicker effects.

The nature of the compromisc necessary
to fit the CTI system into the 6-Mc channel
can now be stated. The resolution and the
large-area flicker performance are main-
tained, sofar as scanning is concerned, at the
values of the black-and-white system, but to
secure this performance in color it is neces-
sary to lower the rate of the complete scan-
ning cycle to 10 per second, one-third the
value of the black-and-white system. Ac-

companying the lower scanning cycle rate
are small-area flicker effects, notably inter-
line flicker and line crawl,

The fifth performance characteristic is
color fidelity, Section XIV(E). On the as-
sumption that proper fluorescent materials
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and color filter are used in the picture tube
and proper color filters are used in the
camera, the large-area color fidelity of the
svstem suffers no limitation. Lack of regis-
tration, noted below, may affect adversely
the color fidelity in small areas, particularly
in the fine details and along the edges of
brightly colored objects.

Superposition defects, Section XIV(F),
are limited to improper registration, since
color breakup and color fringing are confined
to the depth of one or two scanning lines.
Faulty registration may appear in four inde-
pendent ways: (1) misadjustment of the
camera optics may produce color images of
different size, shape, or orientation on the
sensitive plate of the camera tube; (2) the
motion of the camera electron beam may not
be uniform or not properly aligned with the
images; (3) the scanning at the receiver pic-
ture tube may not produce congruent and
properly oriented images; and (4) the pro-
jection lenses of the receiver may not bring
the images into correct superposition on the
viewing screen.

Finally, the method of depicting fine de-
tail, Section XIV(D), in this system is to
impose the fine detail on all three primary
color images. The mixed-highs system of
transmitting fine detail only in shades of
gray cannot be used in the line-sequential
system for the reasons outlined in Section
XIL

XIX. SUMMARY

The essential attributes of the CTI line-
sequential system are as follows:

(A) Itisacompatiblesystem, employing
the same number of lines per picture and the
same number of fields per second as the
black-and-white system. This permits a
black-and-white version of the color image
to be reproduced on standard black-and-
white receivers, without modification of the
receiver.

(B) It achieves resolution and large-
area flicker performance equivalent to the
black-and-white svstem, but is deficient in
apparent vertical resolution and small-area
flicker performance.

(C) It is subject to registration difficul-
ties.

(D) It does not employ the channel
width effectively, since neither the dot-
interlace nor the mixed-highs principle are
employed.

CHAPTER 4—THE CBS FIELD-
SEQUENTIAL SYSTEM

X X. INTRODUCTION

The information in this chapter is based
on the testimony submitted by the Columbia
Broadcasting System to the FCC during the
color television hearing, and on demonstra-
tions of the CBS system viewed by members
of the Committee prior to May 1, 1950.

X XI. THE CBS SCANNING PATTERN

Figs. 2 and 3 illustrate the manner in
which the CBS field-sequential color tele-
vision image is scanned. In Fig. 2 is shown
the conventional line-interlaced version of
the system. Each picture consists of 405
lines, divided into two ficlds of 202} lines
each. The fields are scanned at a rate of 144
fields per second. As shown in the figure, all
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the lines in one field are scanned in blue, the
next in green, and so on in the sequence red,
blue, green.

After six successive fields have been
scanned, every dot in the image has been
scanned in all three primary colors. Conse-
quently the whole scanning sequence occurs
at a rate one sixth as great as the field scan-
ning rate, that is, 144/6=24 complete
scanning cycles per second. The complete
scanning cycle is termed a “color picture.”
The color picture rate of the CBS system is,
accordingly, 24 per second.

In the dot-interlaced version of the CBS
system (See Fig. 3), each line is broken up
into dots, all of the same primary color, with
blank spaces of equal size between the dots.
These blank spaces are filled in with dots of
another primary color, on the next succes-
sive scanning of that line. Consequently, a
given dot in the image is scanned in all three
colors only after twelve consecutive fields
have been scanned, and the complete scan-
ning cycle occurs at a rate of 144/12=12
color pictures per second. The corresponding
color picture rate of the CT1 line-sequential
system (Section XVI) is 10 per second, and
that of the RCA dot-sequential system
(Section XXVI) is 15 per second.
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X X11. ESSENTIAL APPARATUS OF
THE CBS SYSTEM

The CBS color camera employs one
image orthicon camera tube and one lens.
Between the lens and the sensitive plate of
the camera tube is located a filter disk con-
taining six transparent filter segments, two
for each of the three primary colors. The
disk rotates at 1,440 revolutions per minute,
so the filter segments move past the sensi-
tive plate at a rate of 144 segments per sec-
ond. The disk rotation is synchronized with
the 144-per-second field-scanning rate of the
camera. In this manner, all the lines in one
field are illuminated in red light, the lines of
the next field in blue, and the lines of the
third field in green, and so on in the sequence
red, blue, green.

These elements of the CBS camera are
the same in the line-interlaced and dot-
interlaced versions of the system. In the dot-
interlaced version, the electrical output of
the camera is rapidly switched on and off.
The camera is thus effectively connected to
the circuit during the scanning of a particu-
lar dot, and is disconnected during the
scanning of the adjacent blank space, then
reconnected for the next dot, and so on. The
rate of connecting and disconnecting the
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Fig. 2—Scanning pattern for CBS field sequential color system line
interlaced. (Eight lines shown.)
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amera 18 about nine anillion per second
9 Mc)

Two types of receiver have been demon-
strated by CBS. In the first, a rotating filter
disk, similar to that used in the camera. is
positioned before the screen of the picture
tube. This disk carries six filter segments,
two in each of the three primary colors. The
disk rotates at 1,440 rpm and is synchronized
with the 144-per-second field-scanning rate
of the receiver. The image formed on the
screen of the picture tube is displayed in
white light, and this light, passing through
the colored filters, talkes on successively the
three primary colors. Thus, the light emerg-
ing from the receiver is red on one field, blue
on the next successive field, and green on the
third, and so on. By means of synchronizing
impulses, the position of the receiver filter
disk is controlled so that red light is pro-
duced by the receiver only when the red
flter is positioned hefore the camera tube it
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the transmitter, and similarly for the other
two colors.

The system thus comprises two filter
disks rotating in rigid synchronism, so po-
sitioned that the filters before the camera
and the picture screen always have the same
color at any instant.

It is not considercd feasible to use a
rotating disk with picture tubes exceeding
about 124 inches in diameter because of
the physical size of the disk involved.

The second type of recciver is very simi-
lar 10 that used in the CTI system, de-
scribed in Section XVI1, Chapter 3. A single
picture tube is used, but three separate
images are formed on the screen, one above
the other, one in each of the primary colors.
The blue-colored image is formed only dur-
ing the fields scanned in blue by the camera,
and similarly for the images in the other two
colors. An optical system comprising three
lenses projects the three images so that they
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Fig. 3—Scanning pattern for CBS field-sequential color system, dot
interlaced. (Seven lines and seven dots shown )
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fall, one on top of the other, on a common
viewing screen. The scanning of the images,
and the choice of lenses and positioning of
the lenses with respect to the image, must be
precisely controlled 1o preserve registration
Letween the projected images. By using a
green phosphor of comparatively long decay
time this type of receiver eliminates practi-
cally all flicker and color breakup,

Both types of receiver may be used with
the linc-interlaced as well as the dot-inter-
Jaced version of the svstem. For dot-inter-
laced reception, additional circuits are
required which effectively connect and dis-
connect the picture tube in synchronism
with the corresponding connections and dis-
connections of the camera tube, described
ahove.

XXII1. PERFORMANCE CHARACTERISTICS
or THE CBS SysTEM

\We proceed now to examine the per-
formance characteristics of the CBS system
in accordance with the outline of Sections
X!l and XIV, Chapter 2. Resolution (Sec-
tion XIV-4): For reasons given below
(under “Flicker-Brightness Relationship”)
the field-scanning rate of the CBS system
must be chosen substantially higher than
that of the black-and-white svsiem. The
rate used in the CBS demonstrations is 144
fields per second.

In Section VII it was explained that the
standard black-and-white teleyision system
has a geometric resolution of approximately
200,000 picture elements per frame (two
interlaced fields). This corresponds to a
field-repetition rate of 60 per second and a
video bandwidth of 4 Mec (6-Mc  radio
channel).

In the CBS line-interlaced systein the
geometric resolution is also determined b
the number of picture elements in two jnter
laced fields, but the ficld-repetition rate is
ncw increased to 144 per second. It was ex-
plained in Section IX that, for a given band-
width, the number of picture elements in a
frame is inversely proportional to the fheld-
scanning rate. The geometric resolution of
the CBS line-interlaced system is therefore
200,000 times 60/144 or 83,000 picture ele-
ments. Thus, the higher field-repetition rate
decreases the geometric resolution of the
CBS line-interlaced system 1o 60/144 or 42
per cent of that of the standard black-and-
white system.

In the dot-interlaced version of the CBS
system, the resolution is doubled in theory,
and very nearly doubled in practice. Thus
the resolution of the dot-interlaced CBS
color image is about 2X83,000 =166 000
picture elements, or 83 per cent of the resolu-
tion of the standard black-and-white image

Flicker-Brightness Relationship (Section
XI1V-B)

In a field-sequential color system, such
as the CBS system, flicker is a much more
difficult problem than in a line-sequential or
dot-sequential color system. This follows
froin the fact that the eye is more sensitive
to large-area flicker than to small-area
flicker and from the fact that in the field-
sequential system, the interruption of the
image in changing from color to color occurs
over the whole picture area.
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‘To counteract the prominence of large-
area flicker, it is necessary to increase the
field scanning rate by a substantial amount.
Experience has indicated that, for equal
flicker-brightness performance under all
conditions, the field-scanning rate of a field-
sequential system should be about three
times that of a black-and-white system.
Actually, in the CBS system, the field rate
has been increased by the ratio 144/60=2.4
times, rather than 3 times. The lower value
was chosen to preserve as much geometric
resolution as possible within the confines of
the 6-Mc radio channel.

It follows that large-area flicker is more
prominent in the CBS system than in the
black-and-white system. The comparable
flicker rates in the two systems are 48 per
second in the CBS color system (twice the
complete picture rate), and 60 per second in
the black-and-white system (the field-
scanning rate). The difference in the rates is
12 per second. According to the Ferry-
Porter flicker law, this difference in flicker
rate would allow the black-and-white image
to be about 9 times as bright as the color
image, for equal visibility of flicker.

Corresponding to these theoretical values
are various practical values quoted in the
testimony given at the FCC Hearing. It was
reported that flicker can be held within
tolerable levels if the high-light brightness of
the CBS color image is not greater than
about 235 foot-lamberts, whereas the corre-
sponding limit for the standard black-and-
white image is well above 100 foot-lamberts.
The 25-foot-lambert figure was quoted for
the filter-disk-type CBS receiver. In the
projection-type CBS receiver, using a long-
persistence phosphor in the green image,
higher brightnesses were attained within the
tolerable limit of flicker.

At the request of the Committee, tests of
large-area flicker were made by the National
Bureau of Standards. The results are given
in Annex D of this report.

So far as small-area flicker is concerned,
the CBS line-interlaced system is not sub-
stantially different from that of the black-
and-white system, and it may be somewhat
superior when the colors transmitted are not
too close to saturated red, green, or blue.
The dot-interlace version of the CBS system
is, on the other hand, somewhat inferior in
this respect to the black-and-white system.
Small areas (dimensions of the order of a
picture element) are scanned at a color
picture rate of 12 per second in the dot-
interlaced CBS system.

Interline flicker should be somewhat
more pronounced in the CBS system, when
colors in the scene approximate the primary
colors, because adjacent lines are then laid
down at intervals of 1/48th second, com-
pared to 1/60th second in the black-and-
white system. However, when the colors
comprise components of all three primaries
in ronghly equal amounts (and this is likely
to be the case in bright, e.g., white, portions
of the scene), adjacent lines are laid down at
intervals of 1/144th second, and the inter-
line flicker is then less noticeable than in the
other systems.

Continuity of Motion (Section XI V-C)

Continuity of motion, like flicker, is af-
fected in the CBS system by the composition
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of the colors transmitted. If the object in
motion is displayed in one of the primary
colors, the other two primaries being sub-
stantially absent, then that portion of the
image is illuminated only one third of the
time, and the motion may appear jerky. If
two or three primary color components are
present, the illumination is more nearly con-
tinuous and the discontinuity is not so pro-
nounced.

In either event, motion is portrayed with
sufficient smoothness to satisfy the eye, at
color picture rates in excess of 10 per second.
So far as large areas are concerned, this re-
quirement is met by both the line-interlaced
and the dot-interlaced versions of the CBS
system. In small areas, notably the detail of
vertical and horizontal edges of objects, the
dot-interlaced version of the system may
display ragged edges on an object in rapid
motion.

Noncompntible and Conertible Nature of the
CBS System (Section X111I)

The fact that the field-scanning rate of
the CBS system must be substantially
higher than that of the black-and-white sys-
tem leads to a most important difference in
receivers designed for the two systems. In
the black-and-white system, the vertcal
(field) scanning occurs at a rate of 60 per
second, and the horizontal scanning at a
rate of 15,750 per second (30 frames per
second, each having 525 lines). In the CBS
field-sequential system, the vertical (field)
scanning occurs at 144 per second, and the
horizontal scanning at 29,160 per second (72
frames per second, each of 405 lines).

The respective values in the two systems
are so different that receivers built for black-
and-white reception cannot be adjusted to
scan at the higher rates required for the
CBS color system, unless modifications are
made in the receiver scanning circuits. This
fact is the root of the “compatibility”
argument. The cost of modifying existing
receivers to make them operative on both
sets of scanning standards may be sub-
stantial, and no reliable data have been sub-
mitted as to what this cost would be. How-
ever, by modifications of the circuits and the
addition of a rotating disk, existing sets
with picture tubes less than 124 inches
diameter can be converted to color recep-
tion. Thus the CBS system is convertible
but not compatible.

Effectiveness of Channel Ulilization (Section
XI1V-D)

We have previously noted that both the
line-interlaced and the dot-interlaced CBS
systems have a flicker-brightness per-
formance somewhat lower than that of the
black-and-white system. The line-inter-
laced version displays resolution which is
substantially lower than the black-and-white
value. The dot-interlace version has poorer
performance so far as small-area flicker and
small-area continuity are concerned, but
achieves resolution not markedly bhelow
that of the black-and-white system. The dot-
interlace system makes substantially more
effective use of the channel and is to be pre-
ferred, on this account, to the line-inter-
faced version of the system,

The nature of the compromise, adopted to
fit the CBS system into the 6-Mc channel, is
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determined principally by the large-arca
flicker effect. Since the color sequence is
introduced by changing the color of the
whole image at once, it is necessary to in-
crease the field rate by a substantial amount,
relative to the black-and-white system, and
to lower the geometric resolution in propor-
tion.

It may be argued, therefore, that the fiell
sequential scheme is less effective in channel
utilization, because it devotes a dispropor-
tionately large amount of spectrum space to
the reduction of flicker, at the expense of a
substantial loss in resolution. Stated in
another way, the use of the field-sequential
technique, with dot-interlace, results in a
picture having less geometric resolution
(about 83 per cent of the black-and-white
value) and lower large-area flicker-bright-
ness performance (brightness at flicker
threshold about one ninth the black-and-
white value, for a given phosphor decay
characteristic). Finally, the fact that the
mixed-highs technique cannot be used in the
field-sequential system has the effect of
lowering the channel utilization, relative to
that of a dot-sequential color system using
mixed highs.

Color Fidelity (Section XIV-E)

There is, as noted previously, no basic
difference in the color fidelity of the three
color systems. This statement assumes u
proper choice of filters, phosphors, and light
sources, proper color balance and gradation,
and freedom from superposition defects. In
practice, as the systems were demonstrated
to the Committee, the CBS system dis-
played superior color fidelity to the other
two systems, when filter-disk receivers were
employed. This superiority is explained by
better color balance (the same area is
scanned in all three primary colors in the
CBS camera, and in the filter-disk-type CBS
receiver as noted below), and by more ac-
curate registration between the primary
color images.

At the request of the Committee, tests
on the fidelity of color reproduction by both
the CBS and the RCA systems were under-
taken by the National Bureau of Standards.
Results are given in Annex E of this report.

Superposition Defects (Section X I'V-F)

A noteworthy characteristic of the field-
sequential system is the fact that the color
sequence occurs at a slow rate (144 per
second), compared with the CTI line-se-
quential system (15,750 per second) and the
RCA dot-sequential system (10,800,000 per
second). The slow color sequence, while
making the flicker problem comparatively
serious, has the compensating advantage of
allowing the color sequence to be intro-
duced mechanically by the rotating filter-
disk method. Since, in this method, filter
segments are placed successively in front of
the camera tube and picture tube, it is neces-
sary to employ only one scanned surface for
all three primary colors. The CTI and RCA
systems require in the camera a separate
image for each of the three primary colors
and similar images in the receiver.

Since only one scanned surface is used in
the CBS filter-disk system, maintenance of
proper registration between the primary
color images is a simple matter. The optical
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clements are common to all three images, so
optical misregistration cannot occur. Flec-
trical registration is assured if the scanning
patiern of each field is precisely congruent
to those preceding and following it, and this
requirement is readily met, provided only
that the scanning system is adequately pro-
tected from stray magnetic and electric
fields. The absence of registration defects is
a noteworthy characteristic of the CBS
system, compared with the present state of
development of equipment in the two other
color systems.

The other types of superposition defects
are, however, more pronounced in the CBS
system than in the others, due to the inher-
ent nature of the scanning process. Color
breakup and color fringing are detectable
when cither the eye or the image is in rapid
motion.

Depiction ¢f Fine Detail

The CBS system cannot, by virtue of the
nature of the scanning method used, take
advantage of the mixed-highs principle. In
compensation for this fact, and to improve
the resolution, a circuit technique known as
“crispening” has been developed by CBS.
This is a method of causing the vertical
edges of objects (o appear more sharply de-
fined. This technique is not unique to the
CBS system, but may be used in any system
to achicve the same result. It is helieved.
therefore, that the use of the crispening
technique is not a significant difference be-.
tween systems,

XX1V. SuMMARY

T'he essential characteristics of the CBS
ficld-sequential system are as follows:

(\) The CBS system scanning standards
are not compatible with the black-and-white
scanning standards. This requires modifica-
tion of existing black-and-w hite receivers,
and additional complication in receivers of
the future, to permit reception on both
sets of scanning standards.

(B) The line-interlaced version of the
CBS system has substantially poorer resolu-
tion than the black-and-white system. The
dot-interlaced version has slightly poorer
resolution than the black-and-white system.
The crispening technique, applied to the
CBS system, improves its resolution. How-
ever, this technique, applied to other sys-
tems, would improve their apparent resolu-
tion also.

(C) The large-areca flicker-brightness per-
formance of the CBS system is inferior to
that of the black-and-white system. This
means that CBS color image cannot be as
bright, by a factor of 5 to 10 times, as the
black-and-white image, for equal freedom
from flicker. The dot-interlaced version of
the CBS system, operating at the low color
picture rate of 12 per second, has a small-
area flicker performance interdot tlicker)
not as good as the black-and-white system.

(D) The color fidelity of the CBS sys-
tem, as demonstrated, is superior to that
of the other color systems. This superiority
is due to the maintenance of Letter color
balance and more accurate registration,
both of which are implicit in the use of but
one scanned surface in the camera and one
in the receiver. Much of this advantage is
lost in the electronic version of the CBS re-
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ceiver, since three surfaces are necessary at
the receiver.

(E) The effectiveness of channel utiliza
tion is satisfactory in the line-interlaced
version, and is good in the dot-interlaced
version. The impossibility of employing the
mixed-highs technique lowers the channel
utilization with respect to the dot-sequential
color system.

(F) Existing receivers with picture tubes
of 12} inches and smaller diymeter can be
converted to color reception, but at an ap-
preciable cost.

CHAPTER 5—THE RCA DOT-
SEQUENTIAL SYSTI:M
XXV. INTRODUCTION

The information in this chapter is based
on the testimony submitted by the Radijo
Corporation of America to the FCC during
the color television hearing, and on demon-
strations of the RCA system witnessed by

members of the Comniittee prior to May 1,
1950.

XXVI. Tue RCA SCANNINGAT PTFRN

Fig. 4 shows the manner in which the
RCA dot-sequential color television image
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is scanned. The hasic scanning pattern is
identical to that of the standard black-and
white system, i.e., the mutge consists of 525
lines, scanned at a rate of 60 fields per se
ond. About 490 lines of the limage are active
and about 1/80th of a sccond 18 availablc
for the active scanning of all the picture ¢le
inents ina single field.

kach line of any one field in the nnage
consists of dots in the three primary colors
‘The dots are arranged from left 10 right in
the sequence red, blue, green. The space
between two dots of the same color, ¢.o
green, is equal to the width of the dots
consequently the dots tend to overlap each
other,

On successive scannings of the same line
the dots are shifted. so that the position of
a dot of given color falls midway between the
position of two dots of the other two colors
scanned on the preceding frame. Conse-
quently at the ¢nd of two frames (four
fields), every point on cach line has been
scanned in all three primary colars. Th
color picture rate is accordingly 60/4 =15
color pictures per second.

The positions of the dotson adjacent lines
scanned on successive fields, are shifted so

e o ' microseconds
, 36 | RTY: ,
Line i | Line
[ G R B G R B ! B G R B G R
2 2
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complete color pictyre
(tigures are tield numbers)

Fig. 4—Scanning gattern for RCA dot-sequential color-television system.
(Only first six lines of fields are shown.)
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that a dot of one color falls midway between
the dots of the other two colors on the adja-
cent line. Consequently, the whole area of
the image, after four fields have been scanned,
is covered with a uniform distribution of
dots in the three primary colors.

The scanning of the RCA dot-sequential
image is of the dot-interlaced variety, as
may be appreciated by considering dots of
one color only, e.g., green. As noted above,
two green dots on one line are separated
by a blank space, in which dots of red and
blue are fitted, with some overlap. On the
next scanning of that line, the space midway
between two green dots is filled in by a green
dot. The same sequence applies, on succes-
sive scanning of any given line, in respect
to the red and blue colors. As a consequence
of this dot-interlaced technique, the resolu-
tion of the RCA image is approximately
twice as great as it would be if the inter-
lacing was confined to the lines alone. The
dots of any one color are laid down along
each line at a rate of 3.58 million per second.

XXVII. ESSENTIAL APPARATUS
of THE RCA SysTEM

The camera, used in the demonstrations
of the RCA System, employs three image
orthicon camera tubes, one lens, and a set
of color selective mirrors which separate the
light from the scene into three colors. Red
light enters one camera tube, blue light the
second tube, and green light the third tube.
The sensitive plate of each camera tube is
scanned in identical fashion, at the normal
scanning rates of the standard black-and-
white system, i.e., 525 lines per picture, 60
fields per second. In this fashion, three
complete images are televised, one for cach
of the primary colors. The optical and elec-
trical adjustment of the camera must be
such that each of these images is precisely
congruent to, and properly oriented with
the others.

\When the camera views a scene having
fine detail, the output signal of each
camera tube contains signal components up
to 4 Mc (actually components of higher fre-
quency may be present but are not trans-
mitted through the systein). To take ad-
vantage of the mixed-highs principle, the
signal from each camera tube is divided into
two groups of frequencies. The components
of frequencies above 2 Mc, representing the
finest detail in the image, are combined at
the cutputs of the three camera tubes. This
mixed signal represents the finest details of
the picture in tones of gray.

The signal components lower than 2 Mc
corresponding to the respective primary
colors, and representing all details of larger
size, are transmitted separately. The struc-
ture of the image is depicted in color except
for the smallest details, which are shown in
tones of gray.

The three color signals are transmitted in
interspersed fashion by means of a switch
which connects and disconnects each camera
tube in sequence to the transmitter. This
switch (which operates electronically since
no mechanical switch could operate at the
high speed required), makes and breaks the
connection to each camera in rotation at a
rate of 3.58 million times a second. Fach

time a camera tube is connected, it gen-
erates a dot of the respective color. When

Present Status of Color Television

disconnected, that camera is inactive, leav-
ing a blank space in that color. As the switch-
ing progresses, the blank spaces between
dots of one color are filled in by dots of the
other two colors.

The net result is a sequence of over-
lapping dots along each line, in the sequence
red, green, blue, each dot being somewhat
larger than a picture element, Superimposed
on the colored dot signal is the “mixed-high”
signal, including details from the size of
one picture element to several picture ele-
ments, in tones of gray.

Two types of receiver have been demon-
strated by RCA. In the first type, three pic-
ture tubes are employed, one for each of the
primary colors. By means of a high-speed
electronic switch, like thatat the transmitter,
each tube is connected and disconnected
from the receiver. This switch operates in
strict synchronism with the transmitter
switch. So the green tube, for example, is
connected to the receiver only while green
dots are being generated and is disconnected
while the red and blue dots are generated.
Consequently, on the face of the green tube,
a dot-interlaced image appears which repre-
sents the image picked up by the camera
tube which scans the scene in green. This
image does not contain the finest detail of
the picture, but the mixed-highs signal is
also applied to each picture tube, through
the switch, so that the fine detail is in fact
present on the face of the green tube. The
same arrangement is provided for the red
and blue tubes, so that they reproduce
images representative of those picked up by
the red and blue camera tubes respectively,
together with the mixed-highs component,
derived from all the camera tubes.

The three primary-color images are com-
bined by viewing them through a system of
color-selective mirrors, which reflect light of
a given primary color while transmitting
light of the other two colors. Care must be
taken to assure that the images on the three
picture tubes are precisely the same size,
have the proper orientation with respect to
one another, and are congruent throughout.
If these requirements are met, the primary-
color images combine in register before the
eye of the observer. The fine detail of the
combined image, being present in equal
amount in all three primary-color images,
appears in tones of gray.

The second type of receiver employs but
one picture tube, which is viewed directly.
The viewing screen of this tube is composed
of a very large number of small, precisely
aligned areas, each area consisting of a
cluster of three types of phosphor, which
glow in the three primary colors. Each
cluster represents a picture element which
may be made to glow in any one of the
primary colors. In one type of the tube
demonstrated, three electron guns are used,
one gun for each primary color. The guns
are so positioned that the electron beams
strike the screen at slightly different angles,
having passed through perforations in a
metal plate parallel to, and just behind,
the screen. The angle of each beam is such
as to cause it to fall on the phosphor of each
cluster which glows in the color assigned to
that beam. Thus each picture element in the
image may be made to assume any primary
color, by activating one gun as it passes
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that particular cluster, the other two beams
remaining inactive during that interval.

To recreate the color image in the single-
tube receiver, a highspeed switch, like
those previously described, applies the pic-
ture signal to the three electron guns in se-
quence. The timing of the switch is such that
the gun associated with one color becomes
active at the instant corresponding to the
time the camera tube of the same color is
connected at the transmitter, and similarly
for the other two colors. In this manner, the
clusters along each line in the image are
caused to assume the color and intensity
associated with the sequence of red, blue,
and green dots transmitted over the system.

The single-tube receiver employs but one
scanned surface, so the optical and elec-
trical requirements for proper registration
are considerably simpler than in the three-
tube type of receiver. Moreover, the elec-
trical and optical components of the single-
tube receiver are substantially simpler.

XXVIII. PERFORMANCE CHARACTERISTICS
ofF THE RCA SysTEM

The performance characteristics of the
RCA system, based on the outline of Sec-
tions XIII and XIV Chapter 2, are as
follows:

Resolution (Section XIV-A)

The resolution of the system must be
considered in two categories—the mixed-
highs component and the color components.
In the mixed-highs component, the maxi-
mum picture-signal frequency is 4 Mc, the
same as that of the black-and-white system.
Since the time for scanning the active por-
tion of each field is also the same, 1/80th of
a second, the number of picture elements per
field is the same, about 100,000, and the
total resolution (contained in two successive
fields) is 200,000 picture elements. This fine
structure is, of course, depicted in tones of
gray.

The color components, considered indi-
vidually, each have a maximum picture-
signal frequency of about 2 Mc. In the dot-
interlace type of transmission each cycle
produces one picture element. Moreover, in
accordance with the dot-interlace technique,
all the dots in any one color are laid down
in four consecutive fields, or in 1/15th of a
second. When account is taken of the portion
of the image blanked off, this time is re-
duced to 1/20th of a second. Consequently
2 million green dots are scanned per second,
or 100,000 green dots during the complete
color picture period. Thus, nominally, the
resolution in each color is one half that of
the black-and-white image.

Actually the resolution in the individual
primary colors is not as high as 100,000 dots
because there is a certain amount of dilution
of each color by the other two colors. This
dilution occurs because the signal corre-
sponding to one color dot overlaps that cor-
responding to the adjacent color dot by
about 50 per cent. This phenomenon, known
as “cross talk,” has the effect of causing a
part of the color values to combine into
shades of gray, much in the manner of the
mixed-highs portion of the image. The net
effect is that details of width from one to
eight picture eclements are reproduced in
shades of gray, whereas all larger portions
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of the mmage are reproduced in their com-
ponent colors.

As indicated in Section X11 Chapter 2,
the superimposed fine detail in the mixed-
highs method of transmission provides a suh-
stantial economy in the use of the channel,
without appreciable degradation of the color
or tonal values of the image. In theory,
therefore, the resolution of the RCA system
is cqual to that of the black-and-white
system. It should be noted, however, that
the tricolor tubes demonstrated had a resolu-
tion of 117,000 picture elements, rather than
the 200,600 elenients of which the system
is theoretically capalle. This limitation was
imposed by the numLer of phosphor clusters
on the screen and perforations in the metal
plate which could be accommodated in the
tuLe. Relinements in the design and con-
struction of the tricolor tube may remove
this limitation in the future.

In passing, it may be mentioned that
the tubes as demonstrated were laloratory
inodels of a special design which may in-
volve consideral.le difficulty in adapting to
factory production. At present, one of the
most urgent nceds of all color television
systems 1s for a three-color receiver tube
adaptable 0 quantity production. Besides
RCA, a number of others are known to be
actively engaged in seeking solutions to this
important problem, notably Dr. E. O.
Lawrence of Berheley, California, and Dr
C. W. Geer of Los Angeles, Caliiornia.

Flicker-Brightness  Relationship  (Section

X1V-B)

The large-arca flicker-brightness per-
formance of the RCA system is equal to
that of the Llack-and-white system, since
the systems employ the same field rate, 60
per second. The small-area performance is
inferior to that of the black-and-white
system, however, since a given picture ele-
ment is scanned in all colors at the compara-
tively slow rate of 15 per second. Accord-
ingly, interdot and interline flicker are
present at lower light levels than are the
corresponding small-area flicker effects in
the Llack-and-white image.

In early demonstrations of the RCA
system a prominent form of dot crawl was
evident along vertical or nearly vertical
boundaries in the image. In later demon-
strations, the geometry of the dot scanning
had been altered to minimize this effect,
and dot craw! was not then evident

Continuity of Motion (Section X1 V-C)

Since the field-scanning rate of the RCA
system is equal to that of the black-and-
white system, the continuity of large ob-
jects in motion is the same. The continuity
of small oLjects (of the dimensons of a few
picture elements) is adversely affected by the
low color picture rate of 15 per second.
This shortcoming is inherent in the dot-
interlace system, and is parallel to the
small-area effect noted in Section XXIII,
Chapter 4, as applying 10 the dot-interlaced
version of the CBS system.

Compatitle Nature of RCA System (Section
XII)

Since the line- and field-scanning rates
of the RCA color system are identical to
those of the black-and-white system, the
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two systems are compatible so far as scan-
ning goes. Consequently, a black-and-white
rendition of RCA color transmission can be
received on existing and future sets designed
for black-and-white reception only, without
change in the scanning circuits of these re-
ceivers. Moreover, the presence of the mixed-
highs component in the color transmission
assures high resolution in the black-and-
white rendition. The black-and-white rendi-
tion of the RCA color transmission has
higher resolution and better flicker-bright-
ness performiance than do the black-and-
white renditions of the CTI and CBS
systems.

Effectiveness of Channel Ulilization (Section
X1V-D)

The RCA system makes highly elfective
use of the channel because it employs both
the principal spectrum-saving techniques,
dot-interlace scanning and mixed-highs
transmission.

Color Fidelity (Section X1V-E)

As noted elsewhere in this report, proper
choice of niirrors, filters, and phosphors per-
mits the RCA system to achieve satisfac-
tory color nidelity. However, if color balance
and accurate superposition of the primary-
color images are not maintained, the color
fidelity suffers. The color fidelity demon-
straced in the RCA system was considered
by the Committee 1o be not as satisfactory
as that of the CBS system. The larger
colored areas in the RCA images were not
always uniform in hue and saturation. This
may have been caused by differences in the
spectral responses of the three camera
tubes. Color distortions noted in small areas
are explained by overlapping and crosstalk
Letween the color signals, described above.
In the ecarly demonstrations of the RCA
system, gradual shifting of colors with time
was observed, due to uncontrolled shifts in
the relative positions of the interspersed
color dots along each line. In the later dem-
onstrations, these shifts were controlled by
improvements in the synchronization of
the high-speed switch of the receiver, and
the colors were then found to be free of such
variations with time. (Sce Annex E for re-
sults of National Bureau of Standards tests
on color fidelity of the RCA system.)

Superposition Defects (Section X1V-F)

Of the three principal superposition de-
fects—color breakup, color fringing, and
faulty registration, only the last is present
in the RCA system. Registration is more dif-
ficult to maintain in the RCA system than
in the other systems. This follows from the
fact that three separate camera tubes are
used, introducing the possibility of optical
and electrical errors in the size, orientation,
and congruency of the primary images as
transmitted. In the three-tube type of re-
ceiver, these possibilities of improper regis-
tration are present also in the receiver. In
the single-tube receiver, faulty registration
may occur between the scanning of the three
electron guns, but optical misregistration
does not occur.

Depiction of Fine Detail

The dot-sequential color system, alone of .
all sequential systems, can use the mixed-
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highs method of depicting fine detail. Iu the
RCA dot-sequential system, no color in-
formation is transmitted at frequencies
above 2 Mc whereas the fine detail, trans-
mitted by the signal from 2 to 4 Mc, is
shown in shades of gray.

XXIX. SuMMARY

The essential performance character-
istics of the RCA system are as follows:

(A) The RCA system scanning stand-
ards are compatible with the black-and-
white scanning standards. Consequently a
black-and-white rendition of the RCA color
transmission can be received on receivers
built for black-and-white reception, without
modification of their scanning circuits.
Moreover, the characteristics of the RCA
color system are such that the quality of
the black-and-white rendition mayv be equal
to that of standard black-and-white recep-
tion, in resolution and large-area flicker-
brightness performance.

(B) The RCA color image has an over-
all resolution approximately equal to that
of the black-and-white system. The finest
details are depicted in shades of gray, while
larger details are rendered in color. The
color transmission has sufficiently fine detail
that, when the gray-tone detail is added to
it, the apparent resolution of the image as a
whole is approximately 200,000 picture cle-
ments.

(C) The large-area flicker-brightness and
continuity performance of the RCA\ system
is equal to that of the black-and-white sys
tem. The small-area performance in these
respects is somewhat inferior, due to the
fact that the color picture rate is 15 per
second, half the corresponding rate in the
black-and-white system.

(D) The color fidelity of the RCA sys-
tem suffers to a certain extent from uneven
color balance in large areas. Overlap and
cross talk between the color components,
and faulty registration, affect the color
fidelity in small areas.

(E) The effectiveness of channe! utiliza-
tion of the RCA color system is the highest
of all the systems discussed in this report.

(F) Existing receivers cannot be con-
verted to color reception in the RCA sys-
tem, except at a substantial cost.

CHAPTER 6—COMPARISON OF
SYSTIEEMS AND CONCLUSIONS
XXX. INTRODUCTION

To avoid confusion, each of the fore-
going three chapters has been confined to a
discussion of one of the proposed color sys-
tems, with a minimum of comparative com-
ment. “The plan of the discussion in each
chapter follows the same pattern, however
$0 it is possible to bring together compar-
ably the data and conclusions on the per-
formance of the three systems. This com-
parison has been set forth in table form, in
the accompanying Table I, “Tabular Sum-
mary of Performance Characteristics.” Ex-
planatory comments are given below.

XXXI. CoMMENTS ON THE
TABULAR SUuMMARY
The Committee is of the opinion that
the essential differences among the three
proposed color systems are embodied in
nine categories, listed alphabetically at the
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| 1eft of Table I, and defined in Sections X111
and X1V, Chapter 2, as follows: adaptabil-
ity, color fidelity, compatibility, continuity
of motion, convertibility, effectiveness of
channel utilization, flicker-brightness per-
formance, geometric resolution, and super-
position defects.

This list purposely omits consideration
of certain peculiarities of apparatus such
as mechanical versus electronic operation
of the receiver color-sequence device, limi-
tation of size of image, and limitation of
angle of view. These matters once loomed
large in the competitive consideration of the
systems, but they have become progressively
less prominent as the development of the
systems has proceeded. It appears, in fact,
that all of the systems may use a tricolor
tube to advantage, and this fact puts all
three systems on a par with respect to all-
electronic receiver operation, size of image,
and angle of view. Moreover, such differ-
ences are not fundamental, either in the
transition stage during which color service
is introduced to the public, or in the long run
as the color service consolidates its position.

The performance characterisiics listed
in Table 1, on the other hand, are helieved
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either because they reside in the nature of
the scanning process, or because (as in the
case of adaptability, compatibility, and con-
vertibility) they are matters of importance
during the transition from black-and-white
service to color service.

Under some of the main characteristics
are listed a number of subdivisions. These
subdivisions are not necessarily of equal im-
portance; they merely represent items on
which system performance displays a signifi-
cant difference. For example, under geo-
metric resolution, the total number of
picture elements per frame is more funda-
mental than either the vertical or hori-
zontal values of resolution considered sepa-
rately. To aid the reader, the subdivision
believed by the Committee to have out-
standing importance within each main
category is marked with an asterisk (*).

No attempt has been made to place
relative emphasis on the main categories,
which are listed alphahetically to avoid
any connotation of relative importance. The
emphasis on main categories must be as-
signed at the highest level of administrative
decision, taking into account the economic,
political, and sociological factors, as well
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The difficulty of placing this emphasis
can be well illustrated by such questions as:
“Is compatibility (preservation of existing
investinent) more important than converti-
bility (converting existing investment)?
How do each of these compare with effec-
tiveness of channel utilization (conserva-
tion of the public domain) or geometric
resolution (providing the maximum flexi-
bility to program producers in choice of
subject matter, range of action, and field of
view)?” Answers to these vexing questions
must be found but they are not properly the
concern of technical specialists.

So much for the basis of the listings.
Opposite each performance characteristic,
the Committee has placed a verbal or
numerical index to the relative performance
of the three color systems. These indices
represent technical judgments, based either
on evident fact, well-established theory,
or on the subjective reactions of the Com-
mittee members to the demonstrations. For
the most part, the basis of the Committee's
judgments will be found in the preceding
chapters of this report. But the subjective
reactions are difficult to analyze, and the
terms “cxcellent, goordl, satisfactory, fair,

by the Committee to be fundamental, as the technical factors, involved. - poor” are, in the last analysis, merely words
TABLE 1
TABULAR SUMMARY OF PERFORMANCE CHARACTERISTICS
System 1\
Performance >§ta-n:z:rd- e Superior
Characteristic Black-and- CTI CBS Color; CBS Color; RCA System
e Color Line-Interlaced Dot-Interlaced Color
White ; ‘
Adaptability — Not needed Adaptable Adaptable Not needed CTI-RCA
Color Fidelity
*Large areas Satisfactory Excellent Excellent Satisfactory CBS
Small areas and edges S Fair Excellent Excellent Fair CBS
of objects
Compatibility
Quality of image ren- — Fair Not Compatible Not Compatible Excellent RCA
dered on existing sets
Continuity of Motion
*Large objects Excellent Good Good Good Good
Small objects Good Fair Good Fair Good CBS (line)-RCA
Convertibility - Not easily con- Convertihle 12}-inch  Convertible 12 }-inch Noteasily con- | CBS
vertible at tube diameter tube diameter vertible at
. present maximum maximum present
Fffectiveness of Channel | Good Good Satisfactory Good Excellent RCA
Utilization
Flicker-Brightness
Relationship
*Large areas Excellent Excellent Good Good Excellent CTI-RCA
Smal areas Good Fair Good Satisfactory Good CBS (line)-RCA
Interdot flicker Absent  Absent Absent Fair Fair CTI-CBS (line)
Interline flicker Good Poor Good Good Good | CBS-RCA
|
Geometric resolution
*Number of pictureele- |
inents per color pic- |
ture . | 200,000 200,000 83,000 166,000 200,000 CTI-RCA
Vcrl.ncal resolution 490 lines 490 lines’ 378 lines 378 lines 490 lines RCA
Horizontal resolution ' 320 lines 320 lines 185 lines 370 lines 320 lines CBS (dot)
Superposition
Performance | .
*Registration — Fair Excellent Excellent Fair CBS
Color breakup o Excellent Satisfactory Satisfactory Ixcellent CTI1-RCA
Color fringing — Excellent Satisfactory Satisfactory Excellent CTI-RCA

* See explanation in Section XXI.
! This is the geometric resolution; t

he apparent vertical resolution is considerably less, due to interline flicker.
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on which the Committee was able to agree
as being most indicative of relative per-
formance. The final column in the table in-
dicates the system whose perforinance is, in
the opinion of the Committee, superior in
cach category or subdivision. Where two
systems share a superior position, bothare
listed in alphabetical order.

