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Many people redalize and take advantage of the fact that ‘‘the tough ones
go to UTC.”” Many of these ‘‘tough ones,”” while requiring laboratory preci-
sion, are actually production in quantity. To take care of such special re-
quirements, the UTC Laboratories have a special section which develops
and produces production test equipment of laboratory accuracy. The few illus-
trations below indicate some of these tests as applied to a group of units
used by one of our customers in one production item of equipment:

The camponent being checked here is a dual saturable reactar where the test and
odjusting conditions necessitate uniformity of the complele slope of the saturation
curve, The precisian of this equipment permits measuring five widely seporated points

on the saturatian curve with saturating DC cantrallable ta .5% and inductance to .5%.

Servomechanisms ond similar apparatus depend, to a considerable degree, on phase
angle operation. The transformer adjusted in this operatian requires an accuracy
of .05 degrees phase angle calibrotion under the resonant conditian af application.
With wide change in voltage and temperature range from —40 to +85 degrees C.,
the phase angle deviation connot exceed .2 degree. To effect this type of stability,
specific temperature cycling ond aging methods have been develaped sa that
permanent stability is effected.

This test positian involves two proctical probiems in o precision inductor. The unit
shown is adjusted to an inductance accuracy of .3%, with precise (high) Q limits.
It is then oriented in its case, using a test setup which simulotes the actual finol
equipment so that minimum inductive coupling will result when installed in the
final equipment,

The hermetic seoling of tronsformers involves consideroble precision in monufac:
turing processes and materials. To assure consistent performance, continvous som-
pling of production is run through fully automatic temperature and humidity cycling
apparatus. It is this type of cantinual praductian check that brings the bulk af
hermetic secled tronsformers to UTC.

150 VARICK STREET NEW YORK 13, N. VY
EXPORT DIVISION: 13 EAST 4Dth STREET. NEW YORK 16, N. Y., CABLES: ""ARLAB"
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SHERRON SERVES YOU...

SHERRON CAN
DESIGN AND
MANUFACTURE

COUNTERS: Moximum
count os required. Pre-
determined sefting ony-
where within the counting
ronge. Resolution in the
micro-second region.

COMPUTERS: Mechonicol
linkoges. Electricol ono-
logues of ony complexity.
Digitol computers.

SERVO-MECHANISMS:
Control to ony desired
occurocy. Power os de-

CONTROL » MEASUREMENT « POWER SOURCES sres. Uineor contro,

AMPLIFIERS: R.F., Video,
A.F., D.C. to fit ony op-
plicotion. Porticulor em-
plorations, Sherron offers a comprehensive service that is at once phosis on high goin, high
stobility chorocteristics.

Where these three requirements are concerned in nuclear ex-

custom-ized and confidential.
OSCILLATORS: Al fre-

This service is based on these coordinated factors: an extensive AUEqoN

experience in designing and manufacturing electronic equipment POWER SUPPLIES: Elec-
o . tronic - Regulotion Y% %

... a full complement of physicists and electronic engineers . .. ond less.

thoroughly modern electronic and electro-mechanical laboratories REGULATORS: Elecironic

— direct or through servo
control. Regulotion, drift,
efc. to specificotion,

... complete manufacturing facilities. Inquire!

~ MEASUREMENT —CON-
NP Sherron‘ TROL:Devices for meosur-
Electronics ing ond control of oli po-

rometers copoble of being
controlled ond producing
proportionol electricol,
opticol or meosuring dis-
plocement. Electronic
microommeters, rodiotion
Division of Sherron Metallic Corporation counters.

1201 FLUSHING AVENUE o BROOKLYN 6, N.Y. CONTROL OF ACCELER-
ATOR ACCESSORIES:
Grouping of controls,
supplementory opporotus,
ond experimentol system
into o compoct versatile
unit
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SINGLE SIDEBAND RADIO SYSTEMS ...

How single sideband conserves power

THIS IS DOUBLE SIDEBAND

Voice modulation of carrier
produces two beat frequen-
cies—the sum and the dif-
ference of carrier and voice
frequencies. Transmitter is

called on to produce bhoth
sidebands in ndditiou to
carrier. This is ineflicient in
use of frequency spectrum
and wastes power.

THIS IS SINGLE SIDEBAND (carrier reduced)

One sideband is suppressed
by filters and carrier is
reduced. Power thus saved
is availahle for remaining
sideband. This method
of transmission conserves

space in frequency spec-
trum, requires only a frac-
tion of the power of double
sideband, and provides an
improvement of 9 db in
signal-to-noise ratio.

This system was originated and perfected by
Bell Telephone Laboratories and Western Electric

HE RESEARCH that resulted in single sideband

started at Bell Telephone Laboratories as early as
1915, when speech was first successfully transmitted
overseas by radio. To improve the quality of voice
reception, Bell scientists began studies of the funda-
mental nature of voice modulation. They proved that
the radio transmitter was handling two similar versions
of the voice (the sum and difference beat frequencies)
in addition to the carrier.

Question: Could one of the sidebands be
suppressed—thereby increasing efficiency?
For the answer, new tools were needed and were forged

by other Bell scientists: a balanced modulator that will
reduce the carrier to any desired degree; an electrical

Single Sideband is used on these Bell System overseas circuits

BELL TELEPHONE LABORATORIES

World’s largest organization devoted exclusively to research

and development in all phases of electrical communications.

P o
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. . Bell System Voice Links with the World

wave filter that could accurately select one sideband
and suppress the other; a very stable carrier frequency
source and many other devices were originated. This
accomplished, first transatlantic test of single sideband
radio was carried out January 14, 1923.

1927 marked the entry of single sideband into com-
mercial two-way long-wave radiotelephony, and the
development by Bell Laboratories of crystal-controlled
oscillators soon made possible its extension to short-
wave communications.

Today one single sideband transmitter can simulta-
neously transmit as many as three separate radiotele-
phone conversations, using but little more frequency
space than would be required for one double sideband
voice transmission. Now, single sideband equipment—
originated and perfected by Bell Laboratories, built by
Western Electric—joins the U. S. with practically all
major points throughout the world by radiotelephone.

The birth and growth of single sideband

1915. Bell engineers analyze natnre of frequency band
fed into ant in voi dulated tr issi

1918. Bell System makes first commercial application
of single sideband, in carrier telepbony.

1923. Bell System makes first transatlantic single
ideband voice transmissi

1927. Single sideband enters radiotelephony field
with opening of long-wave U.S.—England link.

1928. First commercial short-wave transatlanticsingle
ideband radioteleph circuit opened.

1930-1939. Single sideband service to South America,
Honolulu, Paris, Manila.

1941-1945. Single sideband equip t built by
Western Electric extensively used by Armed Forces, as
well as government agencies.

1945-1948. Many more Western Electric single side-
band radio systems put in service throughout the world.

G#/--> NEWEST IN SINGLE SIDEBAND

the economical, low-power LE System

ETEST development in single sideband is the com-
pact, low-power Western Electric LE System. Like
the higher-powered LC now in wide use, the new LE is
built to Bell System specifications for operation with a

minimum of maintenance.

The LE System consists of three self-contained units:
transmitter, receiver and control terminal. New elec-
tronic speech privacy equipment is incorporated into
transmitter and receiver.

With the LE System, the Bell System now makes use
of the demonstrated advantages of single sideband in
the field of medium-distance radiotelephony.

~QUALITY COUNTS -

LE-T1 Transmitter LE-R1 Receiver B4 Control Terminal

LE Single Sideband equipment is distributed outside the U.S., Canada
and Newfoundland by Westrex Corp., 111 Eighth Ave., New York, N. Y.

Western Eleclric

Manufacturing unit of the Bell System and the

nation’s largest producer of communications equipment.




Make it MALLORY...and Make SURE

.....................

Types and sizes vary,

but standards

of quality never!

YOU don’t need more than an elementary knowledge of vitreous
enamel resistors to know that if they’re conservatively rated to
withstand severe overloads .. .if they’re solidly constructed and
strongly resistant to moisture, fumes and heat . . . if they’re more
reliable, more accurate and have a better appearance than the
average . . . they're the kind of resistors you want. Mallory resistors
are that kind, and that’s why you’ll find them in so many communi-
cations, industrial and laboratory applications, or whenever depend-
ability is essential.

The Mallory line includes a large variety of standard fixed tab, adjust-
able and ferrule types. There are many different sizes and wattage
ratings available, but the emphasis always is on premium quality.
Write for our Engineering Data Folder giving full information, in-
cluding charts and photographs, on all Mallory Vitreous
Enamel Resistors.

M MLYN RESISTORS

(FIXED AND VARIABLE)

P. R. MALLORY & CO., Inc., INDIANAPOLIS 6, INDIANA
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“i» announces
a new thin 3%

panel instrument

W)y

RULL /Iu,/
> 30 i
Sy 40 %)

better readability 50

D-C AMPERES

ENERAL €2 ELECTRIC @

improved performance

New Styling For Better Readability

The New DO-71 Panel Instruments are easy to read—correctly—because they have

been designed specifically for that purpose. This new design has also resulted in a

smooth, modern, appearance. Take a look at these features to see how these instru-

ments will improve the appearance of your panels and at the same time assure you of
easier more accurate readings:

® Llance type pointer for rapid, precise reading. ® Absence of arc lines make scale divisions stand out by
themselves. @ Simplified scale layout for improved readability. ® Numerals shaped and sized for greater

legibility.

New Engineering For Improved Performance

A new high in performance and readability has been achieved by the engineering
advances in the DO-71 Panel Instruments. Depth behind the panel has been reduced
p to less than 1 inch. The use of high-strength Alnico magnets results in high torque,
N good damping, and quick response. This allows the use of larger radius pivots, giving
. the instrument a greater sturdiness. The large clearance between stationary and moving
parts helps assure years of trouble-free performance. And, all main components are
rugged integral units which mean fewer repairs and less servicing.

Now is the time to improve the quality and appearance of your products by the in-
= <\ >, corporation of these new panel instruments. And, you can do it right now, because the
DO-71 line is in full production for quick delivery. Contact your nearest G-E Sales
Office, or Apparatus Dept., General Electric Company, Schenectady 5, N. Y.

GENERAL {© ELECTRIC

602122
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How Beltone uses Centralab’s
“Printed Electronic Circuit’ to design

and manufacture the

“world’s smallest hearing aid”

PROBLEM: SOLUTION: RESULT:

How to overcome size and weight lim-
itations of ordinary elecironic compo-
nents and design a smaller, lighter
Beltone hearing aid.

Using Centralab's ‘‘Printed Electronic
Circuit'’, 45 parts, including capacitors
and resistors, have been combined
into one compact chassis.

The new, vastly improved 1948 Bel-
tone Hearing Aid—smaller and lighter
with improved performance and im-
portant production savings,

Models courtesy of Beltone Hearing Aid Co., Chicago

*Centralab’s “Printed Electronic Circuit”
— Industry’s newest method for
improving design and manufacturing efficiency!

FOR USE where miniature size is of the utmost importance, nothing
has ever been offered to manufacturers of electronic equipment
which combines ruggedness, dependability and resistance to humidity
and moisture in such a small unit package. That's what engineers of
the Beltone Hearing Aid Co., Chicago, say about CRL’s Printed
Electronic Circuit, and that's what you will say when you have seen
and tested this amazing new electronic development.

Integral ceramic construction: Each Printed Electronic Circuit is an
integral assembly of ""Hi-Kap™ capacitors and resistors closely bonded
to a steatite ceramic plate and mutually connected by means of me-
tallic silver paths “printed” on the base plate. All leads are always the
same length, each plate is an exact duplicate of the original or “‘master”,

This outstanding new hearing aid development, illustrated above,
was the product of close cooperation between Centralab and Beltone
engineers, Working with your engineers, Centralab may be able to fit
its Printed Electronic Circuit to your specific needs. Write for complete
information, or get in touch with your nearest Centralab Representative.

Division of GLOBE-UNION INC., Milwaukee

ACTUAL SIZE

REAR VIEW of Beltone PEC unit is shown
above. Note ceramic disc capacitors, “printed”

silver leads and resistors (black paths). See
below for schematic diagram of entire Prinsed
Electronic Circuit,

6A PROCEEDINGS OF THE LR.E

August, 1948



EL-MENCO’S
NEW CM 15

miniature capacitor
9/32” x 1/2” x 3/16”

This tiny capacitor for radio, television and other electronic applications
combines compact design with proven performance. Molded in low-loss bake-
lite the CM 15 is famous for dependability. Impregnated against moisture, it de-
livers at maximum capacity under extreme conditions of temperature and climate.

CM 15 FEATURES

® 500 D.C. working valtage

® 2 to 420 mmf. capacity at 500v. DCA

® 2 10 525 mmf. capacity at 300v. DCA

@ Temperature co-efficient O + 50 parts per million per degree C. for most capacity values

® ¢.dot color coded to Joint Army-Navy Standard Specifications JAN-C-5

SPECIFY EL-MENCO for your product . ..

from the Tom Thumb CM 15 to the CM 40, all El-Menco capacitors give
you — and your product — dependable performance, endurance, and accuracy.
Send for catalog — Specify El-Menco Capacitors.

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

s o ARCO ELECTRONICS 135 Liberty St. New York, N. Y.
gy ) Sole Distributors for Jabbers and Retailers in U. S. and Canada

— 4 - Foreign  Radio and  Electronic

e Manufacturers communicate  direct

i o with our Export Department at

, \ Willimantic, Conn. for information,

MICA TRIMMER

P CAPACITORS

PROCEEDINGS OF THE I.R.E. August, 1948
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OHMITE
ODUMMY

ANTENNA

Two new dummy antenna resistors, designed by
Ohmite, for loading radio transmitters or other
radio frequency sources, now offer improved frequency
characteristics. This results from more effective pro-
portionment of the d-c resistance, residual inductance,
and distributed capacitance.

In the new units, residual inductance and distributed
capacitance are hept to a minimum, making the natural
resonant frequency as high as possible. For all practical
purposes, these dummy antenna resistors may be con-
sidered “non-reactive” within their recommended oper-
ating frequency ranges. To make electrical connections,
two types of terminations are provided, depending

RHEOSTATS « RESISTORS

8A

« TAP SWITCHES

Rugged new Ohinite units consist of special non-inductively
wound, vitreous-enameled resistors connected in parallel and
mounted inside a sturdy, perforated steel cage.

® IMPROVED FREQUENCY
CHARACTERISTICS

® RUGGED VITREOUS-
ENAMELED CONSTRUCTION

upon whether the unit is intended to be used in con-
junction with a coaxial cable or with a parallel trans-
mission line.

Type D-101, 100-watt unit, is stocked in 52, 73, 300,
400, 500, and 600-ohm values; Tvpe D-251, 250-watt unit,
in 52, 73, 300, and 600 ohms. Tol. = 5%. Get complete

information on the new Ohmite Dummy Antenna Re.
sistors.

WRITE FOR BULLETIN 136 TODAY!

OHMITE MANUFACTURING CO.

4861 Flournoy Street Chicago 44, Ill.

58 Bigtr wies OIHIMITE

CHOKES « ATTENUATORS

PROCEEDINGS OF THE IR.E. August, 1948



For AMERICAN BOLEX...g&

AND HERE'S REAL UNIFORMITY

Calibration Inspection slips,

pockaged with each Norwood

Director, show uniform high
accuracy of the product,

Leading photographers, both amateur and professional,
have given this new American Bolex product astonishing
acceptance throughout the nation. This proves that they
were quick to understand the revolutionary light-gathering
Principle of the Director’s unique Photosphere; quick to
appreciate its beauty and compactness of design, its sim-
plicity of operation and its unexcelled accuracy.

Marion alone was chosen to engineer and manufacture
this superb light measuring instrument because of Marion’s
recognized reputation for producing trouble-free meters.

Whether a complete product or a component part of }
your product, Marion ‘‘Special Instruments” offer in-
creased sales appeal. This special Marion service can
give your product real sales advantages over competition.
When you want it engineered to the application and manu-
factured to quality specifications write, wire or telephone. |

THE NAME "MARION’ MEANS THE MOST IN METERS

Write for complete informaticn |

MARION ELECTRICAL INSTRUMENT COMPANY

M ANCHTESTER, NIEW HAMPSHIRE

Export Division, 458 Broadway, New York 13, U. S. A., Cables MORHANEX

IN CANAOA: THE ASTRAL ELECTRIC COMPANY, SCARBORO BLUFFS, ONTAR!O
PROCEEDINGS OF THE ILR.E. August, 1948 0



REVERE PHOSPHOR BRONZES
OFFER MANY ADVANTAGES

1—Plunger guide

2—Thermostat spring

3—Internal lock washers
4—Contact springs

5—External lock washers
6—Operating lever

7—Cap with integral springs in side

8—Retaining spring

9—Countersunk external lock washer
10—Pressure spring for capacitor
11—Five-contact spring

12—Contact spring for radio part

STRENGTH — Resilience — Fatigue Resistance — Corrosion Re-
sistance— Low Coefficient of Friction —Easy Workability—are 13—Pressure spring and terminal

outstanding advantages of Revere Phosphor Bronzes, now avail- 14—Involute spring

. g 15—Contact point for solenoid
able in several different alloys. .
16—Contact springs
T e q —made of Phosphor Bronze strip svpplied
In many cases it is the ability of Phosphor Bronze to resist R
\ 4

repeated reversals of stress that is its most valuable property.

Hence its wide employment for springs, diaphragms, bellows
and similar parts. In addition, its corrosion resistance in com-

bination with high tensile properties render it invaluable in

chemical, sewage disposal, refrigeration, mining, electrical and ”5 5
similar applications. In the form of welding rod, Phosphor

Bronze has many advantages in the welding of copper, brass, COPPER AND BRASS INCORPORATED
steel, iron and the repair of worn or broken machine parts. fodyiiediby PRy Revafe Jub01

. . 230 Park Avenue, New York 17, New York
Revere suggests you investigate the advantages of Revere Phos- Mills: Baltimore, Md.; Chicago, 11l.; Detroit, Mich.;

R New Bedford, Mass.; Rome, N. Y.—Sales Offices m
phor Bronzes in your plant or produc(. Principal Cities, Distributors Everywhere.

10a PROCEEDINGS OF THE I.RE August, 1948



-hp- 204A AUDIO OSCILLATOR

Range:

Distortion: 1%
5 v into 10,000 ohms

Response: Flat within +— 1 db

Output:

Range:
Voltage:
Accuracy:

Input:

Portable, light-weight, completely
hum-free, weather-proofed, designed
for general use where power sources
are not available—that’s the new -bp-
204A Audio Oscillator and 404A
Vacuum Tube Voltmeter. Now —
anywhere, anytime — you can accu-
rately make geophysical, remote
broadcast line, carrier current, strain
gauge, telemetering circuit, telephone
and telegraph, motion picture sound,
marine and aircraft circuit measure-
ments. And in the laboratory, these
instruments make possible completely
hum-free measurements.

-hp- 204A Audio Oscillator

Like other -hp- oscillators, the new
-bp- 204A is easy to use, requires no
zero setting. Tuning is direct or by a
6:1 vernier control. Frequency range
of 2 cps to 20 ke is covered in 4 decade
ranges. Five flashlight and three 45 v
“B” batteries are easily accessible,
mounted in rubber-lined anti-corro-
sien case, balanced for over 60 hours
life. In average use they need be re-
placed only once every three months.

PROCEEDINGS OF THE LR.E.

2 cps to 20 ke

2 cps to 50 ke

.001 to 300 v, 11 ranges
+ 3% to 20 k¢

10 meg., 20 vufd shunt

Entire instrument is mounted in a
welded dural case with splash-proof
cover. All components are instantly
accessible for servicing. Neon on-off
pilot light shows when oscillator is
operating. Size 1015” x 101" x 11"
Weight 24 Ibs.

-hp- 404A Vacuum Tube
Voltmeter

The new -bp- 404A battery voltmeter
is designed for a-c measurements from
2 cps to 50 ke, at voltages from .001
to 300 v. The 404A is modeled after
the -hp- 400A voltmeter, but has 10
times the sensitivity. Input impedance
is high (10 megohms), and accuracy
is within == 3%, 2 cps to 20 ke, = 7%

to 50 kc. The instrument is also useful

PRICE:

$175

- -

7" PRICE:

$185

FOB Pale Alte

as a hum-free amplifier, with stand-
ardized gain up to 60 db. Operation
is virtually independent of battery,
temperature or humidity changes.

A linear meter reads rms sine wave
values, with continuous db readings
from —62 to +52 db. 11 voltage
ranges selected with a single switch;
no other adjustments necessary dur-
ing operation. Neon on-off warning
light, welded dural case, splash-proof
cover. Size 714" x 101/5" x 9”. Weight
14 Ibs. approx.

Early Delivery! Get Full Details!
HEWLETT-PACKARD CO.

1716D Page Mill Road ® Palo Aito, California
Export Agents: Frazar & Hansen, Ltd.
301 Clay Street ® San Francisco, Calif., U.S.A.

Power Supplies
UHF Signal Generators
Frequency Standards

Avudio Signal Generators

August, 1948

Amplifiers
Square Wave Generators
Naise and Distortian Analyzers

Electronic Tachometers Frequency Meters
Avudio Frequency Oscillators  Attenuators
Wave Analyzers Vacuum Tube Voltmeters
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THE NEWEST ENGINEERING...
BASED ON THE OLDEST MATERIALS

Seldom can any material surpass Carbon
and Graphite for practical, economical
solutions to a wide range of mechani-
cal, electrical and chemical problems
involving friction, temperature, corro-
sion, shaft sealing, arcing and similar
factors. For more than a quarter of a
century, Stackpole engineering has spe-
cialized in adapting these oldest, most
basic of all materials to one new engi-

STACKPOLE CARBON COMPANY &

BATTERY CARBONS o BEARING MATERIALS o

neering problem after another—and with
outstanding success.

LET THIS BOOKLET HELP YOU!

Write for your copy of the new Stackpole Carbon-
Graphite Catalog and Data Book 40. Besides
describing hundreds of items regularly produced,
it contains interesting evidence of the amazing ver-
satility of Carbon and Graphite in modern design

and of the unique Stackpole facilities for producing
exactly what is required for a specitic application.

ST. MARYS, PA.

CARBON GRAPHITE SPECIALTIES

BRAZING FURNACE BOATS « BRUSHES FOR ALL ROTATING ELECTRICAL EQUIPMENT

CARBON

AND GRAPHITE CONTACTS o CARBON PILES {VOLTAGE REGULATOR DISCS) o CHEMICAL CARBONS o CLUTCH RINGS o CONTINUOUS CAST.

ING DIES e« DASH POT PLUNGERS

RECTIFIER ANODES e« METAL GRAPHITE CONTACTS o

124

ELECTRIC FURNACE HEATING ELEMENTS o

POWER TUBE ANODES

ING TIPS o SEAL RINGS (FOR GAS OR LIQUID) o SPECIAL MOLDS AND DIES
PASTEURIZATION ELECTRODES

FRICTION SEGMENTS
RAIL BONDING MOLDS

GLASS MOLDS o

¢ WELDING CARBONS, ETC. o ELECTROLYTIC ANODES.

PROCEEDINGS OF THE IR.E.

MERCURY ARC
RESISTANCE WELDING AND BRAZ.

TROLLEY AND PANTOGRAPH SHOES o WATER HEATER AND
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For Quality and Performance Use FR[ED

INSTRUMENTS and COMPONENTS

Available from stock

LOW FREQUENGY ﬂ

in the following in-

ductance values

#1900 100 HY
#1901 75 HY #1904
#1902 50 HY #1905
#1903 25 HY #1906

PROCEEDINGS OF THE LRE. August, 1948

FREQUENCY-CYCLES

10 HY
5 HY
1 HY

FREQUENCY
Narrow band pass filte
control and telemetering ap

and pass and band
jcation

rs for remote
plicuﬂons.

High pass. low pass: b
elimination filters for commun

and carrier systems.

OUTPUT
VOLTAGE

- ]oV

plications usin
9 audi
frequency Sub:arrier:’ and supersonic

13a
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ARNOLD

Specialists and
Leaders in the

Design,

Engineering

and
Manufacture

of
PERMANENT
MAGNETS

Arnold’s business is permanent magnets, exclusively—
a field to which we have contributed much of the
pioneering and development, and in which we have
set peak standards for quality and uniformity of
product.

Our service to users of permanent magnets starts at
the design level and carries on to finish-ground and
tested units, ready for your installation. It embraces
all Alnico grades and other types of permanent magnet
materials—any size or shape—and any magnetic or
mechanical requirement, no matter how exacting.

Let us show you the latest developments in perman-
ent magnets, and how Arnold products can step up
efficiency and reduce costs in your magnet applica-
tions. Call for an Arnold engineer, or check with any
Allegheny Ludlum representative.

+T = ; "’. 50 ':r:‘_l
s oty Sulsidiafeof Siis f
- ALLEGHENY LUDLUM STEEL CORPORATION
147 East Ontario Street, Chicago 11, lllinois

WaD 1100
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MIIATURI}ATION

FOR superior performance in a limited space, the utili-
tarian compactness of Hi1-Q components is sure to meet
your enthusiastic approval. Although HI-Q components
are compact, there is no sacrifice of accuracy, depend-
ability or uniformity. Each com{)onent meets or surpasses
rigid standards for capacity, tolerance and performance.
This compactness is accomplished through application of
up-to-the-minute processing techniques, comLined with
use of highest quality materials and complete control of
?uality throughout all stages of manufacture. Specify Hi-Q
or maximum efficiency i a minimum amount of space.

Plants: FRANKLINVILLE, N. Y.—JESSUP, PA.
Sales Offices: NE'W YORK., PHILADELPHIA, DETROIT, CHICAGO, LOS ANGELES
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/4a¢ A NEW LINE OF

X

ELECTROLYTIC
CAPACITORS

0

WMol

[ 4 [ [
Designed For Television Use N
(for operation up to 450 valts at 85° C.) / P
' / o2

Wth some 7 times as many components in a television receiver / Wo pe
as in the average radio, the possibility of service calls is greatly Co R THY #
increased. The new SPRAGUE ELECTROLYTIC line offers the Fo ANiopn E!
first practical solution to this problem. ELg R THE S N

Designed for dependable operation up to 450 volts at 85° C. TR NE w 1
these new units are ideally suited for television’s severest electro- SP R A Ly T Cs. B
lytic assignments. Every care has been taken to make these new I UE Mo y
capacitors the finest electrolytics available today. Stable operation Us UlA Re lbg D i
is assured even after extended shelf life, because of a new proces- Highyy e vig !
sing technique developed by Sprague research and development gf"-inﬂa,;:' 574 moj 5
engineers, and involving new and substantially increased manu- .,'_’;e’?érive,; i: o e::::l'fesi:um e
facturing facilities. More than ever before your judgment is con- Smay i, ,?p"ario',fd for \.,yo!’c"'fed i
firmed when you SPECIFY SPRAGUE ELECTROLYTICS FOR e Mezza‘ Compierey, O !
TELEVISION AND ALL OTHER EXACTING ELECTROLYTIC "ite for Fpgranically rust? insulzeeq WY
APPLICATIONS! Sprague Electric Company invites your inquiry TN Bulfey,, No. - 8
concerning these new units. - > 2loq 7
SPRAGUE ELECTRIC COMPANY - NORTH ADAMS, MASS. N TR "

=B~ * Koolohm Resistors

ELECTRIC AND ELECTRONIC PROGRESS

P 1 O NTETETR S O F

®Trademarks reg. UL S. Pat. Office
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Approximately
full size

DESIGN engineers already have utilized the
SB-1 for over 10,000 control combinations on cir-
cuits up to 20 amperes at 600 volts a-c or d-c.

Standard parts and a simple basic design mean
longer life and low initial cost. There’s a standard
SB-1 for most jobs. If a standard can’t satisfy,
we’ll build what you want from standard cams,
contacts, and fingers of the basic design.

| A variety of attractive switch handles, and
SB I water-tight, dust-tight, oil-immersed, fabricated-
- metal, or explosion-proof housings are available to

°a’ fit your particular installation problems.
*k it’s the...coNTROL

i Your nearest G-E sales representative will be
AND glad to assist you in the selection of an SB-1. Also,

ask him for a copy of GEA-4746 which gives ad-

I - TRANSFER ditional information about the SB-1, or write to
Apparatus Department, Section 856-6, General

SWITCH Electric Company, Schenectady 5, New York.

GENERAL @) ELECTRIC
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COMPONENTS

Avail
ailable Over Wide Range of Rati
ings

n 5 a RESONANT REACTORS, Oll..-Fll.l.ED,
The extensive experience gained HERMETICALLY

by General Electric in design ond SEALED

service. U vally re-
manufacture of electronic (OMPO Resonant-charging e ervice. Usva Y T2

; 0 quired in rotings of
nents for the Armed Forces is actors, accuratelY 40 kv and pelow, 1

designed and con-

available to builders of commercial ampere ond below

: structed for radar 43 . 4
electronic equipments- in many and 300 henries o

; , pelow. Higher roti
cases the range of available rotings i i elow. Higher FOTne,
o o — B>
is wider than ever before. ‘ W

are being built, and
con be considered.
When required, smoll-
Fort ond medium-size de-

P

» signs con be provided
with 3 10} ronge of
inductance adijustment.

PULSE TRANSFORMERS, OlI.-FII..I..ED,
HERMETICALLY SEALED

Pulse transformers for FILAMENT TRANSFORMERS, OII..-FII..I..ED,

use with either hard- . HERMETICALLY SEALED
tube oOf line-type - ‘

modulotors. Avoilable

in voltoge rotings of : . ’ : 2
10 kv or above. These - ovoilable with or without

units ore idea!l for - tube socket mounted inte-
radar opplications, ’
stepping up °f down,

impedance motching, search work, television ! terminal. LoW capocitance.
phase reversing ond ond numerous specio\
p|ote-current meos- applicotions in and out
urements. AlsO cuitoble of the communications insulated to practically
for nuclear physics re- field.

Filament transformers

grol with the high-voltage

Ratings to motch ony tubes;

any required level.

For pric
e and deli
nearest General Ele:,efy on the above com
ric Apparatus Office or JZOHOHN, write your
ect to General El
ece

GE tric Company, Capacitor Sales Divisions, 16-215, Pinsfield, Mass .
NERAL @) ELECTRIC



Extruded JLS]L]:8 offers you

WDt MAK 140ISTERES V.3 Patin] OPHICE

ECONOMY, SPEEDY DELIVERY, PRODUCTION SAVINGS

Alsimag can be extruded to almost any desired cross-
section. It can then be machined te incorporate addi-
tiona! features before firing. This combination of extru-
ston and machining often permits unusuvally economical
production of components which appear highly complex.
In many instances these components can be designed to
perform severa! functions. The result Is simplified assem-

4 7 1 H Y £E A R

OWE

AMERICAN LAVA CO

bly for you. The single Alsimag component can become
virtually a sub-assembly and the focal point of your as-
sembly operation. Alsimag’s uniformity of dimensions and
of physical characteristics form an id2al base on which to
build a quality product with speed and ecenomy. Our
engineers will be glad to offer cost saving suggestions if
you will submit details of your design and requirements.

By A5 ND'E RTISL NS

ORATION

TENNESSEE

CLIE RELAY M I TG T

CHATTANOOGA 5,

SALES OFFICES: ST. LOWIS, MO, 1123 Washington Ave., Tal: Garieid 4959 o CAMBRIOGE, MASS., 38-B Brattle St., Tel: Kirklsnd 4498 o PHILADELPHIA, PENNA. 1649 N, Bread St., Tel: Stevenson 42823
NEWARK, N. J., 671 Brosd St., Tel: Mchdl 2-8155 o CHICAGO, 9 S. Clinton St., Tel: Central 1721 « SAN FRANCISCO, 153 2nd. St., Tal: Couglas 2464 » LOS ANGELES, 324 N_ San Pecro St., Tel: Mutual 9076
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*SINGLE SIDEBAND SUPPRESSED CARRIER

THE TREND . . . is definitely toward single-
sideband operation. Advantages are obvious.
Elimination of a continuously running carrier
saves power and reduces interference. In fact,
a signal is put on the air only when something
is said.

HOWEVER . . . it does present some problems.
To reproduce voice and music the equipment
must handle high peaks of power even though
the average power is very low. Unlike conven-
tional AM service, where the modulation level
must be held down so that the high peaks will
not exceed available carrier, single-sideband
modulation levels because of the absence of
carrier are unrestricted by peaks and in general
are limited only by the average power an r-f am-
plifier can produce.

TUBES . . . which can handle high peak powers
in excess of normal rating are a natural for single-
sideband work.

EIMAC TETRODES ARE THE ANSWER

REMEMBER . . . the universal use of Eimac tubes
in radar? They were specified because of their
ability to handle high peak power. Now, this abil-
ity enables them to take the lesser requirements
of single-sideband service in stride. Eimac tet-

Follow the Leaders to
L

O

A BE The Power for R~F

rodes handle high peaks because of their inher-
ent ability to take momentary overloads, their
reserve supply of emission, and freedom from
internal insulators.

IT IS FAR EASIER . . . to produce a single-side-
band signal at a low power level. Here again
Eimac tetrodes fill the bill. Because of their high
power-gain, this valuable low-power signal can
be built up from the modulator to high power in
a single amplifier stage.

IN ADDITION . . . the single-sideband driver
must ‘“see’”’ a constant load resistance, and Eimac
tetrodes with their low driving-power require-
ment mean a minimum of swamping action. It
is even possible to run up the screen voltage until
no grid current is drawn and no changing load is
presented to the driver.

DATA AVAILABLE

PICTURED . .. above is the popular 4-65A tet-
rode. A new complete data sheet on it has been
prepared. You will find SSSC ratings and sug-
gestions in it . write today. Other Eimac
tetrodes suited to SSSC application include
4X150A, 4-125A, 4-250A, 4-400A and
the 4-1000A.

EITEL-McCULLOUGH, INC.
199 San Mateo Avenue
San Bruno, California

EXPORT AGENTS: Frazar & Hansen—30l Clay St.—Sen Francisco, Calif.
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PRECISE VOLTAGE REGULATION FOR TESTING RELAYS

Spencer Thermostat Company uses Sorensen
voltage regulators to test their Klixon C-6360
motor starting relay. They say, “‘Sorensen regu-

lators speed up our testing processes by pro-
viding a steady supply of current enabiing us
to turn out a uniform product.”

Model 1000 shown provides full pratection of your

unit against OVER LOAD and OVER VOLTAGE.

Sorensen protects your equipment against over load and
over voltage and at the same time provides regulation of 2/10
of 1% with a minimum of wave distortion and wide input ranges.
Precision Klixons are themselves assembly line tested with Sorensen
regulators. In turn, Klixon units installed in Sorensen equipmert pro-
vide automatic shut-off of the output in case of over load. In prac-
tically all AC and DC units the Heinemann circuit breaker incorporated
into Sorensen regulators insures against over voltage.

Write today and arrange to have o Sorensen engineer analyze

voltage regulation requirements in your plant. He can select a stand-

o of the Sor.,,,'l' ard Sorensen unit from 150 VA to 20 KVA to fit your most exacting
ot “, application,

e ———
SORENSEN

& COMPANY
D ——

SORENSEN & COMPANY, INC,
375 FAIRFIELD AVENUE e STAMFORD, CONNECTICUT
The First Line of Standard Electronic Voltage Regulators
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NEWS and NEW PRODUCTS

August, 1948

High-Potential Neon-
Indicator Voltmeter

Covering a range from 1600 to 15,000
volts a.c., this High-Volt model 500 is in-
tended for testing high-voltage trans-
formers, as those used for oil-burner igni-
tion and gas-discharge display signs, and
also for television and other high-voltage
aelectronic circuits.

In variance to the conventional meter
movement, this new product of Industrial
Devices, Inc., Edgewater, N. J., employs
a neon-lamp indicator.

To operate, the knob is turned until the
neon lamp extinguished, when the voltage
is read directly from the dial.

This instrument is designed for use
only with transformers having one side
grounded, and is not recommended for use
on high-power supplies other than those of
the current-limiting type, except by per-
sons familiar with the technique of high-
voltage measurements and with the neces-
sary precautions taken.

100-kc. to 10-Mc.
RF Oscillator

The type 410-A r.f. oscillator, designed
by Technology Instrument Corp., 1058
Main St., Waltham, Mass, is a general-
purpose laboratory instrument, and signal
source for radio-frequency bridges.

It is provided with an output volt-
meter, a continuously adjustable output-
level control and an output-level switch
which makes it possible to obtain mini-

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

Interlock Switch With
Hold-In Feature

A new interlock door switch designed
for use on high-frequency radio, radar,
X-ray, and television equipment controls
of all types is now being produced by
Micro Switch, Freeport, Ill.

Positive safety is assured by this switch,
as it automatically closes the circuit when
the cabinet door is opened.

In servicing equipment the actuator
may be manually moved to close the cir-
cuit without the danger of forgetting to
return the switch to safe position, as the
next door-closing automatically replaces
the actuator in the normal position. This
eliminates tying down a conventional
switch or putting a jumper across the term-
inals which may be forgotten.

Underwriters’ Laboratories list this
switch at 10 amp., 25 volts, a.c.; 5 amp.,
250 volts, a.c.; 3 amp., 460 volts, a.c.

mum distortion at normal levels, higher
output voltage when a small amount of dis-
tortion is tolerable and a modulated out-
put for signal identification purposes,

The circuit features a stabilized oscil-
lator, a tuned buffer, and a low-impedance
power amplifier.

The frequency range is 100 ke to 10 Mc
in six bands: 100 to 216 kc, 216 to 465 ke,
465 kc to 1 Mc, 1 to 2.16 Mc, 2.16 to 4.65
Mc, 4.65 to 10 Mc.

STABWLIZED O3C
k >
)
-
;?I
:
é L
;

STAB e

TUNED BUPFER

AMPLIFIE®
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New Books

***On a booklet entitled Slide Rule
Short Cuts, written by W. P. Miller, 536
F. St., San Diego 1, Calif, This treatise is
directed mainly toward short cut methods
which are useful to electrical engineers and
radio technicians, who desire to improve
their technique with the slide rule.

It explains clearly and concisely the
“how” and “why” of short-cut methods
that save both time and effort in many
oft-repeated calculations.

Simple rules, which apply to both the C
and CI scales when used against D, elim-
inate any uncertainty as to the location of
the decimal point; this, in itself, is well
worth knowing.

This second edition, priced at $1.50,
may be purchased only from the author at
the address listed above.

Recent Catalogs

* * *For articles of general interest to
those working in the field of radiocactivity
and descriptive literature concerning new
equipment, the April “Tracerlog” by
Tracerlab Inc., 55 Oliver St., Boston 10,
Mass.

* * *On the new 1948 radio replacement
speaker line, Catalog No. 100, with a
simplified parts numbering system, by
Utah Radio Products, Huntington, Ind.

***On points of interest to contract
sheet-metal fabricators, Bulletin 1001, il-
lustrating a number of different types of
parts which are being fabricated by con-
tact shops at lower cost with standard re-
sistance welding equipment, by Progres-~
sive Welder Co., 3050 E. Outer Dr., De-
troit 12, Mich.

* **On many important considerations
relative to the role played by lightning
arresters in radio, police alarm, fire alarm,
railroad signal, telephone and telegraph
circuits, with particular reference to the
advantages of rare gas arresters over other
mediums, by L. S. Brach Mfg. Corp.,
Newark, N. J.

**+*On a 12-page bookletY describing
oscillograph photography with the Fair-
child Oscillo-Record Camera, by Fairchild
Camera and Instrument Corp., 88-06
Van Wyck Blvd,, Jamaica 1, L. I, N. Y.

* * *On a line of standard electronic volt-
age regulators, a color booklet with
schematic drawings, by Sorensen & Co.,
375 Fairfield Ave., Stamford, Conn.

**+On a number of small, compact,
space-saving relays of varied types and
features, with a detailed table to enumer-
ate the specifications of each, by Allied
Control Co., Inc.,, East End Ave., New
York 21, N. Y.

(Continued on page 24A4)
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UHF design or development is a major problem with
you, or...

’ f low-unit manufacturing cost is essential to satisfactorily
o0 o0 meet competition, or...

’f trustworthy, confidential collaboration is a highly
o0 o0 necessary factor...

THEN Lavoie Laboratories can be of invaluable, practical assistance.
We have the Engineering Staff—the shop techniques—and the repu-
tation to satisfactorily meet those requirements.

® We shall be very glad to discuss any phase of UHF work with you. No cost or
obligation involved. A resume of LAVOIE facilities may be had if you will address

us on your letterhead.

Sawoie Soboralorios

RADIO ENGINEERS AND MANUFACTURERS
MORGANVILLE. N. J.

—

ey

@)

Specialists in the Development and Manufacture of UHF Equipment
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Engineers will welcome these

two new additions to the PRESTO

line of superior equipment.

Presto Peak Limiting
A mplifier (Type 114)

ESIGNED to control program peaks,

Type 41A removes the cause of over-
cutting and distortion in recording and
over-modulation in broadcasting. Proper de-
gree of peak limiting permits an appreciable
increase of the average signal with conse-
quent improvement of signal to noise ratio.
Serves simultaneously as a line amplifier;
its 60 db gain adequately compensates for
line losses due to pads, equalizers, etc.

Type 41A. Chassis construction is for vertical mounting in
standard racks. Removable front panel gives access to all
circuits. Meter and selector switch indicate amount of limit-
ing taking place and current readings of all tubes.

Presto Power Amplifier
(Type §94)

FOR recording, or monitoring use, 89A is
the perfect high fidelity, medium power
unit. 25-watt output, it fills the need for an
amplifier between Presto 10-watt and 60-watt
units, All stages are push-pull and sufficient
feedback is provided to produce a low output
impedance and general performance of the
type 807 tubes which is superior to that of
triodes.

Type §94. Chassis construction is for vertical rack mount-
ing. Removable front panel for easy access to all circuits.

Meter and selector switch provide convenient indication of
output level at 1000 cps and current readings of all tubes. ' B Q@)@@
|

FULL SPECIFICATIONS OF THESE TWO NEW RECORDING CORPORATION
Paramus, New Jersey
AMPLIFIERS WILL BE SENT ON REQUEST. Mailing Address: P.O, Box 500, Hackensack, N. J.

In Canada: WALTER P, DOWNS, Ltd., Dominlon Sq. 8idg., Montreal

WORLD’S LARGEST MANUFACTURER OF INSTANTANEOUS SOUND RECORDING EQUIPMENT & DISCS
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PIONEER EQUIPS GROUND *STATIONS WITH
Wilcox Type 378A Package Radio

PACKAGE DESIGN SPEEDS YOUR INSTALLATIONS
The Type 378A is complete from microphone to antenna, ready
for connection to power mains. 1t is designed for aeronautical

VHF ground-air communications at smaller traffic centers.

PROVEN COMPONENTS INSURE QUALITY AND
PERFORMANCE —The Type 305A VHF Receiver and
Type 364A VHF Transmitter (50 watts) are the principal

components of the 378A. Long used separately and
field-tested by leading airlines, these wunits are now

available in package form,

NEW AIDS TO CONVENIENY OPERATION
The telephone handset with its convenient push-to-
talk button, serves as both headphone and micro-
phone, with an auxiliary loudspeaker for incom-
ing calls. The 378A includes desk front, message
rack, and typewriter space —there are no ac-
cessories to be added.

LOCAL OR REMOTE CONTROL—If de-

sired, the control panel can be removed
and the 378A remotely controlled, either
by re-installing the panel at the operat-
ing position or by simple adaptation to
your existing control equipment,

*Pioneer aircroft are also 100X equipped
with the new WILCOX Type 361A
Airborne YHF Communication System.

WILCOX ELECTRIC COMPANY
KANSAS CITY 1, MISSOUR

WILCOX Means Dependable Communication

PWhacte tdddy for complete information
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BENDIX-SCINTILLA

the finest ELECTRICAL CONNECTORS
money can build or buy!

"

AND THE SECRET IS SCI N FLEX!

Bendix-Scintilla* Electrical Connectors are precision-built to
render peak efficiency day-in and day-out even under difficult
operating conditions. The use of “Scinflex” dielectric material,
a new Bendix-Scintilla development of outstanding stability,
makes them vibration-proof, moisture-proof, pressure-tight,
and increases flashover and creepage distances. In temperature
extremes, from —67° F. to +300° F., performance is remark-
able. Dielectric strength is never less than 300 volts per mil.

The contacts, made of the finest materials, carry maximum
currents with the lowest voltage drop known to the industry.
Bendix-Scintilla Connectors have fewer parts than any other
connector on the market—an exclusive feature that means
lower maintenance cost and better performance.
¥REG. U.8. PAT. OFF,
Write our Sales Department for detailed information.

o Molsture-proof, Pressure-tight e Radio Quiet e Single-piece Inserts
e Vibration-proof e Light Weight ¢ High Arc¢ Resistance o
Basy Assembly and Disassembly e Less parts than any other Conneclor

Available in all Standard A.N. Contact Configurations

BENDIX

SCINTILLA

24A

News—New Products

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

(Continued from page 204)

Standards of Very Small
Capacitance Set by
N.B.S.

n

Under the direction of Dr. Charles
Moon a new type of guarded-electrode
capacitor has been designed at the Na-
tional Bureau of Standards to provide pri-
mary standards of capacitance from 0.1
down to 0.001 micromicrofarad. The high-
voltage electrode (E), is held at a fixed
distance from the smaller measuring elec-
trode (f), which is separated by a small gap
from the guard ring (g). Increases in thick-
ness of the additional guard (H), by reduc-
ing the flux to (f), decreases the measured
capacitance to as low values as may be
desired. The measured electrode is ac-
curately centered in the guard ring by
means of a Pyrex-glass collar (J). Capaci-
tance is computed from measurements of
the lengths g, ¢, and d.

The formula for computing the ca-
pacitance was derived by Dr. Chester
Snow of the Bureau on the assumption
that the clearance between the island and
the guard ring 1s infinitely small, that the
edges of the hole in the guard ring are not
rounded, and that the guard ring and
voltage plates extend to infinity.

However, measurements on an experi-
mental model have shown that the clear-
ance between the island and the guard
ring can be as large as several thousandths
of an inch without appreciably altering
capacitance, and that the high-voltage
plate need extend over the edge of the
guard ring for a distance only three or four
times the space between the high-voltage
plate and the ring. Further increase in the
size of the high-voltage electrode has no
measurable effect but is undesirable be-
cause it Increases its ecapacitance to
ground.

Recent Catalogs

***On f.m. limiters and detectors by
Jas. H. Canning, in the April issue of
“Sylvania News,” Technical Section, from
Sylvania Electric Products Inc., P. O. Box
431, Emporium, Pa.