It is the belief of the Committee (1) that
this table, with the accompanying text of
the report, provides a sound basis for a
technical decision among the three systems,
and (2) that the only missing element is the
relative weight to be -accorded each main
category. When such weights are assigned,
a preponderance of advantage for one sys-
tem over the others can be found.

The main conclusions reached by the
Committee have been stated at the outset,
in Chapter 1. These favor a color service
based on the 6-Mc¢ channel, the service to
be limited to one of the sequential systems
(dot, line, or field)

XXXII. CoMMENTS ON PosSIBILITIFS OF
FuTurE DEVELOPMENTS

This report would not be complete with-
out one additional observation, namely,
that all the systems are subject to improve-
ment as a result of further technical and
operational development. The process of im-
provement will go on in each system until
the decision Lhetween them is handed down,
so leng as the proponents and other members
of the industry continue to expend man
power and resources on their development.

However, the prospect for future im-
provement is not of equal magnitude in
each system. This is a matter of evident
importance in settting standards, since the
standards may be expected to be in use for
a long time after their full potential has been
reilized. The net long-term good to the
public is thus greatest in that system which
can be expected to reach the highest pitch
of performance during the next few years.
Such technical advances presuming a choice
of one system in the immediate future, will
be limited to those matters capable of im-
provement within the framework of the
then-established standards.

It is the opinion of the Committee that
the CBS system has progressed furthest
toward full realization of its potentialities,
within the confines of the field-sequential
system. It is not likely, for example, that the
color fidelity will improve beyond the highly
satisfactory state now achieved. Equally, the
CBS system is not likely to improve sub-
stantially its channel utilization beyond that
achieved in the dot-interlaced version of the
system. Nor is the flicker-brightness per-
formance capable of substantial improve-
ment, except by methods equally available
to other systems, once the picture rate is
established at 24 color pictures per second.

The CTI system, being less fully de-
veloped, has somewhat greater possibility of
future improvement, particularly with re-
spect to correction of faulty registration and
small-area color distortions and the develop-
ment of convertible receiver circuits using a
tricolor tube. But in other respects the CTI
system cannot reasonably be expected to
overcome certain inherent limitations im-
posed by the choice of scanning method.
These include the difficulty of avoiding
interline flicker and the impracticability of
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using dot interlace (at a color picture rate
of 5 per second, which is too low for satis-
factory rendition of small arcas and sharp
edges).

The RCA system also has considerable
opportunity for improvement within the
confines of the scanning standards proposed
for this system. The registration of the
color images, and the balance of the color
values in both large and small areas can he
expected to improve substantially with
advances in camera design. Convertible
circuits, to convert existing sets to color,
using the tricalor tube and auxiliary com-
ponents, can he developed.

The systems discussed above are con-
fined to those developed and demonstrated
by their proponents, CTI, CBS, and RCA.
An additional demonstration of a dot-se-
quential system was viewed by the Commit-
tee. The Hazeltine Electronics Corporation
demonstrated a technique known as “con-
stant-luminance sampling,” which consider-
ably reduces the visible effect of noise and
interference in a dot-sequential color image.
This demonstration also provided conclu-
sive proof of the efficacy of the mixed-highs
technique, in that a video channe! of 4 Nc
carrying a mixed-highs, dot-sequential trans-
mission was found to offer substantially the
same quality of image as a 12-Mc channel
carrying an equivalent simultaneous color
transmission. The Committee concludes
that the Hazeltine developments are an im-
portant contribution to the dot-sequential
system.

The present state of development of
each system has been reached through the
efforts of single organizations working in
competition. Once the decision is reached
among the systems, all that effort, plus addi-
tional effort from other quarters, can be
applied to the one system then chosen. It
may then be found that the real limit to
future progress is that imposed by the na-
ture of the scanning standards, not by pres-
ent equipment limitations or present rela-
tive costs,

On this account, the final conclusion of
the Committee is that principal importance
should be attached to those fundamental
capabilities and limitations which relate to
the choice of scanning method. These funda-
mentals have been discussed at length in
this report and listed in detail in Table I.
Other factors, relating to the present per-
formance and costs of apparatus, deserve
consideration, but, in the opinion of the
Committee, such matters should take sec-
ond place in the technical assessment of the
systems.

Respectfully submitted,
E. U. CoxpoN, Chairman
S. L. Baney
W. L. EvEriTT
D. G. Fink
NEWBERN SMITH

ANNEX A
UNITED STATES SENATE
Committee on
Interstate and Foreign Commerce
May 20, 1949
Hon. E. U. Condon
Director

National Bureau of Standards
Washington, D. C.

September

My dear Dr. Condon:

The question of the present-day com-
mercial use of color television has been a
matter of raging controversy within the
radio world for many months. There is a
woeful lack of authentic and dependable in-
formation on this subject.

Hundreds of applicants for television
licenses, as well as those now operating
television stations, are vitally affected by its
scttlement. The capital investment involved
in the installation of a television station runs
into a tremendous sum. The operational
costs of such a station are extremely high
also. All of these expenses must be recovered
through advertising. Those who are experi-
enced in advertising believe that if color
television were available now, attractive
local advertising revenues could be obtained
duc to the strong consumer detnand for it.

The Federal Communications Commis-
sion has declined to authorize commercial
licensing of color television. It seems re-
luctant to indicate when and if It will act
with respect to authorizing commercial
licensing of color. As we understand it. the
Commission must first fix minimum stand-
ards for color television before licensing can
be undertaken, but it refuses to attempt to
do so on the premise that color television has
not been developed sufficiently for standards
to be determined.

Accordingly, it is greatly in the public
interest that a sound, factua! ascertainment
be had now whether or not minimum stand-
ards can be fixed today, or in the very near
future, so that color television might de-
velop and progress with complete freedom
under the stimulus of commercial competi-
tion.

One unit in the industry has demon-
strated color television six megacycles wide
and asserts that if the Commission would
allocate frequencies and license commercial
operation, it could go ahead “tomorrow.
Another large unit in the industry also has
demonstrated color television of varying
width from six 10 eighteen megacycles but
believes that color is not yet ready for com-
mercial operation; that much more experi-
mental work must be done and field tests
made before commercial licensing should be
undertaken. Still another unit in the in-
dustry is said to be of the opinion that color
television is several years away.

My objective, and the objective of the
Senate Committee on Interstate and Foreign
Commerce, is to encourage development of
the radio art and to press for a nationwide,
competitive television service in the public
interest. Qur Committee sees television as a
great new industry, not only providing new
jobs and new source of wealth but as the
greatest medium of entertainment and dif-
fusion of knowledge yet known to man. We
believe that it has made great advances but
we are concerned that through delay in
opening up the ultra-high frequencies and
holding up color until such time as some
electronic experts believe that color has
reached a state of perfection, a chain of cir-
cumstances will have been created which
will tend toward monopoly control of the
entire television art,

\We are anxious, also, to reduce as much
as possible any sharp impact on both station
licensees anq the general public, who already
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have invested one-half billion dollars in re-
ceiver sets, of any sudden but eventually
necessary conversion to color. It is ouc be-
lief that if both potential licensces and the
set-buying public are given all of the facts
now with respect to color television, less ex-
ploitation will ensue and less wasteful ex-
penditures will occur.

Frankly, it seems to us that this is the

time to obtain these facts and make them
public. The Commission has, in effect, a
“freeze” on further television allocations in
the vhf band. It faces the problem of
opening up the uhf band in order to provide
sufficient channel space for a competitive
nationwide television system. Now, when
there is at least the probability that both
bands may be opened simultancously for
allocation, is the time to make certain re-
garding the color television situation so that,
if it is technically feasible, the Commission
might also simultaneously open color to
commercial licensing in either or both
bands.

It has occurred to me, therefore, that at
this juncture you could be most helpful in
giving this Committee sound, impartial,
scientific advice. I am anxious that you in-
dividually, or in association with a small
group of scientific persons of repute, none
of whom are employed by or have any con-
nection directly or indirectly, with any radio
licensee or radio equipment manufacturer,
shall investigate officially this matter for the
Committee.

Specifically, I would like you and your
group to visit the laboratories of the Radio
Corporation of America, Columbia Broad-
casting System, Du Mont, and any others
engaged in color television research and de-
velopment; confer with their engineers;
witness demonstrations; ask questions, all
with the purpose of coming to a definite
opinion as to the present stage of develop-
ment of color television. Your inquiries will
necessitate an evaluation of present-day
practicability of color television; in short,
can a satisfactory color television picture
be broadcast today in the vhf and uhf f{re-
quency bands?

We are aware, of course, that both trans-
mission and reception equipment is not now
available on a commercial scale but that is
not a controlling factor in whether color
television should or should not be licensed,
or stations allocated. We are also aware that
undoubtedly experience and further experi-
ment will result in the development of a bet-
ter color picture but that, also, is not a factor
in the evaluation we seek. We realize, as
you, that color television today is as dif-
ferent from what it will be in perhaps §
years as were the old crystal radio sets as
compared with present-day radio receivers.
It is not necessary that the art be fully
developed for minimum standards to be
outlined.

I am particularly concerned with resolv-
ing once and for all the charges that have
been made that the advance of color tele-
vision has been held up by the Commission
for reasons difficult for us to understand, and
I feel certain that a committee headed by so
eminent a scientist as you will help resolve
these doubts and questions which have been
tossed about.

You will want, I assume, to confer with
the engineers and laboratory personnel of
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the Federal Communications Commission as
well as with the people in the industry. I
feel certain that you will have the co-opera-
tion and willing assistance of the responsible
officials of the industry in such a study, and
I shall be pleased to ask them and any
Government agencies who may be con-
cerned to accord you and your group every
assistance and co-operation.

I sincerely hope in the public interest
that you will assume this difficult assign-
ment. I shall be pleased to confer with you
at your convenience.

Sincerely yours,
/s/ Ep. C. JonNsON
Chairman

ANNEX B

Excerpr FROM FEDERAL COMMUNICATIONS
CommissioN NoTiCE ofF FURTHER Pro-
posED RULE MARING (FCC 49-948,
MiMEO $#37460, ADOPTED JULY 8,
1949), APPENDIX A

“II. TRANSMISSION STANDARDS

A. The Commission proposes that the
Transmission Standards for channels 14
through 55 as well as for channels 2 through

13 shall be those standards which are set”

forth in the Standards of Good Engineer-
ing Practice concerning Television Broad-
cast Stations under Heading 2 entitled
“Transmission Standards and Changes or
Modifications Thereof.”

B. The Commission will give considera-
tion to proposals for a change in Trans-
mission Standards on channels 2 through
55 looking toward color television or other
television systems. Any such proposal shall:

1. Be specific as to any change or changes
in the Transmission Standards proposed;
and

2. Shall contain a showing as to the
changes or modifications in existing re-
ceivers which would be required in order to
enable them to receive programs transmitted
in accordance with the new standards.

C. It is proposed to consider changes in
Transmission Standards for channels 2
through 55 only upon a showing in these pro-
ceedings that:

1. Such system can operate ir: a 6-mega-
cycle channel; and

2. Existing television receivers designed
to receive television programs transmitted
in accordance with present transmission
standards will be able to receive television
programs transmitted in accordance with
the proposed new standards simply by mak-
ing relatively minor modifications in such
existing receivers.”

ANNEX C

February 2, 1950
The Honorable Edwin C. Johnson
Senate Office Building
Washington, D. C.

Dear Senator Johnson:

Herewith for your information is a report
drafted by our Color Television Committee.
This report deals only with some aspects of
the frequency allocation problem rather
than with color television systems as such.
As | have indicated, we shall probably not
have a report on color systems until some-
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time after the Federal Communications
Commission demonstrations have been con-
cluded.

The subject of the present report is, how-
ever, pertinent to the general television
problem and represents the considered
opinion of our Committee regarding the fre-
quency allocation problem. I believe you and
the members of your Committee may find
this material helpful.

The report assumes a knowledge of the
general setup of the frequency allocation
structure in this country, and does not con-
tain much background material on this. If
you think that a more general background
statement might be of assistance to the
members of your Committee in considering
this problem, we should be glad to furnish
one.
I have marked this report confidential
only to insure that it would not be released
unless and until you wish. If you do not
advise me to the contrary, | shall do the
same with other reports also.

Sincerely yours,
E. U. CoNpDoN, Director

STATEMENT BY THE SENATE ADVISORY
CoMMITTEE ON CoLoRr TELEVISION

The plans for expansion of the television
service, whether for additional black-and-
white stations or for a color service, must be
evaluated in terms of the radio spectrum now
reserved for television and other services,
Television broadcast stations are currently
allocated in 12 channels in the vhf spectrum
in the following bands: 54-72 Mc, 76-88 Mc,
174-216 Mc.

In expanding the television service it
would appear to this Committee that it
would be highly advantageous to allocate
additional vhf channels between 72 and 300
Mc. But the space in the vhf spectrum is
currently occupied by, or nominally allo-
cated to, other services. These are:

72-76 Mc—Government aeronautical
navigation and nongov-
ernment fixed

88-108 Mc—FM broadcasting

108-144 Mc—Aeronautical navigation
and communication

144-148 Mc—Amateur

148-152 Mc—Aeronautical communica-
tion

152-156 Mc—Police

156-162 Mc—Nongovernment fixed and
mobile

162-174 Mc—Government fixed and mo-
bile

216-220 Mc—Government fixed and mo-
bile

220-225 Mc—Amateur

225-400 Mc—Government aeronautical
communication and navi-
gation.

In view of this extensive occupancy of
the vhf spectrum by nontelevision services,
the FCC allocated a portion of the uhf
spectrum, from 475 to 890 Mc for experi-
mental television service, looking toward
the development of improved television
systems including high definition black-and-
white and color systems. The FCC has re-
cently issued a proposal to allocate a large
segment of the uhf band to commercial
black-and-white  television broadcasting.
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The proposal, to be debated shortly in hear-
ings before the Commission, is to allocate
approximately 42 channels, each 6 Mc,
wide, extending from 475 Mc to 727 Me
(or from 5C0 o 752 Mc, if the band 47§—
500 Mc is allocated to common-carrier
fixed-mol.ile communicaiions).

The progposal 1o allocate uhf channels is
open toa number of serious objections which
stem from differences in the performance
of transmitters and receivers and in the
propagation of radio waves. The availahle
power of transmitters and the sensitivity of
receivers are lower, in any given state of the
art, in the uhf band than in the vhf band.
The performance of the uhf system is im-
paired further than the vhf{ sysiem by
natural impedimenis to transmission over
the earth’s surface. These technical factors
have important implications, which may be
summed up in the statement that uhf tele-
vision stations cannot cover as large an
area (by a factor of the order of 3 times) as
can vhf stations of the same effective radi-
ated power.

The effect on the extent of the service to
the public is manifest. In the first place,
areas which might be covered by vhf sta-
tions cannot be covered by the same num-
ber of ulhf stations. A second effect of a uhf
allocation which is against the public inter-
est, i the tendency to foster monopoly. In
areas of dense population, such as the eastern
sealboard, a vhf station can reach an audi-
ence much larger than can an equivalent
uhf station. Accordingly there is serious
doubt that a uhf station could, under these
circumstances, compete with the vhf sta-
tions in the same area. The limited number
of stations on the existing 12 vhf channels
would then operate at a substantial competi-
tive advantage.

These disadvantages of a uhf allocation
may have to be faced, provided that no
additional vhf channels can be found. But
to the extent that space in the vhf spectrum
could be transferred to the television service
from other services, the technical, social,
and economic shortcomings of uhf television
service could be obviated. All the future
needs of television may not be satisfied by
additions to the vhf allocation. But with
even a small addition (e.g., 6 channels) it is
rossitle that an adequate public service can
be achieved, toth as to coverage and for
fostering comretition, without the necessity
of the extensive uhf allocation proposed by
the FCC.

This committee is concerned primarily
with the technical factors underlying a
color television service, and is not in a posi-
tion to recommend specific changes in the
vhf allocation. Moreover, the committee
wishes to emiphasize that the transfer of
spectrum facilities from one service to
another involves judgments which tran-
scend technical factors. Such judgments must
be based on sound technical knowledge, but
they involve also the far more difficult de-
termination of the needs of the various
services, their established positions and in-
vestments, and the quaniity and quality of
the service they render to the public and the
national security. No technical group can
properly undertake judgments of the latter
type. They must be made on a high ad-
ministrative level, by a group of judicial
merit, having knowledge of, and properly
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responsive to, the needs of all the radio
services.

It is the considered opinion of this
committee that the distribution of the vhf
and uhf regions of the spectrum to various
services has not been carried out in the past
on the basis just suggested. This failure
has stemmed from the fact that no govern-
ment agency has been given the authority
or responsibility to make a judicial review
of the use of the entire portion of the spec-
trum involved. Two groups, operating with
different procedures and policies, have been
responsible for the main features of the allo-
cation. These are the FCC, which allocates
frequendies to nongovernment services and
the IRAC (Interdepartment Radio Ad-
visory Committee) which allocates frequen-
cies to government, including military serv-
ices, and in addition, allocates frequencies
for assignment by the FCC to nongovern-
ment services. These groups have not oper-
ated, during peacetime, under a common
policy and the IRAC has not reviewed, in
the manner employed by the FCC for non-
government requirements, the needs of all
government and nongovernment services.
Unless and until such a review is carried
out, at an administrative level sufficiently
high to command the respect and co-opera-
tion of the industries and government de-
partments affected, serious doubt will re-
main that the allocations, as they now
stand, are for the maximum benefit of the
public and the national security

While this situation exists, this commit-
tee is faced with a difficult choice in its
deliberations. 1t may assume on the one
hand, that a review of the allocations to
both government and nongovernment serv-
ices should be made, and will in fact be
made by an appropriate government agency
existing or to be sct up, before the proposed
expansion of television facilities takes place,
and that such a review would probably result
in the allocation of additional vhf chan-
nels. Alternatively it may assume that the
creation of an administrative body to re-
view the allocations, its deliberations, and
the preparation of its findings, would take
so much time that the expansion of televi-
sion service should not be delayed so long.
In the latter event, the commitice has no
alternative but to proceed within the terms
of reference now proposed by the FCC, even
though these terms mav be faulty.

Since the members of the committee be-
lieve this 10 be a matter of great importance,
not only to the future of the television serv-
ice, but of other radio services as well, they
respectfully bring the matter to the atten-
tion of the Senate Interstate Commerce
Committee and request guidance in the
matter,

ANNEX D

REPORT ON TESTS OF FLICKER IN CoLor
TeLEVISION, T. H. PROjJECTOR NATIONAL
BUREAU OF STANDAKDS

I. ScorE oF TEsTs

Television receivers, both monochrome
apd color, are subject 10 various imperfec-
tions symptomatically visible as imperfec-
tions of the image viewed on the screen,
Among these are a group of imperfections
which may loosely be described as flicker.
It is the purpose of this report to describe
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tests made of a particular one of these im-
perfections: the cyclic variation of the
brighiness of the image associated in-
herently with the field and frame frequencies
and with the kind of color synthesis and
analysis used.

Tests have been made to date on the
Columbia  Broadcasting  System's color
television system only. This system is a
“field-sequential” system with a field fre-
quency of 144 per second and a frame fre-
quency of 24 per second, or 6 fields per frame,
I'he fields are successively red, blue, and
green. Because of line interlace, two cycles
of the three colors are required to com- |
plete a frame. The horizontal sweep fre- |
quency is 29,160 per second. The field colors
are obtained with a 6-segment wheel rotat-
ing at 24 rps,

Il. TEsT MATERIAL

One CBS table-mode! color television
receiver was delivered to this Bureau in
January, 1950, for test purposes. It was
equipped with a 7-inch cathode-ray tube and
a magnifying optic yielding a magnified
image of the screen approximately the size
of a 10-inch twube screen. This receiver was
used for physical measurements of the
variation of brightness with time. Some pre-
liminary measurements of subjective flicker
were made on this instrument but the main
group of measurements were made on one
of the Smith, Kline, and French console re-
ceivers located at the \Valker Building,
where it was used for public demonstrations.
The measurements were made at the Walker
Building rather than at this Bureau in order
to assure optimum reception conditions, and
thereby to limit flicker to that which is in-
herent in the system

II1. PuvsicAL MEASUREMENTS OF
BRIGHTNESS VARIATION

To measure the variation of the bright-
ness of the screen with time, an electron
multiplier, with a correction filter yielding
approximately the ICI “Standard Observer”
luminosity response, was used. The field of
view of the photomultiplier was limited
optically 10 a square area with sides ap-
proximately 1/7 of screen width. The out-
put of the muliiplier was amplified and fed
into the deflection system of an oscillograph
The sweep frequency of the oscillograph
was adjusted to approximately 24 per
second, so that the oscillograph presented a
curve of the average brightness of the square
portion of the television screen viewed by
the multiplier versus time for one complete
frame,

The regular CBS broadcast test pattern
was used for the test. Curves of all four
test pattern colors, red, blue, green, and
yellow, were obtained, as was a curve for
white. The results are shown in Fig. 5. It
should be noted that the color of the pat-
terns could be altered easily by manipula-
tion of the brightness and contrast controls
of the recciver. These were adjusted before
photographing the curves to give the best
over-all effect, but the resulis should be
considered qualitative only.

It is evident from the figure that the
decay time of the phosphor is quite short
The relative vertical spread of the trace
near the peaks indicates that the decay time
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is of the order of a fraction of the time of
one horizontal sweep. Evidently then, any
small area of the television screen receives
periodic sharp pulses of light at intervals of
1/144 second. These pulses vary in intensity
in accordance with the color composition
and brightness of the area and will, on view-
ing, vary in color because of the interposi-
tion of the sequential filters.

IV. SUBJECTIVE FLICKER MEASUREMENTS

Because of the complex way in which
the images are formed, previous work on
flicker was not considered directly ap-
plicable. In addition, while there has been a
considerable amount of work done on
critical flicker frequencies (the frequency
at which flicker vanishes), very little has
been done relating to the observer's subjec-
tive judgments regarding a given amount of
flicker. Accordingly, this part of the test
was divided into two parts. First it was
necessary to determine a “flicker tolerance
scale” for the observers used in the test and
then to determine where on the scale the
observers considered the color television set
to be

A. Flicker Tolerance Scale

In order to obtain a flicker tolerance
scale, a “flicker box” was constructed.
This box had an opal glass window of the
approximate form of a 10-inch television
screen at one end. The window could be
illuminated from behind so as to present
for view a simulated television screen of uni-
form adjustable brightness. Through the
use of a sector disk, the brightness of the
window could be varied cyclically in a
simple way, and the frequency of these
cycles could be adjusted to any desired
value. 100-per cent modulation was used in
this test.

Eight observers were used for this part
of the test. They were seated before the box
at such distances that the angular subtense
of the window for the several observers
ranged from about 4° to 6°,

Prior to the test, the observers were asked
to set up for themselves a flicker tolerance
scale in five steps as follows:

None: no noticeable flicker.

Noticeable: flicker present but small
enough not to be bothersome,

Appreciable: an obtrusive amount of
flicker, although tolerable, even for
prolonged viewing.

Objectionable: an amount of flicker
which would be intolerable for pro-
longed viewing.

Painful: an amount of flicker which is
immediately intolerable.

The flicker box was adjusted to one of
three levels of average brightness, 5, 10, or
20 foot-lamberts. The flicker box was set at
random at some value of flicker frequency.
The observers viewed the box for 10 seconds
and were asked to assign a step value on the
flicker tolerance scale to this setting. The
box was then turned off while judgments
were recorded and the flicker box set for
another flicker frequency, This procedure
was repeated until the gamut of frequencies
had been run and then the entire procedure
was repeated for the other two brightness
levels, The room in which the measure-
ments were made was dark throughout.
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Blue

Yellow

Green

Fig. 5—Color television test for brightness versus time curves (CBS test pattern colors),
Each record represents a sequence of six fields making a complete frame. The letters
R, B, and G indicate red, blue, and green sequential fields. The field of view in these
measurements was restricted to a square area with sides of length approximately 4 of
screen width.

Brightness Level
b

)+
Foot-lamberts
20 P | o] a | ~ | x
|Grean (18 Foot~Lamberts)
i |Yallow (17 Poot-Lamberts)
|
10 T | o[ a ] w | x
|Blue (10 Poot-Lamberits)
I | 284 (10 Foot-Lamberts)
s} P | o [ a] ®» | x

l___L I - A I\ -t 1 i A S
15 20 25 30 35 40 45 50 55
Flicker Frequency, Cycles per Second

Fig. G—Qolor-television test—flicker tolerance scale. Equivalent flicker frequencies for the
four CBS test pattern colors are indicated, These are averages for eight observers, seven
of whom are also represented in the tolerance scale data.

. Tolerance Scale Symbols
P =Painful

! A = Appreciable
0O =Objectionable N= I‘&ticeablc

X =No flicker observed.
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The results of this test are given in Figs.
6, 7, and 8. Fig. 6 gives the average toler-
ance scales for all eight observers at the
three brightness levels. Figs. 7 and 8 give
the results of the measurements at 10 and
20 foot-lambert brightness levels for seven
individual observers. (These seven were
used also in the second part of the test in
which the equivalent flicker of the color
television set was located on the scale.)

B. CBS Flicker Tolerance

The test to determine the tolerance scale
value of the flicker of the CBS color tele-
vision system was carried out on January
31, 1950, at the Walker Building, where
CBS had sct up several SKF receivers for
a public demonstration. The flicker box was
set up alongside an SKF receiver and the
observers were scated in approximately
the same relative positions they held for the
flicker tolerance scale test. Eight observers
were used in this test, seven of whom
participated in the tolerance scale test also.

Observer and

PROCEEDINGS OF THE [.R.E.

The room was darkened during this test.

Tests were made on the four CBS test
pattern colors: red, green, blue, yellow,
The transmission was set to fll the entire
receiver screen with one selected color
from the test pattern. The brightness level
for each color was adjusted so as to obtain
approximately the relative viewing condli-
tions prevailing in “good” reception. The
brightness values used were:

red 10 foot-lamberts
blue 10 foot-lamberts
grcen 18 foot-lamberts
yellow 17 foot-lamberts.

After the brightness of the television
screen had been adjusted, the brightness
of the flicker box was adjusted to the same
level with the flicker rate set above the
critical frequency. The flicker box was not
color-matched to the television screen. With
the SKF receiver left undisturbed, the flicker
frequency of the flicker box was set succes-
sively and at random at various values. At

Observation PPPP P Yellow
Distance 0 o000 ————— Green
A AA A
LN1C N NNN
7 1/2 feet XX XXXXXX
24 30 36 42 48 54 60
PPPP o P ¢ 0 Yellow
RSR A AAAA [ Green
7 1/2 feet NNNN
LXXXXXXX
24 30 36 42 48 54 60
AN
PPPPPP
0000 [ Green
K1K AA [ Yellow
7 1/2 feet NNNNN
XX XXXXXX
24 30 56 4z 48 o4 80
PPP Yellow
000
JCB AAAA Irh Green
11 feet NNNNNN
XXXXXXXX
24 30 36 42 48 54 60
PPP Green
000 Yell
RiM AAAA r R
1l feet NNNNNNN
XXXXXXXX
24 30 36 42 48 o4 B :]e]
PPPP Yellow
0000O f——————— Green
ANH A AA A
11 feet N NNN N
X XXXXXX
24 30 36 42 48 54 60
PP o P - Green
R ¢
RWC AAARA , / A S
11 feet NNNNNNN
X XXX XXX
27 30 36 4c 48 54 60
Flicker Frequency, Cycles per Second

Fig. 7—Color-television test—flicker tolerance

levels for green and yellow were 18 and 17 f

P = Painful
A =Appreciable

Equivalent flicker frequencies for two CBS

scaledata (brightness level, 20 foot-lamberts)
test pattern colors are indicated. Brightness
oot-lamberts, respectively

Tolerance Scale Symbols

O =Objectionable
N =Noticcable

X =No flicker ohserved.
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each setting, left on for about 5 seconds
the obscrvers were asked to judge whicl
flickered more, the flicker box or the tele
vision set. After the S-second comparisor
period, the flicker box was turned off anc
the judgments recorded. This procedure
was repeated for all four colors.

The value of flicker-box flicker frequency
at which the observer’s judgments reversed
was considered to be the “ecquivalent
flicker frequency” of the color television
set for that color at the set brightness level.
The equivalent flicker frequencies for the
four colors are shown in Fig. 6 underncath
the flicker tolerance scale for the nearest
brightness level. The results for seven indi-
vidual observers are shown in Figs. 7 and 8.

V. DiscussioN

It may be seen in Fig. 6 that the flicker
of the CBS television set was classed as
“noticeable” according to the flicker toler-
ance scale set up. At the higher brightness,
the flicker was near the “appre¢iable” end
of the “noticcable” region. At the lower
brightness, the flicker was near the critical
frequency. The judgments as to the toler-
ance of flicker seem to be more affected by
the brightness level than by the particular
color viewed.

The conditions of this test were rela-
tively severc. The use of a field of uniform
color completely devoid of subject interest
or variety and the direction of the attention
of the observers to the specific subject of
flicker undoubtedly gave what flicker there
was more prominence than it would have
for the ordinary television program viewer.
It is therefore evident that the amount of
flicker inherently present in the CBS color
television system, while noticeable. is unob-
jectionable.

The assistance of Dr. D. B. Judd and
Mr. C. A. Douglas of the National Bureau
of Standards in these tests is gratefully
acknowledged.

ANNEX E

REPORT ON THE FIDELITY OF CoLOR REPRO-
DUCTION BY THE CBS aND RCA SysTEMS
DraNe B. Jupp, L. Praza, AND M. M
Bavrcosm, NatioNaL BUrEauU
OF STANDARDS

1. INTRODUCTION

The question has been raised as to how
faithfully can present-day systems of tele-
vision in color reproduce the colors of the
actual scene. How does this color reproduc-
tion compare with that in the graphic arts
and in color photography-systems that al-
ready have consumer acceptance? This re-
port compares the color fidelity achieved by
the CBS and RCA systems in January and
February of 1950 with that of color photog-
raphy by the Kodachrome process.

An unfaithful reproduction of color can
result in television from various types of
failure:

A. Failure to equip the camera with
filters giving it the proper spectral sensi-
livity to control the receiver primaries.

B. Improper adjustment of the camera
resulting in its failure to initiate the proper
signals to control the receiver primaries.

C. Improper adjustment of the trans-
mitter resulting in failure 10 broadcast the
proper signals.

;
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D. Failure of the proper signals to arrive
4 at the receiver due to various forms of inter-
| ference to propagation of radio waves,
| superposition of extraneous signals, and so
| forth.
’ E. Improper adjustment of the receiver.
Perfect reproduction of the colors of the
scene is theoretically possible provided
those colors lie within the gamut of colors
producible by additive combination of the
receiver primaries. An unfaithful reproduc-
tion of color from the above causes is said
to come from poor color control or poor
color balance. This report indicates the de-
gree of color balance achieved by certain
transmitter-receiver combinations operating
in January and February of 1950 on the
CBS and RCA systems. It does not indicate
the ultimate color fidelity possible with
those transmitter-receiver combinations, nor
that theoretically possible by means of the
CBS and RCA systems of colo: television in
color, nor does it seek to point out the par-
ticular link of the system responsible for
specific instances of unfaithful color repro-
duction. It is not a measure of the bad
effects of misregistration of images, color
fringing, or color breakup. It is simply a
record of the color fidelity achieved at cer-
tain times by the CBS and RCA systems of
color television.

I1. METHOD

The method was to measure the colors
of two test charts, each having four colors
plus white; then to measure the rendition of
these colors on the tube of the television
receiver: then to compare the relationship
of these eight rendered colors to the rendered
white with the relationship between the eight
actual colors to the actual white.

A. Test Charts

Each chart (18 by 24 inches) consisted
of four colors covering the quadrantsof a
rectangle except for a central rectangle
covered with white, Table II shows the
Munsell notations of the nine colors, first
estimated by visual comparison with the
color scales in the literature,? and second
found by means of the colorimeter used to
measure the colors produced by the tele-
vision receivers.

B. Colorimeter

A special colorimeter for measuring the
colors of self-luminous arcas was assembled
for this test. In this colorimeter one half of
the field of the Martens photometer was
filled with light from the test area; the
other half was filled with light from an in-
candescent lamp (standard illuminant A)
filtered through a combination of Lovibond
glasses (red, yellow, blue) adjustable in
number of Lovibond units3 A double-cell
liquid filter* converting illuminant A4 to
illuminate C (representative of average day-
light could also be inserted. For each com-
bination of filters and setting of the Martens

3 *Munsell Book of Color,” Hoffman Bros., Balti-
more, Md., 1929 and 1942. Available also through
the Munsell Color Company, 10 East Franklin St.,
Baltimore, Md.

1 K. S. Gibson and F. K. Harris, *The Lovihond
color system,” BS Sci. Paper No. 547, 1927,

« R. Davisand K. S. Gibson, “Filters for the repro-
duc.lon of sunlight and da_yligh! and the determina-
:ig;;ll of color temperature,” Misc. Pub. BS. No, 114,

Present Status of Color Televiston

photometer the luminance Y and chro-
maticity co-ordinates x and y are known by
means of calibration graphs.

For each chart under illuminant C and
for each rendition of each chart on the
screen of the television receiver, measure-
ments were made of the luminance ¥ and
chromaticity co-ordinates® x and y of the
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TABLE 11

MunseLL Book NOTATIONS OF THE TEST
CoLors (ILLUMINANT: [CI STANDARD C
REPRESENTATIVE OF AVERAGE DAYLIGHT)

Munsell Book Notation

Visual Com-

white area, and of the four test colors. S parison to bManS‘z:?ﬁ_
Munsell Book 7 “qier
C. Reduction of Data of Color
From the measured values of Y, x, and E’;’ B .Sil ";3/»10‘_6R 5.4/.8.;
y, for each area, the tristimulus values Yellow 5Y 9.0/9.0 6Y 9.0/9.3
X, Y, Z were computed by the formulas Purple 6P 4.2/9.5 SP 4.3/9.4
X = 2(Y/y) Green 4G 17.0/6.5 4G 7.2/8.3
= xr/y Flesh 6YR 8.2/6.0 7YR 8.0/5.2
Y=Y ¢))] Blue 10§ 5.3/8.0 1PB 5.5/7.6
Z = 2(¥/y). Il?s‘l;at;il 6.7/ 8G 6.8/0.4
s D, B. Judd., “The 1931 ICI standard observer Green 5GY 5.4/4.5 6GY 5.8/4.6
and coordinate system for colorimetry,” Jour. Opt. § — s
Soc. Amer., vol. 23, p. 359; October, 1933.
Observer and
Observation PPPPPP Blue
Distance 0 oo l Red
AAAA |
LIC NNN
7 1/2 feet IXXXIXX
21 24 30 36 42
PPPP
0000 I e
RSR AA A I
7 1/2 feet N NNNNN
XXXXXX
21 24 30 36 42 48
P P
FER S Fooo 3139
KIK AAAA |  Be
7 1/2 feet NENN
XXXIXIXIXX
2l 24 30 56 42
PPPP
000 ['__ Sl
JCB AA A —— Blue
11 feet N NNNNNXN
IXXXXX
21 24 30 36 42 48
PP
00000 I R;d
R AAAA —— Blue
11 feet NNNNNYN
XXXXX
21 24 30 36 4z 48
PP P P Red
0 0 00 Bl
ANH AA AAa | e
11 feet N NNN N
X XXXX
21 24 30 36 42 48 4
PP
0000 Blue
RWC AA A — Red
11 feet N NNNNNN
XXXXXIXIX
21 24 30 36 42 48

Plicker Frequenocy, Cyoles per Seoond

Fig. 8—Color-television test—flicker tolerance scale data (brightness level, 10 fool-lam-
berts). Equivalent flicker frequencies for two CBS test pattern colors are indicated.
Brightness level for both was 10 foot-lamberts.

Tolerance Scale Symbols

P =Painful
A = Appreciable

O =Objectionable
N =Noticeable

X = No flicker observed.
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TABLE I1!

DisckEPANCIES IN MUNSELL VALUE, CHROMA, AND HUE BETWEEN TEST COLOR AND RENDI
TION OF IT, ALso NuMERIcaL EvaLuaTiON OoF OvERALL COLOR FIDELITY

These tristimulus values X, ¥V, Z were
then adjusted by constant factors so that
the white area had the values X'=0.847,
¥'=0.864, Z’'=1.020, characteristic of a
nonselective white surface of luminous re-

September I
.’
|

Average Discrepancy Be-

; : Trans- . T Color
flectance, 0.864 illuminated by standard : Receiver tween Test Color and Fidel-
source C thus: System 11)(3]}3 Receiver 6";? Adjust- Rendition of It :t;

X' = kX & gon ment e

Pl @ av AC  CaH

= K2 N e ——— — - —
=k i CBS 1/18

‘ # 10/: 15 Dual Normal By NBS to 1;.01S 2.44 17.6 72
where ki, k2, and k; are the factors constant 11:45 Dual Normal  give best 0.90 1.59 24.5 72
for each rendition of each chart. match for

From the tristimulus values, X, Y, Z’, 1/25 Dual Norinal  charts 0.59 2.56 25.2 71
the adjusted chromaticity co-ordinates x’ .
Normal By CBSto 1.36 2.31 18.9 71
and y’ were computed 1/26  Zenith 4 l
S o 3
' Zeni White t 1.50 2.94 1.9 59
yl - YI/(XI +Y +2Z ). 1/26 Zenith mall(;ﬁ o
From the values of ¥’, x’ and y’, the daylight
Munsell renotations of the colors were read .
by interpolation on the graphs in literature.t RCA 2/24 Cabinet Normal By RCAto 0.64 1.72 11.2 63

e |
In Munsell terms, the first symbol (such ﬁ:;fc})\el%r S

as 6R) indicates the Munsell hue, the 3/2  “High level” Normal charts 097 364 311 59
second symbol (such as 5.0/) the Munsell A e pe— S
value, and the third symbol (such as /10) Exposure
the Munsell chroma, the whole notation Koda- g;g lCnder %fg ggf ﬁ)f g;
being written 5R 5.0/10 (see Table I1). The chrome orrect 14 . .
Munsell system is useful for assessing the 2/6 Over 2.25 2.32 18.6 65

importance of the difference found between
the actual colors and the rendition of the
colors because of two properties—first, the
Munsell scales have steps that are visually
uniform; second, for usual observing condi-
tions Munsell chroma correlates with the
perceived departure of the color from gray;
Munsell value correlates with the perceived
lightness or darkness of the color; and
Munsell hue correlates with the perceived
hue. It has been found that unfaithful re-
production of hue is more ohjectionable to
the public than much more easily perceptille
discrepancies either in lightness or in satura-
tion (departure from gray).

The final step, thercfore, is to find by
subtraction the difference in Munsell hue
between actual chart color and the rendered
color, and the corresponding difference in
Munsell value.

I1I. TEsts Mape

At the request of the Senate Advisory
Committee on Color Television the follow-
ing tests were made:

CBS System

Three tests were made on an RCA
receiver, 7-inch tube with color converter
and lens, called the “Dual Receiver” at this
Bureau, brightness and contrast controls
adjusted by us to give as close a duplica-
tion of the test chart as possible. Test charts
were illuminated by 4,500° white fluorescent
lamps in the studios of WTOP in the Warner
Building.

Two tests were on a Smith, Kline, and
French medical receiver huilt by Zenith and
located in the Walker Building, Washington,
D. C. The receiver (called “Zenith” receiver)
was adjusted by CBS engineers 10 give what
they considered to be the best possihle pic-
ture. The first test was made with the trans-
mitter adjusted to make the receiver rendi-
tion of the white area of the test chart
color-match light from a daylight fluorescent
lamp.

¢ S. M. Newhall. D. Nickerson, and D. B. Judd,
*Final report of the O.S.A. subcommittee on the

spacing of Lhe Munsell colors.” Jour. Opt. Soc. Amer.,
vol. 33, p. 385; July. 1943,

RCA System

One test was made on a large cabinet,
three-tube receiver, and one test on a
sinaller so-called “high-level” three-tube re-
ceiver such as used at the Laurel demonstra-
tion before the Federal Communications
Commission: both tests were made at this
Bureau. In both tests the receivers and the
transmitter were adjusted for the best pos-
sible rendition of the test charts by RCA
engineers. The test charts were illuminated
by incandescent-lamp light in the studios
of WNBW in the Wardman Park Hotel.

Color Photography by the Kodachrome System

Photographs on stock 8- by 10-inch
Kodachrome film were made of the two test
charts at this Bureau by the Photographic
Technology Section on February 6, 1950.
The charts were illuminated by light from
4,500° white fluorescent lamps. One pair of
pictures was underexposed, one was ex.
posed for the time interval suited 1o the
illumination, and one was overexposed. The
film was sent to Eastman Kodak Company
for processing and, on being returned, was
illuminated as a transparency by standard
illuminant Can | the colors measured in the
same way as those produced by the televi-
sSion receivers.