(Continued on page 47A4)
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HOW MANY OF THESE
PRODUCTION PROBLEMS ARE YOURS
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Grades C-4 and L-1 {fabric Laminates)
are equally effective and cost less.
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TAYLOR FIBRE COMPANY
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NORRISTOWN PENNA Offices in Prin al Cities Pacific Coast Plant: L
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RESISTORS that stand Up in TOUGH SERVICE

Fixed resistors are usually rated at ambient fempera-
tures of 40C. But Bradleyunit resistors are rated at
70C ambient temperature. At this high temperature,
Bradleyunits . . . in Y2-watt, 1-watt, and 2-watt ratings

. operate at full rating for 1000 hours with less
than 5% resistance change.

Bradleyunits require no wax impregnation to pass
salt water immersion tests, and have high mechgnical
strength and permanent electrical characteristics.

TYPE J BRADLEYOMETERS Available in all standard R.M.A. values as follows:
in1,2, and 3 section types Y2-watt and 2-watt sizes from 10 ohms to 22 megohms;
For continuously adjustable resistors—in 1, 1-watt size from 2.7 ohms to 22 megohms. We shall
2, or 3 section types—specify Type J Bradley- .
ometers. They meet any resistance-ratatian be glad to send you an A-B resistor chart.
ification , .. and, being solid-molded .
m: ’ife::, ::.;::, d:: ',oez‘:, or .,':,, p:.-.' Allen-Bradley Co., 114 W. Greenfield Ave., Milwau-
nished with line switch if desired. kee 4, Wis.

D
ALLEN-BRADLEY

FIXED & ADJUSTABLE RADIO RESISTORS
LIS
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e core’
g Lrectomies

G.A:F.

/Used chiefly for cores in high frequency magnetic
( ]

fields, G. A. & F. Carbonyl Iron Powders are espe-
cially high in iron content, and free from disturbing
non- ferrous metals. The individual particles are
spherical. Some grades contain agglomerates of
several particles. Microphoto above: Grade TH at
350X. Average particles of this grade have a diameter
of 5 microns.

arbonyl Iron Powders

Percent

[ | | |

Permeedility
1
0-—
I.F and H-F applications of G. A. & F. Carbonyl Iron Powders 30
¢ include: I-F transformer cores, H-F adjusting cores, AM
inductance tuning cores, TV wave trap cores, short-wave A

transmitter tank coil cores, direction finder loop antenna cores,
carrier telephony cores and cups. Photo above: “K-Tran,”
revolutionary top quality I-F transformer, only possible with
cores of G. A. & F. Carbonyl Iron Powder.

penta carbonyl. Decomposed by heat into powdered iron, CO gas. Two
unique results: chemically pure iron penta carbonyl and spherical iron
powder particles, Photo above: Hortonsphere for storing CO under pressure.

l Made by exclusive carbonyl process: CO gas and iron ore form liquid iron

PROCEEDINGS OF THE LR.E. August, 1948

w10 % 10 130

G. A. & F. Carbonyl Iron Powder advantages: Low eddy
current, residual, hysteresis losses (resulting in higher
Q). Excellent temperature and magnetic stability. Sav-
ings (as against air-cored coils) in volume, weight, wire
length. Graph above: the small permeability change due
to temperature of uncompensated toroids of G. A. & F.
Carbonyl Iron Powders, Grades E, TH and SF.

Ask your core manufacturer about Carbonyl Iron
Powders. Or write to:

ANTARA PRODUCTS

444 Madison Avenue
New York 22, N. Y.
Department 83

Carbonyl Iron Powders are an Antara® Product
of General Aniline & Film Corporation

°F



Performance-PLUS
Maintenance— M/NUS

Add hot-dip galvanizing to Blaw-Knox construction, and you've got the
utmost in tower performance with maintenance costs close to zero. Illus-
trated is a new Blaw-Knox Heavy Duty H 40 Tower with “lifetime”
protection of a heavy zinc coating on all members as well as on inside
climbing ladder and Electroforged Grating platforms. Painting to con-
form with CAA regulations is all that is required.

Hot-dip galvanizing is available on Blaw-Knox Antenna Towers of
any height . . . We invite discussion on your plans for future station
umprovement.

BLAW-KNOX DIVISION

of Blaw-Knox Company
2037 Farmers Bank Building ¢ Pittsburgh 22, Pa.

BLAW-ENOX s==xTOWERS
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The solution of filter
network problems, has
been greatly simplified
through the use of
toroidal coils wound on
molybdenum permalloy
cores. Design engineers
have learned to depend
upon them since dis-
covering that only these
toroids possess all the
necessary qualities of a
good high Q" coil.
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Of the 30 different items now
being manufactured, the most
available types now being sup-
plied are:

TveE RANGE
TC-1 Any Ind. up to 10 HYS
TC-2 Any Ind. upto 30 HYS
TC-3 Any Ind. up to 750 MHYS
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Our toroid filters have become a
by-word in every phase of elec-
tronics where only the best results
are acceptable. Toroidal coils
wound on MOLYBDENUM PERM-
ALLOY DUST CORES are the
primary basis for our success in
producing filters unexcelled in per-
formance. We are producing toroi-
dal coil filters which consistently
demonstrate the value of toroidal
coils. These filters cannot be
matched in stability, accuracy and
sharpness by filters made with the
usual laminated type of coil.
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PART NAME APPLICATION INSERTS DIMEN,
1 Bushing Motor Generator None 175"
2 Insulator Electrical Instrument None 318
3 End Seal Thermostat Sheli Stainless Steel ~ 3.75
4 [nsulator Electrical Instrument None 3.00
S Hermetic Seal  Crystal housing Nickel and 0.88
Copper
6 Hermetic Seal  Crystal housing Copper 1.09
7 Insulator Automobile Antenna None 1.06
8 Bushing Ignitron Steel 450
9 Stand-0ff Electronics circuit Brass 0.56
Insulator
10 Panel Television Selector Switch  Silver 1.38
11 Switch Wafer  Television Selector Switch  None 2.3 —
12 Elbow Aircraft ignition Steel and Brass  2.75
13 Lead Transformer Monel 175
14 Insulator Polarizing relay None 1.09
15 Lead through  Oscillator Brass 4.69
block
16 Insulator Telephone Transmitter None 0.88
17 Dual Byshing  Oil Burner Transformer None 3.00
18 Lead Transformer Monel 2.50
19 Actuating Bar  Telephone relay None 1.44
20 Actuating Bar  Telephone relay None 0.78 ~——
21 Spacer Radio vibrator None 0.56
22 Panel Television Selector Switch  None 1.75
23 Spacer Telephone relay None 1.00
24 Spacer Relay None 09N
25 Spacer Telephone relay None 1.00
26 Spacer Telephone relay None 1.00
27 Clamping Plate Telephone relay None 1.00
28 Electrode Level Indicator Brass 113
Mounting
29 Spacer Telephone relay None I
30 Six Terminal  Transformer Monel 1.42
Header
31 Test jack body  High Frequency Circuits ~ Monel 0.75
32 Clamping Plate Telephone relay None 1.00
33 Printed Circuit  Experimental Silver 1.38
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The world’s most modern tube plant ...
RCA, LANCASTER, PA. .

@M ansttor O fé/wfcgée

by automatic mass production at RCA, Lancaster

HE STORY OF LANCASTER focuses dramatically

on an elaborate array of automatic tube machinery
for the mass production of television kinescopes. These
intricate machines were conceived, designed, and built
by RCA engineers as the answer to the problem of
producing the vast quantities of kinescopes, at pro-
gressively lower cost, that are so vital to the rapid
expansion of television.

Today this highly automatic equipment—unique in
the tube manufacturing industry—is turning out better

TUBE DEPARTMENT

NARRISON. N. J.

32A

10-inch kinescopes at the unprecedented rate of more
than one a minute!

Now, in anticipation of television’s continued
growth, RCA is embarked on a million-dollar expan-
sion program at Lancaster that will dowble present
kinescope output . . . another step in RCA’s con-
tinued leadership in the development and manufacture
of high quality tubes at low cost.

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

RADIO CORPORATION of AMERICA
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~John V. L. Hogan

DIRECTOR, 1916-1920, 1932-1936, 1948

John V. L.. Hogan was born in P’hiladelphia, Pa., on
February 14, 1890. From 1906 until 1907 Mr. Hogan
was a laboratory assistant to lLee de Forest in experi-
mental radio telephone and vacuum-tube work, leaving
the following vear to study electrical engineering at the
Shefheld Scientific School. In 1910 he became an elec-
trical engineer on the staff of the National Electric
Signaling Company, where he was associated with Pro-
fessor R. A. Fessenden in a number of research projects.
In 1912 Mr. Hogan supervised the erection of the Bush
Terminal Station in New York Cityv. A year later he was
placed in charge of the test operations between the
Navy’s first high-power station at Arlington, Va., and
the U.S.S. Salem in 1913.

Mr. Hogan was appointed chief research engineer of
the National Electric Signaling Company in 1914, In
1917 the company's name was changed to the Inter-
national Signaling Company, and he was made com-
mercial manager. The following vear he became man-
ager of the company then known as the International
Radio Telegraph Company, leaving in 1921 to become

a consulting radio engineer in New York City. He is
president of Radio Inventions, Inc., and is responsible
for many inventions in the television and facsimile
fields. In 1934 he founded radio station WQXR (then
W2XR), which the New York Times acquired ten
vears later. As president of the Interstate Broadcasting
Company, he still directs the operation of WQXR and
its sister station WQXR-FM.

Mr. Hogan is author of “The Outline of Radio,” and
has been a prolific contributor to radio literature. One
of the three original founders of the Institute, he helped
to combine the Society of Wireless Telegraph Engineers
and the Wireless Institute into the IRE. At the Insti-
tute’s formation in 1912 he was elected to full member-
ship. Three years later he was transferred to Fellow
Grade. Since 1913 he has frequently served as a member
of the Board of Directors. From 1916 until 1919 he
served as Vice-President, and he was elected President
of the Institute in 1920. Mr. Hogan has also been
Chairman of a number of Institute Committees, includ-
ing Membership, Publicity, and Standardization.
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Invention—often born of urgent necessity, and itself the parent of progress—is here analyzed in
an inspiring guest editorial. This has been written by a pioncer radio worker who himself has con-
tributed major novel thoughts and methods to the communications field. As a Fellow of the Insti-
tute, a recipient of its Medal of Honor, a former Chairman of its New York Section, and a member
of the Bell Telephone Laboratories, the writer of this editorial has offered guidance and a stimulus
to enthusiasm among the rcaders of these PRoCEEDINGS.—The Editor

! B R _ N . |

Invention

LLOYD ESFENSCHIED

Radio and clectronics are good examples of industries that have arisen out of scientific discovery through the act
of invention, and that in turn have stimulated the further acquiring of knowledge.

Invention is a rather broad term. Generally, today in technology we mean approximately what the Patent Office
tells us invention is: namely, something that is original in the sense of being not ordinarily arrived at, and that isuseful,
.\ patentable invention is not the original idea per se, but the embodiment of it in a device or method that is useful.

In the approach to invention, the lead or major motivation may be from either or both of two directions: it may
come from the discovery of a new phenomenon or a new material so radically different as to give unexpected results,
whercupon one seeks useful cinbodiments of the principle. Or the lead may come from a problem or need (hence the
familiar adage that necessity is the mother of invention). One then searches the realm of physical knowledge to find a
phenomenon or arrangement that can be adapted in a novel way to serve the purpose. If the combination of means
and application involve ingenuity, originality beyond the ordinary, then an invention has been made.

Frequently the desire is present, the problem exists, but no means are known for accomplishing the result. Then
one must await the further exploring of research. Often many years clapse before the appropriate discovery is made;
and then, likely as not, it may prove to have come up from a little-expected arca, perhaps from a branch of physics
not previously related to the problem at issue.

In general, the more fundamental inventions are those that flow from the more fundamental physical discoveries.
Thus, electric communications followed naturally after the discovery of clectricity and its properties. One simply
would not have known enough to have wished for this new nmedium in advance, for swift communication purposes, and
then gone out and found it! As it was, from the time that electiic communication was first contemplated until the
time when it could be practically realized took a full century, because many additional discoveries and inventions had
to be made before this subtle force could be harnessed.

Inventive progress seems to proceed as a sort of recurring fecdback action, whereby a given step in knowledge leads
to a step in application, and the additional practice thus brought about calls for more knowledge, and so forth. The
cycle continues in an enlarging spiral until great new sectors of technical knowledge and industry are opened, and
parallel avenues of advance are found to become confluent, opening into still greater territory. Invention is essentially
a growlh process in terms of physical knowledge and means, in analytical and measuring methods, in expectation,
desire, realization, and, in turn, search for still more knowledge.

Thus man acts through physical discovery to produce a new result, feeds that new result back into his experience
in order to be able to climb another rung of Nature’s ladder, and so continues upward. It is a grand phenomenor, as
difficult to understand as it is satisfying to both mind and body. Obviously, inventing itself is inexhaustible. But not
so the inventor, for with advancing years he loses energy, and experiences a degree of technical obsolescence in these
days of rapid advance. Individual inventors come and go, but invention itself, like Tennyson’s Brook, goes on for-
ever. In invention, where there is life there is hope, and in the young men of the dayv there is always much life!
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Distributed Amplification*

EDWARD L. GINZTONY, SENIOR MEMBER, IRE, WILLIAM R. HEWLETT{, FELLOW, IRE,
JOHN H. JASBERGt, ASSOCIATE, IRE, AND JERRE D. NOEt}, STUDENT, IRE

Summary—This paper presents a new principle in wide-band
amplifier design. It is shown that, by an appropriate distribution of
ordinary electron tubes along artificial transmission lines, it is pos-
sible to obtain amplification over much greater bandwidths than
would be possible with ordinary circuits. The ordinary concept of
“maximum bandwidth-gain product” does not apply to this distri-
buted amplifier. The high-frequency limit of the distributed amplifier
appears to be determined by the grid-loading effects.

The distributed amplifier provides means for designing amplifiers
either of the low-pass or band-pass types. The low-pass amplifiers
can be made to have a uniform frequency response from de¢ to fre-
quencies as high as several hundred M¢ using commercially available
tubes.

The general design considerations included in this paper are:
The effect of improper termination of transmission lines; methods for
controlling the frequency response and phase characteristic; the
design which provides the required gain with fewest possible number
of tubes; and a discussion of high-frequency limitations. The noise
factor of the amplifier is evaluated.

Practical amplifiers, designed according to the principles de-
scribed in this paper, have been built and have verified the theo-
retical predictions. Experimental work will be described in a forth-
coming paper.

I. INTRODUCTION
WITH THE EXPANSION of the electronic art,

there has been a steadily increasing demand for

still wider-bandwidth amplifiers. The conven-
tional techniques of cascading amplifier stages have been
explored thoroughly in the recent years, and it has been
shown!=* that there is a maximum “bandwidth-gain
product” for a given tube type, no matter how com-
plex is the coupling system between stages. Aside from
the practical difficulties of attaining this maximum,
this basic limitation determines the maximum band-
width that can be obtained with conventional tubes and
circuits.

The introduction of the traveling-wave concepts*®
has provided a new technique for wide-band amplifica-
tion at microwave frequencies. In principle, it is possible
to build traveling-wave tubes which will amplify low fre-
quencies as well as microwaves; on the other hand, the
traveling-wave tube must be electrically long, and prac-
tical limitations make it improbable that such tubes
will be available for frequencies much below 1000 Mc.

* Decimal classification: R363.4. Original manuscript received by
the Institute, ganuary 5, 1948. Presented, 1948 National IRE Con-
vention, March 23, 1948, New York, N. Y.

t Stanford University, Stanford, Calif.

I Hewlett-Packard Company, Palo Alto, Calif.

! H. A. Wheeler, “Wide-band amplifiers for television,” Proc.
I.R.E., vol. 27, pp. 429438; July, 1939,

* W. W, Hansen, “Maximum gain-bandwidth product in ampli-
fiers,” Jour. Appl. Phys., vol. 16, pp. 528-534; September, 1945,

3 Hendrick W. Bog;, “Network Analysis and Feedback Amplifier
)I%t{ls}%n," D. Van Nostrand Co., Inc., New York, N. Y., 1945, chap.

¢ ]. R. Pierce and L. M. Field, “Traveling-wave tubes,” Proc.
L.R.E., vol. 35, pp. 108-111; February, 1947.

* R. Kompfner, “The traveling-wave tube as amplifier at micro-
waves,” Proc. I.LR.E., vol. 35, pp. 124-128; February, 1947.

To date, no practical solution for extremely broadband
“video” amplifiers has been found.

The distributed amplifier to be described below pro-
vides means for designing amplifiers which have flat
frequency response from low audio frequencies (and dc
if necessary) to frequencies as high as several hundred
Mec. This is accomplished by applying traveling-wave
concepts to the “video” frequency region. By this
method, as will be shown, the conventional restrictions
on bandwidth are completely removed, the high-fre-
quency limit being determined entirely by high-
frequency effects within the tube proper, and not by the
circuit effects outside of the tubes.

It should be pointed out that the basic idea described
in this paper is not new, being first disclosed by Per-
cival.® However, for reasons which are not clear to the
authors, there does not seem to be further discussion of
this idea in the literature. The name “distributed
amplifier” is due to the authors of this paper.

II. Basic PRINCIPLES

It has been shown by Wheeler! and others that the
frequency limit of a conventional video amplifier is de-
termined by a factor which is proportional to the ratio
of the transconductance G, of the tube to the square
root of the product of the input and output capacitances.
Clearly, it does not help matters simply to parallel
tubes; the resulting increase in G. is compensated for
by the corresponding increase in the combined capaci-
tances. The distributed amplifier about to be described
overcomes this difficulty by paralleling the tubes in a
special way, in which the capacitances of the tubes
may be separated while the G, of the tubes may be
added almost without limit and not affect the input or
output impedance of the device. In its simplest form,
this result is achieved by using the tube capacitances as
the shunting elements in an artificial transmission line.

Fig. 1 shows the structure of the distributed amplifier.

B+

Fig. 1—Basic distributed amplifier.

¢ W. S, Percival, British Patent Specification No. 460,562, applied
for, July 24, 1936.
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Between the input terminals /-7 and terminals 2-2 there
is an artificial transmission line, which consists of the
grid-cathode capacitance of the tubes C,, and the in-
ductance between tubes (or sections) L,. Then the char-
acteristic impedance of the grid line is

Zo = 4/2: (1)

If the proper terminating impedance is connected to
terminals 2-2, and if this transmission line is assumed
to be dissipationless, then it can be shown that the
driving-point impedance at terminals 1-1 is independent
of the number of tubes so connected. In a like fashion, a
second transmission line is formed by making use of the
plate-to-cathode capacitances to shunt another set of
coils L,. The impedance of the plate line is similarly inde-
pendent of the number of tubes (sections). Impedances
connected to terminals 3-3 and 4-4 are intended to be
equal to the characteristic impedance of the plate line.
The impedance connected to terminals 2-2 will be called
the grid termination; that connected to terminals 3-3
will be called the reverse termination,; and the impedance
connected to terminals 4-4 will be called the plate ter-
mination. Terminals 4-4 are the output terminals.

The two transmission lines so formed are made (by
design) to have identical velocities of propagation.

A generator connected to the tnput terminals 1-1 will
cause a wave to travel along the grid line. As this wave
arrives at the grids of the distributed tubes, currents will
flow in the plate circuits of the tubes. Each tube will
then send waves in the plate line in both directions. If
the reverse termination is perfect, the waves which
travel to the left in the plate line will be completely ab-
sorbed, and will not contribute to the output signal. The
waves which travel to the right in the plate line all add
in phase, as can be verified by examining the various
possible paths between the input and output terminals.
Thus, the output voltage is directly proportional to the
number of tubes. The net result is that the effective
Gn of this distributed “stage” may be increased to any
desired limit. Thus, no matter how low the gain of
each tube (section) is (even if it is less than unity), as
long as the gain per section is greater than the transmis-

Fig. 2—Two-stage distributed amplifier, having n tubes per stage.

Ginzton, Hewlett, Jasberg, and Noe: Distributed Amplification
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sion-line loss of the section, the signal in the plate line
will increase and can be made to be as large as one de-
sires by merely using a sufficient number of tubes.

When sufficient gain has been accumulated in one
distributed-amplifier stage, then such stages can be cas-
caded in the normal manner as shown in Fig. 2.

III. CASCADING OF STAGES

It can be easily shown that there is an optimum
method of dividing the tubes into groups. Appendix I
shows that the least number of tubes that is required to
produce a desired total gain G results when each stage?
has a gain of € (the Naperian logarithmic base, equal to
2.72). Each such stage has »n sections, and the stages
are cascaded m times. Thus, there are mn tubes in such
an 'amplifier.

If a total gain G is required, then the number of cas-
caded stages that should be used is m (see Appendix I).

m = log.G. (2)

The total number of sections that must be used in each
stage must be large enough to provide a gain of € for the
stage. The number # obviously depends upon the band-
width desired and upon the type of tube to be used. It
is convenient to express the high-frequency figure of
merit of a tube as a bandwidth index frequency'; i.e.,
the maximum bandwidth over which unity gain may be
obtained. The number of sections in each stage will then
be a simple function of the ratio of the desired band-
width to this index frequency. It is

no22 A3)

fo

where

f.=high-frequency cutoff of the amplifier

Gm
=/ C,C,

fo=Wheeler's bandwidth-index frequency=

e=2112.

The number of sections required to produce a gain of ¢
is plotted in Fig. 3 for the case under discussion, and also
for the conventional cascade amplifier. It is evident from
this figure that the distributed amplifier is the only
means available for amplification when the maximum
frequency desired is greater than the bandwidth index
frequency of the tube being used. Further, it is usually
found that it is impractical to achieve much more than
50 per cent of the theoretically available bandwidth with
conventional circuits; this is so because the theoretical
limit requires the use of extremely complex coupling
circuits, which can hardly be considered practical and

7 The following nomenclature will be used in this paper: Each
clectron tube with its section of transmission line will be called a
section; the gain of the section will be called 4,. # such sections form
a stage, with a gain 4. When such stages are cascaded in the conven-
tional manner, they are called cascaded stages, with a gain G.
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which increase the stray capacitance to ground. This is
not the case in the distributed amplifier.

The basic ideas presented in the above discussion
were in terms of the low-pass filter structure. It is obvi-
ous that the principle is equally applicable to band-pass
filters. The distributed amplifier can be made to operate
even in cascaded form at frequencies down to dc by
utilizing well-known dc amplifier techniques.®
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Fig. 3—Number of tubes required to produce a gain of ¢in cascaded
and in distributed amplifiers.

IV. FREQUENCY-RESPONSE CHARACTERISTICS

The following discussion of the frequency-response
characteristics of the distributed amplifier will be car-
ried out in terms of the low-pass structure of the type
shown in Figs. 1 and 2. Several of the equations below
are of a general type, however, and only simple modifica-
tions need to be made to make the analysis applicable
to other possible structures.

The voltage gain of the amplifier consisting of # sec-
tions per stage and m cascaded stages is

G ™
-\ ZunuZoe
2

where the symbols are, as before,
G =total gain
Z» =characteristic impedance of the plate line
Zo =characteristic impedance of the grid line.
For the case shown in Figs. 1 and 2, and assuming that
the two transmission lines are identical,

;=

)

’, ”y R -
o =Zp= ) (3)
V= a2
where
Ay = f
Afp = —
I
1
B wfl

8 E. L. Ginzton, “D-c amplifier design technique,” Electronics,
vol. 17, pp. 98-102; March, 1944,
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[ = frequency
fo = cutoff frequency of the transmission lines.