IV. REsuLTs

Table 111 shows the dates of the various
tests, identifies the system of color television
and the receiver tested, indicates the adjust-
ment of the transmitter and the receiver,
and gives the average discrepancy between
test color and the rendition of it in terms of
Munsell value, Munsell chroma, and Mun-
sell hue. The average deviations in Munsell
hue between test color and rendition have
been multiplied by the chroma of the color
(average of test chart and rendition), the
perceptibility, and hence importance, of
hue differences being proportional to
chroma of the colors being compared

V. Discussion
It will be noted from Table 111 that the

CBS and RCA systems of television in
color in these instances gave consistently
more faithful reproduction (smaller dis-
crepancies, AV) in Munsell value of the
test colors than the IKodachrome system of
color photography. The reverse is true for
reproduction of hue, and there is little to
choose between the systems in regard to re-
production of Munsell chroma of test colors

If an over-all evaluation of color fidelity
taking into account all three kinds of color
departure (Munsell hue, value, and chroma)
ts to be given, some estimate of the relative
importance of the Munsell hue step, the
Munsell value step, and the Munsell chroma
step must be made. We believe that in
color rencition one Munsell value step is
about as important as two Munsell chroma
steps or one Munsell hue step atchroma /10,
We propose tentatively, therefore, the fol
lowing index of color fidelity F:

F=100[1—(Cal1 /5422V+1C) 30].

The last column of Table 111 gives values of
color fidelity F computed from the averages
of CA/f, AV, and AC, from this formula.
It will be noted that the color fidelity
achieved by the CBS svstem in these tests
is abcut the same as that achieved by the
Kodachrome svstem of color photography,
and that by the RCA svstem is not im-
portantly worse.

V1. CoxcLusioNs

A In January, 1950, the CBS svstem
of television in color was found to yield as
faithful reproductions in color as is common
by Kodachrome photographs. It was at that
time sufficiently developed to give trouble-
free operation at this level of color fidelity

B. In February, 1950, the RCA system
of television in color was found to yield sub-
stantially as faithful reproductions in color
as is comman by Kodachrome photographs.
It was not shown at that time to be sufh-
ciently developed to yield these results
withput constant expert attention to the
receiver.
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Mixed Highs in Color Television™

A. V. BEDFORDY, FELLOW, IRE

Summary—A high-quality color television system could be made
by transmitting independent red, green, and blue images of equally
high quality. The bandwidth required by this method would be three
times as great as that required for a black-and-white picture of equal
resolution and repetition rate, regardless of whether the images are
transmitted in sequence or simultaneously.

Tests made on the human eye, and reported herein, indicate that
the acuity for detail residing in color differences is less than half as
great as the acuity for detail residing in brightness. Therefore, if the
brightness values in a color television system are transmitted with
fidelity up to 4 Mg, it is adequate to transmit the individual color
values up to only 2 Mc, with a corresponding saving in bandwidih.
In the ‘‘mixed-highs” system described, each of the three color
images uses frequencies from zero up to 2 Mc and the ‘‘mixed highs,”
which carry only the brightness values of the fine detail, use a video
frequency band from 2 to 4 Mc. The total width of the video bands
then is only 8 Mc instead of 12 which would be required for three
identical bands from zero up to 4 Mc.

The bandwidth saved by the mixed-highs technique is obtained
not at the expense of picture quality, but is a legitimate saving that
arises by avoiding the transmission of information which the eye is
unable to use. In this sense the saving could be compared to that
which occurs by transmitting only the visible spectrum of colors,
omitting the ultraviolet which the eye cannot see.

The brightness acuity eye tests were made with projected charts
without the use of television apparatus. A new-type test pattern was
used having a calibrated blurred junction which corresponds to the
light values resulting from the transient response of a video amplifier

with restricted bandwidth in passing from a dark area to a light area..

The measurement of acuity for detail in color was made with similar
blurred junctions between areas of different colors.

Though the work reported was done a number of years ago and
was applied to the simultaneous system demonstrated by RCA
Laboratories in 1946, the principles and techniques are equally ap-
plicable to the new RCA color system demonstrated in 1949. In the
latter system the mixed highs and the dot interlace jointly provide
a three-to-one bandwidth reduction that allows a high-definition
compatible color television service to be operated within the 6-Mc
radio-frequency channels now allocated for black-and-white televi-
sion.

1. Basic Tueory aAND METHOD OF MI1XED Higus

PROPER additive mixture of three suitably cho-
A sen primary colored lights (such as red, green,
and blue lights) will produce practically all
the colors commonly encountered. Therefore, a high-
fidelity color television system requires the transmission
of only three separate color images which are super-
imposed at the receiver. Originally, it was assumed that
the three images would be transmitted at equal repeti-
tion rates and with equal resolution. Then the total
bandwidth requirement would be three times as great
as for a black-and-white picture of equal resolution and
repetition rate, regardless of whether the three images
are transmitted simultaneously or sequentially.

* Decimal classification: R583.1. Original manuscript received by
the Institute, July 7, 1950.
t RCA Laboratories, Princeton, N. J.

In 1940 Alfred N. Goldsmith! proposed that in the si-
multaneous system the bandwidth of the blue image
could be made considerably less than that for the green
and the red images without appreciably impairing the
picture received. Since the human eye has less acuity for
blue light than for red or for green, the nearest satisfac-
tory viewing distance would be determined primarily by
the resolution of thered and the greenimage components
and the acuity of the eye for these colors; hence, if the
blue image had resolution equal to the green or red, the
eye would not appreciate the full value of this resolution
and a portion of the bandwidth required to produce the
blue image would be wasted. Thus, it is seen that a
deficiency of the eye can be used to save bandwidth.
It is noteworthy that the field-sequential and the line-
sequential systems cannot readily take advantage of
this saving because the saine radio band is used in turn
for the red, green and blue images.)

In the literature? there is a reference to “the well-
known fact, first demonstrated by Aubert in 1865, that
objects of small size or low intensity always appear
c. lourless.” This amounts to saying that the human eye
is color-blind for small objects. The present author has
indirectly confirmed Aubert's statement by tests re-
ported herein, which show that the eye has less acuity
for detail of a certain type residing in differences in
color than for detail residing in differences in bright-
ness. Then, to satis(y the eve observing a color television
picture at a particular distance, it would not be neces-
sary to transmit information regarding the color of
certain tiny areas even though these areas are large
enough to be distinguished by differences in brightness
and therefore should be correctly reproduced in regard
to brightness.

Accordingly, it is not necessary in scanning from area
to area of the picture to be able to change from one
color to another as quickly as it is necessairy to change
from one brightness to another. In the case of a tele-
vision system transmitting three complete separate
color images by identical means, the color in the re-
ceived picture can change as abruptly along the scan-
ning line as can the brightness. This system then is
wasteful of bandwidth in that it transmits information
which the eye is normally unable to use.

In the “mixed-highs” simultaneous system proposed
by the author several years ago, this waste is avoided
by transmitting the low-frequency components of the
three color images separately and a fourth signal pro-
duced by mixing or adding the high-frequency com-

194; Alfred N. Goldsmith, U. S. Patent No. 2,335,180; November 23,
"Ragnar Granit, “Sensory Mechanisms of the Retina,” Oxford
University Press, London, England, p. 321; 1947.
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ponents of the green and the red signals to form a single
mixed high-frequency signal for transmission. At the
receiver the mixed-highs component is added to the
green or to the green and the red low-frequency signals
for application to the respective color picture repro-
ducers.

One version of the system is shown in Fig. 1. In Fig.
1(a) is shown the transmitter apparatus which receives
the three scparate simultancous green, red, and blue
signals, indicated as G, R, and B, from the camera, not
shown. These signals are of full video bandwidth ex-
tending from 60 cycles or lower up to 4 Mc as shown in

o —— Gt My G+ My
o ,J:L""] E.{ADD(P -

’ - [
[Ln‘(:} {»191 HP

R R ADD AL+ My
R 3 L 0DE LM
FILTER]

[T | 8 81
] LP L - —_—

lF LYER
(a) (b)

U S
Y U

(o) (d) (e)

Fig. 1—Color television system with mixed highs. (a) Transmitter.
(b) Receiver. (c) Pickup signals. (d) Transmitted signals.
e) Reproduced signals.

Fig. 1(c). The low-pass filters LP at the transmitter pass
only the lower 2 Mc of each of these signals. The low
frequency components are indicated as G, R, and B,
respectively, in the figure. The green and the red
original signals are added in the adder and a mixture
of higher-frequency components of both signals together
are passed by the high-pass filter HP, no use being
made of the blue highs. The mixed high-frequency
components My so obtained are added to the low-fre-
quency green components G to form the combined
signal Gp+ My which is transmitted as a single signal.
It is important that this combined signal may be used
directly to operate a black-and-white receiver.

The low-frequency components of the red and the
blue images, R; and By, respectively, are separately
transmitted as shown in Fig. 1(d). The color receiver
as shown in Fig. 1(b) apphes the green low frequencies
and the mixed highs Gr+My to the green Kinescope
directly. The signal for the red kinescope similarly is the
red low-frequency signal and the mixed highs which are
obtained by a suitable high-pass filter and adder as
shown 3

* This system was publicly demonstrated jn October, 1946, and
was described in testimony before the Federal Communications
Commission presented in behalf of Radio Corporation of America
in December, 1946 (Docket No. 7896), and in September, 1948
(Docket No. 8976).

The three diagrams in Fig. 1(e) show the signals ap-
plied respectively to the three kinescopes. The mixed-
highs part of the signal applied to the green and the
red kinescopes are the same as the high-frequency
components which would be produced by a panchro-
matic camera for picking up a conventional black-and-
white signal except that the unimportant blue highs
are absent. 1f such a panchromatic camera had suitable
sensitivity for the various colors, the signal would con-
tain information for reproducing correctly all useful
brightness values of the original subject in detail cor-
responding to 4 Mc. Therefore, so far as brightness
only is concerned, the color picture wonld have full
4-Mc resolution. However, since both the green and
the red kinescopes receive the same signal above 2 Me,
it is evident that the resolution in terms of different
colors (which can be called “color resolution” as com-
pared to “brightness resolution”) extends only up to 2
Mec. It thus appears that the system described would
accomplish the objective of saving bandwidth by
avoiding the transmission of information which the
eve cannot use.

The special measurements of the eye which will be
reported below showed that the acuity for blue light
alone is considerably less than the acuity for changes
from red to green. Thercfore, no advantage would be
obtained in modifving the arrangement of Fig. 1 to use
the blue highs as a component of the mixed highs.
Neither would there be any advantage in applying the
mixed-highs signal to the kinescope which reproduces
the blue image.

Later it will be found that the circuit of Fig. 1 should
be modified because of the cutoff characteristics of the
kinescope. In the meantime, the tests of the eye will be
presented.

IT. MEASUREMENTS OF AcuiTy FOR DIFFERENT
SiNGLE CoLoks oN-BLack

In a television system the scanning spot sweeps over
the picture at a very high speed. \When it passes
abruptly from a dark area to a light area the signal
generated is a steep step wave. If the scanning spot is
small enough that it does not appreciably limit the
picture detail, the generated wave may be considerel
to be a Heaviside unit function for all practical pur-
poses. If the video channel is uniform in amplitude and
phase response up to the cutoff frequency, the time of
rise of the transmitted step wave will be inversely pro-
portional to the bandwidth of the video channel. A nar-
row bandwidth which causes a relatively long time of
rise manifests itsel{ in the reproduced picture as a
gradual transition in brightness or color in going in a
horizontal direction along the picture screen from one
brightness or color to another. The junction between
the two areas would be “blurred” instead of sharp and
the picture would be said 10 have low resolution.

|
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In the proposed mixed-highs system, the junctions
between areas of different colors would be reproduced
with wider blurs than would the junctions between
areas of different brightnesses of the same color. The
eyes have less acuity for differences in color than for
differences in brightness. Then, when the minimum
viewing distance for the picture is determined as that
at which the blurs of the brightness transitiong are not
visible, the wider blurs of the color transitions also would
be invisible.

In order to determine the frequency above which the
highs can be mixed without degrading the picture, it is
necessary to measure the relative acuity of the eye for
detail residing in differences of color and for detail
residing in differences of brightness. For this purpose,
the author devised a special test pattern in which the
observer attempts to detect a calibrated blurred transi-
tion when compared directly with other adjacent transi-
tions which are extremely sharp. The basic test pattern
as drawn is shown in Fig. 2. Films for both positive and
negative lantern slides were made of this pattern. These

Lt SHARP
. - TEANSTION TRANSTON

<

Fig. 2—Test pattern without surround,
before reduction.

films were then cut in two along the horizontal line M N
and reassembled into three slides as follows:

Slide No. 1—Positive of upper part; positive of lower
part.

Slide No. 2—Negative of upper part; positive of lower
part.

Slide No. 3—Opaque mask on upper part; positive of
lower part.

Three 300-watt Society-for-Visual-Education slide
projectors R, B, and G and half-silvered mirrors were ar-
ranged to project the three slides in registration upon a
translucent screen 1.88 inches wide, as shown in Fig. 3.
This translucent screen wassurrounded by alargeopaque
apertured screen illuminated by white light from a fourth
projector W having a transparent slide with a small
opaque rectangle in its center for keeping light off the
translucent screen. An observer positioned before the
screen as shown in the figure saw a small reproduction
of the basic test pattern surrounded by a large, uni-
formly illuminated screen as shown in Fig. 4. The three
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projectors were provided with red, blue, and green
Wratten color filters, Nos. 26, 48, and 57, respectively.
Each projector was also provided with a coarse iris and
a small-range voltage control for the lamp in order to
obtain a wide range of brightness control without mak-
ing a great change in lamp temperature which would
seriously affect the color.

% TRANSLUCENT
Sz —— - SCREEN
TSI ~.a 1.88° wIOE
T~ - -
SISs~ -
~ -~ -
~ - ~—
~ - = -
~J4 T~ 5]
~
~o .
OBSERVER \/&'}t' =
| OPAQUE SCREEN FOR
[ SURROUND, 23" WIOE ',\‘C(E
VARIABLE VIEWING O!STANCE -

T 570 13 FEET 1

Fig. 3—Plan of eye-test apparatus.

When measuring acuity for white light, the three
colored projectors simultaneously illuminated the D,
to D, areas in the lower part of the test pattern as shown
in Fig. 2. The individual brightnesses were chosen such
as to make these areas white while the areas C; to Cs
were left black.* The particular quality of the white
light was arbitrarily made the same as that provided
by the 300-watt “white” surround projector operat-
ing at 115 volts. The brightness of the white portion of
the test pattern was adjusted to 20 foot-lamberts as
measured by a Macbeth illuminometer. This value of
brightness was arbitrarily given the relative value of
100 per cent. The brightness of the white surround was
adjusted to 10 foot-lamberts upon the assumption that
the mean brightness of a television picture might aver-
age about half of the peak brightness.

Three quarters of the border between areas C and
D, is sharp, but one quarter of the border consists of a
jagged saw-tooth outline. When viewed at the distance
used in the tests, the individual jags are not resolved.

23"

-]

GREEN
AED
//TRANSLUCZNT SCREEN

WHITE LIGHT ON
OPAQUE 3CREEN

Fig. 4—Projected test pattern as observed
with white surround.

Instead the eye attributes the light from the white areas
of the “jags” equally to these white areas and to the
adjacent intermeshed black areas. Therefore, since the

4 A single white projector could have been used to roduce this
black-white pattern. [t had been planned originally to have the ob-
gerver read the upper colored patterns during the same sitting at
which he read the lower black-white pattern.




T ————a e

1006 PROCEEDINGS OF I'HE [.R.L.

jags consist of straight lines the transition in a hori-
zontal direction from the black area C, to the white area
D, is effectively a linear transition, which will appear as
a blur between the larger areas when seen beyond a
critical distance. The width of the blur is shown as 3
inch in Fig. 2 but it becomes 0.07 inch (0.0058 foot)
when projected as in Fig. 4.

In conducting the test, the observer was allowed to
sit at a distance of 15 fect in front of the illuminated
screen with the room semidark for five minutes, in order
to become adapted to the conditions. Then he was asked
to say whether the blurred transition was in the first,
second, third, or fourth position for ecach of the eight
borders between C; and D, between C, and D,, and so
forth. Then he was scated nearer the screen and again
asked to locate the blurred transitions. As an example
of the results obtained, observer N30 gave rwo correct
answers at 15 feet, three correct at 14 feet ani seven
correct at 13 feet. At shorter distances he was able to
locate all eight blurred transitions with certainty, In
interpreting the data, it was desired to determine and
usc the distance at which the true recognition is 50 per
cent. Since the observer knows that each blur can
occupy only one of the four possible positions, he would
statistically get two out of the eight answers correct
without seeing at all. This leaves only six more correct
answers that could be made with perfect vision. Thus, if

|
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his true recognition is 50 per cent of perfect he would |
get hall of these six additional correct answers, making a |
total of five correct answers,

From the above readings taken on observer M30, it
was estaimated by rough interpolation that he would |
have required a viewing distance of about 13! fect to get |
the prescribed five correct answers. The white-black
acuity of this observer was then calculated to be 2,330
reciprocal radians by dividing the viewing distance
(135 feet) by the width of blur (0.0058 feet). This value
is recorded in line 1, column M30, of Table I. The
values of white-black acuity obtained for three other
observers, ]31, D22 and D43 is recorded in other
columns. The average for all four observers was 2,130
reciprocal radians. The numerical relation between the |
acuity obtained by this method and that obtained by |
resolving fine lines and other conventional methods, has
not been determined. In fact, the present method may
measure a somewhat different property of the eye since
the linear blur used in the test produces the effect of a
television system with a gradual frequency cutoff in
stead of a sharp cutoff such as that measured by the
converging fine-line test pattern. Therefore, the values
have not been given in minutes of arc, which might be
improperly compared with conventional eye-acuity
data. The use of absolute units is not necessarv in this
study since onlv relative values are used.

TABLE ']
SuMMARY OrF Acuity TEsTs

Average Ratio

y Averages oi Viewing
Observer and His Age N30 131 D22 B43 of Four Distance
Observers to Surround
Hcight
Acuity in reciprozal radians.
1. White-black 2,330 1,900 2,240 2,070 2,130 8.3
2, Green-hlick 1,980 1,980 1,980 2,070 2,000 8.2
g Red-blick 2,330 1,730 1,900 1,730 1,920 7.8
4. Blue-black 390 650 470 730 560 1.6
Acuity in reciprocal radians, wilh weaker light adjusted for minimum acuity.
S Green-red 990 860 780 780 852 6,79
6. Green-blue 390 390 390 430 400 3.3
7. Red-blue 390 560 475 517 485 4.0
l Per cent brightness of weaker light in three above tests. 7
8. G-R (red =100 per cent) 16 +4 57 48
9. G-B (blue =100 per cent 2.5 2.6 3.4 1.8 342
10. R-B (blue=100 per cent) 4.2 4.9 6.3 12.0 6.8
Acuity in per cent of average white-black acuity,
1. | White-black 100 89 105 i ‘
12, Green-black 93 93 93 3; ]g-(l)
13. Red-black 109 81 89 81 90
14. Blue-bhlack 18 30 22 34 26
15. Green-red 46 40 37 37 10
16. Green-blue 18 18 18 20 19
17. Red-blue 18 { 26 22 | 24 23

Note—Brightness of white surround in all tests was 10 fool-lamherits VBri h f bri b i i
- v ) - Brightness of brightest color in
brightness that component would have to make a white brightness of 20 foot-lamberts. ¢ g B SUSlesteiialediilia
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At another sitting the same observers were indi-
vidually used to measure the green-black acuity. This

| was done by using only the green projector, with the
' same adjustment of brightness that that projector had

when used as one of the three color sources in projecting
a white image of 20 foot-lamberts brightness. This
value was arbitrarily called 100-per cent green bright-
ness. The brightness of the surround was left at 10
foot-lamberts of white light. The procedure of the test
was the same as that used for the white-black tests
above. The average value of green-black acuity was
2,000 reciprocal radians as recorded in line 2 of Table I.

Similar tests were then made to determine the red-
black and the blue-black acuity of the same persons.
The blue-black tests differed from the previous tests in
that the coarser upper part of the pattern (sections Ay
and By) was used in order to allow the viewing distances
to be more nearly like that used in other tests. The re-
sults indicated that the red-black acuity is nearly equal
to the green-black acuity and the white-black acuity,
but that the blue-black acuity is only 26 per cent of
the other three.

I11. MEASUREMENTS OF ACUITY FOR DIFFERENT
CoLoRrR COMBINATIONS

The above tests were measurements of acuity for
detail residing in differences in brightness only.

The next tests used the same observers to measure
acuity for detail residing in differences in color with the
relative brightness being adjusted to minimize the
acuity. In making the green-red test, the upper or
coarse portion of the pattern of Fig. 2 was used with
the areas A;, A, and so forth being projected in green
light by a projector, using negative Slide No. 2 (men-
tioned earlier) and the green filter (Wratten No. 57)
while the areas By, B: and the like were projected in red
light by a projector using positive Slide No. 1 and the
red filter (Wratten No. 26). The projected green and red
images were carefully focused and positioned for
accurate registration, so that the red and green jags
between cach pair of Ay and By areas accurately inter-
meshed. The surround was kept at 10-foot-lamberts of
white light.

The red projector was adjusted to make the red
portion of the image measure the same (100 per cent)
brightness which it had in the previous tests. This
brightness was measured with the Macbeth illumi-
nometer, using a small red (Wratten No. 26) filter in the
instrument to avoid the necessity of the eye having to
compare brightnesses of two very different colors. (Of
course, a reading of the brightness of the screen pro-
duced by the red projector alone had already been
taken and recorded in a similar manner in the white-
black tests.)

The observer was asked to adjust the brightness of
the green light so that the junctions between the green
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and the red areas appeared least sharp to him. This was
done at a great enough distance that he could not recog-
nize the blurred transition and thereby remember their
positions in the next step of the test. For all observers,
the green brightness setting obtained was lzss than 10)
per cent green brightness. As recorded in line 8 of Table
I, the mean setting of the four observers was 49 per cent.
(Preliminary observations had already shown that the
green brightness settings would be less than 100 per
cent; otherwise, the green would have been set at 100
per cent and the red brightness cut down for minimum
acuity.)

Then, with the brightness of the red image at the
value which provided the least acuity for himself, each
observer was tested by having him locate the blurred
transitions from a series of viewing positions which be-
came closer and closer to the screen as in previous
tests. The average value of green-red acuity for the
four observers was 852 reciprocal radians as shown in
line 5 of Table I. This is only 40 per cent of the average
white-black acuity, asshown in line 13.

The green-blue acuity and the red-blue acuity for the
same observers were measured in a similar manner. In
each of these cases, the minimum acuity was obtained
with a blue brightness of 100 per cent, and with the
other brightness reduced to very low values which
averaged 3.3 and 6.8 per cent, respectively.

Since each of the various acuity tests was made by
varying the viewing distance, the ratio of viewing dis-
tance to the height of the surround varied with the
value of the acuity obtained. In order to restrict the
range of this variation, the upper part of the test pat-
tern, which has wider blurred transitions, was used for
those tests in which the acuity was very low. The result-
ing viewing-distance ratio still varied considerably as
shown in the last column of Table 1. However, other
tests have shown that the acuity is not greatly affected
by such changes in the surround as long as the angle
subtended by the surround is fairly large.

Each of the four persons tested said he had normal
color vision and acuity. The two subjects who usually
wear glasses used them in the tests. All of the four sub-
jects were men and their ages were 30, 31, 22, and 43
years, respectively, as indicated by their code names in
Table 1. These ages cover the range which may bz con-
sidered most important in designing a broadcast tele-
vision system, since persons above this age range will
generally have poorer sight. Since the data taken on
these four subjects show relatively good correlation, it
is considered adequate to prove the soundness of the
mixed-highs principle in color television.

1V. APPLICATION OF Aculty DaTA IN Mixen-liGis
SiMULTANEOUS COLOR TELEVISION SYSTEM

The most relevant average values from Table I are
repeated in Table I1 for easy inspection.
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was olitained with a blue biightness of 100 per cent and |

The greatest acuity for detail residing in color varia- ) :
the green brightness reduced to 3.3 per cent. From this |

tions was measured for the green-red comhination.

T e T v

Since the value of acuity for these colors is 40 per cent
of that for brightness variations as shown by the white-
black test, it appears that the three color picture signal
components need to be kept separate up to 40 per cent
of the top frequency. Above this crossover frequency,
the highs of all three color images could ideally be com-
bined without appreciable loss when the picture is
viewed at a distance where the brightness detail is
satisfactory. In fact since very high-chroma high-
brightness red and green areas will occur adjacent to
one another rather infrequently, a much lower cross-
over frequency would generally be acceptable.

TABLE 11
‘ Acuity

C Co‘l)(?r Relative Brightness in
ombina- Values Used in Tests Per
tion Cent
White-black | White =100 per cent 100
Green-black | Green =100 per cent 94
Red-black Red =100 per cent 90
Blue-black Blue =100 per cent 26
Green red Red =100 per cent; Green =49 per cent 40
Green-blue Blue =100 per cent; Green =3.3 per cent 19
Red-blue Blue =100 per cent; Red =6.3 per cent 23

Notc—-Brightness values are given in per cent of the brightness
of the red, green, and blue colors which combine to produce white.

Since the blue-black acuity is only 26 per cent, which
is considerably lower than the green-red acuity, the
blue frequency band can be restricted accordingly and
there appears to be no reason for including the blue
picture highs with the green and red highs to form the
“mixed” highs.

It is noted that in the green-red test, the minimum
acuity of 40 per cent was obtained by adjusting the
green brightness to 49 per cent of the brightness of the
red. The green-black acuity was 94 per cent and the red-
black acuity was 90 per cent. Thus it can be seen that if
one starts with the red-black condition and then adds
49 per cent of green light to the black area adjacent to
the red area, the discernible difference in the character
of the two areas is minimized. That is to say, the eye
becomes less able to determine the character of the
junction between the two areas.

Each light pattern thus operates to obscure the out-
line of the other. The two brightnesses are then equal
in their ability mutually to mask resolution. This will
be called the masking brightness. Stated in this ter-
minology, the green-re masking brightness of the red
light is 49 per cent compared with 100-per cent green-
red masking brightness of the green light when the light
values have the proportions in which green, red, and
blue light combine to produce white.

Now we note that the minimum green-blue resolution

one can conclude that the green-blue masking brightness
of blue light is only 3.3 per cent compared with 100 per
cent for green. The minimum red-blue acuity was ob-
tained with 100-per cent blue brightness and 6.3-per
cent red brightness. If now the red-blue masking bright-
ness of the red light is arbitrarily set at 49 per cent, the
same as was obtained above for the green-red masking
brightness of the red light, the red-blue masking bright-
ness for the blue light would then, by proportionality,
become

0.49 X 6.3 = 3.1 per cent.

This value is close enough to the green-blue masking
brightness of blue light obtained above to indicate that
the masking effect of a particular colored light is essen-
tially the same value regardless of what othér color
light it is tested with. Accordingly, the three colors
could be assigned the following relative values of mask-
ing brightness:

Green =100 per cent
Red = 49 per cent
Blue =3.1 per cent.

These values are applicable in determining the pro-
portions of the reil and the green signals to be used in
making the mixed-highs signal. Specifically, the red and
the green signals should be added in the proportions of
49 and 100 per cent, respectively, and then those highs
above 40 per cent of the top frequency should be se-
lected by a band-pass filter.

The correctness cf this application of the data can be
tested by considering the response of an abrupt transi-
tion from a green area of 49-per cent brightness to a red
arca of 100-per cent brightness. The green signal would
have a downward or negative step of 49 per cent, and the
red signal would have an upward or positive step of 100
per cent. In the mixed-highs circuits, these steps are
multiplied by the factors 1.0 anc 0.49, respectivelv
making their amplitudes equal. Since these steps have
opposite polarities, the net mixed-highs component for
this subject would be zero. This is the desired value since
the tests showed that for adjacent green and red areas
of these relative hrightnesses, the eve is least able to ob-
serve the abruptness of the junction and, hence, no re-
sponse is neeiled above 40 per cent of the top frequency.

At the receiver the mixed highs could ideally be ap-
plied to either the green or the red kinescope, or to both
in equal or in unequal ratios. However, a given amount
of highs added to the red kinescope is only 49 per cent
as effective as the same amount applied to the green
kinescope. In order to make the reproduction correct in
regard to the total amplitude of highs, the. “net effec-
tive gain” of the mixed-highs channel, from the light
in the scene to light in the reproduced color picture,
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should be the same as the low-frequency gain in one of
the color chains.® “Net effective gain,” in this case,
would be expressed by the ratio:
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output versus input signal voltage, the picture would
have correct brightness in all areas up to 4 Mc. It will be
noted that some of the curves showing the composite

(green high-frequency light output) + 0.49(red high-frequency light output)

(green hgh-frequency light input) +-0,4‘)(red high-frequency light input)

It should be remembered that each light value is ex-
pressed in per cent of the light of that color which is con-
tained in subjective white light.

V. EFFECT OF NONLINEARITY IN IKINESCOPES

Fig. 5 shows the waves generated in a system with
mixed green and red highs, sketched by inspection. Itis
assumed that the scene being scanned has 16 areas of
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Fig. 5—Signal wave shapes in system using mixed
green and red highs.

various colors as shown by the strip at the top of the
figure. The wave marked G is the output of the green
pickup device having response out to 4 Mc with ideal
phase. The wave marked G is the same signal with its
response limited to 2 Mc. The green highs wave Gy is
the difference between G and the green lows G .. Like-
wise the waves R, Ry, Ry, B, and By are the correspond-
ing red and blue signals. No use is made of the Llue
highs. For the sake of simplicity, the different “mask-
ing” brightness of the green and red lights and their
different treatments were ignored in these curves.
Therefore the mixed-highs signal is one half the sum of
waves Gy and Ry and is indicated by wave M. This
wave is added to the green lows G and red lows K, to
make waves (G4 My) and (Rp+ My) which are the
green and red kinescope signals, respectively. Careful
comparison of these waves to the subject strip shows the
nature of the picture produced by the mixed-highs sys-
tem. The sum (not shown) of the waves (G + V/y) and
(R.+ M) is equal to the sum of waves G and R. There-
fore, if the kinescopes were entirely linear in brightness

_ " A condition for color fidelity is that the low-frequency net gain
is the same for each color.

kinescope signal, such as (G.+ Mu), for example, swing
slightly below the zero level for certain types of picture
subject. For this signal to be properly reproduced in
light, the kinescope would have to generate negative
light at these times. This is impossible. The kinescope
characteristic could be substantially linear for upward
swings of light output but it must be nonlinear at cutoff.
Actually it is preferred that the kinescope have a
logarithmic relation hetween the signal voltage and the
light output in order to minimize the visibility of nois2
in the signals. This relation, which is easily approx-
imatedl in commercial kinescopes is implied in the stand-
ards for black-and-white television transmission.

Circuits have been developed for use at the transmit-
ter that precompensate for these effects of nonlinearity
of the kinescope upon the mixed-highs reproduction.
The precompensating circuit generates new low-fre-
quency signals and new high-frequency signals as a re-
sult of the combined signal being applied to nonlinear
circuits that are complementary to the kinescope char-
acteristics. Tests with these precompensating circuits
in a simultaneous color television system have indicated
that they are helpful but are not necessary to a satis-
factory mixed-highs system.

V1. Mixep Higus 1N THE RCA CoLok TELEVISION
SYSTEM

The RCA color television system,® which employs dot
multiplexing of the color signals, provides the same
resolution as the standard black-and-white television
system within the same 4-Mc video bandwidth. This
bandwidth is only one third as much as that which
would be required hy conventional methods.

The use of the mixed-highs principle reduces the re-
quired bandwidth to two-thirds of that which would
otherwise be needed. A second bandwidth reduction to
one-half of this reduced value is obtained by dot inter-
lacing, which allows the picture repetition rate to be
reduced from 30 complete pictures per second (as usel
in black-and-white television) down to 15 pictures per
second. The property of the eye used in this case is that
very small arcas of light can flash on and off at a lower
rate without the eye seeing flicker than can large areas.
The above two bandwidth reduction factors together
provide the net reduction factor of one-third which is re-
quired.

¢ RCA Laboratories Division, “A six-megacycle compatible high-
gcﬁnmon color television system,” RCA Rev., vol. 10, p. 501, Decem-
cr, 1949,
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Metallized Paper for Capacitors’
D. A. McLEAN+{

Summary—Metallized capacitor paper is attracting widespread
imterest as a way of reducing capacitor size. In metallized paper ca-
pacitors, the usual metal foil is replaced by a thin layer of metal
evaporated onto the surface of the paper. Lacquering the paper prior
to metallizing increases the dielectric strength and insulation re-
sistance, reduces atmospheric corrosion of the metal, and diminishes
the rate of loss of electrode metal by electrolysis. Owing to the ex-
treme thinness of the metal layer, metallized paper capacitors are
subject to a type of failure not ordinarily found in conventional ca-
pacitors. This type of failure consists of the loss of electrode by
electrolysis and occurs under dc potential when the ionic conductiv-
ity is high, as results, for example, from the presence of moisture.
For this reason, it is recommended that special precautions be taken
to keep the ionic conductivity low, in particular with respect to thor-
ough and effective drying and sealing of the capacitor units.

INTRODUCTION

HE DIELECTRIC of a conventional paper ca-

pacitor consists of two or more layers of thin di-

electric tissue wound between metal foil electrodes
and impregnated with an insulating liquid or solid.
Obviously, the volume of such a capacitor exclusive of
insulating margins, external wrapping, and moisture
protection is the sum of (a) the volume of the dielectric
between the electrodes and (b) the volume of the elec-
trodes. Metallized paper in capacitors of relatively low
voltage rating points the way to reduction in both of
these volume factors. Reduction in volume of dielectric
results from the “self-healing” property of thin metallic
films which permits the use of a thinner dielectric. Re-
duction in the volume of the electrodes results from the
use of a film of metal about one to two per cent as thick
as the usual metallic foils.

The volume occupied by a wound capacitor unit,
exclusive of insulating margins, outer wrappings, and
housing, can be calculated from the following equa-
tion:

y = 72.93«(d+t) (1)
C

e

where
V =volume in cc
C=capacitance in microfarads
d =thickness of dielectric in mils
= thickness of electrode metal jn mils
e=dielectric constant of dielectric.

Consider the hypothetical case of a capacitance C
needed for a low-voltage application, say 100 volts or
less. Conventionally, it is probable that two layers of

* Decimal classification: R282.1 X R381.15. Original manuscript
received by the Institute, December 5, 1949; revised manuscript re-
ceived, May 4, 1950.

t Bell Telephone Laboratories, Inc., Murray Hill, N. ]

0.3-mil paper would be used with 0.25-mil aluminum
foil so that
0.6(0.6 + 0.25) 37.1

V=729 s C
e e

If chlorinated naphthalene is used as the impregnant
e for the impregnated paper dielectric will be about 5.8
hence

Vi =64C.

Now assume that in a metallized design it is found
that one layer of 0.3-mil paper with a lacquer coat of
0.03 mils will give the properties desired. Then, since ! is
negligible
(0.33)? 7.94

C =7

4 4

High dielectric-constant chlorinated compounds,
such as chlorinated naphthalene, preclude satisfactory
self-healing in metallized designs. At present, the best
impregnants appear to be hydrocarbon waxes, resulting
in an effective dielectric constant in impregnated paper
of about 4.0. Hence

Vo= 1.99C.

The volume ratio of the metallized to the conven
tional design is

.99
— = 0.31.
6.40

SELF-HEALING PROPERTIES

Despite great care and skill in itg manufacture, single
sheets of thin capacitor paper contain imperfections
consisting of holes, extremely thin spots, and conducting
particles. Therefore, it is normally pecessary to use two
or more sheets between electrodes in which case the
probability of superposition of imperfections is low. If
on the other hand, one uses for electrodes thin layers
of metal such as may be obtained by the evaporation
process, they cannot carry the high concentration of
current at the dielectrically weak areas, but act as a
fuse for such areas, either oxidizing, vaporizing, or melt-
ing into isolated globules, relieving these areas of elec-
trical stress.

This self-healing makes possible the use of metallized
paper in single layers for low-voltage capacitors. Fur
thermore, it is reasonable to suppose that in capacitors
for higher voltages, at least up to several hundred volts
the self-healing properties of metallized films will permit
operation of the dielectric at higher electrical stress than
would otherwise be possible and thus result in smalle:

|
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-apacitors. In such cases one must make a choice based
upon further experiment and upon specific circuit re-
quirements between multilayer construction using thin
paper or single-layer construction using a relatively
thicker paper.

These advantages of metallized paper have long been
recognized. A metallized paper made by applying finely
divided tin with a binder and subsequently calendering
was patented by Mansbridge in 1900.! Mansbridge
clearly recognized the advantage of metallized paper
from the standpoint of economy of metal, space savings,
and self-healing characteristics. The so-called “NMans-
bridge foil” was commercialized and used by the British
Post Office.? Its principal disadvantages were the high
frequency of metallic conducting particles pushed
through the paper by the calendering and the low
insulation resistance of single-layer capacitors which is
stated by Mansbridge to be caused by the binder.

In 1910, Dean was granted a U. S. Patent featuring
the self-healing properties of thin metallic films.® Con-
siderable effort has since been expended toward solving

Fig. 1—A roll of capacitor paper which has been lacquered and metal
lized in laboratory equipment.

G. F. Mansbridge, British Patent No. 19,451; 1900.
1 G. F. Mansbridge, “The manufacture of electrical condensers,”
Jour. IEE, vol. 41, p. 535; October, 1908.
? William Dean, U. S. Patent No. 965,992; 1910
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the problems associated with production of satisfactory
metallic films by a commercial process, but it was not
until World War Il that metallized paper capacitors
were used to any appreciable extent.* During the war
they were produced in both England and Germany, the
Bosch Company being reported to have made some
40 million of them.

Fig. 3—Laboratory equipment for metallizing capacitor paper.

*H. G. Wehe, “Mctallizingg)apcr for capacitors,” Bell Lab. Rec.,
vol. 27, p. 317; September, 194
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Two features involved in the Bosch Company devel-
opment are: (1) the addition to the paper of a thin
lacquer film and (2) the technique of coating paper in
vacuum with a high-vapor pressure metal (Zn). The
first increases the electrical strength of the paper and
produces other effects discussed below; the second en-
hances the speed and economy of producing metallized
paper.

T'he successful commercial production of metallized
capacitor paper in Curope stimulated interest in several
places in this country, including our own laboratory.
Fig. 1 is a photograph of a roll of metallized capacitor
paper produced on our laboratory equipment. To pro-
vide an insulating margin, metal is omitted from a band
along one edge.

Fig. 2 shows the laboratory roller-coating equipment
on which the paper is lacquered, while Fig. 3 shows the
experimental metallizing equipment with the vacuum
bell jar removed. If zinc is used for metallizing, satis-
factory coatings can he made at pressures up to about
100 microns.

Capacitor units of the noninductive type mav be
made by winding units from two rolls of paper, alter-
nating the insulating margins and bridging the turns

(a) (b)

Fig. 4—(a) 2.0 microfarad conventional paper capacitor unit, 2 layers
0.3-mil paper. (b) 2.0-microfarad metallized paper capacitor unir,
one layer 0.3-mil paper.

September

with sprayed metal at the ends of the units. The metal-
lized unit shown in Iig. 4 illustrates this construction.

I'UNCTION OF THE LACQUER

It has been found in our laboratory that the lacquer
has at least the important functions enumerated below:

1. Improvement in the Dielectric Strength and Insulation
Resistance

If one places a strip of metallized paper over a metal-
lic cylinder with the metallized side out and applics a
gradually increasing dc potential between the drum and
the metal Alm, the dielectric strength of the weaker
points will be exceeded and “self-healing” will take
place. The number of such points will of course be
greater the higher the voltage. If one uses metal rollers
instead of a drum, the paper can be re-reeled rontinu-
ously through the burnout equipment and a relatively
large area of metallized paper can be tested conven-
iently. Iig. 5 is a schematic drawing of equipment for

TO VOLTAGE :
SUPPLY AND TAKE ~ UP
COUNTER ROLL

CIRCUIT

|

ELECTRODE B
METAL g
COATING ELECTRODE A

/\.\
INSULATING
FEED ROLL COLLAR PAPER

\

(B)

Fig. 5—Schematic drawing of equipment for making elec-
trical burnout test on metallized paper.

such a test. Tests made with apparatus of this type
show a marked effect of the presence of lacquer on the
number of burnout spots. The results obtained depend
upon voltage, time of contact, and relative humidity.
Single-layer paper capacitors can be produced from
metallized paper that has not been lacquered. However,
one of the important advantages of using lacquer is that
the insulation resistance of the capacitors is greatly in

creased. Measurements on dried and impregnated ex-
perimental units show improvements in insulation re.
sistance of tenfold to one hundredfold due to the lac-
quer. Other results on unimpregnated units containing
moisture are given in Fig. 7 which is discussed below

,:,' _ l
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2. Decrease in Atmospheric Corrosion

When a thin coat of zinc is deposited on unlacquered
capacitor paper, it gradually corrodes unless maintained
at quite a low humidity. At high humidity, e.g., 75 per
cent, the corrosion may result in loss of a large propor-
tion of the conductivity in a few days. The corrosion
rate is much less rapid when a layer of lacquer is inter-
posed between the paper and the metal.

The reason for the reduction in atmospheric corrosion
rate by the lacquer film is believed to be twofold. In the
first place, even the best paper contains small amounts
of residual electrolytes which can promote corrosion in
humid atmospheres. Secondly, cellulosic materials ab-
sorb moisture in humid atmospheres and attain high
electrical conductivity. It is believed that when the
metallic film lies directly on paper in moist atmospheres
the high ionic conductivity of the paper backing facili-
tates corrosion. The amount of corrosion observed under
a given condition is in general higher, the higher the
moisture-sorptive capacity of the lacquer film.