Under these conditions, the gain of the distributed
amplifier becomes

I: 1sm
L2

The second factor of this equation shows that the gain of
the simple structures shown in Figs. 1 and 2 will be a
function of frequency. This is due to the fact that the
mid-shunt characteristic impedance of a constant-K
filter section (these lines obviously are constant-K sec-
tions) rises rapidly as the cutoff frequency is ap-
proached. This, in turn, causes the gain of the amplifier
to increase sharply near cutoff, producing a large un
desired peak. In principle, this peak can be equalized,
but this becomes increasingly difficult as the number of
cascade stages increases.

There are cases where the peak at the high-frequency
end is not harmful and may be even beneficial. However,
there are several methods which can be used to eliminate
this peak. Three of these methods are discussed below.

g R] (] . .\'/.-2) mf2 (())

(@) Puaired-Plate or Paired-Grid Connection

Fig. 4 (a) shows a somewhat different arrangement of
electron tubes along the transmission lines from those
previously discussed. The grils of the tubes are still
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Fig. 4—(a) Paired-plate type of distributed amplifier; (b) current
phase relations in paired plate amplifier.

connected periodically along the grid line, but the plates
are paired as shown, with a dummy capacitance being
placed at the point where the plate capacitance is now
missing. This particular arrangement of tubes will be
called the paired-plate connection. It is possible to pair
grids and leave the plates arranged periodically. This is
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called the paired-grid connection. The action of the two
circuits is similar, and only the paired-plate connection
will be discussed below.

The operation of this paired-plate circuit can be un-
derstood by referring to the vector diagram of the plate
currents at the common junction, shown in Fig. 4 (b).
Let 4; be the current in one of the tubes, and 4, the cur-
rent in the other. The phase angle between #; and 7, is
determined by the phase shift hetween the grids of the
two tubes® and is given by

6 = 2sin7! y; )

where x; is the normalized frequency of the section, as
defined above. The resultant current vector is a function
of xi, and is

io = 231 — x2 ()

It is evident that this factor is the reciprocal of the char-
aracteristic-impedance function of the section. Thus,
the voltage developed in the plate line, being the prod-
uct of 7o and Zg,, will be constant over the pass band of
the filter.

By leaving some of the plates unpaired, the gain of
a stage can be made to have a frequency response which
is intermediate between the flat characteristic of the
completely paired stage and the rising characteristics of
the constant-K sections. The control of the degree of rise
in gain is a very valuable feature of this circuit. This in-
crease in gain can be used to compensate for the decrease
in gain which is due to attenuation in the transmission
line at high frequencies.

Since the plate-to-cathode capacitance of most pen-
todes is about one-half of the grid-to-cathode capaci-
tance, the addition of extra capacitance in the plate line
does not reduce materially the design cutoff frequency.

(b) Negative Mutual-Inductance Circuit

The method of improving the frequency response
about to be described is slightly more complicated from
the original design viewpoint, but has several desirable
features which are believed to be of great importance.
The basic connection is shown in Fig. 5 (a), which differs
from Fig. 1 only in that the adjacent coils are wound on

I e fue
2\ Lt
A
L
R
(a) (b) (c)

Fig. 5—(a) Circuit using mutual coupling between coils; () circuit
equivalent to (a) by transformer theory; (c) m-derived filter cir-
cuit equivalent to (a) and (b).

¥ E. A, Guillemin, “Communication Networks,” vol. I, NcGraw-
Hill Book Co., Inc., New York, N. Y., 1935, p. 316.
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the same form and in the same direction, and have a
large coefficient of coupling. Each section can be re-
solved by conventional transformer theory into Fig.
5 (b). By proper design, this can be equated to the usual
m-derived section shown in Fig. 5 (c). If the mutual in-
ductance is negative, as it is in the case being discussed,
the constant m will be greater than unity. This has two
very desirable features. First, m greater than unity leads
to a more linear phase shift through the stage. This be-
comes particularly important if a large number of stages
are to be cascaded. Secondly, m>1 leads to a larger
value of capacitance C than would be called for if con-
stant-K sections were to be used instead. For a given
capacitance C, then, it is possible either to increase the
gain per section for the same bandwidth, or to increase
the bandwidth for the same gain.

Equation (9) shows the grid-to-plate gain, and (10)
the phase shift for a stage with » tubes connected as
shown in Fig. 6. This equation is derived in Appendix II.
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Fig. 6—An n-stage distributed amplifier using mutual coupling
between coils,

RoG .. nmd
G=— 1Y)
20 |mr— (1 — mA)x2 N m? — a2
may,
¢ = Zntan! — — = (10)
\mt— oyt
where
R . (11)
0= T
"fm( [
C.Ry’ (12)
T
14 m* 1 — m?
L=—1L, M =- — Ly (13)
4m> dm?
in which

f»=maximum frequency required with amplitude or
phase tolerance e
K =coverage factor, to be determined from Fig. 9 for
a desired value of tolerance e
xs=f/fo=(f/fw) K normalized frequency function
m = design parameter selected from Fig. 9 for desired e.
T'he time delay through the stage is the derivative of the
phase shift with respect to angular frequency, and is
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ndo

T =—=

dw dxr wo

nd¢ 1

nm?

(14)

- seconds.
[m? — (1 — m)x:2][m? — x2]V2xfo

It is interesting to observe that both the gain and delay
functions are the same except for numerical constants.
Figs. 7 and 8 show the relative gain, time delay, and
phase shift as a function of normalized frequency x; for
four values of m.
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Fig. 7—Relative gain and time delay of amplifier with mutual
coupling versus normalized frequency.
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Fig. 8—Phase shift of amplifier using mutual coupling
versus normalized frequency.
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Fig. 9—Per cent tolerance or phase linearity and per cent
of band covered for amplifier with mutual coupling.
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Fig. 9 is designed to permit the selection of any de-
sired tolerance in either phase or amplitude linearity as
a function of per cent band coverage K over which toler-
ance may be maintained.

(¢) The Bridged-Tee Connection

The third method of equalizing the frequency re-
sponse is by means of the bridged-tee connection shown
in Fig. 10 (a). By simple transformer theory this is
equivalent to the circuits shown in Figs. 10 (b) and 10
(c). Fig. 10 (c) corresponds to a line having mutual
coupling between coils and shunted by an impedance
Z.. If Z. is the capacitance C, and Z; is C,, the tube
capacitance, then, using Fig. 10 (d), the circuit may be

; E 3§ E
(a) b)
| ’;t:;f:“ﬁ .jg,vgf fE;,]_
E A
_ ,.1 - _7%’ —;_gx
(c) @

Fig. 10—Equivalent circuits for bridged-tee connection.

converted into a lattice (Appendix 1II) having the arms

1 L,
4 Cy
Z,= —
Loy 1
g T 5ne )
(15)
1
Zy = — jwl(1 + a) + -
2 Jwl g
where
L,
a=4—-
L,

This lattice is shown in Fig. 10 (e). Its characteristic im-
pedance is
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If C,(14a)/4=C;, this equation is independent of where

frequency and the impedance becomes 1
quency p Ry = K. (20)
' /L _ 7C o fm
Za = "/ C, = Ko (7 The parameters L and C; are given by
If x4 is defined as before, the phase shift § and the time L = 1/2C,R¢? 1 1)
delay 7 per section become 1 -
% c 1/4(1 - k)c (22)
6 = 2 tan™! — - (18 e P Al -
1 — 221 + @) ) 1+ &
26 1 14+ 21 + a) in which &, f., x; are defined previously, but being se-
e e N T , seconds. (19) lected in this case from Fig. 11 (a), which gives e and K
do  wf, [1 = 220 + )]+ x as a function of coefficient of coupling k.

The gain and time delay for a typical case of £ =0.215

The sta in 4 fo ti ill b
e stage gai Ig7aSCCHIONSAWIEEDE are shown in Fig. 11 (b).
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A =n—— " T : V. THE EFFECT OF IMPROPER TERMINATIONS
2 [t=20+ap+x OF LINES
In all of the discussion above, it was assumed that the
:\ ] lines were perfectly terminated. In the first place, it
™~ should be pointed out that, in general, the artificial
100 --\\ lines need to be terminated by proper half-sections and
N resistors equal to the characteristic impedance of the
w© lines. This is done in a conventional way, and will not
\{( be described in detail. In any practical situation, how-
’; w ever, the terminations cannot be perfect; there can be
s N \ oy b reflections from all four sets of terminals. The effect of
3 \ & these reflections may be understood by reference to
(%] . . . . .
e \ 2 Fig. 12 (a), which is a schematic diagram of one stage
i N 20, of a distributed amplifier. It shall be assumed that the
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(b) Fig. 12—(a) Diagram of distributed amplifier showing phase shift
Fig. 11—(a) Coverage and tolerance for bridged-tee amplifier; and reflection from terminations; (b) ratio of signal to reflected
(b) gain ang time delay for bridged-tee amplifier. voltages.
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lines are dissipationless, and that all sections are identi-
cal. Each stage has a phase shift of ¢ degrees, and each
end of each line is terminated by a terminal half-section.
The terminal halt-sections will be assumed to have a
phase shift of 1/2¢ degrees. If a signal e is introduced
into the grid line, then a portion of that signal will be
reflected from the grid termination. If § is the reflection
coefficient, then the reflected wave will have an ampli-
tude de, where 6=(Z,—Z0)/(Z1L+2Zs). For the sake of
simplicity, it will be assumed that secondary reflections
from the input and from the plate termination are
negligible. The reflected voltage e will appear at the
grids of the various tubes and will add vectorially to the
original wave. In a similar fashion, reflections may be
expected from the reverse termination in the plate line.
The net voltage at the output of the distributed ampli-
fier is then a vector sum of all of these voltages. The net
voltage due to reflections alone is

E, = 2.10e5[ei[24+(n-D8] | il2¢+(nt1)9]

4 - 4 29 Cktn-1)¢]

+ - 4 23D (23)

The voltage due to the signal at the output terminals,
neglecting reflections, is

E, = Agene’l¥+(n-Del 24)

where
Ao=amplification per section
e=input signal
n=number of tubes per stage.
The ratio of the reflected voltage to the signal voltage is
then given by (E,/E,), and it is

I, 26 kit
— = — ) eil¥+2ke] (25)
E, n o

= ?ln i e/HHn-D o] (2())

n sin ¢

This equation predicts the importance of the reflections.
The magnitude of this function is plotted in Fig. 12(b)
for n=5 and n=11. It is evident from (26) and from
Fig. 12(b) that the relative magnitude of the reflected
voltages near the center of the band depends upon
(26/n) and that the larger peaks are displaced toward
the edges of the band.

From a practical standpoint, the reflection factor for
low values of ¢, i.e., at the lower frequencies, may be
made nearly zero. The larger peaks as ¢ approaches =
tend to move toward the edges of the useful range of the
amplifier. Furthermore, the concave phase character-
istic of the normal constant-K section will still further
crowd these larger peaks toward the upper end of the
frequency band. It is evident, then, that as the number
of sections % is increased, the seriousness of small mis-
matches is reduced.

The actual output voltage is the vector sum of the
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nominal output signal and the reflected signal. Fig. 13
shows the magnitude of the variations in the output

voltage for n=35 and n=11 when it is assumed that 8 is

26
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Fig. 13—Variations in output voltage.

small compared to 1 and ¢ =y. If ¢ is less than ¢, as is
usually the case, the effect on the curve as shown in Fig.
13 will be to crowd it toward the right and displace it
slightly downward in accordance with (27).

Eoum/z.[1 +2 (ﬁi'»1 (2o .*‘“"”-M)]. @7
2n sin ¢ 2n sin ¢

When the number of sections is small, i.e., less than
four, the value of m in the terminal half-section may be
so selected that the characteristic impedance and the
terminating resistance will be equal (§=0) at a fre-
quency coinciding with one of the maxima of Fig. 12(b).
This will further tend to reduce the reflection effect
from an imperfect termination.

VI. TarereEDp PLATE LINES

In cases where it is desired to operate a distributed
amplifier into a lower impedance than the optimum de-
sign impedance of the plate line, the so-called tapered
line sections in the plate circuit may be used. Referring
to Fig. 14, the first tube operates into a section of line

2y,
. .
= L L A2

Fig. 14—Current distribution in tapered line.

with a characteristic impedance of Z, which is untermi-
nated, and all the plate current 7, will flow down this
section. If the next section has a characteristic imped-
ance 1/2 Z,, there will be a reflected current from this
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discontinuity of —1/3 i, and, in accordance with
Kirchhoff’s taw, a current will flow into the new section
of 4/3 i,. However, the current flowing into this junc-
tion from the second tube will produce a current of 1/3 7,
back down the line exactly cancelling the reflected cur-
rent, and a forward current of 2/3 ¢, which, added to the
forward current of the first tube, will give 2 7, flowing
in the new section. At the next junction, the third sec-
tion should have a characteristic impedance equal to
2/3 of the preceding section, or 1/3 Z,. It is evident,
then, that the output impedance of the line will be
Zo/n, where Zp is the initial impedance and = is the
number of sections per stage. The entire current of the
output tubes may thus be effectively used in the load
without the necessity of half the current flowing in the
load and half the current flowing in the reverse termina-
nation.

VII. High-IFREQUENCY EFFECTS

When an attempt is made to build an amplifier em-
bodying the principles of the distributed amplifier and
operating at frequencies above 100 Mc, the effect of lead
inductance, grid loading, and line loss must be taken
into account.

(a) Incidental Dissipation

It is wel known that series resistance and shunt
conductance will produce attenuation in a filter. Equa-
tion (28) is a good approximation of the effect of such
dissipation. It is to be noted from this equation,®

xk< 1 1 > do
o = —| — + e | | ——
2\Q.  Qu/dxs
G R \ d¢
(D)
2c 2L/ dw
where

a=attenuation in nepers
Q. =the Q of the capacitors
Q1 =the Q of the coils
xi=the normalized frequency function
G =the shunt conductance across the capacitance C
R =the resistance in series with inductance L
¢ = the phase shift of the section in radians,
that dissipation produces an attenuation in the pass
band proportional to the sum of the reciprocals of the
Q's of the coils and capacitors and proportional to the
normalized slope of the phase function times the nor-
malized frequency function xx. As the phase function of
a constant-K section is concave and rises sharply near
cutoff, a marked increase in attenuation will occur near
the cutoff frequency. The advantage of a linear phase
function such as that obtained from sections utilizing
negative mutual impedance is also immediately evident
when considering the effects of incidental dissipation.

(28(a))

(28(h))

10 See p. 447 of footnote reference 9.
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(b) Lead Inductance

Lead inductance in the grid and plate circuits has the
cffect of reducing the cutoff frequency and producing a
peak near cutoff. The use of negative mutual inductance
can completely compensate for this effect. The con-
stants L and A of the negative-mutual-inductance cir-
cuit as previously discussed need to be modified to cor-
rect for the presence of the lead inductance. The foliow-
ing equations are given without proof, and show how L
and A need to be moditied to compensate for the grid
(or plate) lead inductance.

m* 4+ 1
L = (————— - 7) L (29)
im
m* — 1
M = ( + v )L (30)
4m
where
lead inductance
7 - —

L.

The effect of the cathode lead inductance is much
more serious. This inductance, in conjunction with the
grid-to-cathode capacitance, produces an input grid con-
ductance which is equal to

G = GuoL,.

(31)

The effect of this conductance is discussed in the follow-
ing section.

(c) The Lffect of Grid Losses

At high frequencies, there are two sources of grid
loading. One of these was mentioned above, and is due
to currents flowing through the grid-to-cathode capaci-
tance and cathode lead inductance. The second of these
is the transit-time effect, which also produces resistive
loading of the grid circuit. Both of these loading con-
ductances are approximately proportional to frequency
squared. The relative importance of the two effects de-
pends upon the tube geometry.

Thus, at the high frequencies, the input resistance
approaches the characteristic impedance of the grid
line, and the attenuation will rise rapidly. This is shown
in (32) which gives the fractional loss of gain due to a
grid loading conductance of G in terms of the G of the
tube, the gain of the stage 4, and the normalized slope
of the phase function dB/dx:.

Eouw with grid losses A G dB

FEou, without grid losses 4 Gp

dB/dx; is equal to 2/4/1—x,? for a constant-K section,
and is approximately equal to 2 for properly designed
sections with negative mutual inductance. The deriva-
tion for (32) is given in Appendix IV.

u F, E. Terman, “Radio Engineering,” McGraw-Hill Book Co.,
New York, N. Y., 1947; pp. 369-371.
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VIII. Noisg IN DISTRIBUTED AMPLIFIER

There are four sources of noise of basic and unavoid-
able nature that need to be considered in any amplifier
which extends to high frequencies. These are:

(a) Thermal noise in the input impedance.

(b) Shot-effect noise generated by the electron
stream in the electron tubes.

(c) Induced grid noise, which is associated with tran-
sit time effects at the high frequencies.

(d) Thermal noise in the equivalent grid-loading im-
pedance which is developed between the cathode and
grid of an electron tube as a result of grid-to-cathode ca-
pacitance and the cathode lead inductance.

The ideal amplifier would be one in which the only
noise in the output terminal was due to the thermal
noise in the input impedance of the amplifier. The
thermal noise in the input impedance can be used as a
comparison standard and all other noises can be meas-
ured in terms of it.

The manner in which these various noises appear in
the output of the distributed amplifier will be considered
below. The analysis will be carried out for a single-stage
distributed amplifier, shown in Fig. 1.

(a) Thermal Noise

The grid line is terminated with resistances on each
end, and both of these act as generators of thermal noise.
The noise generated in the input termination will cause
a noise voltage to appear at the output terminals in
exactly the same way as if it were a signal. The noise due
to the grid termination produces a noise wave on the
grid line which is amplified by the tubes, the noise sig-
nals adding in the plate line in a way which depends
upon the phase shift per section. The addition of the
noise voltages in the plate line due to the backward-
going wave is the same mathematical problem as was
considered in the case of reflections in Section 1V. Call-
ing the noise power in the output due to the input im-
pedance N, and noise power due to grid termination N,

Nr = total thermal noise output in a band Af cycles
wide at frequency f
Ni+ N,

Z sin n¢ \?
=N0—Oi‘402nz[l+< = ¢):|
AT n sin ¢
where

No=4kTAf watts
k=DBoltzman’s constant
T =temperature of the terminations, °K

Af =bandwidth in cps in which noise is to be meas-

ured

f=frequency

Ao=amplification of each section =GnZ/2
¢ = phase shift per section
n =number of sections per stage.

The first term in (33) is the amplified noise arising in the

(33)
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input impedance. The second term is due to the noise
originating in the grid termination; it can have a value
of unity when ¢ =0, =, etc., but is, in general, smaller
than unity. The functional dependence of this noise
power upon the phase shift per section is identical with
the square of the voltage reflections from the grid ter-
mination shown plotted for =5 and n=11 in Fig.
12(b). As can be seen from (33) and Fig. 12(b), the
thermal noise due to the grid termination is usually
small compared with the noise due to the input imped-
ance. Only at dc and at cutoff do the two terms become
equal.

(b) Shot-Effect Noise

The shot-effect noise is due to the random emission
of electrons from the cathode. The effect of this noise
can be represented by a resistor in the grid circuit which
is assigned a value such that this fictitious resistance
generates as much noise as is actually observed in the
plate circuit of the tube. If the impedance, looking back
from the grid toward the input terminals, can be made
much higher than this noise resistance, then the noise
due to the shot effect will be small compared with the
thermal noise. At low frequencies and in narrow-band
amplifiers, the input impedance can be made high and,
consequently, the shot-effect noise can be made to be
negligible. In wide-band amplifiers, including the dis-
tributed amplifier, the input impedance cannot be made
high, and as a result, the noise generated by the shot ef-
fect cannot be neglected.

However, in the case of the distributed amplifier,
the shot-effect noise can be made negligibly small in
spite of the fact that the grid-to-ground impedance is
not high when compared to the equivalent noise resist-
ance. This can be seen from the following considerations.
Each tube develops random noise current in its plate
circuit independently of the other tubes used in the dis-
tributed amplifier. The noise currents cause voltages to
appear on the plate line, and these voltages add in the
output terminals in a random manner. The random
addition of voltages can be obtained by taking a sum
of the noise power produced by the individual tubes:
thus, if the tubes are alike, the total noise power will be
proportional to the number of tubes. On the other hand,
the signal at the output terminals is proportional to the
number of tubes, and the signal power is proportional
to the number of tubes squared. Hence, the signal to
noise ratio will be proportional to n, where % is the num-
ber of tubes. Thus, by using a sufficient number of sec-
tions, it is possible to make the signal as large as one
desires compared to the shot-effect noise.

The effect of shot noise can be computed in the usual
manner. The following results are given without proof.
The shot-effect noise power N, in the output of the
distributed amplifier is

Req
N, = nNod?

02

(34)
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where A4, is the amplification per section. Thus, for a
given tube and desired bandwidth, Ny, 4o, Req, and Zos
are known constants.

(¢) High-Frequency Noise

The transit-time effects and cathode lead inductance
can both be taken into account by representing them as
shunt resistances from grid to ground in each tube.
Associated with this equivalent resistance there is a
noise, which can be evaluated in a standard manner.!?

The behavior of this noise in the output of the dis-
tributed amplifier is very complicated. In the first place,
the magnitude of the noise is a rapid function of fre-
quency (the noise power per cycle is approximately
proportional to frequency squared). In the second place,
each tube generates noise voltages which propagate in
both direction from the tube. Thus, noise generated by
one tube is amplified by all the other tubes. Moreover,
this amplification depends upon the particular position
of the tube in the distributed amplifier,

Fig. 15 shows a single section of distributed amplifier,
indicating the sources of high-frequency noise. While the
discussion of the relative magnitudes of the two sources
of noise is not within the scope of this paper, it should
be pointed out that both effects are determined by the
geometric factors within the tube itself. For the purpose
of this discussion, it shall be assumed that an equivalent

—l
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Fig. 15—Sources of noise in section (symbols after Terman).

resistance R, and an accompanying voltage can be
found which accounts for the existing noise. If the noise
power that R, can deliver is N7, then it can be shown
that the total noise power N4 due to high-frequency ef-
fects in the output is given by

NrR4AZo?
Na=—i=t

= : 35
Zoa(Zor + 2R4)? (33)

12 See pp. 579-584 of footnote reference 11.
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where P is a constant which depends upon ¢ and 7. Near
dc and near cutoff,

¢—0 or w, and P —»’-

Near midband,

(36)

g nd
¢ ——> and P—>-3—- (37)
Thus, it can be seen that the noise power in the output
due to grid loading effects is proportional to n3, whereas
the signal voltage is proportional to n2. Hence, should
the noise from this source be at all appreciable, increas-
ing the number of stages decreases the signal-to-noise
ratio. However, for reasons having to do with attenua-
tion, this noise is not too important. This will be dis-
cussed below.

(@) The Noise Factor of the Distributed Amplifier
The noise in the output of the amplifier is the sum
of the three noises given above:

Total noise power =thermal noise+ shot noise
+grid-loading noise
or

Newtat = Nr + Ns + Na. (38)

The noise factor N.F. can be defined as the ratio of the

total noise in the output terminals to the noise due to

the input impedance. Thus,

Nr+ Ns+ Na
N,

NF. = (39)

where the notation is as used above. Substituting
values of these terms from (33), (34), and (35), and
simplifying,

i 2
N.F = 1+(smn¢>+

7 sin ¢

1 Req ZOI a
R n o—
4

n Zol RA

(40)

in which it has been assumed that
(1) Zn=2Z, for reasons of simplicity
(2) R4>Zn, for reasons to be explained below
(3) « is a numerical factor, equal to about 5, which
takes into account the experimentally observed
values of noise associated with R,.
It should also be remembered that R4 is a function of
frequency:
1

RAK—'

From (40) it will be seen that noise factor of the ampli-
fier depends upon competing factors of (1/x) and #.
Thus, one would think that there should be an optimum
value of # for minimum noise. Actually, such a choice
would have little physical meaning. In the first place,
R, is a function of frequency; and in the second place,
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if frequency response is to be at all uniform, one must
choose tubes in which Rs>>Zy, at the highest frequency
of interest in order to avoid attenuation. Under these
conditions, the associated high-frequency noise will also
be small. Therefore, by using a sufficient number of sec-
tions, the shot noise can be made neglisibly small and
the resulting noise factor can be made to approach unity
except at low and high frequencies where it approaches
2 due to the noise arising in the grid termination.