3. Decrease in Electrolytic Deterioration of the Metal
Electrodes

The dielectric in a paper capacitor has a certain
amount of electrical conductivity which leads to elec-
trode reactions when a dc field is applied. This may be
serious in any type of capacitor if it produces electrolytic
material which degrades the dielectric.? In metallized
paper capacitors, however, electrolytic processes are
serious in an additional sense—the metal electrodes are
so thin that they may be destroyed entirely by a moder-
ate amount of electrolysis. It has been found that when
electrolysis is promoted, as by exposing metallized paper
units to high humidity while a dc voltage is applied, the
anode can be destroyed ir a comparatively short time.
In fact, the service life of this type of capacitor may be
determined by the life of the anode in contrast to the
conventional capacitor, the life of which is determined
by dielectric failure.

Fig. 6
taken from unlacqucrcdﬁ metallized paper capacitor unit (unim
pregnated), 45 volts, 77°F, 50 per cent relative humidity, 8 days.
T'op, positive clectrode. I3ottom, negative electrode.

Izlectrolytic corrosion of positive electrode at high humidity;

y “ 1. A. McLean, L. Egerton, G. T. Kohman, and M. Brotherton,
“Paper dlclcc"lno containing chlorinated impregnants, deterioration
in d.c. helds,” Ind. and Ling. Chem., vol. 34, . 101; January, 1942
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Fig. 6 shows transmitted light photographs of the
anode and cathode from unimpregnated single-layer
metallized paper units made with unlacquered paper ex-
posed to 50-per cent humidity for 8 days with 45 volts
applied. Identical tests made with lacquered paper also
result in some destruction of the anode, but the effect
is much more serious in the unlacquered samples. As
would he expected from the appearance of the elec-
trodes, the unlacquered samples in the above tests de-
creased in capacity rapidly owing to destruction of elec-
trode area, while the lacquered samples lost capacity
only slowly. The cathodes of the samples containing un-
lacquered paper were also visibly attacked, possibly as a
result of atmospheric corrosion of the type discussed in
the previous section.

It is known from other work that a thin film of lac-
quer will not alter the equilibrium amount of water
adsorbed by paper. The superior behavior of the lac-
quered paper samples in these tests is believed to result
from a blocking of electrolysis by the lacquer film. The
ions contributing to electrolysis can move fairly readily
through the humidified paper, but the lacquer film pre-

10 N

LACQUERED

100 \

\NOT LACQUERED

INSULATION RESISTANCE IN MEG MF

10°2

0 20 40 60 80 100

PER CENT RELATIVE HUMIDITY
Fig. 7—Equilibrium value of insulation resistance of unimpregnated

metallized paper capacitor units as a function of relative humid-

ity.
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scuts a barrier in which the 1on mobility is low. This
is confirmed by the insulation resistance values of un
impregnated units exposed to various humidities. As
shown in Fig. 7, lacquered paper units when humidified
possess an insulation resistance higher than unlacquered
paper units. The ratio increases with increasing humid
ity, reaching a value of several hundred at 75-per cent
relative humidity.

\WVhile the results given above refer to samples in
which conductivity has heen enhanced by humidity, it
is assumed that the barrier effect of the lacquer film will
also be important in blocking other types of ions. This
effect, like that of atmospheric corrosion, is dependent
upon the type of lacquer used

Tyres oF SELF-HEALING IN CapaciTor UNITS

Examination of metallized paper from units in which
self-healing burnouts have occuwred discloses the two
general types of burned-out areas illustrated in Fig. 8

- 1

a)

. | -0y
f;'y._;& ! ~ -

' o ean |
(b)

Fig. 8—Contact prints of metallized paper containing self-healing
burnouts. (a) Satisfactory, small clean areas. (b) Unsatisfactory,
areas have spread beyond original breakdown point

)
ZA |

In obtaining these prints, the metallized paper was
used as a photographic negative normally would be used
in making a contact print. The dark regions represent
the areas from which metal was removed during the self-
healing process. The burnouts illustrated at the top of
the figure are of the type desired, being limited to a
small approximately circular area surrounding the
point of breakdown. The undesirable type shown at the
bottom, although initiating at a point, has spread in a
tree-like pattern to cover a substantial area. Capacitors
containing this self-propagating type of burnout are
likely to have low insulation resistance. In extreme cases
these areas spread at such a low voltage that no satis-
factory clearing of the units can be achieved.

Fig. 9 shows a section of one of these tree-like burn-
outs, magnified 20 times. It is evident from this photo-
graph asitis from microscopic examination, that a crack
in the lacquer runs along the center of each branch. A
few small bright areas show where the lacquer has been
completely peeled from the paper and, in some in-
stances, the flake of lacquer which was thrown back can
be seen. In our opinion, these cracks and peeled areas
were not in the lacquer originally, but were formed by a
spread of the burnout from an initial point during the
self-healing process. Unsatisfactory burnout character-
istics cannot be ascribed to any single type of defect.

PROCEEDINGS OF 1'1E I.R.E.

Fig. 9—Transmitted light photograph of tree-like self-healing burn
out which has spread over large area. Note crack in lacquer run
ning along center of each path.

Satisfactory results depend upon careful control of all
materials and processes in the manufacture of metallized
paper capacitors.

ELECTROLYTIC IDESTRUCTION OF THE IELECTRODE

Rapid destruction of the anode in sustained direct
voltage tests was noted above for the cases where the
conductivity is enhanced by moisture. In some of these
tests, measurements of leakage current were made dur-
ing the test and the condition of the anode checked b
capacity measurements. /Analvsis of these results shows
the loss of metal to be roughly in accord with Faraday's
law. A more refined check would require conditions not
attainable at present; namely, a perfectly uniform coat-
ing of metal and homogeneous conductivity in the di-
electric.

On the assumption that Faraday’s law holds, it can
be shown that the rate of loss of electrode, expressed in
terms of the commonly measured capacitor propertv of
insulation resistance is

dé EeM

dt  160DRnp

where
6 =thickness of mctal layer in Angstrom units
t=time in days
E =applied direct voltage
e = dielectric constant of the capacitor dielectric
M =atomic weight of electrode metal
n = valence of electrode metal
p=density of electrode metal
D = thickness of dielectric in mils
R=insulation resistance in megohm microfarads.

Calculations based on this equation indicate that if
metallized paper units are impregnated with stable
compounds and if, in addition, they are well dried and
sealed from moisture, a long electrode life can be ex
pected.

D
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Metallized Paper Capacitors*
J. R. WEEKSt

Summary—Metallized paper capacitors are being introduced into
telephone apparatus wherever size is of prime importance. It is
shown that low-voltage metallized paper capacitors with about half
the volume of a foil-paper capacitor of conventional design have
about the same characteristics as the latter. Performance data are
discussed which indicate that such capacitors will give long service
when used within their voltage rating and when well-protected
against moisture. It is pointed out that this type of capacitor should
be used within its voltage rating if sparking with its attendant circuit
noise is to be avoided. When sparking does occur due to abnormal
voltage conditions no permanent damage results.

pacitor two sheets of thin paper are interposed

between metal-foil electrodes even for the lowest
working voltage since a single sheet contains a number
of defective areas such as conducting particles im-
bedded in the paper structure, thin spots, and holes.
By using two sheets of paper the chance of two such
defective spots superimposing is reduced to a negligible
amount but at the defective spots the dielectric strength
of the insulation is that of a single sheet. When such
capacitors fail, a permanent short circuit between the
relatively thick foil electrodes usually results as the foils
are capable of carrying the short-circuit currents.

In the metallized paper capacitor the foil electrodes
are replaced by very thin metallic coatings deposited
directly on the paper. A discussion of metallized paper
is given in the literature.!? The metal coating is so thin,
about 3% 10~ inch thick as contrasted with a foil thick-
ness of 250X 10~% inch, that it can be removed by an
electrical discharge from around defective areas in the
paper without damaging the paper or resulting in a
permanent short circuit. This action is referred to as
self-healing, and permits the use of a single layer of
paper between electrodes for low operating voltages.

For applications in the telephone plant where the
working voltage is usually below 200 volts, maximum
advantage can be taken of the size reductions possible
with metallized paper. Table I shows the approximate

]:[N A CONVENTIONAL low-voltage paper ca-

TABLE 1
Rating volts de A pproximat; fm;l:tgtne reductions
125 75 per cent
200 65 per cent
400 45 per cent
600

30 per cent

* Decimal classification: R381.15. Original manuscript received
by the Institute, December 5, 1949; revised manuscript received,
May 4, 1950.

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

1 H. G. Wehe, “Metallizing paper for capacitors,” Bell Lab. Kec.,
vol. 27, p. 317; September, 1949.

1 D). A. McLean, “Metallized paper for capacitors,” Proc. [ R.I.,
pp. 1010-1015.

reduction in volume of 2-uf metallized paper units over
that for conventional paper-foil units for dc working
voltages from 125 to 600 volts. Of course, the space re-
quired for sealing, terminals, and so forth materially
reduces the over-all volume savings in the finished ca-
pacitor.

After winding, metallized paper capacitor units are
pressed into final shape and liquid solder is sprayed over
a small area on each end in such a manner that it makes
contact with practically every turn of the metal coating
on one of the papers. The insulating margin on one edge
of each sheet of metallized paper is sufficiently wide to
prevent the metal spray from reaching the metallized
area on the electrode of opposite polarity and short-
circuiting the capacitor. The units are dried under
vacuum to a very low moisture content and vacuum im-
pregnated with a suitable impregnant such as mineral
wax.

Following impregnation it is found that the majority
of the units have quite low insulation resistance and
some are short-circuited. Accordingly, before they can
be used, they must be given a clearing process to melt
or evaporate the metallic coating away from defective
areas and to form a metal-free area around these weak
spots sufficient to withstand the working voltage of the
capacitor.

As explained in the literature,? the metal coating is so
thin that a very small amount of moisture will produce
considerable harmful corrosion of the metal electrode
leading to loss of capacitance and increase in power fac-
tor. Accordingly, it is necessary not only to have a very
well dried unit initially but to insure that the unit re-
mains dry throughout its useful life. The latter is ac-
complished for the 4-uf telephone capacitor shown at
the left in Fig. 1 by potting the unit in an extruded
aluminum can with a microcrystalline mineral wax
The capacitor shown at the right in Fig. 1 is a conven-
tional type of paper-foil design of the same capacitance
and voltage rating. Its volume is about twice that of the
metallized capacitor.

Metallized paper capacitors have initial characteris-
tics comparable to those of conventional paper-foil
capacitors. For example, a 1-uf capacitor at 25°C has an
average insulation resistance of 8,000 megohms and a
ratio of reactance to resistance of about 150 at 1 kc. It
will withstand about 1} times its rated voltage for short
intervals of time and will withstand rated voltages for
indefinitely long periods without any momentary failure
or sparking.

In determining the life performance of conventional
capacitors under dc potentials it is customary to place
a number of capacitors on voltages of 1} to 2} times
their voltage ratings and determine the time required
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for them to fail by short-circuiting. The expected life at
rated voltage can be estimated by the fifth-power rule;
that is, the life is inversely proportional to approxi-
mately the fifth power of the applied voltage.® In the
case of metallized paper capacitors, it is necessary to
employ a different type of life test as these capacitors,
when operated at voltage much above their rated
voltage, will momentarily fail or spark and then be as
good as new without operating any of the normal life
test-failure indicating devices such as fuses or circuit
breakers.

(@) )
Fig. 1—(a) 4-uf metallized paper capacitor rated at 125 volts dc. (b)
Conventional foil-paper 4-uf capacitor of same voltage rating.

While this would seem to indicate that almost indefi-
nite life could be expected sparking under normal op-
erating voltage conditions cannot be tolerated in the
telephone plant. For example, in a coast-to-coast toll
circuit there may be as many as 5,000 capacitors in the
transmission path in repeaters, networks etc., and if
cach of these sparked only occasionally under normal
conditions the whole circuit would be intolerably noisy.
Accordingly, new life-test techniques had to he worked
out to permit prediction from relatively short-time
tests, that no sparking is likely to occur at the maximum
rated operating voltage. This was accomplished In
placing groups of capacitors on several test voltages
each group being in series with an electronic circuit
which records the number of instantaneous failures.
From the number of current surges recorded in a given

! J. R. Weeks, “Capacitor life testing,” Bell Lab. Rec.. vol. 24,
p. 296, August, 1946.
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Fig. 2—Accelerated dc life tests at temperatures of 257 to 50°C
showing how the number of instantaneous failures in groups of 8
capacitors of 2 uf each at applied voltages of 150, 200, and 250
volts varies with time on test.

time it is possible to determine a v oltage where the rate
of sparking is negligibly small.

Typical results of this nature are shown in Fig. 2. This
chart is for three test groups of eight 2-uf capacitors
rated at 125 volts dc, using a single laver of lacquered
paper between evaporated metal electrodes. It will be
noted that the number of momentary breakdowns is
65 at 250 volts in 1,000 hours, 19 at 200 volts in 1.000
haurs, and 0 at 150 volts in 5,000 hours.

A number of sparking charts like IFig. 2 were examined
to determine if any rule, like the fifth-power rule for
predicting the life of conventional capacitors, was
apparent. l'his study disclosed no simple relation be-
tween the time required for a given number of sparks
and the applied voltage. However, from the limited
data available it appears as though there is a threshold
voltage bhelow which sparking occurs only very rarely.

150 V. D.C.

10,000

= 8,000
=
) <
w
= \
= 250 V. D.C.
W 6,000 I
z
2
w
@
w
© 4,000
Z
o
-
a
o
& 2,000
Z

0

0 1,000 2,000 3,000 4,000 5,000 6,000

TIME (HOURS)

Fig. 3 Variation of insulation resistance with
time for capacitors of Fig. 2.
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JFig. 3 shows the change, with time, in insulation re-
sistance of these capacitors, a characteristic which has
been found to be a very sensitive measure of deteriora-
tion of the dielectric in a capacitor on dc circuits. In
comparing these two sets of curves it is seen that while
250 volts gave a considerable number of sparks in
1,000 hours, the amount of permanent damage to the
dielectric in the capacitor is small, as judged by the
small decrease in insulation resistance during the test
period. Also the loss in capacitance from the burning
away of the metallic coating from the failure areas was
found to be less than 1 per cent. For the 150-volt con-
dition, the insulation resistance in this 1,000-hour period
has actually increased slightly. This factor as well as the
freedom from sparking is taken into account in setting
up the voltage rating.

In checking the performance of metallized paper ca-
pacitors on 60-cycle circuits, reliance for detecting de-
terioration has been placed on the change of insulation
resistance and power factor with time. Recently the
counter circuit used in the dc voltage performance tests
has been adapted to ac performance tests, and the
initial data indicate that for a 60-cycle test voltage with
a peak of 250 volts the number of counts is less in a given
time than for 250 volts dc. This is believed due to a com-
bination of the short time the capacitor is at a sparking
voltage (over 200 volts) and to the more uniform dis-
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Fig. 4—Accelerated 60-cycle life tests showing variation in insula-
tion resistance and power factor for a test condition of 180 volts
rms at 25°C. Curves are the average of a group of eight 2-uf ca-
pacitors.
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tribution of the voltage gradient through the lacquer
coating and the paper for the 60-cycle test condition.
Typical results of the change in the insulation resist-
ance and power factor under this test condition with
time on test for 2-uf capacitors wound with a single
layer of metallized paper are shown in Fig. 4.

To determine if metallized paper capacitors deterio-
rate in storage some capacitors have been observed
over a period of about two yeirs when stored at room
temperature and at 50°C without evidence of such
action taking place. Furthermore, cycling tests where
the capacitor is first cooled to —40°C and then heated
to 50°C for a number of times have shown no evidence
of the development of internal low resistance paths. Care
was taken to insure that the voltage applied to the
capacitor during the test periods was only a few volts,
to avoid any clean-up effects the instant the test voltage
was applied which would not be detected by the meas-
uring apparatus.

Typical curves showing the change in capacitance
with temperature for the 2-uf capacitors of conventional
design and of metallized paper are shown in Fig. §. In
Fig. 6 are given curves for the conventional and metal-
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lized capacitors showing the variations in the ratio of
reactance to effective secries resistance (Q) with fre-
quency over the frequency range normally encountered
in audio and the lower carrier-frequency telephone cir-
cuits. The 2-uf metallized paper capacitor had a unit
with a length approximately twice that of the 0.1-uf
capacitor, with the result that the greater clectrode
resistance lowered the Q somewhat. The data on the
conventional foil-paper capacitors were obtained on ca-
pacitors having a single laid-in terminal placed near the
center of the foil length. Again the lower Q for the 2-uf
capacitor is due to the greater foil resistance compared
to that for the 0.1-uf capacitor.

In carrier circuits it frequently happens that the ap-
plied carrier-frequency voltage on the capacitor is quite
low, being of the order of 10 to 100 microvolts, while the

OF 'k 1.k L September

steady-state direct potenual may be 100 to 200 volts.

Itis important that under these conditions the capacitor |

be free of noise which otherwise would cause trouble in
the telephone circuit. Groups of metallized paper ca
pacitors have accordingly heen operated for appreciable
periods of time in a recorder circuit where a potential of
50 microvolts at 50 kc was superimposed on a direct
potential of 100 volts. The recorder circuit was capable
of detecting small fluctuations of the 50-kc impedance
of the metallized paper capacitor and none was found
of sufficient magnitude to be scrious.

In conclusion, it is felt that metallized paper capaci-
tors can be substituted for the conventional type with
out risk of degrading the performance of telephone cir
cuits. Their small size makes their use attractive
wherever small-sized apparatus is of prime importance

Biological Requirements for the Design of Amplifiers’
HARRY GRUNDFESTt

Summary—The paper describes the nature of bioelectric poten-
tials and their essential properties, with particular emphasis on the
types of amplifiers needed to study various phases of bioelectric ac-
tivity. Some of the problems and solutions to bioelectric instrumen-
tation are discussed.

[ A LECTRONEUROPIIYSIOLOGY, the studv of
14 electrical phenomena that are associated with the
— life and activity of nerve cells and nerve fibers
presents a number of interesting requirements in elec-
tronic instrumentation. (1) Most bioelectric generators
have high impedance. (2) They are affected by small
applied currents. (3) They produce transient responses
with a rapid component, where the rise time may be of
the order of 100 microseconds and slow components that
may last for one or more seconds, or even minutes.
(4) The potentials observed have amplitudes from a
few microvolts to about 100 millivolts. (5) The smaller
potentials are usually observed in the intact animal
where other bioelectric activity, such as from the heart
contracting muscles, or adjacent nervous tissue, mas
cause serious interference with the potentials it is de-
sired to study. (6) Furthermore, the animal, or an iso
lated tissue has considerable capacity to ground. Large
extraneous fields such as are produced for example by
ac lines, may interfere severely.

It is of interest that electrophysiologists solved the
problem of biological and physical interference quite
successfully by using differential amplifiers a number of

* Decimal classification: R363 ¥ R594. Original manuscript re-
ceived by the Institute, May 13, 1950.

t Co?l,ege of Physicians and Surgeons, Columbia University, New
York, N. Y.

years before this type of amplifier came into vogue 1
radar and computer applications. For example, the
writer has used, since 1936, a variety of differential ¢
amplifiers designed originally by Toennies in 1938! and
even then more advanced in design than the type de
scribed in 1948 by Gray.?

Bioelectric research makes still another demand upon
the apparatus as regards ruggedness and stability. The
work antecedent to actual pickup and recording of
the electrical activity is frequently long and difficult
One or a series of aseptic operations may precede to pro-
duce in an animal a particular state of its nervous sys-
tem, or an intricate acute (nonsterile) operation may be
required to expose a particular region of the nervous
system, and as a result the preparation may last only a
relatively short time. In such cases it is important that
the electronic apparatus be available reliably on demand
and of such a design that troubles can be easily diag-
nosed and repaired.

The sensitivity range and other characteristics that
are needed in electrophysiology are not found in any
commercially available equipment and the usual com
mercial types of construction would probably have to be
modified considerably to meet the other needs just men-
tioned.

"I‘he specific requirements for bioelectric amplifiers
arise from the properties of the bioelectric phenomena

' J. F. Toennies, “Diff. . : » .
b, QZS:GI\IEFC}‘I, 1035, 1terential amplifiers,” Rev. Sci. Instr.. vol. 9
. E. Valley and H. Wallman, “Vacuum Tube Amplifiers
(I\:LITNI:;“‘Y*’;'?(“ I\}ﬂ{’,ori}gzrsy SSerien, vol. 18, .'\IcGraw-Hi{)l Book
= rk, N. Y, “Di .
fiers,” by J. W. Gray. ec chap. 11, “Direct Coupled \mpli
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and can be understood best from a brief discussion of
these phenomena and their physiological consequences.
One of the simplest, but diagnostically very important
reflex actions of the human body—the knee jerk—will
serve to give an introduction to these biological facts.

The mechanism of the knee jerk reflex is shown in Fig.
1. A sharp blow on the knee cap (patella) stretches the
tendon of a muscle. In the tendon certain specialized
sensory endings, stretch receptors (muscle spindle),
are stimulated. Their activity in turn sets up activity in
a nerve (proprioceptive afferent). The complete nature
of this action is as yet unknown, but it is always accom-
panied by an electrical manifestation, and by following
this electrical impulse, which we can do relatively easily.

Wotosentod
of antagoniat

Positions of
flexion and
extension

Fig. 1—Diagram of the paths involved in a simple proprioceptive re-
flex, the knee jerk. Fl?rom F. A. Mettler, “Neuroanatomy,” 2nd
ed., The C. V. Mosby Co., St. Louis, Mo., 1948.) An afferent fiber
is shown relaying into the cell of a fiber which produces the motor
effect (extension at the knee joint), into the cell and fiber for an
antagonist (flexing) action, and ascending into upper levels of the
spinal cord. Although individual elements are shown, the reflex
involves a large number of nerve fibers and their cells.

we know that the impulse travels along the nerve at
about 100 meters per second into the spinal cord, where
the nerve fiber sends some shoots (collaterals) into the
vicinity of cells known as motoneurons. These collat-
erals, which are anatomically separated from the moto-
neuron, relay the activity to the latter. It takes about
0.5 to 1 millisecond for this relay to operate, then a new
impulse goes out in the efferent (motor) nerve fiber to
the muscle, being conducted also at the rate of 100 me-
ters per second. When the impulse gets down to the
motor nerve's termination in the muscle, another relay
takes place and sets the muscle into activity. This ac-
tivity takes the form of both a short electrical pulse
and a longer mechanical contraction. The latter causes
the leg to kick (extension).
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The phenomenon is actually more complicated. The
afferent nerve fiber, in addition to terminating at the
motoneurons, sends branches up and down the spinal
cord. Some go to antagonist motoneurons, and if these
happen to be active and the muscles they innervate are
contracted, the new impulses stop the activity, relax
the antagonist muscles, and thus help the reflex kick
along. Eventually, too, the afferent impulses reach the
brain and report the goings on. Furthermore, the
amount of afferent nervous activity and the size of the
knee jerk can be affected by other actions. Distraction
by doing mental arithmetic will decrease the knee jerk.
On the other hand the reflex can be augmented by con-
tracting the arm muscles.

This is a picture, in miniature, of the kind and com-
plexity of activity that goes on in the central nervous
system. In this miniature are included the following
steps:

1. Stimulation of the sense organ.
2. Excitation of the afferent nerve fiber.
3. Conduction of an impulse along the nerve fiber to
to the cord, where there occur:
4. Relay of activity to motoneurons, and relay into
other elements, e.g., brain.
. Excitation of the motoneurone.

a. Thisis also affected by arrivals of impulses from
various paths which augment or decrease the
size of the response.

b. It is usually accompanied by inhibition of an-
tagonistic activity.

6. Conduction outward of the nerve impulse in motor
nerve fibers.

7. Relay into muscle junction.

8. Excitation of the muscle.

9. Propagation of associated electrical and mechani-
cal responses along the muscle fiber to produce
the movement.

w

Some of these steps are known in considerable detail.
Others are not so well understood as yet. In order to
make the underlying phenomena clear, it has taken con-
siderable, and will take much more, anatomical and
physiological research. Electrophysiology is an impor-
tant tool here because the time relations are so brief.
Again using the example of the knee jerk,the afferent
impulse takes about § milliseconds to reach the cord.
The relay takes another 0.5 to 1 millisecond; the affer-
ent impulse also about § milliseconds, and the last relay
under 1 millisecond. Altogether then, it takes about 11
milliseconds. Very frequently, electrophysiological
means are the only ones available to study activity, for
nerves and their cells remain to all intents and purposes
inert while they are carrying on this activity. The brain,
for example, doesn’t writhe and boil when it is producing
ideas even of the genius class, but its electrical manifes-
tations of activity change even on doing simple jobs.
Fig. 2 shows ink recordings of the electroencephalogram
and its changes during mental arithmetic. This type of
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record illustrates what is now a very common applica-
tion of electronic engineering to medical science. The
amplifiers used are essentially audio amplifiers with
large RC coupling, having a pass band from about 0.1
to 200 cps. Their sensitivity to signals is high, and they
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Fig. 2—-Electroencephalographic records from a human subject. T'he
uppermost line shows typical normal activily and an artifact pro-
duced by muscle movement (opeuning the eyes) together with the
change in pattern of the “brain waves” with eyes open. The next
four lines are a continuous record from a different lead and dem-
onstrate the subsidence of the normal pattern during mental
arithmelic and its return when the problem is solved.

are provided with means for rejecting extraneous pickup
such as comes from the 60-cycle mains. They terminate
in a power stage to drive a direct writing pen motor.
The great demand for electroencephalographs has led
to a relatively standardized, well-engineered product
from a number of manufacturers. The latest equitpment
is generally available in a console assembly with 2 to 8
or more channels arranged to record simultaneously on
one moving-strip chart.

Recent developments in electroencephalography em-
ploy as many as 25 pickup and recording channels and
various scanning techniques to present a simultaneous
picture of events occurring at many loci.®4 Another
class of instruments makes correlations hetween phase
and/or amplitude of activities at several loci through
the use of various types of electronic compuiters or com-
parators. A third of the more recent developments use
automatic frequency analyzers to perform and record a
Fourier analysis of the “brain waves.” One circuit of this
type and references to others are given in the literature.5

3 8. Goldman, W. E. Vivian, K. C. Chi, and H. N. Bowes, “Elec-
tronic mapping of the activity of the heart and the brain,” Science,
vol. 108, p. 720; December 24, 1948.

¢ J. C. Lilly, “The 25-channel Bavatron and electro-iconograms,”
Presented, AIEE-TRE Conference on Electronic Instrumentation in
Nucleonics and Medicine, New York, N. Y., October 31, 1949,

¢ C. Markey, R. L. Schoenfeld, and P. F. A. Hoefer, “Frequency
analyzer for bioelectric potentials in the sub-audio range,” Rev. Sci.
Instr., vol. 20, p. 612; August, 1949.

THE NATURE OF THEE BIOELECTRIC POTENTIAL

The nature of the electrical activity which occurs in
nerves and muscles was the subject of a lively contro-
versy between two eighteenth-century scientists whose
names are immortalized in electrical nomenclature,
Galvam and Volta. The former, in 1786, claimed that
nerves and muscles were capable of producing “animal
clectricity.” Galvani was correct as to the phenomenon
but as Volta showed, for the wrong reasons, and it was
in the course of their argument that Volta developed the
“voltaic pile” or hattery.

Work since that time has established that the nerve
or muscle fiber, the unit structure of these tissues, is
clectrically polarized. It is negatively charged on the
inside, and positively charged on the outside of a bound.
ary membrane (see Iig. 3). The potential difference is
largely due to a complex and as yet incompletely under-
stood mechanism which results in about a 30-fold accu
mulation of K+ ions in the interior of the cell as com
pared to the outside fluid (blood, ete.) and a similar defi-
cit of Nat ions in the interior.

it
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Fig. 3—Diagram of structure and organization
of a nerve fiber.

Although most fibers have small diameters—30 mi
crons to less than 1 micron (u=0.001 mm = 0.00004 in
—some giant nerve fibers are found among invertebrates
(notably the squid) 0.5 mm or more in diameter. An
clectrode can be inserted into such a fiber and the po-
tential inside the fiber relative to the outside can be
measured (see Fig. 4). The interior is found to be about
50 millivolts negative at rest.® Older theories had postu-
lated that the polarized, semipermeable membrane
broke down during activity of the fiber. The transient
response during this breakdown was thought to repre-
sent a temporary appearance of the internal negativity
on the outside of the active region of the fiber, relative
to an inactive region. The recent experiments with an
electrode inserted into the giant nerve fiber have shown
however that this is not the case (see Fig. 4 and also

. %A. L. Hodgkin il;l(] \.F. Huxley, “Resting and action polentials
in single nerve fibers,” Jour. Physiol.. vol. 10} p. 176; October, 1945.
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Fig. 4—(a) A photograph of a glass tube electrode inserted into the
giant axon of the squid. (b) The tential difference between the
P terior and exterior of the nerve fiberat rest isabout 45 millivolts,
inside negative. An electric stimulus then sets off a response which
travels along the nerve and is recorded when it arrives at the in-
sertion electrode. This response has the typical form shown. Atits
peak the outside electrode appears to be about 35 millivolts nega-
tive to the internal electrode. Time line, 500 cps. (From A. L.
Hodgkin and A. F. Huxley, “Resting and action potentials in sin-
gle nerve fibers,” Jour. Physiol., vol. 104, p. 176; October, 1945.)

Fig. 6(a)). The potential of activity (the spike) recorded
in these experiments is considerably (30 millivolts)
higher than the resting potential difference, as if the
membrane in activity underwent a temporary reversal
of its polarity, becoming polarized negatively on the
outer side in the active region. The explanation of this
phenomenon seems to lie in complex changes of the
membrane permeability. During activity, the membrane
appears to become about 500 times more permeable to
Na+ than it is at rest.” Experiments by the writer and
his collcague, Nachmansohn, using radioactive tracer
elements have confirmed this.® In the resting nerve the

7 A. L. Hodgkin and B. Katz, “The effect of sodium ions on the
electrical activity of the giant axon of the squid,” Jour. Physiol., vol.
108, ? 37; March, 1949, ) .

* H. Grundfest and 1). Nachmansohn, “Increased sodium entry into
squid giant axons during activity at high frequencies and during re-

versible inactivation of cholinesterase,” Fed. Proc., vol. 9, p. 53;
March, 1950.
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membrane acts essentially as a K* clectrode recording
the fact that there is more K+ on the inside than on the
outside. During activity, the membrane acts like a Nat
clectrode and records the reverse concentration ratio
that prevails as regards Na* ions.

The electronic requirements for measurements of po-
tentials across the membrane such as are shown in Fig.
4 are interesting.

1. The resistance of the membrane and of the fine in-
sertion clectrode is very high, of the order of megohms.
Hence, very large grid-leak resistors are used, or none
at all.

2. Small currents, of the order of 1078 to 10~* amp,
flowing through the membrane change its properties.
tence, the grid current of the input stage must be of
the order of 101 amp and preferably less.

3. The eclectrical activity develops very rapidly;
hence, the amplifier must have a rise time of 10 micro-
seconds or less, despite the high input resistance.

4. To measure the steady (resting) potential differ-
ence across the membrane required a dc amplifier, but
in this particular application the sensitivity can be quite
low, since the input signal is of the order of 50 to 100
millivolts.

ForM oF THE BIOELECTRIC POTENTIAL

The transient response of a nerve or muscle fiber
during activity has the general form shown in Fig. 4,
but there are some differences among different nerves,
and these indeed form one basis for classifying nerve
fibers. Thus, in the mammals, there are known to be 3
different types of nerve fibers. The rapid transient re-
sponses (spikes) of cach type are shown in Fig. 5. The
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Fig. 5—Action potentials of the three different kinds of mammalian

nerves. (a) The spikes of single nerve fibers of the three groups.
(b) The action potentials of the three groups. Amplification has
been adjusted so that the spikes are approximately the same
heights to show relation magnitudes of the after potentials. Note
the different time bases. (Composite from H. S. Gasser and H.
Grundfest, “Action and excitability in mammalian A4 fibers,”
Amer. Jour, Physiol., vol. 117, p. 113; September, 1936. 11 Grund-
fest, “Properties of mammalian B fibers,” Amer. Jour. Physiol.,
vol. 127, p. 252; September, 1939; and H. Grundfest and H. S.
Gasser, “{’)ropertics of maminalian nerve fibers of slowest conduc-

tion,” Amer. Jour. Physiol., vol. 123, p. 307; August, 1938.)
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larger nerve fibers that carry messages into the nervous
system and orders from the nervous system to volun-
tary muscles are called 4 fibers and have spikes of about
0.45-millisecond duration, roughly triangular in shape,
with the peak at about one third of the total duration.
The rise time of the spike is then about 150 microseconds
and for its accurate recording the amiplifier should have
a rise time of about 15 microseconds. A group of smaller
B fibers produces spikes of about 1.2 milliseconds total
duration but of otherwise essentially similar form. These
fibers chiefly carry messages from the central nervous
system to the autonomic ganglia and relay them into the
very small C fibers which control involuntary activity of
the body, such as rate of the heart beat, constriction of
blood vessels, activity of various glands and the viscera.
The spike of the C fibers lasts about 2.5 milliseconds,
but again has a form similar to that of the 4 and B
spikes. The records of the B and C spikes demonstrate
the requirement of the amplifier as to sensitivity. The
potentials recorded are about 10 microvolts in ampli-
tude. They are therefore near the range of noise level
of the amplifier which was about 3 microvolts, wherecas
the potential recorded from the larger A fibers was
about 100 microvolts. It is likely that all nerve fibers
gencrate potentials of about the same magnitude, and
the fact that small fibers produce small potentials is
inherent in the physical propertics of the physiological
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Fig. 6—(a) Diagram of the local circuit established at an active re-

gion of a nerve. (b) The equivalent circuit of (a).
R =resistance of the axop(}asm

R, =resistance of the external, inactive tissue.

Resistance of the membrane at an inactive region is R, and at an
active region it is R,'.

C=membrane capacity

E =internal gencrator. (Strictly, this should be in serics with the

membrane.)

system (see Fig. 6(a)), which becomes apparent on
considering its equivalent circuit (see Fig. 6(b)). The
current produced by the generator within the nerve fiber
flows, as shown in Fig. 6(a), from the interior of the
fiber, out through the membrane, along the exterior, and
again through the membrane. In other words, the region
of activity is a sink for the bioelectric generators. R,, is
quite high and becomes higher the smaller the fiber
(since the current flows radially through a surface). The

|
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longitudinal resistance is also high and becoines increas.-
ingly so for the smaller fibers. (If the inside of the nerve’
fiber is assumed to have the conductivity of 0.9 per cent
NaCl, a tube of 2-u diameter and 1 ¢m long will have a
resistance of 2,700 megohms.) R, on the other hand will
be small because it is usually composed of all the inac-
tive tissue surrounding the fibers, since it is usually quite
difficult to dissect out intact a single small nerve fiber
from a nerve bundle containing thousands or ten of
thousands of fibers. Typically R, may be of the order of
25,000 ohms per cm. From the equivalent circuit it will
be seen therefore that a 100-millivolt potential produced
by the bioelectric generator will result in a recorded
potential of only 1 to 100 microvolts under the condi
tions given in the diagram.

In addition to the rapid transient spike of their ac-}
tivity, nerves produce a slower sequence of potentials
as shown in Fig. 3(b). Again the different groups of
fibers have characteristic differences as to form of the
sequence, its magnitude (measured relative to the spike
height) and its duration. It will be seen that the 4 and C
fibers produce a small negative tail and a longer lasting
positive undershoot, while in B fibers only the positive
undershoot is normally observed. The duration of this
sequence has an important bearing on amplifier design
for it will be noted that in C fibers it lasts nearly one
second. Actually, under conditions of repetitive activity
the late potentials are prolonged and may last one
minute or more. Hence, in studies of this phase of bio-
electric activity, direct-coupled amplifiers are obliga-
tory, but unlike the earlier example of the use of dc
amplifiers the slow potentials recorded here are below
100 microvolts in amplitude and the dc amplifiers must
have high sensitivity—a demand which works against
the requirement of stability during the period the po-
tentials are produced and are being measured.

Returning to the diagram and equivalent circuit of
Fig. 6 it will be of interest to mention that the mem-
brane, in addition to jts resistance, also has a rather high
capacity as in Fig. 6(b). This makes the nerve quite
similar in its electrical properties to a high-resistance,
high-capacity transmission line like the transoceanic
submarine cables. A current pulse impressed on the
nerve as in Fig. 7 will be distorted and distributed
not only between tlie electrodes but will also flow in the
extrapolar regions to both sjdes of the electrodes. The
magnitude of this current tlow and the distortion of the
impressed transient step function obey the cable equa-
tions first developed by Kelvin in 1858. In recent vears
studies of these phenomena have been used to d'erive
the values of resistive and Capacitative components of
the nerve fiber. Instrumenta] requirements call for a dc
amplifier of moderate sensitivity and rapid rise time.

During activity of the nerve fiber the membrane re-
sistance undergoes a very marked drop.® This decrease is

. "K.S. Cole and H. J. Curtis, “Electric im e squi
%asr;t axon during activity,” our. Gen, Phyn';;.,p:(()jfggf ;:fot‘l':)t; N :;d
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Fig. 7—A rectangular pulse is applied to a nerve fiber at T=0 (left)
and is broken at 7 =0 (right). The rise of the pulsc is distorted by
the capacities of the tissue. Like in the submarine cable the pulse
rises more slowly and to a lower height the farther along the net-
work it is recorded (+x). Time T and distance X are in analytical
units, referable to actual time and distance. The curves represent
calculated values which are closely approximated experimentally.

From A. L. Hodgkin and W. A. H. Rushton, “The electrical con-
stants of a crustacean nerve fibre,” Proc. Roy. Soc. (l.ondon), vol.
133B, p. 444; December, 1946.)

probably associated with the already-mentioned transi-
ent increase in the permeability of the membrane to Na*
ions. Measurement of the resistance drop have been
made by using a high-frequency ac bridge. Fig. 8 shows
a double-exposure cathode-ray-oscillograph trace. One
shows the spike produced on stimulating a giant single

A A A A & 8 8 8t

Fig. 8—Impedancechange in the nerveduring activity. Time in 1,000
cps. (From K. S. Cole and H. |. Curtis, “Llectric impedance of the
squid giant axon during activity,” Jour. Gen. Physiol., vol. 22,
p- 649; May, 1939.)

axon of the squid. The other shows how an ac bridge
balanced for the resistance of the same axon at rest
becomes unbalanced during the spike because the re-
sistance of the membrane has changed during activity.
[n the equivalent circuit of Fig. 6(b) this is indicated by
the two values of R, and R,,'

INITIATION AND PROPAGATION OF THE NERVE
IMPULSE

It was stated earlier that nerve impulses can travel at
a rate as high as 100 meters per second but nothing has
been said as yet as to what starts the nerve impulse. It
is likely that all nerve impulses start through electrical
stimulation. For example, a light falling upon the retina
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of the eye sets up a fairly large retinal potential and it is
probable that deformation of skin sensory reception also
produces potentials somewhat like those produced by
piezoelectric effects. Such potentials changes could read-
ily stimulate a nerve, for an applied current of 10~* am-
peres flowing through the nerve membrane for 10~ sec-
ond (hence, 10-? coulomb of electricity) can stimulate a
nerve fiber. Excitation occurs most readily at the cath-
ode of the stimulating electrode. Once this stimulation
has taken place, leading to a membrane change and a
flow of current as described in Figs. 3, 4, and 6, the local
circuit established through the nerve acting as a gene-
rator is now able (see fig. 6(a)) to excite neighboring re-
gions. Their activity, in turn, will stimulate still other
adjacent regions and so the impulse that arose as a result
of a local electrical excitation is propagated along the
nerve fiber. The mode of propagation is obviously not
that in an electric cable system but is more like the trans-
mission of a flash along a fuse of gunpowder, where local
thermal changes progressively set off similar changes in
neighboring grains of powder. As in a gunpowder train,
where a stretch of wet powder will block transmission,
a region of darmaged nerve will also prevent propagation
of the nerve impulse. Also, as in the fuse, the rate of
propagation of the nerve is much slower than in electri-
cal transmission. It depends among other things upon
the temperature of the nerve so that in frogs at about
20°C the velocity is about 4 times as low as in mam-
mals at 37°C.

In the best studied cases (mammalian A4 fibers) the
rate is also a function of the diameters of the conducting
fibers, so that a fiber of 20u will conduct at about 120
mps while a 5-u fiber conducts at about 30 mps. Thus
if a strong enough stimulus is given to a nerve to set
all the fibers off into activity, the impulses in those fibers
conducting more slowly will tend to lag behind more and
more as the impulses travel away from the point of ori-
gin (see Fig. 9). Since in the human, some nerve fibers
may be as long as 2 meters from the toes up to the base
of the brain, this time difference may have an important
physiological function in deciphering sensory data. A
100-mps impulse would arrive within 20 milliseconds
while a 1-mps impulse would take 2 seconds.