IX. Co~cLusIONs

The amplifier described in this paper utilizes the prin-
ciple of distributing amplification in space, and to this
extent bears some relation to the traveling-wave tube.
However, it is basically different in its principle of opera-
tion and in its field of application. It will permit the con-
struction of wide-band amplifiers with top cutoff fre-
quencies far in excess of those previously obtainable by
conventional means. New tubes will undoubtedly be
developed specifically for this application and should be
characterized by good physical separation between grid
and plate terminals, preferably with a ground planc in-
between, to which the screen, cathode, and heater may
be by-passed. The gain versus bandwidth index of such
a tube should be as high as possible, and tubes should
present a minimum of grid loading. Present tubes do,
in part, met these requirements, but it is felt that if
tubes are specifically designed for this purpose, im-
proved performance can be obtained. The techniques
herein outlined, although presented in specific detail,
are capable of much broader applications. It does not
appear necessary to confine the principle of the dis-
tributed amplifier to tetrodes alone but should be ap-
plicable to other types of amplifier tubes, such as veloc-
ity-modulation devices.

Experiments have been conducted which have verified
the predictions given in this paper. For example, a two-
stage amplifier, using seven 6AKS tubes per stage with a
frequency response of essentially 0 to 200 Mc, had a
gain of 18 db. Several such amplifiers will be described
in a forthcoming paper which will present experimental
confirmation of the principles presented here.

APPENDIX |
Gain Relations

Fig. 1 shows the basic circuit of a distributed amplifier
of the low-pass type. The purpose of this Appendix is to
prove the gain relations stated in Sections I1I and 1V,

It will be assumed that it is possible to match imped-
ances between the generator and the grid transmission
line and between stages.

If the voltage that is applied to the grid line is e,
then the current that will flow in each plate circuit will
be eGn. The impedance that appears between the plate
and cathode of each tube is Zg2/2. Thus, the voltage de-
veloped by a single tube is eéGnZoz/2. Hence, the gain of
the stage is

PROCEEDINGS OF TIIE L.RE.

Aungust

Il(; mZ 02

2

(31)

However, if such stages are to be cascaded, then, in gen-
eral, a transformer must be provided to match the plate
line to the grid line of the next stage. Thus, the voltage
at the grid of thé next stage will be neGnZo2/2- 7/ Z 0/ Z a.
Hence, the gain of a single stage measured from grid line
to grid line is
nGom
l = 2 \/ZozZm. (42)

If such stages are cascaded m times, then the resultant
gain of the cascaded stages will be

m

nCop
G=.1"= 3 \ZoZoa ).

(#3)

This is (4), given in Section 1V.

One can now make use of the fact that Zo and Zog.
are not really independent variables. More fundamen-
tal parameters are: grid-to-cathode capacitance C,,
plate-to-cathode capacitance C,, and the desired cutoff
frequency f.. Using these, the characteristic impedance
of the transmission lines can be written in terms of f.,
C,, and C,. It then follows that

n G

= 2_fc oo .

(+4)

Wheeler’s bandwidth index frequency f, was defined in
Section I11. Using this definition, (43) and (44) become

A =mn 21;: (45)
(o Sy
G = <n- 2/£) . (46)

The total number of electron tubes in a cascaded
amplifier is N=mmn. It is desired to determine the least
number of tubes required to produce a given gain. This
can be done as follows:

If the gain per stage is

Gim = oo (47)
2
solving for n,
2f,
n = —f—(}”"'.
Jo
Hence,
2f,
= mGH ™. . (48)

0

Differentiating (48) with respect to m and setting the
resultant to zero, one finds that the smallest N is ob-
tained when

m = log.G. (49)
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From this and (47), it follows that the corresponding
number of sections per stage # is

2ife

n = €
fo
This is (3) given in Section I11. From (49), it follows
that, for optimum utilization of tubes, the gain of each
stage should be e.

(50)

AppeNpix 11
Negative Mutual-Inductance Connection

If m-derived coupling sections are to be used as
shown in Fig. 16, it is necessary to calculate the transfer
characteristic; i.e., voltage developed per section of
plate line per volt in grid line.

'
Fmly FMly Fmby $mly
2
I-m
am Lx l’
éo Il Z. €
— mCy
[

Fig. 16—Negative mutual-inductance connection and symbols.

The grid-drive voltage e, is given by,

. . 1 eo : -
e = (i1 = i)~ = o (1 — H) - (51)
joCy  Zo JuCrm
where
Zo = Ro\/l _'x_m—2, X = WfRo(‘;; (52)
;_mme‘ Ml
Fig. 17—Equivalent plate circuit of the negative
mutual-inductance connection.
and
M
6 = 2tan~! —
A% 1 - xm2
the phase shift per section of line, but
) 29M X
(1 - é_"’o) = '*—:Tji_ . .
V1 — 2.2+ jmx,,
or
e, 1 1 mX
YA tan™! ————— (53)

6o 1—xn2 V1= (1—mD)x,?
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The voltage developed per section of plate line may
be readily calculated from the reidrawn plate circuit
shown in Fig. 17.

2y 1
) 2 jem(C,
E=1, —
1 Zo L
— t Tt e
Jom('y 2 Am
mx,,
1,Ro My,
= ‘ Z —tan! 34
2 vV1i—(1—=mHx,? V= xRt
but
ip = €.
Thus the transfer characteristic is given by
E GwRo 1 / 0. (55
o : — 8. (55
o 2 V1= Rl —= (1 = mY)xt)
The delay per section 7 is given by
de de 1
P = = .
do dx, w.
2 m

:c :/i — x21 = (1 — m¥)x,?]

Equating the physical structure against the desired
structure as shown in Fig. 18, it is evident that

m?— 1 m?24 1
M= LL, = Lk, C,, = ka. (57)
dm dm
-M
/\\ L+M L+M
—00
L L
-M
_ ‘ —
Cq = G
N R
(a) (b) (c)

Fig. 18—Negative mutual inductance connection and
its m-derived equivalents.

In a normal constant-k section not m-derived,

yi = 7fRoCi = wfRoC,. (58)
In the above m-derived structure,
C,, X
Y = mfRCr = wfRo — = - (59)
m m

Then substituting vm=xx/m in the equations for
amplitude response, phase shift, and phase delay so
that the results may be compared to constant-k opera-
tion, it is found that,
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2 Za
E = GaRy S A:n__z v ‘2—21 — 8; (60) [1 ol /‘/’Z— 7
2 — —_— a
€o 2 [m (1 m )xk ] m Xk ¥y = log. ! b = 2 tanh! /‘/__’ (64)
» mag 1) Ll _ E: VA
0 = 2 tan \_/—m2 0 7
3
o RS m 62) but when B
wfe [m* — (1 — mH)xd]V/m? — x2 7. A
. . Co(1 4+ a) = 4Cy, 1/ =
where f, in (62) is equal to Zs 1 — (1 + o)

1
; TRC,

fc

ApPENDIX 111
The Bridged-Tee Connection

The bridged-tee structure shown in Fig. 19(a) may,
by Bartlett’s bisection theorem,!® be equated to the lat-

(a)

< BN --S.

(b) (c)
Fig. 19—Bridged-tee connection and symbols.

tice section shown in Fig. 19(c). The characteristic im-
pedance Z, is, however, given by

. 5
/ 1 — w? 1C2(1+a)

z-vzzi- Y & !
PV C 1 — oL,

(63)

where

«1

If C.(1 +a) =4GC,, Z, is independent of frequency and
equal to v/L,/C..
The propagation function v of a lattice is defined as

1 Bartlett’s bisection theorem states that any symmetrical net-
work may be represented by an equivalent lattice network in which
one arm of the lattice is equal to the bisected symmetrical section
open-circuited on the bisected end and the other arm of the lattice
is equal to the bisected symmetrical section short-circuited.

where x, is defined as before as nfR,C,, recognizing that
CzE C‘,.

As \/Z,/Z, is always imaginary, the propagation
function v is imaginary and thus represents only a phase
shift with no attenuation, i.e., an all-pass section. The
phase shift 6 is then

Xk
6 =2tan!- ———— 65
1 - xk2(l + a) ( )
and the delay 7 is
do 1 1+ 2(1 + «
=— = ( ) —- seconds.  (66)

dw 1rfc [1 - xk2(l + a)]2 + xk2

The grid drive is calculated in the same fashion as
in Appendix II with the exception that part of the input

Fig. 20--Bridged-tee current connection.

current flows in the bridging arm as shown in Fig. 20.
Thus, the net current through the capacitors is

(B1 = 45) — (2 — ia) = (31 — i)

And so
T |

e, = (i) — 12)-].“’(:2 (67)
or

o e (68)

e jwCoZ
or
2 1 - . Xk
;04_’\/F[1—-'xk2(1-{-—a)]»2+x:2 B i—xﬁ(l;{-_a)‘ (69)

The voltage developed per section of plate line may



1948

be readily calculated from the redrawn plate circuit
shown in Fig. 21. As no voltage difference exists across

Le L
Z

. ol
L i

IFig. 21—LEquivalent plate circuit of the bridged-tee connection.

the two ends of the bridging arm due to the current 7,
it may be omitted, allowing the series arms and termi-
nating resistors to be combined in parallel. Thus,

Zy 1
2 juC
E=i, I
20 1l un(te)
2 juC, 4 T
=i,,Ro o _1_ B
2 V[1=x2(14a) ]2+ a2 1—2.2(14-a)
but
ip = eGm. (70)
Thus, the transfer characteristic is given by
€o 2 1= x2(1 4+ a)]2 4+ x )

Equating the physical structure against the desired
structure as shown in Fig. 22, it is evident that L+ M
=4L, and — M =L,. Therefore,

L=1LyJ24Ly= L1/2<1 + %) as Ly = al./4,

G c'
il -
LM L+M Y e
-M Ly
T T

Fig. 22—Bridged-tee connection and its equivalents.

the coefficient of coupling & is

) (72)
or

(73)
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14a 14 1/1—-%
& =& S ~—<—)c,. (74)
4 4 4 \1+4+ %
Thus, the transfer characteristic may be given as,
L GwRy 1
_—_ — £ — 0 (75)
€o 2 1— % &
|:l - '3< ):I + x*
1+ %
6 = 2 tan-! o (76)
= Ztan ' — = ’ 10
1-%
- <_ )
14+ %
and the delay 7 as,
4 q<1 — k)
x < - =
1 N1+
T=— ———— seconds. (77)

7f. l:k 2
()
14k

From these equations, curves may be plotted as a
function of x; for various values of the design parame-
ter k, the coefficient of coupling.

ArpPENDIX IV
Attenuation Due to Grid Losses

The effect of a shunting conductance G across the
shunt capacitor C will introduce an attenuation per sec-
tion given by

G do
a = —
4xfC dx

(78)

where
6 = the phase shift per section

f. =the cutoff frequency

x,= the normalized frequency function.

If the voltage ¢ is applied to the first section of the
grid line, the output voltage E of an n-section stage will
be given by

GnRy
2
GnRy

2 1 — ¢

G,,.Rm( na)
7% {1 - —
2 2

R, is, however, equal to 1/nf.C, and thus
24 2nf.CA
" GuRy  Gm

E

5 e—(n—l)a]

[1+ e ee..

€

1 — ¢ ne

€

(79)

U

n (80)

where A4 is the stage gain, neglecting losses.
Thus the fractional loss in gain na/2 is given by

na A G do
2 4 Gm dx

(81)
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Modern Single-Sideband Equipment of the Nether-
lands Postals Telephone and Telegraph®

C. T F.

Summary—After an introduction, a short description is given of
the equipment developed before 1940, followed by a survey of the
principles of the modern equipment. The way in which the automatic
tuning in the receiver is accomplished is described in detail. A sum-
mary is given of the advantages of the modern equipment with re-
spect to the earlier art. In an appendix, some theoretical considera-
tions are given with respect to the automatic tuning contro!; par-
ticularly, the conditions for a stable circuit are derived.

INTRODUCTION
SINGLE-SIDEBAND TELEPHONY on the Neth-

erlands long-distance radio transmissions started

in 1933, preparatory work having been carried out
in the years before. Owing to the initiative of the late
N. Koomans and the late W. F. Einthoven, the Postal
and Telecommunication Services of the Netherlands
and the Netherlands East Indies were among those who
first put to commercial use a four-channel single-side-
band system on a commercial link. Apart from many
modifications important from a practical point of view,
the original scheme of the apparatus did not change
until 1940. In 1938, Koomans gave a description of this
equipment.!

After extensive experimental work, carried out during
the occupation of the Netherlands and continued after
the war, the construction of new single-sideband equip-
ment was started. In preparation for commercial pro-
duction, a few prototypes have been constructed at the
PTT laboratories, these equipments being in opera-
tion on the U.S.A.-Netherlands link.

One of the outstanding features of this new equip-
ment, in comparison with the former, is the introduction
of carrier telephone equipment. Moreover, many im-
provements, made in the earlier days and suggested by
the requirements of communication, have been included
from the beginning in our design, thus leading to further
simplicity and efficiency. An extensive use of crystals
in filters and oscillators, the avoidance of switches in
signal circuits, and a different way of accomplishing
automatic tuning control in the recciver are some salient
points in our new apparatus. Special attention has been
paid to the stability of the first oscillators.

As to the t ansmitting part, we shall limit ourselves
to the “premodulator.” In the premodulator, the low-
frequency telephone channels are transformed to a
higher frequency level and are grouped together in their

* Decimal classification: R423.5. Original manuscript received by
the Institute, September 22, 1947,

t Radio Laboratory of the Dutch Postal Telephone and Tele
graph, The Hague, Holland.

! N. Koomans, “Single-sideband telephony applied to the radio
link between the Netherlands and the Netherlands East Indies,”
Proc. I.R.E., vol. 26, pp. 182-207; February, 1938. Discussion,

H. J. J. M. de Bellescize and N. Koomans, Proc. I.R.E., vol. 26,
pp- 1299-1301; October, 1938.
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correct positions. At this point, the energy is still low,
the actual amplification taking place in the “transmit-
ter.” At the transmitting center of Kootwijk, the pre-
modulators are placed in a separate building, the
“studio,” at 1 kilometer from the transmitter buildings.

(GENERAL ADVANTAGES OF THE SINGLE-SIDEBAND
SYSTEM

The general advantages of the single-sideband system
may be summarized as follows: In an AN system, the
energy of the carrier forms a large part of the total radi-
ated energy, whereas, in the single-sideband system, this
carrier and one sideband are eliminated at the trans-
mitter, a local carrier being added again in the receiver.
Consequently, an energy reduction (cr a more econom-
ical use of the energy), a reduction of the bandwidth,
and, by applying a local carrier, a noticeable reduction
of fading is obtained.

In view of the necessity to fix the channels relative to
the local carriers in the receiver, a pilot frequency,
which has a definite position with regard to the sup-
pressed carriers, is transmitted simultaneously.

IForMER EQuipMENT (KOOMANS)

In the premodulator, the low-frequency band of each
channel is modulated on a definite carrier, different for
each channel, after which sclcction of the upper or the
lower band takes place by means of a filter network,
varying in frequency for each channel. The 4 channel is
modulated on 10 kc (cr 7 kc); this modulation is fol-
lowed by selection of the 7- to 10-ke band. The B chan-
nel is modulated on 10 ke (or 13 ke), after which selec-
tion of the 10- to 13-ke band takes place. Similarly, the
modulation frequencies of the C and D channels are 14
and 20 ke, and the frequency bands 14 to 17 ke and
17 to 20 ke. (Fig. 1).

T T 1T 1T T 1 T 1T 711 7 T T T 7T — T T
| | | 1 |
s D e Af__u,;..b_.k__\.p,&-.q —
R . \ \
t__‘_u_,'J,*_{_#.r! +4-4_A1H_J f ~
| '
| 1 | H 1 1 (| T |
1 1
‘; ,',, 4 o m——
1} [}
) { ] | |
] i i | |
51 o 13 14 7 20 FREQUENCY IN fefsec

Fig. 1 -Arrangement of channels in former equipment.

This arrangement of these four channels with a pilot
frequency at 5 or 10 kc and with two channels for
double-tone telegraphy (mark and space), covering in
total the frequency band § to 20 ke, is characteristic
for the “Indies link.” Thi: frequency band is converted
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successively to the band 65 to 80 k¢ and to the band
465 to 480 kc in two steps, the final frequency trans-
formation and the amplification of the energy taking
place in the transmitter.

Testing apparatus for observing the excitation of the
transmitter, the mutual interference, and nonlinear dis-
tortion are provided for.

In the receiver, the high-frequency spectrum, by an
analogous process, is converted to the frequency band
5 to 20 kc and, by means of oscillators of 7, 10, 13, 14,
20 ke, to the low-frequency 4, B, C, and D channels.

In our original equipment, the automatic frequency
control is substantially eclectric; in a discriminator, the
frequency variations of the pilot frequency are con-
verted into voltage variations (+ or — voltage); these
voltage variations operate the second oscillator in the
receiver. This second oscillator contains a reactance
tube coupled to the oscillator tube.

MODERN EQUIPMENT

In the low- and medium-frequency parts of our mod-
ern equipment, carrier telephone equipment, as nor-
mally used by the Netherlands PTT Administration,
has been applied.

Premodulator (Block Diagram, Fig. 2).

The low-frequency band of eack channel is modulated
on 60 ke and the upper band (60.3 to 63.4 kc) is se-

»—{=HEHZH
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having the frequency range of 266 to 286 kc by means
of a (crystal) oscillator, unique for each channel (604x
oscillator).? After this sccond modulation process, the
relative positions of the channels are such as are re-
quired for a particular correspondent (Fig. 8).

By choosing the frequencies of the oscillators prop-
erly, we can, in a simple way, obtain frequency arrange-
ments required by the different correspondents. In our
first equipment, a change in the relative position of the
channels necessitated a change of filters.

A band-pass filter 266 to 286 ke, with high attenua-

o8
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— — —+ 44—t

—
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3000 FREQ,

Fig. 3 —Attenuation curve of a telephone channclin the
premodulator.
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Fig. 2—Premodulator for the single-sideband transmitter.

lected. A low-pass filter, 0 to 2800 cps, confines the
frequency range to the usual “3000-cps” band on
ralio links. This upper band is converted into a band

? In the expression 60+ oscillator, taken from the terminology
of carrier telephony, x is the (suppressed) carrier in the second con-
version process. As there are two ways for converting the 60.3- to
63.4-ke band, we could say in our case: x + 60 oscillator.
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tion, prevents radiation of modulation products outside
this range.

Practice has proved the necessity of transmitting a
given channel band, as formed in the second process (266
to 286 kc), both in the “right” position, in which the
sequence of the channels as transmitted in sense of in-
creasing frequency does not change, and in the “in-
verted” position, in which this sequence is inverted, as
well.
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The output terminals of the premodulator are pro-
vided, so that two transmitters can be operated si-
multaneously (the maximum output voltage is 10 volts
and the impedance of the cable from premodulator to
transmitter is 130 ohms).

In view of correspondents using a different channel
arrangement, a number of 60+x oscillators are avail-
able; the description of our receiver contains a table of
these oscillators.

Fig. 4—Front view of the premodulator.

In a third converter stage, the frequency band is
raised to 1 Mc+10 kc. In view of the foregoing, there
are two crystal oscillators, 724 kc and 1276 kc corre-
sponding with the “right” and the “inverted” position.

Fig. 3 shows the frequency characteristic of one chan-
nel; this curve is determined by the band-pass filter,
60.3 to 63.4 kc, the low-pass filter, 0 to 2800 cps, and
a couple of correction elements compensating the atten-
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uation in the lower frequencies. Between 300 and 2700
cps, such variations are slight. At full modulation of a
channel, the “suppression” of the 60-kc carrier,
achieved in the filter and the balanced modulator (ring-
type modulator), amounts to at least 60 db. The at-
tenuation of the 266- to 286-kc filter at the frequency of
the 60+4x oscillators is better than 85 db. This high order
of attenuation is necessary for an adequate suppres-
sion of the 60+x frequencies in the radiated spec-
trum.

The possibility of using normal double-sideband trans-
missions (AM) is provided for. A frequency of 276 kc
(in single-sideband transmissions used as a pilot) is
modulated by the Heising method. The frequency spec-
trum, 273 to 279 ke, is further raised to 1 Mc by mix-
ing with 724 kc.

The testing apparatus, forming an important part
of the premodulator, permits observation of the linear
and nonlinear distortion of every channel, the degree of
modulation, and the mutual interference of the channels;
deficiencies of premodulator and transmitter can be
measured separately.

The following devices are used:

1. A test “receiver”; in order to observe the mutual
interference and distortion, the spectrum of all chan-
nels can be separated again in this receiver, using the
60 +x oscillators and a set of 60.3- to 63.4-kc filters.

(a) For checking the premodulator, the 1-Mc band
is converted to 276+ 10 kc. Applying the 60+x oscil-
lators already available, each of the set of channels is
converted to 60.3 to 63.4 kc and, after applying 60 kc,
the low frequencies are again obtained.

(b) For checking the transmitter, the high-frequency
band is converted to the 1-Mc band and passed to the
studio. The separation of the channels takes place as
in (a).

rmmm e m e o o
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2. An oscillograph with dc amplifier (cutoff fre-
quency, 1 Mc) measures the rectified antenna current;
for this purpose the transmitter contains a rectifier,
the output of which is fed to the oscillograph. This
arrangement permits a supervision of the excitation of
the final stage. The oscillograph can also be used for a
visual observation of the signal in the different stages of
the premodulator. The time-base frequency can be
varied over a range covering frequencies up to 100 kc.

3. Low-frequency amplifier (with loudspeaker). For
an over-all check, the equipment contains a low-fre-
quency amplifier with loudspeaker; using the arrange-
ment 1(a) or 1(b), the quality of each channel at the
input and at the output terminals of the premodulator
and of the transmitter can be checked.

4. Vacuum-tube voltmeters for measuring peak volt-
ages indicate input and output voltages of the premod-
ulatpr. An important device, not described in detail, is
a wave analyzer for the 1-Mc band, provided with a
crystal filter for 100 kc (bandwidth 100 cps), bring-
ing about the separation of the frequencies in the 1-Mc
band. This instrument, useful for laboratory tests in
the studio, is not a part of the premodulator. A sche-
matic diagram of the premodulator is given in Fig. 2.
Transformation of a channel from the low-frequency
band to a band in the 266- to 286-kc range takes place
in the normal “carrier-terminal equipment.” The car-
rier-terminal apparatus, containing no tubes, com-
prises a low-pass filter, a ring-type modulator (for 60-
kc modulating frequency), a band-pass filter 60.3 to
63.4 kc, and a second modulator (60+x kc modulating
frequency); the absence of tubes permits the use of
carrier terminal equipment in both directions (the “re-
ceiver” direction being used in 1). All four carrier-ter-
minal sets are connected to the band-pass filter 266 to
286 kc.

______ -

Fig. 5—Block schematic wiring diagram of the receiver with carrier mixing.
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Volume Controls. (See Block Diagram, Fig. 2 and Front
iew, Fig. 4.)