M easurements of the conduction velocities are impor-
tant also in the central nervous system. Impulses travel
up and down the spinal cord in various tracts (see Fig.
10) which constitute rather specific trunk lines termi-
nating on any given group of cells within the central
nervous system, but, unlike the case in communication
networks, the signals are always rather similar spikes
carried by the individual fibers. The co-ordination of
these signals must therefore be chiefly by the differences
in the times of arrival of the different signal groups. An
interesting example of such message discrimination has
been worked out. Two closely juxtaposed tracts in the
spinal cord carry messages up from the lower extremi
ties. One (fasciculus gracilis in Fig. 10) carries them
without relay directly from the extremity to the base of
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the brain (medulla) where a relay occurs. Another is
activated by impulses carried in the dorsal column re-
layed to the cells which originate the fibers of the dorsal s
spinocerebellar tract.' In the relay about 0.5 millisccond

Fusciculus euneatus
Pocterolateral fanciculus

Dorsul spinocerebellar

is lost. But the fibers of this tract are considerably larger PR
. y P
than are the biggest fibers of the dorsal columns. Hence '/
their conduction velocity is greater (sce Fig. 11) and
they reach their termination in the cerebeltuin some mil \
liseconds before other sensory messages arrive at the N
cerebral cortex. XU/
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I f | Fig. 10—Diagram of the principal tracts (fasciculi) of the spinal cord.
-En From F. A, Mettler "Neuroanatomy,” 2nd ed., The C. \ .\I sy
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Fig. 9—The potential of a mammalian nerve cat saphenous) is made Y Leve] of entry
up of component spikes of different velocities. :\s in a cross-coun- o =
try race, the longer the distance the impulses travel, the greater 5 10 S L
becomes the separation between the faster and the slower com- 8 Y % [
ponents. (a) The change in the form of the fast 4 spike with greater 2 =3
conduction distances 1s shown on amplified records. Straight lines | 5 &
connect the times of onset and end of several of the components. - e | ] e |
Their slopes give the conduction velocities. (From H. S. Gasser 0 1 2 3 4 5 msec
and H. Grundfest, “Axon diameters in relation to spike dimen-
stons and the conduction velocity in mammalian A fibers ” Amer. €

Jour. Physiol., vol. 127, p. 303’ September, 1939, (b) Drawing  Fig. 11—(a) Potentials recorded from the fasciculus gracilis (also
of the spikes of fast A and slow € conduction velocity on a ma called Dorsal column), and b) dorsal spinocerebellar tract (also
single set of co-ordinates. Inserted are the oscillographic rec- called Flechsig's truct), in the cat at different distances in the
ords from which the drawing was made, with the conduction E? spinal cord in re‘PO”'“‘c'035‘"811'610(‘”101]slimulusloa hind limb
velocities of different components indicated. (From I. ¥. Fulton nerve. (c) Plot of the times at which the two responses arrive in
“Howell’s Textbook of Physiology,” 16th ed., Saunders Phila- ' the same levels of the spinal cord. T'he slopes give the conduction
delphia, Pa.; 1949,) velocities, It is seen that the dorsy] spinocerebellar impulses start

about 0.5 millisecond later e ause they are produced by a relay

after the nerve has entered the spinal cord. However, they over

10 This terminology is not formidable. It says that a tract located take the impulses in the fasciculys gracilis and forge ahead. (From
in the dorsal (top, or in the human, the back) half of the spinal cord H. Grundfest and B. Campbell, "Origin, conduction, and termi
carries impulses from the spinal cord to the cerebellum, which is one nation of impulses in the dorsy] spinocerebellar tract of cats,”

of the divisions of the brain. Jour. Neurophys., vol. 5 P- 275 July, 1942,
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The records of potentials in Fig. 11 indicate another
Irequirement for bioelectric amplifiers, for they repre-
sent pickups of different potentials occurring about 1
'mm away from each other. The amplifier and electrode
systems must be free from “cross talk” or there will be
no possibility of localizing and discriminating these dif-
ferent activities.

Another type of discrimination required is that
against extrancous potential fields. The relatively high
impedance of the tissue and electrodes, the mass of the
tissue (particularly where records are made from the
entire animal, as in Fig. 11) with its consequent cou-
pling to ground, and the small amplitudes of the re-
corded potentials make pickup of larger signals from
extrancous potentials (ac, high-frequency commutator
ripple in dc lines, and the like) extremely likely.

A third type of spurious signal is also often intro-
duced since many experiments call for electrical stimu-
lation of the nervous tissue. This usually takes the form
of relatively short pulses, but of high amplitude—some-
times of 20 to 50 or more volts, which are supplied to
nerves or the central nervous system close to the posi-
tion of the pickup electrodes. Frequently, conventional
RC amplifiers will be blocked by this pulse and the de-
sired signal will be entirely lost in the recovery time of
the amplifier.

A number of differential amplifier designs were there-
fore developed to overcome these difficulties. They are

all based on the principle of having a reference electrode

on inactive (or relatively inactive) tissue in addition to
an active pickup electrode and a real or virtual ground
electrode. The earliest of the amplifiers'' employed two
symmetrical amplifiers for the active and reference elec-
trodes. An extraneous potential should be picked up by
the two electrodes as a common-mode (or, in-phase) sig-
nal. If perfect symmetry were built into the amplifier,
the output terminals would rise equally and in the same
sense for these signals, whereas a signal at the active
electrode (i.c., out-of-phase signals at the two pickup

| electrodes) would be amplified in opposite sense. The
recording instrument would not respond to the former
but would indicate the latter signals.

An obvious difficulty is the requirement for symme-
try. A decided improvement was made by Offner'? who
inserted a high common resistor into the input cathodes,
producing degeneration for in-phase but not for out-of-
phase signals. This type of amplifier (“long-tailed pair”)
is used at present for electroencephalography as well as
for research in electrophysiology. It has the great merit
of all push-pull amplifiers in being relatively insensitive
to power supply variations. Differential action [defined
as D = ([ sig/E extr) to produce a given outputj is how-
ever dependent upon the magnitude of the common re-

1 13, H.C. Matthews, “A special purpose amplifier,” Jour. Physiol.,
vol. 81, p. 28F; May, 1934,

B F. F. Offner, “I’ush-pull resistance coupled amplificrs,” Rev.
Sci. Instr., vol. 8, p. 20; January, 1937,
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sistor according to the relation D=1+(4 Rk/RL). A
high order of differential action is possible only with
prohibitively high cathode resistors. Differential action
is considerably dependent upon the tube characteristics,
particularly upon equality of gain in the symmetrical
tubes. In some of his present circuits, Offner uses a sin-
gle-envelope double triode in the first-stage pair ani
pentodes in the second stage. The screen current of this
second-stage pair is returned to the resistor of the input-
tube cathodes to increase common-mode degeneration.
Other makes of eeg amplifiers use common cathode re-
sistors in several stages. The differential ratio obtainel
is usually of the order of one to several thousand, par-
ticularly for low frequencies of common-mode signal,
giving adequate rejection of ac line pickup.

Goldberg has substituted a pentode for the common
cathode resistor Rk. In this circuit the low static resist-
ance of the pentode allows a reasonably low voltage
drop from the cathode current. To changing current,
however, the pentode presents a high dynamic resistance
and hence a high degree of degeneration for in-phase
signals. With two such degenerative stages Goldberg
has obtained a differential ratio of 1 to 100,000, but it is
very likely that this ratio holds only for very low fre-
quencies, since the high ac impedance of the pentode
would discriminate against differential action at higher
frequencies. An adaptation of this circuit which also
incorporates a number of subsequent design improve-
ments is described in the literature,'* which also pro-
vides an excellent discussion of some design problems
and an extensive bibliography.

In 1936 Toennies'® developed a form of differential
amplifier which uses a cathode-follower coupling tube
to the cathode of a single-ended amplifier stage. This
circuit appears to have been rediscovered by the radar
workers and its theory is well treated in the literature.?
Toennies pointed out™ that a pentode cathode follower
will be more effective in differential formation and that
an additional simple correction network can be used to
improve differential action still further. A discussion of
the theory of this type of differential amplifier is pro-
vided in the literature.? A more detailed general analy-
sis is now under way,'® which is leading to the develop-
ment of new circuits. This analysis and its results are
at present being tested experimentally at our labora-
tory.

The Toennies differential input stage is relatively
insensitive to many of the circuit parameters and its

1 H, Goldberg, “Bioelectric research apparatus,” Proc. LR.E.,
vol. 32, p. 330; June, 1944.

1 P, 0. Bishop and E. §. Harris, “I).C. amplificr {or biological ap
plications,” Rev. Sci. Instr., vol. 21, p. 366; April, 1950

» | F. Toennies, “Differential amplificrs,” Rev. Sci. Instr., vol. 9,
p. 95; March, 1938, The paper describing this amplifier was held
up by an editor who did not believe the very conservative claims
made there as to magnitude of differential action. Hence it was not
published until after two other papers on differential amplifiers had
:lppcared: See footnote reference 11 as well as O. H. A. Schmitt, “A
:I(;Y;?'C differential amplifier,” Rev. Sci. Instr., vol. 8, p. 126; April,

1 Peraonal communication to the author from Ernest Amatneek.
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single-sided output is then amplified as needed by a con-
ventional single-sided amplifier. A very compact, and
reliable 2-channel RC amplifier designed as a preampli-
fier to work into the DuMont type-279 double-beam
oscillograph is shown in Fig. 12. It has a deflection sen-
sitivity of about 200 uv peak-to-peak for the face of the
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Fig. 12-—Circuit diagram of a simple but very effective RC amplifier
for bioelectric research. The first stage is a Toennies differential
circuit. The output is designed to couple capacitatively into one
channel of a DuMont type-279 oscillograph. Batteries are used
for heater and power supplies.

tube and a flat response from about 0.5 to 20 ke. This
amplifier is used on a portable oscillographic unit shown
in Fig. 13. It is frequently operated at full gain in an un-
shielded laboratory, with fine tipped pickup electrode
on large animals and with various ac-operated equip-
ment (stimulators, heaters, pumps, and the like) needed
for the experiments close to the animal. The precautions
needed are high differential action, all ac cables shielded
and equipment grounded, and a heavy individual
ground lead direct to earth.!” The type of amplifier
shown in Fig. 12 is quite adequate for most physiological
work except that requiring dc amplification.

Direct-current amplifiers present two problems that
are absent with RC coupling:

1. Coupling into the grid of one stage from the high
positive level at the plate of the previous stage,
and

2. Instability of the base line.

I'he first problem can be solved in various ways,'® but
the best require the use of a negative return supply as

Y Various laboratories report serious dithculty with pickup of
television or FM signal components. 1 have not experienced such
troubles, but whether because of the design of our amplifiers or be-
cause of a fortunate location (at the Rockefeller Institute and pres-
ently at the College of Physicians and Surgeons, Columbia Univer-
sity, New York, N. Y.) I do not know. One additional precaution as
to grounds is that closed ground loops must be avoided in order to
prevent induced pickup from magnetic fields. Hence, shields should
be grounded only at one point.

18 H. Grundfest, “A stable line operated D.C. amplifier,” Pre-
sented, AIEE-IRE Conference on Electronic Instrumentation in
Nucleonics and Medicine, New York, N. Y., October 31, 1949
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well as the conventional positive supply. T'he coupling
method we employ extensively uses a cathode followe!
returned to the negative supply. The cathode load i,
suttably divided to obtain a lead-off point at, or clos.:
to, zero potential. Its use is illustrated in the circuit o
Fig. 14.1? ‘

The second problem, as yet only partly solved, is duj
to the fact that any voltage changes in the amplifiel
system, whether they be shifts in electrode potential!
heater voltage, cathode emission, plate supply varia-
tion, or changes in the value of components, are trans.
mitted to subsequent stages.'® All the changes at the in.|

Fig. 13—Photograph of a coniplete portable unit for bioelectric re-
search. The dual channel preamplifier with the circuit shown in
Fig. 12 is mounted at the lowest level. Above, in order, are the
power supply. and timer-calibrator chassis, and a dual-channel
stimulator unit. The timer calibrator provides a bridge-stabilized
oscillator at 10, 100 and 1,000 cps with peak-to-peak signals from
10 microvolts to 1 volt available at the output jacks. The power
supply for the oscillator and stimulator is electronically regu-
lated. The stimulator (upper chassis) can be set at repetition
rates from one in 5 seconds to 200 per second. The oscillograph
sweep can be drn{en at these rates. The two channels of stimuli
are square pulses independently variable in widths from 0.1 to 20
milliseconds. Each can be delayed as desired after the sweep

start. The ourput of each can be set by a voltmeter which is built |

"Ilto the chassis. Maximum output is 50 volis at 150 ohms with
three ranges: 0 t0 5, 0 to 15, and 0 to 50 volts,

4 This t ing was i i —
et 1o T of coupling was introduced into our circuits by Toen
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jut circuit (grid-to-ground, ground-to-cathode) are am-
Jlified by the entire amplifier and are therefore the most
mportant. Changes in the plate circuit of the first stage
und in the grid-cathode circuit of the second stage are
Jdready smaller than the former at least by the amplifi-
.ation factor of the first stage. Hence they are less
lecisive.

In biological work a limit is set on observation of a
ong-time character by the fluctuation in contact po-
ential of the tissue and the pickup electrodes. These
wre of the order of 50 microvolts or more and unpre-
fictable in their course. The amplifier must therefore
ntroduce grid-cathode variations no larger, and pref-
srably smaller, than 50 microvolts for the interval to be
neasured. In our designs we have arbitrarily settled
pon a one-minute time interval.

A very formidable problem comes up in the heater
supply, since cathode potential variation appears at the
sutput amplified by the stage gain. It should be noted
that the Toennies type of amplifier possesses intrinsic
-ompensation against heater supply variation,?® as does
the double-ended amplifier.

Since the grid-cathode variation, given here an upper
imit of 50 microvolts per minute, is amplified at the
Grst stage (let us say by a factor of 20), variations in the
>utput after that stage should be smaller than 20X50
microvolts, or 1 millivolt. This requires that tube emis-
sions (assuming an output level of 100 v at 1 ma) remain
steady to better than 1 part in 100,000; that the load
-esistor (here assumed as 100K ohms) also vary less

20 See p. 462 of footnote reference 2.

Grundfest: Biological Requirements in Amplifiers

1027

than 1 part in 100,000 and that the plate supply be
steady also to approximately 1 part in 100,000. These
are severe requirements, and it is surprising that they
can be met as satisfactorily as they have been in prac-
tice.

Fig. 15—The bridge arrangement of the Toennies differential ampli-
fier to minimize drifts produced by power supply variation, as
used in stages 2 and 3 of Fig. 14.

17 STAGE

Fig. 14—The circuit of a completely line-operated de amplifier. Each stage is shown separately with the switching
circuit for coupling the various combinations.
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The requirement as to plate supply stability (approxi-
mately 1 millivolt in 100 volts) is difficult to meet, al-
though it can be attained. Simpler solutions have, how-
ever, been found. The symmetrical amplifiers described
above, like all push-pull amplifiers can tolerate a much
larger E, variation. For the Toennies differential stage a
bridge-balancing arrangement has been devised by
Schoenfeld, which balances out a variation of 10- to 20-
fold the minimum requirement.

Because of the necessity to control closely plate and
heater supply vaf-iations, earlier dc amplifiers were en-
tirely battery operated. A circuit designed by Toennies
in 1935 was used by the writer at the Rockefeller Insti-
tute for many years. These amplifiers are still in use,
have high gain and are very reliable. Their major disad-
vantage is the size and number of heavy-duty batteries

# Thesc amplificrs were additionally provided with a pair of cath-
ode-follower impedance transformers which were brought out from the

Septembe |

used, so that one amplifier channel occupies an entir
relay rack.?

We have recently developed a completely line-op
erated, high-gain dc amplifier which is considerably les
bulky, and permits 3 channels of amplifiers to b
mounted in a single rack. The performance of this am
plifier and its circuit characteristics are described in the
literature.'® Fig. 14 shows the circuit.

One feature of this amplifier is the usc of the balancing
circuit mentioned earlier. The second and third stages
of the amplifier have the bridge form shown in Iig. 15§
which compensates to a large degree for plate supply
variation. T'wo units built so far have a drift of 20 and
40 microvolts per minute, respectively, referred to the
input, are lat to 20 to 30 k¢, and have a differential for-
mation ratio of 1 to 100,000 or better.

chassis and could be placed close 1o the pickup leads. Like many other
uses of cathode followers, this was employed by Toennies in 1936.
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Eftects of Intense Microwave Radiation
on Living Organisms”
JOHN W. CLARKY, MEMBER, 1RE

Summary—A search for deleterious effects upon animals exposed
to intense microwave radiation was made and definite damage to the
eye and to the testicle was found. Ten centimeters proved to be the
most dangerous wavelength. The effects observed could be ac-
counted for by the elevated temperatures produced by absorption of
microwaves in the organism. A theory is presented in which these
temperatures are calculated; fair agreement with experiment was
obtained.

This work demonstrates the need for caution on the part of those
who work with intense microwave sources, and for the establishment
of standards for the protection of personnel exposed to such radia-
tion.

The observations which are discussed below are made up of ma-
terial most of which either has been or will be published elsewhere,
The results are so important to radio engineers, however, that the
writer feels justified in rewriting them for publication in PROCEED-
INGS OF THE LR.E., particularly since many of these results would
otherwise appear only in the medical literature and would not be
brought to the attention of the average radio engineer. A preliminary
report on this work! was published early in 1949,

* Decimal classification: R594 X537.87. Original manuscript re-
ceived by the Institute, March 17, 1950, Presented, 1950 IRE Na-
tional Convention, New York, N. Y., March 9, 1950.

t Varian Associates, San Carlos, Calif.; formerly, Collins Radio
Co., Cedar Rapids, lowa.

''W. W. Salisbury, J. W. Clark, and H. M. Hines, “Exposure to
microwaves,” Electronics, vol. 22, pp. 66-67; May, 1949,

INTRODUCTION

T IS WELL KNOWN that all forms of intense

radiation have effects upon living organisms which

are exposed to them. These effects are almost in-
variably harmful. The damage to people exposed to
X ravs, gamma ravs, and neutrons is now well known,
although early workers in these fields were seriously
injured or even killed before these facts became gen-
erally understood. Prolongec exposure to intense ultra-
violet or infrared radiation is also dangerous. The war-
time development of high-power microwave radar led
to considerable speculation concerning possible danger
to personnel exposed to these radiations. A number of
experiments were performed upon animals exposed to
radiations from various radar sets, and personnel en-
gaged in operation or maintenance of radar sets were
subjected ro careful and continuous observations by
doctors.??* No effects were found; it would be pointless

*L. E. Daily, “A Clinical Stuly of the Results of Exposure of
Laboratory Personnel to Radar and High Frequency Radio,” U. S.
Naval Medical Bulletin XLI, pp. 1052-1065; July, 1943.

* B. 1. Lidman and C. Cohn, “Effect of Radar Emanations on the

Hematopoietic System,” Air Surgeon’s Bulleti i
cember, 1945. irgeon’s Bulletin 11, pp. 448-449; De
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to go into a detailed analysis of the reasons these early
nvestigations discovered no damage.

In spite of these negative results, we at Collins Radio
Company felt it advisable to look a little deeper into
this matter since we are concerned with the develop-
ment of transmitters developing larger amounts of con-
tinuous power at extremely high frequency than has
previously been done. A joint project was set up be-
tween the Research Division of Collins Radio Company
and the Department of Physiology at the State Uni-
versity of lowa. The objective of the project was simply
to discover what, if any, physiological effects might
arise from exposure to intense microwave radiation. It
was not at all clear at the beginning of this work what
effects should be looked for. The well-known effects of
exposure to intense X radiation are damage to the skin
and to the mechanism which manufactures red blood
corpuscles. Both of these effects had been sought for
earlier and had not been found.

A systematic program of exposure of laboratory ani-
mals to microwave radiation at various frequencies and
power lcvels was set up, and pathological conditions of
all kinds were sought. The principal effect of this ex-
posure appeared to be heating. With this clue as a
starting point, we observed especially the effects of
these radiations upon the parts of the body which are
either particularly vulnerable to heat or particularly
easily heated. Examples of such structures are the eye,
some of the internal body cavities, and the testicle.
Definite damage to these structures as a result of ex-
posure to rather modest amounts of power at micro-
wave frequency has been demonstrated. | should like
to emphasize again that this damage is entirely ue to
the heat generated as a result of the absorption of
microwave energy by the body’s tissues and is not due
to any mysterious property of the microwave radiation
as such.

EXPERIMENTAL RESULTS

Fig. 1 is a photograph of the eye of an experimental
rabbit. Rabbits were used for this work since their eyes
are very nearly the same size and shape as those of

.

Fig. 1—Cataract induced in the eye of a rabbit by exposurc
to microwave radiation
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humans. The white, cloudy growth is a cataract of the
lens, produced by a 10-minute exposure to about 100
watts of power at 12 cm wavelength. One does not have
to be an ophthalmologist to recognize that a growth of
this type will seriously impair vision. These growths
have the further unfortunate property that once starte l
they continue to become larger unless they are removed
by an operation.

Fig. 2 shows a plot of the measured temperature
within the eye ball. Note the difference in shape be-
tween the curves for the two different wavelengths.
This plot clearly explains the formation of the cataract
just shown. It will be observed that for 12 ¢m wave-
length the highest temperature occurs near the back
surface of the lens. The lens is constructed of protein
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Fig. 2—Temperature distribution in the eye during
irradiation.

which is very easily damaged by heat. The process is
somewhat analogous to that of boiling an egg. The white
substance which is referred to as cataract is similar to
boiled egg white and is obviously not very useful for
jooking through. This particular type of damage has
the interesting property that it does not become ap-
parent immediately after exposure of the animal. A de-
lay varying from a few hours to as long as a week
between the time of exposure and the appearance of
visible evidence of damage has heen observed. This fact
may account for the failure of some earlier workers to
ohserve damage of this type. A detailed report on this
work is given in the literature.

IYig. 3 shows cross sections of the testicular structure
of a rat. The one on the right has been exposed to
microwave energy while the one on the left is normal.
\gain, one does not have to be a doctor to recognize that
something rather disastrous has taken place here.
Temporary or even permanent sterility can be caused by

4 A. W. Richardson, T. D. Duane, and H. M. Hines, “Experi-
mental lenticular opacities produced by microwave irradiations,”
Archives Phys. Med., Vol. 29, pp. 765-769; December, 1949,
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(@ (b)

Fig. 3—Testicular structure of a rat. (a) Normal.
(b) Irradiated.

rather moderate exposure to niicrowave radiation. This
work is described in detail in the literature.® Damage to
the reproductive tissue is to be viewed with particular
concern as some geneticists now believe that radiation
far below the level which causes physiological damage
may cause genetic damage that will not become appar-
ent for several generations.®

Noinstances are as yet known in which human beings
have been injured in any way by exposure to microwave
radiation. This is probably because the sensation of pain
will usually give warnirg and prevent excessive ex-
posure. One must realize, however, that neither the eye
nor the testicle has any sensory nerves in its interior.
Thus one’s senses do not very adequately protect the
structures which are most vulnerable to heat and which
get hottest on exposure to 12 cm wavelength.

It would be highly desirable in the light of these ob-
servations to set about establishing standards for the
protection of personnel exposed to intense microwave
radiation before anyone is injured. We have here a most
unusual opportunity to lock the barn door before, rather
than after, the horse is stolen,

The microwaves used in producing the damage shown
in Figs. 1 and 3 were of approximately 10 cm wave-
length. Exposure of the animals to other wavelengths
produced markedly different results. At wavelengths
much longer than 10 cm, a general elevation of body
temperature or artificial fever is observed but no par-
ticular damage to the tissue. At wavelengths much
shorter than 10 cn1, on the other hand, the heating is
mostly confined to the surface. Severe burning of the
skin can be produced without much heating of the
underlying tissues.

THEORETICAL EXPLANATION OF RESULTS

A theory has been developed which explains in a gen-
eral way the phenomena just described and which is of
some value in predicting the effects of varying wave-
length, power level, or exposure time in experiments of

¢ C. J. Imig, J. D. Thomson, and H. M. Hines, “Testicular de-
generation as a result of microwave irradiation,” Proc. Soc. Experi-
mental Biology and Medicine, vol. 69, pp. 382-386; 1948.

¢ H. J. Muller, “Radiation damage to the genetic material,”
American Scientist, vol, 38, pp. 33-59, 126; January, 1950.
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this type. Like all physical theories this one is based |
upon a very much simplified model in order to reduce
the mathematical complications to reasonable propor-
tions. In spite of the simplicity of this model, the theory |
agrees quite well with experiments.

Fig. 4 shows the idealized “animal” upon which these
calculations are based. This animal is simply a homo-
geneous dissipative medium with a plane boundary.
Plane electromagnetic radiation falls upon this bound-
ary and is exponentially absorbed in the fashion with
which we are all familiar. The energy which is absorbed
generates heat and raises the temperature of the me-
dium. This results in a flow of heat by conduction to the
surface. In our simplified analysis of the situation we
are ignoring all means of removing heat except conduc-
tion to the surface. This means that our theory applies
best to parts of the body which do not contain blood ves-
sels in their internal structure. The eye and the testicle
both sauisfy this criterion so our work applies directly to
the structures in which evidence of physiological dam-
age has been found
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Fig. 4—The idealized “animal.”

Fig. 5(a) shows power density as a function of depth
due to the exponential absorption of microwave energy
by the idealized homogeneous animal. Curves are shown
for two different frequencies. Since most materials of
which an animal is likely to be made are more lossv
at high frequency than at low, the microwave energy is
more rapidly absorbed at high frequency.

Fig. 5(b) shows the rate at which heat is generated in
the two cases. The rate of heat generation is propor-
tional to the loss factor of the material. Thus we observe
at the lower of the two frequencies we have a curve
which is rather low and flat, while at the higher fre-
quency the curve starts out at a high value but drops
off rapidly and crosses the other curve. If there were
no conduction cooling, the temperature rise at any point
in the medium would be proportional to the rate of gen-
eration of heat and to the time. At any particular time
the temperature curves would look exactly like the heat
curves which are shown on this figure. However, if con-
duction cooling is present and if the surface of the ani
mal is maintained at a low temperature, either by air or
by the blood stream, we must have a temperature dis-

D —
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tribution qualitatively like that shown on Fig. 5(c). We I'he detailed solution of (1) is to be published else-
see here that we start at a temperature T, at the surface. where;? the result is the following:

As we go deeper into the animal the temperature rises, p

then finallv drops off according to an exponential curve 7 = To 4 °|:1 _ erf( * ) — ¢—at

as before. ag 2K/t
; [ x -
O — — — k't ] gaz| | — erf . — 4 aK+/t
En N LOW FREQUENCY 2 2K/t
ar |
%]
gz | \ x -
@) 58 HIGH FREQUENCY e 1 4 erf ( —_— — aK\/t) } . (2)
3 2K/t
@ \
o T — o The “erf” which appears in (2) is the well-known error
function of statistics; it is defined by this integral:
1 )
2 z
\"'G" FREQUENCY erf x = _f e “du. 3)
= VrJdo
22 |
(b) :é Since a, the attenuation constant, 1s a known func-
ES \ tion of wavelength? it is possible to calculate tempera-
gg ture functions for various wavelengths from (2) and to
. . compare these with observed temperature distribu-
W tions. In this calculation the idealized animal is as-
= sumed to have the same physical properties as salt
p— water.
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Fig. S—Quallwtlvde curves showing ener;z‘,‘ absor‘!)tion, heat genera .
tion, and temperature in the idealized “animal. \\
ran . . . . . \l
I'he differential equation of heat tlow fora distributed N
heat source such as we are now considering has the fol- '
lowing form:
()T 62T C!Po \
= K? 4 — ot (1) il A
al dx? cp A ~ ~_
where . N
T =temperature T@NY
. { 3 S
= tme B S E S S e B E——
2 . “ "

. D(’:N L] ttl"m;'(n;
x =distance below the surface
) Fig. 6—Calculated temperature curves for a=1.5, corresponding to
o = attenuation constant about 8 cm wavelength. Temperature rise is proportional to the
) parameter §; sce (4).
Py =power density at the surface

¢ =heat capacit\f ‘J. W. Clark and L. W. Swanson, “A calculation of the tempera-

e ture rise due to absorption of microwave energy in living tissue,”
p =density Jour. Appl. Phys., to be published.

1 . » C. G. Montgomery, “Technique of Microwave Measurements,”
K*=0a/cp, where ¢ =thermal conductivity McGraw-Hill Book Co., New York, N. Y., p. 195; 1947
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The presentation of the results is facilitated by the
use of a quantity 8 which is defined as 1/a times the
quantities in the square bracket in (2). Thus

T'— To= PoB/o = 169.5P8. 4)

For a fixed power density Py, the temperature rise is
proportional to 8; but 8 is a function of the attenuation
constant &, which in turn is a function of wavelength.
Thus the 8 curves show the shape of the temperature dis-
tribution at various values of wavelength and time. I'ig.
6 shows a typical set of such curves for a = 1.5, cor-
responding to a wavelength of about 8 cm. These cal-
culated curves have the same shape as the qualitative
curves of IYig. 5(c) and as the observe! curve of tem
perature distribution in the eye (see I%ig. 2).
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Fig. 7—Calculated temperature curves for exposure to one watt per
square centimeter for 625 seconds. a=0.1 corresponds to A == 50
c¢m;a=1.5corresponds to \==8 cmn; a =5 corresponds to A== 4 cmi.

Fig. 7 shows calculated curves for a power density of
one watt per square centimeter and an exposure time
of 625 seconds for three different values of a. These cor-
respond respectively to wavelengths of 50 cm, 8 cm, and
4 cm. The ordinate on these curves is degrees centigrade.
You will observe that each curve shows a maximum
temperature and that the longer the wavelength the
deeper within the animal the maximum occurs. This
agrees exactly with the observation mentioned earlier
of the effect of radiation with varying wavelengths.

Inspection of Fig. 7 brings out the interesting fact
that the 8-cm wavelength (@ =1.5) curve reaches the
highest temperature of any. Thus this wavelength is (he

most likely to cause damage of the type shown in Tigs
1 and 3, since exposure 1o a given power density for :
given time produces a higher temperature when the
wavelength is about 8 cm than when it is either longer o
shorter than this. The location of this hot spot happens
to coincide with that of some physiological structures
which are very vulnerable to heat.

This is not a resonance phenomenon, but occurs he-
cause of the balance between energy absorption and
conduction cooling. 1t is not very critical: wavelengths
between 6 and 12 cm are about equally effective in pro-
ducing elevated temperature in the body.

\ scries of measurements upon animal tissue was
made with wavelengths varying from 1,600 c¢m (19
Mc), as used in conventional diathermy, through the
microwave spectrum at 75 ¢m, 12 cm, 8 ¢cm, and 3 cm,
and at infrared. The results of these measurements
agree in general with the calculations; they are being
published in detail.* \When one considers the great dif-
ference between the living animal and the simplified
idealized animal upon which our calculations were
based, the agreement between the observed and calcu
lated curves is very gratifying.

Co~cLusIioN

The work which has been described is of a verv pre-
liminary nature. \We have definitely established that it
is possible to produce serious tissue damage with mod-
crate amounts of microwave energy but have no idea of
the threshold energy, if one exists, for these phenomena.
We also do not know whether or not successive ex-
posures are cumulative. Further work along these lines
is urgently needed. It is particularly important to estab-
lish standards of safety for the guidance of personnel
who must expose themselves to these radiations in the
course of their work,
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The Klystron Mixer Applied to Television Relaying®

VINCENT LEARNEDTY, SENIOR MEMBER, IRE

Summary—The phase-modulation sidebands obtained from a kly-
stron amplifier with beam-voltage modulation may be used to give
mixing action. The output resonator is used to select a phase-modu-
lation side-frequency component to give power output at a sum or dif-
ference frequency. The method of obtaining phase modulation in a
beam-type amplifier is described. The construction and operating
details are given for a klystron amplifier which has a mixer output of
1 watt over a 20-Mc band for a 6,000-Mc television relay system.

[. INTRODUCTION

TYHERE ARE a number of system applications
T[ which can benefit from the use of a mixing device
at power output levels. In television relaying a
power mixer eliminates the demodulation and modula-
tion through video at each repeater and hence greatly
reduces repeater distortion. For microwave frequencies,
a klystron has been developed for obtaining mixing ac-
tion at power levels suitable for point-to-point television
relaving. Two methods have been consiclere] for obtain-
ing side frequencies or mixing action in a klystron: (1)
A special grid incorporated within the electron gun that
will interrupt the beam current at an intermediate-fre-
quency rate to give amplitude-modulation sidebands;
and (2) modulation of the beam voltage to give phase-
modulation sidebands.

The latter method is most naturally adapted to a
beam-type tube such as the klystron. Modulation of the
beam voltage varies the beam velocity and produces
variations in the phase of the output current, and the
sidebands produced have essentially the characteristics
of phase modulation. If the modulation frequency is
sufficiently high, the sideband components are sepa-
rated enough to have one selected by the output reso-
nator. The sum or difference side-frequency component
may be selected to change the microwave carrier fre-
quency by the amount of the modulation frequency.
Variations in the modulation frequency will give cor-
responding variations in the microwave output fre-
quency.

The word synchrodyne is often applied to the usc of
the klystron tube in systems where the frequency dif-
ference between the transmitter and local oscillator is
determined by a signal of intermediate frequency. The
word was associated originally with klystron mixers in
a synchronous-detector applications. The word syn-
chrodyne has usually been used with klystron mixer
applications.

. * Decimal classification: R335XRS583. Original manuscript re-
ccived by the Institute, May 10, 1949; revised manuscript reccived,
May 1, 1950. Presented, 1949 I RIS National Convention, New York,
N. Y., March 10, 1949,

t Sperry Gyroscope Company, Great Neck, I.. 1., N. Y.

I1. MEcHANISM OF PHASE MODULATION

The principle of operation of a phase-modulated am-
plifier is in many ways similar to that of a frequency- or
phase-modulated transmitter. For a single sinusoidal
modulating frequency, the relationships for phase and
frequency deviation and the relative sideband magni-
tudes are all given by the usual phase- or frequency-
modulation theory. Fig. 1 shows a schematic drawing
of a klystron with an input gap and an output gap scpa-

7
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Fig. 1 —Klystron schematic.

rated by a distance & with dc beam voltage Vo and ac
modulation AV, at an angular frequency w.. The input
resonator is operated with a peak voltage E atgap 1 at
angular frequency w to give optimum bunched current
at output gap 2. The time T for a beam traveling at a
velocity v to transverse the distance d is d/v. The cor-
responding phase lag ¢ at angular frequency wis w7 or
wd/v. If this relationship is analyzed for the change A¢
in the total phase lag ¢ from a change AV, in the beam
voltage Vs, the following approximate relation is ob-
tained:

A 1 AV,

1) 2 Ve
Because of the square root velocity-voltage relation-
ship of an electron beam, the relative phase change 18
approximately one-half the relative voltage change.

The phase shift A¢ obtained in this manner yields
sidebands determined in magnitude by Bessel functions
in a manner similar to the usual phase modulation the-
ory.! The frequency components thus obtained are de-

VF. E. Terman, “Radio Engincering Handbook,” McGraw-Hill
Book Co., New York, N. Y., pp. 578-579; 1943.
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termined in magnitude by Jo(A¢) giving the carrier
amplitude, and with Jy(A¢) giving the amplitude of the
first-order side frequencies. It is noted that the first
maximum in the first side-frequency output is obtained
for a A¢ of approximately 1.8. The separation of the
side-bands is determined by the modulation frequency
w, and, if sufficiently large, the output resonator may be
tuned to any one of the frequency components.

With an ideal square wave modulation of phase the
sideband current is 0.64 of the unmodulated bunched-
beam current.? With a practical sine-wave modulation
of the beam, the first order sideband is 0.58 of the un-
modulated carrier. \Vith this value of current, the out-
put power of the usual low-power klystron is reduced
by a factor of 3, so an amplifier designed for 3-watts
output for straight-through operation will only give 1-
watt output as a mixer.

In a typical klystron design having a drift distance of
4 cycles or approximately 25 radians, the rms modula-
tion voltage required is approximately 10 per cent of the
dc beam voltage. This is equivalent to a peak-to-peak
voltage of approximately 30 per cent of the ¢ heam
voltage. The value of modulation, of course, depends
upon the number of cycles drift distance. The greater
the number of cycles, the smaller the modulation. How-
ever, the efficiency of a low-power klystron in the
microwave-frequency region is nearly optimum in the
region of 4 cycles drift distance and will drop off with a
greater number of cycles.

IIl. APPLICATIONS

Applications for which mixer type of amplifiers have
been used are:

A. Television-relay-system repeaters which do not
demodulate to video. Such a system was developed by
the Philco Corporation for operation by Western Union
Telegraph Company between New York City and Phila-
delphia.®* Fig. 2 is a block diagram of this system which
shows a mixer on the input and a mixer on the output
with both operated by the same local oscillator, the in-
put mixer being a conventional crystal detector and the
output mixer a phase-modulated klystron amplifier. The
received signal is amplified by a stagger-tuned broad-
band intermediate-frequency amplifier, is changed in
frequency by a second mixer and local oscillator, and is
amplified to the necessary phase-modulation voltage
level by a second broad-band intermediate-frequency
amplifier.

The system is designed to amplify frequency-modu-
lated signals. In Fig. 2, typical frequencies are shown

*E. W. Herold, “Superheterodyne frequency conversion using
phase-reversal modulation,” Proc. I.R.E., vol. 34, pp. 184-198;
April, 1946. '

3 W. P. Boothroyd, “The application of heterodyne modulation
to wide-band frequency-modulated television relays,” AIEE Tech.
Paper 47-171, May, 1947.

¢ W. H. Forster, “6,000 Mc television relay system,” Electronics
vol. 22, p. 80; January, 1949

PROCEEDINGS OF THE I[.RE

with a +10-Mc frequency dewviation. Amplitude limit
ing occurs at several places in the amplifying and mixing
system. The synchrodyne-klystron input resonator is
driven by the stabilized local oscillator and the beam
is modulated by the second intermediate-frequency
amplifier to give a sum or difference output frequency
that is selected by the output resonator and carried to
the transmitting antenna. The output of this system
gives a one-to-one correspondence in the frequency
changes of the received signal. The absolute magnitude
of the input and output frequency is different by 40
Mc to prevent unwanted feedback between the trans-
mitter and receiver. At low modulation frequencies
there is negligible transmission phase shift and at high
frequencies the phase shift is determined by the distri-
bution of tuned circuits. The stabilized local oscillator
is a klystron amplifier with a high-Q resonator in the
feedback circuit.

6000 * 10 Mc 5960 ¢ 10 Mc
RECEIVING TRANSMITTING
ANTENNA ANTENNA
MIXER |—| BROADBAND 2nd 2na
| F AMPLIFIER MIXER I.F. AMPLIFIER
5 £i0M SYNCHRODYNE
75 10 Mc | O Mc 2 e
| >
a
2nd LOCAL Z|
OSCILLATOR
190 M¢
LOCAL
OSCILLATOR
6075 Mc

Fig. 2—Television relay repeater

B. Other applications inclu-de microwave communi-
cation systems in which the crystal-controlled local
oscillator of a receiver is amplified with a mixer amplifier
to give multichanneled transmitter output by selecting
different phase-modulation frequencies.

C. Coherent-type radar systems in which a fixed
phase relationship between the frequency of the local
oscillator and the frequency of the transmitter is de
sired.

D. Interpolation means for microwave frequency
standards.

‘E. A method for obtaining amplitude modulation at
microwaves.

V. Tuse DEVELOPMENT

The klystron amplifier was developed for television
relay applications having a power output of greater than
1 watt over a 20-Mc band, operating from a 500-volt
beam supply at about 100 milliamperes, and requirin;
50 volts rms beam modulation for maximum first side
frequency output. Fig. 3 shows a cutaway view of this
tube, the SAC-19, which is designed for use over the
5,925- to 6,425-Mc common carrier band. It incorpo-
rates waveguide input and outpnt, has a screw arrange
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ment for semifixed-tuned frequency adjustment, and
has a standard octal 8-pin base connection through
which the ac filament voltage, dc beam voltage, and
phase-modulating voltage are supplied.

The cutaway shows the two-cavity resinators with
their associated grids, the iris coupling to the output
and input waveguide, the resonant waveguide window,
the electron gun, the stem mount, and the general lay-
out of the various parts. The gridded cavities with the
iris-coupling window are conventional, the width of the
iris being adjusted in size to give the desired coupling.

BEAM
COLLECTOR

INPUT (RIS

OUTPUT

~ GAP
/

OUTPUT
__~RESONATOR

INPUT
WINDOW?,

JATNEN

OUTPUT
IRIS

~OUTPUT
WINDOW

OUTPUT
WAVEGUIDE
FLANGE

INPUT /

RESONATOR

INPUT

Gap . ELECTRON

GUN

~

~ LOW
CAPACITY
STEM

Fig. 3—SAC-19 kiystron cross section

I'he current density in the beam at the output gap is
much greater than can be obtained from a conventional
oxide-coated cathode for long life so a large button is
used in the electron gun and a convergent beam em-
ployed. The resultant cathode current density is below
100 ma/cm? and the life obtained has been very good.
Most of the first set of tubes installed in the system are
still in operation after over a year of continuous opera-
tion.