For an adjustment of the level of each channel, the
equipment is provided with four volume controls 1, the
level of the channel band being adjusted with a volume
control 2. Independently of 2, volume control 4 con-
trols the amplitude of the pilot frequency, and 3 con-

trols the output voltages to the transmitters.
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variable oscillators. All other oscillators are crystal oscil-
lators. The frequency range 5 to 23.5 Mc is split into a
range of 5 to 13 Mc and 13 to 23.5 Mc. For each range,
the receiver is provided with a high-frequency ampli-
fier. In the lower range, the frequency of the first oscil-
lator is above, and in the higher range it is below the sig-
nal frequency. In both frequency ranges, the second-
oscillator frequency can be taken higher or lower than

Fig. 6—Front view of the single-sideband receiver.

Receiver. (Block Diagram, Fig. 5, and Front 'iew, Fig. 6.)

The receiver consists of a high-frequency, a medium-
frequency, and a low-frequency part. In contrast with
the older types of equipment, automatic tuning control
takes place in the first oscillators, these being the only

the first medium frequency; thus one can receive a cer-
tain channel in the “right” or in the “inverted” ar-
rangement. In this connection, we refer to what was
said of the premodulator.

The first medium frequency is 1.5 Me; the band-
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width of the first medium-frequency amplifier is 20 ke.
In the following mixer stage, conversion to the second
medium-frequency band, 276 £ 10 kc, takes place after
modulation with 1500—276 or 1500+276 kc (second-
oscillator frequencies). Here, cach channel, after modu-
lation with a 67+x oscillator, characteristic for this
channel (Table I), is converted to 60.3 to 63.4 kc and
after modulation with 60 k¢ to the low-frequency
bands; a low-pass filter limits this band to 2800 cps.
These last demodulation processes are carried out in the
“carrier-terminal equipment” consisting of a ring-type
demodulator (60+x kc), a band-pass filter 60.3 to 63.4
ke, a ring-type demodulator (60 kc) and a low-pass
filter. In order to eliminate mutual interference between

TABLE 1

FREQUENCIES OF THE CHANNELS AND THEIR CHARACTERISTIC
60+4x OscILLATORS IN Mc

A-band B-band B-band (displaced) C-band D-band

(273-276) (276-279) (278.25-281.25) (280-283) (283-286)
273 -60 =213 276 —60=216 278.25—060=218.25 280 —60 =220 283 —60 =223
276460 =336 279460 =339 281.25+460 =341.25 283 460 =343 286460 =346

the channels, it is necessary to place a band-pass filter,
266 to 286 ke, before each carrier-terminal set. The in-
put terminals of these filters are connected together (see
Fig. 5).

Fig. 7 shows a low-frequency attenuation curve of a
channel; the variation between 300 and 2700 cps be-
ing negligible. The image discrimination for frequencies
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Fig. 7—Attenunation curve of the terminal (‘(Luipment plus line
repeater with wide-band corrector in the receiver.

> 325 kc is better than 60 db; the attenuation of the
lower frequencies in the transmission band, caused by
the band-pass filter 60.3 to 63.4 ke, is compensated by
correction elements.

As mentioned before, the receiver and the premodu-
lator are provided with a number of 60+ x oscillators; a

special set of these oscillators being available for each
correspondent.

The different volume controls permit an adjustment
of the high frequency, of the first and second medium
frequencies, of the low-frequency amplification, and of
the pilot-frequency amplification. The receiver contains
an amplifier and a loudspeaker for monitoring purposes.

Automatic Tuning Control

The automatic tuning control forms an important
part of the receiver. The purpose of an automatic tun-
ing control is to keep the pilot frequency, and with it
the band of channel frequencies, accurately in their ap-
pointed positions in the 266- to 286-kc band.

A transmitted “pilot frequency,” having a fixed rela-
tive position to the channels, controls the frequency of
the first oscillator. If a change in the pilot frequency
takes place, caused by the transmitter or during its
transmission, the frequency of the first oscillator is anto-
matically changed in such a way that the medium fre-
quencies are maintained.

An electric automatic tuning system, as used in our
older equipment, is quite satisfactory for rapid fre-

DS NIANNX, ... - . A o4 3
T3 276 219 280 283 286kc Fas ] 276 278,23 28125 k¢
(a) (b)

Fig. 8—(a) The position of the channels on the Indies link; (b) the
position of the channels in the so-called “displaced-band” con-
figuration. The different shadings apply to both possibilities with
regard to the position of a specific channel.

quency variations; such a device is not suitable for a
slow variation in one direction. These variations may
not only occur in the transmitter and because of the
ionosphere, but also by temperature changes in the first
oscillator of the receiver. In an electrical system, a regu-
lating voltage (4 or — voltage) produced by the devia-
tion of the pilot frequency from the correct frequency
(in the 266- to 286-kc band), accomplishes the neces-
sary correction of the first oscillator (or second oscil-
lator in our older equipment). The frequency deviation
of the first oscillator is only maintained as long as the
regulating voltage is present; fading in reception may
cause an interruption. Furthermore, the frequency ad-
justment is not complete; a certain difference has to be
maintained for producing the necessary regulating volt-
age. These effects will be more pronounced as the oscil-
lator is detuned more by the regulating voltage.

An electromechanical system produces a change in
frequency by a modification of the mechanical arrange-
ment (self-induction, or capacitance) of the oscillator;
the oscillator obtaining a new equilibrium. A short sur-
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Fig. 9—High-frequency repeater (rear side opened).

vey of the automatic tuning devices in the receiver is
given in the following paragraphs (Fig. 5).

Following the second frequency conversion (266 to
286 kc), the pilot frequency is converted to 60 kc, by
the use of 60+x oscillators. If, as is usual now, the pilot
frequency is 276 kc, these oscillators are 216 or 336 ke,
for the “right” or “inverted” channel arrangement, re-
spectively.

In accordance with the position of the pilot on the
former Indies link on four channels (Fig. 1), an oscil-
lator of 211 kc is provided. The 60-kc pilot, after selec-
tion in a crystal filter (bandwidth 100 cps), amplifica-
tion and limitation, operates a discriminator, convert-
ing the frequency deviations from 60 kc into voltage
variations (4+ or —), these voltages operating a first-
oscillator suppressor grid (Fig. 10). This design was de-
veloped by Prins, engaged inflaboratory work at the
Radio Laboratory of the PTT.

]
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Fig. 10—Block schematic of the first oscillator.

("} REGULATING VOLTAGE
— T 4+

The discriminator contains two crystals (60 kc+20
cps). A change in suppressor-grid potential causes a
change in space charge and, accordingly, a frequency

change. Between the discriminator and the suppressor
grid an RC network is fitted for the purpose of stabiliz-
ing the electrical frequency-adjustment circuit, pre-
venting, at the same time, a rapid fall of the voltage
during fading.

Our mechanical frequency adjustment is essentially
that of the Western Electric single-sideband receiver.34
The 60-kc pilot and a 60-kc stabilized frequency (crys-
tal oscillator) are applied to the grids of four tubes (two
pairs), and each pair is balanced with regard to one of
these frequencies; with regard to the other frequency,
these pairs are shifted 90 degrees. The plate current of
each tube flows through the windings of one of four stator
poles of a motor; a frequency difference produces a
rotating field in a direction depending on the sense of
frequency deviation. As the four grids are biased, the
four poles are in fact magnetized in turn. The rotor con-
sists of a magnetic wheel provided with a number of
teeth (11), not being a multiple of the number of poles;
a magnetized pole will turn the rotor in a position most
suitable to the magnetic flux. The successive magnet-
ization of the poles produces a rotation of the rotor; a
trimmer coupled with the axis of the motor varies the
frequency of the first oscillator.

To avoid large differences in trimmer frequency varia-
tion over the frequency range of one oscillator, coupling
of trimmer and tank capacitances is by means of a net-
work.

3 F. A. Polkinghorn and N. F. Schlaack, “A single sideband short-
wave system for transatlantic telephony,” Proc. 1.R.E., vol. 23, pp.
701-718; July, 193S. ‘

¢ A. A. Roetken, “A single sideband receiver for short-wave tele-
phone service,” Proc. I.LR.E., vol. 26, pp. 1455-1465; December,
1938.
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The tuning capacitors and the trimmer of both oscil- In contrast with an electrical frequency adjustment, the
lators are of the twin type. Thus one tuning knob and frequency difference is completely neutralized.
one motor are sufficient for both first oscillators and
both frequency ranges. In this equipment, the electric
tuning control is designed for control of rapid frequency In'asystem for automatic frequency adjustment, as
variations and the mechanical for the slower variations. in fany feedback circuit, stability or instability may

Stability and Instability in Automatic Tuning Systems

Fig. 11—Rear view of the first oscillator with thermostat and double screening removed.

(This does not mean that a mechanical correction is es-  exist.

sentially “slow.”) The conditions for stability, which must be fulfilled
Frequency difference of the pilot and the 60-kc stand- in the receiver, will be deduced in the theoretical part

ard causes a rotation of the motor and a change of the of this paper.

first-oscillator frequency through the trimmer capacitor. For the purpose of a stabilization of the electrical fre-
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quency adjustment, an RC network is inserted between
the discriminator and the oscillator.

With regard to stability, the lowest value of RC is
determined by the amplification in the circuit and the
delay of the 60-kc filter, the stability of the mechani-
cal adjustment being given by the frequency variation
of the motor for one rotation.

Temperature Control of the First Oscillator (Fig. 11)

In order to minimize the influence of the temperature
on the frequency, the first oscillators, together with a
coupling tube, are placed in a thermostatically con-
trolled oven.

Résumé

The advantages of the newest equipment in com-
parison with the older one may be summarized as fol-
lows:

1. The introduction of normal cable carrier equipment
results, in addition to sharing all experiences already
gained in the development of such equipment, in the
application of one uniform type of filter (60.3 to
63.4 kc) for the formation of the single sideband. A
change in the relative positions of the channels only
involves a change of the 62 +x frequencies.

2. The first and second medium-frequency filters may
be comparatively simple. (In a receiver of the older
type, the filter 465 to 480 kc is a derived type of
filter (with frequency of « attenuation) for a suffi-
cient suppression of image response below 455 kc).

3. By applying electrical and mechanical adjustment,
we take advantage of both systems.

4. The use of crystals in the pilot-frequency network
and in the discriminators makes routine checks of
these important parts superfluous.

5. The first oscillators are stable from an electrical and
a mechanical point of view and are placed in thermo-
statically controlled ovens.

APPENDIX
SoME THEORETICAL CONSIDERATIONS ABOUT
FREQUENCY ADJUSTMENT

[. Electrical Adjustment

w, =1input frequency

wo=oscillator frequency

wy=output frequency

A, =deviation of these magnitudes.

The frequency adjustment may be shown diagramati-
cally according to Fig. 12.

M =modulator. O=oscillator. D =discriminator.

Wy = Wi — Wy Aw, = Adw; — Awy. (N
With w; variable, w, will have to remain as constant as
possible. The operation of the adjusting mechanism may
be represented by

PROCEEDINGS OF TIIE I.R.L.

Aungust

Adwo = mAw,. (2)

From (1) and (2), and because m>>1, it follows that
Awy = ———— =~ — . 3)

Equation (3) gives the degree of control; i.e., the devia-
tion of w, as a result of the deviation of wy. The adjust-
ing mechanism has been considered as being static; this
system, however, which is closed in itself, can, under
certain circumstances, be in an unstable condition. The

Wy We

—.—1 M

Fig. 12

conditions for stability and unstability will now be con-
sidered.

y Stability. The circuit for the adjustment is again
shown in diagram in Fig. 13, with the addition of the
pilot-frequency filter F and an RC network. These ele-

Wi /) Wy
M| =
4
X T
wo | O IIC ) ~ D

Fig. 13

ments play an essential part when considering the fre-
quency fluctuations which can occur in this circuit. It
is supposed that these frequency fluctuations are small
and remain limited to the frequency area of the filter F;
the effect of F on the transmission of these “frequency
waves” is given by a “time delay” 7. This time delay is
determined by d¢/dw in the passing range, wherein
¢ =phase angle between the input and output voltages;
the value of 7 will be estimated.

By applying the Nyquist theorem,® a stability condi-
tion may be obtained in a simple way.

For that, we disconnect the circuit at x and trace the

& R. E. Graham, “Linear servo theory,” Bell Sys. Tech. Jour., vol.
25, pp. 616-651; October, 1946.
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variations of we, while w; is periodically varied with a
frequency w.
From the following equations,

Aw, = Aw; — Awy (1
m e
vV (CR)? + 1

where in (3a) the argument is determined by r and RC
and the modulus by RC, it follows

A(ﬂn — e i(wrrarctyg w('lf)Aw”

(3a)

Awo m

P ————— ¢ i(wrtarctg uCR). (4)
Aw, V(WCR)*+ 1

According to Nyquist, (4) will not contain the point
—1, if plotted in the complex plane as f(w) for a stable
situation.

We can limit ourselves to positive values of w; since
the modulus of the function concerned decreases as w
increases, the Nyquist condition mav be formulated
thus:

If

wt + arctg wCR = m, (5)
then

m
- — 6
V(WCR) + 1 “

Because m>> I, it follows from (5) and (6): wCR>1
and wr=7/2 and, in connection with (6), the stability
condition is

mr ™

RC 2

This condition can also be obtained from the oscilla-
tion equation of the adjustment circuit in Fig. 13.

Supposing that w;=constant, it follows that Aw;=0
and, according to (1), Aw, = —Aw,.

In Fig. 14 the RC network is shown; U; and U, are
the input and output voltages, respectively.

—{——}——
R

U c —]z u,

Fig. 14

I'rom the following equations (Iig. 13),

l’il = KAO);,‘ r = - KA(J)(” r (X)
N K
U., = Ny where in -)\ =m and (V)
. . dU .,
Uw= U, - RC——, (10)
dt
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the oscillation equation follows as
‘lAwo
Awo, = — mAwe, . — RC —} . (an
(” [
Substituting
AOJo = ¢! (12)
vy=a+j8 (12a)

into (11), the two equations (13) will be obtained, after
splitting up into real and imaginary parts, as follows:

14+ aRC = (13a)
me= " sin Br = BRC. (13b)

— me=°" cous Br

The limit of stability, the transition from oscillations
with increasing amplitude to those with decreasing am-
plitude, is given by a=0; because of m>>1, it follows
from (13a): Br =7/2 and, after substitution ‘into (13b),
the stability condition is obtained.

This result was found in 1932; a solution of the tran-
scendent equations (13) by graphical methods is given in
considerations by de Cock Buning,® which have not been
made public. In these, the condition for a nonperiodical
oscillation equation is also laid down. The deduction of
this condition will be indicated briefly.

Substitution of (13bh) into (13a) leads to the equation

RC T RC T
S ]

— In—
tg Br mr sin Bt

=)

(14)

T

and because RC/r is usually big, the following equation
is obtained:

RC
- = In
sin Br mr

Br Br
—In

(15
tg Bt )

From equation (13) the various solutions for 8r can
be obtained. It appears that for In(RC/mt)>1 no solu-
tion for B between 0 and 27 is possible. (Since the solu-
tions for values of 87> 27 imply a large attenuation,
we can limit ourselves to the cases where 87 <2w.)

The condition for a nonperiodical solution is evi-
dently more stringent than the condition for an oscilla-
tion with a decreasing amplitude and is, therefore,

mr mr

In < -1 or
RC RC

<el.

In the newest single-sideband receiver, m =200 and
7 =50 millisecconds and RC=235.

IT. Mechanical Adjustment

A schematic wiring diagram of the mechanical adjust-
ment is shown in Fig. 15.
S.M. =motor for the frequency adjustment
6.=angle of rotating field in motor
6, =angle of rotor in motor.

¢ Unpublished data.
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The following relations exist:

Aw, = Aw; — Awy (16)
doy
= Aw, 17
o (17)
dA de,
2w (18)
dat dt

while the differential equation of the motor is as follows:

dae, LR do,
de? dt

I

+ A4(0-—64) =0 (19)

I'=mass momentum of inertia of the motor

R =coefficient of resistance

A =force of rotating field on the rotor.
For a motor with negligible mass and resistance,
0,-=0,1.

Fig. 15

Stability. When interrupting the circuit at x, it fol-
lows, as in the previous case, from equations (16), (17),
and (18) for a motor without mass and resistance

Awo m
=—¢ i(wr+rl2)_

Aw, w

(20)

Application of the Nyquist theorem, as has been done
in I, gives us the stability condition:

m
—<1

wr+ —==m or
w 2

(21)

In the general case, it follows from (16)-(19) instead
of (20):

Awo m

- g~ $(wrtrtarctg [(wI-4/w)/R))

Aw, wl/R*+ (0] — A jw)?

(22)
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(for I=R=0, equation (22) changes into equation (20).
If R*> A1, in other words, if the resistance element
is sufficiently big to make the motor “nonperiodical,”
the modulus of (22) will decrease with w increasing. The
stability condition may then be derived from

wl — Ajw

wr + 7 4 arctg =7 or
Afw— ol
g wr 7 (23)
and
B ——— 24
VR + (0] — Ajw)? (24)
From (23) and (24) it follows that
R %
mr < — (25)
A cos «r
From (23) it also follows that
™
0 <wr < T; ’ (26)

and if, in (23), I is small with regard to 4/w, tgwr=
A/wR and (25) changes into

wT

mr < —
sin wr

and because of (26),
(27)

Although reliable tests have not yet been carried out, it
seems likely that the suppositions on which equation
(27) is based are fulfilled.

In our case, m~10 and 7 =50 milliseconds.

CONCLUSION

With the exception of a part of the carrier equipment,
the receiver as well as the premodulator have been con-
structed as prototypes at the Radio Laboratories of the
Netherlands PTT.

With regard to the carrier equipment, the Transmis-
sion Laboratories of the PTT have been very helpful
in the design, as well as during the construction.

Of all the contributors, we would like to mention in
particular the engineers van den Berg, Bicknese, and
Verhoef, as well as the technicians Bennink, van
Maanen, Philippens, van der Hoeven, and van Hal.
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Investigations of High-Frequency Echoes’
H. A. HESST

Summary—A method of measurements of high accuracy has
been developed for investigations of telegraph signals from high-
frequency stations. Very exact time-interval measurements were ob-
tained at echo signals on distant high-frequency transmitters within
the frequency range between 10 and 20 Mc, presuming definite
ionospheric conditions which are limited to a few hours daily.
The time interval of a signal circulating completely around the earth
manifests itself as a constant value of 0.13778 seconds. It seems to be
quite independent from the radio frequency used, and further, from
the daily and seasonal conditions; and no changes could be per-
ceived during the course of three years. By the occurrence of the
indirect signals which reach the recording place along the opposite
great-circle path after a measurable time interval later than the direct
signals, exact measurements have been possible on such high-fre-
quency transmitters more than 1000 kilometers away. For these
cases, the errors were +25 kilometers from the true values of the
geographical distances. A strange multiple-path phenomenon oc-
curred on telegraph signals at less-distant stations regarding the prin-
cipal signal, which is split into the signal which arrives first, the so-
called direct signal, and into one or more retarded signals. It has
been found and explained that no exact determination of distances is
possible for transmitting stations which are less than about 1000
kilometers from the recording place. These facts resulted from
numerous measurements made during the years 1941 to 1944, and
further comparnisons of the amplitudes of signals circulating re-
peatedly around the globe caused the assumption of an important law
of nature by which ionospheric high-frequency propagation may be
explained. The theory of a so-called ‘‘sliding-wave propagation”
along an ionospheric limit layer, which is always 204 kilometers above
the earth’s surface, is compared to the opinion considering the oc-
currence of a high-frequency propagation by multiple reflections in
single hops between the ionosphere and the earth’s surface.

I. INTRODUCTION

HE OCCURRENCE of so-called multiple sig-

nals in high-frequency propagation has been

known since 1926. Early investigations were per-
formed in this field by Quaeck and Moegel (Germany),}
Eckersley (England),? and Taylor and Young (United
States).? The results of these scientists did not coincide
in all points. Moegel found values for the measured time
intervals which varied at least 1 per cent from each
other. These results stood in remarkable contrast to
those of the echo-pulse measurements on the ionospheric
layers at vertical incidence, which are marked by strong
daily and seasonal variations. Taylor and Young found
essentially greater deviations of about 5 per cent on the
measured time intervals of the multiple signals. The
results of Moegel, therefore, have been generally
doubted as to their accuracy.

* Decimal classification: R112.4. Original manuscript received
by the Institute, June 3, 1947,

t Schad-Str. 24, 14a-ULM (Donau), Germany.

VE, Quaeck and H. Moegel, “Neues ueber die Ausbreitung von
Kurzwellen,” Jahr. fiir Draht. Teleg., 28,s.177; 1926; “Weitere Mit-
teilungen ueber die Ausbreitung von Kurzwellen,” Jahr. fiir Draht.
Teleg., 30, s. 41; 1927; “Doppel und Mehrfachzeichen bei Kurzwellen,”
Elek. Nach. Tech., 6, 8. 45; 1929,

t T. L. Eckersley, “Short-wave wireless telegraphy,” Jour. I.E.E.
(London), p. 600; 1927.

3 A. H. Taylor and L. C. Young, “Studies of high-frequency radio-
wave propagation,” Proc. I.R.E., vol. 16, pp. 561-578; May, 1928.

A new theory of high-frequency propagation has
been developed by von Schmidt* on the basis of Moegel’s
measurements. At the Institute of Physics in Berlin-
Gatow, measurements of this kind were started in 1941,
under his direction. It was the special purpose of these
investigations to clear up whether the existence of the
earth-round high-frequency signals could be explained
by multiple reflections occurring in single hops between
the ionospheric layers and the earth’s surface, or by a
propagation of a so-called sliding wave along an iono-
spheric limit layer. The first measurements performed
at Gatow in September and October, 1941, with essen-
tially improved apparatus, showed surprising results at
stations from Europe, East Asia, and South America;so
that, for all cases, an exact determination of distances
on such high-frequency stations seemed to be possible
with a high accuracy, if their distances were greater
than 1000 kilometers.

A simple theoretical consideration indicated a much
better and longer echo-activity period on high-frequency
signals at more northern geographical latitudes. There-
fore, it seemed to be necessary to transfer the record-
ing arrangements to a position of a higher geographical
latitude. On December 6, 1941, the transportation of
the apparatus from Berlin-Gatow to Frederikshavn
(Denmark) (geographical position, 57°26’ N, 10°29’E)
began. On December 12, 1941, the arrangements were
completed. On this day, at 0904 Central European
time, the signals of the Japanese commercial station
JUM, Tokyo, on 13,705 kc, were recorded as the first
experiment. The expedition remained at Frederiks-
havn until April 1, 1944, and then was transferred to
Randers (geographical position, 56°31’N, 10°02'E),
where the scientific group remained until January 20,
1945.

II. TECHNICAL EQUIPMENT
Fig. 1 shows the arrangement of the apparatus which
was used to perform the signal investigations at

Aerisl

[

K

Fig. 1-—~Arrangement of the apparatus.