A low-capacity electron gun is required for this ap-
plication. It is found that much of the capacity is due to
the conventional arrangement of wires coming out of
the stem. In this tube, the wires have all been clustered
to get as small an effective diameter as possible. The
focusing electrode structure was designed in an clec-
trolytic tank to give as low capacity as possible and yet
have satisfactory propertics.

The SAC-19 is temperature-compensated for stable
operation with changes in ambient temperatures. The
material of the tuning screws has been selected to com-
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pensate each resonator to better than § parts in 10% per
degree C. In applying the tube to television relaying it is
pretuned by the customer to the assigned frequency on a
test bench. No further resonator tuning is required to
place the tube in operation in the system. Because of the
temperature compensation and heavy construction, the
tubes have given stable operation.

In developing this tube, several problems not usually
encountered in klystron development had to be consid-
ered:

A. The modulation voltage for the synchrodyne am-
plifier had to be as small as possible to minimize the size
of the modulating intermediate-frequency amplifier.
This makes a low-voltage, high-current type of amplifier
desirable.

B. For the same reason, the cathode-anode capacity
of the electron gun must be held as small as possible.

It is more difficult to build a klystron for efficient
operation at low voltage and high current. To provide
adequate coupling between the electron beam and a
resonator gap at low voltage requires a fine mesh grid.
This leads to high interception of the beam current and
contributes to a loss in over-all efficiency. In addition,
the larger percentage interception in the various grids
leads to a larger amount of secondary-electron loading
at the grid gaps, the effect of which tends to reduce
further the klystron efficiency. In the SAC-19 design
there are four grids between the cathode and the output
gap. High-current, low-voltage beams are more difficult
to make, the high-current beam tending not to focus as
well as a low-current beam, and consequently, causing
a further loss in current to the output gap. In the de-
sign of this tube, the efficiency of the klystron had to be
compromised against the power required for phase
modulation. When higher power is required for a relay
system, it is better to design the synchrodyne amplifier
in conjunction with the intermediate-frequency beam-
voltage modulator and then use a more efficiently de-
signed klystron tube as an amplifier stage.

Phase modulation has been applied to other klystron
types. Three gap amplifiers have been used to give a
stage of amplification either after or before the fre-
quency-changing operation. More efficient performance
can be obtained in this type of operation. Frequency-
multiplier klystrons are phase-modulated successfully to
give noninteger multiplication.

V. CONCLUSION

‘The mixer amplifier applied to television relaying
has resulted in a relay system quality that has met high
expectations. The phase-modulation technique has sat-
isfactorily given the desired mixing action. The tube
developed for this purpose has given reliable, long-life
service. Tuning of the tube has been simple and the ad-
justments, once made, are permancat. The use of the
mixer klystron now makes possible system techniques
at microwaves which were previously possible only at
lower frequencies.
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The Compensation of Delay Distortion
in Video Delay Lines

R. A. ERICKSONt anp H. SOMMERTY, STUDENT MEMBER, IRE

Summary—Delay distortion in ordinary solenoidal delay lines
is primarily caused bythe decay of solenoid inductance resulting from
a reduced magnetic coupling at the higher frequencies. An analysis
of the phase characteristic of delay lines which employ solenoid
bridging capacitances to compensate for this inductance variation is
presented. The relations necessary for determining the delay dis-
tortion and effective bandwidth corresponding to any amount of
compensation are given. The analysis is verified by observations on
several experimental lines, wherein the bridging capacities are ob-
tained by means of isolated metal patches placed in proximity to the
solenoid.

I. INTRODUCTION

N A TRANSMISSION line of conventional design,
whether parallel conductor or coaxial cable, the
series inductance and shunt capacitance are very
small and appreciable delay times can only be obtained
with a very long line. Both the series inductance and
shunt capacitance can be greatly increased by replacing
the conductors of the conventional transmission line b
coaxial solenoids.! 3 In some applications, however, the
double solenoidal line is inconvenient, as it does not
have the advantage of a common input and output
terminal. Thus lines of the more common type employ a
single solenoid wound either on a thin cvlindrical con-
ductor which is usually slit longitudinally to prevent
excessive attenuation,* or on a core of flexible dialec-
tric material and enclosed in a braided shield of in-
sulated wire. 298
Investigations of the delay characteristics of these
lines show decreasing time delay with increasing fre-
quency. To reduce this distortion Weekes* has employed
lumped corrective networks, Di Toro® used a bank-
wound multilayer solenoid, and Kallman? obtained very
satisfactory results by placing a series of isolated metal

* Decimal classification: R117.19. Original manuscript received
ngBhe Institute, July 22, 1949; revised manuscript received, April 24,
1 #

This paper is based on work done for the Air Materiel Command
Army Air Force, under contract \V-28-099-ac-134 with the Texas
A & M Research Foundation.

t Oak Ridge National Laboratory, Oak Ridge, Tenn.

! National Bureau of Standards, Washington, D. C.

! H. E. Kallmann, “Transversal filters,” Proc. 1.R.E., vol. 28,
p. 306, July, 1940,

?J. P. Blewett, R. V. Langmuir, R. £. Nelson, and J. H. Rubel,
;(Ee;ay Lines,” General Electric Research Laboratory Report, Mav,

3 J. H. Rubel, H. E. Stevens,and R. F. Troell, “Design of delayv
Lines,” General Electric Research Laboratory Report, October, 1943,

¢ D. F. Weekes, “A Video Delay Line,” MIT RL Report No. 302
\pril, 1943.

6 J. P. Blewett and J. . Rubel, “Video delay lines,” Proc.
I.LR.E. vol. 35, p. 1580; December, 1947.

®J. J. Di Toro, “Phase-corrected delay lines,” presented, 1948
IRE National Convention, New York, N. Y., March 22 -25, 1948,

7 H. E. Kallman, “Equalized delay lines,” MIT RI. Report No.
550, June, 1944; also, Proc. 1.R.L., vol. 34, p. 646; September, 1946,

patches in close proximity with the solenoid. It is the
purpose of this paper to make a quantitative analysis of
this latter type of compensation.

1. Turory

The time delay of solenoidal video delay lines is non-
linear with frequency primarily because of varation in
the inductance of the solenoid. This inductance varia
tion is due to decreasing magnetic coupling hetween the
turns of the solenoid as the wavelength is decreased. By
introducing the proper electric coupling between points
on a solenoid, the delay distortion may be materially
reduced. This might be accomplished by lumped bridg-
ing capacitances.

hi |
. s ol -J_ A
Ihey | 'T T ’,’
o—»>~ 1| | e

Fig. 1 Lquivalent circuit of an ideal solenoidal delay line with
lumped capacities C, bridging each element of length k.

It Gy is the lumped capacitance bridging a length i
of a smooth solenowdal delay line which has series in
ductance L and shunt capacitance C, per unit length,
then the propagation function for a length £ of line,
treating the network as a recurrent structure, as shown
in Fig. 1, will be given by

Yu = cosh ‘(l+ Jl), (1)
2z,

where

Jwhl 1
1 " and >
I — w*hLC, JwhC

are, respectively, the series and shunt impedances at a
frequency w/2r. For cases in which (|, 2/12)K1, a
valid approximation is

Z
™y o ik =L (2)
: Vo~ aence, '

“""lv SInce Y =ar+jB, the atienuation and phase func
tions for a given length / of line are, respectively,
LC,

an =0 and g, wll' T .
. wzllLCb
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If T, is the time delay for a length & of the lineat a
frequency «/2m, then Th=p4/w, and it follows that

JC,
h V‘— o (3)
1 — w2hLCy
Now assume the shunt and bridging capacities to be in-

dependent of frequency and that the inductance varies
according to the relation developed by Poritsky and

Blewett,?:
rD rD
(D) o
A A

where D is the diameter of the solenoid, X is the wave-
length on the line, Lo is the low-frequency inductance
per unit length, and K, and I, are Bessel functions of
pure imaginary argument.® Then, letting x=rD/\, and
substituting into (3)

T, =

2K\(2)1(x) :l e
1— Zw’hLoC,,K,(x)I,(x)
However, limy.o(wD/\) =0 and lim..e2K1(x) 1 (x) =1 so
that limg-oTh= Ton = k/L,C,. Using this expression, and

since 8x= kB, where §=2m/\ is the phase function for a
unit length of line, one finds

T 2K, (x)1(x) ) :"/2
To [1 — BX(Ton/ Ta)*h(Cs/C.)2K\(x)11(%)

or setting

Th = h\/Loéal:

_G
“p;ca
Ta
T [(1 4+ Mx2)Q2K(2)1(2))]'"2 (5)
[

It is very difficult to add lumped bridging capaci-
tances to a solenoidal delay line; however, a similar ef-
fect may be attained by placing isolated strips of metal
in close proximity with the solenoid. In this case, the
distributed capacitance between the metal strip and
the solenoid would supply the desired bridging capaci-
tance. The previous arguments can be extended to in-
clude the effect of distributed bridging capacitance in
the following manner.

Consider the length k& of an inductor having a series
inductance L per unit length and which is shunted by a
distributed capacitance Cs per unit length, as shown in
Fig. 2.

The impedance between terminals 1 and 2 (Z12) will
be given by the ratio of the voltage difference between
these terminals (V)5 and the current flowing at terminal
1 (1,). If a voltage Vyyis applied to terminals 1 and 2, it
can be scen that

' N. M. McLachlan, “Bessel functions for engineers,” Oxford
University Press; 1934,
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Fig. 2—Solenoidal inductance of length h bridged by
distributed capacity Cy per unit length.

Since the network is a transmission line, it follows that
Vas = Vis cosh vh — [,Zy sinh vh

where, since the line is lossless,

JL
Ve
Thus, substituting these values and solving for Viz gives

B 2I,v/L]Casink (ju/LCa h)
75 + cosh (juv/LCa h)

oy 1= jw\/LCd and Zo =

and

Via _ 2]\/L/Cd sin (w\/LCd h)

le = =
7. 1 4+ cos (wvLCu k)
[et
1 .
w = and Z = jwhl -
h/LC 4
Then
Zu wi 2 sin w/w1
=== - (©)
VA w 1+ cos w/w,
Since
2 sin w/w,
. : w/wi
lim = lim = ]
w0 7 ws0 1+ cosw/wy
and

AT 2 cos w/w 2 1
lim — =— lim | ——— =——-
™ —sin w/wy r 0

U/Ul—" UIUl—°'

The circuit has a zero at w=0and a first pole at w=w7.

Now consider the impedance of an inductance AL
shunted by a lumped bridging capacitance Cs, as shown
in Fig. 3.

he

| o__liym_ o 2

—
c

b
Fig. 3—Solenoidal inductance of lcngth h bridged by
b.

lumped capacitance
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For this network,

JwhlL
Zl? = y 5 Wi
1 — thL(‘b
let
wy = and Z = jwhl.

vV hLC,
hen

VAT 1

- (7)
& 1 — (w/w:)?
From this expression it can be seen that the circuit has
a zero at w=0and a pole at w = w,.

The first zeros and first poles of the two networks
will be coincident if wym =w,, and in the interval up to
w/w;=0.6, the impedances agree within 10 per cent. By
shifting the relative position of the poles so that 0.925 w,
=mw, a better agreement is obtained between the two
impedances over the same interval. For this condition
with the relations defining w, and w,, it follows that

0.925\?
Cb = ( ) th.

m™

8

The impedance characteristics of the distributed net-
work has been studied experimentally and the results
agree with (8). It is concluded, therefore, that the ex-
pression previously obtained for 7/, will be valid for
lines using distributed bridging capacitances if the above
substitution for C, is made. Since T,/ T is independent
of length, it may be replaced by 7'/T, which is thus the
ratio between the delay T at any frequency and the
low-frequency delay T for any length of line. There-
fore,

T
_T— - [<l + ‘,‘{""72)&1\—l(x)ln(.‘,\:))]”2 9)

gives the variation of time delav as a fuuction of «x,

where
1.85h\? Cy4
w=(=2) 2 (10)
wD Gi
and x=wD/A\.
The approximation ys=+/(Z,/Z,) cannot be ex-

tended to frequencies where A <3h. An examination of
(1) for shorter wavelengths (A < 3k) shows that T,/Ty
will rise to a maximum at A =2k and then fall ofi rather
sharply as w is increased further.
For a given line, (9) may be used to give the delay
characteristics as a function of frequency as follows:
Since By =hB=h(27/N) and Th=0,/w, then
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Dividing and multiplying by Ton=hvL,C, and song
for w gives

2x

DVLL, (T/T0) .

An examination of (9) shows that for any M0,
T/T, at first decreases with increasing x then increases
above T/T,=1 with an ever-increasing slope. For de-
sigh purposes it is convenient to define the effective
bandwidth of the line as the interval between zero and
x., where x.#0 is the point at which 77/Te=1. Within
the band so defined, the maximum delay distortion will
be Twin/To, where T is the minimum delay in this
interval. The value of M which will give a minimum
T/T, at any x can be determined by differentiating

equation (9). This gives
T e

1 l: 2[(1(x)lo(x)

st La[Ky(®)To(x) — I(2)Ko(x)
The values of A7 and x which satisfy (12) can now be
used in (9) to give Tyi./To as a function of x. This
relation is shown graphically in Fig. 4.

Fig. 4—Minimum T°/T, versus compensation parameter

By equating the expression I’/ T, to unity and solving
for A in terms of v =y, the following equation is ob
tained:

M - [ !

{ — . = - l:l ‘ (13)
Tl 2K1(xc)ll(xc)

A plot of this equation, as shown in Fig. 5 yields the
values of A for which T/To=1atx=ux..

. Thus,.other factors such as impedance and attenua-
tion having determined the vaiues of D, Ly, and C,, the
valut? of A required for a specified Tpi./To can be de-
termined from Fig. 4; and Fig. 5 will then give the
approximate bandwidth.
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Fig. 5~ Compensation parameter versus the value of

z for which T/Te=1.

I1I. EXPERIMENTAL INVESTIGATION

The delay lines constructed for investitating the ef-
fects of distributed compensation consisted of a close
wound coil of No. 38 AWG Formex “F” wire, 10 inches
long, on a 3/8-inch polystyrene rod. The rod was coated
with a thin film of chemically deposited silver and seg-
mented by 32 longitudinal slits to reduce the attenua-
tion. The distributed bridging capacitances were ob-
tained by isolating portions of the metal film or sheath
with circumferential cuts of the desired length at ap-
propriate intervals. Thus, the capacitance between the
coil and the isolated patches formed the distributed
bridging capacitance and the capacitance from the coil
to the uncut portion of the metal film provided the
shunt capacitance to ground. The five lines tested had
patches that were 0/32, 17/32, 22/32, 24.5/32, and
27/32 of the circumference in width and 1/4 inch long.
Since the bridging and shunt capacitances are directly
proportional to the patched and unpatched areas, the
values of the patching parameter M, as calculated from
(10) are, 0, 0.18, 0.32, 0.50, and 0.83, respectively.

The initial resistance of the silver film, before patch-
ing, was in all cases about 20 ohms. Films of appreciably
lower resistance are not only more difficult to slit and
patch, but, because of increased circumferential sheath
currents, these heavier films also effect an increase in
attenuation which can be reduced only by cutting more
longitudinal slits.

A quantitative measurement of the phase character-
istics was accomplished by short circuiting the receiving
end of the delay line and recording the frequencies at
which the input impedance to the line was minimum.
This condition of minimum impedance was detected by
a voltmeter (GGR-726A) connected to the input termi-
nals of the line in parallel with a low impedance signal
generator (GR-805C). Then at a frequency f for which
the wavelength \ and the length of the line / satisfy the
relation, I =n\/2, where n is an integer, the input im-

Erickson and Sommer: Distortion Compensation in Video Delay Lines
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pedance (and voltage) of the line is minimum, and the
time delay is T =n/2f.

The experimental results are summarized in Fig. 6,
where the data are shown as points and the dotted
curves are obtained from (9) for the corresponding
values of M. The agreement between the observed and
theoretical behavior is in general very good, except at
the larger values of x. This discrepancy is accounted for
by the approximation (l‘y;.l 2/12) <1, introduced in ob-
taining (2);foratx=m/2,A=3/4inch=3h and |‘y,.| 2/12
=0.37
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Fig. 6—Comparison between experimental data and the theoretical

delay distortion. Dotted curves are calculated.

In each of the lines tested, and anomalous increase
in the time delay was observed at the lowest resonant
frequency. This increase was verified by calculations of
the delay from measurements of the open and short cir-
cuit impedances at 1,000 cps. This phenomenon is at-
tributed to an excessive decay of coil inductance at low
frequencies resulting from the relatively rapid decrease
in magnetic coupling at the ends of the solenoid. This
effect also accounts for the observed difference between
the characteristic impedance, as determined by adjust-
ing the terminating resistance to give minimum reflec-
tion of a 1-microsecond pulse, and the impedance cal-
culated from the open and short circuit impedances
measured at 1,000 cps.

Since expression (4) is valid only for solenoids that are
long compared with a wavelength, these end cffects are
not accounted for in (9). The experimental data were
therefore analyzed by extrapolating the phase character-
istic to zero frequency, disregarding the anomalous rise
in delay time. The results shown in Fig. 6 are therefore
quantitatively correct only for signals containing no
very low frequency components.

In Table I, the delay times and characteristic im
pedances as obtained from impedance measurements at
1,000 cps arc shown with the extrapolated zero fre-
quency delays and the nominal terminating impedances
which give minimum reflection of a 1-microsecond pulse
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IABLE 1 effective pulse delay time is not appreciably changed by
CuARACTERISTICS OF EXPERIMENTAL LINES AT Low FREQUENCIES using a portion of the sheath for compensation.

Zs" Voc* 1 Zse Extra- Nom
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(mh wufd (usec (ohms) (usec) | (ohms) ) )
1o 1.56 | 4360 2.62 600 2.57 580 The authors are indebted to ). F. Weekes for his
90 1.73 860 ! . : = . 3 .
o5k | e | e Va 1130 1.37 | 1090 direction and guidance during the inauguration of this
60 1.28 1100 - o . . . "
s o83 | e | ' Rt 1590 1.04 | 1300 work; to N. I¥. Rode for his inspiration and aid in carry-
ing out the theoretical analysis; to O. 1. Ferris for
* £ =1000 cps

furnishing the chemically deposited silver rods; and to

. . . E. E. Vezey and L. Rohrabacher for their suggestions
I'he effectiveness of distributed compensation in re- and assistance in constructing the delay lines

ducing delay distortion is demonstrated in the oscillo-
grams shown in Fig. 7 where the pulse transmission
characteristics of the previous five lines and an addi
tional line with 1/ =0.67 are shown. In each plate the
upper wave form isa 1-microesecond input pulse and the
lower wave form is the delayed. pulse received at the
output terminals of the properly terminated line. To
permit comparisons of time delay and attenuation, the
same time base and amplitude scale were retained in
obtaining the two pulses in each plate.

I'ig. 7(a) shows clearly the phase distortion that re-
sults from inductance decay in an uncompensated line.
Plates (b) and (c) demonstrate the improvement re-
sulting from even small amounts of compensation, and

(d) and (e) indicate that delay distortion may bhe essen f
tially eliminated in a properly compensated line. Fig. 7(f)
shows the effect of over-compensation, wherein the high-
frequency components definitely lag the main pulse
components, Fig. 7—Osgillofgran)s showing input pulse of 1 microsecond and out
From the oscillograms it can be seen that, although put pulse for lines (a) =0, (b) M=0.18, (c) M=0.34, (d
g . X g M =0.50, (e) M/ =067, (f) M =0.83The two pulses in each plate
the low-frequency time delay is materially reduced, the are on the same time base and amplitude scale.
GISSONE ~D
Measured Directivity Induced by a Conducti ng
: 3 g .
Cylinder of Arbitrary Length and Spacing
. *
Parallel to a Monopole Antenna
F. R. ABBOTT} anp C. R. FISHER
HE HORIZONTAL-PLANE radia- D the field r 1
L y i b esulting from the second
tion field ‘magnitude fromh two short Ey =ea+eexpj (3(’0 N o8 ¢+ ¢) (1 clement relative to that of the first
linear radiating elements is expressi- D/x=t} . ‘
Lle in the form where =the spacing between the elements in
er=the component field due to the first arenttte
* Decimal classification: R326.8 XR125.1. Original e ol rs = i iti
manuscif&'l'?eﬁeﬁ'dcﬁy'?ﬂe Institut)g. Septien(:)br;%"l‘g. and in this case, the driven clement .4 flhc SIS a"glc pli:ie pasifou
1949; abstract received, March 8, 1950, This paper is Ol measurement with respect to the
scheduled to be pubhshg_l by (t:heiny. S. Navy Elec- e:=the component field due to the sec- line from the first element to the
e o, e B G e Slemag secoqd
Calif ¥ =the time-phase angle in degrees of A=the wavelength of radiation.
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Horizontal-plane directivity patternsof a T T T — T

monopole antenna in the vicinity of a thin, [ ‘ 1

cylindrical, vertical, base-grounded para- as— Y | I | |

sitic element were taken, and curves show- h LENGTH OF ORIVEN ELEMENT - 023 A

?ng ez/ﬁ and ¢ versus D/)\ were prepare(l, \ CIAMETER OF OMIVEN ELEMENT - 001 A

R . CIAMETER OF PARAMITIC CLEMINT- 0.00 A
The spacing between the driven antenna and oal . . 3

the parasitic element was increased in 0.05
wavelength steps from 0.05 wavelength toa
separation of 1 wavelength. Parasite lengths
were increased by small steps from 0.15
wavelength to 1 wavelength. The length of
the driven element took values of 0.125, 0.25,
0.375 and 0.67 wavelength. Throughout this
series of measurements, the diameter of both
the driven antenna and the parasitic element
was held at 0.01 wavelength. An additional
set of data was taken with the driver length
equal to 0.25 wavelength and the diameter
of the parasitic element equal to 0.10 wave-
length. Measurements were performed at
3,000 Mc, at which frequency the surround-
ing metal ground plane had a radius of 10 o —
wavelengths.

The sample curves shown were fitted by
inspection to the measured data. The rela-
tive magnitude of the pattern distorting field
due to the parasite is given directly by Fig. o
1. In case the pattern configuration is desired
;;gf%;ﬁoc:zg;t?g;%?g (1) and the phase Fig. 1—Ratio of component field resulting from current flowing in the parasite to field due
to current flowing in the driven element versus separation of the two elements. gfThe
height of the parasite is the parameter.

“ +

'Y

“%.
g H

°
>

ALLATIVE MAGMITUDE OF DISTANT  FIELD

os

PARASITE LENGTH IN WAVELENGTHS

SPACING IN  WAVELENGTHS

Inspection of the curves showing relative
magnitudes of the distant fields reveals that
in all cases the contribution of the parasite
to the total field drops to half that of the
driven element by the time the separation of
the two elements has increased to about 0.4
wavelength. In many cases, notably the
short parasites, the ratio is less than 0.5 even
at much closer spacing than 0.4 wavelength.
The data show the tendency of the ef-
fective field of parasitic elements ranging in
length from 0.7 to | wavelength to show less
dependence on physical separation of the
two clements, This is even more pronounced
in the case of thicker parasites. There is a
tendency for thick parasites, regardless of
their length, to behave as thin, resonant ele-
ments in the magnitude of their response

The curves of relative time phase show
that the field due to the parasitic current
tends to he nearly out of phase with the
field from the driven element for extremely
close spacing and short drivers. This is to be
expected. However, it should be pointed out
that such is not the case when the driver
length is increased to 0.375 and 0.67 wave-

-sor—— T Tpem—— . T pr—

s S SESS— S o I N
4Lt~ovn Of ORVEN LLEWENT - 623 )
0AUETEA OF DAVEN TLEWINT - 0.01 A
OrAMETER OF MRASITIC ELEMINT- 001 )
A A

agLative Tiwl PHast OF PARASITIC CUARINT N DLGREES

lengih.

‘T'he final series of working curves derived 4
from measurements facilitates the placement §
of antennas with predictable directivity due :
to parasitic currents in nearby linear con- -aor T I | 3
ductors. The precise applicability of the ‘ g
curves is limited to the case of vertical “sop T - 1 N
ground-based conductors and the vertically ' i \ | :
polarized fields they produce over the hori- - ‘—‘I" Sy TR \ ;
rzomal ground plane. J Vl o

The curves provide a much more com- 3# “es a3 ee o ae a7 (0 a8 C2
plete and usable set of data for determining ipacky AT

the dircctivity induced by a parasitic cylin-

. . . Fig. 2—Time-phase angle in degrees of the field resulting from the parasite relative to that
der than is obtainable from published mu- from the driven element versus separation of the two clements, The height of the

tual impedance data. parasite is the parameter.
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Impedance Transformation n Folded Dipoles
RUDOLF GUERTLERY

Summary—TIt is pointed out that the impedance of a folded
dipole relative to that of a simple dipole can be adjusted by employ-
ing conductors of different diameters for the separate elements of
the folded dipole. Increased impedance ratios can be obtained by
the use of additional elements.

It is shown that the impedance ratio can be obtained from the
current ratio and suitable expressions are derived. Practical exam
ples are given.

1. THE FoLbeD DIPOLE AS AN |MPEDANCE T RANSFORMER

NY FOLDED DIPOLE'® has a higher im
Apedance at the input terminals than a simple
dipole at the same place in any antenna or an
tenna array. This property of impedance transformation
explains the increasing use of folded dipoles, especially
at very-high frequencies.
T'he simplest folded dipole comprises two conductors
of equal diameters (see Fig. 1) and gives a step-up

4

ca A5

1

Fig. 1—Folded dipole of two elements of equal diameter.

impedance transformation of 4 to 1. By employing ele-
ments of different diameters as in Fig. 2, any desired
step-up transformation ratio can be achieved.

If a high transformation ratio is desired, it is prac-
ticable to use more than two elements with parallel axes
although they need not be in the same plane. A prac-

* Decimal classification: R117.12XR326.7. Paper received by the
Institute, November 4, 1949. Reprinted from the Proceedings of the
Institution of Radio Engineers, Australia, vol. 10, pp. 95-100; April,
1949.

t Standard Telephones and Cables Pty. Ltd., Syduey, Australia.

t P. S. Carter, “Simple television antennas,” RCA Rev., vol. 4, )
168; October, 1939. o

2 J. D. Kraus, “Multi-wire dipole antennas,” Electronics, vol. 13,
p. 26; January, 1940.

tically important application of three elements is shown
i Fig the axes of the three conductors are in the
same plane, the outer elements being identical with
cach other but generally different from the fed middie
element from which they have equal separation.

]
.

L s

/= B

Fig. 2—Folded dipole of two elements of unequal diameter.

Assuming rthat the radiation from a folded dipole
does not differ much from that of a simple dipole at the
same place,? it is possible to compute the transforma
tion ratio. and consequently the impedance, at the feed
ing point if the ratio of the currents in the elements of
the folded dipole is known.

In Fig. 2, the current (root-mean-square) at the
feeding point is designated by I, and the current in
the center of the auxiliary element by 7,. It is assumed,
for simplicity, that the dimensions of the dipole “match”
the frequency so that the input impedance is real

In any array in which the fed element is a simple
dipole, let the input resistance at the feeding point be
Ro. When the simple dipole is replaced by a folded
dipole, let the new input resistance be R,.

Then, with the above-mentioned assumption of equal
radiation, we have the following relation:

1’K (hH + 1,)*R,. (1)

The folded dipole therefore gives the resistance
transformation ratio u, where u is given by the follow
ing expression:

3R, WP King, H. R, Mimno, and \. H. W\ ing, “Transmission

Lines, Antennas and Wave Guid NMeGraw-Hil : N
York, N. Y., 1945; p. 224 . P Al ook Co M

B
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u=Ry/Ro = [(I/1) + 1] = (n +1)? (2)

in which #n is the current ratio given by
hn = I: Il. (3)

We can state the resistance transformation if we know
the current ratio. The computation of the current ratio
is the object of the following sections.

Fig. 3—Folded dipole of three elements.

[1. ComPARISON OF A FOLDED DDIPOLE WITH A SIMPLE
DipoLE oF EQuaAL CONFIGURATION

Consider the dipole of Fig. 4, which is physically like
the folded dipole of Fig. 2, except that the auxiliary ele-
ment is broken and fed in parallel with the first element.
The electrical difference is mainly this, that in Fig. 2
out-of-phase “line” currents are superimposed on the
in-phase “antenna” currents 7,, 7». Since the out-of-
phase “line” currents are negligible compared to the

antenna” currents at the center points and at the
feeding point of the dipolc elements,?* we do not need
to consider them. Conscequently we shall calculate the
current partition in a simple unfolded dipole, comprising
two or more conductors in parallel as in Fig. 4. The
result will be an approximation suitable for engineering
design of folded dipoles.

I1I. THE FiELD EQUATIONS IN FOUR-IJIMENSIONAL
Form As A BASIS FOR THE INVESTIGATION
oF [FoLDED DiPOLES

To describe the electromagnetic relations in the
antenna of Fig. 4, we start with the field equations.

¢ W. van B. Robert, “Input impedance of a folded dipole,” RCA
Rev., vol. 8, p. 289; June, 1947.
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To enjoy the advantages of more concise expression we
shall use them in the four-dimensional representation.>~*
In addition, we shall choose the potential form which is
accentuated by the problem—computation of current
and charge distribution.

The four-potential is designated by @, the four-current
by P, the six-vector of the electromagnetic field by F.
Div and Curl are differential operations which may be
represented by the four-dimensional differential oper-
ator

d

a a
+ ke —— + ks — + ki
é)x‘

dxs ax:;

O k ?
- laxl

where x;=x, x2:=)Y, X3=2, x4 =,
and k; are the unit vectors of the four-dimensional space.

a? 9’ a* a?

r?xlz

+

= O-o =

a?,azﬁa2 1 9
a9y oz 2 9p

is the four-dimensional form of the Laplace operator

Fig. 4+—Simple dipole of same physical elements
as the folded dipole of Fig. 2

¢ A. Sommerfeld, “Zur Relativitaetstheorie. |—Vierdimensionale
Vectoralgebra,” Ann. Phys., vol. 32, p. 749; June, 1910.
* A. Sommerfeld, “Zur Relativitaetstheorie. I1—Vierdimensionale

Vectoranalysis,” Ann. Phys., vol. 33, p. 649; October, 1910

7P, Frand and R. v. Mises, “Die Differential und Integralglei
chungen der Mechanik und Physik,” F. Vieweg, Braunschweig #)cr
many, vol. 2, 2nd ed., 1935; p. 767.

L. Page and N. I. Adams, “Electrodynamics,” D. Van Nostrand
Co., Inc.. New York, N. Y., 1940: p. 426.
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The field equations are now

F = Curl @ 4)
Dive = 0 (5)
Ow=-P (6)
Div P = 0. @)

Since we are interested in the current distribution 1;, 72
on the two conductors of the dipole in Fig. 4, we do not
require the knowledge of field strengths so that we can
neglect (4) in the further considerations. It is obvious
that on both conductors all points of the cross sections
placed in plane p orthogonal to the axes of the con-
ductors have equal potential at any moment. We man
also assume that the currents are flowing onlv in the
surface of conductors, an assumption permissible for
practical purposes. The currents, therefore, have only
components parallel to the axes. I'hus the four current
of an element is

P = (1/c)iks + joks, (8)

if the z axis is parallel to the axes of the conductors.
In the formula 7 designates the current and p the
charge for unit length of a conductor. Also the four-
potential has in this case two components onlv,

& = A,k; + joks, (9)

where A. denotes the vector potential and ¢ the scalar
potential.

The currents will be distributed on both elements in
such a way that the above-mentioned condition of
equal potentials on the conductor cross sections in anv
plane p, in Fig. 4, will be fulfilled.

Before starting with the calculation of the retarded
potentials,®® we shall consider a further simplification.

As a consequence of the equation of continuity (7)
which establishes the time-space conservation of elec-
trical charge, it follows that the ratio of charge densities
equals the ratio of currents; i.e., from

P::P1 = n

follows
p2.p1 = iz:il = n. (10)

Therefore we can confine ourselves to the calculation
of the ratio of charges. The same fact is expressed by
(5) which states that the four-potential is “divergence-
free.”® Thus the vector potential of the conductor
elements in a plane p is in proportion to the scalar po-
tentials. Consequently we may confine ourselves to the
calculation of the scalar potential.

\We assume further a sinusoidal distribution of cur-
rents and charges along the dipole. In addition it will he
obvious from the derivation below that the current ratio

® M. Abraham and R. Becker, “Electricity and Magnetism,”
Blackie and Son, London, England, 1937; p. 220.

19 H. Minkowski, “Das Relativitaetsprinzip,” Ann. Phys., vol. 47,
p. 927; September, 1915.
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is not critically dependent on the current and charge
distribution along the antenna. Now we substitute the
actual charge distribution on each cylindrical con-
ductor by a line charge in parallel with the axis of the
cylinder, which produces as far as possible the same
potential distribution.

On the basis of these assumptions and simplifications
we are able to compute relatively simply with sufficient
approximation for practical purposes the potential de-
termining the current distribution. The calculation is
given in the Appendix.

1V, CarcuLaTioN OF CURRENT RATIO AND IMPEDANCE
TRANSFORMATION IN THE Two-ELEMENT
FoLDED DIPOLE

In the Appendix, the normalized scalar potential
1.e., for pm.x=4meo in the element 1) is derived for a
point in the proximity of a conductor in the pline p if
the plane is placed through an end of the dipole.

The formula reads

At n+4+1

¢ = lo -
8 88’ "

Cin 2r 11

where 6 and 6’ are the distances of the reference point
and the axes of the conductor 1 and 2.

The “end eftect” has not heen considered in this
formula. Nevertheless, it produces the same rule for
designing as formulas derived for planes p which are
not placed through an end of the dipole.

S ]

Fig. 5—Cross section through the dipole of Fig. 4
in the plane p.

We employ the formula for computation of the cur-
rent ratio 7 if the diameters and the separation of the
dipole elements are fixed. As stated above, the potential
is the same for all elements of the cross sections of
both conductors in a plane p. \Ve consider the potential
at the points X, and .\; of Fig. 5, and that in a plane p
through the end of the dipole at which (11) holds under
the idealizations as assumed in Section I11. The dis-
tance of X from O; and of X, from 0, is approximately
0:0:=5s. For the reference point X,, we must therefore
in (11) put é=a,, 8’25, and we obtain the potential

Ant n+1

(X)) = log -
d,§

Cin 2r. (12)

I
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Correspondingly we obtain the potential for X, at the
same instant if we put 6225 and §’' =a:

n+4+1
Cin 2r.

)\n+l
#(X2) = log. —— —

Sdo

(13)

Both values (12) and (13) of the potential must be
equal; hence, we obtain immediately

(14)

as™ = ap"s.

The current ratio in question for both conductors is
thus approximately

8 s
n=log— / log—-
a as

(15)

The impedance transformation follows now from (2)

2 4 2

u=Ri/Ro=(n+ 1) = <Iog - Iogi> . (16)

ayay / a;

These formulas are suitable both for design of folded
dipoles if the transformation ratio is fixed, and for
computation of the transformation ratio of a given
dipole.

Sometimes the following formula obtained from (15)
is more convenient

a; s

log -

n—1=log
a;

(17)

It is immaterial whether we use natural or decade

logarithms.
The formulas give a good approximation if
a/a; =21 and sfa, 2 2.5
or
a/a; <1 and s/a; = 2.3.

V. CarcuLaTioNn OF CUKRRENT RATIO AND IMPEDANCE
Ik ANSFORMATION OF A FoLpebp DipoLE COMPRISING
More THAN Two ELI:MENTS

As for a two-clement dipole we obtain formulas for
the design of multi-element folded dipoles by applying
28

We shall consider only one such type which is of
practical interest, namely the symmetrical three-ele-
ment dipole of Fig. 3, in which the axes of the three
elements are in a common plane. If a, denotes the
radius of the inner element which is fed, a» denotes the
radius of any of the outer equal elements, s denotes the
separation of the inner element from any outer element,
and m denotes the current ratio for one outer element
to the fed inner element, we obtain approximately

) s
m = log log (18)
ai 202
or, more convenient for some problems,
202 / s
m — 1 = log log (19)
21 2a

Guertler: Folded Dipole Impedance Transformation
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The impedance transformation ratio is obviously
given by

¥ 5 \°
= 2m+ 1) = <log- . /log ' --> . (20)
2a,%; 2a,

Especially it is clear from (18) and (19) that currents
in the conductors of a three-element dipole of Fig. 3
are equal, i.e., that m =1 only if a;=2a., that is to say
if the inner element has twice the thickness of an outer
element. For this case the current ratio is practically
(that is, approximately) independent of the separation.

Another specially interesting case is m=2, ie., a
transformation ratio x=25; according to (19) it is
achieved if s/2a2=2a,/a,, i.e., if the diameter of an
outer element is the geometric mean value of the radius
of the inner element and the spacing.

The simple approximative formulas (18) to (20) be-
come inaccurate if the separation is too small. The cur-
rents and the charges in the outer elements are shifted
considerably to the outer parts of the outer elements
so that the substituting linear charges ought to be placed
some distance outside the axes of the outer elements.

For practical purposes the formulas (18) to (20) may
be used for a,/a;, between 0.5 and 5, if s/2a,>2.5, and
for az/a; <0.5 if s/a;>2.5.

V1. MEASUREMENTS ON Two-ELEMENT AND
Turee-ELEMENT FoLDED DIPOLES

O’'Shannassy and Wiltkinson performed various meas-
urements on folded dipoles at 150 Mc. They published
a part of the results in the literature.!’ Because their
measurements are very interesting, the following series
are quoted.

Two-Element Folded Dipole
1. Series of measurements (constant spacing):

DiMENSIONS TRANSFORMATION RATIO u
Measwred  CHERE o
3 3 14" 3.96 4.0
i . 14* 4.6 4.8
r 5” 14" 6.08 57
0.19" i 14 8.3 6.5

2. Series of measurements (constant diameters):

IDIMENSIONS TRANSFORMATION RATIO %
2a, 2a, Measured Ca“::':ﬁ.‘?‘llsf)m'“
v ¥ } 8.89 9.0
1 6.19 6.25
14" 5.67 5.7
2° 5.48 5.44
24" 5.25 5.3

' J. O'Shannassy and E. J. Wilkinson, “Some measurements of
the impedance multiplication factor of folded dipoles,” Amateur Ra-
dio, vol. 16, p. 7; January, 1948.
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Later on O'Shannassy made experiments on three-
element folded dipoles which have not yet been con-
cluded since it has proved very difficult to measure
high SWR values correctly. The writer therefore quotes
from a letter from O’Shannassy only two tentative
measurements on symmetrical three-element dipoles
(see Fig. 3).

DIMENSIONS TRANSFORMATION RATIO u

Calculated from

2a, 2a, Measured m of (18)
'y $ 147 11.0 14
1 1Y 1" 12.5 16

VI1I. CoNCLUSIONS

The folded dipole of two or more elements is being
used as an impedance transformer, e.g., to match an
antenna to a line of higher characteristic impedance.

The impedance transformation ratio can be calcu-
lated if the current ratio is known. To find this, the two-
element folded dipole (see Fig. 2) is compared to a
simple dipole of equal physical construction (see Fig. 4),
i.e., of two elements in parallel. It is obvious that the
charge and current distributions in both types of dipoles
are essentially much the same. The charge distribution
in the simple two-element dipole can be approximately
calculated under the assumption that the (retarded)
potentials on coplanar cross sections of both elements
are equal.

Measurements seem to prove the practical applica-
bility of the approximate formulas.
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1X. APPENDIX

Calculation of Retarded Potential in the Proximity of a
Folded Dipole

The first step is to draw according to Fig. 6 a svstem
of co-ordinate axes through a folded dipole as in Fig.

2 K, W. Magee, “Unfolding the folded dipole,” Amateur Radio,
vol. 15, p. 3; May, 1947,
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2 or a single dipole of the same physical construction as
in Fig. 4. The z-axis coincides with the straight line
charge equivalent to the fed element 1. The potential |
atany point X is the sum of the potential of conductor 1 |
and the potential of conductor 2.

First we shall calculate the potential produced by
the charge on conductor 1 only. The charge per unit
length of conductor 1 will be designated by p, thus pdz
will be the charge of a conductor element of length dz.
The distance of the charge pdz from the reference point
X may be called 7, the distance of point X from the
z-axis may be 8, and { denotes the height of X over the

xy plane.
The retarded potential”® is given by
1 pM2 o
Ve Ll @
47!’(0 g=0 g

where [p] denotes the retarded charge.

d’

x5
Fig. 6—Folded dipole showing co-ordinate system for calculation

of the retarded potential.

If pmax represents the maximum of charge density p
with respect to time and space, and if we assume sinus-
oidal distribution of charge along the dipole, the re-
tarded charge density along conductor 1 is

[pJ = Pimax COS 27 l cos w(t — —r—>
A c

or, by suitable choice of zero time, more simpls
» 2 r
[6) = 4meo cos 2 — cos 2w 22

where

[8] = 4meolo)/pmas
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denotes the “normalized” retarded charge which shall
be used from now on. By substituting (22) in (21) we
obtain the formula for the ‘normalized” scalar potential
due to conductor 1

A2 r z
— cos 2 — cos 2r — dz.
=0 r k x

v = (23)

For convenience ail quantities may be considered as
measured in electrical angular degrees; i.e., we write now
s instead of 2wr/\; z instead of 2wz/N\; § instead of
27¢/\; and & nstead of 278/\. The limits have also to
be taken in angular scale, so that (23) becomes

L |
— cos r cos zdz.
=0 7

V= (24,

Applying the co-ordinate transformation 2 — {=u we
obtain for (24)

uge=r—{
¥ r—! cos r cos (u + {)du

uy—{
= f (u® + 8%)~1/2 cos (u? + 8%)'/? cos (u + $)du.