¢ Oswald von Schmidt, “Neue Erklaerung des Kurzwellenumlaufes
um die Erde,” Zeit. fiir Tech. Phys., vol. 17, s. 443; 1936.
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Frederickshavn. R is a normal high-frequency super-
heterodyne receiver (Philips CR 101). The inter-
mediate frequency of this receiver, about 750 ke, goes
to the mixer stage M by way of a small capacitor,
where it combines with the signal from a variable oscil-
lator to form a second if, which could be varied be-
tween 50 and 100 kc according to the kind of photo-
graphic records. This second if was called the “writ-
ing frequency” for the film rolls, and was conducted to
one ray of the two-ray oscillograph 0. On the other ray
of the oscillograph, a 500-cps surveying frequency was
derived from a tuning-fork generator U. An accuracy of
10=7 cycle at this frequency was obtained by a thermo-
stat. The ac sinusoidal curve of the normal frequency
being unsuited for the measurements, it was distorted
by the apparatus K. The peaks, with a distance of 2
milliseconds, allowed a measurement with an accuracy
of 1/100 mm by the microscope. The recording ap-
paratus RK made photographs of the radio signals and
of the normal-frequency peaks on the passing paper-
film rolls with an extremely good reproduction with
regard to the modulation and the amplitudes of the
radio signals. The films generally had a length of 10
meters.

For the measurements at Berlin-Gatow, the 1000-cps
normal frequency of the Physikalische Technische
Reichsanstalt was applied, conducted to Gatow by a
special cable, with an accuracy of 10~ cycle.

Directional antennas were employed for the reception
of the high-frequency signals. The so-called long-wire
antennas® were found most suitable because of their radi-
ation characteristics. Such antennas radiate power in
two opposite directions, which are given approximately
by considering the straight wire as the axis. They were
arranged horizontally to receive the direct and indirect
signals coming from opposite directions.® Four long-
wire antennas, each with a length of 100 meters (5\ on
20 meters wavelength), were employed at Frederikshavn
for the following directions: north to south, southwest
to northeast, east to west, northwest to southeast; and
at Randers for the following directions: south to north,
northeast to northwest, east to west, and southwest to
northeast.

The apparatus used for the recordings of the high-
frequency signals had been improved essentially with
regard to the accuracy of the measurements and the
photographic reproductions as compared with those
used by Moegel during the vears 1927 to 1934. The
following essential improvements had been obtained:

1. The frequency on the oscillograph tube which is re-
sponsible for the reproduction of the radio signals was
raised from 50 to 100 kc. Moegel used a sinusoidal fre-
quency of 1000 ¢ps on a slip-knot oscillograph.

8W. 8. Potter and H. C. Goodman, “More on the practical op-
cration of transmitting antennas,” QST vol. 19, pp. 21-26; April,
1935.

¢ However, a better solution would be to apply V-antenna sys-
tems. This could not be realized because of the greater cost.
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2. The velocity of the paper on the film rolls was
raised from 40 to 400 centimeters per second.

3. The accuracy of the time measurements was in-
creased from 1 to 1/100 per cent.

4. Suitable antenna systems were used for the recep-
tion of the echo signals.

IIl. THE Typres oF THE EcHO SIGNALs AND MATHE-
MATICAL RELATIONS FOR DISTANCE MEASUREMENTS

The signal of a high-frequency transmitter in the fre-
quency range between 10 and 20 Mc may arrive on
two paths from the transmitter to the receiver, either
along the direct great-circle line (called the direct signal),
or along the same great-circle line but in the opposite
direction (called the indirect signal). There are such
signals circulating around the earth. For the case where
the direct signal travels completely around the globe, it
is called the direct circulating signal, and a complete
circuit of the indirect signal is called the indirect circu-
lating signal. There are cases in which a signal circulates
two or three times around the globe. They occur more
scldom, however, and require best conditions for recep-
tion.

An equation can be derived easily from the measured
time intervals on high-frequency signals which enables
an exact determination of the distances of high-fre-
quency stations. There exists the following ratio

lup =015 2d

ti u

where t, is the time of a complete circuit around the
globe (measurable as the time interval between the
direct signal and the direct circulating signal at the
receiving position), f; is the time interval between the
arrival of the direct signal and the indirect signal,
d is the distance between transmitter and receiver
along the earth’s surface, and % is the circuit around the
globe along the earth’s surface.

The earth circuit is #=40,024 kilometers (average
value), and the time interval of a complete circulation
around the earth has been found by many measure-
ments to be the very constant number of 0.137788
second. The following equation may be obtained for the
distance along the earth’s surface:

40,024 (1 h
2 0.137788

[t

) kilometers.

IV. RESULTS OF THE INVESTIGATIONS

a. Definition of the Echo-Activity Period by Systematically
Performed Ionospheric Observations

The first investigations of Quaeck and Moegel during
the years 1926 to 1933 showed that the occurrence and
the intensity of the indirect signals and especially of the
circulating signals depends on daily and seasonal condi-
tions. Even changes extending through several years
had been recognized to be connected with the eleven-
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vear sun-spot cycle. These authors proceeded to the
conclusion that the indirect signals and circulating sig-
nals occurred exclusively during the twilight time. The
twilight girdle surrounding the earth’s globe has been
regarded as the zone of best propagation for such echo
signals.

These conclusions have been confirmed by recent in-
vestigations. Sometimes, however, greater deviations
from the great-circle line of the twilight zone have
been established. In the course of the present investiga-
tions, the occurrence and the relative strength of the
echoes has been recorded for a period of one year at
Frederickshavn, Denmark. Fig. 2 shows the daily
times and the intensity of the echo signals from distant
high-frequency stations in all parts of the world during

several months. The drawn-in curves of the echo
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Fig. 2—Daily and seasonal variations of the echo-activity period.

strength always represent the average value of 15 days.
For each diagram, the one axis shows the relative
strength of the echoes. The other axis contains the time
(Central European time). It can be shown that the echo
activity occurs at difterent times of day; for instance, for
East Asia and South America it is always in the morning
during the winter half-year, and for North America, in
the afternoon. During May, June, July, and August, the
echoes occurred on stations from East Asia and South
America only during the evening. No regular observa-
tions took place between 0000 and 0600 CET. At
these hours, echoes occur generally on North American
stations. Therefore, the data in Fig. 2 cannot be con-
sidered as complete. During May, however, the echo
activity lasted in the morning as well as in the evening
for some hours. Direct signals and indirect circulating
signals have been perceived at stations from East Asia
in the evening, while the indirect circulating signals
were missing completely at stations from South
America and also from North America. Only the direct
signals and the corresponding direct circulating signals
could be observed for these cases.

Systematical investigations took place from May to
August, 1943, during the evening hours on the signals
of the high-frequency stations from East Asia and South
America, examining the results of Moegel which indi-
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cated that the indirect circulating signals should fall oft
during the evening of the summer months and only the
direct signals and the direct circulating signals should be
received. These investigations showed that in more than
80 single cases only the direct signals and the indirect
circulating signals were registered on Japanese stations
during the summer evening, and that the direct signals,
the indirect circulating signals, and the direct circulat-
ing signals were present only in two cases. A determina-
tion of distances was always possible, therefore, during
the summer nights on stations in East Asia. On stations
in Argentina and Brazil, however, only direct signals,
and the corresponding direct circulating signals, could
be recorded. In no case was an indirect circulating
signal ever seen on the film records. On a few records
of North American stations during June, 1943, at about
02400 CET, direct circulating signals were received,
but no indirect circulating signals could be established.
Therefore, no determinations of distances were possible.

b. Ionospheric Studies about the Zone of the Echo Activity

The echo activity on high-frequency signals depends,
according to the present investigations, on the follow-
ing factors: the time of day, the season, and the iono-
spheric variations during the course of the years, as well
as the radio frequency used and the geographical lati-
tude.

It has been explained that the echo signals propagate
best around the earth along a great-circle line which
has nearly the same direction as the earth’s surrounding
twilight zone. Vertically to the twilight zone, no occur-
rence of high-frequency echoes was established.

Regarding the results in Fig. 2, it is evident that the
observed times of the echo occurrences lasted between
two and four hours at stations from East Asia and South
America, as well as at stations from North America.
Thus it may be shown that extraordinarily suitable
conditions for high-frequency propagation exist inside
of a broad girdle surrounding the earth. The direction
of this good propagation will be given nearly by the
great-circle line of the twilight girdle.

Two principal different directions on the earth’s globe
in which echo activity occurs, according to the observa-
tions, are represented in Fig. 3(a) and (b). During the
morning in winter and the late evening in summer, the
earth’s surrounding twilight zone is characterized by the
direction: northeast to southwest (sce Fig. 3(a)). Dur-
ing the afternoon in winter and the early morning hours
in summer, the twilight zone is characterized by the
direction: northwest to southeast, as shown in Fig. 3(b).
The echoes occur on all stations within the marked
zone, and into the direction of the great-circle line in-
side of the zone; for instance, in Fig. 3(a): lLondon,
Frederikshavn, Berlin, Rio de Janeiro, Buenos Aires,
(and ‘Tokyo); and in Fig. 3(b): London, Frederikshavn,
Berlin, and Tananarive. Vertically to the echo zone, no
activity of echo signals can be perceived for distant
stations; for instance, in Fig. 3(a): New York, Cape-
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Fig. 3—Direction of the echo zone; (a) in winter at 09800® and in summer at 21200= CET; (b) in winter at 15840= and in summer at
03h40= CET; (c) in winter at 09%00™ and in summer at 21200™ CET; (d) in winter at 14520 and in summer at 02220= CET.

town, and Tananarive, and in Fig. 3(b): Tokyo, Bom-
bay, Saigon (and Buenos Aires). The echo girdle across
the polar regions is illustrated especially in Fig. 3(c) and
(d) for the summer and winter conditions. It is apparent
that the occurrence of echoes in higher geographical
latitudes lasts over more daily hours. Observations per-
formed simultaneously at Frederikshaven and at Berlin-
Gatow during the months of September to November,

1943, showed that echo signals from Japan were first
observed on September 4, at Frederikshavn, and in the
early part of October, at Gatow. Echo signals from the
United States were first observed on October 15, at
Frederikshavn, and in the early part of November, at
Gatow. The width of the echo zone or the time of the
echo activity including the affected radio frequencies
depends on the general ionospheric conditions. They are
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subject to disturbances of the ionosphere as well as to

the changes of the 11-year sun-spot cycle.

Fig. 4 represents the results of observations during
the echo-activity period on the German commercial
high-frequency station DGO, Nauen, 13,225 kc, and

Relative atrength
‘or eoho-activity

5 DGO - NAUNE , 13225 Kc
[ May 7, 1943

i,
AN

19 20 21 22 23

4

Reletive strength
of echo-activity

JBP - T0D¥0 , 13740 Kc
May 7. 1943

L 1
19 2 21 22

L
53 i

Fig. 4—Echo-activity period on two stations of different
positions,

the Japanese high-frequency station JNP, Tokyo,
13,740 kc, on May 7, 1943, when the conditions of the
echo zone were of the kind shown in Fig. 3(a) and (c¢).
The relative strength of the echo signals has been esti-
mated according to the FRAM code signal strength 1 to
5. The signals of both stations were synchronized on the
oscillograph tube and the ratio of the amplitudes be-
tween direct signals and echo could easily be investi-
gated and measured. A radio operator was instructed to
observe stations having echo signals, and to note the
relative strength for every 10 minutes. Fig. 4 shows
that the occurrence of the echo signals on both these
stations covers nearly the same period. The maximum
of the relative echo strength occurred on about 20*30
CET.

¢. Records on Signals Circulating around the Earth

A direct signal circulating around the earth in its
original direction arrives twice at the receiving position
after the time ¢,=0.137788 second. This value repre-
sents the arithmetic average value of 218 good measur-
able circulations obtained at Frederikshavn during the
year 1942. Later measurements at Randers, during the
year 1944, resulted in an average value of 1,=0.137772
second. These investigations were performed with spe-
cial care only on stations whose distances were greater
than 1000 kilometers from the recording place. For these
cases, the single measured values showed maximum
divergences between 0.13760 and 0.13805 second. Such
signals which were most measurable always gave values
of 0.13770 second. In the measurements made at
Frederikshavn, some few values were included from
stations nearer than 1000 kilometers. These values often
showed essential divergences (see Section IV-g).
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Fig. 5 shows the film record of direct signals and di-
rect circulating sign'als at the South American com-
mercial station, LQB2, Monte Grande, Argentina, on

Bl i 0.13778 sec. - - —_—— - -
I
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Fig. 5—Signals of LQB2, Monte Grande, Argentina, 17,570 kc.

17,570 kc. The signals are strongly modulated, facilitat-
ing exact measurements. On the basis of the applied
accuracy of the measurements, the time f, must be a
constant value. It has been shown that this value is not
dependent on the frequency of the transmission, as first
might be supposed. In the same way, no diurnal and
seasonal variations were observed. Similarly, the in-
vestigations did not lead, as yet, to any results tending
to establish a declination between the ¢, values obtained
from the north-south direction and those from the east-
west direction. In case such declinations should occur,
they would be rather unimportant and would never
surpass the applied accuracy of the errors in the
measurements.

Under particularly good ionospheric conditions, sig-
nals may travel repeatedly around the earth. As many
as three circuits around the globe were recorded. (See
Section IV-g).)

d. Records on Indirect Signals and Measurements of Dis-
tances

Film rolls showing both direct and indirect high-fre-
quency signals made possible a determination of dis-
stances with surprising accuracy by measuring the time
interval between the direct signals and the indirect sig-
nals. In the equation above, the value of the measured
time difference ¢; only need be used, taking the complete
circulation time around the globe to be the value of t,=
0.13778 second.
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Fig. 6—Signals of JUP/JUD, Tokyo-Oyama, Japan, 13,065 kc;
distance, 8598 kilometers.

The great number of stations recorded at Frederiks-
havn show direct and indirect signals on the film rolls.
Forty-seven different high-frequency transmitters in all
parts of the world were measured. The measurements
include distances between 2000 and 17,000 kilometers.
The frequencies of the received stations were in the
range between 10 and 19 Mc. Altogether, there were 785
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measured values between the direct signals and the
indirect signals,

Fig. 6 shows the signals of the Japanese station
JUP/JUD, Tokyo-Oyama, on 13,065 kc. It is especially
striking to observe that the indirect signal arrives with a
larger amplitude and has a sharper curve, while the di-
rect signal is distorted in its modulation by a so-called
multiple-path phenomenon. The direct signal is formed
by different signals arriving nearly simultaneously with
different phases. Fig. 7 represents a record of the North
American station WQL, New Brunswick, on 14,815 kc,
and Fig. 8 is a record of the South American station
LOB, Monte Grande, Argentina, on 17,570 kc. In this
case, the direct signals and the indirect signals are

interfering. The signal is strongly modulated and con-
sists of 33 peaks.

- 0.09613 sec -

1
L] 20 40 60 80 100

120 ms

Direct Signal Indirect 3ignsl

Fig. 7—Signals of WQL, New Brunswick, N.]., United States, 14,815
kc; distance, 6052 kilometers.

e. Measurements on Repeated Circulating Signals

During the whole period of the observations, short-
signal transmissions were given five times by the Ger-
man commercial high-frequency transmitters DLO,
19,947 k¢, DLN, 17,670 ke, DLK, 15,075 ke, and DL]J,

r- 0.054545 sec.— —am
| | i |
Direct Signal 4 20 40 [ »s

Indirect Signal

Fig. 8—Signals of LQB2, Monte Grande, Argentina, 17,570 kc;
distance, 12,105 kilometers.

13,925 ke, at different times of the day. These trans-
missions first took place at Frederikshavn on June
29, 1942, and on July 27, 1942. Further extensive in-
vestigations were performed at Randers on November 6,

PROCEEDINGS OF THE I.R.E,

August

1944, on November 19, 1944, and on December 14, 15,
and 17, 1944. The length of the transmitted signals was
10 milliseconds. Two signals were sent within one
second. The signal intervals were adapted in such a way
that repeated circulating signals could be investigated
without interference.

Especially good results were obtained by records on
November 19, 1944, receiving station DLO, Rehmate,
on 19,947 kc. These records were limited to the time
between 07155 to 0800, 08225 to 08"30, 0855 to 09200,
0925 to 0930, 09455 to 10800, 1025 to 10130, 10155 to
1100, and 11%25 to 11*30 CET. Four or five film rolls,
10 meters long, could be recorded during these 5-minute
schedules. It may be remarked that DLO employed an
antenna directional toward Japan for these transmis-
sions (direction to northeast), thus suppressing the in-
direct signal in the opposite direction. At the receiving
position at Randers, a directional long-wire antenna
was used. Extraordinarily good conditions for multiple-
echo signals were obtained during the recording period
between 0925 to 09"30, 09%55 to 10200, and 10%25 to
10230 CET. These rolls show the principal signal, and
the first, second, and third circulating signals. Such a

Principal Signal ——————
First MM
Circulating Signal

Second ——esssreseres

Circulating Signal

o e A e e e e e

Third
Circulating Signal
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Fig. 10—Amplitudes on repeated circulating signals.

case is illustrated in Fig. 9. A reproduction of the indi-
vidual echoes is given in Fig. 10. The principal signal

ro—0.134 90C. e ~0:1378 80C——— e 0.1378 800, ——
-~ |
B » -
\\\
Detour 3ignal

Prinoipal 5ignal

Piret Olrculsting 9ignal

Third COirculating Signsl

Second Otrouleting Signal

Fig. 9—Measurements of a circulating signal, repeated around the globe.
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consists of several interfering parts which arrived within
short time intervals. The signal of the highest field
strength is the first direct circulating signal. The second
direct circulating signal appeared often with a greater
strength than the principal signal, and showed one-third
of the field strength of the first direct circulating signal,
and the third direct circulating signal showed one-third
of the field strength of the second direct circulating sig-
nal. The third circulating signal has traveled a path
which has a distance of more than 120.000 kilometers.

f. Cleft Signals

Interesting phenomena occurred on signals when the
great-circle path passed near the earth’s magnetic poles.
These conditions were found at Frederikshavn for sig-
nals from California and for signals in the opposite direc-
tion from Madagascar. In Fig. 11(a) and (b) film records

- — 0.078752 sec.~ e
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Direct Signel Indirec: Simmal

Fig. 11—(a) Signals of KPH, Bolinas, California, United States,
: 12,735 kc; distance, 8571 kilometers. (b) ngnals of FZT, Tanan-
arive, Madqgascar 17,690 kc; distance, 9370 kilometers.

of such signals are illustrated. It may be seen that the
direct signal from California has been cleft while the
indirect signal arrived clearly, and that the indirect sig-
nal from Madagascar has been cleft while the direct sig-
nal arrived clearly.

--0.05616 wec.
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g. Special Investigations on Signals of Stations Distant
Less than 1000 Kilometers

The great-circle distance between Frederikshavn,
Denmark, and the transmitters at Nauen and at
Rehmate is nearly 500 kilometers. It is obvious that the
skip distances of these stations in the frequency range
between 10 and 20 Mc must be greater than this short
distance. Thus it would be supposed that no signal from
those transmitters would reach the recording position at
Frederikshavn on the direct path if rather high trans-
mitting frequencies are employed. For these reasons,
extensive investigations took place at all times of the
day and seasons, observing DLO, 19,947 kc, DLN,
17,670 kc, DGR, 17,395 kc, DLK, 15,075 ke, DLJ,
13,925 ke, and DGO, 13,225 ke.

All the film rolls on transmitters nearer than 1000
kilometers from Frederikshavn and Randers showed a
strange multiple-path phenomenon for the signal which
arrived first. The signal was split, in most cases, into
two or more single signals arriving successively within
short time intervals. A film record realizing this prob-
lem is shown in Fig. 12. The transmitter DLN, Rehmate,
on 17,670 ke, has been recorded on any day during the
morning hours in November, 1942, working with an an-
tenna directional toward Japan, or the Far East. The
ionospheric conditions represented in Fig. 3(a) and
(c) concerning the direction of the echo zone are appli-
cable to this case. The principal signal is split in two sig-
nals A-C and B-D. The length of the signal which arrives
first, or direct signal, has been measured to be 0.05624
second, and that of the second part, the signal B-D, is
0.05616 second. The direct circulating signal, arriving
after the time interval ¢,’ =0.13432 second, is also re-
corded on the film roll, and the length of this signal is
measured to be 0.05653 second. The principal signal is
not always shaped so sharply, as shown in Fig. 12. It is
often very indistinct, caused by the multiple-path phe-
nomenon and the different phases of the successively ar
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Fig. 12—Records on the German transmitter DLN, Rehmate, 17,670 kc.
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riving multiple signals. Measurements and separations

of the single parts, therefore, are often very difficult.

Thorough investigations and studies about the radio

signals with the affecting phenomena were performed

and collected for a period of more than two years. A

great amount of the data was lost by war influence.

In the lower part of Fig. 12, an attempt is made to
explain the cause of the multiple-path phenomena by
which the principal signal is affected. Within the zone
of the echo activity, the two positions Berlin and
Frederikshavn are marked. DLN employed an antenna
system directional toward Japan or the Far KEast,
thereby suppressing the indirect signal to the opposite
direction. The high-frequency power from DLN was
radiated in a nearly flat angle toward the horizon. Table
1 gives data concerning the proportion between the
angles and the distances for a ray reaching the iono-
sphere at a height of about 200 kilometers.

TABLE 1
Angles Distances
0° 1600 km
5 1200
10 950
15 750
20 600
25 500

It may be supposed that, at the point where the
signal enters the ionosphere, a dispersion will be caused
under certain ionospheric conditions, and that the power
will be scattered to any definite direction. The retarded
or detour signal B=D should be explained in the light
of this assumption. The signal A4-C arriving at the
recording place, obviously along the nearest path, may
be called the direct signal. The time interval between
the direct and the retarded signal is about 10 milli-
seconds for this case. This value corresponds to a path
of about 3000 kilometers.

The direct signal usually has a much lower field
strength than the retarded signals. In many cases, this
signal is often so weak that its field strength is at the
limit of sensitivity of the recciver, and, therefore, this
signal was missing completely on many film rolls.

The direct circulating signal, traveling around the

- Time-interval te

-~ Detour 9ignal o
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earth, reaches the transmitting position of DLN again
after the time interval of ¢,=0.13778 second. During
this time, the signal arrives simultaneously at the point
E. Frederikshavn will be reached, however, a little later,
after the time interval f.. The following relation exists

ty = by + L.

According to Fig. 12, it is ¢, =14 cos .

The direct signal arrives at Frederickshavn after the
time interval f4. The value t,’, which can be measured
as the time interval on the film rolls, will be obtained by

L =ta+t.—ty, or 4 =1, +1t3(cosB—1)
where 1,=0.13778 second, and 8 is the angle between
the line connecting the transmitter-receiver and the
direction of the echo zone.

These investigations at Frederickshavn and Randers,
Denmark, were performed primarily with the intention
of studying the t,’ values for different times of the day
and seasons. These values often vary considerably, and
it may be supposed, therefore, that they depend on the
angle of the echo zone with regard to the position of the
recording place. Some widely varying values do not
seem to be t,’ values, but manifest themselves to be ap-
parently the corresponding ¢; values of the indirect
signals received. It may not be surprising that the
t.' values found for the transmitters from London and
Paris show no very extensive deviation from the true
t, value of 0.13778 second. This probably is because
I.ondon and Paris were lying in the direction of the echo
zone during the period of the observations and 8 in the
above derived equation is nearly zero. Moreover, in
many cases indirect signals were observed side by side
with direct circulating signals.

Extended and thorough studies on signals of DIL.N,
17,670 kc, and DLO, 19,947 ke, both at Rehmate,
were performed at all times of the day and seasons to
investigate the time intervals between the single parts
of the principal signal. These seemed to show that the
time-interval values by which the retarded signals are
affected depend on the frequency. The retarded signals
on DLO seemed to have longer time intervals than
those of DLLN. On many film rolls, the multiple-path
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Fig. 13—Two ray-oscillographic records on the Germdn transmitter DILN, Rehmate, 17,670 kc, using two
different directional antennas.




1948 Hess: Investigations of Iligh-Frequency Echoes 989

phenomena were so involved that no more certain
measurements could be performed. For these reasons, it
was impossible to establish hourly variations in the time
intervals on the retarded signals. Exact investigations
can only be realized by the application of very short
pulse signals.

A series of film records was made at Frederikshavn
to obtain important conclusions about the celestial di-
rection of the single parts of the principal signal. Film
records were made emploving two directional S\ long-
wire antennas for two different directions (for instance,
north to south, or east to west) to study, simultaneously,
the signals on stations at shorter distances. Such an-
tennas radiate at a rather flat angle (22.5°) with regard
to the horizontally straight wire as axis. These records
were not suitable for measurement of time intervals,
because no normal frequency could be recorded on the
film rolls. The velocity of the film rolls was known, how-
ever, and thus time intervals could be obtained. It was
intended, as the principal purpose, to compare the
amplitudes of the single multiple signals on a two-ray
oscillograph.

Fig. 13 shows such two-ray oscillographic records on
DLN, Rehmate, 17,670 kc, employing two 5\ direc-
tional antennas, the one for the east-west, and the
other for the north-south direction. These recordings
were performed during the morning hours of a day in
November, 1942. The ionospheric conditions, with re-
gard to the direction of the echo-activity zone illustrated
in Fig. 3(a) and (c), correspond with the conditions
represented in Fig. 12. The direct signal is very weak on
the east-west antenna. The so-called detour, or re-
tarded, signal is much stronger on the east-west an-
tenna than on the north-south antenna. This fact may
be regarded as reason for the assumption that the re-
tarded signals cannot arrive from the usual great-
circle direction connecting the transmitter with the
recording position. The circulating signal which travels
around the whole earth is weak on the north-south
antenna and arrives rather strongly from the east-west
direction. The assumption illustrated in Fig. 12, by
which the cause of the occurrence of the multiple-path
phenomena may be explained, is confirmed by the results
of the investigations demonstrated in Fig. 13.

These investigations offer a contribution to the im-
portant problem of skip distance in the frequency range

between 10 and 20 Mec. It may further be considered
how these found and measured time intervals of the
multiple-path phenomena would stand in any casual
connection to the known scattered reflections, which are
observed within the skip-distance zone on transmitters
using a high radio frequency. According to these results,
no sure distance measurements seem to be possible on
near-by stations.

h. Special Cases of Distance Measurements on Near-By
Transmitlers.

There are many cases which also admit distance meas-
urements on near-by transmitters. The conditions of
Fig. 3(a) and (c) may be considered when, for instance,
L.ondon and Frederikshavn are located on the same
great-circle line of the echo zone and the skip distance
of the direct signal is smaller than the true distance be-
tween these two positions. Another case which occurs
often manifests itself when no direct signal can be re-
ceived from near-by stations but the indirect signal and
the direct circulating signal travel around the globe and
arrive successively on the recording position. The time
interval /4 between these two signals can be measured,
and the distance d may be determined according to the
simple equation:

La
d=—Xc¢

where (¢=299,776 kilometers per second, velocity of the
clectromagnetic waves).

Fig. 14 represents an interesting film record of the
British transmitter MIB/GPB, 15,070 ke, on Febru-
ary 10, 1943, at 1005 Central European time. During
this time, the ionospheric conditions were as shown in
Fig. 3(c). The record shows the direct signal, the in-
direct signal, and the direct circulating signal.

Considering the ¢; value shown, the distance from the
recording position, Frederikshavn, is given by

u (55
d = 7(1 - —) kilometers, or

40,020( 0.13124
2 0.13772

d = 964 kilometers.

Ly
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Fig. 14—Time-interval measurements on MIB/GPB, England, 15,070 kc, February 10, 1943, 10:05 CET.
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An interesting argument would be the value obtained
by the time-interval measurements between the in-
direct signal and the direct circulating signal, employ-
ing the equation for the distances:

t
d = 7" X ¢ (kilometers), tq = 0.00648 second, or

0.00648
4" = ———— X 299,776 kilometers per second

d’ = 971 kilometers.

The difference between these two measurements is only
7 kilometers.

i. Arithmetical Definition of the t, Values

When the distance is known between the transmitter
and the receiver and when the time interval between the
direct signal and the indirect signal can be measured as
a t; value, the ¢, value for every case can be calculated
by putting the values in the equation derived under
Section II1.

These calculations performed for 785 values are given
for t,=0.137767 second as an average value, while the
value as found on the 218 good measurable circulating
signals is £, =0.137788 second. The difference from these
values is 0.000021 second, or 6.3 kilometers.

k. Definition of Possible Errors on the Measured Time
Intervals

Errors in the measurements are possible, especially
where the amplitudes of the measured signals and the
ccho signals are very different from each other. When a
signal is unmodulated and is received with a slow rising
characteristic for the beginning point, as shown in Fig.
15, errors always occur if the field strength of the echo
signal is weak. The exact beginning point of the echo

0.13805 pec, — i et e e gy

0.13778 peg. — === e e -

A0 ‘

| i | | ] | ] ]
o 20 40 [ a0 100 120 140 ng

Plrect 8ignal Circulating 3ignal

Fig. 15—Explanation of the errors in the measurements,

signal can not be reproduced, and the values obtained
from the measurements are too large. For such cases,
values of about 0.1381 seconds were obtained. It may
be considered, therefore, that the average value,
t.=0.137788 seconds, may be too high for the direct
circulating signal, and it seems to be possible that later
measurements, which were made with better equipment,
may show values a little smaller. This concerns, how-
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ever, the fifth or the sixth decimal figure. It is evident,
also, that measured indirect signals which are too weak
in their amplitudes always result from too small
ionospheric distances. Measurements on modulated
signals generally led to better results with regard to
accuracy, especially if the time intervals between the
corresponding peaks could be measured.

l. Irregularities and Disturbances of the Ionosphere

During the period of the observations, irregularities
in high-frequency propagation were frequently per-
ceived. For one or several days, the echo signals from
distant high-frequency transmitters would be missing
completely. Such phenomena may be linked to iono-
spheric disturbances which are accompanied nearly
simultaneously with the occurrence of the polar light.”
Also, perturbations occur in the earth’s magnetic field,
as shown. Days of unusually strong echo activity on
short waves are usually followed by such disturbances,
so that a prediction of magnetic storms seems to be
possible within 10 or 12 hours before their occur-
rence.

Conditions with regard to abnormal E-layer propa-
gation also were investigated at Frederikshavn and at
Randers. The records show enormous field strengths for
the E-reflected signals and, therefore, an analysis of the
single-arriving signals was very difficult and could never
be realized.

V. THEORETICAL ANALYSIS
Sliding-Wave Theory

Fig. 16 depicts the sliding-wave propagation theory of
von Schmidt. The ray rising from the transmitter T to
the ionosphere propagates on the ionospheric limit layer
with a constant velocity, and radiates continuously
from this later to the earth at a definite angle. Measure-
ments performed at the Telefunken Co., Berlin, by
Kotowski and Schuettloeffel® of the angles of incidence

Fig. 16—Sliding-wave propagation around the earth; direct path,
a1+b+ay, indirect path, as+b+4'+as.

78S. S. Kirby, N. Smith, and T. R. Gilliland, “The nature of the
ionospheric storm,” Phys. Rev., vol. 54, p. 234; August, 1938. .

8 Kotowski, Schuettloeffel, and Vogt, ‘‘Kurzwellen-Anlagen mit
steuerbarer Richtcharakteristik,”” u. ihre Anwendung zur Messung
von Einfallswinkeln Mitteilungen aus dem Telefunken-Laboratorium
(1940).
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at distant short-wave transmitters resulted in values
between 15° and 25° toward the horizon in the fre-
quency range between 10 and 20 Mc. The ionospheric
path a;+b-a; from the transmitter to the receiver cor-
responds to the opposite path a;+b-+a4 from the trans-
mitter to the point 4. For the moment the direct signal
arrives at the receiver, the sliding wave stays simul-
taneously near A'. It travels from there to D’, reaching
the receiver later than the direct signal after the time
interval t;. During the time¢,, the path 7’ will be traveled.
Only by considering the fact that the ascending and the
descending rays a;, a2, a3, and as can be eliminated, can
the extraordinary accuracy of the t; and the ¢, values be
explained. An eventual curvature of these rays is unim-
portant.

Assuming that the waves travel on the circle of
radius R+% with the velocity of light, the following
proportion exists:

R+ 7 c c

R -2/ u/ta

The possibility of calculating the layer height /& is given
herewith. From 785 good measurable values on the film
rolls, the average value

u—24 .
= 290,515 kilometers per second,

w; =

&

and from 218 good measurable circulations, the average
value

u
w, = — = 290,476 kilometers per second, was obtained.

These values, together with R=6370 kilometers and
¢=299,776 kilometers per second, in the relation

c
h = R( - 1) (kilometers),
Wi, u

result in £ =203 kilometers (w;), and k=204 kilometers
(w).

These two values obtained from different kinds ~of
measurements show a remarkable coincidence for the
height of the ionospheric limit layer, differing only by 1
kilometer.

Von Schmidt envisioned two possible conditions of
ionospheric propagation, as shown in Fig. 17(a) and (b).
According to the theory of multiple reflections between
the ionosphere and the earth’s surface (Fig. 17(a)), the
velocity ¥ may be smaller than the velocity ¢ of light
within the reflecting E layer or within the reflecting
F layer. Between these layers and between the E layer
and the earth’s surface, the velocity v will be equal toc.
The propagation (Fig. 17(b)) consists of a continuous
radiation of a sliding or head wave which travels along
an ionospheric limit layer 204 kilometers above the
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earth's surface. The velocity v between the E and the F
layers is smaller than the velocity ¢ of light. In the limit

EARTR-SURPACE

= Skip-distances

-

————— limit-layer

(b) 204 r

veo

ey =
~= Skip-distance — &

Fig. 17—High-frequency propagation (a) by reflections between
ionosphere and earth surface, and (b) by a sliding wave according
to von Schmidt.

layer and between the earth’s surface and the E layer,
the velocity v is equal to c.

According to the general theory of radio wave propa-
gation, which is assumed to occur as multiple reflections
in single hops between an ionospheric layer at a height of
250 kilometers and the earth’s surface, an angle of inci-
dence of 3° toward the horizon is obtained with regard to
the measured value of {,=0.13778 second. The circula-
tion around the earth should occur in 12 to 14 hops.
Actually, however, the values measured by Kotowski
and Schuettloeffel varied between 15° and 25°. von
Schmidt derived a remarkable contrast to the results
of the automatic echo recordings at vertical incidence
according to these experimentally established facts.
These general perceptions, which resulted from the echo
registrations, have been applied to high-frequency
propagation over long distances. Since a system of high-
frequency propagation caused by repeated reflections in
single hops between the ionosphere and the earth’s sur-
face could not be maintained, according to the results of
his research, the fact of a surprising exact and highly
constant value of a complete earth’s circulation gave von
Schmidt the occasion to relate it, together with other
experimentally found results, to his theory of a so-called
sliding or head wave.

VI. CoNncLUSION

The principal result of these investigations manifests
itself in the important fact that exact measurements of
distances are possible on distant high-frequency sta-
tions within the frequency range between 10 and 20 Mc.
The ionospheric conditions under which echo signals
occur depend on the earth’s surrounding twilight zone,
and are limited to a few hours during the day.

Essential points of the study, which are based only on
experimentally found data, are summarized in the fol-
lowing:

1. The reproductions of the indirect signal, direct
circulating signal, indirect circulating signal, and the
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the repeated circulating signals revealed on the film
records are of an exceptional clearness and sharpness,
and no important distortions by multiple-path phe-
nomena were perceived. The indirect signals and the
circulating signals had a much sharper curve than the
direct signals. The longer the distance, the sharper the
signal seems to be shaped on the films.

2. Comparisons between the measured amplitudes on
the direct signals, indirect signals, indirect circulating
signals, direct circulating signals, and especially be-
tween the repeated circulating signals have been per-
formed. Measurements of the amplitudes between the
direct signals and direct circulating signals on South
American stations resulted that the circulating signals
reached an average value of 20 per cent of the direct sig-
nal. Measurements between circulating signals and re-
peated circulating signals showed values up to 30 per
cent.

3. Numerous measurements and investigations over a
period of more than three years yielded 0.13778 second
for the time interval of a complete circuit. This value
seems to be quite independent of the frequency, and of
the time of day and the season. No changes occurred
with regard to the value of this time interval during the
course of three years. Changes of the high-frequency
propagation appearing during the 11-year sun-spot cycle
effect a variation of the frequency band inside of which
high-frequency echoes occur, and cause an increase or a
diminution of the daily echo period. The time of a com-
plete circuit around the globe, however, manifests itself
as a constant value, subject to proof by later investiga-
tions that the divergence of the values is caused only by
errors in the measurements.

4. According to von Schmidt's theory, there is a layer
203 kilometers above the earth’s surface in which the
signals propagate. From the theory assuming a propaga-
tion in single hops between the earth’s surface and
ionosphere, an angle of radiation at 3° toward the
horizon and a layer height of 250 kilometers results for
the measured complete circulation of 0.13778 second.
Actually, angles of 20° have been measured as average
values. This would mean a contradiction of the general
opinion by which high-frequency propagation is ex-
plained.

5. Strongly marked distortions of the direct signals
occur on stations which are less than 1000 kilometers
from the recording place. For these cases, a multiple-
path phenomenon is caused by single signals arriving
successively after time intervals of some milliseconds,
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and different phases. Distance measurements are mostly
uncertain considering such conditions. Some experi-
mentally developed methods seem to be helpful in
searching for the true causes of multiple-path phe-
nomena. These investigations may also be of importance
to the problems of the deviation in radio navigation
methods employing direction-finding systems. An inter-
esting case of time-interval measurements is presented in
this work on the recorded signals of a British station.
Two different ways allowed a determination of the dis-
tance for this case.

All of these studies on radio signals took place on geo-
graphical latitudes between 53° and 58°. High geo-
graphical latitudes seem to be suitable for these echo
studies with regard to the longer daily period for the
occurrence of the echo signals because of the longer
twilight conditions. Other positions on the earth’s globe
are supposed to have other conditions. A world-wide
investigation of this field would be necessary to clear up
all these problems.

A recent publication? indicates that. the highly con-
stant time intervals on signals which travel completely
around the globe can well be explained with a high-
frequency propagation occurring by multiple reflec-
tions between the F laver and the earth’s surface.
According to calculations which presume low angles of
incidence, circulating signals are probably reflected in
12 to 17 hops between the earth’s surface and the iono-
sphere. Measurements of angles of incidence at North
American high-frequency transmitters in 194410 re-
sulted in angles of 6° on 19 Mc, and 9° on 15 Mc. The
early measurements in 1939 at the Telefunken Company
with values between 15° and 25° are applicable to the
conditions during the maximum of the sun-spot cvcle.
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Effect of Passive Modes 1n Traveling-Wave Tubes®

J. R. PIERCE{, FELLOW, IRE

Summary—As the beam current in a traveling-wave tube is in-
creased, the local fields due to the bunched beam become appre-
ciable compared with the fields propagating along the circuit. The ef-
fect is to reduce gain, to increase the electron speed for optimum
gain, to introduce a lower limit to the range of electron speeds for
which gain is obtained, and to change the initial loss.

type traveling-wave tube was presented. The most

important properties of such tubes can be under-
stood in terms of the electronic parameters, dc beam
current Iy and voltage 17, and the parameters of the
one mode of propagation along the circuit which gives
unattenuated or slightly attenuated transmission with
a phase velocity very near to the electron velocity. The
purpose of this paper is to discuss the effect on the op-
eration of traveling-wave tubes of the part of the field
which is not associated with this particular mode of
propagation of the circuit.

The analysis was formulated in terms of the active
and passive? modes of propagation of the circuit in or-
der that it might apply to traveling-wave tubes which
have circuits other than helices, as well as to the particu-
lar form of traveling-wave tube previously described.?
In the analysis certain assumptions are made, among
them that there is no cffect of transverse electron mo-
tion, and that all electrons in the flow are acted on by
substantially the same longitudinal electric field. The
writer believes that, within these assumptions, the equa-
tions derived are substantially correct for any traveling-
wave type of tube which has but one active mode with
a phase velocity near to the electron speed. Thus, the
expansion in terms of modes may, if one wishes, be re-
garded as an artifice in obtaining (2), and the writer be-
lieves that (2) is substantially correct even when the ex-
pansion in modes is of doubtful validity.4

It is important to define clearly what is meant by pas-
sive modes. Consider a transmission system whose prop-
ertics do not vary in the direction of propagation (the z
direction). It may be assumed that, at a given frequency,
there is a set of solutions of Maxwell's equations satisfy-

]:[N AN EARLIER PAPER! a theory of the beam-

* Decimal classification: R339.2. Original manuscript received by
the Institute, September 9, 1947; revised manuscripts received, Feb-
ruary 9, 1948, and March 22, 1948.

t Bell Telephone Laboratories, Inc., New York 14, N. Y.

1]. R. Pierce, “Theory of the beam-type traveling-wave tube,”
Proc. I.LR.E., vol. 35, pp. 111-123; February, 1947.

2 These passive modes were called “cutoff” modes in the previous

r.!
pap'eJ- R. Pierce and L. M. Field, “Traveling-wave tubes,” Proc.
I.R.E., vol. 35, pp. 108-111; February, 1947.

¢ From conversations with R. G. Hutter, it appears to the writer
that a helically conducting sheet with no surrounding conducting
cylinder has no passive modes, while a helically conducting sheet
with a concentric shield, however lar%e, has passive modes and may
have fast active modes. Experimentally, an outer conductor does not
affect the operation of a helix-type traveling-wave tube, even when
the outer conductor is quite close to the helix.

ing the boundary conditions of the system which vary
in the z direction as exp +T,2. We assume that the
boundary conditions will be satisfied for certain discrete
values of I', only, and the subscript # is to be regarded as
an integer labeling these values. Ordinarily, for each
value I', there will be a given variation of field in direc-
tions normal to the axis. Each permissible value of T,
and the field corresponding to it will be regarded as a
mode of propagation. If I', is predominantly real, so
that the field chiefly decays exponentially with distance,
the mode will be a passive mode.5

An excitation of the transmission svstem by current
elements can be expanded in terms of the various modes
of propagation. If we assume the z component of electric
field to have a magnitude E over the area 4 occupied by
current, and let the current in the z direction have a
magnitude ¢ and vary as exp-I'z, the field E is found to
be (see Appendix):

E=q<2 B ] ) (1)

5 ‘Pn*(rz.;-‘ I‘;,z)‘+ weAd

This field, of course, varies as exp —I'z. The quantity
W, *is twice the complex power flow in the #th mode when
the field component associated with the nth mode has
unity peak amplitude at the position of g.

Often a transmission system, such as the helix, does
vary physically in the z direction. Generally, the fields of
a solution of Maxwell’s equations for such a system will
not vary simply as exp —I',2 along a line parallel to the
z axis. For instance, if the system has a physical varia-
tion periodic over the distance d, each transmission mode
will involve components varying as exp (—TI'n & 2mn/d)=.
The component for which m =0 can be regarded as the
fundamental component and those for which m=0as
spatial harmonics. These are sometimes called Hartree
harmonics. The calculations presented here apply
strictly only to smooth systems without such harmonics.
When such harmonics are small in amplitude compared
with the fundamental, or when they have phase veloci-
ties very different from the electron velocity, it probably
is safe to neglect their effect.

As used in traveling-wave tubes, helices have only
one slow active mode. For this n=0 mode, which propa-
gates with small attenuation, the imaginary component
of ¥o* is very small compared with its real component
for the losses usually encountered.® The real component
of Ty is very small compared with its imaginary com-
ponent. Also, in traveling-wave tubes the real compo-

&8 Ordinarily, I's for a passive mode will have an imaginary com-
ponent only if the transmission system has loss.
¢ ¥o* would be entirely real for a lossless helix.
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nent of T' is small compared with its imaginary compo-
nent, and the imaginary components of I' and I'o differ by
a small fraction of themselves. Thus, I'*—T'¢? is a quan-
tity of small magnitude compared with I'y, and this
quantity is very sensitive both in magnitude and in
phase angle to the small variations which occur in I' as
electron speed, electron current, and circuit attenuation
are varied over the useful range.

As may be seen from (1), the component of field due to
this active mode, which is nearly in synchronism with
the impressed current, does not contribute all of the field
excited by the current, but the writer believes that it
does contribute the only part of the field which (1) is
strongly sensitive to small changes in I, and (2) has an
appreciable in-phase component.

Hence, the term j/weAd, plus the summation for all
passive modes and for active modes with phase veloci-
ties differing very widely from the electron velocity, will
be regarded as a purely imaginary constant, and (1) will
thus be rewritten:

E= [ T +7 ] )
T 1) T ms

Here m, is a real quantity having the dimensions of ad-
mittance, and 8=w/us where u, is the dc electron ve-
locity. The velocity %o is assumed to differ by a small
fraction only from the phase velocity of the 0 mode, and
hence is treated as a constant.

The important thing about (2) is that it expresses the
circuit properties in terms of three important parame-
ters, ¥o*, I'o, and m,8. Of these, ¥o* and I'g are truly con-
stants. myf is strictly a function of T, but it is assumed to
vary little over the range of I" which is of interest, and
to be purely real.?

The first term in (2) represents a field having the spa-
tial pattern, normal to the s direction, of the unforced
0 mode. At a given z position this field component is
largely due to energy which has been transferred to the
0 mode by the convection currect g at remote points.

It turns out that, the smaller is the beam current Iy,
the smaller is the fractional difference between I' and
Ty, and hence the greater is the first term of (2) in com-
parison with the second term. However, as the beam
current is made larger, the second term becomes impor-
tant.

According to the foregoing analysis, this second term
should be thought of as representing the field contribu-
tion of the term j/wed, the nonpropagating or passive
modes, and perhaps the effects of any active modes hav-
ing phase velocities very different from the electron ve-
locity. This term represents a field with a spatial pattern
very different from the 0 mode. The field of the 0 mode
tends to be strong near the circuit (the helix, for in-
stance), while the field of the other term tends to be
strong near the electrons. Thus, for large beam currents

7 As a further refinement, one could of course replace the term
j/m\B by a constant plus a term proportional to I'—T.
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the variation of field normal to the 2z direction can be
quite different from that for the 0 mode.

The field at a given 2 position represented by the sec-
ond term of (2) is due largely to excitation by electrons
very near to that position. Thus, we can consider this as
the field due to the local space charge in contrasting it
with the 0-mode field, which represents energy which
has traveled along the circuit from remote points of ex-
citation. This distinction indicates that we can esti-
mate the magnitude of the parameter m, in another way
than by summing over the passive modes. For instance,
an estimate of this parameter has been made! by assum-
ing a tubular-electron beam of radius a in free space so
bunched as to constitute a convection current of mag-
nitude g varying with distance and time as exp (—jBz
+jwt). The longitudinal electric field at the radius a was
computed. This field and the current g were then iden-
tified with E and ¢ in (4), the first term in the brackets
being omitted because the circuit was not present. The
assumption involved was that the fields due to local space
charge would be much the same in the presence of the cir-
cuit as in the absence of the circuit. The writer believes
this will be substantially true unless the beam is quite
close to the conductors constituting the circuit.

This previously published curve giving (1/m,8?)
(4o/c) as a function of ya, where a is the beam radius
(Fig. 8 of reference (1)), can be used in connection with
Fig. 10 of the same reference in predicting the perform«
ance of a helix-type tube.® Through an unfortunate over-
sight, ¢ means beam radius in Fig. 8 and helix radius in
Fig. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>