‘This we transform by means of the addition theorem of
trigonometric functions into

u2 1
\p:%cosf[f — cos (r + u)du
u 1 4

[}
u2 1
+f —cos(r — u du]
uy r

uz 1
— % sin ;’[f — sin (r + w)du
1 4

uy
sl
—J — sin (r — wu)du |.
w T

Introducing new variables for the arguments (r+u)
or (r—u), we reduce the individual integrals to the co-
sine integral or sine integral. Substituting the limits we
obtain the potential in numerically calculable form,

¥ = %cos f[“'(:i (r1 + ) + Ci () — 1) + Ci(r2 + ug)
— Ci(ra— ua)] + 3sin¢[Si(ri + 1) + Si(ri — w))

— Si (ro+ u2) — Si (r, — ua)], (25)
putting, for simplicity,
ry = Vu? + 8%, re = Vs? + 6%
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Using the well-known definition'"
Ci (x) = v + log. x+ — Cin ()

where vy denotes the Euler constant, we can transform
(25) in a more suitable form for our purpose
ry+ .

4 Cin (rn + )

ry +

¥ = 1 cos ;‘[2 log.

= Cin (r, — w) — Cin (r2 + u) + Cin (r: — uz)]

+ 1 sin ¢[Si (n + ) + Si(n — @)

— Si(ra 4 u2) — Si(r: — 1) ]. (26)

To simplify as much as possible the following con-
siderations we choose a reference point X in the xy
plane; i.e., we put {=0. Thus u; =0, ua=m, r=>9o,
ro=/x*+8. Hence, the potential of a point in the
xy plane is

+ VAT —
¥ = log. — : T 1Cin i+ VA

41 Cin (=7 + VAT 5.

For a reference point in the proximity of the dipole is
52<«<x?, thus with a good approximation

(27)

v log, 2r — L Cin 2 (28)
= log, - in 2mr.
By 2 =

Since the charge of the second conductor (see Fig. 6)
is n times larger according to (10), the potential pro-
duced by the second element at point X is

1 -
Cin 27 );
2
hence, the total potential

@mm on 4 1
88" 2

: 2w
v = n{log. 6’—

6 =v¢+ ¢ = log Cin 2.

By returning from the angular scale to length scale we
have to write again 278/X and 278’/\ instead of 6 and
8. so that we obtain finally for the potential in a plane
through an end of the dipole of Fig. 4 the formula

Cin 2m,

(1

which also holds for the folded dipole of Fig. 2, at least
with good enough approximation for practical purposes.

B E E. Terman, “Radio Engineers Handbook,” McGraw-Hill
Book Co., New York, N. Y., 1943; p. 17.
_ '*W. Magnus and F. Oberhettinger, “Formeln und Saetze fuer
die speziellen Funktionen der mathematischen Physik,” Springer,
Berlin, Germany, 1943 p. 97.
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Two Standard Field-Strength Meters for
Very-High Frequencies”

D. D. KINGYf, MEMBER, IRE

Summary—Methods of field-strength measurement are re-
viewed briefly and the design of field meters conforming closely to
the conditions imposed by antenna theory is considered Two instru-
ments approaching ideal theoretical conditions and suitable for
reference standards are described. The first of these contains an
adjustable matching network. The second utilizes very fine wires
on a styrofoam support.

I. INTRODUCTION

TANDARD FIELDS areestablished either in terms
of a calibrated receiver of by means of a calibrated
transmitter and a known propagation path.!'? By

virtue of the reciprocal theorem, the two methods are
equivalent in principle. In practice, the receiving method
is generally preferable for reasons enumerated below.

1. The contribution of the earth is avoided in the re-
ceiving method. The constants of the ground, as
well as the exact positions of receiver and transmit-
ter, are immaterial at heights of a wavelength or
more.

2. A transmitting antenna is fed by a long line or
mounted on a bulky transmitter. In either case, the
antenna performance may differ from that of an
isolated antenna.

3. Measuring transmitted power involves extrapola-
tion from the sample taken by a monitor. In the re-
ceiving case a direct reading is made.

4. The intrinsic errors of the indicating devices are
comparable in the two systems. However, the con-
version from meter reading to field-strength read-
g appears simpler in the receiving case.

The present discussion is concerned oniy with receiv-
ing-type instruments. The range of field strengths that
can be measured with such an instrument depends on
the indicating device. For compact self-powered instal-
lations, crystals and thermocouples are the most suita-
ble. A crystal is more sensitive by several orders of mag-
nitude, Lut is not susceptible to direct calibration.

The required calibration information for either device
is the input impedance and the sensitivity. The input
impedance is easily measured at the operating fre-
quency, but not the sensitivity. A comparison with di-
rect-current or low-frequency power is made to obtain a
primary calibration in a thermocouple or some other
temperature-sensitive device such as a barretter or ther-
mistor. At frequencies of 100 Mc or less, the crystal

* Decimal classification: R271. Original manuscript received bn
the Inflitute, September 16, 1949; revised manuscript received, April
& ‘l]'ol:l?e Johns Hopkins University, Baltimore, Nid.

! Report CRI’L-9-1, National Bureau of Standards, November,
1946.

2 F. M. Greene and M. Solow, "l)cvglomncn.t of vhi field-in
tensity standards,” presented, URSI-IRE Mleeting, Washingion,
. C.. National Bureau of Standards, NMay 2, 1049

admittance may be low ¢nough to permit its use as a
voltmeter. In general, however, the primary standard is
one of power.

The present discussion is primarily directed toward
standard meters calibrated in terms of dc. Thermocou-
ples are therefore used, although this restricts the mini-
mum measurable field intensities to hundreds of milli-
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volts. The accuracy attainable with such an instrument |

depends on the limits of error of the thermocouple im-
pedance Z and of the calibration. The calculation of the
properties of the antenna as a transducer between field
and load is a third significant factor in the final accuracy.
The remainder of the paper is concerned with the prop-
erties of a standard receiving antenna suitable for a field
L.eter.

Il. RECEIVING ANTENNA PARAMETERS

I'he properties of a receiving antenna are described in
terms of the effective height 4, and the input impedance
Za. The equivalent circuit is shown in Fig. 1. Here Z is
the load impedance and E the field strength in rms volts
/meter.

Z
a
—AAAA——

2h,E

Fig. 1-—Circuit of a receiving antenna.

The rms carrent in the load is

2h i
Za+ 23]
For a conjugate-matched load, Zr=/7Z,%, the power in
the load becomes

(Eh,)*
R,

Py

Alternatively, the power in a matched load is ex-
pressed in terms of gain and power density.

G\?\ E?
r=(Z) ¢

4r p
A plot of gain against eclectrical length for dipoles of
various length-to-radius ratios is given in Fig. 2. The
data for ihese curves is from a recent compilation of

antenna data.? The values of gain given in Fig. 2 show a
signihcant increase with thickness. The values of imped

1207 ohms). (3,

3 R.'King;, “Graphical Representation
Cylindrical Antennas,” Cruft Laboratory.,
port No. 20; October, 1947

of the Characteristics of
Harvard University, Re-

_;J




1950
Gain vs. Dipole Length
nz=2 1n2h
e
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30r H= "3
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e \
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N ——
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Fig. 2—Dipole gain as a function of length and thickness.
a =radius; 2h=over-all length.

ance have been checked experimentally*® and are more
reliable than the corresponding values of effective
height. A decrease in theoretical accuracy with increas-
ing thickness is inevitable, since the thick cylinder is
regularly approximated by cones or ellipsoids.®” Direct
data on the variation of G with dipole thickness has not
come to the writer's attention.

In addition to requiring fairly thin conductors, theo-
retical treatments of dipoles assume a load concentrated
at the center of the dipole. The gap at the center of a
dipole attached to a parallel-wire line may cause con-
siderable change in the properties of the antenna.® Thus,
a gap of 0.01\ increases the resonant resistance about 10
per cent by effectively increasing the resonant length.

In summary, the parameters Z,, k., and G character--

ize the receiving properties of an antenna. The effect of
dipole thickness on Z, is known, but the data on G and
h, as functions of thickness are meager. In general, a thin
dipole with concentrated load is most accurately cal-
culable. Dipoles are used in preference to loops (mag-
netic dipoles) since the experimental and theoretical
data on the latter is far less complete.?

II1. FIELD METERS AS RECEIVING ANTENNAS

The ideal receiving antenna for a field meter is shown
in Fig. 3(a). The shortcomings of actual field meters in
approximating the theoretical model may be deduced
from Fig. 3(b). The design illustrated there is fairly
typical of a convenient mechanical structure. Similar
mounting schemes are illustrated in the literature.! The
points of difference are listed below.

1. Thick antenna conductors. About the thinnest di-
pole capable of being supported as in Fig. 3(b) has a
thickness factor 2=10. FFrom the definition in Fig. 2,

‘ (. H. Brown and O. M. Woodward, Jr., “Experimentally de-
termined impedance characteristics of cylindrical antennas,” I’RoC
I.R.E., vol. 33, p. 257; April 1945,

¢ 0. D. King, “Measured impedance of cylindrical dipoles,”
Jour. Appl. hys., vol. 17, p. 844; October, 1946,

¢ .. Brillouin, “Antennae for ultra-high frequencies - wide-band
antennae,” Elec. Commun., vol. 21, no. 4, pp. 257-282; and vol. 22,
pp. 11-40; 1944,

7 Aharoni, Antennae, Oxford, p. 244, 1940,

* R. King, “Antennas and open-wire lines. Part 1. Theory and
summary of measurements,” Jour. Appl. Phys., vol. 20, pp. 832-850;
September, 1949.

* P. Chang, “The Impedance Characteristics of Antennas In-
volving Loop and Linear Elements,” Cruft Laboratory, Harvard
University, Report No. 16; July, 1947
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this corresponds to a ratio of length to diameter of
roughly 100:1 or less. This approaches the maximum
thickness commonly tabulated in theoretical treatments
of the cylindrical dipole.?:?

2. Configuration of the load conductors. The straight
thick antenna conductors in Fig. 3(b) have a gap in the
center. The thin leads of the thermocouple are not equal
in length or thickness to the omitted center portion of
the dipole. Some antenna capacitance is therefore
omitted, and the lead inductance replaces the much
smaller inductance of the dipole conductors which
normally occupy the gap.

r 2h i

nér Ly

¥

20

§—~+0

o0
(a)
t"
(b)

Fig. 3-(a) Idealized receiving antenna.
(b) Mechanical structure of a field-strength meter.

3. Capacitive loading. Dielectric supports of apprecia-
ble size attached far from the center of a resonan< dipole
necessarily alter the current distribution and hence the
values of Zg, k., and b. Significant dielectric loading from
sleeves on the dipole conductors has been observed.!

4. Presence of microammeler and leads. Short leads and
a small meter offer the advantage of a portable instru-
ment which introduces a minimum disturbance in the
field. L.ong leads of resistance wire are effective in elimi-
nating field distortion, but bolometers and ac techniques
are required to regain the loss in the wire. Of course, the
accuracy gained by a precision indicating instrument
may more than compensate for errors introduced by
copper leads.

Two field meters of somewhat unconventional design
are now described. In both instruments, a number of the
discrepancies between a practical field meter and a re-
ceiving antenna have been reduced or eliminated.

IV. A Matcuep-Loap FIELD-STRENGTH METER

When antenna and load are matched, (3) may be
used. Therefore, only the gain and the thermocouple cal-
ibration nced be known. The circuit of the matched-load
meter consists of a series stub feeding a shunt circuit
containing an inductance, a variable capacitance, and
the thermocouple. The arrangement of elements is
shown in Fig. 4. The sliding stub and variable capacitor
permit matching any load impedance to the antenna, A
series structure is used instead of a phase changer in
order to maintain the external dimensions constant with
tuning adjustment.

10 Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand and
Co. Inc., New York, N.Y., p. 463; 1943,

U R, C, Raymond and W. Webb, “Current distributions on
<ome simple antennas,” Jour. Appl. Phys., vol. 20, p. 328; April, 1949,
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This instrument requires knowledge of only the an-
tenna gain G. Unfortunately, exact data on the gain of a
thick dipole with parallel-line load are not available at
present. Losses in the matching network appear low,
since a 600-ohm and a 2-ochm thermocouple both give
nearly identical outputs in the same field.

—_——

Shding Tubes

Polystyrene

Fined Rods

Parallel
Tuned LC
Circuit

&)

Fig. 4—DMatched load field-strength meter.

The tuning adjustment itsel{ is sensitive, but the in-
evitable proximity of the operator has no detectable ef-
fect on the final setting. In applications involving a
spread of several per cent in frequency, the critical tun-
ing disqualifies the meter. However, where interference
from nearby chanunels is a significant factor, a narrow
band 1s advantagecus.

V. A StyroroaM FIELD-STRENGTH METER

The theoretical ideal of a thin wire with concentrated
load is closely approached with the aid of a styrofoam
block (dielectric constant 1.02). Very thin wires are sup-
ported by the styrofoam, and a thermocouple!? with in-
put terminals on opposite sides of the bead, provides a
straight connection to the load. A sketch of the arrange-
ment of components is shown in Fig. 5. A two-inch slab
of styrofoam supports a very thin (0.004 inch) antenna.
The thermocouple heater-leads form a continuation of
the antenna. The thermocouple bead is thus located at
the center point of a thin straight conductor, as required
for the most reliable calculations. The shunt capacitance

g — —

&‘ )

na

Styrofoam Block
Fig. 5—Styrofoam field-strength meter.

due to the glass is less than 0.1 uufd, and the leads con-
tribute negligible excess inductance. Comparison of Fig.
5 with Fig. 3(a) shows how closely the ideal system has
been approached. The styrofoam construction also re-
duces the specifications for a standard design to a mini-
mum. For this reason this type of meter might well
serve as a reproducible reference. For convenience, a
barreter and remote wattmeter can be used in place of
the thermocouple.

2 U.HF. type, Best Products Ltd., supplied by Cossor Ltd.,

Montreal, Canada, and used with 0-500 yamp. 10-ohm movement
made by Weston for the General Radio Company.

VI. PERFORMANCE DATA

The relations between field strength E and the ther-
mocouple output current /o are easily derived from (1)
and (3). For the matched-load meter the following ex-
pressions are convenient:

Ex /7 G\
]r '<"" ') 'SI (48)
68.8 \ R,
or
ENS
Io ( )--”, (4b)
4740

where the thermocouple calibration constants are
amp. output)

amp. input

P (5)
amp. output 3
watts input |
The expression for the conventional dipole is
2t ‘
Sr. (6)

E .
V(KL + R)? + X2

A field meter of this type is not a sharply tuned de-
vice, and broadband operation is possible. In this re-
spect a thick dipole is superior, since the variation of
terminal impedance Z, with electrical length is smaller
than for a thin wire. However, the response is made vir-
tually independent of Z, by increasing the resistance to

Fig. 6—Calculated field-m
function of dipole length and thickness.

eter response for various loads as a
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a large value, R:»R,. The sensitivity then depends on
h, only, and is an almost linear function of frequency.
These statements are supported by the data in Fig. 6.
Here the calculated response is plotted as a function of
dipole length for various thicknesses and loads. The re-
sponse in terms of volts per wavelength, appears flat
within + 35 per cent, over a + 30 per cent bandwidth, as
shown in Fig. 7.

7>—
S
I H=157
S at
ma. Sonj
A [
R, =1000
e v
- =15
A
2 1 1 1 i S
[ 9 1.0 11 1.2 1.3

f/4,

Fig. 7—Loaded styrofoam ficld-meter response in volts per wave-
length. Field meter response to 1 volt per wavelength (Ex=1)
versus normalized frequency.

Corresponding field-test data on the styrofoam instru-
ment are given in Fig. 8. Agreement between theory and
experiment is better for thin wires, as expected. Imped-
ance measurements at the field test frequency indicate
that the thermocouple and an equal length of thin wire

L Lt It e M
i :7;'1“&& ‘ 5&?‘& ‘d‘ l. H ¢
: m 0 i e et ek A i
' TH ‘.X"A“ i

' ittt
)] "’l ! “‘BT..A I,‘[ il ,-’i@ atf-tetty |
: et

I ' Wl rooie| fi

Fig. 8—Measured response of the styrofoam field meter.
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(No. 36-No. 40) have about the same inductive react-
ance. Excess inductance of the order of 0.01-0.05 uh is
produced by replacing the thick antenna (% inch tube)
by the thin thermocouple leads (0.020 inch wire). The
effect of 20 ohms inductive reactance is shown in Fig. 6.
Only minor changes in impedance occur when the power
input to the couple is varied. To duplicate properly the
terminal conditions, such impedance measurements
should be made on a parallel-wire line. The results men-
tioned above are from coaxial-line measurements and
indicate orders of magnitude.

A case of dielectric loading was inadvertently en-
countered in testing the styrofoam meter. Initial tests
with No. 40 double-cotton-covered wire yielded the
data plotted in Fig. 9. The significant effect of the insu-
lation is established by the shift of the curves toward
shorter lengths. The ratio of insulation diameter to wire
diameter is 0.012 inch:0.003 inch. Proportionate shifts
for thicker antennas have been reported.!

3.0‘—
]
]
2.0 SR ~
i / - o
20
I | meosured, a0 / ‘.\ \
| double cotron & {
Ma.| covered wire N3
/ N
N\
/ \
1 / + N3
4 &
1o+ ~:20 N
o= Colculoted s
.8y
7 I 1 1 1 L -
t.2 L) 1.6 1.8 2.0 22
H rodions

Fig. 9—Loading effect of double cotton covering on No. 40 wire,
Meter response versus dipole length, f=187 Mc.

VII. CoONCLUSION

The difference between the calculated properties of a
receiving dipole and its performance as a standard field-
strength meter may be significantly influenced by the
structural design. The two instruments described at-
tempt to minimize these differences. The tuned-load
meter relates field strength to meter deflection by a par-
ticularly simple formula, (4). The sharp tuning adjust-
ment is advantageous where interference problems are
severe, but otherwise awkward. The styrofoam meter is
perhaps the ultimate in simplicity of structure. The di-
pole, thermocouple, meter leads, and meter are all
mounted on material whose electrical properties are here
indistinguishable from those of air. Consequently, by
specifying these four items, a reproducible standard of
high theoretical merit is achieved. Fig. 6 furnishes con-
version curves for use with a standard instrument of this
design for operation in the range 100-1,000 Mc.

ACKNOWLEDGMENTS

The writer is indebted to H. Seidel, A. Trammel, and
M. Brodwin for operating the field-test equipment, and
to G. Kranz for calculating the response curves.




1052

PROCEEDINGS OF THE I.R.E.

September

Pattern Calculations for Antennas of

Elliptical Aperture”

R. J. ADAMSY, associate, IRE, AND K. S. KELLEHER®, MEMBER, IRE

STRAIGHTFORWARD engineering

method is presented for accurately

determining the far field pattern of a
paraboloid antenna of elliptical aperture
from a knowledge of the characteristics of
reflector and feed horn.

Using the measured principal plane pat-
terns of a feed horn and an inverse-square
attenuation factor, the illumination is ob-
tained across the xand yaxes of the aperture
plane. These illumination data are changed
into an analytical function, by means of a
Fourier series approximation. In practice,
the number of terms of the series required
varies from two to four, depending upon
the smoothness of the priinary pattern.

It is then assumed that the illumination
at any point (x, y) of the aperture plane is
the product of the illuminatuon at the point
(x, 0) and that at (0, y). This assumption
was checked for a typical horn and found to
be accurate except in small regions of the
aperture, along the lines x=+y, at some
distiince from the origin.

With this groundwork, the relative far-
field pattern integral is written

ro oy 1-(zret
F(uy, 4 =J f --;(Zarcosfr))
= -5\ l-iz/a ¢
(Zb.cosnb”) Gl aiugly Mg yd x

where a, and b, are coefficients of the il-
lumination series, and a and b are the semi-
major and semiminor axes of the elliptical
aperture. The generalized variables 1, and
43 are related to the aperture size in wave-
lengths and to the pattern angles in the
normal manner

1wy, = aksin ¢
2 = bk sin 9

where k=2x/X\.
Upon performing the integration the
pattern is

F(uy. uy

xuhz Z 30,Gra(14y, 1

where G,,(u1, us:) involves a suin of Ay func-
tions. The principal plane patterns are ob-
tained by setting either u; or u: equal to
zero. In order to simplify the evaluation of
such a pattern, a table of G,,(x, 0) has been
prepared. The pattern is then obtained by
summing the products of values from this
table with values of the coefficients from the
illumination series,

* Decimal classification: R120.1. Original manu-
script received by the Institute, May 27, 1949; ab-
stract received, February 9, 1950. Prescnted. 1949
IRE National Convention, New York, N. Y. March
8. 1949.

t Naval Research Laboratory, Washington, D. C

A correction to the pattern for the effect
of the feed structure was made by the usual
assumption that the pattern from the ob-
stacle was constant over the region of in-
terest. This constant value was easily deter-
mined and subtracted from the values for
the amplitude pattern of an unobstructed
aperture.

In order to check the validity of the
method, measurements were made on a re-
flector of 48X X 24X Xf=22\, fed in turn by
three different horns. A comparison of the
measured and calculated patterns showed
agreement in half-power beamwidths within
the experimental error of 0.05 degree. The
positions of the side lobes were predicted
correctly, but a comparison of amplitudes is
complicated by the lack of symmetry in the
observed patterns. A typical pattern set is
shown in Fig. 1.

Using the theory, an evaluation was
made of the pattern characteristics in one
principal plane as a function of variations in
the other plane. From the pattern function
itself, it is evident that the pattern in one
plane does not depend on the antenna di-
mension in the other plane. However, a
variation of the illumination in one plane
does affect the integrated illumination in the
other, so that the pattern in one principal
plane depends, to some extent, on the il-
lumination in the other principal plane

In order to obtain realistic results, the
calculations were based on actual measured

) € PLANE ILLUMINATION 125

SIDE LOBE
o8 OOwWN

30
€ PLANE -

B T '

. ]

¥ W T W W
W PLANE ILLUMINATION - d]

Fig. 2—Variation of side-lobe level with
illumination taper. In the plane of vary-
ing illumination, the level decreases with
increasing illumination taper, while in
the other plane a slight increase in level
is noted.

primary patterns. A single E-plane pattern,
which gave an illumination taper of 12 db
was used together with five H-plane pat-
terns. The side-lobe levels, for the five cases
Fig. 2), show considerable variation in the
H plane, and some change in the E plane.
The beamwidths, obtained from the same
calculations, showed, for the H plane, the
expected increase with increasing illumina-
tion taper, while in the other pline the
greater tapering produced a decrcase in
beamwidth.
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Fig. 1- —Comparison of calculated and measured patterns. Signal strength in decibels
1s plotted against angle in degrees. The solid curves represent the calculated

patterns.
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Development of Artificial Microwave

Optics in Germany”
OTMAR M. STUETZERS{, ASSOCIATE, IRE

Summary—This paper intends to give some aspects and results
of early German work on microwave optics using artificial dielectrics.
The line of approach was optical. The purpose of development and
the state of technique being different, some of the conclusions
reached were different from the parallel development in this coun-

try.
I. THE PROBLEM

WITH THE APPROACHING use of optical

wavelengths in microwave technique, the ques-

tion arose if and how optics could and should be
transferred to the lower centimeter and the millimeter
range. The absorption and weight of obtainable refrac-
tive dielectrics proved highly unsatisfactory. So the
search was taken up for metal “imitated” dielectrics, a
dielectric being considered as just a medium in which
the phase velocity of an electromagnetic wave is differ-
ent from that in vacuum.

Naturally the development ran rather similarly to
some of the work of Kock!? in this country. In the fol-
lowing, only such points shall be considered where the
line of approach or the conclusions drawn are different.

11. REMARKS ON ARTIFICIAL RETARDING
DIELECTRIC

Any space in which small enough metal particles are
distributed corresponds to the classical model of a di-
electric. By superposition of secondary radiation of the
excited particles to the primary wave, a phase velocity
smaller than that of light in vacuum originates in gen-
eral. Such an artificial dielectric has a big advantage in
that it follows the optical laws of the known natural
dielectrics, unless we give the elementary particles cer-
tain regular shapes or arrange them in distances no
longer small compared to the wavelength used.

Schwede? first used an artificial dialectric of parallel
aluminum strips arranged in perpendicular to theelec-
tric vector of an incident field for matching purposes on
lines and in free space. The author built a cylindrical
lens for 6 cm wavelength, the refractive medium being
imitated by parallel copper wires of 3 mm diameter, and
a center distance of 6 mm.

But for the general case, i.e., spherical optics or cir-
cular polarization, a natural dielectric is required for em-
bedding the metal particles. Foam materials were not

* Decimal classification: R310. Original manuscript received by
the Institute, November 21, 1949; revised manuscript received, April
21, 1950. Presented, Joint Meeting, URSI, American Section, and
IRE, Washington Section, Washington, D. C., October 31, 1949.

t Components and Systems Laboratory, Air Matériel Command,
Dayton, Ohio.

1W. K. Kock, “Metal lens antennas,” Proc. 1.R.I., vol. 34, pp.
828-830; November, 1946,

2\, E. Kock, “Metallic delay lenses,” Bell Sys. Tech. Jour., vol.
27, p. 58; January, 1948,

3 0. Schwede, “l':o'rtlcitun von Zentimeterwellen auf Leitungen
und in Raumen,” Lilienthal Society Report 111, pp. 15-19; Febru-
ary, 1939,

known at the time of development. So the idea was con-
sidered impractical and discarded.

III. WAVEGUIDE DIELECTRICS

If a boundary area of metal runs in parallel to the
electric vector of a passing wave, the phase velocity
along that boundary will be increased by reflection,
The effect is best known for “waveguides,” the properties
of which shall not be repeated here. The ratio of light
velocity to phase velocity in the guide we will call the
index of refraction N for air-filled configurations it is
smaller than unity.

By arranging very many of such waveguides in paral-
lel, we can imitate a dielectric medium. Except for the
unessential value of the refractive index, it will differ
from the dielectrics mentioned above in two ways: The
amplitude distribution is discontinuous, the amplitude
being zero in the metal walls and sinusocidally dis-
tributed between (parallel) walls. The direction of en-
ergy transport is prescribed, namely along the wave-
guide axis.

It was felt that before using such a medium to build

_ optical instruments, the basic optical laws that hold for

it had to be investigated. A very brief outline of how
this was done shall be given. Only first-order approxi-
mations are attempted; the simplifications of Huyghens'
principle will be used.

A. Generalized Theorem of Refraction

Let a wave be incident at an angle & on a plane bound-
ary of a waveguide system. We will assume that only the
dominant mode may propagate without attenuation in
each of our identical waveguides, and that the plane of
incidence will be parallel to the waveguide axis. Fig.
1(a), a cut in the plane of incidence, illustrates the most
general case.

Fig.
Sin B:sin (8+48)=((BC) sin a/N):(BC). Sin a-N'[sin B/sin
A438)). (b) Sin a=N-tan 8.

1—Theorem of refraction. (a) (AC)=N(BD)=(BC) sin a.
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The impinging wave front will excite a dominant
wave in each of the guide elements. The phase fronts
of these elementary waves will, of course, be perpen
dicular to the waveguide axis, so they will not combine
to an exact plane phase front in the medium. But all the
centers of the elementary phase fronts will lie in a plane
CD which we have to take as the phase front of the re-
fracted wave. Its normal is the refracted “ray.” With
the notation of Fig. 1(a) we get by comparing the optical
path lengths BD and AB

. N .
SIn @ = —————-sin 8.

sin (8 + 9)

This generalized theorem of refraction holds, too, if the
plane of incidence is not parallel to the “optical axis”
of the medium, but then the refracted “ray” does not
lie in the plane of incidence any more.

If N=1, for instance, for a TEM wave, there is still
refraction. So this configuration can be used also for op-
tical purposes, and is, of course, free of dispersion.

If the boundary plane is perpendicular to the ele-
mentary guides (Fig. 1(b), §=90°), the law of refraction
becomes a tangent law. As sin @ = N-tan B has always a
solution for the angle 8, there is no total reflection on the
outside boundary, although N is smaller than unity.

If the waveguide system is degenerated to a parallel
plate medium and the plane of incidence is assumed in
parallel to the walls, the energy can move in any direc-
tion, just as in a natural dielectric. In this case the angle
of energy transport 8 and the angle of refraction 8 add
up to 90° (see Fig. 1(c)), and we obtain the classical
refraction law sin a = NV sin 8.

The general case, where a wave of arbitrary polariza-
tion is incident on a waveguide system of arbitrary
cross-section diameter, can be treated by applying the
above knowledge to the components of the incident
wave and to the unattenuated modes of excitation.

=
\,C (

ART DIEL
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| 7 Z \ 200 ror,  CONT DIEL
* Y477 o HARC sim 2_3

Fig. 2—Radiation pattern envelopes.

¢ O, Stuetzer, “Artificial Dielectric Optics for Microwaves,” ATI
23308, Air Documents Division, Wright-Patterson AFB: December,
1948.

W
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B. The Influence of Diffraction

\n optical device built from our waveguide diclectric
will show diftraction not only on the boundary of the
system, but on the boundaries of the single elements
toc. To obtain an estimate, the difiraction integrals (o
radiation patterns) of two identical strips of diclectric
one natural, the other artificial, can be compared rather
casily. The lengthy calculation cannot be elaborated up-
on;' it shows that the patterns are rather similar and
have identical directions of the zeros. |

For perpendicular incidence the diffraction patterns are} |
compared in Fig. 2, a cominon factor cos ¥ being omitted
for clarity’s sake. While tor a natural “ielectric (bottom)
the side lobes are bounded by a straight line 7., they are
bounded by a curve marked 71, for our artificial dielec-
tric. The shape of it depends somewhat on N. For
N=0.5, as selected in Fig. 2, the high-order side lobes |
have about double the stray energy as for a continuous |
dielectric. ,

C. Energy Transport Relations ﬂ

Equations corresponding to the Fresnel formulas,
which connect the amplitude of incident and refracted
wave with respect to polarization, have been obtained |
in this country by Carlson and Hein.t In Germany |
only a very rough approximation limited to perpendicu-
lar incidence was known.® From this it was concluded b
that within first-order approximation and for negligible
wall thickness of the waveguide, our artificial dielectrics ¥
could be treated by line theory, representing a space of
characteristic impedance 1207/ N ohms as compared to
1207 ohms for free space.

D. General Properties

From the theoretical knowledge partly sketched
above, it can be seen that with very few restrictions we
can use the vast experience of optics for our microwave
dielectric. It lends itselt especially easily to an imitation
and expansion of crystal optics. We can easily produce
double refractive crystals and “quarter wavelength
plates” (i.e., circular polarizers) by use of rectangular or
elliptical waveguide cross sections. By utilizing the cutoff
properties of our elements we can build media with defi-
nite polarization properties of frequency selectivity. If
we admit more than the dominant mode we can produce
multifold refractive crystals for one polarization. And '/

our dielectric shows dispersion almost without absorp- /
tion.

IV. EXAMPLES oF APPLICATIONS

A few pictures, conserved by chance, shall illustrate .
the German development. Figs. 3, 4, and 5 show circular

tf J-IF' Carlsor;)and \ﬁE Heinz f“The reflection of an electromag-
netic plane wave by an infinite set of plat . b . Math., vol.
4, pp. 313.320, 1937 e plates,” Quart. Appl. Math., vo

¢ 0. Stuetzer, “Polarisations and Sperrgitter fuer Zentimeter-

wellen,” Jahrbuck d. D, Luftfahriforschung 111 V' 1 Idenb {
Munich, Germany, pp. 41-46; M{lmh 1’6%0. Stk Opontioutg,
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waveguide lenses. Circular cross sections of the elements
were used because they were the only ones obtainable

Fig. 3—20-X circular guide lens in setup for
measuring field distribution.

Fig 5—Lens with microwave image converter.

within the necessary tolerances. In addition, they have
no polarization properties.
The lens shapes were determined with the well-known

Stuetzer: Artificial Microwave Optics
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optical reference formulas for small apertures. Thick
lenses were designed by computing the boundary sur-
faces by comparing the optical path lengths.? Applica-
tion of the law of refraction gives, of course, the same
results; for correction of lenses the latter method seemed
simpler. For designing corrected lens systems the fact
has to be recognized that the orthogonal trajectories of
the idealized wave fronts, the “rays” of geometrical op-
tics, are, in general, not straight lines inside our me-
dium.

Fig. 5 shows especially well what the German de-
velopment was intended for. In the focal plane of a 60-
wavelength lens for 5 cm, a polar co-ordinate scanning
system, built by Bachem, was operated. It consisted of a
rotating arm, bearing 20 crystal receivers, switched on
consecutively by a tube switch. Through an amplifier,
the microwave field distribution in the focal plane was
transferred into a visible picture on a cathode-ray-tube
screen.®

It is clear that for such an optical application, not
only the sharpness of the focal point, but the representa-
tion properties of the lens in the neighborhood of this
point are important; the lens has to be corrected (wide-
angle scanning). The lens pictured fulfilled Abbes sine
condition, both in the center and on a circle near the
border for a wavelength of 5.2 cm, and gave good repre-
sentation properties within 15° from the optical axis.
Fig. 5 shows inaccuracies not expected with a “corrected

Fig. 6—Variable-N spherical lens.

U O.' Stuetzer, “Metallinsen fuer Zentimeterwellen,” Zentralstelle
fuer wissenschaftl. Berichtsw. d. Luftfahrtforschung, Berlin, Ger-
many. FB 911/1;Aanuary. 1937.

0. Stuctzer, “Aus Ilochfrequenztechnik und Flugfunkforschung,”
Oberpfaffenhofen, Germany, pp. 93-136; June, 1942.
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system,” but the tolerances of assembly are very uncriti- V. CoNcCLUSION

cal compared to those for the elementary guides. After proving the physical possibility of imitating op-|
: : “ ” . . B . ; {
It is obvious that “stepped” lenses have rather had tical systems by means of artificial dielectrics, the prac-

representation properties, so they were ruled out for
optical purposes. That thev can he advantageously uti-
lized as antennas was not recognized. Somewhat related
to stepped lenses are the well-known “Fresnel zone
plates”; the one represented in I'ig. 6 has the same gain
for 10-cm wavelength as the small guide lens on the side.

A spherical lens, where not the thickness of the dielec-
tric but its refractive index N is varied to fulfill the op-
tical path condition, is shown in Fig. 7. It was consid-
ered impractical for large optical svstems and used only
to improve the unsatisfactory radiation pattern of cir-
cular horns.

Fig. 7—Fresne! zone plate and waveguide lens of
equivalent gain.

The dispersion properties of the waveguide medium
can be utilized for scanning by frequency modulation by
using a waveguide prism or prism-lens combination. The
method and measurements are more fully described in
the literature.®* A 3-cm radar set was designed during
the war emploving a small-angle fast-flicker scan super-
imposed on the customary wide-angle mechanical scan.

Another system, which reached only the experimental
stage, but which is a good representative for the possibil-
ities ol microwave optics, is sketched in Fig. 8. A trans-
mitter 7', polarized in perpendicular to the plane of
drawing, radiates through a lens, a prism P, and a cir-
cular polarizing plate C. 11 reflected from a nonpolariz-
ing target, the wave will still he circularly polarized and
be transferred by C into linear polarization, the field
vector now being parallel to the plan of drawing. The
prism is made of rectangular cross-section waveguides,
and thus will tilt the returning wave front against the
leaving one. Consequently, the energy will be collected
in another focus R. The device was mainly intended to
give evidence about the polarization properties of tar-
gets.

ticahility was investigated.

The tolerances for the elementary waveguides were|
considered difficult to achieve. If a phase accuracy of |
7/8 is desired for a guide element of length L and di-
ameter a, the diameter must be kept within a>N/8\L.
Stepped lenses being ruled out for our purposes, the
outside gundes 1n a 50-A lens have to be constant within
about 1 per cent. This consideration and some others |
were responsible for the fact that, from the German
point of view, retlection devices, such as parabolas, were

i H 'JJ

<+

I i

Fig. 8 Rudar cpties for distinguishing the polarization
of targers.

decisively preferred they have no retlection losses and
no dispersion. Waveguide lens technique was considered
advisable only in special cases, for instance where cor-
rected optical svstems were required, or for infrared
transition regions where the spacious cooling system of
the receiver makes it mandatory that it be placed be-
hind the optics.

The author feels that the German development was
rather systematic, hut that it led to fewer technical ap-
plications than the parallel investigations in this coun-
try.
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The Poynting Vector in the Ionosphere”
JAMES C. W. SCOTTY, MEMBER, IRE

Summary—The equations of motion of ionospheric electrons in
he field of plane electromagnetic waves subject to the frictional
orce of collision and to the force of the earth’s magnetic field are
leveloped in a form permitting graphical calculation of the wave
solarization. The complex Poynting vector is then calculated in
erms of the polarization, the complex refractive index, and a third
unction related to the forward tilt of the electric vector.

Graphical integration is used to obtain curves representing the di-
‘ection of energy flow for the ordinary and extraordinary modes, in
1 parabolic distributicn of ionization for fixed values of geomagnetic
atitude, collision frequency, and wave frequency for the case of ver-
ical wave propagation.

When collisicn is taken into account, the deflection has a small
vestward component for both ordinary and extraordinary modes.
\t zero collision frequency the deflections are in the vertical plane of
he earth’s field; the ordinary mode bending towards the poles and
he extraordinary mode towards the equator.

The normal ionization gradient with latitude, together with di-
irnal expansion and contraction of the ionized region, can explain
he diurnal variation in the fz —f° critical frequency difference as due
‘0 the diurnal variation in the total path deflection.

I[NTRODUCTION

N THIS PAPER we consider plane simple harmonic
]:[ radiation in an uncharged ionized gascous medium

in the carth’s magnetic field. Only the forces on
ree electrons are included and these are taken to be
the clectric foree [, the carth’s field ffy, a frictional
jorce that is proportional to the average clectron
nomentum m 1, and the frequency of collision with the
surrounding gas v. The Lorentz polarization term and
the permeability of the medium are thus not included
ind the clectron velocity is assumed small with respect
to the velocity of radiation in free space.

We take right-handed axes so that the direction of
wave propagation defined hy the complex wave slow-
ness .S is x and the carth’s fickd I/, is in the plane xy
with components [/, and 1, longitudinal and trans-
verse to the direction of propagation. We are concerned
with propagation vertically upwards so that the direc-
tion of the positive y axis is north and of the positive
z axis, west. The units used are Tleaviside-lLorentz.

The equation of motion of free electrons is then

ml = el 4+ —V X Hy— vml’. (1)

4

Because we are dealing with simple harmonic waves,
time is involved only in the factor e ¢, where w is the
angular frequency, so that the equation of motion may
ihe written

el (v — tw)yml” —

1" X I, (2)

* Decimal classification: R113,6. Original manuscript received
by the Institute, March 15, 1949, revised manuscript received,
February 16, 1950, Presented, in condensed form, under the title
“¥: neryy flow in the ionosphece,” Defence Research Board Sym-
posium, Ottawa, Ontario, Canada, December, 1048,

t Radio Propagation Laboratory, Defence Research Board, Otta-
wa, Ontario, Canada.

We consider only slowly varying media in which the co-
ordinates appear only in the factor e*“** where d(sx)/dx
~S. Then if N is the electron density, neV is the cur-
rent density and Maxwell's equations may be written

—iNe
H.=0 ,=—V;
w
—1iVe
I, = — ¢SE, E, =—V,+ S, 3)
w
—-iNe
I, = cSE, E,=—V,— S,
w

The magnetic components of the radiation field may
be eliminated and the electric components written in
terms of the velocity from the equation of motion. We
make the substitutions

Ne? Ye? o
Wol= —— w.? = — angular critical frequency
w?m m
eIIo eIIO
e ———fhcooo0o o angular gyro frequency
wmc mc
ell; el e .
hy = —— m— longitudinal gyro frequency
wmic mc
ellr ellr
hp = —— = transverse gyro frequency
wmic mc
14 .
g=——-""""°" v collision frequency.
w

Thus the critical frequency, the collision frequency
and the longitudinal and transverse components of the
gyrofrequency are “normalized” or written as ratios to
the wave frequency.

Three equations arc obtained in the three components
of electron velocity

(1 — w? + ig)V.+ ihrV, =0

§ wo’ . .
V757 — 1 + 1+ 1g} Vy—ihV,=0
. § o i
—iheVe 4 thi )V, + 5- — 4+ 14+ ig,V,=0. (4)
le2s? — 1 f

In order that these equations may be compatible,
the determinant of the coefficients must vanish.
This determinant is of the form

a 0 b
0 x —d |[=0 (5)
—-b d x
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Fig. 1—Nomogram giving the normalized magnetic-field function

where the coefficients are
x = + 1+ 4
s* 1

a=1-—w?+ ig
b == illr
d=ih, (6)

This equation may be solved for the wave slowness s
in terms of the five frequencies: the wave frequency, the
critical frequency, the collision frequency, and the two
components of the earth’s gyro-magnetic frequency.
The solution is the well-known Appleton-Hartree equa-
tion! and need not be written out.

Tur CoMPLEX POLARIZATION

The determinant mav be written in the form

-3 d%bg 0 (7)
- 3 . = . /
d x ad

Now the polarization of plane waves advancing along
x is defined by the ratio of the complex components of

the field in the yz plane. Examination of (4) will show
that

= - = : 8
E, H, V, d ®

'E. V. Appleton, “Wireless studies of the ionosphere,” Jour. IEE.
vol. 71, p. 642, October, 1932.

Consequently, if we write
Ree =

R=¢, ¢, is the ratio of the amplitudes of the z and y
components of the electric field and ¢ is their angular
phase ditference, and the equation becomes

1 b

Re = . 9
R 1d

Then if we put *ad =¢,+1cs we obtain

1
R )C()Sd)
(e
1
R — —Ysin (10
(k= )sine

We now evaluate the real and imaginary parts of
—=b%'ad in terms of the frequencies with the help of (6,
obtaining
) het g+ (1 — wet
a1+ ics . 11)
he g2 4 (1 — w??

It follows that

! g
Ca 1 wy?
l? + (;": 111*“‘
1 hrg '
¢’ 7 c? ) hr? ’ 12) [
C (1 — wy?) l
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Fig. 2—Nomogram giving the co-ordinates of the wave polarization.

These equations may be solved for ¢; and ¢; and then
the amplitude and phase angle of the polarization may

be calculated. llowever, the tedious work involved can -

be shortened by the following simple graphical pro-
cedure.??

Enter Fig. 1 with the assumed values of the magnetic
dip 8 and of the normalized gyrofrequency A. Read the
corresponding value of the function

In the northern hemisphere /i, is negative since propaga-
tion is taken upwards. The dip angle is negative in the
southern hemisphere.

Having hr?/| ko], enter Fig. 2 with the assumed value
of the normalized collision {requency g, and read the
value of the function

he?
| i lg

Now enter Fig. 2 with the assumed value of the normal-
ized critical frequency w,, and read the value of

h/rZ
E hl,l (l - wnz)

The amplitude and phase angle of the polarization

? V. A. Bailey, “Study of the magneto-ionic theory of wave prop-
agation by mcans of conformal representation,” Phil. Mag., vol. 18,
p. 510; September, 1934,

2 V. A. Bailey and J. M. Somerville, “Study of the magneto-ionic
theory of wave pmpaﬁation by means of simple formulae, linkages
and graphical devices,” Phil. Mag., vol. 26, p. 888; Supplement, No-

¢ vember, 1938.

may then be read directly from Fig. 3 at the point
fixed by the co-ordinates

hrz
l IZL lg

The contours of Fig. 3 were calculated from the rela-
tions

hrz

and ————— -
[he| (1 — wo?)

1
= (R+E>cos¢= 2 cosh o cos ¢

1
Cs = (R - 7{—) sin ¢ = 2 sinh ¢ sin ¢ (13)
where we have substituted ¢ =IgR so that
¢y + ic; = 2 cosh (o + i¢). (14)

The use of tables or charts of hyperbolic cosines of com-
plex arguments greatly simplifies the computation.*

The table shown below is of help in choosing the cor-
rect sign. ¢; is positive in the northern hemisphere and
negative in the southern hemisphere. This is also true of
¢z when wo<1 but when wo>1 the polarity of ¢z is re-
versed.

Since R+ (1/R) is essentially positive, cos ¢ has the
same polarity as ¢;. However R—(1/R) is positive or
negative as R> or <1. Consequently the polarity of
sin ¢ is that of ¢; in the first case and opposite in the
second. From these considerations of sign it will be
seen that the polarization is right handed or left handed
as follows in Table L.

¢ A. E. Kennelly, “Tables of Complex Hyperbolic and Circular
Functions,” Harvard University Press, Cambridge, Mass.; 1927.
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Fig. 3—The wave polarization in logarithmic co-ordinates.

TABLE |
ProraGgatioN UPWARDS

Northern Hemisphere Southern Hemisphere

we< 1 wo> 1 we<1 woe>1

|
|
|
|

™ k8 ™ ™
0<¢<2 0>¢> 3 S¢>—1 <¢<r

2 2
|
Extraordinary | R>1left | R>1right | R>1 right K> 1 left
056> |0<o<— | Z<o< T>e>
< T
*>3 9<g |29 2
Ordinary R>1right | R<1 left R<1 left R<1 right

NoTE: When w;>1 and (hy? ll,,]g)<2, extraordinary and ordi-
nary modes are reversed.

When the collision frequency is zero, ¢,=0 and
¢ =1 (m/2) so that if R>1 the major axis of the electric
field ellipse is east-west and if R<1 the major axis is
north-south. The former is the extraordinary mode and
the latter the ordinary mode except in the region wp
>1 and

1112

| g

when quasi-longitudinal propagation occurs.

The eftect of absorption is to reduce the phase differ-
ence in the northern hemisphere and increase it in the
southern hemisphere. In the northern hemisphere, this
turns the major axis of the polarization ellipse in the
direction of rotation so that in both modes the major
axis is turned towards the north-west. In the southern

<2

hemisphere in both modes the major axis is turned to-
wards the southwest.
It can be casilv verified that the equation of the
polarization ellipse is
s° 2 cos ¢

? vs — €,” sin’ ¢
. R R 7

0 {5

and if ¥ is the angle made with the positive y axis by the
major axis of the ¢llipse,

2R
tan 2y cos ¢. 16
1 R

I'he chart of Fig. 3 makes it possible to examine the
change in the polarization as any of the five variables
wave frequency, critical frequencyy, collision frequency,
and the two components ol the carth’s field are varicd

The collision frequency occurs only in the absci
and the critical frequency only in the ordinate. The
carth’s ficld is involved in the same manner in th
coordinates. Conscquently, as we move up in the iono
sphere to regions of greater ionization and lower gas den
sity, we move up and to the right on the chart. An in
crease in the magnetic inclination or reduction of the
hield intensity reduces both co-ordinates cqually.

The most striking feature of Fig. 3 is the transition
that occurs in the polarization for large values of the
ordinate at the abscissa

IIT'“,
hy, 14

This change corresponds to the well-known transition
from quasi-longitudinal to quasi-transs erse propaga
tion. It will be remembered that reflection occurs when

"
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the refractive index approaches zero. This condition is
fulfilled for the extraordinary mode near wo?’=1-—% but
for the ordinary mode it occurs near wo’=1 or w,?
=1+ h depending on whether

111'2

—_ <2.
lll,! 4

> or

In order to clarify conditions in the vicinity of we=1,
Fig. 4 has been drawn. This is simply an extension of
the polarization chart of Fig. 3 using the same logarith-
mic scale for the abscissa but substituting an inverse
linear scale in the ordinate so that the polarization can
be followed as we goes through 1. For clarity, the values
of R for the ordinary mode only are marked. The values
for the extraordinary mode are the inverse of these.

(Note that by an oversight solid lines were used in
Fig. 3 for ¢ and dashed lines in Fig. 4.)

When wo=1, (11) and (13) reduce to
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The positive sign in (19) generates the extraordinary
mode and the negative sign the ordinary mode. As can
be verified in the table, ¢ =0 in the northern hemisphere
and ¢ =7.dn the southern hemisphere.

When wo=1 the contours of R and ¢ have a discon-
tinuous slope at

IIT? _
| holg

However, as seen in Fig. 4, at other values of wo the
transition from longitudinal to transverse propagation
is continuous.

In the vicinity of the discontinuity the polarization
varies so rapidly that the “slowly varying” theory is in-
adequate and independent modes cannot be propagated.

[t is worthwhile following the changing polarization
at wo=1 as the abscissa is increased.

At high magnetic latitudes, high collision frequencies

1 — iy or low field intensities,
(R+ )cos¢=2coshacos¢= )
R /I/_g hy
1y o ) ‘ | hule
R — —)sin¢g = 2sinhgsing = a7
R is small and the polarization is nearly circular. As the
These equations have the solutions abscissa is increased it becomes more and more elliptical
but the direction of the major axis remains fixed, in
R =1 the north-west in the northern hemisphere and in the
hy? he? south-west in the southern hemisphere, for both modes.
cos ¢ = 27112 when (4. g <2 (18) - At the critical point
h 2 /IT2 2
cosh (zlg R) = ———— = 4
2|ll/,'g Ih’-lg
hr? he polarization is linear. As the magnetic inclinati
e o s (19) t p()L} ization is linear. . the magnetic i chnal‘lon or
| k| g the collision frequency is further reduced, or the inten-
®_E-WEST
POLARIZATION Re  =g=yise
LONGITUDINAL PROPAGATION TRANSVERSE PROPAGATION
cg & 2 8
el Gid
Ve . ¢ e s . . .
g/ \8\=e 2 o2 . ] £ 3
- \\ll \\ \\T\lg i ! 1
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Fig. 4—Continuation of Fig. 3 through infinity on the ordinate using an inverse linear scale. The scale of the abscissa is unchanged.
R is given for the ordinary mode and the sign of ¢ may be obtained from Table 1.
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sity increased, the polarization remains plane, but the /“_'l | sim 0' ordinary mode
direction of the electric vector turns until, at large values ‘ h
of the abscissa, it is directed north-south in the ordinary I ‘
mode and east-west in the extraordinary moile in both R : csc 0| extraordinary mode.
iL

hemispheres.

Another significant level in the ionosphere is wo?
=1—h; this is approximately the retlection level of the
extraordinary mode. The polarization at this level is
read at the ordinate

/11'2
| k| k

which in terms of the dip angle is Icos 0 cot 0] . The po-
larization is given by (11) and (14) and becomes

2 cosh (IgR + i¢p) = —— ' (20)

hp? {g-l— 1/1.
g+ htf

= /IL
which for the special case of zero collision reduces to

1 /11'2

The longitudinal ordinary mode goes through the
harrier wo=1 to be reflected near the level wo?=144.
The polarization at this level is given by
he® g — ih)
T g2+ h? f
which may be read off the chart at the ordinate

/l'[‘2

/l[, It

2 cosh (g R + i¢) (22)

Because of symmetry, the polarization at this level is the
same as at +(/z,7/| /z,_j t) but with inverse amplisude.

Tue CosmprLEX REFRACTIVE INDEX

The refractive index ¢s may be written in terms of

s . .
R——=—— and ¢=+ (21) the polarization from (5) and (7).
R I hy | h 2 . . i
1 1 4+ ig — i/ Re' 5
which in terms of the dip angle is 1 — 22 wo? ' (23)
Complex Refractive Index Te'
4g22 2321 19 -17 -15 -13 -11 -09-07-05 -03 -0/ Ol 03 05 07 09 Il 13 15 I7 19 21 23 25 27 29 31 33 35
v

tea®

r

»

=

NO.

Fig. 5—The complex refractive index Te't, given by orthogonal circles of T2 and ¢.
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This expression has the real component

14+ hRsin ¢

U =

: (24)

and imaginary component

g — hiRcos ¢

v

w02

To calculate the direction of the Poynting vector, we
require the refractive index in the form Te®. This is ob-
tained in terms of # and v from

. (e —1)24 22

u? + o?

v

tan 2t = .
w4+ v —u

(25)
These expressions are represented by two orthogonal
families of circles in Fig. 5.

After the polarization has been found it is compara-
tively easy to calculate % and v. Having these co-ordi-
nates, the complex refractive index can be read directly
from the curves of T?and t. The real refractive index is,
of course, T cos ¢t and the penetration for an attenuation
to 1/e in vacuum wavelengths is

csc !

T

THE DIRECTION OF ENERGY FLOoW?S?

With these expressions for the polarization and the
complex refractive index we are in a position to calculate
the Poynting flux.

The Poynting flux determines the magnitude and
direction of the flow of energy in the radiation field. The
instantaneous value of this vector is defined by

pr = cEr X II” (26)

where the superscripts denote the real components of the
vector.

We are dealing only with plane waves progressing
vertically. The magnetic vector which must be always
in the wave front is therefore in the horizontal plane.
The electric vector however has a longitudinal com-
ponent.

From (3) we have

E. V.
— = (1 -
P Y
L. |
E; = (] - 6252) 1" ’ (27)

W ¢ Sec footnote reference 9, p. 1110, W. G. Baker and A. L. Green,
The limiting polarization of downcoming radio waves traveling

obliquely to the earth’'s magnetic field,” Proc. I.R.E., vol. 21, pp.
1103-1131; August, 1933.

¢ H. G. Booker, “I’ropagation of wave pockets incidlent obliquely
upon a stratified double refracting ionosphere,” Fhil. Trans. Roy.
Soc., vol. 237, p. 411; September, 1938.

7). W. Cox, “The effect of the geomagnetic ficld on electromag-
netic waves vertically incident on the ionosphere,” Baddow Research
Lab. Report T. R. 477; April, 1944,
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and from (4) and (6)
V. b =x
Vy ; a d
V. b
- . 28
- . (28)

Consequently, just as with the polarization, the for-
ward tilt of the electric vector is defined by the ratio of
the complex components

o b
= — (1 — ¢%?) — Re*®

L, a

L (1 = ¢%?) ’ (29)
— — — c s —

E, a

In each cycle the magnetic vector traces out the
polarization ellipse in the horizontal plane. Simultane-
ously the electric vector, which must always remain at
right angles to the magnetic component, traces out an
ellipse in an inclined plane with orientation and dimen-
sions determined by (29).

Now the Poynting flux is normal to the plane defined
by the electric and magnetic vectors and is proportional
to their product. It follows that it revolves about a cone,
having one edge vertical, at twice the wave frequency.
The axis of the cone is therefore tilted from the vertical
direction of phase progression.

In the propagation of light through transparent aniso-
tropic crystals the Poynting vector is also tilted from
the wave normal. But, in that case, it remains fixed in
direction throughout the cycle and so defines uniquely
the direction of energy flow.

The more complicated problem in the ionosphere can
be solved simply by using the complex Poynting vector.
‘I'his vector can be shown to give the magnitude and
direction of energy flow averaged over a cycle.® While
the direction of the real Poynting vector oscillates over
a cycle, the complex vector determines uniquely the
average direction of flow.

It is given by

P=%4EXH (30)

where the bar over II indicates the complex conjugate
of the vector.
With the aid of (3) we may write this

i i k
P=3 | E, L, E, , (31)
0 -—cskE, csE,

or putting € for the amplitude of E
P = jeisli(e? + e?) — JE.E, — kE.L,].
We use (29) to eliminate the complex electric com-

¢ J. H. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., inc., New York, N. Y., and London, pp. 135-137; 1941.
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ponents and so obtain

r %CQS "u? + ¢z2)
)
P, = 3c%(1 — %) — ¢,2Re
a
b
Po= 3c%(1 — %) — ¢, (32)
a

The complex quantities are now put in terms of
amplitude and angle to lacilitate multiplication and the
real components designated by the superseript 7 are
written. The complex refractive index Te'=cs, and we
write de®=a/b. The ratio of the amplitudes ¢, ¢, = K.

I'he real components of the average tlux over a cycle
are then

Pur= TR + 1)eg? cos ¢
¢ TR
Rt g ¢,%|cos (¢—a—1)— T? cos (p—a+1)|
¢ TR?
P 3 : ¢,|cos (a+1)—T? cos (a—1)|. (33)

In order to find the direction of energy tlow we take
the ratios of these components and so find the com-
ponents of the slope to tiie north and west and the direc-
tion in the horizontal plane.

dy R cos (¢ —a— 1) —T?cos (p — a+1)
dx I(R*4+ 1) cos [

dz R? cos (a + 1) — T? cos (a — 1)

de  A(R*+1) cos /

dz R cos (a +¢t) — T? cos (a —

: (34)
dy cos (p —a— 1) — T?cos (¢ — a + 1)

In the special case where the collision frequency is
zero, (23) reduces to

1 1+ IR

1 c?s? )
and the complex refractive index becomes
4
f Wo

I \.IZ

Tet =
| 1+ kRS

(35)

where the sign is positive or negative as ¢ = *(mw/2).
For the ordinary mode above the critical frequency

R<Y, w <1, and +h,=+|h,
Consequently =0 and T°<1. For the extraordinary
mode above the gyro frequency in the range we? <(1—/)

we have

h
h<1, 1<R< and +hy, = — | h,| from (21).

IIL
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Thus again t=0 and T<1. Also, since wy<1, we have

a (r 2).
Under these conditions the slopes to the north and

west reduce to
dy R(1 ) dz
. and 0.

(36)
dx (R + 1) dx

Since in the northern hemisphere the positive sign ap-
plies to the ordinary mode and the negative sign to the
extraordinary mode, and vice versa in the southern
hemisphere, when there is no absorption the ordinary
mode is deflected towards the poles and the extraor-
dinary mode towards the cquator in the vertical plane
of the earth’s field.

The westward component of the deflection does not
depend explicitly on the phase angle of the polarization.
\s g i1s increased from zero, since

(1 — we®)
g

an a

a increases from —m 2, approaching zero for large
values of g. At the same time ! increases from zero to a
maximum value, which may bhe evaluated with the aid
of Figs. 3and 5, and then it de reases again. T however
approaches unity for large values of g, as is clear from
Fig. 5. Consequently, cos (a+1) >0 and, if T<1, it fol

lows that

dz
>0
dx

and both ordinary and extraordinary modes are de-

flected westward in the northern and southern hemi
spheres.

THe DirEction oF FLOW AT REFLECTION

I't is of interest to evaluate the tili of the Poy nting
vector in the limiting case when the ionization is that
required to produce reflection. For this we require the
corresponding values of e, Reie and Te't.

Considering first the ordinary mode and assuming the
condition for retlection 10 be w,?=1 we have

g
Il T

lete

and a=0. The limiting values of the polarization have
already been found and the limiting value of the com-
plex refractive index mav be obtained from the expres
sions for 7% and tan 2/ given in 25).

When
Il'r2
> 2
I g
these hecome
T2 — g + II/A R (37)
- /
[V g+ | by B2 '
1
tan 2/ ‘
g + IIL I\’

R ]
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or if we put

g+ |h| R
tanh n

sinh 5
T2
tan 2{ = csch 7.

Since when we=1, =0, and ¢ =0 north and ¢=m
south of the equator, the term

R
AR+ )
which occurs in (34) for dy/dx reduces to
hy IhL‘g |h,,|
e

The remaining term reduces to +(1—177) for latitudes
north and south, respectively, so that

d Iy
Do~ Ta -,

(38)
dx hr

In the special case, when g =0, then R=0and 7?=0 and

dy . h[,
—~ =tan@ since tan@ = — — -

(39)
dx hr

Consequently, on reflection, when the collision fre-
quency is zero, the ordinary mode is perpendicular to
the magnetic field.
In a similar manner, the westward tilt when we=1
becomes
dz [ by |

=" (1-THR

(40)
dx 111'

which reduces to zero when the collision frequency is
zero. The westward deflection in the horizontal plane
becomes

dz

— =+ R. (41)
dy

At the transition value of h?/ h,,|g=2, R=1 so that
the component of the Poynting vector in the horizontal
plane is north-west in the northern hemisphere and

south-west in the southern hemisphere. Smaller values
of

h’r2
hy, ‘ 4

give the quasi-longitudinal mode which is discussed in a
following paper.

The tilt of the extraordinary mode on reflection can
be calculated in a similar manner. The assumed condi-
tion for reflection is now we2=1—h. We then have

g~ ik
Aer = — O
hr

The real and imaginary parts of Re'®* may be cvalu-
ated from (20), with the aid of hyperbolic tables of
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complex angles, and used in the expression for T#% and
tan 2¢ as for the ordinary mode.
In the special case of g=0 we have
h T h T

.‘1=—| = - — R= y = 4+ —-
P 2’ T 2

Substituting in (24), we obtain =1 and =0 so that
T2=0 and ¢t=0. Consequently (34) reduces to

d hoh dz
= LT and — =0, (42)
dx W+ h? dx

Since hp/hr= —tan 6 the extraordinary mode on reflec-

tion is tilted towards the equator at an angle whose
tangent is
dy tan @

— = - — — (43)
dx 1+ 2tan?@

Tue Ray Pati N A PARABOLIC JONOSPHERE

These expressions can be used to calculate the path
traversed by the energy in an inhomogenous medium.
The average Poaynting vector has been calculated on
the assumption that the ionospheric variables such as
critical frequency, collision frequency, and the gyro-
magnetic frequency are sufficiently slowly varying func-
tions of position that

This basic assumption was made in deriving (3) from
Maxwell’s equations. Subject to this restriction we will
consider the propagation of plane waves progressing
vertically upwards in an inonosphere having a parabolic
vertical distribution of ionization but with the collision
frequency and the earth’s field assumed constant.

This parabolic distribution of N may be described by

N \1/?
- 1()()[1—(1—v> ]
N

where we have taken x =0 when N=0, and x =100 when
N reaches its maximum value N,.. Since the critical fre-
quency is proportional to the square root of the electron
density this may be written

wf? 1/2
r = 100[1—(1— ) ]
Win?

where w,, is the critical frequency at the level of maxi-
mum ionization.

We will calculate the energy path for the ordinary and
extraordinary transverse modes for the maximum fre-
quencies reflected at vertical incidence. It is well known
that these maximum frequencies are w=w, for the
ordinary mode and

(44)

(45)

Wm
w =
(1 + b2

for the extraordinary mode.
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The positive sign corresponds to 2> 1 and the nega-
tive sign to £ <1, but we are considering only the latter
case, that is, wave frequencies above the gyro frc
quency. Consequently, in terms of the ratio wo=w. 'w,
we have for the ordinary wave frequency

x = 100[1 — (1 — w?)!/?) (46)

and for the extraordinary wave frequency

woz 1/2
x = 10()[1 <1 — ) J (47
1 —h

Curves of dy/dx and dz/dx as a function of x have
been calculated and drawn for the following arbitrarily
chosen values:

Maximum critical frequency
Gyro frequency
Collision frequency

=2.4 Mc and 9 Mc

=1.44 Nc

=0 and 24X10*
Mec (1.5X10° col
lisions per secc-
ond)

Magnetic dip =45° and 75°

Ordinary wave irequency, w=w, =2.4 and 9 Nc

Extraordinary wave frequency, w= =3.23 and

W
(1 =h)re
9.75 Mec.
The integrals

*dy *dz
f dx and [ —-dx
0 dx Jo d.l

have then been obtained graphically from the areas un-
der the curves to give the deflection north and the de-
flection west at any depth of penetration into the ionized
region. The curved path taken by the Poynting vector
is shown in the resulting graphs of y and z as a function
of x.

I7ig. 6 shows the northward slope of the ordinary mode
as it penetrates the parabolic region for collision fre-
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Fig. 6—The northward slope of the ordinary mode critical
frequency for a dip of 45°.
quency zero. If the critical frequency of the region is
increased, the slope at any height, measured from the

September

vertical, is reduced. The slope on rellection at the level
of maximum ionization is 1 and since the magnetic dip
in this case is 45°, on reflection, the PPoynting vector is
perpendicular to the field, as was proven analytically.
IYig. 7 gives the slope for the same conditions, except
that the dip is now 75° instead of 45°. As before, in-
creased ionization results in reduced slope at all heights;
but now the slope on retlection is 3.732 which is the
tangent of 75°. Thus, on reflection, the Poynting vector
is again perpendicular to the field. Comparison of Figs.
6 and 7 will show that except near the height of maxi-
mum ionization, the northward slope is lower at the
higher latitude. The greater slope on reflection at the
higher latitude is gained near the top of the path.
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Fig. 7—The northward slope of the ordinary mode critical
frequency for a dip of 75°.

Fig. 8 presents the southward tilt of the extraordinary
mode for the conditions of ionization given in Figs. 6
and 7. The wave frequencies are now 3.23 and 9.75 Mec,
corresponding to the maximum critical frequencies of
2.4 and 9 Mec. As for the ordinary mode, at any height
the slope is reduced when the ionization is increased.
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Fig. 8—The southward slope of the extraordinary mode critical fre-
quency for the ionospheric conditions of Figs. 6 and 7.

But contrary to the condition for the ordinary mode,
the slope at all heights, even at the level of reflection, is

—;J
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lower when the dip is 75°. The slope on reflection is seen
to agree with the calculated condition

dy —tan @

dx 1+ 2tan%
Differentiation shows this to have a maximum value at
a dip of 35°16’.

Fig. 9 presents the actual path taken by a signal in-
cident vertically at the bottom of the ionosphere in the
northern hemisphere. Height zero is the base of the
parabolically ionized region and height 100 is the level
of maximum ionization. The curves were obtained by
graphical integration of the curves of Figs. 6, 7, and 8.
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Fig. 9—The ray paths obtained by graphical integration of
the slopes of Figs. 6 through 8.

They are drawn to the same scale but it must be noted
that this scale is arbitrary. Ordinary and extraordinary
critical frequencies for a given condition of ionization
are paired so that the total horizontal separation of these
modes on reflection at the same level of maximum
ionization may be seen.

At a magnetic dip of 75° when the maximum ioniza-
tion corresponds to a critical frequency of 2.4 Mc the
ordinary wave is deflected north a distance 72 per cent
of the half thickness of the ionized region. The extraor-
dinary wave is deflected south a distance 7.5 per cent
of this half thickness so that the total separation on
reflection is 79.5 per cent. When the ionization is in-
creased so that the ordinary critical frequency is 9 Mc,
the total separation is reduced to 49.5 per cent.

At a dip of 45° when the ordinary critical {frequency is
2.4 Mc, the total separation on reflection is 66.5 per
cent and when the critical frequency is increased to 9
Mec, the total separation falls to 47 per cent.

The manner in which the lateral displacement of each
mode depends on the inclination of the magnetic field is
shown in Fig. 10 for the case of zero collision frequency.

The ionization of the parabolic region has been chosen
so that the highest frequency reflected is 10 Mc for both

modes. Consequently, w,=w for the ordinary mode and
wn=(1—1)"% for the extraordinary mode.

The deflection of the ordinary mode increases steadily
until the magnetic field is vertical. The deflection of the
extraordinary mode, however, reaches a maximum at
an approximate dip of 31° as might be expected from the
maximum at a dip of 35°16’ already found for the slope.
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Fig. 10—The lateral displaccment on reflection as a function
. of magnetic dip.

It will be noticed that the deflection curve for the
ordinary mode shows a sharp upturn very near 90°. This
is a consequence of the sharp increase in the slope very
near the reflection level when the magnetic inclination
is high. -

However the “slowly varying” theory used does not
adequately treat the transition from transverse to
longitudinal propagation at-

near wo=1.

The abrupt change to longitudinal propagation at
zero collision frequency at the magnetic pole is the
limiting case of this transition. Consequently, the de-
flection curve is not reliable near 90°,

Figs. 6 and 8 include the effect of absorption on the
northward and southward slopes of the ordinary and
extraordinary modes. The calculation has been made for
a dip of 45° for the critical frequency pair, 2.4 and 3.23
Mec. A collision frequency of 2.4 X102 Mc or 1.5X10%
collisions per second was arbitrarily chosen.

The corresponding integrated deflection is reduced in
the ordinary mode from 47.8 per cent to 46.8 per cent
and in the extraordinary mode from 17.8 per cent to
17.5 per cent.

The westward components of the slope and integrated
path for the ordinary and extraordinary modes are
shown in Figs. 11 and 12, The extraordinary mode suf-
fers the largest westward deflection, 5 per cent as com-
pared with 1.5 per cent for the ordinary mode. It is
of interest that the westward slope of the ordinary mode

passes through a maximum below the level of maximum
ionization.
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Measurep CRITICAL FREQUENCY IDIFFERENCES

The horizontal separation of the points of reflection
of ordinary and extraordinary modes can have a large
effect on the measurable f=—f° critical frequency differ-
ence on height-frequency records. The latitude gradient
of F-layer critical frequencies varies with the time of
dav, season, sunspot number, and latitude. Typical
latitude variation curves are given in the literature.®
It is usually (but not always) negative and its magnitude
is normally greatest in the davtime and in the winter,
and may be as large as 500 kc in 100 kilometers. Since
the ordinary wave is deflected poleward and the extraor-

? “lonospheric Radio Propagation,” Nationa! Bureau of Stand-
ards Circular 462, U. S. Dept. of Commerce, Washington, D.C.; June
1948.
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dinary wave towards the equator, the effect of the usual
latitude gradient of ionization is to increase the ob-
served frequency difference. Values of gyro frequency
and of the earth’s field calculated from the f*—f° fre-
quency difference will then be too large.

We have seen that the percentage deviation from the
vertical in terms of the half thickness decreases as the
ionization increases. On the other hand, the magnitude
of the latitude gradient of ionization is usually greatest
in the daytime when rhe ionization is highest. Conse-
quently, these two factors have opposing effects on the
magnitude of the critical frequency difference.

However, there is another important factor affecting
the f*—f° frequency difference, namely, the variation
in the thickness of the ionized region. Since the paths
taken by the ordinary and extraordinary critical fre-
quencies have been calculated for an arbitrary thickness,
any variation in this thickness will produce a propor-
tional variation in the horizontal deflections. The actual
ionospheric distribution of ionization may depart con
siderably from the parabolic approximation but the cf-
fective half thickness is probably considerably greater
in the dav. when ionization is at its maximum, than at
night. An increase in the half thickness from 100 km ar
night to 200 km in the dayvtime, other factors remaining
constant, would increase the detlections by 100 per cent

Measurements of f*—f° critical frequency differences
have been reported elsewhere!'® which indicate a diurnal
variation in apparent magnetic field at Clvde River
Baffin Land of over 10 per cent, with the maximum at
noon. Similar results, to be detailed in another report,'!
have been oftained at Ottawa, Churchill, and Portage La
Prairie, Manitoba. 1t is believed that these effects max
be explained as due to a diurnal variation in the latitude
of retlection of the ordinary and extraordinary modes in
conjunction with the gradient of ionization with lati
tude.

It must be pointed out that the detlections calculated
for plane waves in a “slowlyv wvarving” horizontall\
stratified medium cannot be accurately applied to an
ionosphere having a latitude gradient. However it is
believed that the normal latitude gradients in the iono-
sphere will not greatls change the detlections.
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Radiation from Circular Current Sheets”

W. R. LEPAGET, SENIOR MEMBER, IRE, C. S. ROYS?, SENIOR MEMBER, IRE, AND
S. SEELY{, SENIOR MEMBER, IRE

Summary—An analysis of the radiation from a system of co-
planar concentric circular current sheets, in which the current ele-
ments are perpendicular to the plane of the circles, is carried out.
The current elements are of negligible length, and are continuous
along the periphery of the circles. The formation of beamrs in the
horizontal plane, and also in the vertical plane, are examined. The
solution of the three-dimensional field is given in two forms: one as
a Fourier series, and the other as a Bessel-Fourier series.

The solutions are adapted to show how a prescribed horizontal
pattern may be synthesized. In one method the pattern is repre-
sented as a Fourier series, in the other it is represented as a Bessel-
Fourier series. It is also shown that by combining these two types
of solution, it is possible to synthesize simultaneously a pattern in
both the vertical and horizontal planes.

INTRODUCTION
r | VE TYPLE OF array here considered is illustrate!

in Fig. 1. In previous treatments of this type of

arrav there has been interest in obtaining a gain
in the vertical plane, while retaining unidirectional
properties in the horizontal plane.! 3 By a change in the
phasing of the current clements, a beam can be formed
in the horizontal planc. For certain applications, such
as direction-finding and point-to-point communication,
such an arrav offers uscful properties. The basic solution
is known for the simplest possible case of a horizontal
bheam formation.® 1t is the purpose of the present paper
to generalize the solutions for both the horizontal and
vertical patterns, and to show how the results can be
used to svnthesize desired field patterns.

o ©
(] oo
o
0o 0o °
Oo oo
© 0%0 o o
© o o o o o
o o O _o
o % © ©
o © 6]
o
o
(o] ooo
o} o
o o ©O

Fig. 1—.\n array of circularly disposed clements.

The analvsis is idealized to the extent of assuming
that cach concentric ring of elements is replaced by a
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bl
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oetts, Amherst, Mass.,
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continuous cvlindrical current sheet of vertical currents.
In addition, they are assumed to be of infinitesimal
height, thereby permitting the approximation that the
contribition to the field of each current element is in-
dependent of the other portions of the current system.
The analysis is based on the consideration of the system
in a transmitting condition. The treatment is entirely
one of deriving expressions for the field pattern for vari-
ous types of current distributions. There is no considera-
tion of how such distributions can be attained.
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Fig. 2—Current sheet perpendicular to X-Y plane,

FUNDAMENTAL EEQUATIONS

The co-ordinate system is illustrated in Fig. 2. All
lincar distances arce in radian-length measure (27/\
times the actual length). The figure shows a single cir-
cular current sheet, which is typical of the many which
may constitute the complete array. 1(a) is the complex
expression for the current, in amperes per radian length
of circumference. It is assumed that the array is sym-
metrical with respect to an imagined ground plane.

The distance from the center to the field point is
greater than the distance from a point on the circle by
the amount

(D

6
Nl sin 0 cos (¢ — a).

The field strength at a point in the far field is propor-
tional to the integral

_ 6 2r _
L(¢, 0) = F(0) 2<f T(a)ei®¥/ oin 0 cos (¢—a)de, (2)
mJ o

Since multiplying constants are unimportant, the fac-
tors e~i* and 1/r are not included, and the magnitude
factor has been taken as 1/, to suit a later purpose.
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FOURIER-SERIES REPRESENTATION OF CURRENT
DisTrRIBUTION

A general solution of (2) may be obtained by express-
ing the current in the Fourier series

o
I(a) = X C.eine. (3)
Neow——on
It is to be emphasized that 7(a) is complex, in general
A substitution of this expression into (2), in accordance
with the procedure shown in the Appendix, gives

a N = . o
E(p,0) = F(0)5 3. C.eintinJ, ( 5 sin 0). (4)

Ne=—o0
The solution given by (4) is completely general. The
only restriction is the convergence of the series for both
the current and the pattern.

BeaM-Co-PuasaL DISTRIBUTION OF CURRENT

In beam antenna practice, the current elements are
usually phased so as to give a common phase to the ra-
diation from all elements along the dircction of the main
beam. The term “beam-co-phasal” is to be used to de-
scribe this situation. Let the current clements of a sin-
gle arcular current sheet be phased beam-co-phasally,
with the direction of the main beam taken along the
¢ =0, =00 direction. FFrom (2) it is seen that the cur-
rent distribution

7(0) = ¢ j(8/2)8inbgyros a (5)

makes the integrand independent of (a), when ¢ =0 and
0 =00.

The solution can be extended to include modifications
of this distribution, however. Equation (5) can be multi-
plied by any complex periodic function of (), which
may in turn be represented by a Fourier series in com-
plex form, giving

1(a) = z D,einag—i(8/2)8in 6y con a_ (6)
Equation (6) retains the same degree of gencrality as
(3), but itisin a form to display deviations from the
beam-co-phasal law.

Equation (6) may be substituted into (2), and treate |
by the process shown in the Appendix. The result is

E(9,9) = F(0)5 - Daen+ein),[5/(s, 0)],  (7)
where
f(®,8) = }+/sin?8 + sin? 6, — 2 sin B, sin 0 cos¢ (8)
and
sin @ sin ¢

A= tan™! —— ———— 9
sin 6 cos ¢ — sin 6, ©)

This result is particularly interesting when the exci-
tation satisfies the beam-co-phasal law and has a sym-

September
meltrical amplitude distribution. In this case,

w
Afa) = 30 Dyeine 10)
—
is real, and the coefficients are real. With this simplifica-
tion, the formula

(¢, 0) = I'(0)6 :Do.lol‘sf(‘f’y 0)]

Y

2 X (= 1"D, cos nad[of(8, )¢ (1)
ne2
(even)
is obtained.

Another important simplification is possible, by con
fining consideration to the two patterns in the surfaces
of 0=00 and ¢ =0. \When 0 =0,; f(¢, 0o) =sin 0, sin ®/2,
and A=(¢+m)/2, resulting in the pattern

P
E((b, 00) = F(00)5 :Dojo(a sin 00 sin 2)

+2 3 D.cos

n=2
(cven)

When ¢=0; f(¢, 0)=1/2 (sin 0p—sin 6), and A=0,
giving

¢ . . ¢
J,.((S sin @, sin 2): . (12)

E(0, 0) = F(6)5 :DOJU[ , (sin 0 — sin oo)]

: 3 ;
+2 > (—1)n/20,,./n[2 sin 0 — sin oo)]: . (13)
ne=2

(even)

If the current has a uniform value throughout the
circle, and 0o =72, further reluctions are possible, giv

ing
E(¢ :) ) r-( T)wuo( Sn ';) 14)

E(0, 0) = F(0)6DyJ,| 5 sin® . . (15)

SYNTHESIS OF A PATTERN IN THE SURFACE 0 =0,

Both of these solutions lend themselves to the svn
thesis of a prescribed field pattern when 0 is constant.
Suppose that the given ficl( pattern is specified as

(9, 0) = [I(¢)eitiato, (16)
The function 77(¢) is the im
sents the magnitude of the fiel] pattern. Accordingly,
the problem is to determine the current distribution i'n
the array to yield a prescribed F1(¢) function. Two cases
are considered, depending on the form that is used for

the current distribution. These are: (a) Fourier series

representation of the field; and (b) Bessel-Fourier rep-
resentation of a symmetrical field.

portant one, since it repre-

) J
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(a). Fourier series representation of the field. A com-
sination of (3) and (4) provides the necessary informa-
sion for the synthesis of the prescribed pattern. Equa-
tion (4) is a Fourier series representation of the field
oattern, so the synthesis is accomplished by finding
sach C, in the equation

= = 8
H(e, 60) = F(80)8 Z [an"Jn (7 sin 00)] e, 17)

The quantity within the brackets is the nth Fourier co-
efficient in the series for II(¢). By applying the standard
methods for obtaining the Fourier coefficients, it follows
that

l 2r
N _74_67_7 4_.__f ”(4,)8,'["..(4:)» nolde. (18)
0

27.'F(00)5j".’,. (“2— sin 00)

C.=

This expression for the Fourier coefficients of the cur-
rent distribution is significantly dependent upon the ar-
ray diameter 3. If the Fourier scries for II(¢) exists, the
integral of (18) will become small for sufficiently large
values of 1. However, for a fixed argument, the Besscl
function decrecases rapidly with increasing order. This
effect introduces a decreasing factor in the denominator
which tends to make the series for I(a) diverge. How-
ever, as the argument of the Bessel function increases,
the value of J, becomes zero less rapidly with increasing

n. A sufficiently large value of array diameter is there- -

fore necessary to ensure convergence of the scries for
the current distribution. It is not necessary to have the
same circle for each harmonic of current distribution, in
which case those circles carrying the higher order com-
ponents of current must be sufficiently large. Since the
function Il,(¢) is unimportant, it follows that the co-
efficients specified by (18) are not unique.

b). Bessel-Fourier representation of a symmetrical
field. Let II(¢) be zero and let II(¢) be symmetrical
about ¢ =0. Further, let it be written

() = h (sin (—;->

The synthesis of a pattern by this method requires a
system of concentric rings. Each ring is excited beam-
co-phasally with constant current amplitude. The direc-
tion of the co-phasal radiation is the same for each ring.
Let 8, 8,, and the like, be the radian-length d ameters of
the successive circles, counting from the inside. Further-
more let the diameters be determined by the formula

b

Op = —>
sin 6o

(19)

(20)

where k takes on successive integral values. The con-
stants designated by by are the roots of Jo=0, with the
subscript k corresponding to the number of the root.
The current distribution is given by (6), except that
only the single term with 7 =0 remains. The subscript
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k is a ring number index, and N is the number of rings.
The current distribution for the kth ring is

Tk(a) = Doke"'“"’””"’.

(21)

Equation (21) provides the form for the solution. It is
only necessary to sum N such solutions, one for each
ring. The result is

N
H(¢) = h<sin -;) ~F(6o) D 5kD0kJ0<bk sin %) (22)

k=1

This is a finite summation of terms of the Bessel-Fourier
type. Itis an approximate representation of the specified
h function. The general coefficient Doy is chosen to make
(22) the Bessel-Fourier series of h(sin ¢/2). One of the
possible formulas for this yields the relation®

1

yh(y)Jo(biy)dy.

- I"(Bo)ﬁkv 1(0:)% J o

Doy

(23)

The number of terms rcquired in the Bessel-Fourier
serics for the given field pattern depends, of course, on
the sharpness of ~the desired beam. The sharper the
beam, the greater will be the required number of terms,
and hence the greater will be the diameter of the out-
side circle. Thisis in agreement with the known relation-
ship between array dimensions and beam width.

TAPERING oF BEAM-Co-PrasaL EXCITATION TO
MobiIFY THE § =6y PATTERN

The general beam-co-phasal distribution offers beam-
shape adjusting possibilities with a single circle. This
requires the use of the series of (10), rather than the
single term for 7 =0, as in the above example.

Equation (12) shows an order of Bessel function for
cach harmonic in the current distribution. An analysis
of the cffects is complicated by the cosine multiplier of
the Bessel function. An adjustment of the pattern by
manipulating the current amplitude distribution there-
fore must be done empirically.

The effect of tapering the excitation toward the side
of the array can be demonstrated with this solution.
Consider the specific example

A(@) = 3[1 + cos 2a] = L[1 + jei* + je 2] (24)
From (12) it is evident that the field pattern is
E(¢, 00) . 1'.(00)5 [Jo (5 sin 0o sin %)
. . ¢
-+ cos ¢J 2